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The light of evolution

Nothing in biology makes sense except in the light of evolution.
Theodosius Dobzhansky (1973)

This chapter provides a brief description of Darwin’s theories of evolution,
and argues that it was the study evolution that provided the intellectual
milieu in which the foundations of QG started to take shape. This also
provides the link between evolution and QG.

3.1 Why do we study QG?

There are many ways of summarizing Darwin’s ideas on evolution (1859)
in modern terminology. The majority of introductory texts on genetics
refer to Darwin’s “theory”, and mention three principles of variation,
heredity, and selection (see e. g. Sanders and Bowman (2015, p 51), Griffiths
et al. (2015, p 766). In a most lucid interpretation, Mayr (1977, see also
Mayr 1988, Ch 13), using the information available to him at the time of
writing, postulated that Darwin had actually presented five “theories” in
his book "On the Origin of Species" (Darwin, 1859)! , namely:

» Evolution as such;

» Evolution by common descent;
» Origin of diversity;

» Gradualness; and

» Natural selection.

Mayr (1977) also suggested how Darwin’s ideas can be put into “one long

[chain of] arqument”? .

Accordingly, Darwin’s theories of evolution comprise five “facts”, and
three “inferences”. In the original figure by Mayr (1977) the facts and
the inferences are enclosed in text-boxes. However, Mayr (1988) also
believes that Darwin treated these, especially the facts, as black boxes,
i.e. irrespective of the mechanisms explaining them, Darwin’s theories of
evolution are valid. As an example, the exact mechanisms of heredity for
Fact 5 (inheritance of much of the individual® variation) were unknown
at Darwin’s time. Nonetheless, if the inheritance of much of variation
of the individuals can be assumed (as Mendel and re-discoverers of
Mendel’s rules showed many years later), then Darwin’s theories would
withstand.
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1: Origin of Species: Full name of Dar-
win’s book is: "On the Origin of Species by
Means of Natural Selection, or the Preser-
vation of Favoured Races in the Struggle
for Life"

2: Darwin'’s theories: Mayr (1988) admit-
ted that, in the light of the discovery of Dar-
win’s notebooks, and from a philosophi-
cal/historical point of view, this figure is
not an entirely accurate representation of
Darwin’s chronology. However, this will
not affect the conclusions that are drawn
from this figure in this book.

3: What is an individual? Some evo-
lutionary biologist and philosophers of
biology (see e.g. Hull (1988)) argue that
a species is an "individual”, and conse-
quently another word, for example “spec-
imen”, should be used for a person, an
animal, or a plant. In this book, the word
"individual” is used in its colloquial mean-
ing.
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Figure 3.1: Darwin’s theories - An adaptation of a figure from Mayr (1977)

From Darwin’s theories (Figure 3.1) it can be seen that the three principles
of variation, heredity, and selection are shown as Fact 4, Fact 5, and
Inference 2, respectively.

Fact 1: The chain of argument starts with the fact established by many
scientists, especially Malthus (1798), that all populations, irrespective
of the rate of reproduction of the species, are capable of exponential
growth. As an example of a species with very low rate of reproduction,
Darwin (1859, P 64) mentions elephants. He asserts that starting with a
pair of elephants, if the population growth is unchecked, the number of
elephants in 500 years would grow to 15,000,000 elephants.

Fact 2: Despite the potential exponential growth in the population size, the
general observation is that natural populations, within bounds of certain
amount of fluctuations, exist is a steady-state stability of population size
(Darwin (1859, P 67-68).

Fact 3: However, there is always a limitation of resources, especially food.
Every unit of land can feed a limited number of herbivores, and a limited
number of herbivores for carnivores to feed on.

Given the above three facts, it is understandable that some textbooks on
population genetics start with models of population growth (e.g. Crow
and Kimura (2009)).

Inference 1: The sum of the first 3 facts leads to the first inference
that because of limitation of resources the potential exponential growth
cannot be realized, and the relative constancy of population size is an



indication of competition among members of a population for access to
the resources.

