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Is there a limit to the number of genes carried by an organism?

Two reasons have been. First, as most mutations are delete-
rious, for a given per locus mutation rate there must exist an
upper limit to the number of genes that is consistent with
individual survival. Second, the imprecision of the mechanisms

governing gene expression might also restrict genomic com-
plexity. As gene expression errors are probably much more
common than mutations, it is the latter that are more likely to

impose a limit. However, these errors are not heritable and
therefore cannot accumulate in populations. Which of the two
sorts of e�ect are more likely to impose a limit? We address this

issue in two ways. First, we ask about the load imposed by each
sort of error. We show that the harmful e�ect of non-heritable
failures is higher than that of heritable mutations, if p ´ d > l,
where p is the rate of non-heritable failures, d measures the
harmful e�ect of these failures and l is the rate of heritable
mutations. Therefore, although the rate of non-heritable errors

might be very high, this does not demonstrate that they are

more important than mutations as their impact must be
discounted by the strength of their e�ects. Further, we note
that both theory and evidence suggest that the most common
errors are of the least importance. Second, we discuss the

population genetics of a new gene duplication. Previous
attempts to make a connection between error rates and limits
on gene number are based on group selection arguments. These

fail to show a direct limitation on the spread of gene
duplications. We note that empirical evidence indicates that
duplication per se tends to result in expression errors that may

be heritable. We therefore argue that a hybrid model, one
evoking heritable expression errors, is likely to be the most
realistic.
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Introduction

Although the issue of progress is an ambiguous concept in
evolutionary biology, it is hard to deny that some lineages have
become more complex during evolution. One possible measure

of complexity is the number of functionally distinct genes.
There exists considerable variation between organisms in gene
number. Although there are certain exceptions, it is generally
true that eukaryotes have more genes than prokaryotes, and

multicellular organisms have more genes, than unicellulars
(Miklos & Rubin, 1996). How can we understand the evolu-
tion of this apparent increase in genomic complexity over time?

Such an increase is by no means inevitable. Evolution by
natural selection does not predict a general increase of
complexity: adaptation to local environmental conditions

can be ful®lled by loss or gain of new genes, functions or
morphological structures. The reduced genome of numerous
parasitic and endosymbiotic species being a case in point (e.g.

Charles & Ishikawa, 1999; Fukuda et al., 1999).
According to the most widely accepted scenario, increased

gene number arises as a by-product of local adaptation. For
example, eukaryotes have a chromosome segregation mech-

anism that enables the replication of DNA to start at many
points simultaneously, compared with the single origin in

prokaryotes. As a by-product, these changes also enabled the
increase of genome size (Cavalier Smith, 1985; Maynard Smith
& SzathmaÂ ry, 1995). Similarly, the acquisition of mitochondria

in early eukaryotes may have also reduced the energetic limits
on genome size (Vellai & Vida, 1999).

While these sorts of forces might a�ect genome size, they do

not necessarily impose limits on gene number. Further, neither
of the above forces can explain the variation in gene number
within eukaryotes (Cavalier Smith, 1985). Two hypotheses
have been presented to suggest that gene number might be

limited. Limits to the amount of functional DNA may be
imposed by the accumulation of harmful mutations or by
inappropriate gene expression.

There are a large number of related arguments suggesting
that harmful mutations might impose a strict limit on the
maximum number of genes. One type of argument emphasizes

the impossibility of preserving the non-mutant (master)
sequence with growing information content. Some theoretical
models (Eigen, 1971; Maynard Smith, 1983; Higgs, 1994) show
that if the genomic mutation rate exceeds a critical value, then

selection cannot prevent the accumulation of harmful muta-
tions, even under in®nite population size. The consequence of
this error threshold is the limit it sets on gene number. How-

ever, these models assume very speci®c interactions between
mutations. All mutant variants are considered to have lower
®tness, which is the same for all of them, irrespective of the*Correspondence. l.d.hurst@bath.ac.uk
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number of mutations. It has been also shown that the
conclusions of these models cannot be generalized to arbitrary

interactions between mutations (Charlesworth, 1990): the error
threshold phenomenon arises only under diminishing epistasis,
which is rarely observed in extant organisms. Hence, there is

no obvious biological justi®cation of the error threshold
concept.

