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The nature of the universal ancestor and the evolution of the

proteome
W Ford Doolittle

The past year has seen several attempts to reconstruct the
proteome of the universal ancestor of all life on the basis of
comparisons of contempory genomes. However, increasing
evidence for lateral gene transfer could mean that such
attempts are based on an incorrect understanding of evolution.
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Abbreviation
LGT lateral gene transfer

Introduction

Near the end of T%e Origin of Species, Darwin recapitulates
his argument that patterns of similarity and difference
among organisms reflect their descent with modification
from an ever smaller number of ever more ancient ances-
tors. Extending this reasoning to its logical end point, he
infers “that probably all the organic beings which have
ever lived on this earth have descended from some one pri-
mordial form, into which life was first breathed” [1].

Whether ‘one primordial form’ denoted a single cell or a
single species, it is clear that Darwin envisioned the uni-
versal ancestor as an entity with a uniquely definable
phenotype, however primitive. Most contemporary theo-
rists reason in the same way, although disagreeing about
the nature and complexity of the ancestral phenotype. The
enzymes of metabolism and the proteins involved in the
replication and expression of genes (and of course the
code) are just too similar among all known species to be of
independent nonliving origin. The conclusion that all con-
temporary organisms must have derived from a single
‘form’, in whose genome the ancestral versions of all these
proteins were encoded, seems inescapable.

Can we reconstruct the proteome of that universal ances-
tor? In recent years, many authors [2,3°,4,5,6°,7-10] have
used comparisons of the gene contents of modern genomes
in attempts to do just that. In fact, the November 1999
issue of the Journal of Molecular Evolution is entirely dedi-
cated to the understanding of the biology of the universal
ancestor (which some call ‘the last universal common
ancestor’ or ‘LUCA’, and some call ‘the cenancestor’).
Other researchers, however, have cast the rooting of the
universal tree on which such analyses ultimately depend
into doubt [11,12,13°°] or have claimed that lateral transfer
of genes between species, phyla or domains is so frequent

that all reconstruction attempts are doomed to fail-
ure [14,15°°]. Most radical among these, Woese [16°°] has
argued that there never was a universal ancestral cell or
species, but rather that a complex population of heteroge-
neous genetic entities — ‘progenotes’ — gave rise to
modern cellular lineages. This view, now increasingly sup-
portable, is a profound challenge to our understanding of
genome origins and the evolution of the proteome.

Did the universal ancestor have a large and
‘modern’ genome?

The widely endorsed universal tree of life recognizes three
primary domains (bacteria, archaeca and eukarya), first
defined by sequences of SSU (small subunit) rRNAs. The
most often accepted rooting of this tree, based on paralo-
gous protein-coding gene families [17°], has its deepest
division (earliest branching) separating bacteria, on the one
side, from a lineage that later diverged into archaea and
eukaryotes, on the other. Given this tree, we should be
able to use reasoning based on parsimony to infer the com-
position of the genome of the universal ancestor.
Parsimony tells us that — barring lateral gene transfer
(LGT) between species — any gene present in organisms
on both sides of the deepest branching was probably pre-
sent in the universal ancestor [18]. Otherwise, its
appearance on either side of this division would require
two independent inventions and (if the genes show signif-
icant similarity) unlikely sequence convergence. (Note
that this argument retains its force even when only one
bacterium and one archaean have the gene — as long as we
disallow LGT.) Genes present only on one side, that is
only in bacteria or only in archaea plus eukarya, could be
either recent (‘invented’ on that side) or ancestral (lost on
the other). Genes restricted to a group of related organisms
within a domain are most likely to be recently invented.

Nature is not obliged to behave parsimoniously: some-
times independently invented genes w7/ converge in parts
of their sequence and (more often) independent losses of
the same ancestral genes in all but a single lineage will give
patterns mimicking recent origin. Nevertheless, parsimony
is the only logical guide we have. In the universal ancestor
issue of the Journal of Molecular Evolution, several authors
apply such reasoning to the question of the genome/pro-
teome of that ancient cell. Castresana and Moreiera [8], for
instance, infer from comparing bacterial and archaeal
sequences in the databases that the universal ancestor
enjoyed the use of “at least four electron transport chains
[oxygen, nitrate, sulfate and sulfur respiration], and there-
fore...may have been prepared to face a wide range of
environmental conditions”. Similarly, Labedan ez a/. [9]
conclude that “the last common ancestor to all extant life
possessed differentiated [multiple] copies of genes coding
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for both [ornithine and aspartate] carbamoyltransferases,
indicating it as a rather sophisticated organism”. Kyrpides
et al. [7] derive similar results from a more exhaustive analy-
sis, addressing all the genes in the Methanococcus jannaschii
genome. They conclude that the universal ancestor “con-
tained metabolic enzymes and genetic systems similar to
those of extant unicellular organisms”.