This inference had already been made by Malthus (1798). Indeed, the
Malthusian inference might have been the factor that was used by Darwin
to tie together his ideas. There is evidence to suggest that Darwin started
to read the book by Malthus on September 28 of 1838, and he finished it
within 5 days (by October 2 of 1838). It was sometime during these five
days that Darwin could piece together a general sketch of his theories.

Fact 4: Darwin’s own observations, as well as observations by taxonomist,
and especially animal breeders, could establish the fact that each individ-
ual is unique. Darwin himself had worked with pigeons and had done
experiments on them (Darwin was also member of two organized groups
of pigeon breeders around London).

Fact 5: It was also obvious to Darwin, again based on the experiences
of animal breeders, that offspring could inherit the individual variation
expressed in the uniqueness of their parents.

There were many theories of inheritance in the middle of 1800’s, including
Darwin’s own pangenesis theory* . Of course, none of these theories were
correct. However, the nature of the inheritance is inconsequential to
structure of evolutionary theory that Darwin was conceiving.

Inference 2: Sum of Inference 1, and Facts 4 and 5, can lead to the
inference (hypothesis) that the heritable individual differences could
contribute to the success (or failure) of some individuals, compared
to their contemporaries, in their struggle for existence (adaptation to
the prevailing conditions of life in that group of individuals), and
consequently differential survival / reproduction of individuals, i.e.
natural selection.

Inference 3: The long term effect of natural selection in consecutive
generations, and under ever changing conditions of life will eventually
lead to divergence among populations.

It is now obvious that studying quantitative genetics can contribute to
the elucidation of mechanisms underlying Fact 4 and Fact 5, as well as
Inference 2 and Inference 3. Further, study of animal and plant breeding
can be considered as the evolution in high speed, and provide a better
understanding of evolution. Studying quantitative genetics in the context
of animal and plant breeding, therefore, is of mutual interest to the study
of evolution, and Darwin’s facts and inferences.

Our understanding of the evolution, and the evolutionary processes,
has changed enormously since Darwin’s times. Interestingly, even our
understanding of Darwin’s ideas has changed since Figure 3.1 was con-
ceived around mid-1970’s. Today, we are cognizant of all evolutionary
processes® (forces), and how their role differs at different levels of bi-
ological complexity. For example, at the level of biological complexity
that we may loosely call "form” and “function”, while we acknowledge
the driving force of natural selection, we also have an abundance of
evidence to accept the role of other evolutionary processes. At another
level of biological complexity, e.g. at the DNA level, another evolutionary
process, i.e. random drift, might be the driving force (Kimura, 1968, see
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4: Darwin’s pangenesis theory: There is
no doubt that pangenesis was wrong in
the sense that it could not explain many
observations, and also Galton could dis-
prove it easily by blood transfer between
rabbits (for a description of Galton’s work
on this subject, and Darwin’s reaction to
it, see Bulmer (2003)). However, and iron-
ically, there are elements of pangenesis
that might be correct (see e.g. Liu and Li
(2014)).

5: Apologetic definitions of evolution:
There are five evolutionary processes: ran-
dom drift, mating, mutation, migration,
and selection.
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6: Apologetic definitions of evolution:
Compare the definitions of a few branches
of biology (such as anatomy, physiology,
..., evolution) in a few dictionaries. Most
of the definitions for “evolution” are un-
necessarily long and include reference to
evolutionary mechanisms, as if one needs
to justify working with this branch of biol-

ogy.

7: Reaction to Darwin’s theories: For
example, the physicist Lord Kelvin was
among the non-biologists who partici-
pated in discussions. Kelvin believed that
evolution could not have happened, be-
cause he wrongly assumed that the Earth
had not existed long enough to allow the
gradual evolution advocated by Darwin.

A little bit of history

Reading some of the old literature is
excruciating painful. For example, in
Galton (1865), he expresses many opin-
ions that are horrendous. By today’s
moral norms he is a pure and simple
racist of the worst kind. For a person
whose IQ is estimated to be about 200
(Terman, 1917), he is very uncritical of
many so-called “facts”, and he holds
many contradictory opinions.