Another argument concentrates on the loss of mutation free

variants under the combination of mutation pressure and
genetic drift. With a given accuracy of replication and a
growing number of genes, the genomic mutation rate also
increases. Under ®nite population size, the enhanced genomic

mutation rate may accelerate the accumulation of harmful
mutations (Muller, 1964). This e�ect is even stronger if the
decline in population ®tness decreases the population size,

which in turn facilitates the spread of harmful mutations
(Lynch et al., 1993). It is important to note that the accumu-
lation of harmful mutations is irreversible in asexual popula-

tions, while recombination may recreate mutation-free
genotypes. Hence, it is possible that sexual reproduction may
enable the maintenance of a higher number of genes (Hurst,

1995).
If an error threshold places an upper limit on genomic

complexity, we should expect to ®nd an inverse relationship
between gene number (or more precisely functional DNA

content) and the per base pair mutation rate. Although this
analysis has not been done precisely, Drake (1991) found that
genome size and the per base pair mutation rate were

negatively correlated in a wide range of unicellular organisms.
If we suppose that for the organisms investigated there exists a
positive correlation between gene number and genome size (as

seems likely given that these organisms have little junk DNA),
then the prediction holds. These data support the idea that
gene number cannot increase inde®nitely without a compen-
satory reduction in the per base pair mutation rate. If such

compensation cannot occur inde®nitely then mutations will
impose a limit on gene number.

However, genetic errors alone are unlikely to explain all of

the variation in gene number. The e�ective genomic mutation
rate, which measures the total mutation rate in coding regions,
is usually several orders of magnitude higher in plants and

animals than in microbial eukaryotes (Drake et al., 1998). But,
contrary to obvious expectations, it is the latter that have fewer
genes. One possibly way to reconcile theory and data is if we

assume that sexual processes occur much more frequently in
higher organisms (Hurst, 1995). Unfortunately, much more
data would be necessary to resolve this issue.

Furthermore, vertebrates have extensive DNA-methylation,

which is potently mutagenic, while also having more genes
(Holliday & Grigg, 1993; Smith & Hurst, 1999). That
vertebrates have extensive methylation ®ts much better with

Bird's hypothesis (Bird, 1995) that the sustainable number of
genes might be intrinsically hampered by the imprecision of
biochemical mechanisms governing gene expression. He con-

sidered the fact that these failures occur at a much higher rate
than genetic mutations as support for his theory. Such errors
are, however, not heritable and therefore cannot accumulate in
populations.

Are these two sources of error equally likely to a�ect the
evolution of gene number or is one intrinsically a much

stronger force than the other? In this review we address this
question by examining two issues. First, does the fact that gene
expression failures cannot accumulate across generations mean

that they are less important than heritable mutations? Second,
when one asks about limits to genomic complexity, all previous
analyses have been group selective. For example, they point

out that a population with more genes can have a higher
chance of extinction if the mutation rate is not adjusted
accordingly. But, to understand limits on genomic complexity,
we should address the issue by asking about limitations to the

spread of a new gene as it enters the population. Therefore we
shall ask whether mutations or gene expression errors have an
immediate impact on the probability of the spread of a new

gene. First, however, we shall discuss in more detail the forms
of non-heritable errors.

The plethora of non-heritable errors

According to Bird (1995), the source of imprecision is that the

gene is activated or silenced at the wrong time or place.
However, even if genes are activated and silenced at the
appropriate time, it still does not guarantee successful func-
tion: wrong gene products may arise during protein biosyn-

thesis or protein folding (Wickner et al., 1999). Furthermore,
although we do not have any clear estimates, it is reasonable to
suppose that translocation of proteins across membranes,

transport processes within cells (Ellgaard et al., 19991 ) and cell±
cell signalling mechanisms are also error-prone (Krakauer &
Pagel, 1996). We can approximately classify non-heritable

errors as failures during gene regulation and protein biosyn-
thesis.

Gene regulatory failures

Besides errors during biosynthesis, inappropriate gene expres-
sion might arise due to failures of gene silencing. The activities

of vast numbers of genes are restricted to particular tissues
and/or particular times within the cell cycle. Thus many of the
genes are activated only in given cell types at given times.

