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1 Continuous Variation

Concepts to Study

• Quantitative traits

• Meristic and threshold traits

• Genotypic and phenotypic values

• Additivity, dominance and epistasis

• Major gene

• Pleiotropy

• Fitness and its main components

• Infinitesimal model

Objectives for Learning

• To understand the definition of quantitative trait, the reason for the different names by
which they are known and their types depending on whether they are expressed with
continuous or discrete observable variation

• To distinguish the concepts of phenotypic and genotypic value and the types of intra-and
interlocus gene action

• To understand the concept of fitness and its main components

• To know the definitions of major gene and pleiotropy

• To understand the infinitesimal model and the partition of phenotypic variation in
genetic and environmental components

1.1 Quantitative Traits

Some heritable characteristics are qualitative, with an expression clearly identifiable in
discrete classes. Such is the case of attributes like some differences in colour, shape or
structure, by which individuals of a population or species can be classified. The analysis of
this type of simple character was what allowedMendel to describe the bases of inheritance and
many other geneticists, later, to understand the relation between this and the chromosomal
behaviour during reproduction, as well as the interactions between genes. However, most of
the traits that we find in nature present a continuous variation. Even some of the seemingly
discrete attributes, such as colour, may show gradual variation if analysed in detail. These
types of characters with gradual variation are called quantitative traits and, sometimes, metric
or continuous traits. Among them it is possible to find many with purely continuous variation,
with a priori infinite possibilities of expression, whose analysis is based onmeasurement, such
as body dimensions or weight, but also those with discrete variation whose characterization is
carried out by counting, the so-called meristic traits, such as the morphological structures that
vary in number, or any discrete characteristic that implies numerical variation in its



expression, such as the number of offspring of the same birth or the number of matings that an
individual carries out throughout its life. Even some characters whose expression is displayed
in only a few possible categories, the so-called threshold traits, such as susceptibility or
resistance to certain substances, death or survival or the circumstance of suffering, or not,
a disease, often imply an underlying continuous variation.

In fact, there are an indefinitely large number of heritable biological characteristics
that can present a continuous variation, observable as such or underlying, and this becomes
evident when verifying that practically all variable characters that have been studied in
laboratory organisms or domestic species have a certain hereditary component, which can
be exploited by artificial selection. The potential of genetic change is evident in the enormous
morphological differences generated, for example, between dog breeds, where the weight of
the largest breeds is of the order of 200 times greater than that of the smallest ones, or the
tremendous improvement obtained in the productive traits of domestic animals and plants, for
example, the duplication of milk production in cattle in the last 50 years, it being possible to
attribute at least half of this increase to genetic changes (Hill, 2014).

There are two fundamental premises that characterize this variation. First is the genetic
control by a large enough number (say greater than 5) of generally unknown genes – the reason
why the quantitative traits are often called polygenic or multifactorial traits. Second is that its
expression is influenced, to a greater or lesser extent, by environmental factors intrinsic or
extrinsic to the individual. As we will see in the different chapters of this book, these are
precisely the two complications that characterize the analysis of continuous variation: (1) the
ignorance of all or a large part of its genetic bases and (2) the ignorance of the relative influence
of inheritance and environment in its phenotypic expression.

The importance of quantitative traits is fundamental. First, from an evolutionary
point of view, all the attributes of a reproductive nature that are the direct object of natural
selection, such as viability, fertility or mating success, are quantitative. Second, in the
practical aspects of human consumption, the large majority of productive characteristics of
plants and domestic animals, such as milk production, egg laying, quality and quantity of
meat, plant biomass and a long endless list, are also quantitative. A large part of the devel-
opment of quantitative genetics has occurred thanks to the continuous interest to improve
animal and plant production through artificial selection and crossing methods. Third, with
respect to human longevity and well-being, many of the most common diseases in our species,
such as cancer, psychiatric disorders, autoimmune disorders and excess cholesterol or blood
pressure, among many others, are also quantitative traits, which in the medical jargon are also
called complex traits. A large part of the current genetic research focuses precisely on finding
out the genetic basis of the aforementioned characters and on delimiting the relative impor-
tance of the environment in their expression. This has allowed us to find thousands of genes
involved in hundreds of traits, both in wild species and those of economic interest, as well as in
our own (MacArthur et al., 2017).

Quantitative genetics focuses mainly on the analysis of continuous variation and its
applications to the study of evolution, animal and plant breeding and medicine. However, its
imbrication with population genetics is total, since the analysis of quantitative traits is always
carried out in the context of a population. This latter can be defined, in this context, as a set of
individuals that constitute a reproductive unit, that is, those that are connected by a spatial and
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temporal relationship and share the same gene pool, the genes of which they are carriers.
Population genetics includes the study of the heritable variation in general, qualitative or
quantitative, and the forces of change of the gene frequencies that act on it. Such study is
essential to understand biological evolution because this is, fundamentally, the result of the
spatial-temporal change of the genetic composition of the populations. Since, as we have
already indicated, most traits of evolutionary importance are quantitative, a fundamental
objective of population genetics and, therefore, of quantitative genetics, is the understanding
of the evolutionary process by means of the study of the genetic (mutation, chromosome
segregation, recombination, etc.), ecological and demographic (population census size,
migration, geographic distribution of populations, etc.) and adaptive processes (natural
selection) that act on populations. The basic questions refer to which are the forces that
maintain the variability in the populations, what role they play with respect to each other and
how the integration of the phenotypes in the environments is accomplished, that is, how does
the adaptation of the organisms occur to the environment in which they live. The application
during millennia of artificial selection on a great number of quantitative traits, and the analysis
and development of mathematical methods to reveal the consequences of this type of selec-
tion, has allowed us to understand, in turn, a good part of the way in which natural selection
operates. The instruments used in quantitative genetics encompass the statistical character-
ization of populations for different traits, the performance of controlled experiments and the
formulation of theoretical models. The latter are the primary tool, allowing a simplified
description of the observed phenomena, which facilitates the prediction of natural processes
and the response to artificial selection of domestic plants and animals.

