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Keywords

Deletion Bias
The study of small insertions and deletions (indels) in most eukaryotes shows an
excess of deletions over insertions, forecasting DNA loss.

Effective Population Size (Ne)

A theoretical number of individuals that would explain the amount of genetic variation
observed within a species in the absence of selection. Ne is somewhat related to, but
always smaller than, the actual number of individuals. Ne is positively associated with
the effectiveness of selection and varies among species as well as across genomes.

1

The amount of haploid nuclear DNA (or C-value) among eukaryotes varies more than
4 orders of magnitude, with brewer’s yeast Saccharomyces cerevisiae (1.2 x 107 bp) or
the parasitic microsporidium Encephalitozoon intestinalis (3 x 10° bp) as prototypical
examples of the smallest genomes and several amoebae mentioned as the eukaryotes
with largest genomes with >6 x 10! bp (e.g. Amoeba dubia and Chaos chaos).
Differences in the amount of noncoding DNA are also observed within a given
taxonomic group, with algae varying more than 5000-fold, more than 1000-fold
among flowering plants or invertebrates, more than 300-fold among vertebrates, and
100-fold among amphibians and insects. An apparent “paradox” arises when the
size of the nuclear genome is compared to organismal complexity (morphological
or developmental) if we assume that the amount of genetic material (genome size)
should somehow correspond to the amount of genetic information. The so-called
C-value paradox or enigma was coined to describe this lack of correspondence.
Later findings revealed that coding sequences account for only a small proportion of
the genomic DNA in most eukaryotes. This observation does not solve the C-value
paradox, but shifts the debate from the number of genes responsible for a given
degree of complexity (the G-value paradox) to the amount of noncoding DNA and the
causes for its tremendous variation. In fact, recent studies based on fully sequenced
genomes and expression data in model eukaryotes, including humans, have shown
that complex gene regulation and the number of different transcripts — with a high
fraction of genes having multiple transcripts — and not the number of genes, would
better represent biological “complexity,” hence explaining the G-value paradox.

noncoding genome size among eukaryotes

The C-value Paradox has been associated with biological factors,

both cellular and organismal: cell and

Many cause/consequence relationships nucleus size, cell division rate, metabolic
have been proposed on the basis of rate, developmental rate, developmental
phenotypic correlations. The variation in  complexity, and overall gene expression.



Indeed, eukaryotes with large genomes
tend to have larger nucleus and cells,
and species with high developmental rate
to developmental complexity ratio tend to
have reduced genomes; other associations
are only observed in particular lineages.

However, an aspect not always con-
sidered is that many biological factors
are associated with species or popula-
tion parameters such as generation time,
population size, and effective population
size (Ne). This indirect association be-
tween cellular or developmental factors
and Ne is pertinent in the analysis of
any genomic characteristic (or any bio-
logical feature for that matter) because
Ne is a main parameter influencing nat-
ural selection. Population genetic theory
predicts and evolutionary analyses con-
firm that Ne is positively associated with
the effectiveness of selection. (Increased
effectiveness of selection will favor the fix-
ation of advantageous mutations and the
removal of deleterious mutations.) As a
consequence, it is not direct to distinguish
between cause, effect, and indirect or coin-
cidental agsociation; many proposed causal
associations illustrate this difficulty. For
instance, a causal association between fast
developmental rate (and short generation
time) and small genomes can be proposed.
However, many species with short gener-
ation time also have large population sizes
and Ne, and therefore the observed small
genome is likely the result of more effi-
cient selective constraints favoring small
genomes while the negative relationship
between developmental rate and genome
size would be secondary.

