
1 Scientific background

1.1 Population genetics

Although the current debate about agricultural biotechnology is often nar-

rowly focused on molecular biotechnology (molecular genetic modification),

the technological application of biology in agriculture predates the advent of

molecular biology. For more than 10,000 years humans have been manipulat-

ing the traits of animals and plants (Mazoyer and Roundart, 2006; Thompson,

2009) by manipulating their genes and, thereby their genomes (the specific

combination of genes in an organism’s cells); the dog was likely the earliest

animal to be domesticated (about 16,000 years ago). Early domestication of

agricultural animals and plants was based entirely on crude experimentation

(trial and error). Biological knowledge was elementary; humans learned early

that offspring resemble parents, that selecting animals and plants with desir-

able traits and breeding them created a population of animals with those

traits, and that occasionally a new trait seemed to appear. Although elemen-

tary, and based entirely on experience, this knowledge was sufficient to allow

the domestication of numerous plants and animals. A biological understand-

ing of the observed phenomena did not exist until the middle of the nineteenth

century; that is, until the development of a theory of genetics. The area of

genetics developed first was population genetics. Beginning in the early part

of the twentieth century, it, along with quantitative genetics,1 which will

1 Even though I deal with population genetics and quantitative genetics in separate sections,

they are closely related. Both focus on trait variation in phenotypes and both trace their

origins to J. B. S. Haldane, Ronald A. Fisher and Sewall Wright. They differ mostly in the

kinds of traits on which they focus. Population genetics, for the most part, concentrates on

single locus traits; quantitative genetics concentrates on traits involving multiple loci and

multiple environmental factors. To some extent, population genetics could be subsumed

under quantitative genetics as a limiting case.
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2 Scientific background

be discussed in the next section, made possible important and far-reaching

modifications of plants and animals.

Population genetics and quantitative genetics are important in their own

right in agriculture since the technological application of biological knowl-

edge in these domains continues to be used extensively in plant and animal

agriculture. Selecting agriculturally useful traits of plants and animals and

developing populations with those traits through breeding involves, princi-

pally, the application of population and quantitative genetic theory. Further-

more, many agriculturally desirable plants are hybrids (created by interfertilis-

ing plants with different genetic profiles). Understanding the population and

quantitative genetic basis of modern agricultural hybridisation is essential to

advances in hybridisation. Both conventional trait selection and hybridisation

continue to occupy a significant market share. Indeed, in plant agriculture,

where the proportion of genetically modified (GM) seeds planted has seen

a steady increase, it is still the case that hybrid and conventional seeds are

supplied and planted in abundance; data collected and analysed by Precision

Agricultural Services, Inc. and reported by Monsanto (2010) indicated that

in 2010 for corn seed alone there were more than 6,000 traited hybrids and

over 1,000 conventional seeds offered for planting. Of special importance to

organic farmers, population genetics and quantitative genetics are also essen-

tial to understanding the characteristics of ‘open pollinated’ plants, which

make collecting and retaining seed from year to year feasible. Hence, even

with the advent of molecular genetic modification, population genetics and

quantitative genetics continue to be important. Moreover, they are important

to aspects of GM seed production and GM agricultural practices. For example,

a technique for inhibiting the development of insect resistance to a pesticide

expressed by some GM plants relies heavily on population dynamics (the com-

bining of population genetics and ecology), a technique which I describe in

more detail in Chapter 6.

The development of contemporary population genetics began with a bril-

liant and seminal, but at the time largely unnoticed, contribution by Gregor

Mendel in 1865. Mendel was interested in hybridisation in plants (interfertilis-

ing two varieties of a plant) and set out to discover what happens in subsequent

generations of intrabred hybrids. His explicit goal was to discover generally

applicable laws. Although knowledge of hybridisation predates Mendel, it was

not until his work that the underlying mechanisms were discovered. In the

earliest period of agriculture (the Neolithic period approximately 10,000 years
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Population genetics 3

before the present), the goal was to avoid hybridisation (Mazoyer and

Roundart, 2006). Today, some of the most beneficial traits, including yield

improvement, result from controlled hybridisation based on robust biologi-

cal knowledge.

