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Microorganisms and plants synthesize an immense
variety of metabolites, which are generally classified
into two major groups based on their function. Pri-
mary metabolites are essential for growth and uni-
versally used, whereas secondary metabolism is
highly diverse and variable and plays a role for the
survival of the producing organism within its natural
habitat (Demain, 1989; Harborne, 1993; Hartmann,
1996; Croteau et al., 2000; Kutchan, 2001). The study
of the biochemistry of the formation of all these
compounds is the study of the molecular basis of life
(Stryer, 1995), which explains why there is so much
ongoing interest in the field. Today, the chemical
mechanisms of many central processes are well un-
derstood (Michal, 1999), and it is clear that common
molecular patterns and principles underlie the di-
verse forms of life (e.g. the use of the same building
blocks to construct macromolecules and the flow of
genetic information from DNA to RNA; Stryer, 1995).
Nevertheless, distinct differences in the basic biosyn-
thetic pathways exist. For example, plants and mi-
croorganisms can synthesize their amino acids from
simple building blocks, whereas most animals lost
this ability in the course of their adaptation to
heterotrophic life. Thus, many biosynthetic path-
ways are regarded as specific for certain groups
of organisms.

The ability to form thousands of structurally diverse
natural products due to secondary metabolism is con-
sidered a typical feature of plants and microbes. These
compounds are usually classified into major groups
depending on the basic building blocks of the final
structure, e.g. the terpenes that are formed from iso-
prenoid moieties, or the polyketides, which are assem-
bled from short chain carboxylic acids. These products
not only play an important role for their producers in
the natural habitat, but also for human health (as

opposed to their name indicating “of secondary in-
terest”), because almost 50% of the most important
medications are derived from these so-called natural
products (Demain, 1999). These encompass not only
antibacterials, antivirals, and antitumor compounds,
but also products with immunosuppressant, anti-
hypertensive, antidiabetic, antimalarial, and
antihyper-
cholesterolemic properties (Strohl, 1997; Grabley and
Thiericke, 1999).

Although approximately 170,000 secondary metab-
olites are known according to the Chapman & Hall
dictionary of natural products (see http://www.
chemnetbase.com/scripts/dnpweb.exe), there is a
clear trend as to which group of organisms produces
what type of compounds. For example, alkaloids (e.g.
morphine) and phenylpropanoids are considered
typical plant metabolites, whereas nonribosomally
biosynthesized peptides (e.g. cyclosporin) are re-
garded as microorganism specific. Thus, a variety of
structures, biosynthetic pathways, proteins, and genes
are believed to be only found in plants, raising a
question of the origin of biosynthetic pathways. Did
plants “invent” all of these pathways without using
and adapting genetic information from prokaryotes?

In contrast to this generally accepted hypothesis,
this update will show that a variety of metabolic
pathways that were regarded to be present only in
plants have in the recent years also been found in
prokaryotes. Microorganisms with a complex life cy-
cle and large genomes (e.g. myxobacteria [Shimkets,
1993; Pradella et al., 2002] and actinomycetes [Bent-
ley et al., 2002]), which can frequently be isolated as
soil inhabitants, seem to be particularly rich in such
pathways, indicating that some “typical plant path-
ways” may actually originate from microorganisms.
Alternatively, biosynthetic pathway genes might
have been taken up by the microbes from plant ma-
terial, which might be a consequence of their sapro-
phytic lifestyle. One example is the myxobacterium
Sorangium cellulosum, which actively degrades cellu-
lose and, therefore, can be isolated from rotting plant
material (Reichenbach and Dworkin, 1992). Such a
close organismic association could explain the uptake
of plant DNA eventually resulting in horizontal gene
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transfer. Here, we provide information about recent
findings, mainly from actinomycetes and myxobac-
teria, both of which are very potent sources of sec-
ondary metabolites among the microorganisms. Be-
cause of the immense emerging body of knowledge
from genome sequencing, this update is restricted to
selected examples of microbial taxa and does not aim
at reviewing an all-inclusive list.

