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About the PBEA Series

Background

The Plant Breeding E-Learning in Africa (PBEA) e-modules were originally developed as part
of the Bill & Melinda Gates Foundation Contract No. 24576.

Building on Iowa State University’s expertise with online plant breeding education, the PBEA
e-modules were developed for use in curricula to train African students in the management of
crop breeding programs for public, local, and international organizations. Collaborating with
faculty at Makerere University in Uganda, University of KwaZulu-Natal in South Africa, and
Kwame Nkrumah University of Science and Technology in Ghana, our team created several e-
modules that hone essential capabilities with real-world challenges of cultivar development in
Africa using Applied Learning Activities. The pedagogical emphasis on application produced

a coursework-intensive MSc program for Africa.
PBEA Project Director: Walter Suza
Original Module Coordinator: Shui-Zhang Fei

Collaborating Faculty and Experts in Africa: Richard Akromah, Stephen Amoah, Maxwell
Asante, Ben Banful, John Derera, Richard Edema, Paul Gibson, Sadik Kassim, Rufaro
Madakadze, Settumba Mukasa, Margaret Nabasirye, Daniel Nyadanu, Thomas Odong, Patrick
Ongom, Joseph Sarkodie-Addo, Paul Shanahan, Husein Shimelis, Julia Sibiya, Pangirayi

Tongoona, Phinehas Tukamuhabwa.

The authors of this textbook series adapted and built upon the PBEA modules to develop a
series of textbooks covering individual topic areas. It is our hope that this project will facilitate

wider dissemination and reuse of the PBEA modules’ content.

Explore the Series

e Crop Genetics
» Quantitative Methods for Plant Breeding
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» Molecular Plant Breeding
» Quantitative Genetics for Plant Breeding
e Crop Improvement

« Cultivar Development
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Chapter 1: Reproduction in Crop Plants

Deborah Muenchrath; Arden Campbell; Laura Merrick; Thomas Liibberstedt; and

Shui-Zhang Fei

Introduction

Most agronomic and horticultural crop
species are angiosperms. Angiosperms are
vascular plants that produce their seeds
enclosed in a matured ovary, a fruit; the fruit
arises from a flower. In contrast, some tree
crops—such as pine or spruce—are
gymnosperms, which are vascular plants
possessing “naked seeds” that are not
enclosed within fruit structures. There are
two groups of angiosperms: monocots and
dicots. Although all angiosperms have some
reproductive features in common, species
vary in their mode of reproduction. A

species’ reproductive mode is fundamental to

Fig. 1 Pollen grains on a Hippeastrum flower. Photo
by Krucku, licensed under CC BY-SA 3.0 via
Wikimedia Commons.

the methods applied to develop improved cultivars.

Learning Objectives

+ Review hereditary mechanisms and flower anatomy.

+ Understand the sexual reproduction processes of pollination, fertilization, and seed

development.

+ Become familiar with asexual reproduction.

+ Comprehend the implications of reproductive mode for crop breeding strategies.
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Hereditary Mechanisms

Heredity, Genotypes, and Phenotypes

Plant breeders take advantage of the mechanisms of heredity to develop and maintain
cultivars. The observable characteristics and performance of cultivar (of a plant), its phenotype,
is the result of the cultivar’s genotype, as influenced by the environment. In other words,
phenotype is a function of both genotype and environment, plus the interaction between

genotype and environment.
P=G+ E+ (G x E), where:

P = Phenotype;
G = Genotype;
E = Environment

Fundamental to effective and efficient plant breeding is an understanding of the hereditary

mechanisms that affect genotype:

o Nuclear division and chromosomes

+ Modes of reproduction

Deoxyribonucleic Acid (DNA) And Chromosomes

Every cell nucleus contains the genetic material of the cell, deoxyribonucleic acid (DNA),
located in chromosomes. Each chromosome is a single DNA molecule. Associated with the
DNA are special proteins called histones (see the round yellow shapes in Fig. 2 around which
the DNA is wound like “beads on a string” along the chromosome) that are related to the
organization of the DNA, as well as enzymes involved in replication of the DNA strand.
In plant cells, DNA and associated genetic information are mainly located in nuclear

chromosomes.
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PV

Deoxyribonucleic
acid (DNA)

Histones
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Fig. 2 Nuclear DNA wound around histone proteins that provide structural
support to the chromosome. Illustration by NIH-NHGRI.

However, some additional DNA and genetic information is located in specialized cell

structures that are “extra-nuclear,” meaning found outside of the cell nucleus.

Nuclear vs. Organellar DNA

Although by far the main portion of DNA and genetic information is located on nuclear
chromosomes, additional DNA (and genetic information) is located in two types of organelles in
plant cells: plastids and mitochondria. Each plant cell usually contains multiple plastids and
mitochondria, which contain multiple copies of circular DNA each. Different from the
inheritance of nuclear DNA, organellar DNA is maternally inherited in most plant species and

not undergoing meiosis.
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Mitochondrial DNA is the small circular chromosome found inside mitochondria, a type of

organelle found in cells, and that are the sites of energy production.Illustration by NIH-NHGRI.

Chromosomes And Genomes

A genome is the basic set of chromosomes
inherited as a unit from one parent. Somatic
cells (non-germ cells) of diploid species contain
two sets (2n) of the basic genome (haploid) (1n)
number of chromosomes. Among species, the
number of chromosomes varies. Within a species,
the chromosome number (2n in somatic cells and
1n in germ cells) is ordinarily constant. However,
both diploids
polyploids, which are plants with more than two

crop species include and

sets of chromosomes in their cells.

Crop Chromosome Number

Crop species include a wide range of

Chromosome ——,

\\ // ‘ Haploid
— cell

More than two complete
sets of chromosomes

A

/(I ) coeerio)

Two complete sets-
of chromosomes’ _
f

Diploid

e

Fig. 3 A complete set of chromosomes forms a
genome. Complete genomes are contained in

haploid, diploid and polyploid cells.

chromosome numbers. The genomic formula of crop species (with 2n representing the somatic

chromosome number, n, the haploid number, and x, the basic chromosome number) can reveal

whether or not the crop is a polyploid. For example, vanilla, coconut, pecans, alfalfa, leek, and
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sour cherry all have the same number of chromosomes, but the first three are diploids
(2n=2x=32), and the last three are polyploids (2n=4x=32). Polyploids can be classified as either
autopolyploids (see crop examples labeled as “auto” in the table where their status is known) or
allopolyploids (“allo” in the table). Autopolyploids are polyploids with multiple chromosome
sets derived from a single species, whereas allopolyploids are polyploids with genomes derived

from different species.

Sour
Cherry
Polyploid

Vanilla
Diploid

Fig. 4 Crops and their genomic formulas. Photos
by Rillke and Alex Popovkin, licensed under CC-SA 3.0
via Wikimedia Commons

Mitosis and Meiosis @
i
Mitosis is one phase of the cell cycle. Mitosis is divided into four &
arbitrary stages. Progress between stages, however, is gradual and M,
continuous. o 0.3
]
X s
During cell division, DNA is duplicated and distributed to daughter v
nuclei. The number of chromosomes in the daughter nuclei depends on —
the process of nuclear division. There are two nuclear division processes fir, 4,
by which new cells are formed. r 4 2
Fig. 5 An
Mitosis encapsulated view of
stages in mitosis.
Ilustration

Let’s follow mitosis, the process by which somatic cells, non-germ cells, by NIH-NHGRI.

are reproduced.
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We'll begin with interphase of the cell cycle. This illustration represents a diploid, or 2n,

somatic nucleus. It has two sets of chromosomes, shown here as a blue set and a red set.

