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Introns-early: an elegant theory in conflict with the data

The introns-early hypothesis for the origin of the genes-
in-pieces mosaic architecture of eukaryotic genomes [1]
is compelling because it is simultaneously a theory on
the origin of extant protein diversity and because it
ascribes a biological function to the introns themselves.
The theory is built on the following suppositions. First,
nuclear introns were present in the common ancestor of
all presently living organisms. Accordingly, the machin-
ery for splicing introns from messenger RNA (mRNA)
is ancient. Second, natural selection subsequently re-
moved all introns from the bacteria in the interests of
metabolic efficiency. Third, the original evolutionary
role of introns was to link small pieces of nucleic
acid-encoded modules of 15-20 amino acids. Random
recombinational shuffling of these modules has resulted
in the diverse functional and structural repertoire of
current proteins. Finally, the theory postulates that
introns may occasionally become displaced by 1-15
nucleotides along the length of the genes in which they
reside.

In this model, intron displacement, or sliding, is criti-
cally important for explaining the present distribution
of introns among orthologous and paralogous genes [2].
The process by which introns slide is not clear, having
been posited as some notional combination of tran-
scription, splicing, reverse splicing, reverse transcription
and finally recombination [3]. Experimental observation
of this process has eluded a vigorous search [4]. Fur-
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thermore, the invocation of intron sliding creates a
contrariety for the introns-early theory: while the pro-
cess may account for the wandering distribution of
introns, it calls into question one of the theory’s central
pillars — the validity of reported correlations between
the positions of introns within coding regions and the
boundaries of protein modules [1, 2, 5, 6]. In fact,
whether such correlations exist continues to be a matter
of intense debate [7-9].

Exon shuffling is also problematic for the introns-early
model. A pronounced disparity exists between the defin-
ition of protein modules used by introns-early theorists
and that used by structural biologists. The latter define
a protein structural module as a conserved compact
globular component [10—12], allowing the number of
amino acids and the physical dimensions to vary widely.
Individual structural modules are usually associated
with specific protein functions. By contrast, introns-
early studies purporting a correlation between intron
boundaries and module boundaries rely on modules
defined as contiguous sequences of amino acids that
compactly fit into spheres of 28 A [5, 6, 13]. This defin-
ition tends to generate modules that ineptly cut across
structural elements such as a-helices and f-sheets, and
furthermore tends to generate modules that reside
within larger functional structures. As yet, shuffling has
only been inferred between modules as defined by the
structural biologists [10, 11, 14].

The lack of experimental and statistical support is un-
fortunate for a theory that would otherwise so elegantly
explain the peculiarities of eukaryotic gene structure
and evolution.
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Figure 1. Hypothetical transfers of transposable elements within and between kingdoms. Under the reservoir hypothesis unicellular
organisms continuously supply multicellular eukaryotes with new transposons, most of which will eventually die and, in some instances,

become introns.

Introns-late: molecular parasites

The alternative theory, introns-late [10, 15], proposes
the following. First, extant introns were inserted into
their present locations within nuclear genes. Second, the
spliceosome is an evolutionary invention exclusive to
the eukaryotes; bacteria never possessed spliceosomal
introns. Third, introns have not been widely useful in
the generation of protein diversity, although exon
shuffling has indeed occurred occasionally [11]. Lastly,
the notional sliding of introns is not required to explain
their distributions.

The introns-late theory portrays introns as molecular
parasites, mildly deleterious in that they consume
metabolic resources of organisms that must remove
them from their transcripts. Introns may have first
appeared through the coevolution of early eukaryotic
genomes and transposon-like group II introns [16], al-
though the evolutionary emergence of introns and the
splicing machinery is obscure under the introns-late as
well as introns-early theories.

The pattern of intron boundaries within coding regions
is an interesting feature of intron distribution not well
explained by the introns-late theory. A significant excess
of phase 0 introns (in which the intron boundaries lie
between codons) has been observed relative to phase 1

and 2 introns (in which introns break up codons, lying
between the first and second codon positions respec-
tively). The asymmetry of intron phase distribution can
plausibly be explained by an asymmetric distribution of
nucleotide combinations preferential for intron inser-
tion [17], although it is more often cited as the expected
outcome under the introns-early theory [18], whereby
genes were formed by combinations of ancient func-
tional proto-domains.

Nevertheless, a considerable body of data supports the
conjecture that spliceosomal introns have been gained
as well as lost along many evolutionary lineages [19—
22], intron gain appearing to be the more frequent
event. This provides compelling support for a theory
that increasingly appears more credible than the com-
peting theory.

The reservoir hypothesis: transposons in circulation

Support for the introns-late insertional theory has re-
cently and unexpectedly come from the immunoglobu-
lin system. The mammalian RAG1 and RAG2 proteins,
which normally facilitate VDJ recombination in im-
munoglobulin minigenes, are now known to have trans-
posase activity [23]. Their mechanism of action is very
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close to those of Tn7 and Tnl0 in bacteria, P-elements
in Drosophila, and Tcl/mariner elements in eukaryotes.
Transposons, like viruses, are molecular parasites that
prey on the genomes of eukaryotes while occasionally
serving as the proximal cause of genic rearrangements
[24]. The fragmentation of immunoglobulin loci into
minigenes might be the result of ancient transpositional
insertions into the coding regions of ancestral genes.
These spacers between minigenes might then be sister
structures to nuclear introns.

If so, ancient eukaryotic genomes must have been ex-
posed to transpositional meteor showers resulting in the
widespread distribution of elements that eventually ei-
ther became junk DNA in the case of introns, or ac-
quired functional utility in the case of immunoglobulin
spacers. Under the mantles of introns-early and trans-
posons as genomic infiltrators, we present here a new
‘reservoir’ hypothesis on transposon circulation in na-
ture. We make the following suppositions.

First, transposons are mostly limited to inhabiting uni-
cellular organisms, frequently shuttling between differ-
ent host species, and are subject to intensive stabilizing
selection. Transposons multiply and diversify within
this reservoir of unicellular organisms, occasionally be-
coming transferred to multicellular organisms.

Second, the genomes of multicellular organisms are
exposed to transpositional assaults since they regularly
come into direct physical contact with unicellular or-
ganisms (see fig. 1), often by intracellular infection. A
successful inheritable integration of a transposon into
the genome of a multicellular organism can ensue only
when the transposition occurs within a germline cell.
Third, most transposons that succeed in infecting the
genomes of multicellular eukaryotes will not generally
be further transmitted from one to other multicellular
organism, although certain instances of such horizontal
transfer are known (the infection of P-elements from
Drosophila simulans to D. melanogaster [25, 26], for
example). Nearly all transposons that enter the genomes
of multicellular eukaryotes are doomed to eventual
death: successful horizontal transmission is too infre-
quent to save them from degeneration. Most transpo-
sons that succeed in integrating themselves into the
germline will have one of two fates: either they lose
their functionality due to the accumulation of deleteri-
ous substitutions [27-29], and some of these will be-
come introns, or they evolve some function that is
useful to the host, as in the case of the immunoglobulin
spacers.

The reservoir hypothesis yields a prediction that can be
experimentally tested. If correct, all transposons that
are found in multicellular organisms will have well-con-
served functional progenitors in unicellular organisms.
As entire genome sequences for diverse species are eluci-
dated at an increasing rate, we will be able to study the
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function and evolution of transposable elements and
self-splicing introns in the prokaryotes and to look for
possible remnants of lost spliceosomal introns. Experi-
mental and observational data may thus contribute to a
final resolution of the enigma of intron origins.
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