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ABSTRACT The proposal that RNA preceded DNA in
evolution is more than 15 years old. In light of recent studies
on RNA processing (including protein-free reactions), present
knowledge about eukaryotic gene structure, and studies com-
paring ribosomal RNA sequences, we propose a train of events
for precellular and early cellular evolution.

When RNA-RNA splicing in the manufacture of adenovirus
mRNA was discovered in 1977 (1, 2) and soon thereafter
introns were found in dozens of cell genes, widespread
speculation on the evolutionary "meaning" of noncontigu-
ous protein coding was stimulated. Two rather different
streams ofthought were generated. (i) Noncontiguous coding
in exons may have promoted more vigorous DNA recombi-
nation, thus leading to rapid eukaryotic evolution. The
implication of this proposal is that noncontiguous coding
came after contiguous coding (3, 4). (ii) RNA processing in
precellular time may have been important in allowing the
earliest genes to be assembled and to function (5, 6).

Noncontiguous Coding and New Gene Function. Many
authors (3-11) called attention to the fact that introns
frequently divide DNA into regions that encode functional
domains or subdomains (7, 8) in proteins. The evolutionary
importance of functional domains in proteins was already
known (12-14); and conservation of physical and functional
structure, not necessarily amino acid sequence, in the
dehydrogenases was the outcome oflong-standing evolution-
ary demands for binding to nucleotide cofactors. Gilbert (3,
4) saw the arrangement of exons as units encoding protein
domains as one that could, once operational, promote a
greater genetic variation and therefore possibly assist evo-
lution of higher cells. He predicted the existence of "exon
shuffling"-the appearance of the same functional domain in
proteins of different overall function.

Several striking cases of exon shuffling of recognized
domains are now known. The key carbohydrate-metabolizing
enzymes glyceraldehyde-3-phosphate dehydrogenase (15),
phosphoglycerate kinase (16), alcohol dehydrogenase (17),
and pyruvate kinase (18) all have binding sites for the
nucleotides NAD or ATP. The nucleotide binding domains
are encoded in similar exons in these genes, whereas the
exons encoding other parts of these enzymes have indepen-
dent evolutionary pedigrees. Gilbert (19) reported that the
gene for triose phosphate isomerase, both in animal and in
plant cells, has an exon structure that separates the coding
region for the nucleotide binding domain of that enzyme. The
similar structural domains of the dehydrogenases evident by
DNA sequence analysis are those that were recognized by
Rossman and coworkers (13, 14) from crystallographic anal-
yses. The divisions of these presumably ancient genes into
exons that correspond to known protein domains in a number
of different vertebrate species and in plants strongly suggests
an early existence both of introns and of shuffling of introns

between genes. At least some of the genes for these enzymes
are not divided in yeasts (20-22) and presumably in bacteria;
we will argue later that this is a result of intron loss in rapidly
growing organisms.
Another case of apparent sharing of exons is evident in the

gene encoding the receptor for low density lipoprotein (LDL)
(23, 24). This gene has 18 exons, 8 encoding a sequence of
about 400 amino acids that resembles a portion of the primary
translation product of epidermal growth factor (EGF), in
whose gene 8 exons also encode the homologous region. The
LDL receptor also shares a 40 amino acid sequence with C9,
a complement factor. In the LDL receptor, this 40 amino acid
unit is repeated seven times and four of these units are
encoded in separate exons, as is the single C9 receptor
domain. R. Doolittle (25) pointed out that by protein se-
quence analysis other proteins (e.g., coagulation factors IX
and X) possess a segment of similar amino acid sequence and,
at least in factor IX, it is encoded by a separate exon (26).
Another case of partial homology, with the hormone-coding
portion of the EGF gene, is known within the Drosophila
Notch gene (27) whose protein product(s) regulate differen-
tiation of epidermal-like tissues in fruit flies (M. Young,
personal communication). There seems little doubt that exon
duplication and exon shuffling have occurred in evolution,
bearing out Gilbert's prediction.