Each chromosome is duplicated at the end of interphase during the

synthesis period of the cell cycle that precedes mitosis.

Mitosis is a process of nuclear division. It has four stages:

+ Prophase

+ Metaphase

* Anaphase Fig. 6 An illustration of a
+ Telophase diploid nucleus with two

sets of chromosomes.

Let’s see what happens during each of these stages.

FYI: Cell Cycle

vy
2
s
T
p~2
(0))]
m

6
SISIHAND

» G2-Gap This period occurs after DNA replication is complete, but before mitosis begins.
+ M-Mitosis The nucleus divides, distributing a complete set of chromosomes to each

daughter nucleus. The cell subsequently undergoes cytokinesis, cytoplasmic division,
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completing the formation of the two daughter cells; each repeats a new cell cycle. Of the
cell cycle phases, mitosis is the shortest, typically lasting only 1 to 3 hours.

+ G1-Interphase Occurs after the completion of mitosis and precedes DNA replication.

+ S-Synthesis DNA replication occurs. This phase can be identified because it is the only
phase during which the cell can incorporate radioactive thymidine into nuclear DNA.

Thymidine is related to one of the purine bases of DNA, thymine.

Meiosis

1n daughter cells:
One set of
chromosomes

Fig. 7 1n daughter cells: One set
of chromosomes.

In contrast to mitosis, meiosis is the process through which germ cells, microspores and

megaspores, are derived. Meiosis is similar to mitosis except in two important aspects:

» Meiosis involves two successive divisions.
+ Homologous chromosomes replicate only once during the two divisions. Thus, the
diploid microspore and mega spore mother cells are meiotically reduced to the haploid,

or 1n, chromosome number of the gametes.
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In meiosis, there are two successive divisions, called meiosis I and meiosis

I1. Each of these is divided into four phases analogous to those of mitosis.

Like mitosis, these stages progress in a gradual and continuous manner.

Similarities to Mitosis

Meiosis I resembles mitosis in that:

» The division results in the production of two daughter cells.

Interphase
mother cell

Fig. 8 Interphase

+ Cells are derived from a microspore or megaspore mother cell. mother cell.

+ Replication of homologous chromosomes precedes it.

Review

Now review these two processes: mitosis and meiosis. Again, pay attention to commonalities

and differences. You should be able to identify key features of each process and stage.

+ Telophase

Process o )
Mitosis \_ k
Meiosis
Divisions Equational division One equational division, one reductional division
Results in Two 2n daughter cells Four 1n daughter cells
Eight or nine:
Four: i Prophase I
+ Metaphase I
. Prophase + Anaphasel
+ Telophase I
Stages + Metaphase Lo .
A + Interkinesis (sometimes)
+ Anaphase

» Prophase II
+ Metaphase II
» Anaphase II
+ Telophase II
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Sexual Reproduction

Reproduction enables the propagation of new individuals.

Reproduction in crop species may occur sexually, asexually, or both.

+ Sexual reproduction: Requires the fusion of egg and sperm
cells (known as gametes) to obtain the next generation. The
life cycle of a typical angiosperm involves sexual reproduction
based on the process of meiosis, in which the chromosome
number of cells in the female and male reproductive organs is
reduced by half to form female and male gametes. Meiosis is
the process responsible for the genetic segregation observed
in progeny of heterozygous individuals.

+ Asexual reproduction: Propagation occurs without the fusion
of male and female gametes. Asexual reproduction is based on

the multiplication of cells by mitosis and results in two new

Fig. 9 Reproduction
enables new plants to
sprout. Photo by Iowa
State University.

cells that are genetically identical to each other and to the cell from which they

originated.

Synopsis of the Life Cycle of the Angiosperm Plant

In the animal kingdom, the production of gametes follows immediately after the meiotic

divisions. Normally, therefore, the gametes are the only haploid (1n) representatives of the

animal life cycle. In plants, however, almost invariably (and without exception in higher plants)

the immediate products of the meiotic divisions are not gametes but spores. The higher

plants (angiosperms) we recognize, e.g., the oak tree, turfgrass, clover, wheat, are the diploid

(2n) or sporophytic stage of the plant’s life cycle. In these plants the haploid vegetative or

gametophytic stage is short-lived and quite inconspicuous. The sporophyte produces spores as

a result of sporogenesis or meiosis. Spores undergo a few nuclear divisions in a process known

as gametogenesis to form mature gametophytes. Gametes develop within the gametophytes.
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Fig. 10 Microspores and megaspores
of Marsilea. Photo by Curtis Clark, licensed
under CC-SA 3.0 via Wikimedia Commons.

All higher plants produce two types of spores, microspores and megaspores. Corresponding

to these two types of spores are the two different modes of their development,

microgametogenesis and megagametogenesis, which culminate respectively in two dissimilar

and relatively simple plants, the mature microgametophytes and megagametophytes.

Male Spore Formation

Each of many 2n microsporocytes (pollen mother cells) within the anther undergoes meiosis

with the result that four haploid (1n) microspores are produced within the anther for each

original microsporocyte.

Sporophyte ! . A . b
(2n) e e =
e b.
Mok > Eguational
/ Reduction  Divisions

A t} ‘-.I | Divisien

x a B }, a <: 2/
‘\_ ._-__-.-..__.f'f o B /.-' :_,-o-g_'
Microsporocyte Microspores
Pollen Mother Cell (n) {n)

(2n)

Fig. 11 Microsporogenesis process. Photo by lowa State University
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FYI: Microsporogenesis

Microsporogenesis is the process by which male gametes (pollen grains) are formed. This

process can be divided into three parts:

1. Meiosis I
2. Meiosis 11

3. Endomitosis

Each of these is subdivided into several stages. The stages of microsporogenesis are transitory.
The sequence of stages is shown in the following photos (from Chang and Neuffer, 1989). Each
photo represents a momentary expression, which may not be a good representation of the

complete event. The event in each photo is indicated by an arrow.

Microgametogenesis

The single nucleus of each microspore divides once by mitosis and one of the two daughter
nuclei draws about itself a mass of deeply staining cytoplasm. This nucleus is known as the
generative nucleus while the other is the tube nucleus. The generative nucleus undergoes a
single mitotic division to form two male gametes, or sperm cells. (In some plants this division
does not occur until pollination has taken place and the generative nucleus is moving through

the pollen tube.) This constitutes a pollen grain or a mature microgametophyte.
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I , / \
\"b/ Generative 2 sperm I
e cell . calls .=
| —=— | * (i A '."_ L
"B Mitosis k / Mitasis
| ,, _a'i'x_. . (A) ',I
B/ > - | 2t |
E:!nlzanu:uh-e Pull-lan s e Sa — |
Vs &\ nucleus nucleus . _ _ | | ﬁ_‘-
'u'fs_;' Pollen Grain L\ b /)

(Male Gametophyte) et

Mature Male
Gametophyte

Hi-c-m:p-oru (n)

Fig. 12 Microgametogenesis process.

