PERSPECTIVES

OPINION

The evolution of isochores

Adam Eyre-Walker and Laurence D. Hurst

One of the most striking features of
mammalian chromosomes is the variation in
G+C content that occurs over scales of
hundreds of kilobases to megabases, the
so-called ‘isochore’ structure of the human
genome. This variation in base composition
affects both coding and non-coding
sequences and seems to reflect a
fundamental level of genome organization.
However, although we have known about
isochores for over 25 years, we still have a
poor understanding of why they exist. In this
article, we review the current evidence for
the three main hypotheses.

With sequencing almost complete, it is
tempting to forget how large the human
genome is (~3.4 x 10° base pairs (bp) in
size). However, only a small fraction of this
sequence is known to have any function. It is
estimated that there are ~30,000 genes in the
human genome*? that produce mRNAs that
are on average 1,500 bp in length; so, less
than 2% of the genome codes for proteins. A
similar amount of DNA might be involved
in gene regulation and chromosome struc-
ture?, but most seems to have no function,
and so has been called ‘junk’ DNA. However,
this junk DNA is not without structure
because base composition (that is, the pro-
portions of A, C, T and G) varies along chro-
mosomes over a large scale. For example, the
telomeric 10 Mb of 17q is 50% G and C,
whereas that of the adjacent 3.9 Mb of the
chromosome is only 38% G and C. This
shows that genomes, like organisms, have an
anatomy. But is this anatomy the conse-
quence of selection, or is it a by-product of
another cellular process?

This large-scale variation in base compo-
sition was discovered almost 30 years ago by
Bernardi and colleagues®. They separated
bovine genomic DNA, which had been
sheared into large fragments, according to its
G+C content, by ultracentrifugation, and
found that there was substantial variation in
its composition. Subsequent studies showed
that compositional variation was a feature of
the genomes of both mammals and birds,
and that the G+C content of large (>300-kb)
blocks of DNA varied from ~35to 55% in a

a 0.60
0.55
0.50 -

0.45

G+C content

0.40

0.35 \ \ \

typical mammal®. It was originally thought
that this variation in base composition was
arranged in ‘isochores’, large blocks of DNA
of homogeneous G+C content that were
separated by borders of sharp transition (FiG.
1a). In reality, it seems that only some parts
of human chromosomes fit this model. The
human major histocompatibility (MHC)
locus is a case in point; the MHC class 1l and
111 regions have consistent G+C contents of
~40 and ~52%, respectively, separated by a
BOUNDARY Of sharp transition (FIG. 1b). But
this picture breaks down in the MHC class |
region, in which G+C content varies
between 52 and 42% with no obvious struc-
ture. So, although it is clear that much of the
genome does not fit the classic isochore
model, we use the term ‘isochore’ in this
review to refer generally to large regions of
the genome that contain local similarities in
base content.
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Figure 1 | Large-scale variation in G+C content. a | The classic isochore model. b | G+C content
across the three classes of human major histocompatibility (MHC) region of chromosome 6 (data from
GenBank); G+C content is plotted as a moving average, and the window size is 100 kb, advanced by

10 kb each step.
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Figure 2 | Correlation between G+C content of
a gene and that of its surrounding region. The
correlation between GC, and the G+C content of
the 50 kb that surrounds (~25 kb each side) each
of 369 genes on human chromosomes 21 and 22
(data from GenBank). Only annotated genes that
are multiples of three and that include a stop
codon are included. The correlation coefficient is
0.73, which is highly significant (p < 0.0001).

Isochores reflect a level of genome organi-
zation. This is because gene density and that of
short interspersed repetitive DNA elements
(sines), as well as recombination frequency, are
higher in the (G+C)-rich parts of the genome,
whereas long interspersed repetitive DNA ele-
ments (Lines) are almost exclusively restricted
to the (G+C)-poor parts of the genome*?.
Furthermore, the two isochore boundaries
that have been studied in detail seem to repre-
sent a boundary in more than composition:
the isochore boundary between the MHC
class Il and 111 regions is reflected in the differ-
ent times at which these regions replicate
(with the (G+C)-rich region replicating earli-
er)®; the boundary at the neurofibromatosis
(NF1) region is reflected in differing recombi-
nation rates (with the (G+C)-rich region
showing higher recombination levels)’.

