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OPINION

Molecular melodies in high and low C

Daniel L. Hartl

For 50 years now, one of the enigmas of
molecular evolution has been the C-value
paradox, which refers to the often massive,
counterintuitive and seemingly arbitrary
differences in genome size observed
among eukaryotic organisms. For example,
the genome of the fruitfly Drosophila
melanogaster is 180 megabases (Mb),
whereas that of the European brown
grasshopper Podisma pedestris is

18,000 Mb. The difference in genome

size of a factor of 100 is difficult to explain
in view of the apparently similar levels of
evolutionary, developmental and behavioural
complexity of these organisms.

The C-value paradox emerged from among
the first applications of spectrophotometric
analysis of nuclear DNA content?. The hap-
loid DNA content of eukaryotic organisms
ranges over a factor of 80,000. Some of the
largest genomes are found among the lowli-
est of eukaryotes, such as the amoebae, and
some of the smallest genomes are found
among organisms with complex develop-
mental and behavioural repertoires, such as
Drosophila melanogaster. These discoveries
were made before the elucidation of the mol-
ecular structure of DNA or its genetic coding
function, so it is understandable that massive
differences in DNA content were difficult to
interpret. In the subsequent two decades
molecular biologists laid out the molecular
mechanistic framework of life — replication,
transcription, translation and mutation. But
at the culmination of this period, the C-value
paradox was as great a mystery as ever.
Maybe the paradox lay within ourselves.
What if our concepts of organismic complex-

ity were backwards? Perhaps the lower forms
actually do have more genes — maybe, in
fact, “they require more genes to conduct
their dreary affairs’™.

DNA renaturation kinetics carried out on
many eukaryotes showed that genomic DNA
contains many moderately or highly repeti-
tive sequences, the relative amounts of which
can differ markedly from one species to the
next®4. Many of the differences in genome
size can be attributed to differences in the
abundance of these repetitive sequences,
rather than to large differences in the non-
repetitive fraction of unique DNA, which
includes the coding sequences®. Large-scale

genomic sequencing gives a quantitative pic-
ture. On the long arm of human chromo-
some 22 (Rer.6), only 39 per cent of the DNA
sequence resides in annotated genes, includ-
ing their introns, and only three per cent
resides in the exons of the annotated genes;
in contrast, about 42 per cent of the chromo-
some consists of tandem and interspersed
repeats of various kinds, including 16.8 per
cent Alu repeats, 9.7 per cent LINE 1 repeats,
and 3.8 per cent LINE 2 repeats. On chromo-
some 21 the situation is similar, but with
only 26.2 per cent of the DNA in annotated
genes’. To a large extent the C-value paradox
is due to the proliferation or diminution of
repetitive elements.

The players

Some of the main mechanisms for change in
genome size are shown in FiG. 1. We include
chromosomal mechanisms, such as poly-
ploidy and accessory chromosomes, even
though these mechanisms are prominent
only in certain lineages, particularly in plants.
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Figure 1 | Principal mechanisms for changes in genome size. In a large genome, such as the human
genome, the protein-coding DNA is sparse and interspersed with non-coding DNA, at the scale shown here,
coding DNA would be invisible. Except in some plant lineages, polyploidy is not a principal cause of variation
in genome size. Insertions and deletions differ in size as well as in rate among species of organisms.
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In some lineages in which polyploidy does
take place, most of the differences in genome
size in different species are nevertheless due to
other causes. For example, the fact that wheat
(genome size 16,000 Mb) is hexaploid
accounts for only about 8 per cent of its
genome size relative to that of rice (genome
size 430 Mb), because the wheat genomes
contain large amounts of repetitive DNA that
are not present in the rice genome.

FIGURE 1 focuses on the mutational mecha-
nisms that can change genome size, but natur-
al selection may act on the genetic variation
created by mutation. With regard to selection
for genome size, there is an extensive literature
on potential adaptive functions of non-coding
DNA, much of it related to correlations
between genome size and cellular traits
(notably nuclear volume) or organismic traits
(notably developmental time)®. Amoebas, with
among the largest genomes, also have among
the largest cells; in describing an entamoebal
infection in 1890, William Osler® observed:

“They are most extraordinary and striking
creatures and take one’s breath away at first to
see these big amoebae — 10-20 times the size
of a leucocyte — crawling about in the pus.”