Inappropriate transcription seems to be especially danger-
ous to complex multicellular organisms. Estimates of gene
number in vertebrates are between 70 000 and 100 000, while

no other non-vertebrate organism has been found to exceed
25 000 genes. Because the gene number coding for housekeep-
ing functions are very similar in invertebrates and vertebrates
(Bird & Tweedie, 1995), most of the surplus genes in

vertebrates are most likely to be cell or tissue speci®c.
Accordingly, the ratio of cell speci®c and housekeeping genes
has changed dramatically during the evolution of vertebrates.

Therefore, only a small fraction of the total number of genes is
expressed in any vertebrate cell type, whereas in invertebrates
most of the genes are actively expressed (Bird & Tweedie,

1995).
While detailed estimates of rates of inappropriate expres-

sion are hard to come by, it is very reasonable to suspect that
gene silencing mechanisms are error-prone. Gene expression
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seems to have intrinsically stochastic components (Ko, 1992;
McAdams & Arkin, 1999). Many regulatory molecules act at

very low concentrations, resulting in ¯uctuations (noise) in the
reaction rates. It is possibly this sort of stochasticity that
explains why, even under uniform experimental conditions

clonal populations of bacteria show a considerable degree of
variation. Although gene expression failures are not heritable
in the sense that they are not usually transmitted from parent

to o�spring, some can be transmitted through cell cycle events.
During development, genes are turned on and o�, and the
expression patterns of di�erentiated cells are passed through
during cell division. DNA-methylation is one means by which

this control is exercised and seems to be especially important in
some (but not all) complex multicellular organisms (Regev
et al., 1998). Owing to the huge number of CpG sites in

vertebrate genomes either methylated or unmethylated, the
possible combinatorial patterns of DNA-methylation is enor-
mous. Even if a small fraction can occur by chance events, and

only a tiny part of them can actually in¯uence gene regulation,
it might still provide substantial variation within an individual
(Jones & Laird, 1999).

Failures during protein biosynthesis

Even if the gene is activated and suppressed at the right time

and place, plenty of errors can occur during transcription and
translation. Expression errors can occur any time between
transcription and activity of the ®nal protein product. For

example, there might be substitution of one amino acid for
another, failure to complete a full-length version of mRNA or
protein, frameshift errors and readthrough of a stop codon

(Parker, 1989; Ninio, 1991). All are known to occur at
appreciable rates. Moreover, even if we have the right protein
sequence at the right time, it is still uncertain whether it can
reach its active conformation. Large multidomain proteins

have much di�culty in reaching their native structure. Aggre-
gate prone intermediate structures may arise during synthesis,
at points of translocation across membranes and during times

of stress (Ellgaard et al., 1999). Molecular chaperones play a
pivotal part in the shifting the balance away from aggregation
to proper folding (Nathan et al., 1997).

Which are more important: heritable
or non-heritable errors?

There seem to be many di�erent sorts of non-heritable errors,

some of which may be quite frequent. Some errors can also be
propagated through cell division. For these reasons one might
suppose that non-heritable errors are of great importance.

However, the changes that are heritable through the cell cycle
are mostly reset in the germ line, and, like the gene regulatory
errors, cannot accumulate over generations. Does the fact that
they cannot accumulate across generations mean that they are

less important, or does the fact that such errors occur at a high
rate make them more important? In the following we compare
the harmful e�ects of heritable and non-heritable failures. The

population genetic consequences of harmful mutations are
well-known in the literature (e.g. Crow & Kimura, 1970).

Consider a haploid locus with two di�erent alleles: the wild-
type allele will be denoted by (A), which may mutate to a

defective allele (a), at a small rate l (we neglect the probability
of back mutations). The relative ®tnesses are WA� 1 and
Wa� 1 ) s, respectively (l < s). Using standard population

genetic framework it is straightforward to see, that at
equilibrium the frequency of the deleterious allele is l/s and
the mean ®tness of the population is 1 ) l.

Consider a genome of L loci. Each mutant gene reduces the
®tness of the genome by a factor of 1 ) s.We shall assume that
the ®tness of a genotype with i mutations is Wi� (1 ) s)i. The
equilibrium frequency of a variant with i mutations under

mutation-selection equilibrium yields

xi � L
i

� �
l
s

� �i
1ÿ l

s

� �Lÿi

and the mean ®tness of the population is

�W �
XL

i�0
xiWi � �1ÿ l�L � expfÿlLg �1�

These results are simple manifestations of the Haldane±Muller
principle: under multiplicative ®tness the mean ®tness at

mutation±selection equilibrium is independent of the strength
of selection against mutations (Crow & Kimura, 1970). The
higher ®tness reduction they cause, the lower frequency they

are present in the population, and these two factors exactly
o�set each other.