Origin of Noncontiguous Coding. In addition to the pro-
posed exon shuffling, a second line of thought was stimulated
in 1978 by the discovery of introns in genes. We and Darryl
Reanney (5, 6, 28) recognized the likelihood that exons might
represent protein domains but were concerned not with how
intron-exon arrangements, once present, would affect the
course of evolution, but with the problem of how the introns
and the protein-coding domains got there in the first place.
We were especially taken with the possibility that the
widespread presence of exons in eukaryotic cells revealed
something about the very earliest precellular evolution. We
(29-31) and Reanney (32) proposed that the earliest cells
contained introns because the first coding nucleic acid was
likely to have some stretches with and some without mean-
ingful information (protein domains). The use ofRNA-RNA
splicing early in evolution would thus have been a great boon,
if not a prerequisite, to early genomic evolution. We used
several general arguments to develop these suggestions
further. (i) Introns are ancient, as exemplified by their
constant presence through very long times in evolution in, for
example, the globin genes (33), related myoglobin genes (34),
and even leghemoglobin genes (35) of plants. (ii) Introns
seemed unlikely to have entered preexisting genes, all coded
in a contiguous fashion, in the absence of an already func-
tioning splicing mechanism to ensure their accurate removal.
Wholesale entrance of introns into contiguous genes implies
anticipatory evolution of an as yet unneeded biochemical
capacity. (iii) The "aim" of the majority of the entering
introns in a set ofalready contiguous functioning genes would
have been extraordinary: entrance of introns at the DNA
level would have divided genes at sites that often mark the
boundaries ofprotein domains. For all these reasons, we took
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as very unlikely the entrance late in evolution of introns into
organisms with already functioning contiguous genes.

Introns in the Earliest RNA? At the time of the earliest
discussions of the evolutionary meaning of splicing, it was
already clear that RNA processing was very widespread in all
types ofRNA in eukaryotic cells (6) and in tRNA and mRNA
in bacteria. So removal of unused sequences from RNA
transcripts and ligation of useful sequences were no longer
unrealistic possibilities for early cells (30, 31). Reanney (28,
32) called attention to the idea discussed in the late 1960s by
Crick (36), Orgel (37), and Woese (38) that RNA preceded
DNA in early evolution. He suggested that since what introns
in present-day genomes really signified was the necessity for
RNA-RNA processing, why not assume the introns existed
in the early RNA before DNA?
A corollary to all these speculations, of course, is that the

eukaryotic nuclear genome, especially those of multicellular
organisms, which are filled with introns, may have more
resemblance to the genome of the earliest cells than do the
genomes of present-day bacteria (5, 6). The idea that the
eukaryotic nuclear genome did not arise directly from
prokaryotes was put forward by Reanney before splicing was
discovered (39) but did not capture wide attention at that
time.

Cell Lineages from Ribosomal RNA Comparisons: A New
Way to Look at the Prokaryote-Eukaryote Dichotomy. That
eukaryotic genomes are, at least in some features, more
primitive than bacterial genomes ran counter to prevailing
concepts about the nature of the relationship between
prokaryotes and eukaryotes. It seemed only common sense,
before eukaryotic gene structure was understood, to view
prokaryotes as more primitive than eukaryotes because
prokaryotic cells seem structurally less complex and they
have smaller genomes. Life was then viewed as progressing
from some ill-defined precellular precursor, to bacteria that
were fundamentally like modem bacteria, then on to simple
eukaryotes perhaps like modem yeasts, and finally to com-
plex multicellular eukaryotes like ourselves, with increasing-
ly complex adaptations of the hereditary apparatus accumu-
lating along the way.