Limitations of space preclude an extensive
discussion here, but the varieties of adaptive
hypotheses for the maintenance of non-coding
DNA include the ‘skeletal DNA hypothesis®,
according to which non-coding DNA func-
tions as part of the basic framework for the
assembly of the nucleus and serves to regulate

Perhaps lower forms

have more genes — maybe,
In fact, “they require more
genes to conduct their
dreary affairs”.

nuclear volume in relation to cell volume; and
the ‘buffering DNA hypothesis't, which posits
that non-coding DNA buffers condensed chro-
matin from intracellular solutes, and uncon-
densed chromatin from nonspecific DNA
binding by proteins and other ligands.
Conversely, views of non-coding DNA as
merely accumulated ‘junk DNA™? or self-per-
petuating ‘selfish DNA**!4stand against these
adaptionist models of genome evolution.
Recent evidence showing that non-coding
DNA is subject to elimination comes from
studies of cryptomonads and chlorarach-
neans>%, In these organisms, the descendants
of ancient symbioses, the nucleus of a former
algal partner persists as a simplified ‘nucleo-
morph’, surrounded by a periplastid mem-
brane; in different lineages, the nucleomorph
has undergone a 200-1,000-fold reduction in
genome size with the elimination of virtually
all of the non-coding DNA.

Our present focus is on changes in
genome size that are individually small rela-
tive to the total genome, so the points that we
wish to make stand apart from discussions of
the potential functional role or roles of non-
coding DNA and possible mechanisms of

Box 1 | The fate of small differences in genome size

The efficacy of selection acting on a mutant
allele is inevitably limited by the selective
effect, s, of the mutant allele itself, as well as by
the effective population size, N. The ultimate
fate of a new mutant allele whose selective
effect, positive or negative, satisfies |[Ns| << 1is
subject to random genetic drift. Therefore, a
deleterious allele can become fixed in spite of
selection against it, or a beneficial allele can
become lost in spite of selection favouring it.
The curve shown here is based on a formula
originally derived by Kimura®, which asserts
that the probability of fixation of a new
mutant allele is roughly given by

2s/(1—€*™), where s is the selective advantage

—4Ns:

Probability of
fixation, relative
to a neutral allele

Value of Ns

(if s>0) or disadvantage (if s < 0) of the allele, and N is the effective population size. This formula
assumes that the original mutation occurs in a single individual, so that its initial frequency in the
population is 1/2N. For a new mutant allele that is neutral in its selective effects (s = 0), the
probability of ultimate fixation is 1/2N. So the probability of fixation of any new mutant allele,
relative to that of a neutral mutation, is 4Ns/(1—¢
depending only on Ns. This is the curve illustrated. Note that a deleterious allele with Ns =—-0.5 still
has a chance of becoming fixed that is 31.3 per cent of that of a neutral allele; in contrast, a beneficial
allele with Ns = +0.4 has only twice the chance of becoming fixed as a neutral allele.

), which has the convenient feature of

selection for overall genome size. The magni-
tude of the changes is relevant because it is
entirely possible for overall genome size to be
a target of selection, but for small individual
changes to be nearly neutral. An analogy may
help to make this clear. It is known that the
genome of warm-blooded vertebrates con-
sists of megabase-long stretches of relatively
G+C-rich or G+C-poor ‘isochores; which are
almost certainly maintained by selection?’.
But selection for overall G+C content of an
isochore does not preclude a G-C base pair
being replaced with a C—G base pair, or even
an occasional A-T base pair becoming fixed
by chance, as it is the overall G+C content that
is critical rather than each individual base
pair. So also with genome size: there may well
be selection for the aggregate genome size, but
insertions or deletions that are sufficiently
small virtually escape selective forces, except
in the aggregate. The figure in Box 1 shows the
quantitative relationship between the proba-
bility of fixation of a new mutant allele, rela-
tive to a neutral allele, and the product of the
selective effect of the allele (s) and the effective
population size (N). The theoretical basis of
this curve is explained in Box 1. It indicates
that, for changes in genome size that are small
relative to the total genome size, the evolu-
tionary process governing genome size
involves a balance between mutation, weak
selection and random cenetic priFT®,

Scattered grace notes

Some of the mechanisms in FIG. 1 have effects
that are restricted to particular nuclear com-
partments or classes of DNA. These include
cytogenetic mechanisms such as the accumu-
lation of accessory chromosomes, which are
usually composed largely of heterochromatin.
They also include as yet poorly understood
mechanisms that result in the expansion or
contraction of the amount of satellite DNA,
composed of tandemly repeated simple
sequences located primarily in the pericen-
tromeric heterochromatin, or the expansion
or diminution of the amount of pericen-
tromeric heterochromatin itself'*?. Whereas
these mechanisms act locally in the genome,
other mechanisms act globally, although not
necessarily to the same extent in all nuclear
compartments or classes of DNA. Included
here are insertions of transposable elements,
as well as insertions and deletions of various
sizes, resulting from processes unrelated to
transposition.