1.2 Basic Concepts and Definitions

The genome of an individual is constituted by a great variety of elements, with the traditional
concept of the gene being a functional unit located in a unique position of the genome. For
practical purposes we will use the term locus to refer to a genomic element located in a fixed
position of the genome, which may have different variants (alleles) which may or may not
have an impact on the expression of the trait in the individual. Although the term gene refers to
a functional unit, in this book we will use locus and gene interchangeably in most cases. For
a particular locus, the genotype of a diploid individual can be homozygous, if it carries two
copies of the same allele, or heterozygous, if it carries different alleles. As we will see in the
next chapter, the genetic description of the populations can be done in terms of the allele or
gene frequencies when the genotypes are distinguishable. For most quantitative character-
istics, however, this is not possible, and the analysis will be limited to the calculation of
general trait parameters in the population, such as means and variances. Sometimes there are
loci with such a large effect on a trait that it allows us to distinguish their genotypic classes.
These loci are called major genes, unlike the rest, which are called minor genes.

For a quantitative trait, the effects of the alleles of the different genes of which an
individual is a carrier can, in a simplified form, be added to constitute the genotypic value of
the individual, in which case it is said that there is additive gene action or additivity, but the
relationships between alleles intra- or interlocus can be more complex. The partial or total
prevalence of the effect of one allele on another at a given locus constitutes the concept of
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dominance, analogous to that applied for qualitative characteristics (the dominant allele is the
one that prevails over the recessive allele). Likewise, the lack of additivity between the effects
of different loci is called, generically, epistasis or epistatic interaction. The expression of the
trait for the individual, its phenotypic value, is the result of the combination of its genotypic
value and the effect of the environmental factors that surround it, as well as a possible
interaction between both that we will discuss in later chapters. Finally, when a given locus
has an effect on more than one quantitative trait, it is said that there is pleiotropy. All these
concepts will be explained in greater depth in later chapters.

Any trait with a continuous genetic basis is an object of study by quantitative
genetics. In the evolutionary context, however, the most relevant characters are those related
to the reproduction of individuals. Darwin’s (1859) Theory of Natural Selection is fundamen-
tally based on the competition of individuals for resources, which determines their survival
and/or differential reproduction, which constitutes their fitness. This trait can be defined as the
contribution of the individual with offspring to the next or future generations, and it is the
subject of direct natural selection. As we will see in later chapters, the indirect impact of
natural selection on any other quantitative trait depends on the relationship between this latter
trait and fitness. For natural selection to act, it is enough that there are inherited differences in
fitness between the different individuals. Given the abstraction of its definition, fitness is
difficult to evaluate, and in practice, it is specified in more empirically accessible traits,
grouped under the name of the main components of fitness that are, among others of lesser
importance, viability or survival, fecundity and mating success. A substantial part of quanti-
tative genetics is dedicated to the study of the genetic variation for these traits and their
implication in the context of evolution, animal and plant breeding and conservation.

1.3 Historical Perspective

1.3.1 Beginnings of Quantitative Genetics: Heritable Variation and Evolution

The beginnings of quantitative genetics, like those of genetics in general, are linked to the
development of the theory of evolution and the elucidation of the bases of inheritance.
The evolutionary theory consists essentially of two complementary parts. One of them proposes
the mechanism of natural selection whose action can result in adaptive change. The Theory of
Natural Selection by Charles Darwin (1859) offers an adaptation mechanism that represents the
response of the individual to the constant challenge posed by the variation of the environment, in
which individuals are passive subjects selected by it. The other part of the evolutionary theory
specifies the hereditary principle, whose purpose is to guarantee the relative permanence of the
acquired change. In this respect, Darwin held to the opinions of his time, accepting, as was
general then, the mixed inheritance of the characters of both parents, which explained the
similarity between the parents and their progeny. However, this type of inheritance implied
a continuous loss of variation with the passing of generations, which provoked important
criticisms. Gregor Mendel’s experiments, based on the study of qualitative pea characters,
and his idea of particle inheritance, published in 1865, although almost totally unknown until
1900, could explain the resemblance between parents and offspring without implying a constant
loss of genetic variation. At the end of the nineteenth century, William Bateson distinguished
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two types of variability: continuous and discontinuous. The first one referred to the small
differences between the organisms that constituted, for Darwin, the raw material on which
natural selection would act. The secondwas, however, the one that Bateson considered essential
to explain the observable variability. This notion was later developed by Hugo de Vries, who
introduced at the beginning of the twentieth century the term mutation to designate the
hereditary changes he considered as a norm: those with large and discontinuous effects. The
legacy of Bateson and de Vries was embraced by other researchers, and the new science,
baptized by Bateson as genetics, was built, in a sense, as the strongest opponent of Darwin’s
theory, since it presented mutation as the engine of evolutionary change.