In such cases, distinguishing between
the “person” and the “scientist”, and
acknowledging that each of these is
multifaceted, may be of some value.
It is important to see how much the
person and the scientist have risen
above their background beliefs and
knowledge.

8: Law of frequency of error: For all con-
tents and purposes, these terms are equiv-
alent to invoking the Central Limit Theo-
rem and the resulting normal distribution.
Central Limit Theorem and normal distri-
bution will be discussed in more details
in Section 5.1

also the debate between Kern and Hahn, 2018 and Jensen ef al., 2019 on
the status of Neutral Mutation Theory).

There are many definitions of evolution® , most of which are more suitable
for a specific branch of evolution, i.e. they lack generality.

Evolution

Evolution is the study of biological variation.

3.2 A brief history of QG

Publication of the Origin of species (Darwin, 1859) forced scientists, from
all branches of science” , to take a stance for or against Darwin’s theories of
evolution. The most notable among all these scientists was Francis Galton.
Insistence of Darwin on the importance of continuous variation (i.e.
small differences among individuals) persuaded Galton to study many
such traits. As early as 1865, Galton (1865) published a study entitled
"hereditary talent and character”. In this study he used data from several
extensive biographical listings, and simple arithmetic (i.e. proportions
and percentages) of the “counts” of number of individuals, to show the
resemblance among relatives, i.e. a possible role for hereditary factors.
He admitted that the traits that he had studied were complex, and many
factors contributed to what he called “talent”, or "character”.

Galton soon realised that “counting” might not be enough, and he perhaps
should also use “measuring”, and also more sophisticated methods of
numerical analysis. By 1874 (Galton, 1877), he had constructed a device
(known as the Galton Board, or Bean Machine*), which he demonstrated
in the Royal Society of London, to show how random processes can lead
to different distributions.

In his 1877 study, Galton used published data on human stature among
Americans, French, and Belgians men, and also lifting power from Belgian
men. He also, with the help of his colleagues and friends, including
Darwin, had performed replicated experiment with sweet-peas planted
in different environments. In explaining the results of the sweet-pea
experiment he used data simulated by a new version of his Bean Machine
to examine possible effects of different evolutionary forces on the outcome
of the experiment. Galton (1877) argued that most of the traits have
distributions that follow the "law of deviation” or the "law of frequency of
error”8 . Galton’s understanding of these laws can be best seen in the
following lines:

The essence of the law is that differences should be wholly
due to the collective actions of a host of independent petty
influences in various combinations.

For the modern reader the words "collective actions of a host of inde-
pendent petty influences” reminds of the concept of “iid” (independent
and identically distributed), which is used in invoking the Central Limit
Theorem.

* For a description of the Bean Machine see: https://en.wikipedia.org/wiki/Bean_
machine. Accessed 2019-12-27.
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In analyzing the sweet-pea data, Galton also laid down the foundations
of the statistical methods regression and correlation. He explicitly used
regression in a publication entitled "Regression towards mediocrity’ in
hereditary staure” (Galton, 1886) on the data on human stature that he
himself had collected. He also explicitly spelled out the conditions for
invoking the Central Limit Theorem in the following lines (Galton,
1886):

One of [the advantages of using stature as a trait] lies in the
fact that stature is not a simple element, but a sum of the
accumulated lengths or thicknesses of more than a hundred
bodily parts, each so distinct from the rest as to have earned
a name by which it can be specified.

Even though the length (or thickness) of different bodily parts are not
independently distributed, the above quote makes it clear that Galton
was cognizant of the iid conditions as we understand them today. By
1889 Galton had collected so many empirical evidence and theoretical
arguments for justification of using normal distribution to handle con-
tinuously distributed traits that a research program to be pursued by
others had been established. Impact of Galton’s statistical methods to
study the evolution (of continuously distributed traits) was so deep and
wide that many talented young scientists, with more formal mathemati-
cal/statistical training than Galton himself, directly or indirectly, became
associated with his methods. Pearson and Yule are just two examples of
such scientists.

