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A central and long-standing issue in evolutionary theory is the
origin of the biological variation upon which natural selection
acts1. Some hypotheses suggest that evolutionary change represents an adaptation to the surrounding environment within the
constraints of an organism’s innate characteristics1–3. Elucidation
of the origin and evolutionary relationship of species has been
complemented by nucleotide sequence4 and gene content5 analyses, with profound implications for recognizing life’s major
domains4. Understanding of evolutionary relationships may be
further expanded by comparing systemic higher-level organization among species. Here we employ multivariate analyses to
evaluate the biochemical reaction pathways characterizing 43
species. Comparison of the information transfer pathways of
Archaea and Eukaryotes indicates a close relationship between
these domains. In addition, whereas eukaryotic metabolic
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enzymes are primarily of bacterial origin6, the pathway-level
organization of archaeal and eukaryotic metabolic networks is
more closely related. Our analyses therefore suggest that during
the symbiotic evolution of eukaryotes,7–9 incorporation of bacterial metabolic enzymes into the proto-archaeal proteome was constrained by the host’s pre-existing metabolic architecture.

To begin developing a systems-level understanding of the evolutionary and organizational relationships among species, we compared several characteristics of the core metabolic and information
transfer pathways of 43 species from the Archaea, Bacteria, and
Eukarya, based on data in the WIT integrated-pathway genome
database10. We have previously established a graph theoretic representation of the biochemical reactions taking place in the metabolic or information transfer network of a given organism11 (See
Web Fig. A). We used the derived matrices to create four separate
data sets for each organism, comprised of substrates and enzymes of their metabolic and information transfer networks, respectively. This
allowed us to determine for each data set whether
a particular substrate or enzyme was present or
absent in a given organism, and also to systematically rank order all the substrates and catalyzing
enzymes based on the number of biochemical
B
reactions in which they participate. We then compared the individual data sets using several different multivariate analytical approaches, including
neighbor joining (NJ: the simplest distance-based
cladistic method12), unweighted group average
clustering (UPGMA: the most commonly used
hierarchical classification method13), ordinal
clustering (OC: a hierarchical method suited
B
specifically to rank orders14,15) and nonmetric
multidimensional scaling (NMDS: the most general ordination procedure15).
We first examined the information pathways
(Fig. 1) by analyzing both substrates (Fig.
1a,b,e,f,i) and catalyzing enzymes (Fig. 1c,d,g,h,j)
to obtain ordinations (Fig. 1a–d), hierarchical
B
classifications (Fig. 1e–h) and unrooted trees (Fig.
1i,j). The results of all three approaches were
highly congruent. Regardless of whether ordinal
information (rank ordering; Fig. 1a,c,e,g) or simple presence/absence (P/A) (Fig. 1b,d,f,h–j) was
considered, and whether the substrate or enzyme
B