In the evolution of genome size, both local
and global mechanisms are at work.
Compare, for example, D. melanogaster with
D. virilis, which are estimated to have diverged
from a common ancestor 40-60 million years

146 | NOVEMBER 2000 | VOLUME 1

www.nature.com/reviews/genetics



ago?. The genome size of D. melanogaster is
180 Mb, that of D. virilis about 300 Mb (ReF 5),
but this difference is unequally apportioned
between euchromatin and heterochromatin.
In D. melanogaster, the euchromatin consists
of 120 Mb and the pericentromeric hete-
rochromatin 60 Mb (REF. 22), whereas in D.
virilis the comparable figures are both esti-
mated at 150 Mb (ReF. 5). So the euchromatic
genome of D. virilis is 25 per cent larger than
that of D. melanogaster, whereas the hete-
rochromatic genome is 150 per cent larger.
On the other hand, differences in genome
size affecting the euchromatin seem to result
from a large number of relatively small
changes scattered throughout the euchro-
matin. Supporting evidence for this asser-
tion consists of a positive correlation
between the average size of orthologous
introns and genome size between species
of mammals? as well as between species of
Drosophila?*, But extensive comparisons
of intron size among ten eukaryotic model
organisms indicate that the correlation
between intron size and genome size,
although significant, is weak?, and across a
wide evolutionary range the difference
in intron size is smaller than the difference in
genome size by four orders of magnitude?.

Tempo: presto, andante and adagio
Some of the mechanisms in FIG. 1 act on vastly
different timescales. Polyploidy is at the faster
end of the spectrum, bringing about twofold
to fourfold increases in genome size over a
single generation. High activity of transpos-
able elements can also increase genome size
by substantial amounts over a relatively short
period?’. Changes in genome size through
small spontaneous deletions and insertions
are at the slower end of the spectrum;
although Drosophila has a relatively rapid rate
of DNA loss through the fixation of sponta-
neous deletions, the absolute rate of DNA loss
in D. melanogaster through this process is
slow — about one base pair per generation?.
Over the long haul, slow but steady forces
may be as important in establishing the equi-
librium genome size as forces that have large
effects over short intervals, but it is generally
unknown whether the genome size of any
particular species is, in fact, at an equilibrium.
The realized genome size at any time may
result from a dynamic and constantly shifting
balance between slow deletion and rapid
transposon proliferation?.

Transpositions of scale

The proliferation of transposable elements
provides a mechanism for rapid increase in
genome size. Comparison of a 240 kb region
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Box 2 | Regulation of transposition

For most transposable elements, regulatory
factors decease the rate of transposition per
copy as the copy number increases. The
mathematical form of the relationship is
difficult to specify, and seems to differ from
one transposon to the next52%3, Some simple
forms of regulation are shown by the
accompanying curves®, In these curves, n is
the copy number per genome, and T(n) is the
expected increase in copy number in one
generation when n copies are present, so the
rate of transposition per copy is T(n)/n. For a
family of transposons regulated according to
the function T(n), the increase in genome size
per generation resulting from transposition is
given by n" —n =T(n), disregarding any

around the alcohol dehydrogenase 1 (adhl)
gene of maize and sorghum has indicated that
this region of the maize genome has grown
significantly in size in the 16 million years
since these species last shared a common
ancestor. In maize, the adhl region is com-
posed of 33—-62 per cent high-copy-number
retrotransposons from 11 families (retrotrans-
posons transpose using an RNA intermediate)
and 16 per cent middle- and low-copy-num-
ber retrotransposons, whereas none of these
insertions is found in the corresponding
region of the sorghum genome?’.

More precise estimates of the timescale of
maize genome expansion have been obtained
by comparing the long terminal repeats
(LTRs) found at the ends of LTR-containing
retrotransposons, which become identical in
nucleotide sequence during the process of
transposition®. After transposition, the LTRs
are free to diverge in sequence, and the time of
each insertion can be estimated from the
extent of the divergence. Analysis of 17 retro-
transposons in the adh1 region and two from
other regions implies that, over the past three
million years, the high rate of fixation of retro-
transposons has increased the size of the maize
genome from 1,200 Mb to 2,400 Mb (REF. 30).
Although the data do not distinguish between
an increased rate of transposition and an
increased probability of fixation resulting from
natural selection for a larger genome, the for-
mer interpretation seems more probable.

