
Reference Models in Molecular Evolution

Molecular evolution aims at characterizing the various evolutionary forces that sculpt
the molecules of life, in general, and often more specifically the chromosomes. It encom-
passes comparative genomics, molecular phylogenies and population genetics (among oth-
ers). The field has a long-standing tradition of model building as it originates in the early
20th century work on evolutionary entities (i.e. genes) that had no physical incarnations.
In the second half of the 20th century, model predictions were confronted to molecular
data (today, almost exclusively sequences). From the data-model confrontation was born
the “Neutral Theory of Molecular Evolution” (Kimura, 1983) that has since become THE
reference model in molecular evolution. It assumes that the vast majority of mutations that
segregate through generations, and ultimately become fixed as divergence, are effectively
neutral: they have no significant impact on the reproductive success. Neutral theory does
not imply that mutations never impact the fitness of the host genome. It does, however,
state that the mutations we observe at non-negligible frequencies are neutral; consequently,
it also implies that divergence is mainly an accumulation of effectively neutral mutations.

Although neutral theory is commonly accepted as the reference model, its universality
is still debated (Gillespie, 1994). Challenging the universality of neutral theory, it has
been shown that: (1) alternative models based exclusively on selection can mimic genetic
drift (Gillespie, 2000a,b; Schiffels et al., 2011; Neher and Shraiman, 2011); (2)
the Poisson molecular clock does not fit the tempo of amino-acid replacements in several
genes that instead show bursts of replacements followed by periods of no replacement (e.g.
Gillespie (1984); Bedford et al. (2008)); (3) half of amino-acid replacements may be
driven by positive selection (Smith and Eyre-Walker, 2002; Bustamante et al., 2005).

When we analyze sequence data (polymorphisms or divergences), we first compare our
data to the predictions of the standard neutral model. In order to show that any selection
or demography is involved, he needs to reject the standard neutral model (this is how
and why neutrality tests were developed). Sometimes, the reference model is rejected and
demography and/or structure and/or selection can invoked to explain the data.

Is it the best way to conduct an analysis in molecular evolution? When the standard
neutral model is not rejected, why do we tend to assume it is true? Why should we have a
universal unique reference model? Is there any reason to think that gigantic populations of
viruses or microbes evolve under the same set of rules that small populations of vertebrates?
Why some “effective” population sizes are several orders of magnitude below the census
size? What do we implicitly do when we compute an estimation of the effective population
size? How much of the available sequence data supports the standard neutral model as
a good reference model? How many other models could be relevant reference models?
Can we built other tests to assess the goodness-of-fit of non-standard neutral models (i.e.
change our H0’s)?

As a striking example, the intra-host HIV populations have a census size of about
1010. If the standard neutral model were true, then the number of replicating viruses (its
effective population size) would be 103 (e.g. Achaz et al. (2004)). We know from other
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indicators that about 109 viruses are produced at each generation (Coffin, 1995). Where
are the missing million of viruses? Maybe, more adequately, does the standard neutral
model make any sense for these HIV populations?

There is natural tendency to define models forward in time; assuming simple hypotheses
together with some initial conditions, the models predict where the system will evolve.
Since the 80’s, backward models has become very popular in population genetics and
more generally, in molecular evolution (see textbook like Hein et al. (2005); Wakeley
(2009)). From the same set of simple hypothesis, the models describe the origin of the
system conditioned on the current state of the system. In molecular evolution, backward
models are generally processes that generate genealogical trees. Contrary to phylogenetic
reconstructions, the interest in not really the reconstructed tree itself (the pattern) but
more accurately in the model (and its parameters) that generated the tree (the process).

By conducting a systematic analysis of large datasets, we aim at defining several ref-
erence models relevant to different sequences and/or species. We suspect that having a
single universal reference narrows our potential to study molecular evolution and that
having other reference models will help our comprehension of how molecular evolution
proceeds. We will test the validity of few relevant models on different types of organisms
(e.g. large population of microbes or virus versus small populations of vertebrates) but also
in different types of sequences (e.g. coding versus non-coding sequences). Obviously, one
could imagine an infinite number of interesting models. However, we will restrict ourselves
to few carefully chosen models that we will select based on (i) their a priori biological
relevance and (ii) their low number of parameters (in practice, at most 1 or 2 parameters).
Here is an illustration with 3 of different models.

time

Kingman tree

present day

Expanding tree Multifurcating tree

Figure 1: Potential reference trees. Three examples of genealogical trees that could be
adequate reference models. On left, the Kingman tree, that emerges from the standard neutral
model. In the middle, an example of a tree under a population expansion. Depending on the
speed of the expansion, the tree can be an amended Kingman, or a coalescent point process.
On the right a tree with multiple mergers that arises in case of large variance on the number of
children or under selection with recombination.

Our ambition is not to accept or reject the standard neutral model, but more con-
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structively, to measure the goodness of fit of a few chosen models with different types
of sequences (e.g. coding versus non-coding, repeated versus single-copy, etc) in different
species (e.g. large versus small populations). Instead of assuming the standard neutral
model by default, we could first select a relevant simple reference model and then decide to
include extra parameters if needed. We aim to find, not one, but few reference models that
explain very large class of data. Ultimately, we would like to characterize the biological de-
terminants that explain the fits between the data and the various reference models. What
are the fundamental biological causes of polymorphism and divergence in chromosomes of
living organisms?
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