j
B

A+ E

B

A+ E

Fig. 1 Analyses based on information transfer pathways.
a–d, NMDS ordinations. e,g, OC classifications. f,h, UPGMA
classifications. i,j, unrooted NJ trees. (a,b,e,f,i) represent data
based on substrate list;(c,d,g,h,j) are based on enzyme variables. (a,c,e,g) represent ordinal information; (b,d,f,h,i,j) represent P/A information. A, Archaea; B, Bacteria; E, Eukarya.
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Fig. 2 Analyses based on metabolic pathways. a–d, NMDS
ordinations. e,g, OC. f,h, UPGMA classifications. i,j,
unrooted NJ trees. (a,b,e,f,i) represent data based on substrate list; (c,d,g,h,j) are based on enzyme variables. (a,c,e,g)
represent ordinal information; (b,d,f,h,i,j) represent P/A
information. A, Archaea; B, Bacteria; B1, nonparasitic bacteria; B2, parasitic bacteria; E, Eukarya. The arrow in (f) indicates the location of the Crenarchae A. pernix.
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data set was used, our analyses suggest clear separation of Bacteria
both from Archaea and Eukarya. This finding is in general agreement with cladistic results based on ribosomal RNA sequences4 or
gene content5. It is notable that despite the comparatively large
number of Bacteria in the sample, the within-group differences in
the Bacteria are considerably smaller than those within the Archaea
or Eukara. This is manifested in the ordinations as a very compact
scatter of points representing the Bacteria (Fig. 1a–d). It is also evident that Archaea and Eukarya are not merely close to each other,
but in most cases are essentially inseparable. For instance, the points
representing Archaea and Eukaryotes in both P/A-based ordinations, and in the ordinal case for the enzyme-based ordinations,
form elongated point swarms, whose internal cohesion and segregation are therefore not supported (Fig. 1b–d). The only ordination
and classification suggesting fair distinction between Archaea and
Eukarya are those based on ordinal information from the substrate
data (Fig. 1a,e).
We next compared the systemic organization of the metabolic
networks. Analyses of data for the substrates (Fig. 2a,b,e,f,i) and
the catalyzing enzymes (Fig. 2c,d,g,h,j) of intermediate metabolism provide a slightly more complex picture than for the informational networks, but with many similarities. In each hierarchy,
Archaea and Eukarya are clearly recognizable as intact groups,
with the exception of the Crenarchae Aeropyrum pernix, which
forms a separate cluster (Fig. 2f). Note, however, the contentious
phylogenetic classification of this organism16. Except in one case
(Fig. 2g), ordinal analysis of substrate (Fig. 2a,e) and enzyme data
(Fig. 2c,g) shows a clear separation of Bacteria from both Archaea
and Eukarya, but a fairly close proximity between the latter two
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domains. For the P/A information (Fig.
2b,d,f,h–j), applying the NJ approach to both
the substrate and enzyme data sets (Fig. 2i,j),
and applying the NMDS approach to the
enzyme data (Fig. 2d), support a similarly clear
E B2
separation. However, using the NMDS
approach with the substrate data (Fig. 2b) and
using the UPGMA dendrograms with the substrate (Fig. 2f) and enzyme data (Fig. 2h) indicate a substantially looser association.
There is a clear separation between nonparasitic bacteria and parasitic bacteria (such as
Chlamydia pneumoniae, Mycoplasma genitalium,
B2 E
Rickettsia prowazekii, Treponema pallidum, and
Borrelia burgdorferi), which possess an evolutionarily reduced genome17. The parasitic bacteria
almost always form one group, with the exception
of one unrooted tree (Fig. 2h), whereas P/A analyses show the nonparasitic bacteria as a single large
group in both trees. OC, however, produces two
E B2
subclusters within the nonparasitic bacteria (Fig.
2e,g). The NJ method separates the two groups of
Bacteria on the basis of P/A data for both substrates and enzymes (Fig. 2i,j): the parasitic bacteria form a loosely arranged group at one end of
B1
the unrooted tree, followed by Eukarya, Archaea,
and finally the nonparasitic bacteria. Thus,
Archaea and Eukarya are inserted between the two bacterial groups
in the tree; it cannot be rooted to produce a cladogram with parasitic and nonparasitic bacteria as sister groups. It may be expected
that parasitic organisms more readily lose metabolic genes, but it is
notable that this loss puts them in a single statistical group, whatever their phylogenetic distance from one another.
The analysis and comparison of the systemic higher-level organization of these 43 species reveals unanticipated features of the relationships within and among the major domains. The comparison
of systemic attributes of metabolic networks, for example, indicates
convergent evolutionary trends that are reflected only in the metabolism of organisms. Conversely, our results also indicate that comparison of system-level features by the current methods will not
allow for the identification of precise phylogenetic relationships
among species, because metabolic organization is intimately tied to
the environment in which they evolved. There is the additional,
unexpected finding that the Archaea and Eukarya are related not
only in their informational pathways but also in their metabolic
pathways. Although previous sequence comparisons found the
informational genes of eukaryotes to be similar to those of archaea,
with respect to operational (metabolic) genes, bacteria and eukaryotes are more closely related6,18. Eukarya apparently diverged from
Archaea8,9,19, partly as a result of robust horizontal transfer of operational genes8,9, or perhaps as a by-product of (imperfect)
phagotrophic consumption of Bacteria20. Although the transfer of
physically clustered, functionally complementary bacterial genes
into the archaean host’s genome appears to have been widespread6,21, our analyses demonstrate that the overall eukaryotic
metabolic network architecture remained significantly less
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changed. Thus, natural selection may have induced the differential
retention of the bacterial enzymes that were presumably transferred
into the proto-archaeal host’s proteome.
Our results may indicate an underlying reason for this selectivity. Irrespective of the particular pathways and species-specific
enzymes that are used, large-scale metabolic organization is
essentially identical in all contemporary species, all of which possess a robust and error-tolerant scale-free network architecture11.
In addition, other approaches for analyzing the functional capabilities of metabolic networks indicate that the complete metabolic network is under organizational constraints22,23. From this
we can infer a selective pressure during eukaryote evolution that
limited their incorporation of bacterial metabolic enzymes in
order to maintain the existing favorable metabolic network
architecture inherited from the proto-archaean host.