During the period between the publication of Mendel’s experiments and his re-
discovery, Francis Galton, Darwin’s cousin, also tried to elucidate the principles of hereditary
transmission. However, Galton’s (1889) approach was different from Mendel’s. On the one
hand, he was interested in the transmission of those characters that presented a continuous
variation instead of focusing on those that showed clearly differentiable alternative forms. On
the other, his study focused on the measurement of the average similarity between individuals
with a certain degree of kinship in order to achieve a predictive model. Galton pointed out the
fact that by representing the average height of the offspring against the average height of the
parents, a linear relationship was obtained (Figure 1.1). However, the slope of the line
indicated that children’s height deviated less from the average population than that of their
parents, that is, parents who were shorter than average had children with a stature somewhat
greater than their own, and those who had a height higher than the average had shorter
children. Galton called this circumstance ‘regression towards mediocrity’ and interpreted
that this would prevent any selective progress, concluding that evolution should be based on
variants of great effect rather than on the result of the action of selection on continuous
variation. Karl Pearson would later prove that the regression to mediocrity deduced by Galton
did not necessarily imply a problem for evolution. The linear regression technique, widely
used in statistical analysis in all fields, comes from these Galton studies and was formally
developed by Pearson along with the correlation technique. Likewise, other statistical
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Figure 1.1 Type of representation similar to those made by Galton, comparing the average height of
children with that of their parents. The regression line presents a slope of 0.76, lower than that which
would be expected with a perfect resemblance relationship between parents’ and children’s heights
(dotted line).
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techniques, such as the analysis of variance and various hypothesis testing methods, intro-
duced by Ronald A. Fisher (1918), also have their origin in the analysis of quantitative traits.
Finally, the path analysis of Sewall Wright (1921), applied to the study of inbreeding, has had
some applications in the social and ecological sciences. Therefore, it can be said that
quantitative genetics and its applications, such as animal genetic improvement (Gianola and
Rosa, 2015), have contributed in an essential way to the development of many of the statistical
techniques of universal use.

Biometry began with Galton and also the conflict between biometric and Mendelian
conceptions of inheritance. For the Mendelians, with Bateson in the lead, the object of the
science of inheritance was to develop a model of the process of transmission from parents to
offspring of those factors that determined observable characteristics of individuals. For the
biometricians, led by Pearson and Weldon, the objective, on the contrary, was to measure
the phenotypic resemblance between the individuals of a population, since they doubted that
the Mendelian laws could be applied to the traits with continuous variation. These two visions
of inheritance also reflected a different conception of evolution. For the Mendelians or
mutationists, this would be produced by rapid changes of great magnitude, while for the
biometricians, it would occur continuously and gradually, more in accordance with the
Darwinian model. The Mendelians argued that the quantitative characteristics reflected,
basically, environmental differences, creating the debate of inheritance versus environment,
or nature–nurture. Amethodological interpretation that led on this and other occasions to error
is to think that the observable is the general norm. Given that the effects of the major genes are
the only ones observed empirically, it is easy to assume that only these exist and to ignore the
contribution of others of smaller effect. Something very similar occurred with the denial until
the 1960s of the additive gene action. When studying major genes, generally recessive, it was
assumed that this was the general form of gene action. That is, again, the experimental need
was taken as a general rule. Udny Yule (1902) was the first to seek the connection between
both visions of inheritance, studying the application of Mendelian laws to panmictic popula-
tions, although the general formulation was proposed in 1908 independently by Godfrey
Hardy in England and Wilhelm Weinberg in Germany, arriving at the Hardy–Weinberg
principle that we will study in the next chapter.

Wilhelm Johannsen (1903) managed to take a big step towards the reconciliation of
the two positions, showing the intervention of the medium in the expression of quantitative
traits in his theory of pure lines. With his experiments he showed that the continuous variation
observed for the trait weight in beans was produced by the combined influence of the genes
and the environment. The bean is, like the pea used by Mendel, an autogamous legume
species. Starting from 19 seeds that differed in weight, Johannsen established 19 lines by
continuous self-fertilization that also differed in the average weight of the seeds, between 34
and 64 cg. He also observed a certain variation in weight between the individuals of each of
the lines around their average. He showed first that any individual of a line with heavy or light
beans gave rise to descendants which maintained the average parental weight. Johannsen also
found that if the same line was selected for several generations to increase or decrease seed
weight, no response was obtained, which indicated that there was no genetic variation within
that line. His conclusion was that, since it is a selfer and each line was produced by self-
fertilization from a single initial seed, each line would be formed by individuals with the same
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homozygous genetic constitution (pure lines) and that, therefore, the great variation between
the average weights of the lines was due to the different genetic constitution of each of them,
while the smaller variation in weight observed among the individuals of a given line came
from environmental sources. Johannsen coined the terms genotype, to denote the genetically
identical individuals of each line, and phenotype, for the observable value of the trait in each
individual that would be the result of genetic and environmental effects.