Mendel’s work attracted little attention until the beginning of the twen-

tieth century. In what is now seen as an ironic twist of fate, Darwin’s the-

ory of evolution, as set out in 1859 in On the Origin of Species, assumed the

hereditary transmission of traits but he had no credible theory of hered-

ity; he relied instead on the wide acceptance of observed trait inheritance.

Had Darwin, or any of his colleagues for that matter, known about Mendel’s

theory, he could by the fourth edition (1866) have included it and further

strengthened his case. Early work on Mendel’s theoretical model concen-

trated on its implications and on extending the scope of the model. Mendel

provided a mathematical model that described a causal mechanism which

accounted for the phenomena he observed. Advances in the optics of micro-

scopes and in staining techniques made possible, during the period 1840–

1900, increasingly clearer observations of the behaviour of what today we call

chromosomes. In 1902, Walter Sutton, a postgraduate student at Columbia

University, in a single offhand sentence, connected the observed behaviour

of chromosomes with Mendel’s mathematical account of his hereditary

factors.

I may finally call attention to the probability that the association of paternal

and maternal chromosomes in pairs and their subsequent separation during

the reducing division as indicated above may constitute the physical basis of

the Mendelian law of heredity. To this subject I hope soon to return in

another place. (Sutton, 1902, p. 39)

Subsequently, in 1903, he provided a more detailed account (Sutton, 1903;

see also Crow and Crow, 2002). Although this was a controversial hypothesis

in 1902, by 1910, the hypothesis had received considerable experimental and

theoretical support.

The next major contribution to population genetics was made indepen-

dently by G. H. Hardy (Hardy, 1908) and Wilhelm Weinberg (Weinberg, 1908).

Both provided a formulation of an equilibrium state for a Mendelian pop-

ulation (i.e. a population that conforms to Mendel’s model). In essence, the

formulation states that the ratio of Mendel’s factors (today called alleles) will
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4 Scientific background

remain constant in all subsequent generations after the first unless some-

thing like selection, mutation, immigration, emigration and the like occurs;

so unless something happens, the allelic ratios will remain constant forever.

Of course, in actual populations, the ratios do change from generation to

generation, entailing that one or more of selection, mutation, immigration,

emigration and the like are occurring. Subsequently, this equilibrium princi-

ple was incorporated into contemporary population genetics, which coalesced

in the 1920s with the work of J. B. S. Haldane (Haldane, 1924–32, 1932), Ronald

A. Fisher (Fisher, 1930) and Sewall Wright (Wright, 1931).

The nuclei of cells contain chromosomes (cells with a nucleus are called

eukaryotic; those without, prokaryotic). Chromosomes exist in matched pairs

when a cell is not undergoing division, a phase known as the resting phase.

Cells engage in two kinds of division: mitosis and meiosis. Mitosis results

in two cells each identical to the parent cell; each has a complete set of

the original matched pairs of chromosomes. Meiosis results in four cells, the

nuclei of which have only one set of the original matched pair of chromosomes.

These cells are called gametes; human sperm and ova are gametes. During the

process of fertilisation gametes from males and females combine to create a

new single cell, the nucleus of which has a complete set of matched pairs of

chromosomes; normally this cell undergoes mitotic division numerous times,

resulting in a mass of identical cells. At this point, these cells are stem cells;

stem cells are generic cells and have the property of being able to transform

into any of the specific cells of the adult organism (e.g. heart, liver and skin

cells). Once transformed, further mitotic division produces only the specific

type of cell it has become. This is why stem cells are so valuable for current

medical research and why embryos in the early stages of development are an

important source.

Particular locations on chromosomes give rise to different traits (charac-

teristics) of the adult organism (its phenotype). The processes through which

those traits arise during embryological development are complex and still

not completely understood but it is now clear that the basic genetic code for

the organism is embodied in that organism’s chromosomes. What is unclear

is how that code gives rise to the adult organism. Much is known but the

process is complex, involving some genes controlling the expression of oth-

ers, environmental conditions, sequencing and many other aspects; there is

still much to be discovered. A point of terminology – I hereafter will use the
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Population genetics 5

term ‘development’ to cover the process through which an adult organism

arises. Hence, it covers the period from fertilisation up to the adult plant or

animal.2

Some characteristics (aspects, traits) arise from the genetic code found at

one location on one chromosome (sickle-cell anaemia, for example); most,

however, involve many locations on many chromosomes and are influenced

by many factors during development. The more closely a trait can be tied to

one, or a very few, positions on a chromosome, the more straightforward and

efficacious is the genetic manipulation required to alter, remove or introduce

that trait.

