












cellulosum So ce56 is 0.654, and that for M. xanthus DK 1622 is
0.676.

Sensory network and impaired development cycle. One of
the major differences of myxobacterial regulatory systems from
those of other bacteria is the abundance of eukaryotic-like serine/
threonine protein kinases (ELKs), which after this finding were
reconsidered as also relevant for prokaryotes (31). Myxobacterial
ELKs often comprise a unique and complex domain organization,
leading to the presumption that they may be involved in cell sig-
naling pathways. We estimate the number of ELKs in Cm c5 to be
250 (see Table S2 in the supplemental material), which is half the
amount of all protein kinases encoded by the human genome (32).
Encoded protein kinases, apart from ELK conserved catalytic do-
mains, contain ATPase and ligand-binding and multiple types of
repeat domains (TPR, WD40, and Ank), which are thought to be
important in both protein-protein and protein-ligand interac-
tions (33). The presence of CheY-binding, cyclase, and transmem-
brane domains is also consistent with the explanation that the
primary function of ELK in myxobacteria is in response to nutri-
ent and developmental signals (34). Apart from ELK-like protein
kinases, the predicted proteome contains 97 histidine kinase ATP-
binding domains and 88 histidine kinase phosphate acceptor do-
mains. Other elements of transcriptional regulation are abun-
dantly encoded, too, including an estimated 3 repressors of the
MarR family, 28 LysR-family and 2 GntR-family regulators, and
25 genes of the TetR class of transcriptional regulators.

Extensive sensory and regulatory networks are a prerequisite to
myxobacterial lifestyle, which includes adventurous (A) and social

(S) motilities. For the latter system to function, dozens of genes are
required, most of which could be tracked in the Cm c5 genome.
Three copies of the pilin gene, for example, are found in Cm c5
(CMC5_052100 to CMC5_052120); other genes responsible for
motor function of the pili were also found, as well as those respon-
sible for regulation of the extension/retraction of the pilus assem-
bly. Unlike the genes of other myxobacteria (35), these genes are
not strictly clustered in Cm c5 (see Table S3 in the supplemental
material). A-motility, on the other hand, relies on a large set of
myxobacterium-specific genes and extensive cell-to-cell signaling.
As in S. cellulosum (6), previous knowledge on chemosensory and
developmental processes in the model strain M. xanthus cannot be
readily applied to Cm c5 and its genome since key genes required
for A-motility could not be identified. The presence of normal
swarm expansion and aggregation during growth on solid and in
liquid media, respectively (Fig. 7; see also Fig. S3 in the supple-
mental material), suggests, however, that both S- and A-motility
systems of Cm c5 are functional even if genes responsible for A-
motility diverge beyond recognition from those of the model spe-
cies M. xanthus.

Myxobacteria and the genus Chondromyces, in particular, are
remarkable for their ability to form multicellular structures under
stress conditions, the so-called fruiting bodies; components of
both motility systems are required in this process. However, dur-
ing long-term cultivation, our laboratory culture of Cm c5 fr�
apparently lost this ability and instead evolved to become a more
stable producer of many secondary metabolites. After repeated
cultivation trials on Pol03 (Probion Me 069 [Hoechst AG], 0.3%;

FIG 7 Growth of C. crocatus Cm c5 in liquid Pol03 medium and on solid VY/2 medium. (A) Shake flask culture of Cm c5 fr� at 14 days after inoculation. (B)
Clumps of Cm c5 fr� of various sizes. (C) A clump of Cm c5 fr�. (D) Swarming of Cm c5 fr� on agar plate. (E) Side view of fruiting bodies of Cm c5 fr�. Scale
bar, 1 mm.
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soluble starch, 0.3%; CaCl2·2H2O, 0.05%; MgSO4·7H2O, 0.2%;
HEPES, 1.19%; pH 7.2 [by addition of KOH]) and VY/2 (73) solid
media in order to trigger aggregation and differentiation, we did
not observe any signs of Cm c5 fr� forming fruiting bodies.