Another important advance in the reconciliation between Mendelian and biometric
hypotheses came from the hand of George Shull in 1908, studying characters of corn, and,
above all, Herman Nilsson-Ehle, working with cereals, who attributed the hereditary deter-
mination of a trait to the segregation of several genes of similar and cumulative effects, giving
support to the multifactorial hypothesis of quantitative traits or theory of the polymeric
factors. Through crosses of varieties of wheat with flowers of different colours, Nilsson-
Ehle (1909) found that several genes contributed to the variation of colour tones of the flower,
from white to intense red, and that the individual effects of the genes were small and
summable. Subsequent studies by other researchers (mainly R. A. Emerson and E. M. East
with corn) confirmed the multifactorial hypothesis of quantitative traits.

1.3.2 The Development of the Central Body of Quantitative and Population Genetics

Both quantitative genetics and theoretical population genetics were developed gradually from
the early twentieth century and reached maturity in the early 1930s with the publication of
three essential works: The Genetic Theory of Natural Selection, by Ronald A. Fisher (1930),
Evolution in Mendelian Populations, by Sewall Wright (1931), and The Causes of Evolution,
by John B. S. Haldane (1932). Fisher mathematically demonstrated that natural selection, by
acting on the genetic variability of populations, could perfectly explain the evolutionary
change. Fisher’s legacy to the theoretical body of quantitative genetics is essential, in
particular the proposal of the Fundamental Theorem of Natural Selection, which sets the
theoretical basis of the consequences of the action of natural selection on fitness, and
the development of the so-called infinitesimal model, which proposes an interpretation of
the nature of continuous variation in discrete Mendelian terms. Using the techniques of
analysis of variance, also devised by him, the phenotypic variance of a certain character can
be broken down into a series of components attributable to different genotypic and environ-
mental causes. Thus, the genotypic variance can be ascribed to an additive component, due to
the average effect of genes, and others due to the effects of dominance and epistasis, on which
we will get insight in later chapters. The additive genetic component can be estimated with
relative ease and is of great importance because it is the determinant of the immediate
response to selection and family resemblance. The proportion of the phenotypic variance
explained by this additive component constitutes the concept of heritability.

Among the different authors who carried out notable extensions to Fisher’s theore-
tical central body is Jay Lush, who is considered the father of animal breeding. His book
Animal Breeding Plans (Lush, 1945) gathers numerous applications of quantitative genetics to
the genetic improvement of animals, among which stands out the well-known ‘breeder’s
equation’, by which selection response is predicted in terms of the heritability of the trait and
the selection differential applied, which is the selection pressure exerted on the population.
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The development of selection indices, through which individual and family information of
a trait can be combined to obtain a greater response, is also due to him (Lush, 1947). Michael
Lerner also made important contributions to quantitative theoretical and practical genetics
collected in his book Population Genetics and Animal Improvement (Lerner, 1950), and more
evolutionary aspects, such as the development of the theory of genetic homeostasis (Lerner,
1954), which explains the greater plasticity of heterozygotes in the face of environmental
variation. In the decades of the 1960s and 1970s the contributions of Alan Robertson stood
out, with the theory of limits to selection under the infinitesimal model and the Second
Theorem of Natural Selection, which explains how natural selection can result in adaptation
through the trait-fitness additive covariance. Together with William (Bill) Hill he also made
important contributions to animal breeding, as well as to population and evolutionary genet-
ics, highlighting his predictions about the behaviour under selection of genes physically
linked in the chromosome. Hill also extended Robertson’s selection limits theory by introdu-
cing the impact of mutation. Many of these applications have been collected in the different
editions of Douglas Falconer’s famous book, An Introduction to Quantitative Genetics
(Falconer and Mackay, 1996), and a lucid historical summary of the most important contribu-
tions of quantitative genetics to animal breeding can be seen in Hill’s (2014) review.

Haldane made important contributions to the theoretical body of population genetics,
with immediate application in quantitative genetics, establishing expressions on the fate of
advantageous mutations in populations and deriving the conditions of polymorphisms in some
situations. His most interesting contribution is the deduction of the balance that is reached
between the appearance of deleterious mutations, those that reduce fitness, and their elimina-
tion by selection. Natural selection acts as a purging factor of the deleterious variability that is
constantly generated by mutation, and the populations carry a ‘mutation load’, a concept due
to Hermann Muller, which is simply equal to the diploid mutation rate. Thus, a high mutation
rate could lead to negative implications for the population, particularly in asexual species
(Muller, 1932). In these latter, the accumulation of deleterious mutations is very fast due to the
lack of genetic recombination, which would allow their better elimination by natural selection.
Thus, each time a mutation is fixed in an asexual population, the genome with fewer mutations
will carry one more, without the possibility of going back to its previous state, a phenomenon
known as Muller’s Ratchet. The classic studies of Terumi Mukai in the 1960s and 1970s
indicated that the deleterious mutation rate for viability in Drosophila was very high and
mutational effects were small but high enough to be harmful, corroborating Muller’s vision.
The high mutation load could only be overcome by a greater effectiveness of selection with
a synergistic effect of mutations, that is, when the combined effect of two or more mutations is
greater than the sum of the effects of each of them separately.

