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Sllmmary. We develop a stepwise model for the
het transfer of nucleic acid sequences between non-
homologous genomes. This model is then used to
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h‘lStory of mitochondrial genomes: the gross reduc-
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Introduction

To determine the detailed evolutionary history of a
Complex genetic unit, whether a coding or regulatory
Nucleic acid sequence, a genome, or an entire or-
8anism, one must go beyond simple comparisons of
like and unlike characteristics and construction of
Pl‘anching lines of descent. One successful method
Involves first positing a stepwise scenario of plau-
Sible steps for all transitions that involve large evo-
lutionary discontinuities. Once such a scenario is
available, the existence of analogs of proposed in-
termediates and the effects of natural selection on
the products of each proposed step can be examined.
Groups of organisms, times, and places for each step
May then be envisaged; thus, this method is useful
On both the molecular and organismal levels.

We have chosen here to apply this method to the
Problem of the coevolution of nuclear and mito-
Chondrial genomes. This is an especially apt system
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to analyze, because very drastic changes have oc-
curred in the 1 billion years since the postulated
merger between proto-nucleocytoplasmic organ-
isms and their endosymbiotic proto-mitochondria.
Moreover, such intermediate forms as may have
once existed have long since vanished, precluding a
cladistic approach to the problem.

To avoid terminological confusion, a glossary in-
dicating how certain terms are used here has been
included at the end of this article.

The Small Genomes of Mitochondria

Although there is a general belief that mitochondria
evolved from free-living, aerobic, respiring bacteria
[summarized by Gray (1983)], most of the attention
given to the intermediate steps of this process has
focused on the biochemistry of mitochondrial res-
piration and the components of the mitochondrial
membrane (John and Whatley 1977, Gray and
Doolittle 1982). These approaches tend to aim at
providing an explanation of the evolution of met-
abolic integration of the organelle and the nucleo-
cytoplasm, and to ignore the concomitant evolution
of genetic integration of the two genomes. The key
underlying principle in this article is that in an as-
sociation, heterologous genomes become integrated
only if a gene product of one partner is required for
the completion of the life cycle of the second [for a
fuller explanation of these topics see Margulis
(1976))].

The major differences between the molecular
biologies of the mitochondrion and its putative
ancestor, a Paracoccus-like organism (John and
Whatley 1977) or Rhodopseudomonas-like organ-
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ism (Fox et al. 1980), are the greatly reduced genome
size of the mitochondrion, the roles of introns (in-
tervening sequences) and thus of RNA splicing in
the gene expression of some mitochondria, and the
different genetic codes used in translation.

We believe that these discontinuities evolved from
the net transfer of genetic units between nucleocy-
toplasmic and mitochondrial genomes. By treating
mitochondrial evolution as a stepwise process in the
context of current understanding of the two sets of
genomes involved, we will show that a coherent
scenario for the evolution of eukaryotic genomes
may be achieved.

Assumptions

It is reasonable to assume the following:

1. Since fossil eukaryotes at least a thousand mil-
lion years old have been identified (Vidal 1984), the
proto-mitochondrion first entered into a symbiosis
with the proto-nucleocytoplasm before that time.

2. Each of these two partners possessed sufficient
coding and enzymatic machinery to support itself
as a free-living cell in its respective niche. Thus their
genomic organizations, macromolecular sequences,
protein compositions, and metabolic capabilities dif-
fered considerably.

3. The proto-nucleocytoplasmic genome con-
tained introns in many of its genes before the sym-
biosis reached a stage of genetic integration. This
assumption is supported by the evidence that the
nucleocytoplasm has many archaebacterial charac-
teristics (Gray and Doolittle 1982) and that archae-
bacteria have introns (Kaine et al. 1983).

4. The proto-mitochondrial genome did not con-
tain introns, since it was a typical Gram-negative
eubacterial genome.

5. There existed (and in altered form still exists)
at least one mechanism to translocate genetic ma-
terial between the two types of genome.

