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Abstract It has recently been proposed that in
addition to Nomenclature, Classification and Identifi-
cation, Comprehending Microbial Diversity may be
considered as the fourth tenet of microbial systematics
[Staley JT (2010) The Bulletin of BISMiS, 1(1): 1-5].
As this fourth goal implies a fundamental understand-
ing of microbial speciation, this perspective article
argues that translation of bacterial genome sequences
into metabolic features may contribute to the devel-
opment of modern polyphasic taxonomic approaches.
Genome-scale metabolic network reconstructions
(GSMRs), which are the result of computationally
predicted and experimentally confirmed stoichiome-
tric matrices incorporating all enzyme and metabolite
components encoded by a genome sequence, provide a
platform that can illustrate bacterial speciation. As the
topology and the composition of GSMRs are expected
to be the result of adaptive evolution, the features of
these networks may provide the prokaryotic taxono-
mist with novel tools for reaching the fourth tenet of
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microbial systematics. Through selected examples
from the Actinobacteria, which have been inferred
from GSMRs and experimentally confirmed after
phenotypic characterisation, it will be shown that this
level of information can be incorporated into modern
polyphasic taxonomic approaches. In conclusion,
three specific examples are illustrated to show how
GSMRs will revolutionize prokaryotic systematics, as
has previously occurred in many other fields of
microbiology.
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Evolutionary implications of GSMRs

With the advent of the genomic era, which has
prompted a major revolution in microbiology as a
whole, it has been anticipated that genomics will also
play a major role in the field of prokaryotic systematics
(Sutcliffe et al. this issue). Nevertheless, how genomic
data can be embraced by modern polyphasic taxonomy
is still an open question. As chemotaxons are the result
of metabolism, one obvious possibility is the recon-
struction of metabolism from genome sequences,
which can provide novel in silico chemotaxons useful
as potential evolutionary markers. Indeed, classical
studies of bacterial metabolism have been re-evaluated
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after the availability of whole genome sequences, as
this data provides novel metabolic insights that could
not be discovered otherwise. Genomic insights support
the general conclusion that bacterial central or primary
metabolism is less universally conserved than as
presented in textbooks, and many versions of central
metabolic pathways have been discovered (Osterman
and Overbeek 2003). Furthermore, beyond these well-
integrated central metabolic networks, genomics has
also prompted the discovery of novel peripheral
metabolic pathways, revolutionizing the field of nat-
ural products biosynthesis (Nett et al. 2009).

As a genome sequence represents a catalogue of
putative genes, many encoding enzymes, it may seem
trivial to start reaching metabolic conclusions at the
sequence level simply by functional annotation.
However, prediction of an enzyme function from
sequence alone does not provide metabolically rele-
vant information: metabolism is not the result of
enzymes acting independently, but the integration of
these enzymes and their substrates/products within a
complex network. Here is where Genome-Scale
Metabolic-network Reconstruction (GSMRs) plat-
forms provide a fundamental approach for a holistic
and realistic interpretation of metabolism (Feist et al.
2009). Moreover, metabolic features cannot be inter-
preted from an evolutionary standpoint until the
components of a gene catalogue are placed into the
correct metabolic context through an in silico stoichi-
ometric matrix prediction and experimental confirma-
tion (Wagner 2009; Conrad et al. 2011).

Arguably, metabolism provides bacteria with the
means to adapt to their ecological niches, implying a
role for metabolism within bacterial speciation.
Although many of the typical examples used to
support this statement (such as the antibiotic activity
of certain metabolites as a means to mediate bacterial
interactions [Yim et al. 2007]) still need to be
confirmed in real environmental conditions, this
hypothesis finds support in evolutionary theory (Con-
rad et al. 2011). Therefore, the topology and compo-
sition of any given bacterial metabolic network must
provide hints into the evolutionary history and
biochemical adaptation of bacterial species, implying
that this information may find an application within
modern polyphasic taxonomic approaches. Further-
more, as phenotypes are the result of these evolution-
ary metabolic processes, this is in agreement with the
strong emphasis on phenotypic characterisation that
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polyphasic taxonomy should embrace (Tindall et al.
2010).

Two metabolic scenarios with evolutionary and
phenotypic consequences are developed in this per-
spective article. Both were revealed after actinobac-
terial GSMRs and argue in favour of the possibility of
incorporating genome-scale views of metabolism into
polyphasic taxonomy. The first example relates to
pathway gaps and how these may be used as
(chemo)taxons, whereas the second example uses
enzymatic expansions with taxonomic resolution.