Consider now the e�ects of non-heritable gene expression

defects. Notably, theoretical work on somatic mutations (see,
e.g. Orr, 1995) is applicable equally to expression errors as
both cannot accumulate across organism generations. Let each

locus have a non-heritable error probability p, and an e�ect on
®tness d. Assuming that errors occur independently at di�erent
loci, the mean ®tness of the population subjected to non-
heritable errors is,

�W �
XL

i�0

L

i

� �
pi�1ÿ p�Lÿi�1ÿ d�i

� �1ÿ pd�L � expfÿpdLg �2�

In this case, the population ®tness depends not only on the

frequency of failures ( pL), but also on the intensity of selection
(d). This is due to the fact that non-heritable failures cannot be
passed on to o�spring causing multiple generation damage.

Using (1) and (2), it is straightforward to see that the non-
heritable failures have a higher impact than deleterious
mutations if

pd > l �3�

If the rate of non-lethal non-heritable errors and heritable
mutations is the same ( p @ l, d < 1), than slightly deleterious
mutations will have a more serious e�ect due to their
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accumulation in the population. Even if the rate of non-
heritable errors is much higher than the rate of heritable

mutations ( p » l), it still does not guarantee a higher load on
the population: the harmful e�ect of non-heritable failures
must also be high. The issue is hence an empirical one, and we

review what is known in the following section.

The rate and ®tness effect of non-heritable errors

In contrast to the fairly good estimates on mutation rates
(Drake et al., 1998), we have few clear data about the per locus
error rate ( p) and the harmful e�ects (d) of non-heritable

failures.
Advocates of non-heritable errors could point to the

observation in wild-type bacteria that 30% of the proteins

of a given gene are as truncated (Kurland, 1992). Alterna-
tively, one might note the high rates of transcriptional and
translational failures in bacteria (Parker, 1989). Trancrip-

tional errors occur at a rate 10)5 per codon. The mis-sense
frequency of translational errors in bacteria range between
5 ´ 10)5 and 5 ´ 10)3 per codon (Parker, 1989). Some new

®ndings support the idea that no inactive genes are truly silent
and that illegitimate transcription occurs in large numbers of
somatic cells (Chelly et al., 1989). There are inappropriate
transcripts of a given gene in every 104 mammalian cells. Even

such an e�ective gene silencing method as DNA-methylation
is error-prone. Some recent work (e.g. Rougier et al., 1998)
indicates that chromosome demethylation in mammalian

somatic cells occurs with each DNA replication. Methylated
cytosines are passively demethylated during cell divisions,
leading to the expression of unwanted genes (Rougier et al.,

19982 ).
But what are the e�ects on ®tness? As regards the harmful

e�ects of non-heritable errors, we might make one generaliza-
tion, namely the more downstream the e�ect the less damaging

it will be. For example, the potential impact of transcriptional
error is higher than translational error because usually a large
number of proteins are produced from the same transcript.

Likewise, gene silencing failure is likely to be more important
than mistranscription, because gene silencing failures can
propagate through somatic cell division. Any errors speci®c to

the protein once formed are likely to be of less importance as
only one protein molecule will be a�ected. Therefore, the fact
that mistranslation goes on at such a high rate (compared with

mutation) is not itself enough to indicate that such errors are
of importance. The most damaging errors are then likely to
be gene silencing failures that are propagated through cell
divisions.

We can also note that mutations are expected to cause a
much greater loss of ®tness than non-heritable failures. This is
due to the fact that no error-free gene product can arise from a

mutant gene. Take the above-mentioned example that 30% of
the proteins of a given gene are truncated. It is reasonable to
suppose that for normal functioning, the cell needs a critical

number of error-free gene products, and the surplus number
can be non-functional variants without serious ®tness conse-
quences. As support for this idea, eukaryotes are generally less
sensitive to decreased gene dosage. In diploid organisms, most

of the deleterious mutations are recessive, probably as a

physiological consequence of metabolic pathways (Kacser &
Burns, 1981). Similarly, Orr (1991) found that arti®cially

constructed diploids from typically haploid organisms tend to
display dominance. Therefore, in most cases even a 50%
decrease in the amount of a protein causes only a small