Let’s look a little more closely at Mendel’s postulation of hereditary ‘factors’,

which in contemporary population genetics are called alleles. Two alleles

are associated at each location (locus) on a matched pair of chromosomes;

a matched pair of alleles is a gene. The number of possible combinations

depends, of course, on the size of the set of alternate alleles. If only one kind of

allele can occupy that location, then every organism will have the same pair

of alleles (say, AA) and each member of the pair will be identical. If two alleles

can occupy that locus, there will be three possible unique pairings (AB, AA,

BB); AB and BA are not unique combinations and constitute identical genes.

If three alleles can occupy the locus, there will be six unique combinations

(AA, AB, AC, BB, BC, CC). As the number of possible alleles at a locus increases,

the number of genes increases. As the number of possible genes at a locus

increases, the number of traits by which the adult organisms can differ from

each other increases.

At any point in time, the proportion of a given allele in the population can

be determined. In a simple case with two alleles A and B at a locus, A may be

more numerous than B (for example, the ratio of A:B = 7:1). For mathematical

convenience, the proportions are normalised to sum to 1. So the ratio 7:1 is

normalised to 7/8:1/8 or 0.725:0.125. An example of an allelic pairing that

yields that ratio is:

20 A A: 1 AB : 1 BB

2 There is, obviously, no precise point at which an organism is an adult. From an evolutionary

point of view, ability to participate in the production of offspring marks adulthood. From

a social point of view, as in the case of humans, it occurs somewhat later, ranging from 18

to 25 years of age.
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6 Scientific background

The AA combination contributes 20 As; the AB combination contributes 1 A,

for a total of 21 As. The AB also contributes 1 B, which along with the 2 Bs

contributed by the BB combination results in 3 Bs. Hence there are 21 As

and 3 Bs. Dividing both by 3 yields 7 As to 1 B (A:B = 7:1 = 0.725:0.125). What

G. H. Hardy and Wilhelm Weinberg demonstrated was that in every generation

after the first, the proportion of alleles at a locus, in a closed population,

will be the same – an equilibrium will be reached. That equilibrium can be

disturbed in open populations – populations open to selection, immigration

into and emigration from the population, by meiotic drive (where gametes are

not produced in equal quantities: e.g. more gametes with XX chromosomes

(female) than XY chromosomes (male) are produced during meiosis) and so

on. What the Hardy–Weinberg equilibrium states is that if nothing happens,

nothing happens. This might seem trite (perhaps even ridiculous) but, in fact,

it is a powerful principle. Since they proved that if nothing, except random

mating, is occurring in the population, the allelic ratios will remain constant

over time, if there is a change in the ratios, something must be happening

to cause the change; there must be an explanation in terms of some factor(s)

perturbing the system.

The proof of the Hardy–Weinberg equilibrium is straightforward. Assume

a locus with two alleles A and B; also assume, in the founding generation F0,

p = the proportion of A alleles and q = the proportion of B alleles. Construct

a breeding matrix (assuming random mating) as follows:

p(A) q(B)

p(A) p2(AA) pq(AB)

q(B) pq(AB) q2(BB)

