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Abstract

Retroposition is an ancient process dating back to the conversion of RNA to DNA genomes. Nevertheless, it
continues to make tremendous structural and functional contributions to extant genomes. This process and the
endurance, or even renaissance, of an RNA world in many lineages sheds a new light on the Central Dogma of
Molecular Biology. The question of why reverse transcriptase has survived billions of years without an apparent
cellular function is discussed. Retroposition constitutes one of the pervasive conflicts, in this case between host
genome on one hand and mobile genetic elements on the other, that fuel the evolutionary process. It is obvious that
retroposition has, thus far, contributed numerous useful novelties to genomes.

Modern genomes contain archives 1999c). The resulting cDNA copies are integrated on
of by-gone eras a more or less random basis into the genome leaving
hallmarks such as an adenosine-rich region at their
One interesting outcome of the current genome pro- 3'-ends and direct repeats of some 5-15bp flanking
jects is the realization that many lineages still bear the inserted fragments. When transcripts with protein
molecular evidence of earlier evolutionary stages. For coding regions serve as templates it is almost exclu-
example, the combination of genome sequencing, sively the mature mRNA and not the intron-containing
computational analysis and experimental approacheshnRNA form that is used. Hence, a third hallmark
has revealed that many Eucarya still exhibit a lively for a subclass of sequences derived by retroposition
RNA world within their cells (Martignetti & Brosius, = fromintron-containing source genes is the lack of such
1993b; Brosius & Tiedge, 1995b; Jeffares, Poole & introns (Weiner, Deininger & Efstratiadis, 1986).
Penny, 1998; Poole, Jeffares & Penny, 1998; Brosius, = The fact that almost seven sixteenths of the total
1999d, 2002a; Herbert & Rich, 1999; Eddy, 2001, genome are discernible retronuons [a nuon is any
2002; Erdmann et al., 2001; Huttenhofer & Brosius, definable naleic acid sequence (Brosius & Gould,
2002; Pasquinelli, 2002; Storz, 2002). Likewise, many 1992, 1993; Brosius, 2003b)] also means that they
genomes bear witness to the process that was responsarose sometime in the last 200 million years (MYA).
ible for transforming an RNA genome to a DNA gen- Furthermore, there is no reason to assume that in the
ome as well as the surprising fact that this process is by intervening period, between the onset of generating
no means concluded (Brosius & Tiedge, 1995b; Jurka, DNA genomes a couple of billion years ago until
1998; Brosius, 1999a). Around 42% of the human ~200MYA, there was no retroposition. However, we
genome contains sequences whose origins can stillcan no longer discern individual retronuons unless
be traced to retroposition. Retroposition is a general they were exapted into a function and their sequences
genomic process that converts RNAs into DNA with were conserved via positive selection. Often, only
the aid of reverse transcriptase (Weiner, Deininger & short motifs have been conserved while the remainder
Efstratiadis, 1986). Any type of cellular RNA can of the retronuon has been mutated beyond recognition.
serve as template for reverse transcription (Brosius, This leads to another important realization, namely
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Figure 1. Model for expansion and contraction of genomes. Two genes, A with three exons (dark gray boxes) and B with two exons (light
gray boxes) are depicted. Control regions are not shown. The second line shows the same locus after retronuons including LINEs and SINEs
(rectangles with different patterns reflecting different retronuon types, not drawn to scale) integrate, usually in intergenic regions and introns
With time, retronuon sequences deteriorate (white rectangles with interrupted outlines) while at the same time other retronuons insert (third
line). Intergenic regions and introns are shortened by illegitimate recombination and unequal homologous recombination, for the latter case
often between retronuons of the same class (lines 3 and 4). At the same time more retronuons insert (line 4).

that retroposition has not only made a sizable quanti- segmental duplications (Bailey et al., 2002; Eichler,
tative contribution to genomes but has also contributed 2001a). For a long time, it was thought that whole
to the evolution of functional elements and novel genome and segmental gene duplication was the only
genes (Brosius, 1991, 1999c; Brosius & Gould, 1992; route for generating duplicate genes (Bridges, 1936;
Brosius & Tiedge, 1995b). Muller, Prokofyeva-Belgovskaya & Kossikov, 1936;