Comparative genome analysis of several myxobacterial species
have recently suggested a shortage of development-specific genes
as a possible reason for the nonfruiting phenotype (36). To deter-
mine possible reasons for the failure of Cm c5 fr� to produce
fruiting bodies, we decided to sequence and analyze another Cm
c5 strain (DSM 14714) obtained directly from the DSMZ-German
Collection of Microorganisms and Cell Cultures (Braunschweig,
Germany), here referred to as Cm c5 fr�. This strain was first
confirmed to exhibit a development cycle that includes aggrega-
tion into fruiting bodies on VY/2 solid medium (Fig. 7E). Three
genetic differences between the strains were detected (Fig. 8): a
mobile element transposition in the vicinity of CMC5_026400, a
30-bp insertion into CMC5_041190, and, finally, a single nucleo-
tide polymorphism (SNP) in CMC5_051880. The first genetic dif-
ference is a missing/additional copy of the sequence, which resem-
bles bacterial mobile elements and contains two putative coding
sequences orfA and orfB. In the genome of Cm c5 fr�, this mobile
element was found in three copies, while in Cm c5 fr�, an addi-
tional fourth copy is integrated between genes CMC5_026400 and
CMC5_026410. Integration occurred several nucleotides down-
stream of the CMC5_026400 gene, which functions as tRNALeu

(UAA). Thus, integration of the mobile element is likely to have an
effect on tRNA processing around the 3=CCA motif, which in turn
might have significant influence on the global gene expression
profile. The second change is an insertion of 30 bp in the
CMC5_041190 gene sequence coding for an NrdR family tran-
scriptional regulator in Cm c5 fr�. This insertion does not shift
the reading frame of nrdR, and, as such, the gene product in Cm c5
fr� is elongated by 10 amino acids in comparison to the sequence
in Cm c5 fr�. Repressors of the NrdR family regulate the expres-
sion of essential ribonucleotide reductase genes and are thus pres-
ent in most bacterial species. Highly conserved nrdR genes share a
structure of one zinc finger domain plus one nucleotide-binding
domain. The insertion adds 10 amino acids to the nucleotide-
binding domain, which is required for allosteric control (see Fig.
S4 in the supplemental material). If a deregulation of deoxy-
nucleoside triphosphate (dNTP) synthesis indeed occurs in the
nonfruiting Cm c5 fr� strain, then it may have a significant effect
on cell metabolism. Mutation in nrdR might thus explain the
cause of the impaired growth cycle of the Cm c5 fr� strain. A third
genetic variation represents an SNP in the coding sequence of the
biopolymer transporter ExbD (CMC5_051880). A homolog of
this membrane-bound protein is required for gliding motility in

M. xanthus (37). The SNP differentiates the respective amino acid
residue 43 either into leucine in Cm c5 fr� or proline in Cm c5
fr�. An alignment of known ExbD homologs from myxobacteria
shows the proline residue in that position to be inconsistent and
found only in Cm c5 fr�, while the leucine residue in the non-
fruiting strain seems to be the common variant (see Fig. S5 in the
supplemental material). Therefore, the third mutation is thought
to have occurred in Cm c5 fr� and has likely no implications for
the lack of fruiting body formation in Cm c5 fr�.

HGT. Several outstanding features of Cm c5 in comparison to
its closest sequenced relatives have prompted us to seek for evi-
dence of a recent horizontal gene transfer (HGT) into the genome.
Indeed, single genes and whole gene clusters were identified in Cm
c5 that are likely to have been gained through HGT from distant
bacterial taxonomic groups. This includes a complete aerobic
benzoate catabolic pathway consisting of seven genes, probably
recently acquired as a whole 9-kb stretch from xenobiotic-degrad-
ing Betaproteobacteria (38) (CMC5_025720 to CMC5_025780).
Similarly, a malonate decarboxylase enzyme complex (CMC5_081220
to CMC5_081280) which catalyzes the conversion of malonate into
acetate as well as its coenzyme A (CoA)-activated forms, may pro-
vide an alternative pathway for the synthesis of these building
blocks for the secondary metabolism of Cm c5. Also, an operon of
six genes encoding the monovalent ion antiporter MrpA-MrpG
(CMC5_018120 to CMC5_018170) highly similar to antiporters
of Alphaproteobacteria, along with a uracil-DNA glycosylase repair
protein (CMC5_026110) likely from a similar bacterial source,
was found. The proposed horizontal transfer events are further
supported by the fact that these locus combinations are not pres-
ent in any of the other myxobacterial genomes sequenced to date
and, where applicable, by gene synteny.