Beyond the final product: pathways
as (chemo)taxons

GSMRs have been valuable in identifying pathway
gaps, where a gene expected to be present in a
complete genome sequence cannot be found (Os-
terman and Overbeek 2003; Feist et al. 2009). For
instance, some of the actinobacterial metabolic miss-
ing genes, identified by the GSMR of the model
actinomycete Streptomyces coelicolor (Borodina et al.
2005), have been subsequently solved through exper-
imentation (Hiratsuka et al. 2008; Marineo et al. 2008;
Sandoval-Calderon et al. 2009). In these cases, the
importance of novel enzymes filling pathway gaps is
not limited to the final metabolite of the pathway, but
also to the way in which the newly discovered
analogous enzyme catalyses the synthesis of interme-
diary metabolites. Analogous enzymes may not only
be different in sequence and structure, but also in the
way they exert their enzymatic activities, to the point
that different substrates and co-factors may be used.
This is expected to have a bearing on the topology and
function of the metabolic network.

An example of this scenario is given by the
synthesis of cardiolipin in Actinobacteria (Fig. 1),
where two classes of cardiolipin synthases (CL-S)
have been reported: the prokaryotic (Nampoothiri
et al. 2002) and eukaryotic (Sandoval-Calderon et al.
2009) versions. Comparative genome analyses with
emphasis on these two versions of the cls genes
(Supplementary Information) revealed that the pro-
karyotic version of CL-S is present only in Coryne-
bacterium (the exception being C. kroppenstedtii, a
lipophilic bacteria that lacks mycolic acids [Tauch
et al. 2008]) and in certain deep-rooted
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Fig. 1 Analogous cardiolipin synthases. The prokaryotic and
eukaryotic versions of the enzyme cardiolipin synthase are
shown (CLS-I and CLS-II, respectively). Abbreviations to

actinobacteria). Enzymes of this class use as a
substrate two molecules of phosphatidylglycerol
(PG) to synthesise cardiolipin in a reversible fashion.
However, in most actinobacteria, including S. coeli-
color, where it was originally shown to be operative
(Sandoval-Calderon et al. 2009), the eukaryotic-like

Cardiolipin

P )I\
-o/ “‘o/ﬁ/\o R,

intermediaries are as follows: CDP-DAG cytidine diphosphate-
diacylglycerol; PI phosphatidylinositol; PG phosphatidylglyc-
erol; PG-P phosphatidylglycerol 3-phosphate

CL-S seems to be the rule. Interestingly, the eukary-
otic-like CL-S synthesizes cardiolipin from one mol-
ecule of PG and one molecule of cytidine diphosphate-
diacylglycerol (CDP-DAG) as the donor of the
phosphatidyl group, implying not only different sub-
strates but also an irreversible reaction.
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Fig. 2 Convergent biosynthesis of menaquinones. Two alter-
native menaquinone biosynthetic pathways have been shown to
be present in actinobacteria. a The futalosine biosynthetic
pathway (mgn genes) and b the chorismate biosynthetic pathway
(men genes). Abbreviations to intermediaries and enzymes are as
follows: PEP, phosphoenolpyruvate; DHFL, dehypoxanthinyl
futalosine; SEPHCHC, 2-succinyl-5-enolpyruvyl-6-hydroxy-3-
cyclohexene-1-carboxylic acid; SHCHC, 2-succinyl-6-hydroxy-2,
4-cyclohexadiene-1-carboxylate; MenA, 1,4-dihydroxy-2-
naphthoate octaprenyltransferase; MenB, naphtoate synthase;
MenC, O-succinylbenzoate synthase; MenD, 2-succinyl-5-
enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase;
MenE, O-succinylbenzoic acid-CoA ligase; MenF, Isochoris-
mate synthase; MenG, S-adenosylmethionine:2-demethylmen-
aquinone methyltransferase; MenH, Menaquinone biosynthesis
methlytransferase; MqnABCD, enzyme names to be defined

In the light of these differences it is reasonable to
expect that the profiles of the polar phospholipids
synthesized by these convergent biosynthetic path-
ways (Fig. 1), whose products and intermediary
metabolites are commonly used as chemotaxons in
Actinobacteria, will be determined by which of the
analogous CL-S is present. This is a very interesting
hypothesis that warrants reinvestigation of type strains
using modern analytical techniques to accurately
determine their quantitative phospholipids profiles.
This would imply that a polyphasic taxonomic
approach of determining what type of CL-S is present
in any given newly characterised actinobacteria may
be more relevant and informative than quantifying the
final products of these pathways. Once more genome
sequences from key organisms diverging at the nodes
with alternative CL-S become available, this hypoth-
esis could be experimentally tested. Nevertheless, it
already is clear from this example that genome-scale
notions of metabolism can inform on the bacterial
speciation processes, and thus genomes interpreted in
such a way have a bearing on the fourth tenet of
microbial systematics.