PHE AMMONIUM LYASE (PAL), THE FIRST
DEDICATED SECONDARY METABOLIC
ENZYME IN MANY PLANT AND SOME
BACTERIAL PATHWAYS

PAL is a ubiquitous enzyme in higher plants; it
catalyzes the deamination of l-Phe to trans-cinnamic
acid (Fig. 1). Without PAL, our world would be less
colorful due to the lack of flavonoids and anthocya-
nins. Moreover, plants would most likely not exist in
their current form due to the lack of lignin. PAL is the

first enzyme in the conversion of l-Phe to benzoic
acid (Fig. 1), an important structural element in a
variety of natural products from plants (e.g. cocaine
[Leete, 1990], paclitaxel [Walker and Croteau, 2000],
and fungi, e.g. zaragozic acid [Bergstrom et al.,
1995]).

In prokaryotes, only very few cinnamic and ben-
zoic acid derived metabolites have been described,
presumably due to the rarity of PAL in these organ-
isms. However, there is evidence for two PAL inde-
pendent pathways to benzoate: the anaerobic degra-
dation of l-Phe (Schneider et al., 1997; Breese et al.,
1998) and, similar to plants, a benzoate biosynthesis
directly from shikimate (Grond et al., 2000).

PAL is highly homologous to His ammonia lyase
(HAL), the enzyme catalyzing an analogous deami-
nation of His to trans-urocanate in pro- and eu-
karyotes and, therefore, initiates His degradation in
almost all organisms (Michal, 1999). It is also similar
to Tyr ammonia lyase (TAL), a common enzyme of

Figure 1. Biosynthesis of several primary and secondary metabolites from plants and/or bacteria. Broken arrows indicate
multistep reactions. ADIC, 2-amino-2-desoxy-isochorismate; DAHP, 3-desoxyarabinoheptulosonate-7-phosphate;
DAHPS, DAHP synthase; DHBA, 2,3-dihydroxybenzoic acid; E4P, erythrose-4-phosphate; PAL, phenylalanium ammonia;
PEP, phosphoenolpyruvate; TAL, tyrosine ammonia.
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various monocotylic plants that is rarely found in
prokaryotes (Kyndt et al., 2002). All three enzymes
have the unique prosthetic group 4-methylidene
imidazol-5-one (Schwede et al., 1999; Rother et al.,
2001), indicating a very similar catalytic mechanism.
However, because PAL is the first enzyme in plant
phenylpropanoid secondary metabolism, it is the
best studied member of this enzyme family (Schuster
and Retey, 1995).

The presence of a PAL activity in prokaryotes was
first described in 1970 for Streptomyces verticillatus,
which produces cinnamide (Emes and Vining, 1970).
Indirectly, PAL activity has been shown by the incor-
poration of l-Phe and benzoate into the myxobacte-
rial metabolite soraphen (Reichenbach and Höfle,
1994; Hill et al., 1998) and into the wailupemycins
and enterocin in “Streptomyces maritimus” (Hertweck
and Moore, 2000; Fig. 2). Additional prokaryotic sec-
ondary metabolites have been described with a ben-
zoic acid moiety that is used as the polyketide syn-
thase (PKS) starting unit. Two examples from
myxobacteria are the crocacins (Jansen et al., 1999)
from S. cellulosum and the phenalamids from Myxo-
coccus stipitatus (Trowitzsch-Kienast et al., 1992),
which closely resemble the myxalamids (Gerth et al.,

1983), but use benzoate instead of short branched-
chain carboxylic acids as starter molecules (Fig. 2).
Sequencing of the myxalamid biosynthetic gene clus-
ter revealed the presence of a HAL-like gene adjacent
to the biosynthetic gene cluster (Silakowski et al.,
2001) that might be inactive in the myxalamid pro-
ducer Stigmatella aurantiaca Sg a15 because no phena-
lamide is produced. However, assuming a highly
similar gene cluster for phenalamide production in
M. stipitatus due to the similar chemical structures of
both compounds, one would postulate the HAL-like
gene to be active in this strain.

The only case in which prokaryotic PAL activity
has been clearly correlated to a biosynthetic protein is
EncP from S. maritimus, which is needed for entero-
cin biosynthesis (Xiang and Moore, 2002). Although
this enzyme shows higher similarities in size and
sequence to prokaryotic HALs than to plant PALs
(which is also the case for the above mentioned gene
in S. aurantiaca), Phe was unambiguously proven as
the substrate of EncP by heterologous expression of
encP and production of cinammic acid in Streptomyces
coelicolor. Nevertheless, the enzyme awaits a detailed
characterization for a comparison of PALs from eu-
karyotic and prokaryotic sources.