While repeated HGTs between bacteria coexisting in soil
were to be expected, the Cm c5 genome appears to contain
few genes presumably derived from nonbacterial sources. In
addition to several bacterial chitinases and chitinase-like pro-
teins (CMC5_022560, CMC5_022660, CMC5_025630, CMC5_
025640, and CMC5_067020), the product of another Cm c5
gene (CMC5_079670) has full-length identity of �50% to glyco-
side hydrolase 19 (GH19) family class 1 and 2 chitinases of higher
plants. Another, even more intriguing, example of foreign gene
capture may be CMC5_013480, which codes for a bifunctional
6-phosphofructo-2-kinase/fructose-2,6-bisphosphate-2-phos-
phatase. Known as one of the key regulators of primary carbohy-
drate metabolism (39), this enzyme is currently believed to be
found predominantly in eukaryotic organisms but also in termi-
nal clades of Deltaproteobacteria, Desulfovibrio (40), and, as shown
now, in Cm c5, implying recent horizontal gene transfer event(s).

FIG 8 Schematic representation of the three genomic features distinguishing C. crocatus Cm c5 fr� from C. crocatus Cm c5 fr�. Chromosomes are shown as
linear for simplicity. Magnified areas around 3.5 Mbp, 5.5 Mbp, and 7 Mbp represent two genomic rearrangements and one SNP.
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The possible role of this strictly regulatory eukaryotic enzyme in
these prokaryotes remains obscure. The HGT therefore undoubt-
edly contributes to the genetic makeup of C. crocatus Cm c5, pos-
sibly including some of its secondary metabolite biosynthetic gene
clusters. A list of HGT candidate genes, the majority of which link
Cm c5 to phylogenetically distant prokaryotes, is shown in Table
S4 in the supplemental material.

Biosynthesis of natural products. Natural compounds de-
rived from myxobacteria exhibit unusual and diverse activities
(41). The number and activity spectra of small molecules pro-
duced by C. crocatus Cm c5 underline the valuable biosynthetic
capacity of these bacterial genomes once again. To estimate the
biosynthetic potential, the genome sequence of C. crocatus Cm c5
was analyzed by antiSMASH (20), which identified 35 putative
biosynthetic gene clusters (see Table S5 in the supplemental ma-
terial). Of these 35 clusters, several are known to yield natural
products (Fig. 9): ajudazols A and B (42) and crocacins A and B
(43), both antifungal inhibitors of the mitochondrial respiratory
chain (44, 45); chondramides A to D (46), which block eukaryotic
cell division by interacting with the actin system and are active
against fungi (47), algae (48), and several tumor cell lines (49);
chondrochlorens A and B (50), with weak antibacterial activity
(51); thuggacins cmc-A and cmc-C (52), late-step respiratory
chain inhibitors of Mycobacterium spp. and related Gram-positive

bacteria (53); and the potent protease inhibitors of the crocapep-
tin family (54). The biosynthesis of these and many other natural
products is directed by gene clusters encoding large, multienzyme
complexes of two principal classes, polyketide synthases (PKSs)
and nonribosomal peptide synthetases (NRPSs). Furthermore,
owing to their similar and compatible biosynthetic logic (55), PKS
and NRPS systems can interchange substrates in both directions
(NRPS ↔ PKS), yielding hybrid assembly lines and therefore even
more natural product variability. Of the known compound fami-
lies synthesized by Cm c5, most are in fact assembled on hybrid
systems, except for crocapeptins, which originate from a pure
NRPS enzyme complex.