Remarkably, these pathway gaps are not limited to
single enzymes. Several complete convergent biosyn-
thetic pathways, which account for many missing
genes, have been reported (reviewed by Dairi et al.
2011). From a chemotaxonomic point-of-view, the
convergent biosynthesis of the menaquinones (MK)
stands-out and therefore it is analysed in further detail.
The classic MK biosynthetic pathway (men genes;
Fig. 2) starts from chorismate and it is present in most
bacterial biological models, e.g. Escherichia coli and
Bacillus subtilis. Comparative genome analysis cen-
tred on the men genes (Hiratsuka et al. 2008) showed

that this pathway is also present in some actinobac-
teria. However, this was not the case for many
actinobacteria, including Streptomyces, which lack
the men genes all together. This situation was at odds
with the fact that MKs had been extensively used as
chemotaxons in Streptomyces and related organisms
(Collins et al. 1985). Again, a convergent pathway was
first inferred from the GSMRs of S. coelicolor
(Borodina et al. 2005) and this discrepancy was
experimentally solved by the discovery of a com-
pletely novel MK biosynthetic pathway (Hiratsuka
et al. 2008; Seto et al. 2008; Arakawa et al. 2011) that
starts from futalosine or aminodeoxyfutalosine (mgn
genes; Fig. 2).

Comparative genome analysis of a hundred actino-
bacteria, with an emphasis on the men and mgn genes,
is used here to reveal the actinobacterial occurrence
and taxonomic distribution of the alternative MK
biosynthetic pathways (Fig. 3; see also Supplementary
Information). The chorismate biosynthetic pathway is
present in most of the deep-rooted organisms, such as
Arthrobacter, but also in some of the most recently
diverged genera, such as Corynebacterium and Myco-
bacterium (blue branches, Fig. 3). This observation
suggests a differential gene gain or loss that is lineage-
specific, something that can be indicative of speciation
processes. Indeed, the occurrence of the men and mgn
genes may help to clarify phylogenetic relationships.
For instance, two organisms which posses the men
genes, Streptosporangium roseum and Thermomonos-
pora curvata, are located within branches populated
by organisms that have the mgn genes. This incon-
gruence in our RpoB species-tree suggests that the
taxonomic coverage of organisms whose genomes
have been sequenced is still limited. However, the
proposed approach of using pathways as (chemo)tax-
ons does solve the taxonomic relationships of these
organisms.

Given that experimental determination of MKs for
many actinobacteria are available (Collins et al. 1977;
Collins et al. 1985) it is feasible to test the hypothesis
that a correlation may exist between the type of
pathway occurring and the type of MK that is being
synthesized. In agreement with this, most actinobac-
teria synthesizing MKs through the futalosine pathway
(mgn genes) have been reported to primarily synthe-
size MKs with nine isoprenoid units. This contrasts
with those organisms using the chorismate pathway
(men genes), which synthesize MKs with eight
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<« Fig. 3 RpoB-based actinobacterial species-tree and taxonomic

distribution of menaquinones and their biosynthetic genes.
Coloured blue branches indicate organisms with men genes, and
coloured red branches indicate organisms with mgn genes.
Black branches denote organisms (e.g. Bifidobacterium) that
lack MKs and their biosynthetic genes (Kindberg et al. 1987).
Micromonospora carbonacea, whose genome encode for both
the men and mgn genes, is marked with an arrow. Details on the
parameters used for construction of the phylogenetic tree are
provided as Supplementary Information. The tree was con-
structed with MrBayes and posterior probabilities are provided
at the nodes (Huelsenbeck and Ronquist 2001). (Color figure
online)

isoprenoid units (Fig. 3; see also Supplementary
Information). Despite the fact that evidence of co-
occurrence of both pathways could not be found in
previous analyses (Dairi et al. 2011), our comparative
analysis suggests that the genome of Micromonospora
carbonacea may encode for both the men and mgn
genes. This observation makes this organism a suitable
biological model for testing the hypothesised path-
way—MK relationship, supporting the idea that
GSMRs may become part of polyphasic taxonomy.
Indeed, early data suggests that the genus Micromo-
nospora is more heterogeneous with respect to MK
composition than other actinomycete genera that
exhibit similar high levels of intrageneric relatedness
(Koch et al. 1996; Trujillo et al. 2005).

A link between enzyme evolution and taxonomy

Once GSMRs have been established for model
organisms, this information can be compiled into the
‘pan-metabolism’ of any given bacterial group. For
Actinobacteria, the GSMRs of S. coelicolor (Borodina
et al. 2005), M. tuberculosis (Jamshidi and Palsson
2007) and C. glutamicum (Kjeldsen and Nielsen 2009)
have been reported. This data provides a universe of
protein sequences that can be used to mine genomic
databases in search of distinctive metabolic features,
with taxonomic resolution. Inspired by the use of
microbial natural products as chemotaxons (Frisvad
et al. 2008), we propose herein the use of conserved
enzymatic expansions (EEs), as a distinctive meta-
bolic feature for the resolution of taxonomic relation-
ships in natural products-producing organisms. This
proposal finds its foundation in evolutionary theory,
which postulates gene duplication leading to enzy-
matic expansion and divergence as the main source of

novel enzyme activities. Furthermore, looking for
conserved expansions may add metabolic markers
with real physiological implications to those already
identified as lineage-specific actinobacterial con-
served genes (Gao & Gupta, this issue).