reduction in ®tness.
However, we do not wish to suggest that all non-heritable

errors are of minimal importance. Proof-reading (Parker,

1989; Ibba & SoÈ ll, 1999) and surveillance (Culbertson, 1999)
mechanisms are used throughout protein biosynthesis.
A variety of quality control mechanisms (e.g. chaperones,
proteases) are known to operate to remove and to repair

misfolded proteins. The presence of these energetically costly
mechanisms suggests that intense selection has acted against
non-heritable errors. Furthermore, the failure of proper

functioning of these systems can lead to protein aggre-
gation associated with prion and amyloid diseases (Prusiner,
1998).

The evidence for a relationship between methylation defects
and cancer also suggests that gene silencing failures can have
serious ®tness consequences (see Holliday, 1990; Jones &

Gonzalgo, 1997). Numerous promoters of tumour-suppressor
genes are hypermethylated (reviewed in Jones & Laird, 1999),
and some transformed mammalian cells show global hypo-
methylation. Further, some tumours have variable pheno-

types. In some cases they can switch to a near-normal state, a
®nding that is very hard to explain with the mutation theory.
Recently, it has also been demonstrated that a large number of

human cancer cells (like Wilms' tumour) show heterogeneous
expression of imprinted genes (Cui et al., 1997). The theory
that gene silencing failures may initiate cancer progression is

consistent with these experimental ®ndings.
Non-heritable errors might also explain some of the decline

of performance associated with ageing. For example, the
inactive X chromosome frequently becomes reactivated in

ageing mice (Brown & Rastan, 1988). More generally, spon-
taneous loss of methylation with age seems to be a general
property of somatic cells (Catania & Fairweather, 1991).

To summarize, while some non-heritable errors might be
very damaging and some might be very common, it appears
that common ones are of little e�ect and damaging ones are

rare. Simply noting that some errors are very common is not
then enough to substantiate a strong e�ect. At the moment,
parameter estimates are too crude Ð even within orders of

magnitude Ð to know whether pd > l.

Evolution of error rate

The fact that some downstream errors are common is not
convincing evidence that non-heritable errors are of great
importance. A priori, if an error type were very damaging,

then we should expect selection to favour modi®ers that reduce
the rate of such errors. Modi®er genes that reduce error rates
may be favoured by selection, even if there is a physiological

cost associated with enhanced ®delity. A simple mathematical
model can clarify the favourable conditions for invasion.

Consider a population subjected to non-heritable errors
with parameters p and d. Consider a rare modi®er that reduces

the error rate to p¢ ( p¢ < p). Individuals with the modi®er
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su�er of increased physiological cost. We assume that the
expected ®tness of the modi®er is given by,

WM � expfÿcg
XL

i�0

L

i

� �
�p0�i�1ÿ p0�Lÿi�1ÿ d�i

� expfÿcÿ p0dLg; �4�

where the constant c measures the physiological cost associ-
ated with the modi®er. The rare modi®er can invade the
population, if

�W < WM

Using (2) and (4), invasion occurs if,

c < �p ÿ p0�dL: �5�

Thus, we can conclude that the modi®er can spread more

easily if the net e�ect of errors on ®tness (pd) is high.
Therefore, we might expect that the least damaging errors are
those that occur most frequently. In support of this trend are
the data suggesting that gene silencing errors, while more

serious than errors during protein biosynthesis, occur at a
lower rate (Holliday, 1987; Jablonka & Lamb, 1995).

That selection has acted on the rates of such errors is

supported by the ®nding that organisms appear to trade-o�
translational accuracy and replication speed: hyperaccurate
ribosome mutants show slower growth rates (reviewed in

Kurland, 1992). Note, however, that mutants with increased
mis-sense substitution rate display highly decreased growth
rates (Kurland, 1992).

In organisms with a limited number of somatic cell
divisions, the danger of gene regulatory defects are expected
to be much lower (Regev et al., 1998) than the danger in
organisms with extensive somatic cell turnover. Therefore, in

organisms with a short life span and little cell turnover, the
maintenance of gene activity pattern during repeated rounds of
cell divisions does not rely so much on DNA-methylation

(Jablonka & Lamb, 1995). Accordingly, selection has reduced
or even eliminated the genes responsible for DNA-methyla-
tion. The fact, that the presence of DNA-methylation in

metazoa correlates with the amount of somatic cell turnover
(Regev et al., 1998), supports the idea that investment into the
control of gene expression is a function of the net costs of
illegitimate expression.

