Chapter 6 )
Testing Hypotheses of Molecular Qs
Evolution

In applying mathematics to subjects such as physics or statistics

we make tentative assumptions about the real world which we

know are false but which we believe may be useful nonetheless.
— George E. P. Box!

Is it of the slightest use to reject a hypothesis until we have some
idea of what to put in its place? ... There has not been a single
date in the history of the law of gravitation when a modern
significance test would not have rejected all laws and left us
with no law.

— Sir Harold Jeffreys?

In addition to the sources of uncertainty explained in Sects.3.4, 5.5.1, and 4.2.1,
there is uncertainty about whether the neutral theory (Sect. 1.2.2) or one of its
alternatives is approximately true or at least adequate as a working hypothesis.
Chapter 2 chronicles some challenges faced by the neutral theory.

The main working hypothesis of this chapter was proposed as an alternative to
the neutral theory and its nearly neutral variant discussed in Sects.2.1-2.2. That
working hypothesis is summarized in Sect. 6.1. Some potential supporting evidence
is then explained in Sect.6.2. The working hypothesis suggests that the method
of phylogenetic tree reconstruction that is outlined in Sect. 6.3. Finally, some open
questions are raised in Sect. 6.4.
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72 6 Testing Hypotheses of Molecular Evolution
6.1 Maximum Genetic Diversity Hypothesis

The terminology and concepts of this section follow Huang [59]; see Hu et al.
[58] and Huang [60] for reviews and Wang et al. [124] for a recent development.
The genetic diversity of a taxon with respect to a protein or DNA sequence is the
percentage of positions in the sequence that differ among members of the taxon. The
upper limit of that percentage is called the maximum genetic diversity of the taxon
and is achieved for rapidly changing sequences. The maximum genetic diversity
measures the fraction of positions in the sequence that are free to change without
negatively impacting the fitness of the members of the taxon. Such changes either
improve fitness or are neutral (Shi Huang, personal communication). The positions
not free to change are considered conserved.

The epigenetic complexity of a taxon is an average number of cell types of its
individual members. Taxa of higher epigenetic complexity are considered more
complex, whereas those of lower epigenetic complexity are considered simpler.

The maximum genetic diversity hypothesis of Huang [59] makes these claims:

(1) Maximum genetic diversity tends to be higher for simpler taxa and lower for
more complex taxa. The reason is that the physiology of members of more
complex taxa relies on more sequence positions, which are for that reason
conserved, leaving fewer positions free to change.

(2) The positions that are conserved in simpler taxa tend to also be conserved in
more complex taxa. In other words, the positions that are free to change in
more complex taxa tend to also be free to change in simpler taxa.

(3) The gradual evolution of sequences takes place at the microevolution level but
cannot be extrapolated to the scale of macroevolution, as Gould [52] had con-
cluded largely on the basis of the fossil record. Macroevolution instead involves
increasing epigenetic complexity and decreasing maximum genetic diversity
rather than substitutions at positions of a protein or DNA sequence.

* By contrast, most biologists still consider macroevolution to be an extension
of microevolution [26, pp. 245, 497].

¢ For a brief introduction to microevolution and macroevolution, see Lesk [82,
p. 6].

6.2 Genetic Equidistance Phenomenon

When sequences of two taxa are compared to each other by computing their
distances to the sequence of a third taxon, the third taxon is called the baseline
group. If the baseline group is less related to each of the other taxa than they are
to each other, then it is called an outgroup. In terms of Fig. 3.4, an outgroup is a
cousin to the other two taxa, which are sisters of each other. Such comparisons to an
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outgroup or to another baseline group are used to test the predictions of hypothesis
assuming the neutrality of substitutions.

The maximum genetic diversity hypothesis makes the same predictions as the
molecular clock hypothesis (discussed in Sect. 1.2.2 and used in Sect. 3.1.2) except
for sequences that evolve rapidly enough that non-conserved positions tend to
experience substitutions. For such sequences, Claims 1-2 of the maximum genetic
diversity hypothesis (Sect. 6.1) have the consequence of rapid-evolution saturation:
the estimated number of substitutions between two sequences tends to be equal to
the number of non-conserved sites in the simpler of the two taxa due to multiple
substitutions at the same sites. That consequence leads to these predictions for
substitutions (defined in Sec. 1.2.2) in rapidly evolving sequences [59, Fig. 3]:

(1) Simpler outgroup. Considering the tip taxa at the bottom of the tree in Fig. 3.4,
suppose Cousin is the simplest and that Sister 1 is the most complex. When the
outgroup (Cousin) is simpler than the sister taxa (Sisters 1-2), the distances
of the sisters to the outgroup are about equal. In the distance notation of
Sect.3.1.2.1,

(Sisterl) (Cousin) = (Sister2) (Cousin).