Our comparative phylogenomic analysis within the
context of the biosynthesis of natural products, which
will be reported elsewhere in more detail (FBG &
PCM, manuscript in preparation), used as a proof-of-
concept nine selected central metabolic pathways, plus
about one hundred actinobacterial genome sequences
and the GSMRs of S. coelicolor, M. tuberculosis and
C. glutamicum. The nine central metabolic pathways
used were selected due to the fact that these pathways
are known to provide precursors for the synthesis of
natural products. Moreover, functional annotation of
the enzymes taking part in these pathways, using only
sequence data, is straightforward with little or no
ambiguity. As can be seen in Figure 4, after a
statistical treatment of the output sequences using as
background the phylogeny of the Actinobacteria, the
suborders Micromonosporineae, Streptomycineae and
Pseudonocardineae, as well as the Nocardiaceae
family, are clearly enriched for EEs within these
pathways. Given that these actinobacterial families
include species that are renowned for synthesizing a
broad range of natural products, it is tempting to
speculate that natural product biosynthetic diversity
and the occurrence of EEs may be related traits.

From a systematics point-of-view, it is proposed
that these traits can be used to solve taxonomic
relationships. Indeed, strain AA4, which was origi-
nally thought to be a streptomycete but groups in the
same clade as the Pseudonocardineae within our
RpoB-based species tree (Fig. 3), shows a different
EEs profile than the rest of the streptomycetes (Fig. 4).
In agreement with this, it has recently been reported
that strain AA4 actually belongs to the genus Amyco-
latopsis (Seyedsayamdost et al. 2011). EE traits may
also be used for understanding actinobacterial speci-
ation involving metabolic adaptation, which may have
a strong bearing on the fourth tenet of microbial
systematics. For instance, as Streptomyces species are
probably the most important natural products-produc-
ing genus, it is interesting to note that certain EEs, not
found in the context of natural products biosynthesis
(FBG & PCM, unpublished results), are highly
conserved in these organisms. These EEs include the
glycolytic enzymes phosphoglycerate mutase (Pgm)
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Fig. 4 Actinobacterial enzymatic expansions with taxonomic
resolution. In silico reconstruction of the central metabolic
pathways in each organism, whose genomes are available and
were included in the analysis, was done using as queries the
enzymes from the GSMR of M. tuberculosis, C. glutamicum and
S. coelicolor (see Supplementary Information). The order of the
columns is the same as the order of the enzymatic conversions
within each metabolic pathway. The heat plot shows those

and pyruvate kinase (Pyk), as well as the amino acid
biosynthetic enzymes threonine synthase (ThrC) and
aspartate-semialdehyde dehydrogenase (Asd). Inter-
estingly, these enzymes are encoded for within the
Streptomyces genome in synteneous loci that seem to
have evolved symmetrically (FBG & PCM, unpub-
lished results), suggesting that this feature was present
in the last common ancestor of this genus. Thus, it is
tempting to speculate that these EEs may have played
arole in the metabolic diversification and radiation of
Streptomyces species, perhaps by acting as a link
between central and peripheral metabolic pathways.
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Three or more homologs

expansions that are statistically relevant, in comparison with the
background, including the number of homologs for each enzyme
in the pathway. The rows are phylogenetically sorted using as
guide the same RpoB-based species phylogenetic tree of Fig. 3.
Branches grouping natural products-producing actinobacterial
families are highlighted in red, and strain AA4 is shown with an
arrow. (Color figure online)

Conclusions

Based on three well-documented examples inferred
from actinobacterial GSMRs, the potential of genom-
ics to be incorporated within the context of polyphasic
bacterial taxonomy is demonstrated. Within this
context, a desirable scenario for the prokaryotic
systematics community would be to see it engaged
not only in the use of GSMRs, but also in construction
of metabolic models that rely on systematic pheno-
typic characterisation. As this community routinely
undertakes systematic phenotypic characterisation of
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novel taxa, getting involved in GSMRs represents an
area of opportunity. This in turn may not only help to
revalue prokaryotic systematics within the broader
microbiological community, but also may provide the
bacterial taxonomist with more and better (chemo)tax-
ons related to pathway gaps, analogous enzymes and
complete novel pathways. Next generation genomics-
driven taxons can inform studies of bacterial specia-
tion, and will be fundamentally important to reach
Comprehending Microbial Diversity, the fourth tenet
of microbial systematics.
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