Female Spore and Gamete Formation
Megasporogenesis

A 2n megasporocyte (megaspore mother cell) in each ovule undergoes meiosis. Four

megaspores result, each with a haploid chromosome number. Three of these disintegrate; the
fourth develops into the mature female gametophyte.

™
ra L |

Sparophyte AN B/
{2n) _,F--B o,
C2 ———, “‘\)/ Equational ~—
Pistil ,r/f/ \ ~ Reduetion  Divisions
- 'rx B \ | Division —
: B Soamoam el —~ fa_
\\ a ~—aa_\ b/
I LY /;" e — < /-a"--,‘
o Al -
j Wt b/
Megasporocyte M
(Megaspore Mother Cell)  (n) =it
(2n)

Fig. 13 Megasporogenesis process. Photo by Iowa State University.

Megagametogenesis (development of the female gametophytes and gametes)

The surviving megaspore enlarges greatly to form the embryo sac. Three successive mitotic
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divisions, starting with the original nucleus of this megaspore, produce eight haploid daughter

nuclei within the embryo sac. These orient themselves as follows:

» The two polar nuclei lie together in the middle of the sac.
» Three nuclei are located at the end of the sac where the sperm will enter, the center one
becoming the female gamete or egg, and the two flanking ones the synergids.

» The remaining three, the antipodal cells, come to lie at the opposite end of the sac.

The number of antipodal cells, however varies greatly from zero in Oenothera species to more
than 100 in some grass species. The embryo sac with the eight haploid nuclei thus arranged
is the mature megagametophyte the female gamete or egg, and the two flanking ones the
synergids; the remaining three, the antipodal cells, come to lie at the opposite end of the sac.
The number of antipodal cells, however varies greatly from zero in Oenothera species to more
than 100 in some grass species. The embryo sac with the eight haploid nuclei thus arranged is

the mature megagametophyte.

) 2 synergid- -

f ,,fE": cel |"; ?

/AN

ﬁ/ 3 megaspores 2 polar

degenerate _ |- fusion

, = = .
N \ nuclei
1

- . -E'J

¥,

o\
\
\

s
hY

— 3 mitotic divisions
I_-"fﬁa_#___,\'-l f,_f"
Megaspores Embryo Sac . antipodal
(n) (Female Gametophyte) cells

Fig. 14 Megagametogenesis process.

Double Fertilization

Pollen grains are freed by opening of the anther wall and are carried to the stigma of the same
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or other plants. Each pollen grain soon sends out a small thin pollen tube (generated by the
tube nucleus) which penetrates the tissues of the stigma and digests its way through these and
the stylar tissues down to one of the ovules. The sperm cells pass down the pollen tube behind
the tube nucleus. Once the pollen tube reaches the ovule it penetrates the embryo sac, the
tube nucleus disintegrates, and the two sperm cells enter. One of the sperms fuses with the
haploid egg to produce the 2n zygote, while the other fuses with the two polar nuclei to give a

3n (triploid) product, the endosperm nucleus.

Further Development

The triploid endosperm tissue grows more rapidly than the embryo at first. Later on, the
embryo, which develops from the zygote, grows at the expense of the endosperm. Depending
on the species, endosperm tissue may or may not persist at the time the seed has completed
growth. With the resumption of growth (seed germination) the embryo continues development
until it reaches the mature sporophyte stage, at which time microspores and megaspores are

again produced.
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For Your Information

Endomitosis

Interphase occurs between meiosis II and endomitosis. Chromosomes replicate during
interphase. Endomitosis is a process of cell division resulting in the production of the pollen
grains. Endomitosis is also divided into phases. Figures 23 through 36 show these phases,
as well as the gradually increasing accumulation of starch granules in the cell. The starch

grains progressively obscure the visibility or resolvability of the cellular structures of the male

gametophyte.
Interphase
The cell nucleus is round, condensed and nondifferentiated .
o Chromosomes replicate during this period.
-

Fig. 15 Interphase.
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First Prophase

The chromosomes condense into short thick threads surrounding the

nucleolus. o

> . . Fig. 16 First Prophase.
Middle First Prophase s d

X N The chromosomes continue to condense into short thick threads

|
'

72N

.4 which allow identification of individual chromosomes. The nucleolus

and the nucleolus-organizing region of chromosome six are visible.

Fig. 17 Middle First
Prophase.

Late First Prophase

The chromosomes further condense to become short thick rods. The :

. . . . . >
nucleolus and the nucleolus-organizing regions with chromosome six S o
]
are clearly seen.
Fig. 18 Late

First-Prophase.

, First Metaphase

The nucleolus disappears and the ten chromosomes are arranged in

one plane close to one another.

Fig. 19 First Metaphase.
First Anaphase N

The sister chromatids are now separated and moving towards the -

opposite poles.

Fig. 20 First Anaphase.
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Late First Anaphase

The separated chromosomes have reached the opposite poles and

~ formed two chromosome clusters.
>
Fig. 21 Late First .
Anaphase. First Telophase
The chromosomes at each pole are now extended and surround the > _‘:Q
nucleolus. *
Fig. 22 First Telophase.
] .
Binucleate
_ Two nuclei are formed at the opposite poles. The generative nucleus
oA - (bottom) is usually located near the germ pole. It will further divide to

form two sperm.

Fig. 23 Binucleate.

Second Prophase

The generative nucleus underneath the surface of the intine wall p
becomes cup-shaped and will proceed to the second nuclear division. B -

The vegetative nucleus is not at resting stage and appears to continue -

its metabolic activities. Fig. 24 Second Prophase.

Second Metaphase

The nucleolus disappears, the ten chromosomes are arranged in one

/

Sa - Lo single plane. The vegetative nucleus is dark-stained.

. o

Fig. 25 Second
Metaphase.



20 | CHAPTER 1: REPRODUCTION IN CROP PLANTS

Second Anaphase
The sister chromatids are now separated and moving towards the Y
opposite poles . The vegetative nucleus remains large and clear. x 7
Fig. 26 Second
Second Telophase Anaphase.
g a

The chromosomes at each pole are now extended and surround the

nucleolus. The vegetative nucleus remains large and clear.

Fig. 27 Second Telophase.
Mature Pollen

The mature pollen grain now has three nuclei. The top two

&

condensed, crescent-shaped nuclei, surrounding the germ pore are

the sperms. The large one at the bottom is the vegetative nucleus.

Fig. 28 Mature Pollen.

Meiosis |

Meiosis I is a reductional division-the number of chromosomes in the nucleus is reduced to the
haploid number. Meiosis I has four phases: prophase I, metaphase I, anaphase I, and telophase
L.

% Premeiotic Interphase

The irregularly shaped pollen mother cell has dense protoplasm, no

vacuoles, no clear cell wall structure and an undifferentiated nucleus.

Fig. 31 Premeiotic
Interphase.
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Prophase I

Prophase I is the longest phase of Meiosis I. During Prophase I, the nuclear membrane breaks
down, the chromosomes contract, and the spindle forms. Prophase I has several substages:

lepotene, zyotene, pachytene, diplotene, and diakinesis.

Leptotene

S
Lo ;%,!

Cell becomes round with dense protoplasm. The chromatin threads
are greatly extended and coiled around the nucleolus. Synapsis is
initiated. Single and double strand configuration is evident. The

chromomeres are visible. Fig. 32 Leptotene.