Once the association was established on meta-
bolic grounds, i.e., when fermentative waste prod-
ucts of the archaebacterial host had become
substrates for the metabolism of the proto-mito-
chondria, the unit affected by external forces such
as predation and environmental variation was the
symbiosis, that is, the partnership, rather than the
individual symbionts. After this point external se-
lective pressures were the same for all components
of what had become a complex cell. Therefore, it is
assumed that intergenomic competition within the
cell was the most important force affecting the co-
evolution of the nuclear and mitochondrial ge-
nomes.

In its biochemical repertoire the proto-nucleo-

cytoplasm already possessed a preadaptation for the
expression of ‘““foreign™ genes: a splicing apparatus
necessary for the editing of noncoding sequences.
The proto-mitochondrion, a typical eubacterium,
could express only “nonmosaic’ genes, These traits
conferred upon the proto-nucleocytoplasmic ge-
nome a considerable selective edge in the net trans-
fer process (explained below), with the effect that
net transfers tended to occur in only one direction,
from proto-mitochondrion to proto-nucleus. This
selective advantage, however, was eventually di-
minished after many generations of net transfers to
the proto-nucleus made the reduced genome of the
proto-mitochondrion a suitable recipient for the net
transfer of certain genetic elements (introns) that
could take an active role in their own expression
(see Facultative Mitochondrial Introns, below).

The Model

A minimal mechanism for the net transfer of a ge-
netic element from a “donor’ genome to a “‘recip-
ient” genome (see Fig. 1) is described in the follow-
ing series of evolutionary steps:

Step A—Duplication. A genetic element within
the linear order of the donor genome is duplicated.

Step B—Use. Over time, the recipient becomes
competent to utilize regularly some genetic or met-
abolic product of the genetic element. Note: Donor
and recipient need not utilize the same product of
this gene.

Step C—Transmigration. At least one copy of the
(donor) genetic element moves to and is integrated
into the recipient genome.

Step D— Activation. The newly acquired genetic
element is transcribed and, if it encodes a protein,
translated by the recipient.

Step E—Regulation, The recipient fine-tunes its
regulation of the genetic element and its product(s)
and synthesis and transfer of each product to its
functional site. Note: In this step there is functional
genetic redundancy as the genomes compete in the
formation of gene product.

Step F—Selection. The donor copy of the genetic
element becomes nonfunctional (due to a regulatory
or functional lesion); the recipient thus assumes full
control of the genetic element and its products. Note:
The donor copy is now fully redundant: by defini-
tion, a pseudogene. The symbiosis is now fully ob-
ligate.

Step G—Loss. The moribund (pseudogene) copy
of the genetic element is altered beyond recognition
by mutation or otherwise lost from the donor ge-
nome.

These steps may be viewed as a formalization
of the ideas of “levels of partner integration” (Mar-
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ment) — transmigration (of duplicate copies) — com-
petition (between copies integrated within different
genomes) —loss (of redundant copy) is crucial. Clear-
ly, each of these processes may have occurred in the
absence of (and independent of) the others, but only
this order will result in a net transfer.

Aspects of Donor and Recipient in Gene Transfer

A genetic element may be incorporated into a ge-
nome in two ways. If a product (RNA, peptide, or
protein) of the genetic element has been previously
available, the ability of the recipient to process and
use this product may precede the gene’s integration.
An entirely new genetic element, formed by the in-
tegration (i.e., recombination) act itself, must be in-
corporated into a preexisting recipient transcription
unit before its potential products have become
available to the recipient or been subjected to nat-
ural selection. The success of such a genetic element
will depend on its expressibility, and on the ease
with which its products are processed and used.