Besides increasing the ®delity of protein biosynthesis, there
is another special way to achieve a reduced frequency of gene
expression errors. In contrast to the elimination of mutant

genes, the degradation of erroneous gene products can lead to
lowered net e�ects of errors. For example, RNA-surveillance
mechanisms prevent the translation of truncated mRNA

sequences, with the result that they are rapidly degraded
(Culbertson, 1999). Further, a variety of control mechanisms
operate during the transportation of proteins across mem-

branes. Only proteins with an adequate folding structure can
pass the stringent sorting process, misfolded variants are
eliminated by proteases (Wickner et al., 1999).

We would also like to point out, that some of the
mechanisms against non-heritable errors have presumably

evolved even at the cost of an enhanced rate of mutation. As
mentioned in the introduction, although DNA-methylation is
an e�cient gene silencing mechanism, it is also known to be

mutagenic. However, there is also evidence that functionally
intact mutant proteins with minor structural de®ciencies
are sometimes retained in the endoplasmic reticulum (ER).

A number of inherited disorders are known to be due to
mutant proteins aggregating in the ER (for references see
Ellgaard et al., 1999).

Constraints on genomic complexity

Population-based arguments are not suf®cient

There are a large number of related arguments suggesting that
harmful mutations might impose a limit on the maximum

number of genes (see Introduction). All of these are based on
group selective arguments. They emphasize either the impos-
sibility of preserving the non-mutant sequence or the decline of

mean ®tness of the population with growing information
content. However, these arguments neglect the problem
whether any direct limitation exists on the spread of function-
ally new genes.

It is generally believed that functionally new genes arise by
gene (or genome) duplication events followed by divergence.
Most of the models assume that the duplicates have originally

fully overlapping functions (but see Lewis & Wolpert, 1979). If
we accept this, mutations or gene expression errors might
theoretically pose a limit either on the spread of functionally

equivalent gene duplicates, or on the ®xation of diverged
copies. It is currently unclear whether divergence is driven
by rare advantageous (Ohno, 1970), or by complementary
degenerative mutations (Force et al., 1999). Therefore, we

concentrate on the possible limits on the ®xation of equivalent
gene duplicates imposed by deleterious mutations and gene
expression failures.

Gene duplications may induce gene
expression failures

The evolutionary mechanisms for the spread of gene
duplicates are largely unclear. It has often been argued that

duplicates are favoured by selection because they can mask
harmful mutations. However, mathematical models (e.g.
Clark, 1994) have shown that the selection pressure for the
preservation of gene duplicates is extremely weak and a

duplicate can be favoured by selection only if it provides
some direct advantage. Others propose (Nowak et al., 1997)
that genetic redundancy is an adaptation against non-

heritable developmental errors.
However, the very act of copying is likely to interfere with

the gene expression pattern. Gene duplications mostly do not

copy all the cis-regulatory regions. Therefore, even if dupli-
cated genes are clustered in a speci®c genomic region, it still
does not guarantee co-ordinated gene expression of the new
copy. At the most extreme, a retroposed gene is very unlikely

to insert near an appropriate 5¢ promoter sequence. Any
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movement within the genome has the potential to disrupt
promoter elements, alter chromatin, etc. Several experimental

®ndings suggest that for correct regulation a given gene must
integrate at sites favourable for transcription (e.g. Kioussis &
Festenstein, 1997).

There is also direct evidence for the harmful e�ects of gene
duplications. There are some data suggesting that gene
duplicates Ð either clustered or tandem Ð can perturb the

chromatin structure, leading to uncontrolled gene expression
in somatic cells. It has long been known that the increased
copy number of both transgenes (Heniko�, 1998) and endo-
genous sequences (Selker, 1999) can lead to heterochromatin

formation and to reduced gene expression. The phenomenon
(often cited as repeat induced gene silencing) seems to be a
general phenomenon: it has been detected in fungi (Selker,

1997), plants (Kooter et al., 1999), invertebrates and mammals
(Heniko�, 1998). Sometimes silencing occurs only when the
gene is locally repeated. However, in a large number of cases

long-range interactions between dispersed copies can also
induce heterochromatin formation.