Late Zygotene-Early Pachytene

ZP The pairing of the homologous chromosomes is complete. The
| condensed chromosomes show details of hetero-chromatin and
knobs. The nucleolus and nucleolar-organizing region of chromosome
Fig. 33 Late six are visible.

Zygotene-Early
Pachytene.

Pachytene

The paired chromosomes are further condensed to become a very
thick thread. Individual chromosomes can be identified by their
relative lengths, distinctive chromomere patterns, position of knobs,
and other recognizable characteristics. The nucleolar-organizing Fig. 34 Pachytene.

region of chromosome six is clearly attached to the nucleolus.
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The chromosomes continue to condense into short, thick threads.
The paired chromosomes appear to be repulsing one another, except
X &y regions where an actual crossover took place. The chiasmata are

L frequently seen as X-shaped and looped chromosome configurations.

Fig. 35
Late Diplotene

The chiasmata are terminalized and the very short condensed
chromosome pairs are separated from each other. The X-shaped and
looped chromosome configurations are still shown. The nucleolar-
organizing region of chromosome six is firmly attached to the

Fig. 36 Late Diplotene.
nucleolus.

Diakinesis
{.AQ a ®

‘& The condensed chromosome pairs are separated from each other. The

chiasmata , the X-shaped and looped configurations are still seen.

Fig. 37 Diakinesis.
Late Diakinesis

vy .

The chromosome pairs are dark, round bodies and the nucleolus e

starts to disappear.

Fig. 38 Late Diakinesis.

Metaphase I

During metaphase I, chromosomes migrate to the spindle equator.
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Metaphase I (side view)

The nucleolus has disappeared. The paired chromosomes lie at the

W

wt

% equatorial plate of the spindle structure. The chiasmata have moved

to the ends of the paired chromosome.

Fig. 39 Metaphase I (side
view). .
Metaphase I (polar view)

b"

The paired chromosomes appear as dense bodies scattered on a single -

N

plane of the protoplast.

Fig. 40 Metaphase I
(polar view).

Anaphase I

i g The paired chromosomes separate and move toward the opposite
poles. The V-shaped configuration of the chromosome is due to
movement of the centromere ahead of the arms. The number of
chromosomes at each pole is now reduced to half the number

Fig. 41 Anaphase I. .
8 P possessed by the microspore mother cell.

Telophase I

8 s

‘-“ B g
The chromosomes at each pole are now extended. The nucleolus 2t e
reappears and the cytoplasm divides (cytokinesis) to form two half- <

mooned cells.

Fig. 42 Telophase I.

Meiosis I1

Meiosis II is an equational division during which sister chromatids separate and are

distributed to daughter nuclei. Thus, each nucleus receives the haploid number of



24 | CHAPTER 1: REPRODUCTION IN CROP PLANTS

chromosomes. Meiosis II is divided into four phases: prophase II, metaphase II, anaphase II,

and telophase II. These phases are analogous to the four phases of Meiosis I.

Prophase I1

e The chromosomes condense into short thick threads surrounding the

small nucleolus.

Fig. 43 Prophase II

Metaphase I1
Y
The chromosomes (each chromosome has two sister chromatids) lie ‘o

at the equatorial plate of the spindle structure. Nucleoli have again

disappeared.
Fig. 44 Metaphase II.
. . Anaphase I1
The two sister chromatids seen collectively as a dark staining mass,
. i are now separated and have moved towards the opposite poles.

Fig. 45 Anaphase II.

Telophase I1 e L
The chromosomes at each pole are extended, the nucleoli reappear Noe
and the cytoplasm divides to form four cone-shaped cells. U CA

Fig. 46 Telophase II.
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Four cone-shaped microspores are formed and are enclosed inside the

' A maternal wall, which is being digested and will thus release the
"' e four microspores.

Fig. 47 Telophase II,

continued. )
The newly released free microspores are

undifferentiated, cone-shaped, and appear to have no distinct cell

Al

walls.

Fig. 48 Free Cell from

Early Uninucleate Cell Quartet.

Lt ' '

: %&:: The shape of the microspores are round with
dense cytoplasm. The nucleus is located near the center and the cells
are undifferentiated with no vacuoles and no clear wall structure.

Fig. 49 Early
Uninucleate Cell.

Late Early-Uninucleate Cell

The microspores start to differentiate. The exine and intine N

structures are being formed. The cytoplasm remains dense, but many

small vacuoles are being formed. The nucleus is still near the center

of the protoplast. Fig. 50 Late
Early-Uninucleate Cell.

Middle Uninucleate Cell

wh -,
* A large vacuole is forming in the protoplast, pushing the nucleus to

one side.

Fig. 51 Middle
Uninucleate Cell.
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Late Uninucleate Cell

The differentiation of exine and intine, germ pore and annulus are £23
i
complete. Creases seen are due to pressure of coverslip on rigid

spherical pollen wall. Cell volume increases four to six times.

Fig. 52 Late Uninucleate
Cell.
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Chapter 2: Flower Morphology and
Distribution

Deborah Muenchrath; Arden Campbell; Laura Merrick; Thomas Liibberstedt; and
Shui-Zhang Fei

Sexual Reproduction

Kinds of Flowers

Fig. 3 This flower is incomplete because it

Fig. 1 A complete flower has all four floral lacks stamens. It is also considered
organs: Pistil, stamen, sepals and petals. imperfect because it has only one sexual
organ (pistil).

Fig. 2 Incomplete flowers lack one of the four
floral organs (here, petals).
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Inflorescence type influences the techniques that are used to control pollination in developing
cultivars and in maintaining the genetic purity of cultivars. Inflorescence types can also be

used to identify plants.

Flowers are classified into a couple of categories. Flowers are either complete or incomplete
and either perfect or imperfect. A flower having all of the main floral parts (sepals, petals,
pistils, and stamens) is said to be complete, whereas a flower lacking one or more of these
structures is said to be incomplete. The stamen (male part) and pistil (female part) are not
always present together in a single flower. When both are present, the flower is said to be

perfect (or bisexual). Imperfect flowers are those that are unisexual, either male or female.

Table 1 Examples of plants with complete and incomplete flowers.

Complete flowers Incomplete flowers

Soybean Maize

Alfalfa Sorghum

Clovers Oat

Common bean Barley

Vetches Wheat

Cotton Sugar beet

Tomato Fig

Rapeseed Date palm

Sunflower Forage grasses

Tomato Turf grasses

Cabbage Rice

Tobacco A tomato flower. Licensed | Spinach A fig flower. Licensed
under CC-BY-SA 3.0 via under CC-BY-SA 3.0 via
Wikimedia Commons. Wikimedia Commons.

Notice that plants in the legume family (Leguminosae or Fabaceae) have complete flowers,

whereas plants belonging to the grass family (Gramineae or Poaceae) have incomplete flowers.
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Flower Dissection

Dissect a complete and incomplete flower. Think about how the presence or absence of a floral
structure might influence the pollination process, and thus, the methods that can be used to

develop improved cultivars or to maintain the genetic purity of the cultivar.