For the net transfer of any protein-coding gene
to occur, the recipient genome must “speak the do-
nor’s language™; in molecular terms this means the
recipient must be capable of transcribing the entire
gene, processing the messenger, translating it into
the correct amino acid sequence, and performing
any further processing and transport necessary to
the function of the protein. As a result a genome
with its transcription and translation closely coupled
and without an RNA-splicing apparatus could rarely
acquire protein-coding genes from a genome with
mosaic genes, uncoupled transcription and trans-
lation, and an elaborate splicing apparatus. Thus,
with respect to a given donor and a given recipient,
the potential for net transfer of protein-coding genes
is an all-or-none matter. This means that in the early
evolution of the eukaryotic cell, the proto-nucleo-
cytoplasm could be a successful recipient of genetic
elements from the proto-mitochondrion, but not vice
versa.

The selection pressures on genes for stable RNAs
are different, because they produce no protein prod-
ucts for the scrutiny of natural selection. Genes for
stable RNAs can transfer from a donor 10 a recipient
genome only if the stable RNAs for which they code
are similar enough to be recognized by the recipient
protein-synthetic system. Apparently, extremely
strong barriers prevent stable RN As themselves from
transferring from their own protein-synthetic sys-
tem to any other (Gray and Doolittle 1982), which
may be viewed as a blockage of Step B in the net
transfer of the corresponding genes (see Stable RNA
Genes Are Not Transferred, below).

Selection pressures governing the transfer of in-

tervening sequence or “‘spacer” elements are less
severe. The introduction of this type of genetic ele-
ment will be selectively neutral or only mildly del-
eterious more often than will that of coding ele-
ments. Unless the newly acquired noncoding
sequence alters the expression of other genes in the
recipient genome, any deleterious effects of the
transfer may not become apparent for many gen-
erations.

A variety of biochemical traits that would serve
as preadaptations for the acquisition of large num-
bers of new genetic elements (i.e., by a recipient
genome) or for the net loss of genetic elements (i.e.,
by a donor) have been described in the literature,
but not in an evolutionary context. We will sum-
marize these below to shed some light on the di-
rectional nature of the transfer process. We will then
ook at functional and genetic preadaptations in the
evolving nuclear and mitochondrial genomes, where
we will show that vestiges of wholesale transfer of
genetic material (both coding and noncoding) may
still be observed.

Evidence for the Model

To show how this model may be applied to the
nuclear and mitochondrial genomes, we point out
that examples of gene duplication (Step A) (Ohno
1970) and of acquisition of the ability to use (and
most likely also to regulate) the gene product of a
symbiont (Step B) (Fairfield et al. 1983) are known.
Transfers of functional genetic elements between ge-
nomes of symbiotic or formerly symbiotic partners
(Martin and Fridovich 1981) or between coexistent
organellar genomes within a single lineage (Farrelly
and Butow 1983) (Steps C, D, and E) have been
amply demonstrated; it is likely that many further
instances will be revealed. Similarly, the presence
of pseudogenes in (van den Boogart et al, 1982) and
the loss of genetic material by (Borst and Grivell
1978) mitochondrial genomes (Step G) are remark-
able but accepted facts.

Thus, the only uncorroborated portion of our
scenario is the action of natural selection on the
competition between redundant segments of the nu-
clear and mitochondrial genomes (Step F). This is
not a serious flaw: Darwinian evolution acis on any
unit capable of replication with high heritability.
Therefore it acts on organelles (whether singular,
like the nucleus, or part of a population, like a mi-
tochondrion) just as it acts on animals or plants.

How well does this model for the diminution of
the coding capacity of the mitochondrial genome
agree with present knowledge of the organization
and expression of mitochondrial genomes? We now
briefly review the relevant literature in the context
of this model and its predictions.



Stable RNA Genes Are Not Transferred

We have presented a general mechanism for the
transfer of genetic elements of any type (and between
genomes in any type of association), but the liter-
ature contains no evidence for the transfer of genes
for any functional stable RNA species. All the stable
NA genes presently found in mitochondria derive
Tom proto-mitochondrial genomes and not from
Proto-nucleocytoplasmic genomes; plastids also have
acquired no stable RNA genes from the nucleus
(Gray and Doolittle 1982). In the case of the mi-
tochondria, at least, the requirement for the reten-
tion of a minimal set of these genes has had dramatic
effects on the integrity of their genetic codes.