Moreover, several cases of closely related
species ~ with equivalent cellular and de-
velopmental parameters — exemplify that
the size of noncoding DNA can change
very rapidly in evolutionary terms inde-
pendent of biological factors. For instance,
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closely related Drosophila species show
severalfold differences in noncoding DNA
and there is significant variation even at
intraspecific level. Another piece of in-
formation comes from genomic analyses
that have shown that several features of
noncoding DNA such as the amount of in-
tergenic DNA (or gene density), and intron
presence and size also show a heteroge-
neous distribution across genomes. Thus,
an integral explanation to the presence
and size of noncoding DNA should be
able to explain differences between dis-
tant groups or taxa, differences between
closely related species with equivalent cel-
lular/developmental features, as well as
differences across a given genome.

2
Noncoding Genome Size: Passive versus
Selective Trait

One possible explanation to the size of
noncoding DNA and genome size in eu-
karyotes is that the amount of noncoding
DNA is the passive result of mutational
tendencies only; the manifestation of a
mutation-drift equilibrium between inser-
tions and deletions. Under this mutational-
only scenario, variation in genome size is
explained by differences in the patterns of
insertion and deletion of “‘selfish” DNA or
due to variation in the intrinsic rates of
DNA loss through small insertions and
deletions (indels). Special attention has
been paid recently to the latter process,
with several eukaryotes showing an excess
of small deletions over insertions (the so-
called deletion bias; DB). In particular, it
has been proposed that differences in the
rate of DNA loss caused by small indels are
a major factor influencing genome size.
Under a selective scenario, genome size
represents the equilibrium of mutational
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tendencies to either increase or decrease
the amount of DNA counterbalanced by
selective tendencies: a mutational selec-
tion—drift equilibrium. Mutational ten-
dencies can certainly vary among species,
with differences in the amount of repeti-
tive DNA and its tendency to expand in the
genome (mostly associated with transpos-
able elements; TE), as well as variation in
DB. It follows, however, that a mutational-
only hypothesis — which assumes that the
presence of noncoding DNA has no fitness
costs — would predict either the collapse of
noncoding DNA or the unlimited expan-
sion of noncoding DNA. A more likely
proposal assumes that both mutational
tendencies (DNA expansion by TE ampli-
fication and DNA loss by DB) are balanced
as a result of selective constraints.

The selective causes acting on genome
size can be varied and be particular to
groups or taxa according to specific cellu-
lar or developmental requirements (e.g.
fast cell division), targeting replication
costs, or biological effects of bulk DNA.
As indicated earlier, the effectiveness of
selection acting on noncoding DNA would
also depend on parameters such as Ne and
recombination (see the following) and so
the outcome of the equilibrium would be
species specific. Moreover, both Ne and re-
combination vary across genomes. Thus,
a mutation selection~drift equilibrium is
expected to be highly variable among taxa,
between closely related species, and also
vary across a given genome.

3
Deletion Bias (DB) Based on Small Indels

3.1
DB in Drosophila

The struggle to determine the mutational
DB on the basis of small indels is best

exemplified in Drosophila, in which three
different approaches give three differ.
ent results. The first significant attempt
to investigate DB in Drosophila, studied
nonallelic copies of non long—terminal re.
peat retrotransposable elements, so-called
“dead-on-arrival” (DOA) elements. The
study of Helena DOA elements gives a
DB of 8.7, suggesting a very high rate of
DNA loss. The second approach investi-
gated defective TEs, generating a DB of
3.6. The third approach is the study of
indels at polymorphic level in DNA ge-
quences likely free of selective constraints
(intergenic regions and introns), with a
DB that ranges between 1.4 and 1.9, evi-
dencing a significant but moderate rate of
DNA loss.