Complete Flower Incomplete Flower Grass Floret

Fig. 4 Soybean flowers in the field. ] Fig. 6 Grass flowers. Photo by
Fig. 5 Green wheat florets. Photo by = Hardyplants via Wikimedia

Stephen C Dickson, CC BY-SA 4.0. Commons

Complete Soybean Flower Dissection




30 | CHAPTER 2: FLOWER MORPHOLOGY AND DISTRIBUTION

1.

2.

Standard petals: Collectively, petals are called the corolla. Petals are typically large and
conpicuous and are not required for reproduction. Soybean has five petals: one standard
petal, two wing petals and two keel petals

Wing petals: The dissected view of the two wing petals.

3. Keel: The keel is composed of two united petals. The keel encloses the stamina column.

5.

Stamens are the pollen-bearing organs of the flower. Stamens are composed of slender

stalks (filaments) that support anthers.

anthers

Y

L

pistil

Pollen grains are produced in the anthers. The pistil is the seed-bearing organ of the
flower. It consists of stigma, style, and ovaries. The stigma is the part that is receptive to

pollen. Following pollination and fertilization, seed form in ovaries.

Sepals: Like the petals, sepals are not neccessary for reproduction. Sepals are small and
inconspicuous. They enclose and protect the flower while still a bud. Collectively they
form the calyx.

Pedicel: The pedicel is the stalk of the flower, attaching to the plant.
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Table 2 Examples of crops and different floral systems. Adapted from Lersten (1980).

Flower Characteristics Terms Examples
Male and female expression in INDIVIDUAL FLOWERS
Male and female in ONE flower blsexua!, hermaphroditic, Wheat,
monoclinous, perfect peach
1. Pollen shed before stigma is receptive protandljy (p'revent Carrot,
self-pollination) walnut

2. Stigma matures and ceases to be receptive
before pollen is shed

protogyny (prevent
self-pollination)

Pearl millet,
pecan

3. Stigma receptive, and pollen shed, after

chasmogamy (promote

flower opens self-pollination) Violet, rye
4. Stigma receptive, and pollen shed, in closed clelstoge}my‘(ensure Oat, peanut
flower self-pollination)
Perfect flowers of TWO types on SAME plant heterostyly
1. Long styles and short stamens pin flower
Buckwheat,
flax
2. Short styles and long stamens thrum flower
Male and female in SEPARATE flowers unisexual, diclinous, imperfect
1. Male flower male, staminate
Cucumber,
hemp
2. Female flower female, pistillate, carpellate
Flower DISTRIBUTION on PLANTS
Male and female flowers on one plant monoecious Maize, oak




32 | CHAPTER 2: FLOWER MORPHOLOGY AND DISTRIBUTION

Flower Characteristics Terms Examples
Male and female flowers on separate plants dioecious Yams,
asparagus
+ Male, female, and perfect flowers mixed, polygamous Red maple,
papaya
1. On same plants polygamomonoecious Coconut,
. mango
. Strawberry,
2. On separate plants polygamodioecious holly

Perfect and Imperfect Flowers

Perfect flowers have both staminate and pistillate structures in the same flower.

Imperfect flowers are either staminate or pistillate. An imperfect flower is staminate if it
possesses stamen. Conversely, an imperfect flower is pistillate if it bears a pistil. Staminate
flowers are considered “male” because they produce pollen, whereas pistillate flowers are
“female” because they possess ovules. Staminate and pistillate flowers may occur on the same

or different plants of the same species.

Species having such specializations are either:

+ monoecious — staminate and pistillate flowers are separate but occur on the same plant;
or

+ dioecious — staminate and pistillate flowers are on separate plants.

Analogous to the separate sexes in animals, a dioecious plant must have a partner of the
opposite type to complete its life cycle. Usually, about half of all individuals of a dioecious
species are of each type, staminate or pistillate. Thus, the dioecious condition is reproductively

expensive in that only about half of the species’ plants can produce seed.
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Table 3 Examples of monoecious and dioecious plants.

Monoecious Dioecious

Maize Hemp

Walnut Hops

Oil palm Spinach

Squash Yam

Cassava Date palm

Wile rice Walnut flower. Licensed Cottonwood Hops flowers. Licensed
under CC-BY-SA 3.0 via under CC-BY-SA 3.0 via

Castor bean Wikimedia Commons. Asparagus Wikimedia Commons.

White pine Nutmeg

The “mono-" prefix indicates one and the “di-” prefix indicates two. The “-oecious” part of the
word translates to “house.” Thus, an easy way to remember the distinction between these terms
is to remember that in monoecious species, the staminate and pistillate flowers reside in the

same house or plant, whereas in dioecious species, these flowers reside in two different houses

4

or plants.
Staminate

Pistillate | Sta%
Mol ) =

Dioecious
Staminate and
pistillate flowers on
separate plants

Monoecious
Staminate and
pistillate flowers on

istill
the same plant i e

Fig. 7 Dioecious and monoecious plants.

Pollination and Fertilization

Pollination occurs when a pollen grain (from the staminate flower) is placed on a receptive

stigma (of the pistillate flower), either naturally or artificially. Fertilization requires that a male
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gamete and a female gamete fuse to form a zygote. These gametes may be from the same or

different plants.

There are two kinds of pollination processes in sexual reproduction.

+ Self-pollination — seeds develop from the union of male and female gametes produced
on the same plant or clone. The development of seed by self-pollination is also referred to
as autogamy.

+ Cross-pollination — seeds develop from the fusion of gametes produced on different

plants. The development of seed by cross-pollination is known as allogamy.

Self-Pollination

Several floral mechanisms enforce self-pollination.

+ Flowers do not open, preventing external pollen from reaching the stigma.

« Anthesis occurs before the flower opens.

+ Stigma elongates through the staminal column (filaments and anthers) immediately after
anthesis.

+ Floral organs may obscure the stigma after the flower opens.

Although these mechanisms usually enforce self-pollination, a low frequency of cross-
pollination may occur. The frequency of cross-pollination in normally self-pollinating species

generally depends on the species and environmental conditions.

Soybean is an example of a species that is normally self-pollinated. Before the flower opens, the
anthers burst and pollen grains fall out of the anthers on to the receptive stigma contained in

the same flower: self-pollination occurs.

Cross-Pollination

Floral Mechanisms of Promotion

Several floral mechanisms promote cross-pollination.

+ Emergence or maturity of the staminate and pistillate flowers is asynchronous.

o Protandry — anthesis occurs before stigma are receptive.
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o Protogyny — pistillate flower matures before the staminate flower.

+ Flowers are monoecious or dioecious. Mechanical obstruction between the staminate and
pistillate flowers in the same individual prevents self-pollination. Gametes produced on
the same plant or clone are unable to effect fertilization.

Monoecious

Dioecious

» Mechanical obstruction between the staminate and pistillate flowers in the same

individual prevents self-pollination.

Alfalfa flowers, for example, have a membrane over the stigma that
precludes self-pollination. When a bee lands on the flower, the keel is
tripped, rupturing the membrane and exposing the stigma to pollen
carried by the bee from other plants it has visited, effecting cross-

pollination.