Stable RNA genes may be duplicated (King and
Yao 1982), found as pseudogenes (Miyata et al.
1982), shuffied around a given genome, or lost al-
together (Van Etten et al. 1980; Wallace 1982). They
May also move between genomes, as evidenced by
the region of noncoding DNA in maize mitochon-
dria with strong homology to plastid tRNA and
TRNA (Stern and Lonsdale 1982). That transferred
genes for stable RNAs are not expressed means that
the sequence of steps necessary for net transfer is
b_locked at the “use” step (Step B), at the “‘activa-
tion” step (Step D), at the “regulation” step (Step

), or at some combination of these. A recipient can
Preadapt itself for the acquisition of a protein-cod-
Ing gene by finding a use for the gene product (Step
B).! Apparently no analogous mechanism exists for
assimilating the stable RNAs, which may mean that
biochemical barriers make this process vastly more
difficult.

In the same way that our model accounts for the
transfer of protein-coding genes from mitochondria
1o nuclei, the “blockage” of steps in the case of stable
RNA genes, discussed above, accounts for the net
loss of these genes from proto-mitochondrial ge-
homes, Mitochondrial genomes generally contain
Only one tRNA gene for each set of synonymous
todons. When such a genome loses the ability to
Produce a given tRNA species, survival depends on
assumption of the lost function by tRNAs with an-
ticodons similar to the lost anticodon (in competi-
tion with each other, of course) (Garen 1968). The
Situation immediately following loss of a tRNA gene
would be one of directed evolution of the tRNA
gene pool, and would favor the expression of little-
used and mutant tRNAs (i.e., hybrid products of
recombinatory mismatches) (cf. Munz et al. 1982).

In other words, the loss of a tRNA gene from a
8iven genome would be observed as the loss of the
Corresponding anticodon from the genetic code used
\_——-—-—

' For an example of malaria parasites doing just this with host
Superoxide dismutase, see Fairfield et al. (1983).
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by that genome. Evidence of this phenomenon is
most likely to be observed in populations of ge-
nomes that contain relatively few protein-coding
genes and genomes that produce gratuitous or re-
dundant proteins.

The divergence of the mitochondrial genetic codes
from those of all other types of genome and the
divergence of the mitochondrial codes of different
lineages from each other (Gray and Doolittle 1982)
may therefore be viewed as the consequence of se-
lection pressures for the loss of tRNA genes. Dif-
ferences in codon usage (Grantham et al. 1980) and
in the stabilities of different tRNA genes could have
caused the loss of different tRNA genes by divergent
mitochondria, followed by different compensating
changes in the molecular biologies of these organ-
elles. It is also possible that some (or all) of the short,
highly structured mitochondrial tRNA genes were
preadapted for eventual net loss as a result of playing
some role in the net transfer of protein-coding genes
to the nucleus. These mitochondrial tRNA genes
may have been especially mobile genetic elements
even before the mitochondrial codes diverged, de-
spite the fact that they do not seem to be expressed
by the recipient genomes.

Harington and Thornley (1982) emphasize the
problem of explaining the evolution of transport of
translation products to organelles without special
receptors, a mechanism involved in Step E above;
to this may be added the related problem of ex-
plaining what aspects of existing transport mecha-
nisms have allowed genes that code for mRNA, but
not genes for tRNA or rRNA to undergo net transfer
to the nucleus. A potential solution to both ques-
tions may come from studying a case of genetic
elements moving to the mitochondria: organellar
introns.

Intron Evolution

Three general classes of RNA-splicing reactions are
known (Cech 1983), corresponding to three general
types of intervening sequence:

1. Nuclear tRNA introns, which are excised by
specific endonucleases; the excision reaction is in-
dependent of the sequence and structure of the in-
trons, but dependent on the structure of the exons.

2. Nuclear and plastid mRNA introns, the exci-
sion of which requires the presence of specific se-
quences within the introns, small nuclear RNA co-
factors, and specific endonucleases.