If retroposition dates back a couple of billion Ohno, 1970; Sturtevant, 1925).
years (at least 10-15 times longer than retronuons
remain discernible), why are modern genomes not
larger? The main reason is that there are vari- Genomes are subject to antagonistic forces of
ous levels of tolerance in the domain of Eucarya growth and reduction
(Petrov, 2001). While vertebrates are generally quite
permissive for extra DNA, invertebrates can vary Mammalian genomes are quite similar in size. From
between being highly restrictive and highly per- comparisons of the mouse chromosome 16 sequence
missive. For exampléQrosophilahas a 60-fold faster ~ with syntenic regions on human chromosomes, mouse
DNA loss than mammals, resulting in a much more and human are estimated to vary by about 10%
compact genome (Petrov, 2001). In contrast, most or- (Mural et al., 2002). The major sources of this vari-
ganisms of the bacterial and archaeal domains lack or ation are SINE (sort interspersed repetitivéeaments)
suppress retroposition quite efficiently. For the sake of and LINE (long interspersed repetitivdeanents) ret-
completeness, it should be mentioned that, of course, ronuons, which account for 21+ 12.3 = 34% of
segmental duplication also plays an important role euchromatic regions of mouse chromosome 16 and for
in genome expansion. As with retroposition, peri- 31.6+ 16.4 = 48% of the total sequence in the corres-
ods of relative quiescence alternate with periods of ponding regions in humans; genomewide, the figures
enhanced activity. In the primate lineage leading to were estimated as 36% and 46%, respectively (Mural
humans, there was a great spurt of segmental dupli- et al., 2002).
cation less than 35MYA (Eichler, 2001a, b; Johnson Despite the massive onslaught of retronuon integ-
et al.,, 2001; Samonte & Eichler, 2002). As a res- ration and a sizable level of segmental duplication,
ult, more than 10% of human chromosome 22 and an apparently optimal genome size is maintained in
5% of the genome in general consists of discernible mammals by an approximate equilibrium between
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amplification and deletion of genetic material. A and 22 (Mural et al., 2002). In mouse, initially 1055
closer look at non-coding loci supports collateral se- genes were predicted with high to medium confidence.
quence gain and loss (Kurychev et al., 2001). The Gene predictions with weak confidence were omitted.
mechanisms leading to deletions were, until recently, After closer examination of genes that may have been
not considered as often as the ones leading to genomesplit or merged in the autoannotation process and after
expansions (Petrov et al., 2000; Comeron, 2001). In- eliminating pseudogenes and viral-related sequences,
terestingly, retroposition itself can set the stage for 731 genes remained. Of those, 509 have orthologs on
deletions between retronuons of similar sequencessyntenic blocks in the human genome, 44 are likely
by unequal homologous recombination (Batzer & paralogsto these genesand 164 have homologues else-
Deininger, 2002). However, illegitimate recombina- where in the human genome. Hence, only 14 genes
tion appears to play a superior role in genome con- were identified that were present only in mouse and
tractions (Devos, Brown & Bennetzen, 2002). A notin humans and 21 geneise versa
hypothetical scenario depicting continued expansion  Extrapolating the length of euchromatin of mouse
of retronuon families, their mutational randomization chromosome 16 to the entire genome, | arrive at about
as well as their deletions is shown in Figure 1. The ret- 630 genes that are present only in mice but not in hu-
ropositional bombardment of a locus surrounding the mans and about 429 gengse versatotaling >1000
gene encoding neuronal BC200 small non-messengergenes that arose or disappeared (as a total) since the
RNA (snmRNA), documents how intergenic regions two lineages split. Alternatively, extrapolating from
are subject to change among members of a singlethe 731bona fidegenes on mouse chromosome 16,
mammalian order, in the relatively short time span of to estimates of 30,000 or 35,000 or 40,000 total genes
a few dozen million years (Kurychev et al., 2001). in mammals, the number of genes that arose or disap-
Among vertebrates, the pufferfish genomes of peared would be approximately 1436, 1675 or 1915,
Fugu rubripesand Tetraodon nigroviridisare unusu-  respectively. Copeland, Jenkins & O’Brien (2002) ar-
ally small; consisting of 400 millionbp, about one rive at a much smaller number of about 469 genes
quarter of the more typical zebrafish genome and one when ‘extrapolating across the entire genomes and
eighth of a mammalian genome. The pufferfish gen- presuming a 90-million year interval since mouse
ome sequence will be valuable for establishing the and human shared an ancestar.], this means that
underlying causes of their unusually compact gen- one new gene arose or disappeared on average every
omes. Is it due to a lack of or reduced retroposition, 192,000 years’. With the uncertainty of information,
or increased deletion or a combination of both? the margin of error is already great. Alone among the
44 likely paralogs and 164 homologs that are not coun-
ted as potential differences between the two genomes
Young genes — one of the results of genomic (see above), some might actually correspond to non-
upheaval orthologous genes that have been recruited or exapted
into novel functions. It is also not unlikely that, in
The generation of new genes is one of the con- addition to the assumed 73bna fidegenes, one or
sequences of genomes that are constantly in flux. In more dozen genes with lower confidence will turn out
the future, recently created genes will certainly receive to be true genes (see below for examples of true genes
more attention. The availability of complete genomic that initially were categorized as retropseudogenes).
sequences from mammals both more distantly and As a consequence, the number of ‘true’mma fide
more closely related to man, such as mouse, rhesusgenes on mouse chromosome 16 may actually include
monkey and chimpanzee, will be of great value in many more that are young and specific to one or the
determining which protein- and RNA-encoding genes other lineage, thus also boosting the role of these
and their regulatory elements differ from species to young genes in species differentiation over the entire
species and are, thus, responsible for the phenotypicgenome.
differences among species. Much more information and a thorough analysis
However, it will be no small feat to sort out the will be necessary to arrive at more reliable figures.
genes that are unique to one species. This is illustratedNevertheless, the above estimates already fall within
by the recent comparison between complete sequences reasonable range as they approach estimates on gene
of mouse chromosome 16 and regions of conservedduplications in the primate lineage. With the caveat
synteny on human chromosomes 3, 8, 12, 16, 21 that this is an extrapolation from chromosome 22
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to the entire genome, Bailey et al. estimate (Bailey short retronuons, SINEs and possibly mRNAs (Okada
etal., 2002) that about 500-1,100 transcripts may have et al., 1997; Weiner, 2002). In addition to specialized
been created or modified from duplicated sequencesfunctions such as X-chromosome inactivation (Lyon,
during the past 35 MYA. Humans and chimpanzees 1998, 2000; Bailey et al., 2000), LINE retroposition
have been estimated to differ by 150—-350 transcripts has also recently been implicated in repair of double-
(Bailey et al., 2002). Assuming 1675 genes that arose stranded breaks (Morrish et al., 2002). Interestingly,
or disappeared in the mouse and human lineages ovelLINEs can move exons that are locatedt8 their
a divergence time of about 90-MYA, the 6 MYA diver-  original insertion points around the genome, perhaps
gence time assumed between chimpanzee and humaro be recruited by the genes near their new loci of
would predict about 110 gene differences. integration (Moran, DeBerardinis & Kazazian, 1999;

Goodier, Ostertag & Kazazian, 2000).

Furthermore, transduction of a cellular RNA by

What remains constant in genomes with a human endogenous retrovirus, HERV, has recently
continuous flux? been shown for the first time. Although this alternative

route, which involved template switching to a cellular
Apart from exons and conserved regulatory elements MRNA encodingrAM8Alonly lead to inactive genes,
in a sea of genomic change, are there other more it does demonstrate the potential to virally transduce
stable sequences in genomes? A comparison of mousesequences within the same genome or between indi-
chromosome 16 with regions of conserved synteny on viduals of the same or different species (Jamain et al.,
human chromosomes 3, 8, 12, 16, 21 and 22, revealed2001).
close to 12,000 ‘syntenic anchors’, short stretches
of DNA sequences conserved in both species (Mural
etal., 2002). Such ‘syntenic anchors’ are not low copy
number genomic repeats as no other matches in the
genome were found. About 44% of the mouse chro-
mosome 16 ‘syntenic anchors’ are outside the limits of
known genes. Likewise, a comparison of human chro-
mosome 20 with corresponding regions of mouse and
pufferfish (T. nigroviridis) identified a large number of
RSCs (regions of sequence conservation) in intergenic
regions (Deloukas et al., 2001). It will be interest-
ing to determine what proportion of these extra-genic
anchors or RSCs will turn out to correspond to as
yet unknown protein coding genes, conserved control

elements or conserved non-messenger RNA spemes.DNA, including retronuons, as junk (Brenner, 1998;

Surprisingly though, analogous ‘syntenic anchors’ or : . )
RSCs could not be detected when comparing even .GOUld’ 2002). Just like people, genomes differ widely

: in their predilections for tidiness or for keeping junk.
closely related genomes in plants (J.L. Bennetzen, . : )
o The relative benefit of such preferences is hard to pre-
personal communication).

dict. The inhabitants of a house that save loads of old
books in the attic may, unwillingly, contribute to the
house burning down in case of an otherwise manage-
able fire or make an unpredictable great profit a few
decades later should these books become valuable to

: . collectors.
LINE retronuons play a central role in retroposition.