The G+C content of a gene is highly corre-
lated to the G+C content of the region of the
genome in which it is found®®. This is particu-
larly evident at the largely siLent, third-codon
position (denoted GC,, to indicate the propor-
tion of codons that end in G or C) (FIG. 2), but
is also evident at the first two codon positions
(denoted GC,,)*. This shows that systematic
variation in the pattern of base susstiTuTioN
exists across the genome, as almost all substi-
tutions in coding sequences are base substitu-
tions; insertion and deletion mutations occur,
but they rarely become rixep. It is this variation
in the pattern of base substitution that we
focus on in this review, and as a consequence
we concentrate most of our attention on
explaining the variation in third-position
G+C content (GC,). It should be noted that

although the variation in GC, is much greater
than the variation in isochore G+C content
(~30-90% for GC,, versus ~35-60% for iso-
chores®), the correlation is very strong (FIG. 2).
This indicates that whatever causes the varia-
tion in GC, is the main determinant of the
variation in isochore G+C. It seems likely that
isochore G+C content is less variable than GC,
because of the integration of repetitive DNA
elements in non-coding DNA (see below).

The proposed causes

There has been considerable interest over the
past 15 years in explaining why there is large-
scale variation in base composition along
chromosomes. It has been suggested that the
variation could be a consequence of three
processes: mutation bias'-*%, natural selec-
tion'*16, or BiAsED GENE conversion (BGC)M18,
These hypotheses can be grouped into two
categories: those that involve natural selection
and those that do not. However, the effects of
BGC, when mathematically modelled, are
considered to be equivalent to those of weak
DIRECTIONAL SELECTION®?, SO natural selection
and BGC are often grouped together.

These hypotheses are not mutually exclu-
sive — two or more of the processes could be
acting together, or selection could be acting on
the pattern of mutation bias or the process of
BGC. However, for simplicity we assume that
isochores are a consequence of one process,
and that the process is responsible for both
their formation and subsequent maintenance.

“There has been
considerable interest over
the past 15 years in
explaining why there is
large-scale variation in base
composition along
chromosomes.”

Mutation bias. Mutation bias is probably the
most appealing of these hypotheses; it offers a
very simple explanation for why the composi-
tion of coding sequences is correlated to that of
the region of the genome in which the gene is
found, and there are at least three simple mole-
cular mechanisms by which variation in base
composition can arise. The most elegant of
these was suggested by Wolfe and colleagues®.
They noted that others had made three discov-
eries: first, that the pattern of base misincorpo-
ration during DNA replication is affected by
the concentrations of the free nucleotides (for

example, G and C nucleotides are preferentially
misincorporated into DNA if the DNA is repli-
cated in a pool of free nucleotides rich in G and
C (REFS 20-22); second, that free nucleotide con-
centrations vary during the cell cycle?®?4 and
last, that some parts of the genome are general-
ly replicated early, whereas others are replicated
late®. So, regions of the genome that replicate
at different times should have different muta-
tion patterns and, therefore, different composi-
tions. However, these observations were made
in somatic cell lines and not in the germ line
(only mutations in the germ line contribute to
evolution), and direct evidence for a relation-
ship between G+C content and replication
time is ambiguous. Most of the (G+C)-rich
chromosome bands replicate in the first half of
S phase?, and the class 111 region of the MHC,
replicates before the class 1 region, which is less
(G+C)-rich®. However, the class Il region
around the TNFa (tumour-necrosis factor-a)
gene replicates before the region around the
TNFX gene?, despite having a slightly lower
G+C content?” than the TNFX region.
Furthermore, there is no clear, general relation-
ship between GC, (or isochore G+C content)
and replication time in humans and in mice?.
Filipski! has suggested that variation in
the efficiency of DNA repair might be
responsible for the formation and mainte-
nance of isochores, as the efficiency of certain
types of DNA repair is known to vary across
the genome?, and because some types of
repair are biased. For example, base mis-
matches introduced into human cell lines are
preferentially repaired to GC (REeF. 30). So,
variation in repair efficiency should cause
variation in the pattern of mutation.
However, theoretical analyses show that vari-
ation in base composition is limited accord-
ing to this model under most conditions®,
and repair has never been shown to vary over
the scales needed to generate isochores.
Recently, Fryxell and ZuckerkandI®2 sug-
gested that isochores are a consequence of
CYTOSINE DEAMINATION. The deamination of
methyl-cytosine and cytosine (thatis, C - T
and C- U, respectively) is expected to
occur more readily in (A+T)-rich DNA
because (A+T)-rich DNA is more unstable
than (G+C)-rich DNA (see below). This
could then lead to isochores through a posi-
tive feedback loop; if a sequence becomes
(G+C)-rich for some reason (for example,
because it codes for a protein), this could
lead to a reduction in cytosine deamination
and an increase in the G+C content in sur-
rounding areas. This might lead to an iso-
chore structure, but there is at least one
problem with this theory. Using this model,
isochores would be expected to grow, but
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there is no evidence of that; the mam-
malian isochore structure seems to have
been stable since the mammalian radiation,
except in rodents®,