Wright’s contribution to population genetics is probably the most extensive and is
summarized in the four volumes of his book Evolution and the Genetics of Populations
published between 1968 and 1978. Wright emphasized the importance of epistatic interac-
tions to produce advantageous combinations of genes on which selection could act and,
especially, developed most of the theoretical body of work on the possible impact of chance
(genetic drift) on evolution. We owe him the concept of effective population size, which
allows us to quantify the effects of inbreeding and genetic drift and which was developed
later by James F. Crow and Motoo Kimura. Wright discussed intensively with Fisher and
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Haldane about the relative role of evolutionary forces in populations. For Fisher and
Haldane, the most advantageous scenario from the evolutionary point of view was that of
a large population rich in variability, where selection could act on individual genes of
predominantly additive gene action. For Wright, on the contrary, the most favourable
situation, gathered in his Shifting Balance Theory, would be that of a population subdivided
into small isolated sub-populations in which genetic drift could expose to selection novel
combinations of interactive genes, where dominant and epistatic gene actions could play an
important role. One of the best introductions to this and other debates on evolutionary
issues is found in Crow’s (1986) book.

Although with the works of Fisher, Haldane and Wright the mechanisms that act on
the genetic variability present in populations and, especially, the mode of action of natural
selection on genetic variability were established in the 1930s, its excessively mathematical
view meant that a few more years were needed before the neo-Darwinian theory of evolution
was popularized thanks to the biological foundation provided by other fields of biology. The
so-called modern synthesis represented the integration of the different biological disciplines,
previously very separated from each other, in a global context, that of evolutionary biology.
Modern population and quantitative genetics represent the contribution of genetics to the
synthesis. This contribution conferred to Darwinian evolutionism the capacity to elaborate
mathematical models that allow us to treat microevolutionary processes in a general way, thus
becoming the core of neo-Darwinism.

The first half of the century of neo-Darwinism was dominated by the pre-eminence
given to the selective force as an agent of evolutionary change, with a panselectionist view
proposed by the experimentalists and headed by T. Dobzhansky. At the end of the 1960s, an anti-
selection reaction occurred, whose most representative aspect is the formulation of the so-called
Neutralism, formally developed byKimura (1983) in his book The Neutral Theory ofMolecular
Evolution. This is not an opposition to neo-Darwinism but an orthodox version of it, in which it
is desired to objectively establish the evolutionary importance of the forces that modify the
composition of gene pools. Its essential contribution lies in not considering natural selection as
a proven fact, but in establishing the null hypothesis against which the selection alternative can
be verified in each specific case. A large part of molecular variation behaves as practically
neutral, and selection can act very subtly whenmoulding such variation. The neutral theory was
refined with the qualification of quasi-neutral, defended by Tomoko Ohta, one of Kimura’s
collaborators, and the study of the impact of the hitchhiking of deleterious or advantageous
mutations on neutral variation, particularly in genomic regions of low recombination, is one of
the most active areas of current research (Charlesworth and Charlesworth, 2010).

Kimura’s contribution to quantitative and theoretical population genetics is not
restricted to the neutral theory, and can be compared in quality and magnitude with that of
Wright, Fisher and Haldane. In addition to developing most of the theoretical framework of
the study of molecular variation, he made important advances in aspects related to linkage,
population structure and sexual reproduction. Most of the theoretical framework of population
genetics is condensed in his book with James Crow, An Introduction to Population Genetics
Theory (Crow and Kimura, 1970), which still has full validity in many aspects.

Many of the fields of study of quantitative genetics developed in the second half of the
twentieth century focused on predictionmodels of genetic variability and evolutionary change, the
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elucidation of the nature of quantitative traits and the study of the consequences of inbreeding,
selection, population structure and crossing (Barton and Turelli, 1989; Lynch and Walsh, 1998;
Walsh and Lynch, 2018). In the area of animal breeding, research focused on the development of
more efficient selection methods, making use of information from relatives for the prediction of
genetic values and the estimation of fixed effects (Henderson, 1984). In the last 50 years the
development of molecular genetic techniques has been strengthened in the study of genetic
variability at the level of DNA itself. The discovery of restriction enzymes in the late 1960s
and, above all, the polymerase chain reaction technique, in the late 1980s, triggered the develop-
ment of protocols to allowmolecular analysis to be carried out from a few loci to the sequencing of
complete genomes. This has exponentially increased the battery of genetic markers available for
the elucidation of kinships, with applications in animal and plant breeding, such as genomic
selection (Hayes et al., 2013), and in themapping of genes, with repercussions on animal and plant
improvement (Blasco and Toro, 2014), as well as in medicine (Visscher et al., 2017).

1.4 The Infinitesimal Model

As we have previously emphasized, the defining characteristics of quantitative traits are their
polygenic nature and the modulation of gene effects by environmental influences, precisely
the reasons that explain the continuous variation presented by many of them. To illustrate this,
let us consider the possibility that a quantitative trait is controlled by a single locus with two
alleles, A and a, so that the presence of allele a determines the addition of 1/2 unit of the trait,
while allele A does not add anything to its value. From the offspring of a heterozygous
individual Aa, reproduced by self-fertilization, we will find the distribution of genotypic
values represented in Figure 1.2a. There will be, therefore, three genotypic classes of
individuals, AA, Aa and aa, whose genotypic values are 0, 1/2 and 1 units, respectively.

