
specificity of genomics-based protein-function prediction,
although whether specific experimental testing of protein
functionpredictionwill ever catchupwith the largenumber
of function predictions remains to be seen.
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1Institut für Genetik der Universität zu Köln, Weyertal 121, 50931 Köln, Germany
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Higher organisms have more genes and larger genomes

than simple organisms. This statement sounds almost

too trivial to ask the question: why? But there are at

least two different answers. Either there is an inherent

necessity to increase genome size when more complex-

ity is required or genome size increases because of

other reasons that then enable complexity to ‘latch on’.

Recently, an article by Lynch and Conery, which used

arguments of evolutionary population dynamics, pro-

posed that low population size leads to larger genomes.

This then provides the opportunity to generate more

complex organisms.

The analysis by Lynch and Conery [1] is an excellent
example of how important it is to keep the basic predictions
of the neutral [2] and nearly neutral theory [3] in mind if
one wants to interpret patterns of evolution. These

theories describe the statistical fluctuations in finite
populations. They emerge as a cornerstone of molecular
biology, providing themathematical framework toplace and
understand the increasing flood of sequence and genome
comparisons. Although the neutral and nearly neutral
theories have many complex statistical facets, the main
formulaearebeautifullysimple.Theycanbeviewedasbeing
analogous to formulae in physics that are based on the
statistical principles of randomly behaving single units. The
general gas theory might serve as an example (Box 1).

Meteorologists use the general gas formula to put the
large number of recorded weather data into context,
although the prediction of tomorrow’s weather is not
directly derived from it. Meterologists become more
accurate at describing large weather trends by relating
large datasets of parallel measurements to each other.
Biologists can use the formulae of the (near-) neutral
theory to describe large evolutionary trends on the basis of
the increasing number of population genetic datasets.
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Neutral evolution and scaling

Just as an ideal gas is the minimal model of a many-
particle system in physics, the neutral theory is the
minimal model for the evolution of a population. Its beauty
and strength lies in the small number of parameters:
everything depends on the effective population size Neand
the mutation rate u: The near-neutral theory includes
selective forces and adds, in the simplest cases, just one
more parameter, the selection coefficient s: Does such a
simple framework explain at least some facets of the
bewildering complexity in biological systems? Going from
the ideal gas to ever more intricate many-particle
systems, physicists have learned over the past decades
that complexity and simple rules are not a contradic-
tion in terms. Surprisingly, simple scaling theories
often emerge out of complicated systems, particularly if
they are not close to the (thermodynamic) equilibrium
of an ideal gas. The (near-)neutral theory is an
excellent example of a non-equilibrium scaling theory
in biology, and Lynch and Conery have shown how far
its consequences might reach.

One of the most important lessons of the neutral
theory is that population size matters. The smaller a
population is, the easier it is to loose or fix a given

allele by chance. The exact probability for the fixation
of a neutral allele is 1=2Ne in a population of sexually
reproducing organisms. Ohta’s nearly neutral theory
[3] shows that the selection of beneficial alleles can
only occur if the selection coefficient is . 1=2Ne: Thus,
the larger a population is, the more likely it will be
able to take advantage of small positive selection
coefficients [3,4].

The scaling parameter Neu

Lynch and Conery [1] have compiled data on population
size for numerous taxa. This is not as easy a task as it
might seem because the genetically effective population
size can not be determined by simply counting individuals.
For example, the effective population size of a single colony
of bacteria is,1, although it can contain 1012 individuals,
whereas the effective size of the human population with
,6 £ 109 individuals is 104–105 [5]. In fact, the effective
population size is again a parameter that can be inferred
from the formulae of the neutral theory. The long-term
number of segregating polymorphisms depends only on
the product of u and Ne; so it is possible to determine at
least the composite parameter Neu by measuring poly-
morphisms in a population. It is a general feature of
scaling theories that several system variables depend in a
simple way on the basic parameters.

Lynch and Conery present several examples of how the
Neu parameter can be correlated to other parameters.
First, they show that there is a significant correlation
betweenNeu; genome size and gene number. Multicellular
eukaryotic organismshavehigher genenumbers and lower
population sizes than unicellular prokaryotes. This might
seem obvious, but it actually contradicts a prima facie
expectation of the neutral theory: organisms with a
larger population size should be able to retain many
genes with specialized or redundant functions (i.e.
with small selection coefficient s [3]). But Lynch and
Conery argue that the increase in gene number is
mainly due to gene duplication and the longer
lifetimes of duplicate genes in small Ne organisms.
They interpret this as being due to subfunc-
tionalization: the duplicated copies each acquire
slightly deleterious mutations, which then require
that both copies are retained to produce the full
function of the original gene. Because the fixation of
slightly deleterious mutations is much less likely in
large Ne populations, the probability of complete loss
of one of the copies is increased in such populations.
Thus, we have a testable hypothesis: in multicellular
eukaryotes, gene duplication should normally result in
subfunctionalization, an effect that is actually observed
frequently [6].