They lack LTRs (long terminal repeats) and a fraction

of the full-length copies exhibit intact open reading Retroposition does not always lead to inactive
frames featuring an endonuclease and reverse tran-retronuons. Are these rare or frequent events?
scriptase domain (Ostertag & Kazazian, 2001). They

thereby provide not only some of the enzymatic ma- However, retroposition can provide more than just
chinery for their own retroposition but also that for junk, like segmental duplications, it also leads to the

‘Junked-up’ genomes

Less than 2% of mammalian genomes consist of pro-
tein coding regions. A further small percentage is
assumed to be occupied by regulatory elements. Most
of the remainder of the genomes has been contrib-
uted by retroposition (see first paragraph). Is all this
junk? If a distinction between garbage and junk is
made, whereby garbage is something you dispose of
and junk is something you keep in the attic, garage or
basement until you either dispose of it later or re-use
it, perhaps for a different purpose than the original,
it is quite acceptable to refer to the non-gene coding

Retronuons encoding active reverse transcriptase:
engines of retroposition
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generation of novel genes. About 15-25% of all genes derived snmRNA gene or regulatory element is hardly
in the human genome lack introns in their coding discernible after 150-200 MYA; (iii) There are large
regions (J.J. Emerson & M. Long, personal commu- intronless families of genes that are clustered. They
nication). In addition, many genomes exhibit large include members of the interferon and olfactory re-
amounts of inactive intronless retrogenes, so-called ceptor families and arose by segmental duplication
retropseudogenes perhaps equivalent in number toof intronless genes; (iv) Many more SINE retronuons
25-50% of the number of all active genes (Betran can initially be transcribed, especially as they already
et al., 2002). Does that mean that as many as onecarry part of the internal promoter elements, with
in three retroposition events involving mature mRNAs them. Because of the lack of selective pressure to
lead to active genes? Certainly, a 30% success rate apimaintain further versions of the SINE master gene, the
pears to be much too high because (i) it is not clear yet promoter soon becomes deactivated by mutation and
what proportion of genes never had introns and how transcription subsides.
many are ‘successful’ products of retroposition; and In conclusion, not all of the estimated 5-10,000
(i) only those inactive retrogenes generated and/or intronless genes arose directly by retroposition. Fur-
temporarily functioning within the last 200 MYA, and thermore, not every SINE retronuon was dead
not removed in the interim by recombination (Devos, on arrival, but many were silenced after a few
Brown & Bennetzen, 2002), are still discernible. All million years if not under selective pressure to be
these inactive retrogenes bear witness to the fact that,actively transcribed. On the other hand, alone the
unlike segmental duplications, only a small proportion ever growing list of recognized, active, intronless
of retroposition events led to active genes. genes that were generated by retroposition over
The odds of successful retroposition appear to be the last 100-200 MYA (e.g., see http://exppc0l.uni-
even less favorable for shmRNA-derived retronuons. muenster.de/expath/alltables.htm#table3, http://
The one million copies of Alu elements in the human exppc01.uni-muenster.de/expath/alltables.htm#table4,
genome compared with the paucity of actively tran- http://exppcOl.uni-muenster.de/expath/alltables.htm#
scribed Alu elements, such as BC200 RNA, give an table5, http://exppc01.uni-muenster.de/expath/
impression of how rare the haphazard juxtaposition of alltables.htm#table6,http://exppc0l.uni-muenster. de/
snmRNA-derived retronuons with functional promoter expath/alltables.htm#table7) supports the notion that
elements might be. Likewise, of the estimated 130,000 the number of intronless genes that arose over a time
ID retronuons in rat, only a handful are source genes span, at least an order of magnitude longer, could be
(Kim et al., 1994). For a more detailed discussion of sizable. Finally, a number of genes that initially were
the interrelationship of source genes and SINEs in casecategorized as retropseudogenes based simply on the
of BC1 and BC200 RNAs see below. fact that they exhibit some or all of the hallmarks, were
When from a hundred thousand to a million ret- subsequently shown to b®na fidegenes (Koller &
ronuons only about a handful are transcriptionally ac- Strehler, 1988; Yaswen et al., 1992; Noyce & Piper,
tive, retroposition does not appear to be a very efficient 1994; Noyce, Conaty & Piper, 1997).
route for generating novel snrmRNA genes. The ratio
of exaptations to non-aptations (Gould & Vrba, 1982)
may be significantly higher if one includes retronuon- Retroposition — high risk, high return
derived regulatory elements. The poor yield derived
from generating active shmRNA genes by retroposi- Retroposition keeps the evolutionary wheels of for-
tion contrasts with the observation that about a quarter tune turning. Although, as argued above, the odds
of all human genes are intronless and that a significant for a win are apparently not very high, the poten-
fraction thereof have been generated by retroposition tial gains can be considerable. Despite low odds
(see above). There are a number of explanations forfor creating active genes instead of pseudogenes by
this apparent discrepancy: (i) Most intronless genes retroposition, this route of gene amplification has
are ancient genes that remained intronless after intronsdecisive advantages over other forms of gene du-
arose in an ‘intron late’ scenario (Patthy, 1991); (i) plications. Many active retrogenes recombined at
The retrogene hallmark ‘intronless’ survives longer sites of integration with existing regulatory elements.
than any of the other hallmarks [A-tail at th&éénhd This differs from segmental duplications that re-
and short direct repeats flanking the insertion (Weiner, quire subsequent changes in their regulatory ele-
Deininger & Efstratiadis, 1986)]; hence, a retronuon- ments so that the duplicated genes can be expressed
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differentially from the parental genes. For example, Furthermore, the expression of BC1 RNA, which ori-
point mutations and/or deletions/insertions (including ginated by retroposition of a tRN#2, is restricted to
retronuons) near regulatory regions must occur so as tothe mammalian order Rodentia, which may lead some
generate different control regions and thus alter tem- to believe that it could not be important functionally.
poral and/or spatial expression patterns. In contrast, aNevertheless, its sequence is conserved when com-
significant proportion of retrogenes may exhibit dif- pared to flanking regions and it is the first known RNA
ferent expression patterns from those of their respect- polymerase Il transcript expressed almost exclusively
ive founder genes from the start of their active life. in nerve cells, where it is found even in distal parts of
Examples have been reviewed previously (Brosius, dendrites (DeChiara & Brosius, 1987; Tiedge et al.,
1991, 1999b, ¢, d; Brosius & Gould, 1992; Brosius & 1991; Martignetti & Brosius, 1993b, 1995). BC200
Tiedge, 1995a, b; Britten, 1996, 1997; Makalowski, RNA has a very similar morphological, and subcel-
2000) and can be found on our www page http:// lular distribution as BC1 RNA but is found only in
exppcO0l.uni-muenster.de/expath/alltables.htm#table3.all anthropoid primates examined, but not in prosimi-
Over the years, it has also become more and ans (Martignetti & Brosius, 1993a; Tiedge, Chen &
more apparent, that retroposition, especially when Brosius, 1993; Skryabin et al., 1998). The age we
snmRNA templates are the substrate for retropos- can infer is between 35-55MYA (Kurychev et al.,
ition, can contribute regulatory elements to ex- 2001). The founder of BC200 RNA is a monomeric