3.3 From Mendelian genetics to QG

Some of Darwin’s five theories, e. g. "evolution as such", and "evolution by
common descent", were almost universally accepted immediately after
the publication of the "On the origin of species" (Darwin, 1859). However,
the other theories, especially "gradualness" 1, were subjected to doubt.
When the Mendelian rules became known to the scientific community
in 1900, the proponents of gradualness of evolution needed to unite
Galton'’s ideas about the continuous variation (Galton, 1889) and the
discrete Mendelian factors (Mendel, 1866). Many attempts were made at
uniting these two seemingly opposite scientific tenets (see e. g. Yule (1902),
Perason and Lee (1903), Pearson (1904), Pearson (1904), Castle (1905),
Yule (1907), East (1910)). However, all of these efforts lacked generality,
mainly because of somewhat erroneous assumptions, e.g. about allele
frequencies, or the degree of dominance.

In the studies published in the first two decades of the 20th century, the
arguments for justification of using normal distribution was the same
as suggested by Galton. For example, Yule (1902) writes the following
lines:

Surely it would be a very moderate estimate that the number
of units could not be less than 50? Yet this would suffice to
give, on the simplest Mendelian assumption that each unit
can only exhibit two types, not some mere ten thousand
different values of stature, the run of which would be quite
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9: Old terminology: In Galton’s termi-
nology mediocrity meant average.

10: Gradualness of evolution: The main
competing theory to gradualness of evo-
lution is “"punctuated equilibrium” due to
Eldredge and Gould (1972). Stephen Jay
Gould, who must be considered a bril-
liant scientist, gradually became an ar-
dent champion of a full-fledged alterna-
tive evolutionary theory based on punc-
tuated equilibrium. Towards the end of
his life, Gould wrote a massive, but overly
blown out of proportion, book (Gould,
2002) about his ideas. I, for one, believe
that Gould has damaged his theories, and
his legacy, by writing his last book (see
also Ruse (2014)).
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A little bit of history

Fisher submitted a version of his fa-
mous paper to the Royal Society of
London in 1916, but it was rejected
based on some obscure reasons. There-
after, he submitted his paper to the
Royal Society of Edinburgh.

This is similar to what happened to
Mendel, who sent a copy of his paper
to the famous German botanist Nageli.
The response from Négeli was so in-
different, or even worse, discouraging,
that Mendel did not send his paper to
a journal with wider readership.

The lesson to be learned by the young
scientists is "don’t let your good ideas
to wither away.

indistinguishable from strictly continuous variation, but over
a thousand-million million different types!

Finally, the reconciliation came in 1918 with the paper by Fisher (1918).
The title of Fisher’s paper “The correlation between relatives on the supposition
of Mendelian inheritance” makes it clear that the subject is still that of
Galton’s efforts (i.e. to explain resemblance among relatives) assuming
involvement of Mendelian factors. In order to do this, at the outset, Fisher
(1918) embraces Galton’s ideas:

The great body of available statistics show us that the devi-
ations of a human measurement from its mean follow very
closely the Normal Law of Errors.

Then, Fisher explains how the variation in the phenotype caused by
different alleles of a single Mendelian factor (locus) can be modeled.
Extending the one locus model to a multiple loci model (or as Fisher puts
it to a "great number of factors”, as long as the effect of each locus is small in
comparison to the total variance, is straight forward. Having established
the hypothesis that the sum of the effects of many loci would lead to (at
least approximate) normal distribution, he poses the question of how the
causal effects can be obtained from the data on a continuously (normally)
distributed trait. Starting from the best known equation in quantitative
genetics, P = G + E, and given the theoretical impossibility of separating
genetic and environmental causes, Fisher devised the statistical method
of analysis of variance to partition the variances, Vp = Vg + V. His
search for causal components of variance, especially variances due to
genetic variation, can be sketched as follows:

» Divide the population under study into groups of relatives and non-
relatives (e.g. parent-offspring, twins, full-sibs, half-sibs, cousins,
etc.;

» Measure the resemblance (correlation) within the groups of rela-
tives, which statistically is the same as the within group covariance;

» Partition the total variance into “observational” variances, i.e. within
group (Viy), and between group (Vp) variances; and

» Attribute the “observational” variances to “causal” variances.