Selection. Giorgio Bernardi — one of the origi-
nal discoverers of isochores**® — has argued,
using various evidence, that isochores are the
consequence of natural selection. Although
there is little evidence against this possibility, it
raises the difficult question of why natural
selection should be acting on millions of base
pairs of non-coding DNA. The leading

hypothesis is that selection is acting upon the
thermal stability of DNA, because (G+C)-rich
DNA tends to be more thermally stable than
(A+T)-rich DNA, and the two main groups of
organisms that have (G+C)-rich isochores —
birds and mammals — are HomeoTHERMS With
high body temperatures®. However, the precise
relationship between body temperature and
genomic base composition has not been stud-
ied in detail. Although most fish, amphibians
and reptiles show little evidence of large-scale
variation in composition®, some reptiles, such
as the Nile crocodile and the red-eared slider

Glossary

ALU ELEMENT

A dispersed, intermediately repetitive, 300-bp DNA
sequence, ~1,000,000 copies of which exist in the human
genome.

BIASED GENE CONVERSION

(BGC). Gene conversion is a non-reciprocal recombina-
tion process that causes one sequence to be converted
into the other. BGC is when the two possible directions
occur with unequal probabilities.

BOUNDARY (ISOCHORE)

A genomic region in which base composition
changes markedly between regions of homogeneous
composition.

CODON USAGE BIAS

Unequal frequencies, in a protein-coding sequence of
DNA, of the alternative codons that specify the same
amino acid.

CYTOSINE DEAMINATION

The reaction of a water molecule with the amino-group
on position 4 of the pyrimidine ring of cytosine, which
results in the conversion of cytosine to uracil. The deam-
ination of methyl-cytosine converts cytosine to thymine.

DIRECTIONAL SELECTION
Natural selection that acts to promote the establishment
of a particular mutation.

EFFECTIVE POPULATION SIZE

(N,). The size of a population as determined by the
number of individuals who contribute to the next gener-
ation. N, is related to, but never exceeds, the actual pop-
ulation size (N).

FIXATION (ALLELE)
When an allele replaces all other alleles in a population,
so that its frequency is equal to one (100%).

GENETIC DRIFT

The random fluctuation that occurs in allele frequencies
as genes are transmitted from one generation to the next.
This is because allele frequencies in any sample of
gametes perpetuating the population might not repre-
sent those of the adults in the previous generation.

HETERODUPLEX DNA
A double-stranded DNA molecule (or DNA-RNA
hybrid), in which each strand is of a different origin.

HOMEOTHERM
An organism that uses cellular metabolism to stabilize its
own body temperature.

HOMOLOGOUS RECOMBINATION

The process by which segments of DNA are exchanged
between two DNA duplexes that share high sequence
similarity.

LINE ELEMENT
Long, interspersed sequences, such as L1, generated by
retrotransposition.

NEUTRAL MUTATION
A mutation that is selectively equivalent to the allele
from which it arose.

PARALOGUE
A locus that is homologous to another in the same
genome.

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.

SILENT CODON POSITION

One at which a nucleotide change is not
accompanied by an amino-acid change in the
translation product.

SINE ELEMENT
Short, interspersed, repetitive sequences, such as Alu
elements, generated by retrotransposition.

SUBSTITUTION

A mutation that has become fixed and, therefore,
shows a sequence difference between orthologous sites
in different species.

SYNONYMOUS CODON
One at which a nucleotide change does not alter the
amino acid encoded.

SYNONYMOUS SUBSTITUTION RATE
The number of synonymous changes per synonymous
site.

TRANSITION

A point mutation in which a purine base (A or G) is
substituted for a different purine base, and a pyrimidine
base (C or T) is substituted for a different pyrimidine
base; for example, an AT - GC transition.