isting genes (Brosius & Gould, 1992; Brosius,
1999a; Makalowski, 2000). Examples range from
Alu retronuons as splice sites (Nekrutenko & Li,
2001; Sorek, Ast & Graur, 2002) to B2 SINE

Alu element, in turn derived from SRP RNA (Ullu &

Tschudi, 1984; Quentin, 1994) and hence, BC1 and
BC200 RNAs are not homologues but conceivably
functional analogues. Their location suggests roles in

retronuons as promoters (Ferrigno et al., 2001). either transport of cellular components into dendrites
For further such examples see: http://exppc0l.uni- or translational regulation of dendritic mRNAs. Inter-
muenster.de/expath/alltables.htm#table2. estingly, their respective ribonucleoprotein particles
In addition, parts of retronuons that are related both contain poly(A) binding protein (Muddashetty
to viruses have contributed significantly to regula- et al., 2002; West et al.,, 2002), favoring the
tory elements, for example, lone LTRs were often latter.
exapted as promoter elements (http://exppcOl.uni-  Studies to delineate the function of very young
muenster.de/expath/alltables.htm#tablel); additional gene products are challenging yet rewarding. They
cases can be found in the following publications are challenging because it is likely that the functional
(Kurdyukov et al., 2001; Medstrand, Landry & Mager, contributions are subtle, as other lineages function
2001; Schon et al.,, 2001; Costas, 2002; Paces, perfectly well without the respective gene products.
Pavlicek & Paces, 2002; Vinogradova et al., 2002). In gene deletion experiments using knockout mice,
the mixed genetic background, alone, of the gene-
depleted mice may conceal subtle differences. Never-
theless, functional studies involving young genes are
of great importance as we may begin to understand
the mechanisms that lead to exaptation of duplicated
Retroposition of snmRNAs, or even large non- genesinto novel functions.
messenger RNAs, can lead to the generation of new  For example, we generated mice that lack the
genes encoding non-messenger RNAs. Two of the gene encoding neuronal BC1 RNA (B.V. Skryabin
best-studied examples are BC1 RNA and BC200 et al., manuscript in preparation). These mice do not
RNA. See Table 1 for a summary of their charac- €xhibit any obvious neuroanatomical or morpholog-
teristics. Previously, it had been assumed that many ical changes. Apart from the fact that BC1 RNA is
non-messenger RNAs of the cell were remnants from Not expressed, the expression patterns and subcellular
the RNA world, a time when both phenotype and gen- distributions of other dendritic RNAs examined are
otype resided in nucleic acids (Woese, 1967; Brosius, Unchanged. Thus BC1 RNA does not appear to be
2003[)), and evolution had not yet ‘gotten around’ involved in the transport of dendritic mMRNAs.
to replacing them. However, both BC1 and BC200  In a large scale project involving several hundred
RNAs possess very specific, specialized expressionBC1-negative mice from three lines derived from three
patterns in an organ system that is not very ancient. ES stem cells featuring the same BC1 gene deletion,

Examples of relatively young,
retropositionally-derived, snmRNA genes
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we carried out a regimen of health checks and behav-

ioral tests at three different locations including one
semi-naturalistic setting. When compared with con-
trol mice of the same hybrid genetic background, the
BC1 knock-out mice tended to display a reduction in
exploratory behavior in several tests. Currently, we
are examining the underlying biochemical changes
that are precipitated by the lack of BC1 RNA

expression.

The lack of, or impeded function of, BC200 RNA
in humans might lead to a more obvious pheno-
type, possibly exhibiting apparent behavioral or other
neuropsychiatric abnormalities. However, in this case
we are restricted to the ‘experiments’ of nature. We ex-
amined a Norwegian family in which linkage analyses
identified a region on chromosome 2p15-p16, which

cosegregated with dyslexia (Fagerheim et al., 1999).

ThisDYX3locus maps closely to the one that has been
mapped for BC200 RNA on human chromosome 2
(Basile et al., 1998). However, we did not find any
abnormalities in any of the samples of affected family
members within the 200 nt-long, BC200 RNA coding
region, or in the putative upstream regulatory region
(M. Kiefmann, T. Fagerheim & J. Brosius, unpub-
lished results). Currently, we are collecting samples
from patients with various neuropsychiatric diseases.

While we are convinced that deletion or mutation in
the BC200 RNA gene will have a notable phenotype in
humans, we may have to wait for a ‘lucky’ coincidence
to find such a gene defect.

Another young snmRNA is 4.5RNA, a ubi-
quitously expressed RNA polymerase Il transcript
about 100 nt in length. It is related to rodent B2 ret-
ronuons, which in turn were derived from a tRNA
(Okada, 1991). In comparison to BC1 RNA, 4,5S
RNA has a much narrower species distribution as it
is detected in only four myomorph families (Muridae,
Cricetidae, Spalacidae and Rhizomyidae) but not, for
example, in Dipodidae, Zapodidae, Geomyidae, or
Heteromyidae. Consequently, it cannot be much older
than 25-30MYA. Yet, as in BC1 RNA, the coding
sequence is conserved while the flanking regions di-
verge in the expected manner. This indicates that|4.5S
RNA is also under positive selection (Gogolevskaya &
Kramerov, 2002).

