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The three-domain classification of life formsinto bacteria (B), archaea (A) and
eukaryotes (E) is thought to be a major accomplishment of the evolutionary biology at the
end of the 20™ century. This classification, and the branching order (B(AE)), with the
root of the tree between B and AE (1-4), are accepted throughout my work, but | also
consider one qualification and one dissenting opinion now.

The qualification. The three-domain classification has been developed prior to
complete genome sequencing, mostly on the basis of phylogenies of rRNA and of
proteinsinvolved in DNA replication, transcription, and mRNA translation. Analysis of
complete genomes indicates that there exist two classes of genes. One set, dubbed
“informational genes”, because it is dominated by the aforementioned genesinvolved in
genome replication and expression, indeed tend to show the (B(AE)) topology. The other
set, “operational genes” mostly involved in the intermediate metabolism, tend to follow
((BA)E) topology (5, 6). Note that eukaryotes also possess their own, relatively lately
added, complement of bacteria-like genes, which are thought to have been acquired from
bacterial precursors of mitochondria and chloroplasts and are mostly involved in
assembly and function of these organelles, even as these genes currently reside in the
nuclear genome. Y et, the presence of these genes does not sway the trees of most
operational genes, and the ((BA)E) topology predominates. The conclusion from these
observationsisthat, in of the early evolution of Life, at or near the time of emergence of
the three domains, there were massive horizontal gene exchanges or genome mergers
between the domains (5-9). Which exactly domains merged is the matter of debate

(rooting problem). But in a computer-science sense, the Tree of Life may not be atree at

al, because it appears to contain the evidence of that merger close to the root
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(reticulations that produces cycles, which are not compatible with the definition of atree
as adirected acyclic graph).

All this, however, has not much effect on the reconstruction of minimal and
ancestral ribosome, because ribosomal proteins favor the (B(AE)) topology without any
evidence of horizontal transfer between B and AE (excluding the relatively late
acquisition of organellular genes, whose products are readily distinguished by their
targeting peptides and by evolutionary affinities to specific bacterial groups from which
the endosymbionts have originated). There are examples of likely horizontal transfer of
ribosomal protein genes within the domain of Bacteria (10, 11), but they do not affect the
conclusions of thiswork.

The dissenting opinion. A radically different relationship of three domains of
Life has been proposed on the basis of a set of biochemical, paleontological, and
cytological considerations (12), which seem to be corroborated by a cladistic analysis of
specific shared insertions in selected protein-coding genes (13). Under this unorthodox
scenario, archaea and eukaryotes are derived forms of bacteria The radical difference of
some ribosomal protein genes between AE and B, and the (B(AE)) topology support in a
majority of them isinterpreted as aresult of accelerated evolution in AE (12).

This point of view has little effect on the reconstruction of Minl and Min2 sets.
Its impact on the Anc set is, however, large. All PPL1/2 and PPL3 proteins, unless they
exhibit a very shallow phylogenetic tree indicative of overprinting, are now candidates

for inclusion into the Anc set, aswell as some of the PPL4 and PPL7 proteins with

compatible phyletic patterns. This increases the number of proteinsin the Anc set by 5-10
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proteins, and, in the case of gene displacements, suggests a bacterial counterpart as the
component of choice. | do not pursue this scenario further.
Phyletic patterns as the resource for reconstruction of the ancestral state. To
quote Mirkin et a. (reference 14)
The reconstruction of the evolutionary scenario for an individual set of orthologous genes
can be formulated as follows: given a species tree and a set of orthologs with a particular
phyletic pattern (i.e. pattern of presence-absence of the species within the analyzed set of
species; this set of species should be the same as in the tree), find the most parsimonious
mapping of the set of orthologs on the tree. Such a mapping corresponds to the most

parsimonious evolutionary scenario for the given set of orthologs, i.e. the scenario with

the smallest possible number of events.

2 S S

ANl O I

The count of eventsisillustrated in the two diagrams right above (adapted from
Figures 2 and 3 in reference 14, full text can be found at

http://www.biomedcentral.com/1471-2148/3/2 ). Inthe left-hand diagram, ageneis

found in lineages B, C, and D, whose phylogeny is as shown. Such phyletic pattern may
be explained either by a gene gain by the last common ancestor of B, C, and D (open
circle; one event), or by gene appearance in the last common ancestor of all four species
(open circle; first event) followed by gene lossin the lineage leading to A (black circle;
second event). According to parsimony principle, the one-event explanation is better
than the two-event scenario. In the right-hand diagram, a toss-up between two two-event

scenarios (one gain + one loss vs. two gains) is shown. The details, including a rather



Arcady Mushegian.
Protein content of minimal and ancestral ribosome.
Supplementary Information
technical discussion of whether to count gene presence at the root as the event, and
whether to score gains and |osses differently, can be found in reference 14.
One parameter that the model of Mirkin et al. does not consider istherelative
lengths of branchesin different parts of the tree. Consider two cases of gene gain (single

event in each case), mapped onto the same phylogenetic tree:

i A

When deciding whether the gene has been present at the root, the parsimony
principle will not distinguish between these cases — all it knowsis that both distributions
are explained by the same minima number of events. If, however, the branch lengths are
taken into account, the left-hand case is more suggestive of the ancestral presence of the
gene, because it appears to persist in evolution since more ancient times (if only branch
lengths can accurately reflect them).

We are developing a maximum-likelihood approach to ancestral gene content
reconstruction that would utilize thisinformation to improve the accuracy with which the
ancestral gene content can be defined. Rates of gene gain and loss are estimated from the
non-controversial portions of the phylogentic tree, using modified Markov transition rate
model for discrete morphological characters (15), and scenarios of gene presence-absence
at theroot are evaluated using likelihood ratio test (ARM and G.V.Glazko, manuscript in
preparation). Quantitative details aside, there is just one ribosomal protein, LO7E with
PPL7 (Table 1 in the main text of the manuscript), which is not placed in the ancestral

gene set under most of the weighted parsimony schemes of Mirkin et al. (14), but its
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existence in LUCA is supported better than its absencein the likelihood ratio test.

Therefore, LO7E joins the Anc set.

Other methods

Sequence homol ogs were detected with the PSI-BLAST program (16), with
settings —t=F (no correction for compositional bias), -h= 0.02, -F=F, run until
convergence. The most diverse members of each family were used as queriesin
additional rounds of search. Phyletic pattern information was from the Clusters of
Orthologous Groups (COG) database at NCBI (17), supplemented with the results of the
database search. Presence/absence of each genein LUCA was evaluated either under
parsimony assumption using the approach of Mirkin et al. (14), or using a maximum-
likelihood model of gene gain and loss (see above). Phylogenetic trees for ribosomal
proteins were constructed using the maximum-likelihood approach, as implemented in
proml program in the Phylip package (18). For analysis and visualization of molecular
structures, the programs SwissPDB Viewer (19) and Pymol (20) were used. Ribosome-
specific databases RPG (21) and DRC (22) were used as additional sources of
information on ribosomal proteins and their interaction with rRNA. Alignments of
ribosoma RNAs from different species were constructed using the utilities at the

Comparative RNA Web site (23).
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Supplementary Figure: protein fold usage in minimal ribosome, % of all proteins
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