TRANSVERSION

A point mutation in which a purine base is substituted
for a pyrimidine base and vice versa; for example, an
AT - CG transversion.
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turtle, which represent two highly diverged
reptile lineages, show marked variation in GC,
values®. Furthermore, the GC, values of these
reptiles are correlated to those of homologous
genes in chicken, which indicates that they
are likely to have isochores, just as birds do,
because there is a correlation between GC, and
isochore G+C content in birds®. Interestingly,
genomic G+C content and mean GC, are not
correlated to optimal growth temperature in
bacteria (when the relationships between bac-
teria are accounted for), which shows that high
G+C content is not a prerequisite for coping
with high temperature®,

Bernardi and colleagues have argued that
isochores are a consequence of selection
because genes in the (G+C)-rich isochores
yield proteins with different amino-acid com-
positions'® and hydropathies* to those in the
(G+C)-poor isochores; both features seem to
be a consequence of the correlation between
isochore G+C content and GC . The case for
selection could be argued in two ways. First,
isochores could be present to influence amino-
acid composition; however, this seems unlikely
because if a certain amino-acid composition is
advantageous then it will change, but this
should not affect the G+C content of the
sequence that surrounds the gene. Second, it
could be argued that isochores must be a con-
sequence of selection, if all the amino-acid sites
are under selection, otherwise isochore G+C
content would not affect amino-acid composi-
tion. This seems logical, but proves nothing, as
some amino-acid-altering mutations are likely
10 be NEUTRAL.

Biased gene conversion. BGC is thought to
arise during HomoLocous RecomaiNATION through
the formation of HeterobupLEX DNA. This leads
to a base mismatch if the heteroduplex extends
across a heterozygous site. These base mis-
matches are sometimes repaired by the DNA-
repair machinery, but this process tends to be
biased, leading to an excess of one allele in
gametes. For example, base mismatches tend to
be repaired to GC in mammalian cell lines®.
So, the variation in recombination rate across a
genome will cause variation in G+C content if
the rate of BGC is sufficiently high.

The suggestion that BGC might cause iso-
chore formation comes from two observa-
tions indicating that a correlation exists
between the rate of recombination and G+C
content. First, there is correlation between the
frequency of recombination and G+C con-
tent both between and within human chro-
mosomes**#4142 Second, sequences that have
stopped recombining are either declining in
G+C content, or have a lower G+C content
than their recombining paraLoGuUES™.
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But these observations do not establish
causation and there are at least two problems
with the BGC hypothesis: parameter sensitiv-
ity and the GC, values of some Y-linked
genes. The effect of BGC on base composi-
tion is highly dependent on the errecTive pop-
uarion size (N,); if two species differ by as lit-
tle as tenfold in their effective population
sizes, the effect of BGC could be undetectable
in the species with the lower N, owing to the
effects of cenetic prirT, but could convert
every site not under selection to G or C in the
species with the larger N However, although
mammalian effective population sizes seem
to vary by at least an order of magnitude (P.
Keightley and A.E.-W., unpublished data),
there is little apparent variation in isochore
structure; almost all mammals, except
rodents®, have isochores of similar composi-
tion, a pattern that seems not to have altered
since the principal mammalian groups
diverged from one another®. Second, the
GC, values of some human genes that have
been Y-linked (and therefore not recombin-
ing) for over 100 million years are high. For
example, the human SRY (sex-determining
region Y) gene has a GC, value of 60%,
which is close to the average GC, value of
human genes (~61%)°. This indicates that
BGC is the sole cause of neither synonymous
copoN bias in humans nor, by inference, base
composition bias.
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“...genomes, like organisms,
have an anatomy. But is this
anatomy the consequence
of selection, or is it a by-
product of another cellular
process?”

The observations

So far, we have considered the three main
hypotheses proposed to explain the forma-
tion of isochores and the evidence that is per-
tinent to them. \We now turn to several obser-
vations that seem to have the potential to
differentiate between these three hypotheses,
but that have generally failed to do so.