Out of a plethora of novel Sn mRNAs many
might be evolutionarily young but
of unknown biogenesis

The number of known snmRNAs is steadily increasing
due to biocomputational as well as experimental ap-
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proaches to RNomics (Storz, 2002). One of the fastest  Last year withessed an explosive growth in the
growing subfamilies comprises small nucleolar RNAs number of known micro RNAs~22nt long) in or-
(snoRNAs). An outcome of the systematic search for ganisms as diverse as worms, flies, mammals and
additional snoRNA family members is the realization plants (Lagos-Quintana et al., 2001; Lau et al., 2001;
that targets of interaction (e.g., for modifications or Lee & Ambros, 2001). These are regulatory RNAs
other types of processing) are not merely ribosomal involved in post-transcriptional processes in different
RNAs (rRNAs) but other cellular RNAs including per- cell types at various developmental stages (Lagos-
haps mRNAs (Cavaillé et al., 2000; Filipowicz, 2000; Quintana et al., 2002; Lai, 2002; Pasquinelli, 2002).
Huttenhofer et al., 2001). Several snoRNAs that are It would not be surprising if some of these RNAs
prevalently expressed in the brain and paternally im- turned out to be products of young genes. In fact, some
printed map to human chromosome 15q11-13 in the of the miRNA precursors appear to be restricted to
Prader-Willi (PWS) region. Alterations in this labile vertebrates (T. Tuschl, personal communication).
region are causative of this neurodevelopmental dis-  In addition to small non-messenger RNAs, gen-
ease (Cavalillé et al., 2000; Runte et al., 2001). While omes encode large RNAs that do not serve as
we have no indication of a retropositional of these par- mRNAs. A number of them may even contain fea-
ticular genes, some of which are arranged in up to 50 tures of mMRNAs, such as caps, A-tails, and processing
repeat units, their origin might just predate some of from hnRNA-like progenitors. The sole function of
the eutherian radiation as homologues have not, as yet,a sub-class of these RNAs is to serve as precurs-
been found in non-mammalian vertebrates or even in ors harboring snoRNAs in introns. Among other
marsupials (Cavaillé et al., 2001). steps, snoRNAs are liberated by the processing of
Another snoRNA, RBII-36 can be detected only these precursors into mRNA-like RNAs (Tycowski,
in rat speciesensu latobut not in mouse (Cavaillé  Shu & Steitz, 1996; Pelczar & Filipowicz, 1998;
et al., 2001). RBII-36 is located in an intron of exons Cavaillé et al., 2000, 2001, 2002; Tycowski & Steitz,
that are apparently not translatable. As is the case with 2001). Other RNAs might have more direct func-
the snoRNAs in the PWS region, units are repeated tions. H19 RNA, itself imprinted, is oncofetally ex-
several times in tandem. Apart from an internal A- pressed (Ariel, de Groot & Hochberg, 2000) and
rich sequence within the coding region of RBII-36, under stabilizing selection (Hurst & Smith, 1999).
the sequenced repeat units do not feature hallmarksAlthough its precise function is still enigmatic, it
of retroposition. In a scenario, where the snoRNA has been implicated in oncogenesis or tumor sup-
was generated by retroposition and subsequent segpression, and as a riboregulator of gene expression
mental duplication to create the 0.9 kb repeat units, (Lottin et al., 2002).Xist and Tsix RNAs have been
the direct repeats should be discernible, in partic- shown to function during inactivation of X chromo-
ular, when considering that the events took place somes (Avner & Heard, 2001; Boumil & Lee, 2001).
rather recently. A number of examples have been Likewise, in flies the non-messenger RNA&sX1 and
reported, where snoRNAs could serve as templatesroX2 are involved in dosage compensation (Amrein &
for retroposition (Bachellerie, Cavaillé & Hittenhofer Axel, 1997; Meller et al., 1997; Meller & Rattner,
(2002). However, even if sShoRNAs are poor templates 2002). The list of longer, non-messenger RNAs is
for retroposition, if they land within the introns of rapidly growing. They include transcripts from the Ul-
genes transcribed by RNA polymerase Il and are sub- trabithorax domain of the bithorax complex (Lipshitz,
sequently processed into mature snoRNAs governedPeattie & Hogness, 1987), a polyadenylated, synapse-
by their own internal structural elements, they stand associated RNA transcribed from théH4 gene
a much better chance of exaptation than either the (Velleca, Wallace & Merlie, 1994), a 3.7 kb testis-
reverse transcribed snoRNAs that land in intergenic specific RNA near th&sOX9gene (Ninomiya et al.,
regions or retronuons derived from other small RNAs. 1996), a 17 kb polyadenylated transcript from the hu-
This is because the first still require external promotors manNTTgene (Liu et al., 1997), the spliced and poly-
and the second must use both the external processingadenylated transcripts from the bone morphogenetic,
and promotor signals from the locus of integration, protein-responsive genBORG(Takeda et al., 1998)
which are rarely present or appropriately juxtaposed and the prostate-specifibD3 gene (Bussemakers
with respect to the inserted retronuons. It will be in- etal., 1999). Many of the longer non-messenger RNAs
teresting to further address the biogenesis of young appear to act as antisense RNAs, suclDEC2that
snoRNA by phylogenetic studies of the loci involved. is antisense tdISC1, both of which are disrupted
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in schizophrenia (Millar et al., 2000); the Wilms tu-
mor suppresser gendT1lantisense transcript (Malik
et al., 2000)LIT1, an imprinted antisense RNA in the
humanKvLQT1 locus (Mitsuya et al., 1999; Horike
et al., 2000); the imprintedir RNA at thelgf2r locus

(Lyle et al., 2000) which is involved in autosomal

signals for subcellular localization as well as provid-
ing sequences that permit interaction with chromatin.
Just as non-messenger RNAs can transport a protein
to a cellular location it would otherwise not occupy,
RNAs are a viable way to bring, solely via their RNA
binding domains, two or more proteins of different
gene silencing (Sleutels, Zwart & Barlow, 2002) and functions together into the same subcellular domains
the SCAS8transcript that is expanded by (CUGH or environments. Such proteins would otherwise not
spinocerebellar ataxia type 8 and is antisense to abe able to interact without first evolving the appro-
brain-specific actin-binding proteirKLHL1 (Nemes priate protein/protein interactions and possibly not
et al., 2000; Benzow & Koob, 2002). The fission yeast even be in the same subcellular domain in the first
polyadenylated meiRNA appears to target the other- place. This alone would be ‘justification’ enough not
wise cytoplasmic Mei2 protein to the nucleus simply to abandon the continuing evolution of large or small
by binding the locus where it promotes the first meiotic non-messenger RNA molecules. Presumably some of
division (Watanabe & Yamamoto, 1994; Yamamoto, the large RNAs once had dual functions that included

1996; Yamashita et al., 1998). Recently, a 17.5kb tran-
script without apparent protein coding capackg-1

templating for protein biosynthesad structural and
processing functions. Removal of selective pressure

has been detected in the nuclei of honey bee neuronsfor the protein coding function, however, did not

(Sawata et al., 2002). It might be involved in dosage
compensation. The fact that it had been identified in
Apis melliferaand A. ceranabut not in Drosophila
melanogastemight be an indication of a more recent
evolutionary origin (Sawata et al., 2002).