The role of selection

The number and length of introns is another par-
ameter that correlates with Neu: The presence of
introns should be slightly disadvantageous to the
organism. The extra burden is confined to the
probability that one of the nucleotides that is required

Box 1. Gas theory versus neutral theory

In an ideal gas, the movement of each particle becomes random

through its frequent collisions with other particles. Therefore, an

exact microscopic description of the particles is neither possible nor

is it desirable. However, for a macroscopic number of particles, the

random fluctuations average out. This results in an exact formula,

which relates the variables pressure, volume and temperature to

each other:

p £ V ¼ n £ R £ T ½Eqn I�

p is pressure, V is volume, n is the number of molecules (expressed in

mol), R is the general gas constant and T is temperature.

In an ideal population, each individual (chromosome, gene or

locus) acts essentially randomly with respect to mutation and

reproduction. For a large number of individuals, the statistical

fluctuations average out. An exact formula emerges that relates the

variables heterozygosity, population size and mutation rate to each

other:

H ¼ 4 £ Ne £ u=ð1 þ 4 £Ne £ uÞ ½Eqn II�

H is heterozygosity, Ne is the effective population size and u is the

mutation rate.

Let us draw a few analogies between these two formulae. First,

both are macroscopic laws based on a statistical description of the

‘microscopic’ world. They relate averages. Deviations from these

averages can only be neglected in systems that are sufficiently large.

(However, the statistical fluctuations in smaller systems can be

described as well in both theories.) Second, both theories describe

some kind of diffusion. If we know the position of a given particle at

some initial time, we can not predict its future movement exactly but

we can give a probability distribution. If we know the exact allele

composition at a given locus at some initial time, we can not predict

its exact fate but we can give a probability distribution for the future

composition of alleles. Thus, one can relate the diffusion term in the

two formulae: it is proportional to the temperature T for the gas and

proportional to 1/Ne for a population. Finally, both formulae are

based on idealizations. Realistic gases contain interactions between

the particles, leading to correlations of their movements. Realistic

genes are linked to neighboring genes, and these interactions can be

observed through specific linkage disequilibria.
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for correct splicing is mutated and thus incapacitates
the whole gene. This potential selective disadvantage
can be calculated. Lynch and Conery suggest that the
expected burden of extra introns is too small to enable
selection against them in organisms with Neu , 0:015:
This is indeed close to the observed crossover scale of
intron-rich genomes in eukaryotes. Thus, the expec-
tation of the neutral theory appears to be fulfilled in
this case, namely that selection against slightly
deleterious mutations is not effective in small popu-
lations [3].

Of course, more genes and the presence of introns
should have long-term beneficial effects because this
enables the generation of increased diversity. Lynch
and Conery suggest that these assets of higher
eukaryotic organisms might originally have been the
neutral consequence of lowered population size in
some ancestral species. The inevitable increase in
genome size in these ancestral species then enabled
them to increase their complexity, whereas those
species that retained large populations sizes remained
restrained by their evolutionary efficiency of selecting
against weakly deleterious mutations. Krakauer and
Plotkin [7] have also suggested a model along these
lines, in which they suggest that redundancy and
antiredundancy mechanisms evolve depending on
population size.

Unresolved issues

A few contentious points remain that will need further
attention. One is the ongoing debate on possible sub-
structures in populations of prokaryotic organisms [8],
which has ramifications for assessing Neu: Another is the
role of gene duplication versus orphan gene evolution in
determining gene numbers, or the question of how to
calculate the mutational load of introns. It appears that
some organism groups do not fit the pattern, for example,
flagellates and ciliates, which can have large genomes and
large population sizes. To put this point in perspective,
physicists’ experiences with disordered systems can be
useful. Random disordermakes it impossible to predict the
fate of each single history and creates a spectrum of
exceptions but often does not invalidate the scaling of the
average and the ‘typical’. A more subtle point is Lynch and
Conery’s basic tenet that among the three fundamental
variablesNe; u and s; it is the effective population size that
has the dominant effect on genome size. It is difficult to
gauge, at this point, the long-term variations of mutation
rates or the relevant selection pressures that might
themselves depend on the genome size. Eventually a
more complex scaling picture might emerge – but one that
still has only a few basic parameters.

Lynch and Conery’s analysis also highlights the
question of regulatory evolution. The proposed
subfunctionalization events might have happened at

the level of regulation, for example through the
degradation of transcription-factor-binding sites. If
subfunctionalization were the only process, we should
see higher taxa with a lot of genes, but their
transcriptional interactions should remain limited.
However, the opposite is the case; the complexity of
regulation increases in higher taxa, as shown by a
proliferation of binding sites in their regulatory DNA
[9,10]. To explain this within the framework of the
near-neutral theory, one needs to invoke an additional
level of complexity, such as the network properties of
gene interactions [11].

Concluding remarks

The beauty of Lynch and Conery’s article is clearly the
consequent application of the mathematical principles of
the (nearly) neutral theory to explain the patterns of
organismic evolution. Connecting a general theory to real
data should be done much more often in biology. The
structure and evolution of enhancers and regulatory
interactions, the fate of duplicated genes, the evolution
of resistance, quantitative traits and the identification
of genetic diseases all depend on understanding the
patterns that are predicted by the neutral evolutionary
theory. This type of statistical theory has proved to be
extremely successful in physics. It looks as if it will
also become a valuable way of thinking for molecular
biologists.
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