TRUE STEROIDS FROM PROKARYOTES

The absence of steroids in prokaryotes has been
close to a dogma for many years. Until recently, only
two bacterial species were known to have the triter-
penes typical for eukaryotes: 4,4-dimethyl, 4-methyl,
and 4-desmethylcholesterols in the methylotrophic
bacterium Methylococcus capsulatus (Bird et al., 1971)
and 8(9)-cholesten-3�-ol in the myxobacterium Nan-
nocystis excedens (Kohl et al., 1983). Instead of ste-
roids, bacteria often employ squalene-derived penta-
cyclic terpenes of the hopanoid type to build their
membranes (Kannenberg and Poralla, 1999). Very
recently, a detailed analysis of many myxobacterial
strains from different genera revealed the presence of
several steroids, which were previously only known
from eukaryotes (Bode et al., 2003; Fig. 3).

Strains of the myxobacterium N. excedens are potent
prokaryotic steroid producers that contain more than
2% steroids in their cellular dry weight and 10 dis-
tinct steroids. Almost all intermediates and side
products of the biosynthesis of the major steroid in
mammals, 5-cholesten-3�-ol (cholesterol; see Fig. 3),
except for the final product itself, could be isolated
from different N. excedens strains. In addition, the
well known plant or phytosterol cycloartenol could
be isolated from different species of Stigmatella and
Cystobacter. The latter strains produce both lanosterol
and cycloartenol, which are the first cyclization prod-
ucts of (S)-2,3-oxidosqualene, giving rise to the huge
variety of zoo-/mycosterols and phytosterol, respec-
tively (Fig. 3; Michal, 1999). Phylogenetic analysis of
the cycloartenol synthase, whose corresponding gene

Figure 2. Structures of selected secondary metabolites from myx-
obacteria and streptomycetes.
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was described as the first prokaryotic steroid biosyn-
thesis gene from the myxobacterium S. aurantiaca Sg
a15, revealed a higher similarity of up to 59% to
eukaryotic oxidosqualene cyclases (e.g. cycloartenol
synthase, lanosterol synthase, or lupeol synthase)
than to prokaryotic squalene/hopene cyclases (42%
similarity; Bode et al., 2003). However, almost no
similarity could be detected on the DNA level.

Studies with different types of steroid biosynthesis
inhibitors underline the differences between the pro-

karyotic and the eukaryotic enzymes. No inhibition
was observed in vivo in myxobacteria by terbinafin,
tolnaftat, or AMO1618, well-known inhibitors of the
eukaryotic squalene epoxidase. No inhibition of hy-
droxymethyl glutaryl-CoA reductase with fluvastatin
was observed (Bode et al., 2003), indicating structural
differences between eukaryotic and bacterial enzymes
in mevalonate biosynthesis. Only miconazol, an inhib-
itor of the eukaryotic P450-dependent steroid C14-
demethylase, showed the mode of action known from
eukaryotes.

Although Nannocystis strains produce quantities of
steroids equal to that in eukaryotes, their function in
myxobacteria remains a mystery. No difference in
reproduction time, ethanol tolerance, fatty acid com-
position, or swarming could be observed upon com-
paring a wild-type strain of S. aurantiaca with a cy-
cloartenol knockout (Bode et al., 2003). This contrasts
with the knowledge of hopanoids in bacteria, which
are assumed to serve as steroid surrogates. Never-
theless, the physiological function of hopanoids is
only poorly understood (Kannenberg and Poralla,
1999), although it is known that they are formed
during transition from substrate to aerial hyphae in
S. coelicolor A3(2) (Poralla et al., 2000). The strong
hydrophobicity of both classes of triterpenoids sug-
gests they are located in the membranes and might be
involved in controlling membrane fluidity and rigid-
ity (Ourisson and Nakatani, 1994). Even though myx-

Figure 3. Steroid and hopanoid biosynthesis in eukaryotes and pro-
karyotes. Cholesterol could not be isolated from myxobacteria.

Figure 4. Biosynthesis of chalcones and stilbenes indicating their
different cyclization mechanisms. Biosynthetic building blocks
(coumaryl-CoA and malonyl-CoA) are shown in bold. A to C show
differently folded forms of the same tetraketide. R-S, Enzyme-bound
thioester.
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obacteria contain a sufficiently wide variety of differ-
ent fatty acids to fine tune their membrane fluidity
(Ware and Dworkin, 1973; Mahmud et al., 2002),
steroids may also play a role. In addition, steroids
could themselves serve as signaling compounds (e.g.
like hormones) or as part of signaling molecules,
which has been described for the hedgehog family of
secreted proteins that are characterized by an essen-
tial cholesterol residue (Porter et al., 1996). Addi-
tional strains have to be investigated to support this
hypothesis.