Pattern of substitution. It has been shown that
pseupocenes and repetitive DNA elements have
a substitution pattern that matches the compo-
sition of the genomic region in which they
appear**, For example, Francino and
Ochman*® recently showed that an a-globin
pseudogene located in a (G+C)-rich part of
the genome had a (G+C)-biased substitution
pattern, whereas a 3-globin pseudogene, locat-
ed ina (G+C)-poor region of the genome, had
an (A+T)-biased substitution pattern. It
has been argued that, as pseudogenes are not

L1
Old Alu
—ac— Young Alu

0.0 \ \ \ \ \

0-36 36-38 38-40 40-42 42-44

T T T T T T
44-46 46-48 48-50 50-52 52-54 >54
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Figure 3 | The density of Alu and L1 elements in the human genome. The density of young Alu

(<1 million years (Myr) old), old Alu (60-100 Myr old) and L1 (<65 Myr old) elements in the human genome,
relative to the average density of Alu and L1 elements, separated according to the G+C content of the

50 kb that surrounds each element. Data derived from REF. 1.

subject to selection, variation in the pattern of
substitution reflects variation in the pattern of
mutation and, therefore, that isochores are a
consequence of mutation bias*“¢, However,
this analysis only shows that the data are con-
sistent with mutation bias; the authors assume
that pseudogenes are not subject to selection
(or to BGC) to deduce that isochores are not
subject to selection (or to BGC). Yet pseudo-
genes are in isochores, so if isochores are under
selection (or BGC), so are pseudogenes. In fact,
the variation in the pattern of substitution in
pseudogenes is consistent with mutation bias,
selection and BGC; (G+C)-rich parts of the
genome must have a (G+C)-biased substitu-
tion pattern or they will become (G+C)-poor,
just as (A+T)-rich parts of the genome must
have an (A+T)-biased substitution pattern.

Single nucleotide polymorphisms. Although
the pattern of substitution does not yield any
insight into the evolution of isochores (except
to establish that they are at equilibrium), the
pattern of mutations that segregate in a species
is much more informative and can be investi-
gated using the large amount of single
nucleotide polymorphism (SNP) data that
have recently become available. In mam-
malian MHC genes and human genes in gen-
eral, it has been shown that an excess of new A
or T mutations segregate at sites that were
ancestrally G or C (GC — AT mutations), com-
pared to new G or C mutations that segregate
at sites that were ancestrally A or T (AT - GC),
at both synonymous sites or in intron
sequences'®#’. This is inconsistent with the
mutation bias hypothesis because if mutation
bias is the only factor that affects the composi-
tion of a sequence, we expect the number of
GC - AT mutations to be equal to the number
of AT - GC mutations, irrespective of the
G+C content of the sequence?®*, This seems
counter-intuitive, but the reasoning is as fol-
lows: if the G+C content of a sequence is sta-
tionary, as the substitution data indicates it to
be'># the number of GC — AT substitutions is
equal to the number of AT - GC substitu-
tions, irrespective of the forces acting on the
sequence. If there is no selection or BGC, the
pattern of substitution is a reflection of the
pattern of mutation; so, there must be equal
numbers of GC - AT and AT - GC mutations
entering the population, according to the
mutation bias hypothesis, if the composition
of the sequence is stationary. However, the
excess of GC — AT mutations that segregate in
populations is consistent with either selection
or BGC acting to increase G+C content. If
there is no mutation bias but selection or BGC
has elevated the G+C content of a sequence to
80%, then 80% of the new mutations will be
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Table 1 | Three models for the evolution of isochores*

Model

Neutral
Mutation bias

Biased gene
conversion

Selection
Non-specific cause

For

Known biases in DNA
repair can give rise to
compositional biases
in bacteria

Theoretical: isochore
evolution does not
require selective
death*

G+C content and
recombination rate
covary

Number of GC - AT
SNPs is not equal to
the number of
AT - GC SNPs

Theoretical: isochore
evolution does not
require selective death

Number of GC - AT
SNPs is not equal to
the number of
AT - GC SNPs

Against

Frequency of GC - AT SNPs
is not equal to frequency of
AT - GC SNPs

G+C content at non-
synonymous sites also
correlates with GC, and GC,,
indicating that the force
affecting GC can overcome
weak purifying selection

K, positively covaries with
G+C content

There are ancient Y-linked
genes that are (G+C)-rich

Theoretical: model is highly
parameter sensitive

K, positively covaries with
G+C content

QOverturned, previously
supportive, evidence

Claim that GC - AT
substitutions are as common
as AT - GC substitutions
proves only that sequences
are at equilibrium, not that
mutational bias is responsible

GC,>GC, is owing partly

to transposable elements in
introns; it is not necessary
to invoke local
compensatory selection

Overturned, previously
contradictory, evidence

Claim that K_ does not covary
with GC seems to be wrong
(but whether the pattern is
consistent with mutational
bias is unclear)

Claim that GC - AT
substitutions are as common
as AT - GC substitutions
proves only that sequences
are at equilibrium, not that
mutational bias is responsible.