3.2
What is the True DB in Drosophila?

As indicated by B. Charlesworth, the study
of nonallelic DOA elements (that are ei-
ther fixed or segregate at high frequencies
within a species) could bias the estimates
of DB if selection favors deletions in re-
cently inserted elements, hence causing an
overestimation of DB. The rational for ar-
guing selection against inserted repetitive
elements (favoring deletions and shorter
versions of the elements) is based on the
notion that shorter elements would reduce
the probability of ectopic recombination
and its deleterious effects. On the other
hand, population genetic theory predicts
that polymorphic studies will estimate mu-
tational parameters that can only be closer
to the true values compared to analyses
that use mutations that are either fixed
or segregate at high frequencies within
a species. If indels are neutral, all ap-
proaches should give equivalent results,
but if indels are under weak/moderate



selection, the study of indels at polymor-
phic level is least influenced by selection.
Strong selective constraints on the se-
quences used to investigate polymorphic
indels, however, could also reduce the
number of deletions observed at polymor-
phic level, hence causing underestimates
in DB.

Several observations suggest that the
estimates of DB based on different poly-
morphic studies is close to the true DB.
First, an ad hoc theoretical model presum-
ing that long deletions in introns are under
strong selection would forecast a lower
DB, but even in this case it cannot explain
the observed data. Second, the study of
polymorphic indels in intergenic regions
also produces a very low DB (1.7) and,
therefore, the argument that the observed
DB is biased because of selection is not
likely to be correct. And third, a recent
study on the frequency of several fami-
lies of TEs in populations has generated
a key result to understand the observed
discrepancy in DB based on long repetitive
elements. This study shows that there is
a negative correlation between the length
of TEs within a family and the frequency
in the population, in agreement with the
ectopic recombination model that claims
that deletions would be selectively favored
in long repetitive elements. The conse-
quence of this observation is that estimates
of DB based on long repetitive elements
will be biased, showing an excess of dele-
tions than those expected by mutational
tendencies only.

33
DB in Other Eukaryotes

Measures of DB have been obtained in
other eukaryotes also on the basis of dif-
ferent approaches. One of the first studies
to detect an excess of small deletions over
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insertions was applied to mammals by
analyzing processed pseudogenes. Large-
scale analyses of pseudogenes in humans
and murids show an average DB of 2.74.
The study of pseudogenes in the insect
Podisma pedestris and in Caenorhabditis
elegans shows DB of 2.7 and 3.8, respec-
tively. The study of DOA Laul elements
in the Hawaiian crickets of the genus Lau-
pala and Maui elements in two pufferfish
species suggests a DB of 2.7 and 1.3-2.0,
respectively.

34
Overall Rate of DNA Loss due to Small
Indels and Genome Size

The rate of DNA loss depends on DB as
well as the size of indels, and in most
species deletions are longer than inser-
tions. In order of increasing genome size,
the overall rate of DNA loss observed in
the different eukaryotes is the following:
1.8 in Drosophila melanogaster (based on
polymorphic indels in intergenic regions
and introns), 9 to 15 in Pufferfish, 3.8 in
Laupala, 2.6 in rat/mouse, 1.7 in humans,
and 3.6 in Podisma. Conversely, C. elegans
shows a net gain of DNA based on small in-
dels. As T.R. Gregory concluded recently,
the use of updated estimates of DNA loss
for mammals and Drosophila raise con-
siderable doubts about the strength of any
correlation between DNA loss rate by small
indel bias and genome size. Therefore, al-
though the mutational rate of DNA loss
caused by small indels can vary evolu-
tionarily, and might itself be the result of
selection, it cannot explain the observed
differences in noncoding DNA content
and genome size between species. More-
over, this mutational explanation cannot
account also for the observed differences
across genormes.
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4
Transposable Elements (TE) and DNA
Gain

TE elements are widespread in eukary-
otic genomes and comprise in many
cases a substantial portion of euchro-
matic genome size, including humans
where TEs explain 45% of intergenic
and intronic sequences. The recent inva-
sion/amplification of particular TE fami-
lies causes rapid increases in genome size,
temporarily altering any specific equilib-
rium among selective and long-term mu-
tational tendencies. Two examples of such
effect are maize, in which genome size has
recently doubled due to TE invasion, and
Drosophila, with substantial differences
in TE presence between closely related
species, as well as among populations of
the same species. The opposite trend is also
detected, with species that have recently
lost repetitive DNA showing a sudden
reduction in genome size albeit having
similar mutational tendencies associated
with small indels. For instance, tetraodon-
tid (smooth) and diodontid (spiny) puffer-
fish have similar DB but smooth pufferfish
shows a twofold reduction in genome size
because of a recent reduction in repetitive
elements. This latter case also illustrates
that any study of mutational tendencies
toward DNA gain or loss should include
small indels (i.e. DB), as well as the rate of
large insertions and TE amplification.