CHALCONE SYNTHASES (CHSS) AND PKSS ARE
COMMON IN PLANTS AND MICROBES

The CHS and stilbene synthase (STS) superfamily
of PKSs appears to be ubiquitous in higher plants.
STSs, e.g. resveratrol synthase, produce the stilbene
backbone as a key reaction in the biosynthesis of
stilbene type phytoalexins (Fig. 1). CHS is a key
enzyme in the biosynthesis of flavonoids, which ex-
hibit a wide range of biochemical, physiological, and
ecological activities. Resveratrol and CHSs condense
4-coumaroyl-CoA with three molecules of malonyl-
CoA, which results in products differing in the newly
formed ring systems (resveratrol and naringenin
chalcone; see Figs. 1 and 4). The same type of con-
densing reaction is utilized by the 2-ketoacyl-ACP
synthases of fatty acid biosynthesis. However, the
available data show that these enzymes share little
overall homology with either resveratrol synthase or

CHS (Schröder, 1999). Over the last couple of years, a
series of new additions to the CHS/STS superfamily
has been reported from plants, which differ from the
enzymes described above by utilizing non-
phenylpropanoid starter units, varying numbers of
condensation reactions, and different cyclization pat-
terns (e.g. acridone synthase [Junghanns et al., 1995]
and 2-pyrone synthases [Eckermann et al., 1998; com-
pare with Fig. 5]).

Unexpectedly, in 1999, “a new type of polyketide
biosynthetic pathway” was reported in bacteria. This
pathway is used for the assembly of flaviolin (Fig. 5),
a small aromatic metabolite in streptomycetes (Funa
et al., 1999). At the same time, a similar pathway was
shown to be present in pseudomonads. The PKS
involved was called “type III PKS” (Bangera and
Thomashow, 1999) to distinguish it from the better
studied types I and II PKS from microorganisms. The
latter enzymes are responsible for the biosyntheses of
a large family of structurally diverse natural prod-
ucts with broad ranges of biological activities, remi-
niscent of fatty acid biosynthesis (Staunton and
Weissman, 2001). Phylogenetic analyses of more bac-
terial type III PKS from whole-genome sequencing
(e.g. S. coelicolor, Bacillus subtilis, and Mycobacterium
tuberculosis) have made it clear that these enzymes
belong to the CHS/STS superfamily of PKSs previ-
ously only found in plants (Schröder, 1999; Moore
and Höpke, 2001). Some unusual mechanisms of PKS
biochemistry have been reported for bacterial type III
PKS, e.g. for the enzyme involved in the formation of

Figure 5. Biosynthesis of flaviolin, (S)-3,5-dihydroxyphenyl-Gly (DPG), and 1,3-dihydroxy-N-methyl-acridone. R-S,
Enzyme-bound thioester. RppA and DpgA are CHSs involved in the formation of flaviolin and DPG, respectively.

Comparison of Plant and Bacterial (Secondary) Metabolism

Plant Physiol. Vol. 132, 2003 1157



the non-proteinogenic amino acid DPG (Fig. 5),
which is essential for glycopeptide biosynthesis in
different actinomycetes (Li et al., 2001; Pfeifer et al.,
2001).