Sometimes, duplicates seem to increase the rate of expres-

sion errors rather than disrupting gene expression in all cells of
the organism. For example, transgene arrays in vertebrates
and Drosophila often show unpredictable levels of expression:
the phenotype consists of a random mixture of fully expressed

and silenced somatic cell clones (Martin & Whitelaw, 1996).
A proportion of cells stochastically silences the transgene,
similarly to position e�ect variegation (Kioussis & Festenstein,

19973 ). Remarkably, these changes can also propagate through
somatic cell divisions. It appears, therefore, that expression
errors are likely to be associated with gene duplications, by

whatever mechanisms.
It should be recognized that some expression errors are

likely to be heritable errors. Indeed, one might consider that
the strongest hypothesis for the limitation on gene number is a

hybrid of the two usually posed. Heritable expression errors
are not only likely to occur as a consequence of duplication,
but can accumulate.

How can gene number affect the fate
of new duplicates?

The arguments above are not enough to explain any potential
limits to gene number. More speci®cally, one needs to show

that the spread of gene duplication becomes harder and harder
as gene number increases. We can therefore complete our
scenario if we assume that genomic complexity increases either
the frequency or the harmful e�ects of errors at the new gene.

We know that duplicated genes mostly do not code house-
keeping functions, but rather speci®c transcription factors or
tissue-speci®c functions. Therefore, it is reasonable to assume

that the organisms with the higher number of these genes have
more somatic cell types, hence an increased number of target
cells for inappropriate gene expression (Bird, 1995).

It is also conceivable, that genomic complexity increases
not only the frequency but also the ®tness e�ect of gene
expression errors. Interactions between transcription factors
become more and more complicated as a gene regulatory

network is supplemented by ever more elements (e.g. Lenski
et al., 1999). In a complex network with large number of

interactions, misexpressions of transcription factors do not
remain localized, but rather they have numerous downstream
consequences. Therefore, the e�ects of misexpression are

expected to become more and more harmful as gene number
increases.

Discussion

In his in¯uential paper Bird (1995) pointed out that inappro-
priate gene silencing can have a high impact on ®tness

compared with mutations. He also stated that this would limit
the maximum number of sustainable genes. The argument was
based on the reasonable assumption that gene regulatory

failures occur at a much higher rate than mutations. We have
argued that even if the rate of non-heritable failures is much
higher than the mutation rate ( p � l), it still does not

guarantee a higher impact on the population. Slightly delete-
rious mutations cause a higher (cumulative) ®tness reduction
due to their persistence over generations under mutation-

selection equilibrium. However, the same rule does not apply
to non-heritable gene expression failures as they cannot
accumulate. Therefore, if the rate of heritable and non-
heritable failures were the same, the e�ect of the latter would

be less. Against Bird's argument is the theory that predicts that
the common types of errors will be the least deleterious.
Therefore, even establishing that some errors occur at high

rates is also not decisive. None the less, the relative importance
of heritable and non-heritable errors is still ambiguous.

Even if we accept that the non-heritable failures cause more

harm than heritable mutations, it is still unclear how load
arguments relate to any limit on gene number. All previous
attempts to make a connection between error rates and limits
on gene number are based on group selection arguments.

However, these arguments fail to show a direct limitation on
the spread of gene duplications. We argued that there could be
such a direct cost if we consider the e�ects of gene duplicates

on gene expression. For example, a duplicated gene might
often be expressed in the wrong tissue or at the wrong time.
Therefore, gene number is likely to be limited because gene

duplications may disrupt normal gene expression, and not
because of the e�ects of heritable and non-heritable errors on
the mean ®tness of the population. The fact that some lineages

have more functionally distinct genes may be explained if we
assume that these lineages can mitigate the harmful e�ects of
errors on gene expression.

Although we cannot estimate the net e�ect of non-heritable

errors, we suggest that they may be important in evolutionary
features, other than limitations on gene number, where delete-
rious mutations have been suggested to be of importance.

Several authors (Otto&Orive, 1995;Michod, 1996) have argued
that somatic cell variants during development can threaten the
integrity of multicellular organisms. These variants are assumed

to arise through somatic mutations. We propose that the model
can also work if one considers gene expression failures that can
propagate through cell divisions, as it is known that they can
have serious ®tness consequences (e.g. cancer).
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