Claim that GC - AT
substitutions are as common
as AT - GC substitutions
proves only that sequences
are at equilibrium, not that

Distribution of Alu
elements different to
L1 elements

Thermostability
hypothesis

Theoretical: if selection acts
on each GC - AT mutation,
the high number of
selective deaths could

be much higher than a
mammalian population
could tolerate

GC, does not covary with
optimal growth temperature
in bacteria

Isochore evolution might
precede the evolution of
homeothermy

mutational bias is responsible

*Evidence for and against each model is shown, as well as previous evidence that has been overturned. *Selective death is the failure to survive or breed owing to

natural selection.

GC,, G+C content of sequence that surrounds a gene; GC, G+C content of an intron; K_, synonymous substitution rate; SNP, single nucleotide polymorphism.

GC - AT, and 20% will be AT - GC. It has so
far proved impossible to differentiate between
selection and BGC using SNP data, but if we
could gather sufficient SNPs from a (G+C)-
rich part of the Y chromosome, then we could
test the BGC hypothesis.

Substitution rate and G+C content. The rela-
tionship between the synonyMous suBsTITUTION
rate (K)) and GC, is also potentially informa-
tive about isochore evolution, as whatever is
driving isochore evolution would be expected
to affect the rate of nucleotide substitution.
The latest statistical analyses, using recent

protocols that allow for cobon usAGe BiAs, as
well as for TransiTION/TRANSVERSION bias, sug-
gest that K_ is positively correlated to GC, in
most mammals**-%%. The correlation is such
that the least (G+C)-rich genes have a substi-
tution rate that is less than half that of the
most (G+C)-rich genes*-5%, A similar pattern
is also evident in pseudogenes®.

The positive correlation between GC, and
K, seems to be inconsistent with both selection
and BGC (rer.51). This is because the available
evidence indicates that if selection or BGC are
acting, then they are increasing G+C content
(see SNP section above) and we would expect

sequences under greater selective constraint to
evolve more slowly. Although selection does
not always reduce the substitution rate®, it is
difficult to see how selection or BGC could
explain the fairly pronounced increase of K
with GC,, unless there is also correlated varia-
tion in the mutation rate.

Unfortunately, the mutation bias hypothe-
sis does not make any strong predictions
about the relationship expected between the
mutation rate and G+C content. Theoretical
analyses of DNA-replication models, in which
variation in composition is generated by varia-
tion in free nucleotide concentrations, indicate
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that mutation rates are expected to reach a
maximum at intermediate G+C contents
when the overall concentration of free
nucleotides is constant>*-°, However, experi-
mental studies indicate that the mutation rate
depends on the overall concentration of free
nucleotides®-? and this effect might dominate
the relationship between K and GC, (Rer.53).
So the DNA-replication hypothesis can, in
theory, generate almost any relationship
between the substitution rate and G+C con-
tent. By contrast, the DNA-repair hypothesis
makes a clear prediction: increasing repair effi-
ciency generally decreases the mutation rate®,
but we do not know whether DNA repair is
likely to increase or decrease G+C content; the
one repair pathway for which we have infor-
mation — the repair of spontaneously arising
base mismatches — is G+C biased®, but DNA
repair is complex and other pathways might
have different biases.

Distribution of repetitive DNA. Although GC,
is strongly correlated to isochore G+C, it is
often greater than it (FIG. 2); much the same
relationship holds for GC, and intron G+C
content (GC,)°. It has been indicated that this
is inconsistent with the mutation bias hypoth-
esis'®!®, How can the pattern of mutation bias
be different in exons and introns? It would
also seem to be inconsistent with BGC for the
same reason. However, it is clear®® that we
need to take into account repetitive DNA ele-
ments in any model that seeks to explain the
relationship between GC, and isochore G+C,
because at least 40% of mammalian DNA
comprises repetitive DNA elements or their
remains®. The consequences for the mutation
bias model are relatively straightforward: the
integration of repetitive DNA elements will
tend to ameliorate the G+C content of any
region with an extreme substitution bias
because the G+C contents of the two main
families of mammalian repetitive DNA, aLu
and L1 elements, are modest at 52 and 37%,
respectively®. Such a model correctly predicts
that short introns, which are expected to con-
tain less transposable-element-derived
sequence, should be more similar to GC, (Re.
56). However, whether transposable elements
explain every difference between GC,and GC,
is unknown, not least because it is impossible
to identify old transposable elements. The
consequences of repetitive DNA integration
for the selective and BGC hypotheses is more
difficult to predict: in the case of selection, this
is because selection will act on the element
itself; and in the case of BGC, because we do
not know whether BGC will act to increase or
decrease the frequency of an element in the
population.