3. Nuclear rRNA and mitochondrial mRNA and
rRNA introns, which play a prominent role in their
own excision. In at least one case (discussed below)
a nuclear rRNA intron can be excised in the absence
of endonucleolytic proteins (Zaug et al. 1983). In-
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trons of this type have been further classified as
belonging to Group I or Group II (see, for example,
Michel et al. 1982).

All introns tend to have compact secondary and
tertiary structures, and, by definition, participate in
RNA-splicing reactions—traits that may be consid-
ered preadaptations for Steps C, D, and G in our
model.

The potential for net transfer of intron sequences
must be assessed separately for introns of the three
classes. By using the framework of our model we
see that net transfer of an intron of the first class
will occur only when the intron is inserted at the
“correct” site of the tRNA (or tRNA-like) recipient
sequence and the required endonucleases are avail-
able previous to the transmigration (Step C).

Net transfer of introns of the second class simi-
larly requires preavailability of endonucleases and
snRNAs. It is rather difficult to conceive of a selec-
tive advantage for the recipient genome to acquire
these splicing endonucleases and/or small RN As un-
less the recipient already harbored introns of one or
both of these classes.

In contrast, net transfer of introns of the third
class requires no such preadaptations; all the infor-
mation needed for the use of the transferred intron
may be contained within the intron at the time of
transfer. This special trait accounts for many of the
singular aspects of the mitochondrial introns: their
mobility, their generally “facultative” status, their
high degree of conservation, and their ability to be-
come “obligate” or “stuck” and encode portions of
maturase proteins.

Facultative Mitochondrial Introns

Three types of evidence indicate that in their present
evolutionary place, most mitochondrial introns are
facultative.

First, if one compares the sequences of a common
mitochondrial gene, such as that for cytochrome b,
from a variety of organisms, such as Homo sapiens,
Saccharomyces cerevisiae, Aspergillus nidulans, and
Neurospora crassa (Burke et al. 1984), a variety of
gene organizations is found. Despite the high degree
(>50%) of similarity among the sequences of the
encoded proteins, there are two introns in the S.
cerevisiae gene (short form) (Borst and Grivell 1981a,
b), two in the N. crassa gene, one in the A. nidulans
gene, and none in the animal gene. Although the 4.
nidulans intron is homologous in sequence and lo-
cation to intron 2 of the S. cerevisiae gene (short
form), the two introns in the N. crassa gene are
located at different sites from those of the introns
in the S. cerevisiae gene, and in different reading
frames.

Second, in an elegant set of experiments, La-
bouesse and Slonimski (1983) used intronless rever-
tant strains and novel intronless constructions to
demonstrate that all the introns in the S. cerevisiae
cytochrome b gene may be removed without im-
pairing the function of the resultant cytochrome b
protein.?

Third, it is highly significant that these introns
all share several long conserved structural and cod-
ing sequences (Waring et al. 1983), and many code
for at least portions of maturase proteins that assist
in intron removal.

Mitochondrial introns exhibit splicing interme-
diates (Tabak, et al. 1984) and/or in vitro self-splic-
ing abilities (Garriga and Lambowitz 1984) similar
to those of the self-splicing Tetrahymena introns.
In vitro self-splicing of different mitochondrial in-
trons depends on protein cofactors to different ex-
tents, even in the same reaction mixtures (Garriga
and Lambowitz 1984).

Clearly, if these introns have no functions other
than the processing of intron-containing mRNAs,
the interruption of mitochondrial genes by introns
could not have preceded the existence of the ability
to process the mosaic RNA transcripts. Since the
maturase enzymes require internal intron sequences
for processing, there would have been no selective
advantage for the mitochondrial genome having
a processing system prior to its acquisition of in-
trons. We therefore conclude that both introns and
processing capability must have been acquired in
the same generation.