Recently, Wang et al. (2002) discovered a
large RNA, sphinx (Spx), irD. melanogaster An
intronless, retroposed copy of the ATP synthase chain
F gene contributed a large portion of this RNBpxis
absent in sibling species Bf melanogasteand hence
is maximally 2-3 MYA old. During that timespxhas
maintained well-defined splice sites, which would be
lost in a non-functioning pseudogene but features sub-
stitution rates higher than a non-functional sequence,
both suggesting a positive selection for novel functions
(Wang et al., 2002).

How did non-protein coding mRNA-like
transcripts arise?

Many long non-messenger RNAs still contain struc-
tural or processing features of mRNAs. For example,
their genes may still contain introns and the mature
RNAs are polyadenylated and spliced from precursors.
Itis important to note that MRNAS do not only encode
information for an open reading frame of a protein
but they encode various other functions, especially
in their 8- and 3-untranslated regions (Rastinejad
& Blau, 1993; Rastinejad et al.,, 1993; Davis &
Watson, 1996) Hence the frequent designation of
non-messenger RNAs as nondingRNAs (ncRNAS)

is misleading. Additional roles of mMRNA domains
include the provision of binding sites for proteins,

necessarily make the RNA superfluous and hence the
other function(s) encoded on the RNA still might be
under positive selection. Even if the encoded protein is
indispensable, segmental duplication or retroposition
are prime sources for generating additional transcripts.
These may lose the protein coding capacity by muta-
tionally compromising the open reading frame, but the
RNA retains other functions. Due to the elimination of
one function, the other(s) may be enhanced or altered
by subsequent positive selection. In conclusion, often
it might be premature to entitle a transcribed gene that
lost its protein coding capacity as a ‘pseudogene’.

How selfish are retronuons?

Since the early eighties, the quality of selfishness (or,
label of selfish) has been closely associated with ret-
ronuons such as LINEs and SINEs (Doolittle, 1980;
Orgel & Crick 1980). For LINEs the verdict is still
out as to what degree they are selfish. LINE ret-
ronuons are, barring horizontal transfer as stowaways
in retroviral particles, autonomous for intracellular
propagation only. In addition to an internal transcrip-
tion promoter, a portion of full length LINEs encode at
least one intact polypeptide with reverse transcriptase
and DNA endonuclease activity. However, if the sole
‘purpose’ of a LINE would be to produce more vi-
able LINE elements, why are more than 98-99% of
all L1 retroposons truncated and thus non-viable? Fur-
thermore, of the 3000-5000 full-length elements per
diploid human genome, only about 100 may be retro-
positionally competent (Ostertag & Kazazian, 2001).
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Is it a reduction of ‘virulence’ to secure survival of the The evolutionary history of neuronal BC1 RNA
host and consequently its own evolutionary success orand BC200 RNA as source genes for ID repetitive
do LINE elements serve some other function? LINEs elements and BC200-like monomeric Alu elements,
have also been implicated in the repair of either single- respectively, may serve as examples for the scenarios
or double-strand DNA lesions (Morrish et al., 2002), discussed (DeChiara & Brosius, 1987; Martignetti &
however, in this case, it would not matter whether the Brosius, 1993a; Kim et al., 1994; Deininger et al.,
resulting LINE is full length or truncated. Even shorter 1996; Brosius, 1999c). tRNAs have the potential
SINEs that use the enzymatic machinery of LINEs for to serve as templates for dozens, even hundreds of
retroposition would fulfill the purpose of ‘stuffers’in  retronuons. BC1 RNA arose by retroposition of a
DNA repair. tRNAA2 (DeChiara & Brosius, 1987). In rodents,
With respect to the selfishness of SINE retronuons, BC1 RNA can be an efficient template for retronuons,
it is still a prevailing myth that every retroposed and in the rat genome is present as an Hbbtype
SINE is transcriptionally active, simply because they in about 10,000 copies (Kim et al., 1994). However,
contain intact internal RNA polymerase Il promoter in some rodent species, for example again in the
elements. The opposite is true: only a tiny frac- rat, there are at least three additional subfamilies of
tion of SINEs escapes the fate of ‘death on arrival’. this SINE, namely ID_4. These retronuons are re-
The exceptional transcriptional activity of a few ret- latively young and did not arise from transcripts of
roposed SINEs may be a result of (i) the fortuitous BC1 RNA, whose gene is present as a single active
acquisition of upstream RNA polymerase Il pro- copy. Some of the ID elements must have been (or
moter elements essential for efficient transcription still are) transcriptionally active and have served as
near the locus of integration; (ii) integration into a very efficient founder genes to expand ID elements
locus with a reduced methylation status that does not in the rat genome by about 120,000 members of the
block transcription or (iii) integration near elements 1D,_s-types. Whether the transcripts that gave rise to
that neutralize the negative impact of methylation on the three additional ID subfamilies stem from three
transcription. Experimental evidence (Martignetti & separate source genes or whether the sequence of one
Brosius, 1995) favors the former scenario. The best source gene changed over time with changes reflected
explanation for the persistence of SINE retronuons in the three ID subtypes remains to be determined.
is that the source genes transcribe RNAs that are Likewise, it is not clear yet, whether or not any of
under positive selection because they have a func-the ID transcripts had been exapted into a function.
tion in the cell and that the RNAs happen to be If so, their expression may be under selective pres-
efficient templates for reverse transcription. An al- sure; if not they may document the relay example
ternative explanation is that certain transiently active involving a succession of a few active retronuons
RNA molecules have features that allow them, in among many dead ones as described above (see also
comparison to other small RNAs, an extremely high Brosius (1999a)).
degree of ‘reverse transcribability’. As a consequence,  The interrelationship of Alu elements with neur-
the next generations of retronuons might have pro- onal BC200 RNA is equally complex. Although
duced, among the many failed attempts, at least a monomeric and especially dimeric Alu elements were,
few transcribed retrogenes. Some of them have the numerically, extremely successful in the order of
ability to serve as source genes, themselves, in par-Primates, there is, as of yet, little or no indica-
allel to the initial founder gene. With several source tion for a functional role of the transcripts derived
genes in action, the loss of one of them, including the from their source genes. An exception is BC200
initial founder gene, by silencing due to lack of func- RNA that arose from a left Alu monomer (FLAM-
tion and selective pressure can be compensated. ThisC) after Anthropoidea diverged from prosimians about
highly inefficient approach would secure SINE sur- 35-55MYA ago (Kurychev et al., 2001). The primary
vival until the reigning source gene(s) lost the ability and secondary structure, CpG content, neuron-specific
to produce enough retronuons for a seamless succesexpression pattern and dendritic sub-cellular localiz-
sion of transcriptionally active and retropositionally ation of BC200 RNA is conserved in New World
prodigal source genes. Was this the fate of mam- and Old World monkeys and in apes. Over time, it
malian MIR retronuons (Smit & Riggs, 1995) or did served as a template for about 200 retronuons in the
the function of their respective source genes becomelineage that lead tdd. sapiens These BC200 ret-
dispensable? rogenes serve as a molecular archive documenting a
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date line of the sequence changes the gene has experer similar elements without possessing a function in
ienced since its birth (Kurychev et al., 2001). None cellular metabolism. The strategy, of intragenic and
of these retronuons appears to be autonomously tran-intergenic transfer across species borders might have
scribed. As for any SINE, there always exists the compensated the need for its continuous survival in
possibility to be co-transcribed on a larger hnRNA the cell (Mouches, Bensaadi & Salvado, 1992; Kordis
unit. If BC200 RNA had not been exapted into a & Gubensek, 1998; Jordan, Matyunina & McDonald,
function, in all likelihood, it would have ceased to 1999; Volff, Korting & Schartl, 2000; Zupunski,
serve as a template for retronuons. Conversely, if Gubensek & Kordis, 2001). An extreme Dawkinsian
BC200 RNA was a more efficient template for ret- view (Dawkins, 1976) would be that cellular organ-
ronuons, it might not need a function to serve over isms are the survival machines of retroviruses, retro-
a longer evolutionary period as a source gene. A transposons and autonomous retroelements. Leaving
few transcriptionally active members of its bounti- and re-entering the host coupled with its resistance to
ful progeny would replace transcriptionally inactivated and evasion of purges is perhaps the secret of why re-
source genes. verse transcriptase survived billions of years without