Other recently published complete genome analyses,
although not specifically addressing the genome/protecome
of the universal ancestor, only add to the tally of genes that
are present in both bacteria and archaea, and thus are
attributable to the universal ancestor — if we don’t allow
LGT. For instance, Koonin and collaborators [19°°] have
just presented a study of four sequenced euryarchaeal
genomes that shows that only 31-35% of each genome
comprises core genes shared by all four species: the clear
majority are made up of genes found in only some or none
of the other species and the clear majority of these have
obvious homologs within bacteria. In a similar analysis of
four euryarchaeal and one crenarchaeal genome, Faguy
and I [20] found that between 6 and 13% of each genome
comprises ‘bacterial genes’ not found in the other four.
Thus, there is a very large pool of genes shared among con-
temporary bacteria and archaea that are never all (or even
mostly) found in any one bacterial or archaeal genome. If
we follow the simple rules of parsimony without LG'T, we
wind up with a sozipotent ancestor, with a proteome consid-
erably more complex than that of any modern prokaryote.
"T'his cell must have been capable of almost the full range
of the autotrophic and heterotrophic, anaerobic and aero-
bic biochemistries separately found among all the diverse
prokaryotes in today’s microbiota!

Was the universal ancestor a eukaryote?

One way of resolving this might be to suggest that the uni-
versal ancestor was not a typical prokaryote. Forterre and
Philippe [13°°] have recently presented a scheme in which
a gene-rich ancestral genome has a somewhat more com-
fortable place. They note that the accepted paralog-based
rootings of the universal tree could all be erroneous (arti-
facts of ‘long-branch attraction’ or unrecognized deeper
paralogy): the true root could as easily separate eukaryotes
on the one hand from archaea and bacteria on the other.
Thus, the ancestor might well have been a complex cell
like a eukaryote, with archaea and then bacteria having
evolved from it by genome reduction and streamlining
(possibly in adapting to high temperature). Penny and col-
leagues [21,22,23°] have added a twist of parsimony to this
line of thought. The RNA world (if it existed) is the out-
group to all cellular life. If the RNAs used in intron
splicing and stable RNA processing in modern eukaryotes
are relics of the RNA world, then they must have been pre-
sent in the universal ancestor. Thus, that ancestor was
itself a eukaryote (at least in these respects) and archaea
and bacteria represent successive stages in the replace-
ment of RNA catalysis by protein catalysis. This idea is not
a new one: Hartman, Darnell and I (and probably

others) [24-26] put forth versions of it more than 20 years
ago, in conjunction with the hypothesis that introns are
relics of some precellular gene assembly process.

Is a single universal ancestral cell or species
really necessary?

Even earlier than that, Woese and Fox [27,28] described
quite a different way to avoid the totipotent gene-rich uni-
versal ancestor — basically by embracing LLG'T as the key
feature for understanding early cell evolution. They con-
sidered that the three contemporary domains of life arose
not from a single cell, but from a population of very differ-
ent cellular entities (‘progenotes’) that were primitive in
two respects. First, their machineries of replication, tran-
scription and translation were, as yet, inefficient and
inaccurate — so their genomes had to be small to avoid
error catastrophe. The population as a whole might have
contained ancestral forms of all the genes in the large pool
of genes now shared among contemporary bacteria and
archaea, but no single member of it did. Second, they were
promiscuous participants in LLG'I. In a recent and more
thorough articulation of this concept, stimulated by the
growing appreciation of the evolutionary importance of
LGT even among modern prokaryotes, Woese [16°°]
describes the progenote stage as follows: “Their small
genomes require progenotes to be metabolically simple,
minimal. However, different progenotes could have dif-
fered metabolically. The [collective] genetic complement
of the progenote population could have been far greater
than that of any individual cell, indeed totipotent... The
fact that innovations could easily spread through the pop-
ulation by lateral gene transfer gave the progenote
community enormous evolutionary potential ...”.

How could such a population give rise to two (and then
three) discrete cellular domains without passing through a
bottleneck represented by a single cellular universal ances-
tor? Perhaps in almost the same way that sexually
reproducing species speciate, giving rise to daughter
species whose gene pools are initially similar to those of
the parent species and contain very many more different
alleles than are borne by any one genome. (What is cru-
cially not the same is that the genomes of the progenote
population — like  those  of  different modern
prokaryotes — bore many different genes, not just differ-
ent alleles.) Thus, there is no more reason to imagine only
a single first kind of cell as the progenitor of all contempo-
rary life than there is to imagine only Adam and Eve as
progenitors of the human species.

Still, one might object, the various different genes shared
among the members of the heterogeneous progenote pop-
ulation Woese envisions did not suddenly appear from
nowhere, but themselves had ancestors. Could not the
ancestral versions of these different genes have resided
together in a single genome — which we could then call
the universal ancestor — in some even more distant past?
If by ancestral versions of genes we mean the founders of
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today’s protein-coding superfamilies or indeed the sub-
genic modules encoding the 1000 or so protein structural
motifs thought to be around now [29], this genome might
not have to have been any larger than that of a modern
prokaryote. Or, even if at this stage there was still a het-
erogeneous population of genomic entities, might not the
carlier triumph of the modern universal genetic code have
represented the bottleneck event to which all surviving
coding regions can be traced? Or, failing even that, could
not the RNA world antecedents of protein-motif-encoding
DNAs be traceable to a single first self-replicating RNA,
the one true universal ancestor?