This "common sense" view was unsupported by data and
is now strongly ruled against by the extensive work of Woese
and his collaborators (40-42). Their ribosomal RNA se-
quence comparisons show clearly that eubacterial, archae-
bacterial, and eukaryotic (nuclear-coded) ribosomal RNAs
are sufficiently similar within groups and dissimilar between
groups to define three separate genomic lineages, none of
which is earliest in any phylogenetic sense. These rRNA data
and comparable but less extensive data on tRNA, ribosomal
proteins, RNA polymerases, and other components of the
transcription and translation machineries (43) suggest that
eubacteria, archaebacteria, and the nuclear components of
eukaryotes diverged from a common ancestor at an early
stage in cellular evolution (40-42, 44). Woese and Fox (42)
have called this common ancestor a "progenote." One prom-
inent idea about the lineage of eukaryotic cells, the endosym-
biotic theory (45), is strongly confirmed by the work of Woese
and his colleagues. Mitochondria in plants and animals and
chloroplasts in plants encode rRNAs very similar to eubacterial
rRNAs. Chloroplasts are thought to descend from cyanobac-
teria, and mitochondria from purple sulfur bacteria (40-42, 46).
But the origin of cytoplasmic organelles tells us nothing about
the lineage of the nucleus, which according to rRNA sequence
differences came, as did eubacteria and archaebacteria, from
the progenote.
Advances in RNA Chemistry and Predictions about the

Earliest Genomes. If the progenote gave birth to several cell
lineages, it presumably contained DNA. What clues are
there, if any, of how the progenote came to be? Recently
discovered nonenzymatic RNA reactions have returned our

attention to the early participation of RNA, including the
possibility of original RNA genomes with at least limited
function. It would be well first to repeat that after the
discovery of mRNA and the solution of the genetic code in
the early 1960s, Crick, Orgel, and Woese (all writing about
precellular evolution) made similar speculations about early
genetic systems (36-38). Translation, perhaps the most
important molecular genetic event, whose origin in evolution
is still most shrouded in mystery, is based on three separate
roles for RNA (encoding information, mRNA; translation of
the information, tRNA; and facilitation of the translation,
rRNA). Because no genetic system is conceivable without a
coding and translating function, all three writers suggested
that RNA arose before DNA. Let us now outline some
reactions of which RNA is capable that provide support for
and extend the proposal that RNA may have arisen first.

Synthesis of Oligo- and Polynucleotides. Orgel and his
coworkers have studied protein-free oligonucleotide synthe-
sis from activated nucleotide precursors (47, 48). Template-
directed, protein-free RNA synthesis producing 3',5'-linked
chains >30 nucleotides long occurs; Watson-Crick base-
pairing directs nucleotide selection in such protein-free RNA
chain elongations. Although no claim is made that the
reaction under study did occur on primitive earth, the results
offer impressive testimony that protein-free RNA synthesis is
at least possible. Protein-free oligopeptide formation is pos-
sible but much more difficult, and no real success in
oligodeoxynucleotide synthesis has been described in pro-
tein-free reactions.
RNA-Directed Site-Specific Cleavage. Cleavage of bacterial

RNAs, was documented in cells in the late 1960s and early
1970s, and enzymatic activities that would carry out these
reactions were described (49, 50). Several cases of RNA-
directed, protein-free cleavages of bacterial and of eukaryotic
RNAs have now been discovered. (i) Many tRNAs in
bacteria must be processed from primary transcripts by
cleavages at both the 5' and the 3' ends. Altman and his
colleagues (50) purified RNase P, the Escherichia coli en-
zyme capable of carrying out this cleavage. The active
enzyme contains a 375-nucleotide RNA chain termed Ml.
When pre-tRNA is mixed with pure Ml, correct site-specific
cleavage of the precursor occurs without any protein (51).

(ii) In bacteriophage T4, the protein-coding sequence for
thymidine kinase is noncontiguous, requiring the excision of
an intron and religation of the RNA primary transcript to
achieve a functional mRNA (52). At least the first step of this
process, excision of the intron, can occur without protein.
Another case of T4 mRNA cleavage without protein has also
been reported (53).