the selective pressure of an essential cellular func-

tion. However, the legacy of retroposition was not
An unsolved question in Biology only the inflation of genomes in the numerous lin-

eages where it acted. As a positive side effect, many
One of the most interesting unsolved questions in genomes are, to a large degree (up to 90%, Brosius
Biology centers around the survival of reverse tran- (2003a)), products of its activities. The increased
scriptase and its gene(s) for possibly as long as threeplasticity of the affected genomes and recruitment
billion years, after having done its job of converting of many retronuons as novel genes or their regulat-
RNA genomes to DNA genomes during the transition ory elements is an exaptation and, as it turns out,
from the RNP (RNA/protein) world to modern cells a valuable asset to their evolvability. Retronuons are
(Brosius, 1999d). often still considered to be solely parasites, at best

A major transition in evolution, the conversion nuisances. Nevertheless, retronuons have enabled a

from RNA to DNA genomes (Brosius, 1999d, 2003b), tremendous level of genomic flexibility. Perhaps, the
would not have been possible without retroposition. action of retronuons and the ensuing defense mech-
It is conceivable that subsequent major transitions anisms of genomes lead to strategies that were exap-
(Szathmary & Smith, 1995), such as the conversion ted as part of a genome’s epigenetic instrumentation
from single cellular to multicellular organisms, evolu- (J. McDonald, personal communication). The plastic-
tion of the central nervous system, etc. might never ity brought about by retronuons guaranteed long-term
have occurred (Brosius, 2003b). Reverse transcriptasesurvival of species and lineages, while the lack of such
has been described as a very ancient enzyme (Flavell plasticity would have meant stasis, possibly even ex-
1995). While it is conceivable that the initial role of re-  tinction. It should be cautioned, however, that under
verse transcriptase, which arose fortuitously, was con- different (environmental) conditions the burden of ret-
verting RNA to DNA, it is clear that its gene did not ronuons might have overridden their advantages and
persist for the purpose of generating genetic novelties. lineages that were permissive for retroposition might
Without a task in the cell, however, the persistence of have vanished from the face of the earth. As remark-
the retroviral/retroposon-type reverse transcriptase is able as retronuons are in surviving perhaps billions
hard to imagine. While still being able to use any form of years, so phenomenal are, with hindsight, the op-
of RNA as a template, one such task of the primor- portunistic skills of hosts. Over evolutionary periods
dial form of the enzyme might have been the main- ‘something’ always happens to genomes. What makes
tenance of telomeres. Later, perhaps, the enzymethe difference is whether ‘something’ is put to an ad-
specialized as telomerase and concurrently lost the vantageous use by a given lineage. Retroposition may
ability to reverse transcribe other RNAs (Shippen- be regarded as one of the compromises that abound in
Lentz & Blackburn, 1990; Blackburn, 1991; Ware, living systems (Williams, 1997) and should be judged
Wang & Blackburn, 2000). By then a descendent with long-term hindsight only. The interaction of hosts
of the primordial promiscuous reverse transcriptase with retroviruses, retrotransposons and retroelements
might have begun its independent ‘life’ by being is one of the eternal conflicts that drive the evolution
part of retroviruses, retrotransposons, retroelementsof life (Brosius, 2003b).



110
Bacteria Archaca Eucarya

Anpimaliia

Euryachacota

/ Templated

: ¢ translation
Rl

RNA—DNA

Figure 2. Onset of horizontal spread of reverse transcriptase-containing retronuons and resulting establishment of species barriers. Three
domains of life, Bacteria, Archaea and Eucarya and some of the subdivisions such as archaeal kingdoms are indicated. Arrows denote the
origin of templated translation and, tentatively, the origin of reverse transcriptase (RT). The initially primitive, templated translataedyener

more complex and interconnected systems. This transition was, according to Woese (2002), what triggered establishment of three separate
lineages. An additional cementation of evolutionary barriers might have occurred by the sequential action of RT in the lineages that began
to separate. The enzyme underwent horizontal gene transfer (HGT) with the aid of transposable elements (broken arrows). RT-containing
retronuons remain, to this day, agents of HGT between more or less closely related branches on the universal phylogenetic tree (not shown).