The genome of Cm c5, in addition to six known biosynthetic
pathways, encodes pathways for at least a dozen other com-
pounds. Knowledge of the biosynthetic gene cluster sequences of
the complete genome allows for more accurate characterization of
the secondary metabolite profile of an organism by genome min-
ing (56). An uncommon biosynthetic profile of a genome in-
creases chances to encounter compounds that have not bee previ-
ously described and that therefore may represent novel activities
(57). This is also the case with strain Cm c5, which is phylogeneti-
cally highly divergent from known myxobacteria, including the
closest relative S. cellulosum So ce56. None of the identified bio-
synthetic clusters from Cm c5 seem to correspond to those known

FIG 9 Natural compound families isolated from cultures of C. crocatus Cm c5: ajudazols (1), crocacins (2), crocapeptins (3), chondrochlorens (4), thuggacins
(5), and chondramides (6). Unusual features for bacterial secondary metabolism and newly described reactions or enzymes are highlighted here and referred to
in the text. Biosynthetic gene clusters are shown on the schematic representation of the chromosome as gray rectangles. The 13 uncorrelated gene clusters of
PKS/NRPS type are shown with question marks. FAD, flavin adenine dinucleotide.
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from So ce56. However, the reconstruction of genomic loci in-
volved in secondary metabolism is inherently difficult because of
their repetitive structures (58). This fact, along with the excep-
tional genome size, also adds to difficulties of complete genome
reconstruction of natural product-rich myxobacteria. The avail-
ability of high-quality genomic sequences is therefore still one of
the barriers for the widespread application of genome mining to
metabolite-producing strains of myxobacteria.

Apart from the set of known natural compounds and their
underlying biosynthetic genes, 29 other gene loci identified are
putatively involved in natural product biosynthesis, including two
NRPSs, five type I PKSs, and six combined PKS(I)/NRPS systems.
The remaining 17 non-PKS(I)/NRPS clusters comprise five ter-
pene, two bacteriocin, one lantipeptide, two lantipeptide-bacteri-
ocin, one type III PKS, one siderophore, one phenazine, and four
clusters of other types. However, great care must be taken before
relying on these purely bioinformatic predictions. The 29 unas-
signed clusters (see Table S5 in the supplemental material) dis-
played no significant homology to a subset of the NCBI nucleotide
database containing gene cluster sequences, emphasizing the like-
lihood for these gene clusters to encode the formation of novel
secondary metabolites and the need to continue research on these
novel biosynthetic pathways. Noteworthy, the only siderophore
cluster in Cm c5 containing four genes, CMC5_023400 to
CMC5_023430, does not correspond to the usual and highly con-
served myxochelins (59) among myxobacteria, and thus iron up-
take is likely mediated via an alternate chelator.

The biosynthetic potential of NRPS/PKS systems in bacterial
genomes can also be estimated by the number and diversity of
several small marker proteins, such as MbtH homologs (60), or
the number of 4=-phosphopantetheinyl transferases (61). For a
total of 18 biosynthetic gene clusters embodying NRPS and type I
PKS domains, only one MbtH homolog could be identified
(CMC5_078140), and two genes encoding 4=-phosphopantethei-
nyl transferases (CMC5_018000 and CMC5_023730) are found in
the 11.4-Mb chromosome of C. crocatus. These facts alone would
have placed the strain in the “not-so-gifted” category (60) of nat-
ural producer strains, which hardly seems to be the case. Obvi-
ously, otherwise successful approaches cannot be readily applied
for the analysis of myxobacterial genomes.

DISCUSSION

Many genomes, even those of uncultured bacteria have become
accessible in recent years. One group largely missing in the current
inventory are the myxobacteria, ubiquitous but slowly growing
and motile microorganisms that often act collectively and are
valuable producers of bioactive natural compounds with diverse
bioactivities. The relatively slow pace of studying their genomes
can be attributed to the complex, highly repetitive genome struc-
tures, as well as to isolation and cultivation challenges. This com-
plete genome sequence of the type strain C. crocatus Cm c5 allows
better insight into the genome structure, large coding capacity,
and plentiful secondary metabolism of the genus Chondromyces. A
large portion of the genome consisting of hundreds of encoded
proteins is devoted to regulatory functions, possibly even ap-
proaching practical limits (62).