+ Gametes produced on the same plant or clone are unable to effect

fertilization.

o Self-sterility — gametes from same individual cannot

successfully fuse to form a zygote. Sterility can be caused by  Fig. 8 An alfalfa
leafcutting bee on an

lack of function of pollen (male gametes) or ovules (female alfalfa flower.

gametes).

o Male sterility — either genetic or cytoplasmic, occurs because the pollen is not
viable. Female sterility occurs when the ovule is defective or seed development is
inhibited.

o Self-incompatibility — self-pollination may occur, but fertilization and seed set fail.
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Pollen Transportation

Pollen is transported from the staminate flower to the pistillate flower by wind, insects, or
animals. Occasionally pollen is transported to receptive stigma of the same individual and self-
pollination may occur. For example, pollen from the tassel of a maize plant may land on and

pollinate silks on the same plant, effecting self-pollination.

Sunflower is ordinarily cross-pollinated. Bees often carry pollen from one plant and deposit it

on other plants.

Fig. 9 Close-up of a sunflower Fig. 10 Beehives on the edge of a

head. Photo by Allen Knapp, Iowa sunflower field. Photo by Allen

State University. Knapp, lowa State University.
Classification

Plants are classified as either self- or cross-pollinated based on which of these processes most

frequently produces its seed. Click each category for more information.

Asexual Reproduction

Some species can be propagated without a gametophytic stage. The fusion of gametes
(fertilization) is omitted from the life cycle. Reduction in chromosome number (meiosis) and
seed production may or may not occur. Asexual reproduction produces individuals genetically

identical to the maternal parent.

There are several mechanisms of asexual reproduction.

« Vegetative Propagation
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o Tissue Culture

e Apomixis

Vegetative Propagation

In some species, new individuals can arise from a group of differentiated or undifferentiated
cells of the parent plant; no embryo or seed is produced. Because such new individuals develop
asexually from a single parent, they are genetically identical to that parent. These progeny are

clones. Numerous tissues and organs may asexually produce progeny.

+ Rhizomes - Rhizomes are specialized underground stems that can branch at nodes to
produce new plants. Banana, bromegrass, hops, and johnsongrass can be reproduced
from rhizomes.

+ Stolons - These “runners” or horizontal-growing, above-ground stems develop
adventitious roots whose axillary buds can become independent plants. Strawberry is an
example of a crop that can be reproduced from stolons.

+ Bulbs and bulbils - These short underground stems have thickened or fleshy scales
(modified leaves) that can form buds. These buds detach and form “offsets” or new
individuals. Onions and garlic are commonly propagated from bulbs.

+ Tubers - Tubers are also short, enlarged stem tissue, containing food reserves. Nodes or
“eyes” in such tissue can give rise to adventitious roots and separate plants. Potatoes are
commonly propagated from eyes cut from tubers.

+ Suckers - Suckers arising as lateral shoots from the base of stems can separate and form
new plants. Pineapple, sweet potato, and date palm are examples. Suckers may also derive
from adventitious buds on the roots. Roses, poplars, and some other woody species can
be propagated from such root cuttings or rootstocks.

+ Corms - A corm is an underground, tuber-like base of a vertical stem that can also
produce a separate plant. Taro, an important starch crop in Southeast Asia and the
Pacific Islands, is propagated from corms. Banana also can be propagated from corms.

+ Stem cuttings - When placed in moist soil, cuttings from aerial stems of some species,
such as sugarcane, pineapple, and cassava, can give rise to new plants from the nodes and
lateral buds.

The usual mode of reproduction of some species is vegetative. However, other species that
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reproduce sexually are more commonly propagated vegetatively to maintain genetic purity,

including some forage cultivars and many horticultural species.

Vegetative reproduction does not usually provide opportunity for selection of genetic variants.

Tissue Culture

Tissue culture is a specialized type of asexual propagation. Tissue culture usually involves
excision of undifferentiated cells or meristematic pieces of a plant and growing these in vitro
on sterile nutrient agar medium; cell division is by mitosis. By manipulating the components of
the medium, the tissue can be prompted to develop roots or shoots. Eventually, new individuals

may be separated and transplanted to soil.

Tissue culturing takes advantage of the totipotency of somatic cells. That is, these cells contain
the plant’s entire genome and have the potential to develop into whole plants. Some species

that cannot normally be reproduced vegetatively may be reproduced by tissue culture.

Tissue culture is of interest to plant breeders as a technique to

« maintain and propagate genetically identical plants that otherwise can only be
reproduced sexually;

+ provide disease-free plants of species that often transmit pathogens to progeny when
propagated by conventional vegetative means; and

« create novel genetic variation within which selections can be made. Under some

conditions, tissue culturing can promote genetic changes.
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Apomixis Process

Apomixis differs from other forms of asexual
reproduction in that seed is produced. Unlike
sexual reproduction, however, apomictic seed is
developed from sexual organs or related
structures without fertilization. Pollination is

also usually omitted.

Agamospermy

of

agamospermy, which is a process through

Apomixis  generally involves forms

which seeds develop without fertilization. There

are two different degrees of agamospermy.

+ Obligate — Seed produced arises from asexual reproduction.

Sexual

Reproduction
]

Diploid Somatic

Ovular Tissue

Meiocyte (Megaspore
Mother Cell)

Meiosis
I

Haploid Egg

Haploid Embryo Sac

Double Fertilization

Diploid Zygote +
Endosperm

Fig. 11

Gametophytic
Apomixis
Failure of Somatic Cell
Reduction acts as a Spore
DIPLOSPORY APOSPORY
|
Unreduced
Spore Sporophytic
I Apomixis
Unreduced
Embryo Sac Somatic Cells
I form Embryo
Directly:
ADVENTITIOUS

Unreduced Egg
|

EMBRYONY

Parthenogenesis

Diploid Embryo

o Advantages: Preserves genotype, including heterozygotic genotypes

o Disadvantages: Precludes genetic recombination and variation for selection of

improved cultivars

+ Facultative — Although most of the seed generated is asexually produced, sexual

reproduction occurs regularly.

o Advantages: Permits development of genetic variation for selection of improved

cultivars

o Disadvantages: Cultivars may be genetically unstable, making it difficult to maintain

the desired genotype

Each of these degrees of agamospermy provides advantages and disadvantages from the plant

breeding perspective.

There are also two general types of agamospermy.

+ Autonomous — Endosperm forms without pollination or fertilization.

+ Pseudogamous — Although fertilization (the fusion of gametes) does not occur,

pollination is apparently required to stimulate apomictic embryo or embryo sac

development to produce seed. Pollination adds no genetic material.
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Mechanisms of Cause

The mechanisms that cause apomixis differ by the cell that undergoes mitosis to produce the
embryo of the seed.

+ Adventitious embryony — The embryo develops directly from diploid sporophytic
tissue, skipping the gametophytic stage. This is the simplest form of agamospermy.

+ Apospory — Nucellus or integument cells, which are somatic cells, undergo mitosis to
produce a diploid embryo sac.

+ Apospory is the most common form of apomixis in angiosperms.

+ Diplospory — The embryo and endosperm derive from the diploid megaspore mother
cell. The megaspore mother cell’s nucleus divides by mitosis, rather than meiosis,
resulting in a diploid embryo sac.

+ Parthenogenesis — The egg cell divides mitotically to form the embryo without
fertilization.

+ Androgenesis — A haploid embryo develops from a male sperm nucleus after it enters
the embryo sac. The individual that develops from the seed is haploid and has the

genotype of the sperm from which it is derived.