Suppose now that there are two loci involved in the determination of the trait and,
again, an individual heterozygous for the two loci self-fertilizes. If the effect of one of the alleles
of each locus is now 1/4, to maintain the same total range of variation as in the case of one locus,
and the other is null, and if the individual genotypic values are obtained as the sum of the effects
of the alleles of the two loci, we have that there are five genotypic classes in the population
(Figure 1.2b). In general, the frequencies of the classes are obtained with the development of the
binomial (0.5 + 0.5)n, where n is the number of loci. Whenmore loci are considered, the number
of genotypic classes increases at a rate of 2n + 1 (Figures 1.2c and 1.2d). With 32 loci it can be
observed that the genotypic classes begin to be so numerous that the unit of measurement of the
trait can become incapable of distinguishing them. If, in addition, the loci had different effects,
the number of genotypic classes would increase substantially. Note also that genotypic classes of
more extreme values have a non-negligible probability when the number of loci is small, but
when this increases the probability of finding individuals from the extreme classes is negligible
and huge populations would be needed to detect their presence. For example, with 32 loci, the
probability of appearance of an individual of themost extreme class (with 64 alleles that produce
no effect, that is, with genotypic value 0, or with 64 alleles that add 1/64 effect, that is, with
genotypic value 1) is only 5.42 × 10−20.

If to the possibility that there are many genotypic classes we add the effect of the
environment to configure the phenotypic classes, we can find that the phenotypic variation is
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purely continuous, with an indefinitely large number of classes that could be approximated by
a normal distribution, as can be deduced from Figure 1.2. The vast majority of quantitative
traits, following the law of large numbers, have a phenotypic distribution in the form of
a Gaussian bell, either in the original units or by making a change of scale, such as taking
logarithm or arcsine transformations (see Falconer and Mackay, 1996, chapter 7).

The basic model of variation, proposed by Fisher, is the infinitesimal model, where the
genotypic value of an individual (G) is determined by the joint effect of many loci (theoretically
an indefinitely large number), with independent segregation, whose effects are small (in theory
infinitesimal) and additively cumulative. An environmental deviation (E) is added to the
genotypic value of the individual to determine the phenotype (P) of the individual, that is,

P ¼ Gþ E: ð1:1Þ

The characteristics of the infinitesimal model are described in Figure 1.3. The
distribution of phenotypic values is determined by a normal distribution, whose phenotypic
mean P is equal to the genotypic meanG. The reason for this equality is that it is assumed that
environmental deviations can increase or decrease the phenotype of the individual with equal
probability and similar magnitude, that is, E = 0. This assumption is fundamental when it
comes to carrying out the partition of the genetic variance in its components, as we will see in
Chapter 3. The genotypic values are then distributed as a normal distribution with meanG and
genotypic variance VG. Environmental deviations are also distributed as a normal distribution
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Figure 1.2 Distribution of frequencies of individuals from a population classified by their genotypic
value for a quantitative trait controlled by 1, 2, 4 or 32 loci. In each case, the population comes from the
self-fertilization of a single individual heterozygous for the loci involved. For each locus, one allele has
no effect on the trait, and the other has effect 1/(2n), where n is the number of loci, and the effects of the
different loci are added to obtain the genotypic value.
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with mean 0 and environmental variance VE. The phenotypic values are distributed, likewise,
with normal distribution and phenotypic variance

VP ¼ VG þ VE: ð1:2Þ
One of the fundamental objectives of quantitative genetics is to quantify the proportion of the
phenotypic variation due to its genetic and environmental components, since the resemblance
between relatives, the relative influence of environmental factors and the response to natural
and artificial selection, will depend on this partition, as we will see in other chapters. On some
occasions, the variance of the trait is scaled to the square of the mean (squared coefficient of
variation,CV 2

P ¼ VP=P
2
) to avoid scale effects and to be able to compare the magnitude of the

variation between different quantitative traits.

The characteristics of the infinitesimal model are always violated in practice, since
the number of genes is not infinite and their effects are not equal and infinitesimal. In fact, the
experimental results indicate that most gene effects are of small magnitude with a lower
proportion of loci with effects of great magnitude. In addition, quantitative trait loci are
frequently subject to interactions, and their frequencies show dependence. However, the
model serves as a predictive approach in a large number of scenarios. Later versions of the
model include, in addition, dominance, the possibility of frequency dependence between loci
(the so-called linkage disequilibrium) and interaction between effects (epistasis), circum-
stances that we will study in later chapters.