It is possible to argue that a generic
mutational tendency of TE to replicate
and increase genome size might have
favored a mutational mechanism asso-
ciated with DNA repair of small indels
with a tendency toward DNA loss, as
observed in most eukaryotes. In this re-
gard, small differences in DB among taxa
would reflect long-term tendencies associ-
ated with TE amplification in the genome.

The additional influence of selective forces
that can be species specific and/or vary
across genomes would generate the fi-
nal outcome.

5
Variation across and among Genomes:
The Influence of Recombination

Many genomic analyses have revealed
heterogeneity of noncoding DNA presence
across eukaryotic genomes. In Drosophila,
the amount of intergenic DNA is higher in
genomic regions with low recombination
(and crossing-over) rates. Introns are also
longer and more frequent in genes located
in regions with severely reduced rates
of crossing-over. An equivalent trend
is observed in humans, with longer
intergenic sequences, and introns in
isochores are associated with reduced rates
of crossing-over. S. cerevisiae also shows
an influence of recombination on the
presence of noncoding DNA. A single
exception to this tendency is observed in
C. elegans, in which an atypical pattern
of crossing-over along chromosomes has
been reported.

Interestingly, a negative relationship be-
tween recombination rates and the amount
of noncoding DNA is observed among
species. The study of nine distant eukary-
otes with well-characterized genetic and
physical maps (Fig. 1) reveals a significant
negative relationship between recombina-
tion rate and a measure of the amount
of noncoding DNA once the number of
genes is taken into account. (Albeit the
study is based on a small number of
species, the observed relationship is not
caused by any single species.) This ob-
servation suggests that similar, or at least
overlapping, forces are shaping the size
of noncoding DNA among species and
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Fig.1 Relationship between recombination rate

—
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Recombination rate indicates the average
percentage of meiotic recombination (cM)
between adjacent base pairs (total genetic
map/total physical map), taking also into account
the number of chromosomes to appraise the recombination caused by the random segregation of
chromosomes. Although A. thaliana is a predominantly selfing plant, this feature has only recently
been acquired, with all closely related species being outcrossing and, therefore, the recombination
rate used for A. thaliana reflects the recent ancestral outcrossing condition. Nonparametric
Spearman’s rank correlation R = —0.95 (p = 0.00009). The least significant relationship after
removing any one species is R = —0.929 (p = 0.0009). The removal of both distantly related yeasts
(S. cerevisiae and S. pombe) from the analysis does not influence the outcome either (R = —0.893,

T 1
0.000001 0.00001 0.0001 0.001
Recombination rate

p = 0.007).

across genomes. These equivalent find-
ings across and among genomes could be
explained if the mechanism of mismatch
repair associated with recombination insti-
gates DNA loss. Although this possibility
needs to be investigated thoroughly in dif-
ferent species, in D. melanogaster there are
similar patterns of indels in regions with
normal and reduced rates of crossing-over.

An alternative explanation, invoking nat-
wural selection, emerges when we consider
the influence that recombination has on
the effectiveness of selection. Indeed, the-
oretical and experimental investigations
predict that recombination will have an
impact on the power or effectiveness of
selection. In particular, most models of
selection forecast that recombination will
raise the effectiveness of selection. The to-
tal length of genetic map in a species as
well as the number of chromosomes will
play a role in the total meiotic recombi-
nation rate. Recombination rates and Ne
(mentioned earlier) are two parameters
that have been usually limited to pop-
ulation genetics studies but they should
be included in any general explanation to

genome architecture, the amount of non-
coding DNA and genome size due to their
influence to the effectiveness of selection.
Moreover, both recombination and Ne are
influenced by species-specific factors as
well as vary across genomes.