(iii) Perhaps the most dramatic RNA-directed reaction
known is the splicing out of an intron and ligation ofthe exons
in Tetrahymena pyriformis rRNA. Cech et al. (54, 55) found
that, with guanosine as a cofactor, a 408-nucleotide intron is
correctly removed from the primary transcript and the two
ends ligated without the presence of protein. Protein-free
RNA splicing in the mitochondrial rRNAs and mRNAs of
Neurospora crassa (56) and yeast (57) have also been
reported. The sequences of all the spontaneously excised
introns are very similar and, in fact, resemble many other
introns found in mitochondrial mRNAs (58). Finally, Zaug
and Cech (59) have shown that the spontaneous ligation
reaction that joins the exons and also joins the ends of the
excised intron to form a circle can also join two introns from
different primary transcripts, a case of so-called "trans-
splicing." Konarska et al. (60) and Solnick (61) also have
described trans-splicing, in protein-containing extracts of
HeLa cells. Both Sharp (62) and Zaug and Cech (59) point out
that such a reaction provides a basis by which long chains of
RNA might be built up; in the case of the Tetrahymena
reaction, we see this "synthetic" event occurring without
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protein. In addition, Sharp (62) points to the bioc]
similarities in the RNA-mediated splicing reaction
ered by Cech and the reaction carried out by eul
nuclei to splice mRNAs. In both cases the 2' and 3' hy
of a guanosine moeity may be active in effecting attac
splice site, and in both cases the phosphate that unites
exons preexists in the RNA chain and can be thoug
participating in a transesterification.
A Possible Pathway of Precellular and Early Celiul

lution. Thus, -we see that protein-free RNA synthes

STAGE OF EVOLUTION

specific cleavage, and splicing could all have been available
for use in assembly of an early, RNA-dominated genetic
system. Fig. 1 traces possible events of early RNA genome
organization leading eventually to cell evolution.
RNA chemistry is assumed to be the dominant successful

polymer chemistry in prebiotic times (28, 30-32, 50-57), and
fairly sophisticated RNA molecules are envisioned as early
participants in evolution. A great, if not the greatest, stum-
bling block in these considerations is met early and is the
problem addressed by Crick (36), Orgel (37), Woese (38), and
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FIG. 1. Some possible events in evolution, from the prebiotic "soup" of Haldane and Oparin (63, 64) through multicellular development.
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others. Even given RNA molecules with which oligopeptide-
oligonucleotide interactions might occur, how did primitive
translation arise? Crick et al. (65) have described a model that
would allow an oligonucleotide (heptamer) to function as a
tRNA, and Eigen and Schuster (66) have speculated on which
interactions were most likely for the heptamer in the earliest
prebiotic times. Although these discussions present plausible
solutions to the problem of evolution of translation, no
experimental breakthroughs have been reported that illumi-
nate this crucial area.
Given a solution to the translation problem, the earliest

coding system is conceived of as RNA-directed and filled
with introns. It seems reasonable that genomic RNA(s)
existed as well as primitive transcription and translation.
Whether for reasons of stable information storage by DNA
compared to the chemically less stable RNA or for other
reasons having to do with successful gene replication, DNA
as the genetic material was likely before true replicating cells
arose. How did DNA evolve?
Here we also have recourse to recent experimental results.

Reverse transcriptase (RNA-dependent DNA polymerase)
activity as a necessary step in the life cycle of retroviruses
was discovered 15 years ago (67, 68), and these viruses were
known then to be widespread in vertebrates. In recent years,
many segments in vertebrate genomes, such as Alu-type
sequences (69), pseudogenes for the U series of small RNAs
(70), and so-called processed genes (71, 72) [stretches of
inert, promoterless DNA that are obvious partial or-full
copies of mRNAs, even including their posttranscriptionally
added poly(A)], have been shown likely to move within the
genome through a reverse transcriptase-like activity that
copies transcribed RNA to DNA (70, 73, 74). Also, in
Drosophila cells (75), in cauliflower mosaic virus (76), and in
yeast (77), reverse transcriptase-like activity is known and
may be the major cause of movement of mobile DNA
elements within the nuclear DNA for perhaps all eukaryotes.
Moreover, the putative protein has amino acid homology in
all these cases. Thus, the reverse transcriptase-like enzyme
may be very ancient, possibly the original mechanism by
which DNA was copied from RNA near the end of precellular
time. If the earliest RNA-based genetic system already had
functioning transcription units filled with introns, then only
the copying of the genomic RNA, and not the promoterless
mRNA, would have resulted in transfer to-DNA of usable
genetic information. Introns that existed in the RNA genome
would have been preserved in the transfer to the DNA of the
progenote.