We have previously commented that quantitative traits can also be expressed dis-
cretely instead of continuously. Figure 1.4 illustrates two examples of such traits in
Drosophila melanogaster. Panel (a) presents the number of sternopleural bristles in a large
sample of individuals from a laboratory population. Note that the distribution is approxi-
mately normal with a slight asymmetry. Panel (b) shows the distribution of the number of
pupae produced per female, a measure of fecundity, in the same population. This trait, like
other main components of fitness, usually shows asymmetry towards low values due to the
presence of deleterious genes of substantial effect that, although rare, can be carried by some
individuals, positioning them very far from the average.
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Figure 1.3 Characteristics of Fisher’s infinitesimal model. The phenotypic value (P) is the result of the sum
of the genotypic value (G) and the environmental deviation (E), which follows the normal distribution, so
that the phenotypic variance VP is the sum of the genotypic VG and environmental VE variances.
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The most extreme case of quantitative traits with discrete expression are threshold
traits, where only two or three phenotypic classes occur. A typical example is the suscept-
ibility to a disease: individuals suffer it or not. The idea is that an underlying trait, which is
called propensity, or liability in the context of human diseases, is a continuous trait determined
perhaps by several or many loci and environmental factors, and that if a certain ‘threshold’
value of the liability is exceeded, the trait changes of phenotypic expression (Figure 1.5). This
model can be applied to a large number of human diseases whose polygenic nature has been
clearly demonstrated. The proportion or percentage of affected individuals is called, in
general, incidence and, in the context of human diseases, prevalence, where incidence is the
new number of cases in a given period of time.

Problems

1.1 In the cross between two pure lines, a heterozygous hybrid was obtained for 20 biallelic
loci that affect a quantitative trait. For these loci, one allele has no effect on the trait and
the other increases it by one unit. (a) How many genotypic classes would be found in the
offspring by self-fertilization of the hybrid? (b) How often would descendants be found
with a heterozygous genotype at all 20 loci? (c) With what probability would descendants
with a phenotypic value equal to 10 be found?

1.2 The following table shows the number of sternopleural bristles in 50 individuals of
Drosophila melanogaster. Knowing that the genetic variance of the trait is VG = 4, deduce
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Figure 1.4 Distribution of two quantitative traits with discrete expression in a population of Drosophila
melanogastermaintained in the laboratory with a large census size. (a) Number of sternopleural bristles
(sum of both side plates). Vilas’ (2014) data, corresponding to 9202 individuals (design of 1200 full-sib
families with 10 individuals per family). The mean bristle number was P = 21.74, and the variance VP =
9.80. (b) Productivity per female measured as the number of pupae produced 11 days after mating with
a male. Vilas’ (2014) data corresponding to 388 females of the population. The mean pupae number was
P = 64.35, and the variance VP = 188.42.
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the value of the environmental variance (VE) and the phenotypic (CVP) and genotypic
(CVG) coefficients of variation.

24 24 21 21 21 20 19 19 18 24
23 25 22 24 22 22 18 20 22 28
23 27 23 20 23 21 26 27 27 28
26 26 24 26 27 26 20 22 21 18
18 21 17 21 18 20 23 22 34 22

Self-Assessment Questions

1 Threshold traits are those determined by two or three loci.
2 Quantitative traits are affected bymany loci and, therefore, are also called polygenic traits.
3 Additivity, or additive gene action, implies that the phenotypic value of the heterozygote is

intermediate between that of the homozygotes.
4 Major genes are those that affect qualitative traits, while minor genes affect quantitative ones.
5 Threshold traits are a type of meristic trait.
6 When a locus has an effect on two or more traits, we speak of pleiotropy.
7 In the infinitesimal model, the phenotypic mean is not expected to be equal to the

genotypic mean.
8 In the infinitesimal model, the loci have generally small effects, but there may be large-

effect genes.
9 The main components of fitness generally present asymmetric phenotypic distributions.

10 The incidence in a threshold trait is the proportion of individuals affected by that trait.
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Figure 1.5 Model of threshold trait applicable, for example, to suffering a certain disease or not. There is
an underlying continuous trait (liability in the context of human diseases) determined by the combined
effect of a group of genes and environmental effects. Once a certain threshold of the underlying trait has
been overcome, the disease is manifested.
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2 Forces of Change in the Allele
Frequencies

Concepts to Study

• Allele, gamete and genotype frequencies

• Hardy–Weinberg equilibrium

• Expected heterozygosity or gene diversity and allelic diversity

• Gametic or linkage disequilibrium

• Genetic drift

• The ideal population of Wright–Fisher

• Equilibrium between mutation and back-mutation

• Migration models

• Selection and dominance coefficients

• Types of within-locus gene action

• Stable and unstable equilibria

• Antagonistic pleiotropy and marginal overdominance

Objectives for Learning

• To learn how to calculate allele frequencies from genotype frequencies

• To know the conditions for Hardy–Weinberg equilibrium, its implications and the
definition of expected heterozygosity and allelic diversity

• To know how to calculate linkage disequilibrium

• To understand the process of genetic drift

• To learn the basic characteristics of the Wright–Fisher idealized population

• To know how to calculate the changes in allele frequency by mutation and how an
equilibrium between mutation and back-mutation is reached

• To understand the homogenizing effect of migration and the different population models
used for its description

• To know the general model of fitness and the concepts of selection coefficient and
dominance coefficient

• To understand how the changes in allele frequency for deleterious or beneficial alleles
take place with different types of within-locus gene action

• To learn how to distinguish stable and unstable models of allele frequencies

• To comprehend the concepts of antagonistic pleiotropy and marginal overdominance

• To understand the impact of selection on the test for Hardy–Weinberg equilibrium

2.1 Allele, Gamete and Genotype Frequencies

The genetic description of a population can be done at three different levels, the locus,
the gamete or the individual genotype, by specifying the different variants in each case



(allele, gamete or genotype) and their respective frequencies. A population of a diploid
species is composed of individuals (genotypes) that reproduce by the union of their
gametes to form zygotes that will give rise to the individuals of the next generation,
hence the interest of a genotypic and gametic description. But genotypes and gametes are
sets of alleles, two for each locus in the first case and one in the second, hence the
interest of the allelic description.