6
Noncoding DNA is not Free of Genetic
Information or Evolutionary Effect

Noncoding DNA in eukaryotes has been of-
ten labeled as “junk” DNA, useless (with
no genetic information) as well as with
no evolutionary effect (neutral to selec-
tion). In fact, however, rioncoding DNA
can be evolutionarily relevant by contain-
ing genetic information as well by its
only presence. The number of known
noncoding genes and especially noncod-
ing RNA genes (ncRNA) has recently
increased rapidly. Many of these ncRNA
function directly as RNA while others play
an essential role in gene regulation, with
antisense RNAs being an important class
of these genes. Moreover, noncoding DNA,
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intergenic or intronic, harbors most of the
information on gene regulation.

On the other hand, the presence of
DNA with no genetic information be-
tween genes or between exons should not
be assumed to be devoid of evolutionary
effect. For instance, the presence of in-
trons and their length can have a direct
fitness effect on transcription costs and
be a trait under selection. However, the
presence of DNA sequences with no di-
rect fitness effects can also be a selective
trait. Note that the significant parameter
associated with recombination is the to-
tal recombination between genes or exons
(i.e. clusters of sites under selection) and
this is influenced by the rate per physical
unit as well as by the physical distance.
Therefore, under realistic conditions for
most eukaryotes, an organism might in-
crease the effectiveness of selection by
increasing the amount of noncoding DNA,
intergenic or intronic. Under this sce-
nario, the presence of “junk” DNA can
be viewed as a modifier of recombina-
tion with a definite evolutionary long-term
effect and can itself be a selective trait.
The long-term fitness effects of increas-
ing the physical distance between clusters
of sites under selection (genes, exons,
or regulatory regions) and recombina-
tion, is expected to differ among species
(according to the overall recombination
rate) and across genomes (according to
variation in recombination rates along
chromosomes).

7
Summary

The study of noncoding DNA is no longer
restricted to phenotypic correlations and
all recent observations support the notion
that noncoding genome size in eukaryotes

is the result of a highly dynamic balance
between mutational and selective forces,
Population parameters that influence lev-
els and patterns of polymorphisms also
influence the effectiveness of selection
and have the potential to influence ge-
nomic features. Therefore, the evolution
of noncoding DNA (intergenic and intron
presence, and size) ought to be investi-
gated from a population genetics perspec-
tive (i.e. the so-called population genomics
approach). The presence of regulatory se-
quences and noncoding genes (e.g. ncRNA
genes) would add genetic information re-
quired for organismal “complexity,” but
it can explain only a fraction of noncod-
ing DNA.

Mutational tendencies are strongly influ-
enced by TE invasion and amplification,
which can be species specific and cause
sudden changes in genome size. This
“one-way ticket to genome obesity” is
somewhat counteracted by a moderate
tendency toward DNA loss due to small
indels observed in most eukaryotes. The

‘widespread presence of TEs in eukaryotes

might have caused a selective pressure
on mechanisms of DNA repair favoring
DNA loss. The study of small indels only
cannot produce an accurate picture of mu-
tational tendencies. On the other hand,
selective forces on the presence of non-
coding DNA can vary in different species
and/or taxa and be associated with replica-
tion costs, nuclear architecture, or other
biological effects of bulk DNA. Impor-
tantly, the actual impact of these selective
tendencies is determined by recombina-
tion rates and Ne parameters that can
vary across genomes, as well as among
species and should be included in any
general explanation to genome evolution.
Future studies on variation of recombina-
tion rates, indel evolution, and Ne in many
eukaryotes will give us a broader and more



precise picture on the selective and muta-
tional forces influencing the evolution of
noncoding DNA.
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