AB is the same as BA, so there will be 2 × pq of this combination. Hence,

the ratios after mating (i.e. in the next generation, F1–Fn designates the nth

generation with F0 being the founding generation) are: p2AA:2pqAB:q2BB. So,

summing the As and Bs yields, A = 2p2 + 2pq and B = 2q2 + 2p; hence, A:B =
2p2 + 2pq:2q2 + 2pq. Dividing both sides of the right-hand ratio (i.e. the p and

q side) by 2 yields A:B = p2 + pq:q2 + pq. Factor each side of the ratio to yield

p(p + q)A:q(q + p)B. Normalise this ratio, so that, p + q = 1 (hence, p = 1 − q

and q = 1 − p), by replacing q on the left side with 1 − p and p on the right

side with 1 − p, which results in the ratio p(p + (1 − p))A:q(q + (1 − q))B or,
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Population genetics 7

removing the unnecessary parentheses, p(p + 1 − p)A:q(q + 1 − q)B. The ps in

the parentheses on the left cancel, leaving p(1)A, and the qs in the parentheses

on the right cancel, leaving q(1)B; since multiplying by 1 changes nothing, the

F1 generation ratio is, p(A):q(B). This was the starting ratio in the F0; hence, the

ratio after mating remains unchanged.

The Hardy–Weinberg equilibrium plays a role in population genetics simi-

lar to the role played by Newton’s first law in Newtonian mechanics. Newton’s

first law states that all bodies remain in constant rectilinear (straight line)

motion or at rest unless acted upon by an external, unbalanced force. That is,

if nothing happens, nothing will happen; the state of the system will remain

the same forever. Hence, if an object undergoes negative or positive accelera-

tion, or takes any path other than a straight line, a force must be acting on it.

If the allelic ratios in a population change, something must be acting in or on

that population.

In addition to postulating factors (alleles), Mendel, to explain fully his

experimental results, had to postulate a property of his factors: factors could

be dominant or recessive. Here’s how this property is put to work in the theory.

As indicated, Mendel’s experiments were designed to explore hybridisation.

Beginning with seeds that bred true for a trait (Mendel explored seven pairs

of traits3 but the one most often used in explications of his work is wrinkled

and round peas), Mendel cross-fertilised the true breeding plants (e.g. ones

that always yielded round peas and ones that always yielded wrinkled peas)

to produce hybrid plants – pollen from round peas was used to fertilise ovules

from wrinkled peas and vice versa. What he found was that in the first gener-

ation all the plants had the same trait (e.g. always produced round peas). When

he crossed the offspring of this first generation, he found that some plants

manifested one trait, and others the other trait (e.g. some produced round

peas and others produced wrinkled peas); the ratio was 3:1 (e.g. 3 round to 1

wrinkled).

3 1. Round vs. wrinkled peas

2. Yellow vs. orange peas (seen through transparent seed coats)

3. Seed coats white vs. grey, grey-brown, leather brown

4. Smooth or wrinkled ripe seed pods

5. Green vs. yellow unripe seed pods

6. Axial or terminal flowers

7. Long vs. short stem (he chose 6–7 ft and 3/4–11/2 ft).
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8 Scientific background

To explain these results, he postulated that his factors (one responsible

for round peas, another for wrinkled peas) segregated when gametes are

produced – just as chromosomes were later discovered to segregate during

meiosis. If all the factors are the same in all the breeding plants, all the

gametes will have the same single factor (S – smooth – for example). When

the two gametes are united, the zygote will have two identical factors for

that trait (e.g. SS); these organisms are called homozygous or homozygotes.

Those plants will breed true generation after generation. Hybrids, however,

will have one factor from plants breeding true for a trait S and one from plants

breeding true for a different trait W (wrinkled). The hybrid zygote will be SW;

these organisms are called heterozygous or heterozygotes. When SS plants

are crossed with WW plants, all the offspring will be SW. So why, in the first

generation (designated F1, the original generation being F0), did all the plants

manifest only one of the traits when they all had an allele for each trait?

Because, postulated Mendel, S dominates over W, so when they are together in

a combination the trait S will always dominate and be manifest in the plant.

The next thing to be explained is why, when the hybrids of the F1 generation

were interbred (creating generation F2), were both traits found, and found in

the ratio 3:1. The explanation is mathematically simple. When two hybrids

are bred, some zygotes will be homozygous for each of the factors and others

heterozygous. Since all the plants in F1 are SW, each will produce, on average,

50 per cent S and 50 per cent W gametes. Using an elementary matrix product,

the 3:1 ratio is obvious.