Unregulated transposition resultsin an
exponential increase in the abundance of a
family of transposons. However, for most
transposable elements, the accumulation of

possible selection for larger or smaller genome

size. With no regulation, T(n) increases linearly in n, and the increase in abundance of the
transposon is exponential. Any form of regulation slows the rate of increase. For example, if the
overall rate of transposition T(n) is a constant and independent of copy number, then the increase
in genome size resulting from transposition is also a constant that depends on the length of the
transposon. Stronger types of regulation diminish the rate of increase in genome size further.

T(n) = constant

Relative amount of DNA added
to the genome per generation

T(n) O 1/n1/2

0 2 4 6 8 10 12 14

Number of copies of
transposable element

copies in agenome is limited by regulatory
factors encoded in the element itself, in the
host, or through their interactions®-3,
Quantitative aspects of transposon regulation
relative to effects on genome size are summa-
rized in Box 2. Forms of regulation that are
continuous functions of copy number may
also be overridden by co-suppression and
related phenomena®*, which can shut down
transposition almost completely®-4, For
example, in one group of South American
rodents, including rice rats of the genus
Oryzomys, the LINE 1 elements that are
prevalent in other mammalian genomes seem
to have been quiescent for so long that they
may have been eliminated from the genome®.

Insertions and deletions
The spectrum of spontaneous insertions and
deletions (indels) is one of the relevant para-
meters in the long-term evolution of genome
size. By the ‘spectrum’ of deletions or inser-
tions we mean the product of frequency and
average size. The effects, slow but persistent,
are seemingly inescapable. If the spectrum of
spontaneous deletions were greater than that
of spontaneous insertions, this would create
an ineluctable global mutation pressure
toward a smaller genome size. The opposite
would be true if the spectrum of deletions
were smaller than that of insertions. Over
evolutionary time, differences in the indel
spectra among lineages may result in differ-
ences in genome size.

Mammalian pseubocenes were the first
sequences whose indel spectrum was
analysed in the context of genome size*.
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Spontaneous deletions outnumbered inser-
tions and had a longer mean length. The
rate of DNA loss was estimated to be faster
in the mouse lineage than in the human lin-
eage, consistent with the smaller size of the
mouse genome, but the overall rate of DNA
loss seemed to be almost negligible.

Analysis of non-functional sequences,
such as pseudogenes in the mammalian
genome, is essential to avoid bias in the esti-
mation of mutation rates, including those of
indels, from sequence data. This is because
the probability of fixation of new mutations
is proportional to the mutation rate only for
non-functional sequences that are not sub-
ject to selective constraints. All functional
sequences are constrained, to some extent,
by selection, and so the proportionality
breaks down. Unfortunately, pseudogenes
seem to be widespread only in organisms
with relatively large genomes, and so
pseudogenes have limited applicability to
studying spontaneous mutations and the
indel spectra in diverse organisms.

But eukaryotes contain classes of non-
functional DNA other than pseudogenes. One
candidate consists of non-LTR retrotranspos-
able elements, which are ubiquitous in
eukaryotes with the exception of yeast. Their
molecular mechanism of transposition gener-
ates a predominance of non-functional ‘dead-
on-arrival’ (DOA) copies. Because the proces-
sivity of the reverse transcriptase of non-LTR
retrotransposons is substantially shorter than
the total length of the elements, most new
copies lack the promoter end and so cannot
mobilize themselves, and only very rarely can
they be mobilized in trans. For such elements,
molecular phylogenetic analysis can be used to
separate mutations that occur in active, master
lineages, which are subject to purifying selec-
tion, from those that occur in the inactive,
pseudogene-like DOA copies?®“#, The set of
mutations in DOA copies, because they are
not individually targets of selection, can then
be used to estimate the patterns of sponta-
neous point mutation and indel formation.

Glossary

GENETIC DRIFT

Random changes in allele frequency that result
because the genes appearing in offspring are not
a perfectly representative sampling of the parental
genes (e.g. in small populations).

PSEUDOGENE

A DNA sequence originally derived from a functional
protein-coding gene that has lost its function owing to
the presence of one or more inactivating mutations.

ORTHOLOGOUS GENES

Homologous genes in different species whose lineages
derive from a common ancestral gene without gene
duplication or horizontal transmission.

Figure 2 | The mountain grasshopper Podisma
pedestris. This species has a genome size of
18,000 Mb, tenfold larger than the Drosophila
genome and sixfold larger than the human
genome. (Courtesy of G. Hewitt.)

Because non-LTR elements are widespread in
eukaryotes and can be cloned relatively easi-
Iy*54, this method can be used to study muta-
tional patterns in a diversity of organisms. In
principle, it can distinguish the evolutionary
dynamics of different genomic compart-
ments, such as euchromatin and heterochro-
matin, by choosing non-LTR elements that
target these compartments.