“The question of why there
Is large-scale variation in
base composition along
mammalian and avian
chromosomes is far from
resolved because none of
the available hypotheses
adequately explains all

the data.”

Given that a large proportion of the
human genome is repetitive DNA in various
states of decay, the evolution of these
sequences and their genomic localization
should provide some information about the
forces that give rise to isochores. The muta-
tion bias and BGC hypotheses do not make
clear predictions; however, the selective
hypothesis predicts that the pattern of
repetitive DNA integration and fixation
should be different if selection is acting on
base composition. This prediction seems to
be met by the distribution of Aluand L1 ele-
ments; these elements are believed to share a
common integration pathway with a prefer-
ence for (A+T)-rich integration sites®-5,
but the distribution of Alu elements is
biased towards (G+C)-rich DNA compared
to that of L1 elements®5"#! (riG. 3). This pat-
tern is particularly evident for old Alu ele-
ments, which might have become enriched
in the (G+C)-rich regions through higher
rates of deletion and decay in the (G+C)-
poor regions of the genome®®76L, However,
there is a clear difference in the distribution
of even the youngest Alu elements
compared to L1 elements?.

Concluding remarks

The question of why there is large-scale varia-
tion in base composition along mammalian
and avian chromosomes is far from resolved
because none of the available hypotheses ade-
quately explains all the data (see TABLE 1 for a
summary of this evidence). The excess of
GC - AT mutations that segregate in mam-
malian populations seems to be evidence
against all mutation bias hypotheses, whereas
the high GC, values of some Y-linked genes
and the positive correlation between K and
GC, seems to be evidence against the BGC
hypothesis. The BGC model is also parameter
sensitive. Yet it is unclear whether selection can
explain the relationship between K and GC,,
and it leaves some important questions to be

answered. What is selection acting on? Could
selection be strong enough to act in organisms,
such as humans, that have very small effective
population sizes? And how would mammals
cope with the mutation load imposed by selec-
tion on large numbers of sites, especially when
the deleterious mutation rate in their protein-
coding sequences is so high®26%? Given these
unanswered questions and the evidence
against the mutation bias hypothesis from the
SNP data, we believe that BGC is probably the
most likely cause of isochores.

Despite the limited progress towards an
understanding of isochore evolution, we now
have a set of well-established observations
that any hypothesis must explain: the excess
of GC - AT mutations, the positive correla-
tion between K_and GC,, and the distribu-
tion of repetitive DNA. Furthermore, the col-
lection and analysis of several types of new
data is likely to be very informative; for
example, SNP data from the Y-chromosome
will allow us to test the BGC hypothesis,
whereas information about the G+C content
of sequences that flank polymorphic and
fixed repetitive DNA elements will allow us
to test the selection hypothesis.
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SCIENCE AND SOCIETY

Molecular metaphors: the gene

In popular discourse

Dorothy Nelkin

Geneticists deploy a striking range of
metaphors to communicate their science,
to promote its value and to suggest its
social meaning to the public. So too,
critics of science and special interest
groups use metaphorical constructs to
express their concerns about the
implications of the ‘genetic revolution’.
Through metaphors, genetics can seem a
source of salvation or a means of
exploitation, a boon to health or a source
of risk. This paper is a critical review of the
metaphors used to communicate genetic
information to the public.

“There’s a metaphor contest going on™

Harold Varmus, former Director
of the National Institutes of Health

The human genome is “like the torn pages of
a giant novel, written in an unknown lan-
guage, blowing about helter skelter in an air-

conditioned,
Houston’s Astrodome™?.

enclosed space such as
The scientists

involved in mapping and sequencing the
genome, so this extended metaphor implies,
will capture all these pages, put them in prop-
er order and analyse the meaning of the
resulting text.
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