Sporophytic generation (2n) Gametophytic generation (1n)

Megaspore
mether cell
Mitosi: i 5
I\\ ILOEIS or modified Meiosis
/ ‘*T / Mitesis . ¥ / /.
AT

"g Unreduced i/ Haplaid .
% megagametophyte maegaspores
& 2 {2n) Si8—r Polar
3 nuclel
Flowering =
r plant A /T \:f
Seed Egg call
= e -
1 iy ferthE o Meagagametophyte
Mitosis with o
[ S8
| ‘ Zygote e
\ { N‘“’“ﬁ“ﬂ - Pollen
- te :
Embryo = C Doubl e
n rm i i
Endospe Primary fartilization & sperm calls

endosperm nucleus -
Microgametophyte

Fig. 12 The sexual life cycle of flowering plants and the
apomictic reproduction by seed which occurs when the
sexual life cycle is short-circuited. Adapted from
Vielle-Calzada et al., 1995.
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Discussion

Crops can be self-pollinated, cross-pollinated, or vegetatively propagated. Discuss the breeding
consequences of these three different methods of propagation. In addition: previously, a
student suggested that with today’s technologies, plants can simply be converted into self- or
cross-pollinated or into vegetatively propagated species. Do you agree? Provide arguments in
favor or against this statement, and examples, in case you are aware of any. Finally, if it was

possible, which type of crops would be your favorite, and why?
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Chapter 3: Controlled Hybridization:
Self-incompatibility, Male-sterility, and
Sex-inheritance

Deborah Muenchrath; Arden Campbell; Laura Merrick; Thomas Liibberstedt; and
Shui-Zhang Fei

Introduction

Most crop species require seed production for their propagation. Some species, however,
possess mechanisms that regulate fertility. Such mechanisms can reduce or prevent seed set,
and affect self- or cross-pollination. These fertility-regulating mechanisms may be an obstacle
or a benefit to the plant breeder. In this module, we’ll explore these mechanisms and their

utility.

Learning Objectives

» Mechanisms and utility of incompatibility systems.
» Modes of sex inheritance in plants and their application in plant breeding.

+ Male sterility systems and their applications in plant breeding.

Self-incompatibility

Genetic-based Self-incompatibility

Self-incompatibility is the inability of a plant to set seed when self-pollinated, even though
it produces viable pollen. In contrast, cross-pollination generally results in seed set in self-
incompatible species. Many plant families include species with self-incompatibility systems,

such as Fabaceae (Leguminosae), Poaceae (Gramineae), Solanaceae, Brassicaceae (Cruciferae), and
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Asteraceae (Compositae). Self-incompatibility may be caused by genetic interactions between

pistil and pollen, or by physical obstacles that hinder self-fertilization.

Self-incompatibility may be caused by genetic
interactions between the pistil and pollen-producing
physiological factors that interfere with fertilization of
female gametes by male gametes produced on the same
plant or on a closely-related plant. Typically one or few
self-incompatibility (SI) genes are involved in this self/
non-self discrimination process, depending on the plant
species. Pollen can be rendered ineffectual at several

points in the pollination process:

1. Sperm enters the embryo sac but does not fuse with
the egg.

2. Pollen tube penetrates the stigma but it grows too slowly in the style to reach the ovary
while the ovule is still receptive.

3. Pollen germinates but the tube is unable to penetrate the stigma.

4. Pollen germination on the stigma is inhibited.

Pistil receptivity to a particular pollen grain depends on the SI alleles carried by the pistil. The
phenotype of the pollen (its capacity to fertilize the female gamete) is determined by either the
pollen’s alleles (gametophytic incompatibility) or by the alleles of the plant that produced the
pollen (sporophytic incompatibility).

There are two self-incompatibility systems that result from genetic interactions:

« Gametophytic Self-incompatibility
+ Sporophytic Self-incompatibility

Both incompatibility types influence the rate of pollen tube growth, but their genetic controls

and location of effect differ. Both types involve multiple alleles.

Gametophytic Self-incompatibility

+ Gametophytic self-incompatibility involves the allele possessed by the pollen grain. The



CHAPTER 3: CONTROLLED HYBRIDIZATION: SELF-INCOMPATIBILITY, MALE-STERILITY, AND
SEX-INHERITANCE | 45

incompatibility effect occurs in the style. However, in some species with gametophytic SI,
incompatibility is expressed on the surface of stigma (in grasses).

» Gametophytic self-incompatibility is controlled by a series of alleles. The rate of pollen
tube growth responds to the allelic interaction of both the style and the pollen.

+ If both the stylar tissue and pollen possess identical alleles, pollen tube growth is
inhibited.

« If stylar and pollen alleles differ, tube growth occurs at normal rates.

FYI: Homozygous Flowers

What happens if the pistillate flower is homozygous for the S allele?

The same rules apply: if the pollen carries an allele that matches the one possessed by the pistil,
fertilization will not occur; if they differ, seed can form. However, it should be noted that plants

homozygous for a self-incompatibility allele in the gametophytic system are rare.
Why are plants homozygous for gametophytic self-incompatibility rare?

Homozygotes are unusual because the probability of a pollen grain carrying the same allele as
the pistil successfully overcoming the incompatibility of their matching alleles is small—but
such events do occur occasionally. Thus, a population may have a few individuals homozygous

for an S allele.
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Genotype of

pollen parent W

Genotype

of pollen

Genotype

of pistil 5,5

Outcome 0% compatible 50% compatible  100% compatible

Fig. 1 The working model for gametophytic SI controlled by a single multiple-allelic
loci S. When a pollen grain carries an S allele that is matched in the pistil,
incompatibility occurs, resulting in pollen tube growth arrest. Otherwise, pollen is
allowed to grow into the ovule, where it may participate in fertilization.

Fig. 2 Pollen-pistil interaction in Miscanthus Sinensis, a warm-season perennial grass
that has potential for biofuel production. Photos by Iowa State University.

In Fig 2A, all pollen grains are incompatible with the pistil as they fail to germinate beyond the

stigmatic surface.
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In Fig 2B, nearly all pollen grains are compatible with the pistil as they germinated and pollen

tubes grew through the stylar tissues and eventually entered the ovule for fertilization.

Sporophytic Self-incompatibility

Sporophytic self-incompatibility involves dominance and depends on the allelic composition

of the plant that produced the pollen. Incompatibility is expressed at the surface of stigma.

In sporophytic self-incompatibility systems, the rate of pollen tube growth depends on the
presence or absence of a dominant allele at the SI locus (will be called S locus in the following)
carried by the pollen-producing plant. In the pollen, any S allele can exhibit dominance-
that dominance is determined by the sporophyte, the plant that produces the pollen (thus,
this system of self-incompatibility is termed “sporophytic”). Two important points need to be

emphasized about sporophytic self-incompatibility.

The genotype of the pollen-producing plant determines self-incompatibility, not the allelic
composition of the pollen itself. In other words, every male gamete has the same ability to

fertilize a female as every other male gamete, irrespective of the pollen’s individual genotype.

There is no dominance in the female stigmatic tissue.

How does the genotype of the pollen parent transmit the influence of the
dominant allele to the pollen?

Although we don’t yet understand this, we describe it as ‘imprinting. That is, the pollen
“remembers” the genetic environment in which it developed and is conditioned to behave in
accordance with that environment. Cell walls of pollen grains are consisted of at least two
layers, the intine or inner layer and the exine or the outer layer. The exine is made up of a
highly durable organic polymer, sporopollenin. The exine is believed to be derived from the
somatic tissues of the pollen-producing parent and likely play a role in pollen-pistil interaction.
This could explain why the compatibility response is determined by pollen-producing parent,

instead of the pollen itself.