Evolution abounds with, is even fueled by, such genetic materials (Brosius, 2003b). The Darwinian
conflicts (Casti & Karlgvist, 1995; Brosius, 2003b). Threshold, a hitherto unrecognized phase transition in
Examples include the evolution of multicellularity the evolutionary process has been proposed by Carl
(Michod, 1996; Michod & Roze, 2001), host—parasite Woese (Woese, 2002). It corresponds to the emergence
interactions (Renaud & de Meeus, 1991; Hurst, of a new level of order in terms of cell organiza-
Atlan & Bengtsson, 1996), sex (Parker & Partridge, tion. Cellular machineries became more and more
1998; Partridge & Hurst, 1998), the debated case of complex and interconnected. As a consequence, the
parental gene imprinting (Hurst & McVean, 1998; interchangeability of genetic material became gradu-
Iwasa, 1998) as well as altruism and cooperation ally less feasible and thus curbed the acquisition of
versus selfishness (Sober & Wilson, 1998). A remark- novelties via horizontal gene transfer. Consequently
able case of cooperation has just been reported in theshort-lived entities were replaced by more permanent
wood mouse, whereby sperm speed up by traveling in ones — species. Hence, ‘the Darwinian Threshold
packs and sacrifice themselves for the benefit of the truly represents the origin of speciation as we know
winner but against sperm from another male (Moore it' (Woese, 2002). In molecular terms, Woese sees
et al., 2002). One of the major eternal conflicts of this transition occurring when templated translation
evolution is preclusion versus integration. It appears produced ever more sophisticated protein molecules
as if nature wants to have the cake and eat it too: In including the ones that were involved in the trans-
3-4BYA of evolution there were always trends for lational machinery itself. In my opinion, additional
biological systems to separate themselves from oth- barriers were important in establishing a molecular
ers. On the other hand, without extensive horizontal and cellular basis for the origin of species. It is con-
exchange of genetic information, life would prob- ceivable that the linkage of individual RNA nuons as
ably not have been so successful (Brosius, 2003b; concatemers, precursors of chromosomes, already es-
Woese, 2002). In order to aid preclusion, various tablished a barrier against extensive horizontal RNA
barriers were established. We recognize the cell mem- nuon transfer (Brosius, 2003b). After traversing the
brane, co-linear genomes, the Darwinian Threshold, Darwinian Threshold (Woese, 2002), pre-existing bar-
Weismann’s Barrier and various epigenetic strategies, riers were further consolidated when RNA genomes
such as imprinting (Brosius, 2003b). Without these were converted into DNA genomes. Typical for the
barriers, life as we know it would not have been volatile modes of evolution charged with conflict:
possible. In addition to the cell membrane, a basic the same mechanism did not completely shut the
prerequisite for life, the concatenation of RNA nuons door on horizontal gene transfer, but even provided
into a linear RNA genome might have established some alternative means through retroviral elements
one of the first barriers against the free exchange of and other retronuons. The first occurrence of reverse
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Central Dogma of Molecular Biology Revisited
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Figure 3. The Central Dogma of Molecular Biology revisited. The Central Dogma of Molecular Biology as it is interpreted today is shown on
the left. It was amended several times to accommodate (i) the fact that RNA can be replicated (small curved arrow) without the involvement of
DNA, (ii) reverse transcription (broken arrow) and (iii) the discovery that not only protein but also RNA can have functions other than encoding
information. The restructured Central Dogma of Molecular Biology (right) is primarily based on the evolution of cells and their macromolecular
components. In the past (RNA world), genomic RNA could be replicated without the aid of protein. RNA subsequently served as template for
protein biosynthesis (RNP world) as it still does today and finally, DNA was generated from RNA templates (kinked arrow) with the aid of
protein (reverse transcriptase). The latter process is still widespread, especially in the domain of Eucarya. Transcription of DNA into RNA
(kinked broken arrow) again is achieved with the aid of protein. Today, direct replication of RNA with the aid of a replicase consisting of
RNA is virtually extinct. However, with the inclusion of DNA- RNA transcription one can state that replication of RNA occurs via a DNA
state — just like most RNA viruses. In this restructured Central Dogma one would be tempted to term the process leading from RNA to DNA
transcriptionand the one from DNA to RNAeverse transcription

transcriptase might have been in the branch leading to arrows, Figure 2) and ‘locked in’ in some of the
Bacteria (Figure 2). branching patterns leading to the extant domains. At
Although reverse transcriptase-containing retrons least in the domain of Eucarya, there are indica-
have been described in Bacteria, their occurrence andtions for continued horizontal gene transfer activity
actions are quite limited (Temin, 1989; Lampson, involving elements carrying reverse transcriptase and
Inouye & Inouye, 1991; Inouye & Inouye, 1995). occasionally other passengers between species within
Generally, bacterial horizontal gene transfer is medi- the various branches or even from branch to branch
ated via DNA, such as plasmids, phages and other between more distantly related phyla.
episomes. It appears that Bacteria are the most ‘ad-
vanced’ of the three domains as they almost con-
cluded the era of reverse transcription. That Bacteria Another amendment in the Central Dogma
are increasingly independent of RNA-based mechan- of Molecular Biology?
isms, makes one wonder when species in the domain
of Bacteria will abandon messenger RNA altogether. Considering the fact that in many branches of life the
Apart from the potential difficulties of introducing RNA world is not over yet, as evidenced by the pervas-
multiple, simultaneous changes to adapt translation to iveness of reverse transcription in modern genomes,
DNA templates, there is little reason to exclude the the Central Dogma of Molecular Biology would, in
possibility (perhaps in a couple hundred million my opinion, benefit from the inclusion of evolu-
years), that DNA might be translated directly. tionary considerations. The perceived sequence of
With coupled transcription/translation, ribosomes are events DNA— RNA — protein (Crick, 1958) merely
already in ‘hot pursuit’ of the DNA template in Proka- reflects how cells operate to synthesize macromolec-
ryotes. Some remnants of the transcriptional appar- ules. Since its inception, it required several amend-
atus, for example, for melting the ‘DNA template’, ments (Crick, 1970) (Figure 3(A)) and recently has
may be kept for translation. been criticized for its narrow conception of informa-
In the remaining phyla, mobile elements harbor- tional flow in the cell, neglecting the complexity of
ing reverse transcriptase might have been transferredregulatory networks (Thieffry & Sarkar, 1998). On an
to the other budding branches (curved and dashedevolutionary level one might rather suggest a restate-
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ment as RNA— protein— DNA, whereby in reality
transcription involves the continuous conversion of
RNA into DNA that is catalyzed by the protein reverse

transcriptase (Figure 3(B)). Hence, the re-conversion

of genomic DNA into messenger or other RNA would
be more appropriately termed reverse transcription.
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