There are four obligatory steps (A, C, F, and G)
in the above model, and it follows that the genetic
elements most likely to undergo net transfer are those
most likely to bypass the nonobligatory steps. An
acquired element that interrupts a recipient genome
but contains all the information necessary for its
own excision would exempt the recipient genome
from fulfilling Steps B, D, and E. This hypothetical
genetic element very closely resembles three recently
discovered genetic elements: (a) the mitochondrial
plasmid of Podospora anserina, which is both the
intron of the cytochrome c oxidase (subunit I) gene
(Osiewacz and Esser 1984) and the infective agent
causing senescence (during which it is integrated
into the Podospora nuclear genome) (Wright and
Cummings 1983); (b) the mitochondrial plasmid of
N. crassa, which has been termed a “free-standing
intron” (Nargang et al. 1984); and (c) the intervening
sequence of the (nucleus-encoded) large rRNA of
Tetrahymena thermophila and Tetrahymena pig-
mentosa, which specifically and autocatalytically

2 In this vein it should be noted that intronless nuclear genes are
rarely functional; generally they atrophy (Wilde et al. 1982) (also
see Step F in The Model, above).



€xcises itself from the rRNA transcript (Zaug et al.
1983). This last intron is absent from some species
of Tetrahymena (and may therefore also be consid-
ered facultative), and has been shown to share sev-
eral highly conserved sequences with all known mi-
tO_Chonozln'al introns (Waring et al. 1983), as well as
With at least one of the mitochondrial plasmids
(Nargang et al. 1984).

These relationships allow all these sequences to
be placed in the third class of introns described
above, They also indicate a common origin and a
Common method of splicing, and suggest that some
$¢quences ancestral to these introns moved fluidly
between nuclei (where they would be forced to com-
Pete with introns of the first two classes) and mi-
tochondria. The absence of any introns from, e.g.,
animal mitochondria, the selective advantages self-
EXcising introns could have for a small, dwindling
ge€nome, and the relatedness of all the observed mi-
tochondrial introns strongly suggest that these mo-
bile elements did not originate in the mitochondria.

The recently discovered Neurospora and Podo-
SPorg mitochondrial plasmids are undoubtedly sim-
Uar in structure and function(s) to the most recent
Common ancestor of the extant Tetrahymena large-
Subunit rRNA introns and the mitochondrial in-
trons, A likely site for such a sequence to have first
been inserted into a recipient mitochondrial genome
Would have been in a large TRNA gene (e.g., Faye
€t al. 1979; Hahn et al. 1979), because the presence
of an intron in the large rRNA transcripts of mi-
tochondria may confer a selective advantage in the
formation of the mature gene product, as first sug-
gested by Apirion (1983). The adaptability and
transferability of the Tetrahymena intron/fungal
Plasmid make it an excellent prototype for our mod-
¢l of genetic-element transfer. Many of the experi-
Mental observations already mentioned concern the
functional divergence of the transferred sequences,
Which in the case of fungal mitochondria may reveal
Some especially interesting things about the nature
of the (recipient) genomes prior to and during the
Ret transfer process.

Divergent Mitochondrial Introns

Introns in the nuclear rRNA genes are capable of
effecting their own excision in the absence of other
brotein or nucleic acid cofactors. Maturase-encod-
Ing mitochondrial introns must be translated for the
Splicing reactions to occur. How could the splicing
of these two very different types of genes have di-
Verged from a common method of splicing?

A clue may lie in an observation of Borst and
Grivell (1981a, b). When a maturase is encoded by
adjacent intronic and exonic portions of a gene, mu-
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tations in the exon do not affect the function of the
maturase product, whereas mutations in the intron
do. If the exonic portion of the gene (which also
encodes another protein) does not code for an es-
sential portion of the maturase protein, then the
intronic portion of the maturase gene must have
evolved the maturase-encoding function.