Consider the simplest case: a biallelic locusAwith allelesA and a, therefore, genotypes
AA, Aa and aa, and suppose that in a population formed by 100 individuals, the number of those
corresponding to each genotype is 40, 50 and 10, respectively (Table 2.1). Genotype frequencies
are normally given in relative values, so that their sum is unity. From the genotype frequencies
we obtain the allele frequencies, p that of A and q = 1 − p that of a, which are also the gamete
frequencies because the gametes carry a single copy of each of the chromosomes of the
individual that produce them. Since homozygotes for one locus carry two copies of the relevant
allele, and heterozygotes only one, allele frequencies can be obtained quickly as the sum of the
frequency of the homozygotes carrying the allele in question plus half the frequency of the
heterozygotes, that is, p = 0.4 + 0.5/2 = 0.65 and q = 0.1 + 0.5/2 = 0.35.

Suppose now that we consider two loci A and B, with alleles A and a, and B and b,
respectively, there being nine possible genotypes formed by the combination of the three
genotypes for each locus: AABB,AaBB, . . . aabb. The constitution of the four gametes that can
exist will be AB, Ab, aB and ab, whose gametic frequencies we will denominate PAB, PAb, PaB,
Pab, respectively, and whose values will depend on the allele frequencies for each locus and
the possible physical and/or genetic association between the two loci in question.

2.2 Hardy–Weinberg Equilibrium

In order to establish the genetic constitution of a filial population based on the genetic
description of the parental population, it is necessary to specify the way in which the gametes
produced by the parents are united in pairs to form the offspring. The simplest case is one in
which gametic paring is random, called panmixia. If there were no differentiation in allele
frequencies between sexes and we consider male and female gametes that carry the allele
Awith frequency p or the allele a with frequency q, random pairing generates the descendants
shown in Figure 2.1, whose expected genotype frequencies are obtained developing the
binomial expression (p + q)2, that is,

Table 2.1 Illustration of the calculation of genotype frequencies and allele
or gene frequencies

Genotype AA Aa aa Total
No. individuals 40 50 10 100
Genotype frequency 0.4 0.5 0.1 1

Allele A a
Number 130 70 200
Allele frequency p = 0.65 q = 0.35 1

16 2 Forces of Change in the Allele Frequencies



Genotypes: AA Aa aa
Genotype frequencies: p2 2pq q2:

ð2:1Þ

This is known as the Hardy–Weinberg principle or equilibrium, since it was
independently deduced in 1908 by the English mathematician G. H. Hardy and the
German physician W. Weinberg. Although very elementary, this principle is basic in
population and quantitative genetics, since it greatly simplifies most of the theoretical
developments formulated for the processes that affect populations. Note that random pairing
is only required for the locus (or loci) under study. Although gametes do not unite in
a strictly random manner, for most of the genome the assumption is usually valid. The
possible discrepancy between the expected and observed genotype frequencies can provide
information about the forces of change acting on the locus, as we will see later. In the
example described in the previous section, the observed genotype frequencies were 0.4, 0.5
and 0.1 for the genotypes AA, Aa and aa, respectively, and the corresponding allele
frequencies were p = 0.65 and q = 0.35. Therefore, the expected frequencies of the three
genotypes in Hardy–Weinberg equilibrium would be p2 = 0.4225, 2pq = 0.455 and q2 =
0.1225, which are similar to those observed, although to determine this it would be
necessary to carry out a statistical test that will be illustrated in a problem solved at the
end of the chapter.

The expected genotype frequencies in Hardy–Weinberg equilibrium for a locus are
illustrated in Figure 2.2 as a function of allele frequencies. Note that the maximum frequency
of heterozygotes is 0.5, and that when one allele is rare, most of its copies are found in
heterozygous individuals. For example, if allele A were at a frequency of p = 0.01, the
expected frequency of AA homozygotes could be only 0.0001, one in 10,000 individuals,
while heterozygotes Aa would constitute approximately 0.2% of the population, or 2 out of
1000 individuals. This observation will be essential for some of the arguments that we will
develop in later sections.

The Hardy–Weinberg principle can refer not only to a locus but to other elements,
such as a chromosomal organization (for example, an inversion or a translocation). The
extension to multiallelic loci is immediate. Suppose that locus A has n alleles, A1, A2, . . .
An, with frequencies p1, p2, . . . pn, respectively. The frequency of the homozygous

A a

A

a Aa

pq

Aa

pq

aa

q 2

AA

p2

Figure 2.1 Calculation of the expected genotype frequencies from the allele or gametic frequencies
in a scenario under panmixia. The frequency of the gamete carrying allele A is p and that of allele a is q in
both sexes.
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