Fisher’s model will be explained in details later in this book, especially
in Part V.

Thus, Fisher’s paper (1918) convinced the scientific community that
although the continuously distributed traits can be explained by the
involvement of many Mendelian factors, the analysis of such traits
cannot be restricted to counts and ratios, and most definitely requires new
statistical methods that rely on continuous distributions, and especially
the normal distribution. From that point of time, quantitative genetics was
born, and was set out to study evolution of continuously distributed traits,
and shed some light on Darwin’s Fact 4 (uniqueness of the individual),
Fact 5 (inheritance of much of the individual variation), Inference 2
(differential survival, i.e. natural selection), and Inference 3 (change of
traits through many generations).

With regard to Darwin’s Inference 2 it is important to emphasize (as
it was mentioned towards the end of Section 3.1) that nowadays all
evolutionary processes are studied under evolution and quantitative



genetics, as well as other branches of genetics. In this book we do not
intend to explicitly rank the role of different evolutionary processes. The
reason is twofold. First reason is that different parts of the QG theory are
at different developmental stages. Perhaps, some parts have been easier to
develop, and have been more developed. Second reason is that the needs
for different parts of QG theory have been at varying levels. Perhaps, the
parts that were most needed have been more developed. Therefore, we
try to create a balance between the level of theory development, and the
level of needs.

3.4 Demarcation lines of QG

In the chapter on the prerequisites of QG theory (Chapter 1) five other
branches of genetics were mentioned. These were:

» Mendelian genetics;

» Molecular genetics;

» Biochemical genetics;

» Mathematical and statistical genetics; and
» Population genetics.

It is not easy to draw definite lines between QG theory and these
neighboring fields, because there are fuzzy borders among them. In
order to keep the book as accessible as possible to a wide range of
readership, it is our intention to cross the borders as little as possible.

This chapter started with a brief description of the components of the
evolutionary theories, as Darwin might have understood them. Darwin’s
emphasis on traits with continuous variation persuaded many scientists,
especially Galton, to concentrate on such traits. Galton (and many other
scientists) resorted to the use of normal distribution to study evolution.
Rediscovery of Mendelian rules of inheritance in 1900 forced many
scientist to examine how the discrete Mendelian factors could lead to the
normal distribution. The general solution was provided in a publication
By Fisher in 1918. Fisher’s paper can be considered as the birth of the QG
theory as we know it today.

Reading recommendation

For a historical perspective on early development of theories of
evolution and genetics, read Mayr (1982).

For the early history of quantitative genetics, including many his-
torical papers from the first 60 years of the 20" century, and Hill’s
commentary on them, read Hill (1984a; 1984b).

3.4 Demarcation lines of QG
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Notation

The next list describes several symbols that will be later used within the body of the document.

c Speed of light in a vacuum inertial frame

h Planck constant

Greek Letters with Pronounciation

Character Name Character Name

a alpha AL-fuh v nu NEW

B beta BAY-tuh & =2 xi KSIGH

v, T gamma GAM-muh 0 omicron OM-uh-CRON
o, A delta DEL-tuh 7, I1 pi PIE

€ epsilon EP-suh-lon P rho ROW

C zeta ZAY-tuh o,x sigma SIG-muh

n eta AY-tuh T tau TOW (as in cow)
6,0 theta THAY-tuh v, Y upsilon OOP-suh-LON
L iota eye-OH-tuh ¢, phi FEE, or FI (as in hi)
K kappa KAP-uh X chi KI (as in hi)

A A lambda LAM-duh P,V psi SIGH, or PSIGH

u mu MEW w, Q omega oh-MAY-guh

Capitals shown are the ones that differ from Roman capitals.
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