We suggest that after the ancestral self-excising
intron/plasmid sequence (with no coding function)
became a heritable part of a mitochondrial cistron,
the mosaic mRNA was translated by mitochondrial
ribosomes regularly enough for the hybrid protein
product to evolve into a functional maturase under
the influence of natural selection. Once this type of
maturase-encoding mosaic had evolved, there was
no longer a strict requirement for the intron to pro-
cess itself the facultative, autocatalytic intron had
reached an evolutionary dead end as an obligate part
of a protein-encoding gene.

We believe that after most of the essential ele-
ments of the mitochondrial genome had been trans-
ferred to other genomes or lost, the reduced genome
that remained was preadapted for preservation by
the introduction of “free-standing,” autoexcising
intronic sequences. The subsequent stepwise evo-
Iution of certain of these sequences into maturase-
encoding genes, or incompetent seif-splicers, may
be viewed as the nonconcerted evolution of a family
of genetic elements. The ancestral genetic element
from which this family evolved did not originate in
the mitochondrial genome, but it is unclear just how
and where it might have arisen.

Conclusions

Nonsymbiotic explanations of mitochondrial and
nuclear molecular-biological features are not asso-
ciated with any clear stepwise models. When en-
dosymbiotic origin is assumed, these features be-
come understandable results of a trend toward
“intimacy between strangers” consisting of gene du-
plication, net transfer, integration, and preservation
by natural selection. The presence of redundant ge-
netic information led to specialization and emer-
gence of new functions. Fusion of once independent
genomes has been limited by the original historical
constraints on the partners—an archaebacterium
with introns, and a respiring eubacterium that lacked
them. When we understand the evolutionary history
of the organellar genomes in the context of the or-
ganisms within which these genomes evolved their
peculiarities, we shall be able to reconstruct the
functions and mechanisms of action of the elabo-
rately detailed differences in genome organization
made evident by the powerful techniques of molec-
ular biology.
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Furthermore, by outlining some of the steps it
becomes clear that a richer understanding of the
events of mitochondrial evolution may be obtained
from an analysis of the roles of competition and
natural selection in the observed evolutionary trends.
The use of this method leads to the conclusions that
virtually all the recent revelations about mitochon-
drial molecular biology are consistent with and de-
rivable from the idea that the mitochondrion and
the nucleus originated as independent genetic en-
tities, and that the functions of a gene and its prod-
ucts, and not merely the intracellular location of the
gene, supply valuable clues to the evolutionary stories
of the genomes involved.
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Glossary

Donor: A discrete genetic system that undergoes the net loss
of a genetic element or elements.

Exon: A discrete, continuous nucleic acid sequence that con-
stitutes one of the coding regions of a cistron, with respect to a
specific gene product.

Facultative: Not essential for the survival of a genome and
its genetic system.

Genetic element: An independent nucleic acid sequence; the
unit of net transfer between genomes.

Intron (intervening sequence): A discrete, continuous nucleic
acid sequence that interrupts the coding regions of a cistron, with
respect to a specific gene product.

Maturase: An RNA processing enzyme, often containing
translation products of mosaic genes.

Mosaic: A nucleic acid sequence made up of intronic and
exonic regions.

Obligate: Essential for the survival of a genome and its genetic
system.

Preadaptation: A trait selected for under one set of conditions
that increases the probability of survival under changed condi-
tions.

Processing: Specific excision of sequences from an RNA.

Proto-mitochondrion: A Paracoccus-like genetic system, an-
cestral to extant mitochondrial systems, that entered into a sym-
biosis with a proto-nucleocytoplasmic bacterium,

Proto-nucleocytoplasm: An archaebacterium-like microbial
genetic system, ancestral to the modern-day nucleocytoplasmic
system, that entered into a symbiosis with a proto-mitochon-
drion.

Recipient: A discrete genetic system that undergoes the net
gain of a genetic element or elements.

snRNA: Small nuclear RNA, Some of these play a part in the
processing of nuclear (and presumably plastid) RNA transcripts.

Stable RNA: Transfer RNA (tRNA), ribosomal RINA (tRNA),
or their unprocessed precursors. Note: For simplicity, no other
types of RNA (such as stable messenger RNA) are included in
this definition.
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