Thus far, none of the few characterized bacterial
type III PKSs employs the typical plant starter mol-
ecule, 4-coumaroyl-CoA (see Figs. 4 and 5), suggest-
ing a distinction between bacterial and plant type III
PKS enzymes. This suggestion might in fact be wrong
because several bacterial gene products might employ
4-coumaroyl-CoA as a starter molecule. For example,
the purple photosynthetic bacterium Rhodospirillum
centenum has a photoactive yellow protein (PYP) do-
main containing the chrompohore 4-coumarate that is
part of a bacterial photoreceptor with similarity to
plant phytochromes (Jiang et al., 1999; Hellingwerf,
2002). Photoreceptor regulates the expression of a type
III PKS in the genome of R. centenum, which suggests
that this PKS may be involved in the formation of
light-protective flavonoids. In this case, 4-coumaroyl-
CoA is indicated as the starter molecule because R.
centenum synthesizes this compound. Recently, the
characterization of a TAL (see Fig. 1 and the section
about PAL-type enzymes) has been reported from
Rhodobacter capsulatus, another organism encoding a
PYP protein. In this case, the genes encoding TAL and
PYP are located adjacent to each other, indicating that
the TAL protein is used for the production of the
4-coumaroyl-CoA cofactor of PYP (Kyndt et al., 2002).
Two more examples of bacterial type III PKS with
close homology to CHS from plants are found in myx-
obacteria. In the unfinished genome sequences of
Myxococcus xanthus DK1622 (see http://www.tigr.
org/tdb/mdb/mdbinprogress.html) and S. cellulosum
So ce56 (see http://www.genetik.uni-bielefeld.de/
GenoMik/cluster6.html), one and two type III PKS
genes can be found, respectively. The deduced M.
xanthus protein sequence is most similar to a few
bacterial proteins of unknown function (up to 36%
identities), one of the closest homologs is the R. cente-
num protein mentioned above (32% identity). How-
ever, some plant naringenin synthases show compa-
rable similarities to the deduced M. xanthus protein (R.
Müller, unpublished data). The first type III PKS of S.
cellulosum seems to encode a typical bacterial protein
(up to 61% identity with RppA from different actino-
mycetes), whereas the second gene product is most
similar to few hypothetical bacterial proteins (approx-
imately 35% identities) and plant resveratrol and STSs
(approximately 32% identities). Similar to R. centenum,
S. cellulosum is able to metabolize Phe into the
4-coumarate analog cinnamate (see Fig. 1), which is
used as a precursor of polyketide biosynthesis in some
species (Reichenbach and Höfle, 1999). This indicates
that the second type III PKS could employ
4-coumaroyl-CoA or cinnamoyl-CoA as a starter mol-
ecule. Thus, the latter examples of bacterial type III
PKS genes from two myxobacterial species and from

R. centenum can be expected to encode bona fide CHS
enzymes.

A PROKARYOTIC DOPA-DECARBOXYLASE FROM
THE MYXOBACTERIUM S. CELLULOSUM

Dopa-decarboxylase, an enzyme that was consid-
ered to be plant and animal specific, can also be
found in myxobacteria. It is closely related to plant
enzymes and does not group phylogenetically with
bacterial amino acid decarboxylases (AADs). AADs
belong to the large group of pyridoxalphosphate-
dependent enzymes, which contain a conserved do-
main (protein families database 00282 of the Sanger
Centre). They are necessary for the formation of bio-
genic amines with important physiological proper-
ties in animals (Voet and Voet, 1995). In plants, the
AADs catalyzing Tyr, l-dopa, and Trp decarboxyl-
ation represent branching points from primary into
secondary metabolism. Tyramine and dopamine
serve as precursors for the formation of a variety of
alkaloids such as isoquinoline alkaloids (see Fig. 1,
e.g. morphine and codeine; Kutchan and Zenk, 1993;
Facchini et al., 2000).

Phylogenetic analysis of nine different types of
pyridoxalphosphate-dependent AADs (Sandmeier et
al., 1994) grouped the enzymes into four apparently
unrelated classes. Group I is represented by Gly de-
carboxylase; group II is represented by l-Glu decar-
boxylase, l-His decarboxylase, l-Dopa decarboxylase
(DDC), l-Tyr/l-Dopa decarboxylase, and l-Trp de-
carboxylase; group III is represented by prokaryotic
forms of Orn and Lys decarboxylases and the pro-
karyotic biodegradative type of Arg decarboxylase;
and group IV is represented by eukaryotic forms of
Orn and Lys decarboxylase and the prokaryotic
biosynthetic type of Arg and diaminopimelate
decarboxylases.

Group II contains prokaryotic and eukaryotic
AADs of different function (but only l-Glu decarbox-
ylase and l-His decarboxylase had been reported
from prokaryotes before the Sandmeier study was
published), which led the investigators to assume
that the divergence between these enzymes occurred
before the development of their catalytic specificities.
Thus, one would expect a DDC of prokaryotic origin
to show the highest similarities to group II AADs of
prokaryotic origin, despite possible differences in
substrate specificity (Müller et al., 2000).