That happens because for rapidly evolving sequences, changes in the lineage
leading to the outgroup (Cousin) mask any changes in the lineages leading to the
other two taxa (Sisters 1-2). That in turn is a result of rapid-evolution saturation.

* That equality of distances, called the genetic equidistance phenomenon,
has often been observed and is also a prediction of the molecular clock
hypothesis (Fig.2.1). In fact, the molecular clock hypothesis was proposed
in order to explain the genetic equidistance phenomenon (Sect. 2.1).

* The genetic equidistance phenomenon was not predicted by the hypothesis
that most differences between the sequences resulted from natural selection.
The failure of that selection hypothesis led to several decades of debates
related to how much of a role selection played in molecular evolution
(Chap. 2).

— The maximum genetic diversity hypothesis, holding that most differences
between the sequences did in fact result from natural selection, explains
the genetic equidistance phenomenon as a result of rapid-evolution
saturation (Shi Huang, personal communication).

(2) More complex outgroup. Relabeling the tips of the tree in Fig. 3.4, suppose
Cousin is the most complex and that Sister 1 is the simplest. When the outgroup
(Cousin) is more complex than the sister taxa, the distance from the more
complex sister (Sister 2) to the outgroup (Cousin) is less than the distance from
the simpler sister (Sister 1) to the outgroup (Cousin):

(Sister2) (Cousin) < (Sisterl) (Cousin). (6.1)
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That is because there are fewer conserved sites in the lineage leading to the
simpler of the two sisters (Sister 1) and because substitutions in the more
complex outgroup (Cousin) are hidden by those of each of the two simpler taxa
(Sisters 1-2) due to rapid-evolution saturation.

* That genetic non-equidistance phenomenon is not a prediction of the molec-
ular clock hypothesis, which instead predicts that the distance to each of the
sister taxa to the outgroup (Cousin) is about equal:

(Sister2) (Cousin) = (Sisterl) (Cousin). (6.2)

Simpler non-outgroup baseline group. Leaving the labels of Fig.3.4
unchanged, again suppose Cousin is the most complex and that Sister 1 is
the simplest. When the baseline group is not an outgroup but is the simplest of
the three taxa (Sister 1) and is more closely related to the taxon of intermediate
complexity (Sister 2) than to the taxon of highest complexity (Cousin), the
distance between the simplest two taxa (Sisters 1-2) is approximately equal to
the distance between the simplex taxon (Sister 1) and the most complex taxon
(Cousin):

(Sister1) (Sister2) = (Sisterl) (Cousin). (6.3)

This results from rapid-evolution saturation: substitutions in the lineage leading
to the simplest taxon (Sister 1) mask those in the lineages leading to the other
two taxa (Sister 2 and Cousin).

e That is not a prediction of the molecular clock hypothesis, which instead
predicts that the distance from the simplest taxon (Sister 1) to its sister taxon
(Sister 2) is smaller than the distance from the simplest taxon (Sister 1) to
the most complex taxon (Cousin):

(Sister1) (Sister2) < (Sister]) (Cousin). (6.4)

Example 3 Snakes are simpler than birds, and birds are simpler than humans;
snakes and birds are more similar to each other than to humans. For rapidly evolving
sequences, the maximum genetic diversity hypothesis then makes these predictions:

More complex outgroup. With the human taxon as the outgroup (Cousin), the
distance from birds (Sister 2) to humans is less than the distance from snakes
(Sister 1) to humans according to formula (6.1). (The “Cousin” and “Sister”
labels in parentheses are those of Fig. 3.4.)

— The first column of Table 6.1 shows a consistent difference between those dis-
tances in the direction predicted by the maximum genetic diversity hypothesis.
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That observation indicates that the molecular clock hypothesis does not apply
since it predicted those distances to be about equal, as seen in formula (6.2).

* Simpler non-outgroup baseline group. With the snake taxon (Sister 1) as a
non-outgroup used for reference, the distance of birds (Sister 2) to snakes and the
distance of humans (Cousin) to snakes are about equal according to formula (6.3).