If the genome of the progenote were replete with introns,
and both prokaryotic and eukaryotic genomes descend from
it, why do only the latter retain introns in protein-coding
chromosomal genes? We have argued previously (5, 6, 29, 30)
that this reflects selection against the retention of introns in
fast-growing cells because their replication, transcription,
and excision involve bioenergetic expense. Selection against
the retention of introns should be weaker in organisms for
which cell replication represents a smaller fraction of total
energy expenditure; that is, complex, highly differentiated,
multicellular animals and plants. In neither case would the
possession of introns per se be an adaptation (although
certain specific intron sequences may have been coopted into
regulatory functions). This is not to say, however, that
introns have not had an important, perhaps even crucial
effect of the sort Gilbert described (3, 4) in the evolution of
complex eukaryotes. They might thus best be seen as
"exaptations," in the terminology of Gould and Vrba (78).
Another feature of eukaryotes, including yeast, is men-

tioned in Fig. 1. For example, the DNA of Saccharomyces
cervisiae is only 3-5 times the size of the E. coli genome but
is contained in 17 chromosomes, all of which have multiple
origins of replication (79). As suggested before (30), this state

of affairs could reflect the organization of the progenote. In
precellular time, those transcription units that had replication
origins would have been the most populous and the most likely
to be included in the first successful collection of functioning
transcription units. If such a cell survived without streamlining
its genome and making efficient, rapid growth a priority,
perhaps a disjointed genome also is a vestige of an early state
of relative disorganization. At any rate, it is interesting that all
eukaryoticDNAs seem to have replication origins every 104-105
base pairs (79, 80) and multiple chromosomes. This of course
contrasts with the much faster growing prokaryotes, which
have very few introns, one chromosome, and one tightly
controlled origin of replication (81).
Also in Fig. 1, an implicit parallel is drawn for which no

obvious reason exists: the eukaryotes that did not become
fast growers solved their environmental challenges by form-
ing multicellular masses that were the forerunners of plants
and animals. Together with this "community-mindedness"
and slower growth, this cell lineage is pictured as having
retained introns more faithfully during evolution. Perhaps
this relative sluggishness in discarding unused DNA allowed
the necessary genome expansion and consequent variation
that allowed the evolution of genetic programs for develop-
ment. It is at least true that E. coli loses unnecessary
sequences promptly (82, 83) and that mice retain apparently
useless, newly introduced sequences for 15 generations or
more (84, 85).
While the scheme in Fig. 1 can be defended as possible or

even plausible, it is simply one assembly of possibilities. It
does embrace three important findings of the last decade: all
cell lineages do not "begin" with prokaryotes, RNA chem-
istry that occurs in the laboratory today is a reasonable guide
to what could have happened in precellular times, and introns
are ancient in the genomes of eukaryotes and no wholesale
creation of intron-containing genes has ever been posited.
Therefore, a model in which the precursor of the ejkaryotic
nuclear genome is traced back to the earliest times in
evolution has reasonable logical force.
Note Added in Proof. Zaug and Cech (86) have reported that
Tetrahymena intervening-sequence RNA can function as an RNA
synthetic enzyme to add single residues through the transesterifica-
tion reaction, and Peebles and coworkers (87) have shown that a
yeast mitochondrial intron can be removed by self-splicing to yield
a branched, "lariat" structure, like the introns in genes transcribed
by RNA polymerase II. These additional protein-free reactions
greatly strengthen the suggestions in Fig. 1 that sophisticated
protein-free RNA chemistry initiated the formation of biopolymers
and that introns were present in the earliest RNA.
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