Gametes of plant A

S W

G
am

et
es

of
p

la
n

t
B

S SS SW

W WS WW

The combinations (e.g. SS) are the product of combining the relevant gametes

from plant A with relevant gametes from plant B.
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Population genetics 9

The same thing can be illustrated diagrammatically.

SS SW WS WW

SW SW

As the matrix and the diagram demonstrate, the possible re-pairing of gametes

from two hybrids are SS, 2SW (SW + WS), and WW. Since S is dominant, the

2SW will manifest the S trait as will the SS because it is homozygous for

S. Only WW will manifest the W trait. Hence three of the four combinations

will manifest the S trait and one will manifest the W trait (i.e. S:W = 3:1).

Although Mendel’s postulation of dominant and recessive factors (alleles)

is conceptually important, it does not provide a complete basis for under-

standing phenotypic traits. Frequently, heterozygotes do not manifest one

of the discrete traits found in the contributing homozygotes. For example,

a phenomenon called heterozygote superiority4 occurs when a phenotypic

property of the heterozygote makes it fitter than either homozygote – as in

the case of a person with an allele for sickle-cell haemoglobin and an allele

for normal haemoglobin. The homozygote for normal haemoglobin is sus-

ceptible to malaria and the homozygote for sickle-cell haemoglobin is sus-

ceptible to sickle-cell anaemia; the heterozygote is resistant to malaria and

does not develop sickle-cell anaemia. Fitness is always relative to an envi-

ronment – the sickle-cell heterozygote is fitter in an environment where

malaria is endemic, for example. In agriculture, the environment is, in large

part, created by humans, and agricultural crops and animals are fit rela-

tive to that environment (an environment determined by the needs and

interests of farmers, food processors, shippers, consumers and so on). Many

agricultural crops (e.g. wheat, rice, corn/maize) are the product of human

manipulation of reproduction to create novel hybids because the traits of

these hybrids are superior to those of either homozygote (more on this in

Section 1.3).

4 Heterozygote inferiority also occurs (Christiansen, 1978).
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10 Scientific background

1.2 Quantitative genetics

Another reason Mendel’s postulation of dominance and recessiveness does

not fully account for observed phenotypic traits is that many traits – includ-

ing agriculturally significant ones and especially in animals – are quanti-

tative traits (traits that vary in magnitude over a spectrum, such as quan-

tity of milk production, udder size and rate of growth). These traits tend to

be the product of many genes and to be somewhat environmentally sensi-

tive (such as the impact of nutrition on rates of growth and ultimate adult

height). Quantitative traits vary by degree over a spectrum because of the

multiple genes involved in the development of the trait. In cases where a

trait is controlled by a single locus, a single allelic substitution can produce

a large difference in the trait. When multiple genes are involved, a single

allelic substitution will produce smaller differences, leading to a gradation in

magnitude.

An important property of many quantitative traits is the effect of the inter-

action of the genes that control the trait; these are known as epistatic effects.

In simple cases, a trait can be the product of many genes without any interac-

tion among the genes other than the additive effect they each contribute to the

trait. When, however, genes interact (such as one suppressing the expression of

another), the magnitude of the trait will depend not only on the contribution

of the particular allelic combination at each of the relevant loci but also on the

particular mix of these allelic combinations. Abstractly, this can be illustrated

by considering two loci, each of which has two alternate alleles (A and a, B

and b). If no epistasis occurs, the differences in organisms will be the addi-

tive effect of the different combinations of the alleles at each locus. If epistasis

occurs, AaBb and Aabb could be different not just because Bb has a different

effect on the trait than bb but also because bb has a different effect on Aa than Bb

does. Bb, for example, might inhibit the effect Aa can have on the trait, whereas

bb allows the full expression of Aa on the trait. In more complex cases, say, four

loci A, B, C, D, a particular allelic combination at B (say, bb) might inhibit the

expression of gene A but a particular allelic combination at D might inhibit

the effect of bb on A. Epistasis clearly broadens dramatically the possible effects

of genes on a trait; add to this the fact that many loci have more that two alter-

nate alleles and it is easy to see how a trait could manifest a large array of

magnitudes that create a continuous or quasi-continuous spectrum for that

trait.
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