— The second column of Table 6.1 shows a relatively small difference between
those distances. That small observed difference is not a prediction of the
molecular clock hypothesis, which instead predicts that snakes (Sister 1)
would be more consistently closer to birds (Sister 2) than to humans (Cousin)
according to formula (6.4). A

6.3 Slow Clock Method

If Table 6.1 were used to construct a phylogenetic tree with snakes, birds, and
humans, it would say that birds and humans diverged from a common ancestor more
recently than the lineage of that ancestor diverged from snakes. In terms of Fig. 3.4,
birds and humans are sister taxa related to the more distantly related cousin taxon
of snakes, contradicting Example 3. According to Huang [59], the implausibility of
those evolutionary relationships casts doubt on phylogenetic trees estimated on the
basis of rapidly evolving sequences.

To solve that kind of problem, Huang [59] proposed the slow clock method of
estimating phylogenetic trees from three taxa:

(1) Only include slowly evolving sequences in the alignment.

¢ Thatis recommended because the resulting estimates are not subject to rapid-
evolution saturation and because slow evolution tends to be more neutral and
consequently in better agreement with the molecular clock hypothesis (Shi
Huang, personal communication).

(2) Use the simplest of the three taxa as the outgroup to construct the distance
matrix.
(3) Use a distance-based method of estimating phylogenetic trees.

Example 4 To compare two taxa of pongids (gorillas and chimpanzees) to humans,
the slow clock method suggests a simpler outgroup such as orangutans. Tables 6.2
and 6.3 summarize the results. A
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Table 6.2 The numbers of sequences indicating which of the taxa compared (gorillas, humans)
is more like the outgroup (orangutans). This information is derived from Huang [59, Table 1]
Slowly evolving sequences | Rapidly evolving sequences
Gorillas more like orangutans | 27 14
Humans more like orangutans 7 16

Table 6.3 The numbers of sequences indicating which of the taxa compared (chimpanzees,
humans) is more like the outgroup (orangutans). This information is derived from Huang [59,
Table 1]

Slowly evolving sequences | Rapidly evolving sequences
Chimpanzees more like orangutans | 17 8
Humans more like orangutans 3 10

6.4 Questions Raised by Distinguishing Macroevolution from
Microevolution

In this chapter, we encountered some of the potential molecular evidence, as
opposed to the better known fossil evidence (e.g., Sect. 2.4), that macroevolution is
distinct from microevolution. If the gradual process of the neo-Darwinian synthesis
cannot be extrapolated to macroevolution, then how should observed differences
in epigenetic complexity be explained? What would be the mechanisms for evo-
lution according to molecular versions of the punctuated equilibrium hypothesis
(Sects. 2.4-2.7)? Can some kind of epigenetic inheritance [62, chapter 4] fill in the
gaps?

Some maverick scientists have concluded that the evidence challenges not only
the neo-Darwinian synthesis but also the theory of universal common descent
[57, 105, 109]. That, however, is the foundational working hypothesis of molecular
phylogenetics, at least as applied to higher level taxa. For without homology in the
sense of common ancestry, tree estimation reduces to hierarchical cluster analysis
(Sect. 1.2.1).

6.5 Exercises

(1) (a) Why, exactly, does claim 2 of the maximum genetic diversity hypothesis
(Sect. 6.1) make the predictions listed in Sect.6.2? Hint: if there are only a
few sites in a sequence that are free to change, there will be more chances for
multiple substitutions at the sites that are not conserved according to claim 2.
(The concept of multiple substitutions at a site was introduced in Sect. 1.1 and
also appeared in Sects. 3.1.2.2 and 3.1.2.3.) (b) Why does the molecular clock
hypothesis make the predictions specified in Sect. 6.2?
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Why does the maximum genetic diversity hypothesis (Sect. 6.1) suggest work-
ing with slowly evolving sequences (Sect.6.3)? Hint: for slowly evolving
sequences, the maximum genetic diversity hypothesis makes the same predic-
tions as the molecular clock. Why is that?

(a) What part of the title of Huang [59] is supported by the numbers of slowly
evolving sequences in Tables 6.2 and 6.3? (b) Would that part of the title be
supported by the counts of rapidly evolving sequences in Tables 6.2 and 6.3?
Why does the slow clock method of Sect.6.3 require slowly evolving
sequences? Hint: study the remarks in Sect. 6.3 about Table 6.1, and review
your answers to Exercises 2 and 3.

(a) Based on your understanding of Sect. 6.3, how would you change your
answers to Exercise 5b of Sect. 4.4 and to Exercise 9b of Sect. 5.6? Hint: review
the remarks in Sect. 6.3 about Table 6.1. (b) Does your answer depend on
whether the phylogenetic trees are based on rapidly evolving sequences? Hint:
review your answer to Exercise 4.

(a) How would you start to answer the questions raised in Sect. 6.4? Hint: review
the history of ideas sketched in Sect. 2, keeping in mind its epigraph. (b) Outline
a research project that would address one of those questions.
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