A DDC encoded in the chromosome of the myx-
obacterium S. cellulosum So ce90 was found and ini-
tially characterized after functional expression in
Escherichia coli. Although the function of the corre-
sponding protein in the bacterium is still unclear, it
could be shown that the DDC shares more biochem-
ical properties with the subgroup of plant DDCs than
with those of animal origin (Müller et al., 2000).
Animal enzymes exhibit a preference for l-dopa but
also accept the other aromatic amino acids and, to a
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lesser extent, derivatives thereof (Christenson et al.,
1972). In contrast, plant enzymes usually show a
more distinct substrate specificity (Kawalleck et al.,
1993). Similarily, of six substrates tested, the DDC of
S. cellulosum So ce90 only converts l-dopa to dopa-
mine. In contrast to the theory mentioned in the last
paragraph, amino acid sequence analyses revealed

top scores of DDC from S. cellulosum So ce56 group-
ing with plant and animal but not with bacterial
group-II aromatic amino acid decarboxylases. Phylo-
genetic analysis of the DDC amino acid sequences
suggests a closer link to the plant branch of AADs as
well, which indicates that DDC in S. cellulosum is the
result of a horizontal gene transfer event (Müller et
al., 2000). Hybridization studies with other myxobac-
teria and data bank searches show that AADs are not
commonly found in bacteria. When compared with
the list of 189 finished and unfinished bacterial ge-
nomes at the National Center for Biotechnology In-
formation (http://www.ncbi.nlm.nih.gov/cgi-bin/
Entrez/genom_table_cgi), DDC from S. cellulosum So
ce56 shows highest homologies (39% and 37% iden-
tities, respectively) only to two other putative AADs,
which are encoded in the genomes of the plant sym-
biont Mesorhizobium loti and the animal pathogen
Yersinia pestis. Due to their lifestyle, these two micro-
organisms could have acquired their corresponding
genes in horizontal gene transfer processes as well.
All other homologies within the 189 bacterial ge-
nomes were to non-AADs.

CONCLUSIONS

We show the presence of what was formerly re-
garded as plant-specific biosyntheses and pathways
in prokaryotes, mostly in actinomycetes and myx-
obacteria. The question as to which class of organ-
isms invented these genes, enzymes, and pathways
cannot yet be answered because we are only begin-
ning to reveal these features common to prokaryotes
and eukaryotes. However, there is certainly a possi-
bility that at least some of the genes that were re-
garded as typical for plants might originate from
prokaryotes. What is the function of these pathways
in prokaryotes, and why were they discovered only
recently? The answer to the second part of the ques-
tion is the wealth of information only now becoming
available from various sequencing projects of pro-
karyotic organisms. The first part of the question is
more difficult to answer. First, the accumulation of
typical plant biosynthetic pathways in myxobacteria
and actinomycetes might be due to their saprophytic
life style and close proximity to plants in their soil
environment as mentioned in the introduction. How-
ever, several other soil-inhabiting bacteria have been
sequenced (e.g. B. subtilis) that do not show the ob-
served accumulation of plant-like genes. Secondly,
myxobacteria and actinomycetes have the largest ge-
nomes of all bacteria known so far with 12.2 Mb for
S. cellulosum (Pradella et al., 2002) and 8.6 Mb for S.
coelicolor (Bentley et al., 2002). These larger sized
genomes might have resulted from “gene picking”
from various sources during their evolution. How-
ever, integrating and maintaining additional genes
should result in some benefit for the organism be-
cause a large genome requires more energy to main-

Figure 6. Fruiting bodies of the myxobacteria S. cellulosum (top,
photography by Klaus Gerth), S. aurantiaca (middle), and Chondro-
myces crocatus (bottom, photography by Hans Reichenbach).
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tain. Why are there not more soil-inhabiting genera
of prokaryotes with large genomes? Perhaps the rea-
son is that we only know a small fraction of the
microorganisms present in the soil environment. This
is due to our inability to isolate and grow most of
them (Zengler et al., 2002). The lifestyle of myxobac-
teria and streptomycetes might be an additional rea-
son because they can be regarded as two of the most
complex prokaryotes. Myxobacteria build tree-like
fruiting bodies (Reichenbach, 1993; Fig. 6) and strep-
tomycetes form aerial mycelium (Hopwood, 1999)
under starvation conditions, and their development
culminates in the formation of spores for survival
under stressful conditions.

These are exciting times to study metabolism in
plants and microbes because we are currently gain-
ing a deeper insight into the processes underlying
development and evolution. In the future, we will be
able to base our research on genome and proteome
data, which will hopefully reveal further details of
the molecular basis of complex developmental pro-
cesses and the function of “plant-like” genes in
microorganisms.
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