Methods
Database preparation. For our analyses of metabolic and information transfer pathways, we used the “Intermediate Metabolism and Bioenergetics” and
“Information Transfer” portions, respectively, of the WIT database
(http://igweb.integratedgenomics.com/IGwit/)10. This database predicts the
existence of a biochemical pathway based primarily on the annotated genome
of the organism combined with firmly established data from the biochemical
literature. As of June 2000, this database provided description for 6 archaea
(Aeropyrum pernix, Archaeoglobus fulgidus, Methanobacterium thermoautotrophicum, Methanococcus jannaschii, Pyrococcus furiosus and Pyrococcus
horikoshii), 32 bacteria (Aquifex aeolicus, Chlamydia pneumoniae, Chlamydia
trachomatis, Synechocystis sp., Porphyromonas gingivalis, Mycobacterium bovis,
Mycobacterium leprae, Mycobacterium tuberculosis, Bacillus subtilis, Enterococcus faecalis, Clostridium acetobutylicum, Mycoplasma genitalium, Mycoplasma
pneumoniae, Streptococcus pneumoniae, Streptococcus pyogenes, Chlorobium
tepidum, Rhodobacter capsulatus, Rickettsia prowazekii, Neisseria gonorrhoeae,
Neisseria meningitidis, Campylobacter jejuni, Helicobacter pylori, Escherichia
coli, Salmonella typhi, Yersinia pestis, Actinobacillus actinomycetemcomitans,
Haemophilus influenzae, Pseudomonas aeruginosa, Treponema pallidum, Borrelia burgdorferi, Thermotoga maritima and Deinococcus radiodurans), and 5
eukaryotes (Emericella nidulans, Saccharomyces cerevisiae, Caenorhabditis elegans, Oryza sativa and Arabidopsis thaliana) (note the absence of metazoan
eukaryotes, including Homo sapiens, from the list). Complete genome
sequences were available for many of these organisms, and incomplete
sequences were available for P. furiosus, P. gingivalis, M. bovis, M. leprae, E. faecalis, C. acetobutylicum, S. pneumoniae, S. pyogenes, C. tepidum, R. capsulatus,
N. gonorrhoeae, S. typhi, Y. pestis, A. actinomycetemcomitans, P. aeruginosa, E.
nidulans, O. sativa and A. thaliana). The downloaded data were rechecked
manually, and synonyms and substrates without defined chemical identity
were removed.
Construction of network matrices and data sets. Biochemical reactions
described within a WIT pathway are composed of substrates and enzymes
connected by directed links. For each reaction, educts and products were considered as nodes connected to the temporary educt–educt complexes and
associated enzymes. For a given organism with N substrates, E enzymes and R
intermediate complexes, the full stoichiometric interactions for metabolism
and information transfer were compiled into an (N+E+R) × (N+E+R)
matrix, generated separately for each of the 43 organisms11. Four data sets,
METAB/ENZ, METAB/SUBS, INFO/ENZ and INFO/SUBS, were created
with 834, 1267, 115 and 395 rows, respectively, all with 43 columns. In each
matrix, score xij indicates the number of times enzyme or substrate i is present
in the corresponding pathway of organism j.
Enzyme and substrate ranking. Enzymes and substrates present in the
metabolic and information transfer pathways of all 43 organisms were
ranked based on the number of links each had in each organism, with
incoming and outgoing links considered separately (r =1 was assigned to
the enzyme and substrate with the largest number of connections, r =2 to
the second most connected one, and so on).
Multivariate analyses. Neighbor joining (NJ), unweighted group average
clustering (UPGMA), ordinal clustering (OC) and nonmetric multidi-
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mensional scaling (NMDS) were performed as previously described12-15
(See Web Note B). All computations were made by the SYN-TAX 2000 software developed for WINDOWS systems24.
Analysis of the effect of database errors. At the time of our analyses, the
genomes of 25 of the 43 organisms had been completely sequenced (5
Archaea, 18 Bacteria, 2 Eukaryotes), and the remaining 18 were partially
sequenced. Therefore, two major possible sources of error in the database
could have affected our analysis: (a) erroneous annotation of enzymes and
consequently of biochemical reactions, and (b) reactions and pathways
missing from the database. For organisms with completely sequenced
genomes, (a) is the likely source of errors; for those with incompletely
sequenced genomes, both (a) and (b) are potential sources. We investigated
the effect of database errors on the validity of our findings and found that
our results are not affected (See Web Note C).

Note: Supplementary information is available on the Nature Genetics
web site (http://genetics.nature.com/supplementary_info/).
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