The initial studies of DOA elements in
Drosophila revealed a striking difference in the
indel spectra between Drosophila and mam-
mals. We found a 60-fold faster rate of DNA
loss in Drosophila, consistent with its much
more compact genome?43, To test whether
the apparently high rate of DNA loss in
Drosophila could be due to deletions intro-
duced at the time of transposition, we exam-
ined recently transposed copies of the trans-
poson, which showed no enhanced rates of
mutations of any kind*¢. Consistent with the
compact genome of Caenorhabditis elegans,
analysis of the large srh family of chemore-
ceptor genes has revealed a rapid rate of DNA
loss comparable to that in Drosophila®’. On
the other hand, analysis of a non-LTR retro-
transposon isolated from Hawaiian crickets of
the genus Laupala, which have a genome that
is 11-fold larger than that of Drosophila,
showed a 40-fold slower rate of DNA loss
than that observed in Drosophila®. Similarly,
nuclear pseudogenes derived from mitochon-
drial DNA in the European brown grasshop-
per Podisma pedestris have a rate of DNA loss
even slower than that in Laupala, in agree-
ment with its approximately tenfold larger
genome size® (FIG.2).

These results indicate that differences in
indel spectra may underlie (or, in any event,
are consistent with) at least some important
differences in genome size. How widely this

correlation will hold remains to be deter-
mined. However, the findings do not preclude
selection acting on genome size as awhole. In
principle, the differences in the indel spectra
observed among organisms could be due
either to differences in patterns of sponta-
neous mutation or to differences in natural
selection for overall genome size affecting the
fate of individual indels*. We have argued on
general theoretical grounds that the fixation
of individual indels, whose size is small in
comparison with that of the total genome,
would be expected to be governed primarily
by random genetic drift'®%, Experimental
studies of the fate of indels in different lin-
eages, or of the allele-frequency spectra of
polymorphic indels in unconstrained
sequences, would be welcome to address this
issue in greater depth.

Finale

Selection for overall genome size is expected
to be relatively ineffective in influencing the
fate of individual changes in genome size that
are sufficiently small relative to the total. So
molecular studies of such changes can be used
to infer the underlying mutational processes
affecting genome size.

The euchromatic genome often seems to
change in size through relatively small inser-
tions or deletions that are more or less uni-
formly distributed. This pattern is seen in the
correlations of intron sizes in orTHoLOGOUS
Genes among related species that differ in
genome size?*?*, Transposable elements make
up asignificant part of the euchromatin in
some species, and de-repressed transposition
can change genome size rapidly, leading, in
the case of maize, to an estimated doubling in
genome size in the past three million years®.
Genomes can also increase or decrease in size
by the random fixation of spontaneous inser-
tions or deletions in non-essential DNA, but
this is a much slower process. Nevertheless,
there is a significant inverse correlation
between rate of DNA loss and overall genome
size in mammals* and in insects*. Although
such studies have revealed a great deal about
the mutational components of change in
genome size, the inference of near-neutrality
of small changes does not preclude natural
selection acting on the overall genome size
through such mechanisms as maintaining
nuclear volume. Analogously, selection for
overall G+C content in isochores need not be
effective in maintaining the identity of each
individual base pair.
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TIMELINE

Environmental health and genomics:
visions and implications

Kenneth Olden and Samuel Wilson

The relationship between genes and the environment can be compared to a loaded gun

and its trigger. A loaded gun by itself causes no harm; it is only when the trigger is pulled that
the potential for harm is released. Genetic susceptibility creates an analogous situation, where
the loaded gun is one or a combination of susceptibility genes (alleles) and the trigger is an
environmental exposure. The key objective of the Environmental Genome Project is to identify
alleles that confer susceptibility to the adverse effects of environmental agents. Here we
discuss the goals of the Environmental Genome Project, its implications and, in particular,

its potential effect on our ability to assess human disease risk in the future.

Scientists in biomedicine, environmental
health and public health are working to
understand and prevent human disease. The
identification and functional characterization
of susceptibility genes is critical to achieving
this goal and for predicting risk from environ-
mental exposure and response to pharmaceu-
ticals. Many chronic diseases in humans arise
from a complex array of factors, which could

include several genes, environmental condi-
tions or exposures, the age, nutritional status
or stage of development of a person, and
other predisposing factors. Therefore, most
chronic diseases will not be fully understood
until both the genetic and environmental
contributions to their aetiology are elucidat-
ed. Unfortunately, the relationship between
genes and the environment is neither well
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