These all seem like sensible possibilities, but there is no
reason to suppose that any of them relate to any ancestral
state that we might reconstruct by looking at the distribu-
tion of genes among contemporary species. Each family of
related genes should, in principle, be traceable to a single
last common ancestral version; however, the ancestral ver-
sions of different families will have existed in different
genomes at different times during life’s history. To use the
analogy to human evolution again, all human mitochondri-
al DNAs (barring recombination among them) can trace
their ancestry to a single mitochondrial DNA in a unique
ancient woman, popularly called ‘mitochondrial Eve’ [30].
However, other genes in contemporary human genomes are
derived from common ancestral genes in the genomes of
different members of the human or prehuman population,
living before or after that woman’s time. Mitochondrial Eve
surely never met Y-chromosomal Adam!

There is also not much reason to suppose that the last com-
mon ancestors of any contemporary gene families inhabited
cells that were substantially different from modern cells.
Although transcription and translation machineries clearly
have domain-specific features, most of the components
involved are homologous. Presumably, these functions
were reasonably modern before the time of the ancestral
versions of the genes encoding these components. The
strongest case for divergence from a primitive state has
been made for the DNA replication machinery. As Liepe
et al. [31°°] recently summarized the situation, bacterial
replicative polymerases and primases are clearly nonhomol-
ogous among bacteria and archaea/eukaryotes, whereas the
principal replicative helicases and proof-reading exonucle-
ases contain both homologous and nonhomologous
domains. The sliding clamp proteins and DNA ligases,
though homologous, are highly diverged. Only a few repli-
cation components (clamp-loader ATPases and 5'- 3’
exonucleases) and enzymes of DNA precursor metabolism
and manipulation (topoisomerases and gyrases) are well
conserved across the tree’s deepest branching. In 1996,
Mushegian and Koonin [32] interpreted these observations
to mean that the universal ancestor had an RNA
genome — DNA replication systems evolving quasi-inde-
pendently after the universal tree’s first branching. Now,
Koonin (with Liepe and Aravind) [31°°] articulates a subtler
scenario, in which the universal ancestor had an RNA

genome that replicated through cycles of reverse transcrip-
tion, RNase H digestion, ssDNA-templated dsDNA
synthesis and transcription.

Even in this case, however, the occurrence of LGT allows
a radically different view. Forterre [33], impressed by the
fact that a few replication components @7¢ homologous and
well conserved across domains, argues that the other com-
ponents differ because they have been replaced (probably
on the bacterial side) by functionally analogous genes from
plasmids and phage. Certainly, the presence of such extra-
chromosomal ‘selfish DNAs’ provides an environment for
the rapid evolutionary diversification of replication and
segregation functions, separate from, but in contact with,
bacterial genomes. Typically, extrachromosomal DNAs do
not encode transcription and translation components:
hence, the relative evolutionary conservatism of these
functions across domains.

Life without a cellular ancestor: implications
for the concept of homology

Evolutionary theory now figures prominently in the think-
ing and writings of molecular geneticists and structural
biologists. In particular, the understanding that ‘homology’
denotes descent from a common ancestor rather than
sequence similarity — although sequence similarity can be
taken as evidence for homology — is now quite general [34].
Homology is a matter of quality, not quantity and the oxy-
moronic term ‘percent homology’ is seldom seen these days.

However, homology is still a funny word: in the context of
proteins and genes, it makes sense only if we don’t think
about it too deeply. If our model of evolution invokes a sin-
gle cell as the universal ancestor, then we might
conveniently trace all modern genes back to one or another
particular ‘family founder’ gene in the universal ancestral
genome. Genes are thus homologous if and only if they are
members of such a family. I think that many discussions of
protein families and superfamilies embrace such a concept,
at least implicitly [35,36]. Genes in the universal ancestor
that were already homologs of each other (the paralogs such
as elongation factors EF-1a and EF-G used to root the uni-
versal tree, for instance [37]) of course complicate this view.
Still, the universal ancestor seems to represent a sort of
horizon beyond which we can justify not looking.

If there was no ancestor, however, how can we avoid
thinking about the possibility that all genes are ultimate-
ly derived from a single short RNA, the first replicating
ribozyme. If this is true, a// genes are homologous. We might
still be able to distinguish between orthologs and par-
alogs, as a matter of logical principle but, in practice, this
will often be impossible. ‘Homology’ itself becomes a
useless word unless we redefine it to mean something
like ‘statistically more similarity than we would expect on
the basis of chance’. Such an operational definition is
slippery — genes can fade in and out of a state of homol-
ogy depending on the kinds of analysis and the
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background database within which we compare them. It’s
a short step from here back to ‘percent homology’. It is
ironic that the words we seem to need in order to think
productively about biology, words such as ‘homology’,
‘individual’, ‘organism’ and ‘species’, have no precise
meaning [38].
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