The specific bacterial lifestyle has direct implications on codon
usage. Since faster growth enhances the selection for more rapidly
translated codons, they are often more in use. It is therefore rea-
sonable to suggest that the different degrees of codon bias, which

we have observed here, reflects the different life styles of the re-
spective organisms: rapid growth of E. coli with strongly biased
codon usage versus slower growth in the predatory myxobacte-
rium M. xanthus DK 1622 and a further decrease of codon bias in
the even more slowly growing S. cellulosum So ce56 and C. crocatus
Cm c5, which are more specialized to utilize complex carbohy-
drates. To compensate for unbalanced expression of highly trans-
lated CDSs, which would be caused by more tRNA genes, one
ribosomal rRNA gene cluster may have been lost, and the expres-
sion of many ribosomal protein genes was adjusted by reduction
of the adaptation of their codon usage. The combined effects have
also reduced the general codon bias of the whole genome and
allowed C. crocatus Cm c5 to harbor and express more gene clus-
ters of presumed foreign origin than its competitors.

Cell motility is another important part of the myxobacterial
lifestyle and is required to form myxobacterial fruiting bodies in
M. xanthus. It was because of these complex, sporangium-like
structures that the genus Chondromyces was originally considered
a fungus until it was recognized as a bacterium (63). The genome
comparison of the nonfruiting to the fruiting strain revealed mu-
tations in three loci, including the vicinity of the tRNALeu (UAA),
in an NrdR regulatory protein and in an ExbD membrane protein.
It is well known that tRNA genes are among the favored loci for
mobile elements, as well as phage and plasmid integration in bac-
teria (64). A similar scenario, where a transposon had inserted
near a tRNA gene, was observed in the myxobacterium Stigmatella
aurantiaca DW4/3-1 and resulted in a mutant strain unable to
form fruiting bodies (65). However, in the case reported here, the
strain with the affected tRNALeu (UAA) gene is capable of fruiting
(Cm c5 fr�), not vice versa. The second mutation discovered in
the allosteric part of the NrdR regulator could also have a signifi-
cant effect on DNA synthesis. The third genetic modification af-
fects one amino acid residue in the ExbD membrane protein but is
not thought to cause the deficient phenotype of the Cm c5 fr�
strain. Obviously, further work is required to establish the reason
for the nonfruiting phenotype of Cm c5 fr�.

Small natural bioactive molecules derived from bacteria con-
stitute one of the pillars of drug discovery in pharmaceutical sci-
ences, providing remarkable chemical diversity and application
range (58). Over the years, bacteria of the genus Chondromyces
have proven to be valuable resources for biosynthetic diversity of
natural products and the concomitant discovery of unique en-
zyme functions. Several uncommon features of natural product
biosynthesis and biosynthetic enzymes were identified (66, 67, 68,
69), and two previously unknown functions were attributed to the
multimodular megasynthases of Cm c5 (43, 70). Intriguing bio-
synthetic capabilities of Cm c5 are further supported by the struc-
tural similarity of chlorinated terrestrial chondramides derived
from C. crocatus Cm c5 and brominated marine jasplakinolides
(see Fig. S6 in the supplemental material) isolated from sponge
Jaspis sp. (71). This similarity suggests a shared underlying struc-
ture of biosynthetic proteins and/or gene clusters. One possible
explanation for this finding might be the presence of highly similar
biosynthetic pathways in yet uncharacterized microorganisms in-
habiting sponges. Structural similarities between crocapeptins
isolated from Cm c5 and cyanopeptolins isolated from cyanobac-
teria (72) also suggest horizontal transfer of ancestral biosynthetic
gene clusters.

The secondary metabolite profile of Cm c5 is likely to be ex-
tended by further natural products and possibly more connec-
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tions to the marine environment. Therefore, the genome sequence
of this already valuable natural producer strain will allow a better
understanding of its biosynthetic potential. Indeed, the majority
of the unassigned biosynthetic pathways are encoded in gene clus-
ters without any significant sequence similarity to other bacterial
genomes, and these are therefore the most promising candidates
for further studies of the strain’s rich secondary metabolism. To
achieve the goal of unraveling the structures of these currently
unknown metabolites, studies into the physiology and regulation
of Cm c5 will have to be connected with natural product research
in the future.
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