Here’s an example of sporophytic self-incompatibility. Assume the species is diploid and that
there are four possible self-incompatibility alleles: S4, S9, S3, S4. Let Sq be a dominant allele.
Let’s see what happens. (Color indicates the source of the allele, from the female or the male

parent.)
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o0 * OO
STYLAR POLLEN
TISSUE

CENOTYPE X  GENOTYPES

[S: S @ 10

.

NO OFFSPRING

Fig. 1 Animation demonstrating sporophytic self-incompatibility

Why are no offspring produced?

The S, allele in the plant producing the pollen is dominant. Hence, both the gamete types

produced by that plant, S; and S3, will behave as if they were both dominant alleles (S4). As

a result, neither pollen type will be able to effect fertilization of this female—neither type of

pollen tube will be able to penetrate the style because their growth will be impeded on the $4S,

stigma.

1. In sporophytic systems, hindrance of pollen tube growth is localized on the surface of

the stigma.

However, an exception is gametophytic self-incompatibility in several grass species

such as rye and ryegrass, where pollen tube growth is inhibited on the surface of the

stigma.
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2. In gametophytic systems, growth is impeded in the style.

Pollen tube growth inhibition

A feature that distinguishes sporophytic from
gametophytic self-incompatibility is the location of

pollen tube growth inhibition.

When there are multiple S alleles in sporophytic
systems, genetic segregation ratios become complex.
The presence of a dominant allele in the pollen-
producing plant conditions incompatibility if the
female carries that same dominant allele. Assume a

diploid species and dominance: Sq > S9 > S3 > Sy.

i' Stigma |

Female . '
Genotype Male Genotype Pollen Genotypes Offspring | Explanation

so incompatible

o0 00 0O -

S, is imprinted on
S3 pollen grains.

Yes

1/4 $4Sy:
1/4 S983:

1/4 S53S;

S, is imprinted on
S3 pollen grains.

Self-incompatibility Systems

Many crops have self-incompatibility systems. Why might these systems have evolved? Self-

incompatibility is common among naturally cross-pollinated species. Self-incompatibility

prevents or limits self-fertilization and promotes out-crossing. Out-crossing maintains

heterozygosity and heterogeneity in a population, which often improves plant vigor and
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productivity. In some species, homozygosity can severely reduce vigor, a phenomenon referred

to as ‘inbreeding depression.

Table 1 Examples of crops with self-incompatibility.

Gametophytic Self-incompatibility Sporophytic Self-incompatibility
Alsike clover Sunflower (wild populations)
Red clover Buckwheat
Tall fescue Cacao
Potato Brassica species
Rye (a two-loci system) Cabbage
Sugar beet (a four-loci system) Broccoli
Alfafa Kale
Tobacco Brussel sprouts
Not found in monocots!

Techniques to Overcome Self-incompatibility

In order to self-pollinate or mate closely-related plants that are normally self-incompatible,
plant breeders can employ various techniques that bypass self-incompatibility mechanisms.

The technique used depends on the type of self-incompatibility.

Uses of Self-incompatibility Genes

Some systems have been developed or proposed for utilizing self-incompatibility genes to

control pollination and produce Fq hybrid varieties.

Gametophytic System

Cross-pollination of vegetatively propagated, self-incompatible clones. Using this approach,
seed can be obtained from species that are normally self-incompatible, and thus propagated

vegetatively. An example is the production of a hybrid variety of bahiagrass, Tithi.
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Sporophytic System

Bud-pollination can be used in Brassicaceae for self-pollination and thus inbreeding, resulting
in inbred lines or families homozygous for an allele at the self-incompatibility (SI) locus (only
one SI locus is present in, e.g., cabbage). Hybrids can subsequently be produced by planting two
such lines with different fixed SI alleles side by side. Any seed produced is expected to be hybrid
seed, since self-pollination within parental lines is prevented by SI. The resulting hybrid will be
heterozygous for the SI locus and thus self-incompatible. However, this is not critical since the

economic product does not require pollination and is vegetative, e.g., cabbage and kale.

Pseudo-Compatibility

Produce inbreds in environments that promote pseudo-compatibility and their hybrids in
environments that prevent self-fertilization. Sugar beet is normally self-incompatible. However,

when grown at high elevations, plants are self-compatible.

Low Elevation: Sugar beet inbreds will behave as normal self-
incompatible lines at low elevations — self-pollination is
genetically eliminated. All seed produced at the lower

y | elevation will be the result of out-crossing among inbred

High Elevation: Self-fertilized seed can be obtained via
elevation-induced pseudo-self compatibility. Sufficient ’

lines, and thus will be hybrid.

quantities of selfed seed can be produced for subsequent

hybrid generation.

Gametophytic System

+ Pseudo-compatibility: Expose the plant(s) to lower or higher temperatures, elevated CO,
concentration, or electric shock to induce a pseudo-compatibility response.

+ Syalleles: Self-fertility (Sf) alleles, reported to be present in some species can be
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transferred into a population using conventional breeding methods. The presence of an

Sf allele allows self-fertilization. These alleles can be present at self-incompatibility loci,

but can also be present at distinct self-fertility loci.

Sporophytic System

+ Removal of stigmatic surfaces: Mechanical (e.g., rupturing) or chemical removal of the

stigma surface eliminates the inhibiting factors [believed to be specialized proteins or

enzymes, (Barrett, 1998)] that inhibit pollen tube penetration of the style. With those

factors absent, pollen tube growth can proceed normally and fertilization can be

achieved.

+ Bud pollination: Pollen is placed on an immature stigma before the inhibiting factor is

formed.

An example of a gametophytic system is the production of a hybrid variety of bahiagrass, Tifhi.

Male Sterility

Male sterility is due to the failure of a plant to
produce functional anthers or pollen; usually, its
female gametes are normal. Thus, male sterility
prevents self-pollination and can be used to ensure
cross-pollination without emasculation. Male
sterility can have genetic causes or be induced

chemically.

Female sterility, the failure of a plant to produce
functional ovaries or eggs, can also occur, but is of

little use to plant breeders and will not be discussed.

Genetic-based Male sterility

Fig. 3 Stamens of the Amaryllis flower.
Photo by André Karwath. Licensed under
CC-BY-SA 2.5 via Wikimedia Commons.

Male-sterile gene expression may be complete or partial, and may vary with environment.

Breeders desire complete expression that is stable regardless of environment. The extent

of sterility is measured by the percentage of viable pollen produced or percentage of seed
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set. Male sterility is used by breeders to eliminate the necessity of emasculation to control

pollination — male-sterile plants cannot self-pollinate.

Viable Pollen Measurement

The percentage of viable pollen can be T o» * & v
estimated using a microscope. Fresh pollen e s, o o 9
from a plant or group of plants is placed on a ° . ° a ¥
microscope slide and viewed at low e @ ¢ i
magnification, 10X. H L o

In the field, a hand-held magnifier is often Soybean pollen grains. Viable pollen grains (A)

appear solid. Sterile or non-viable pollen grains (B)
look like miniature doughnuts, have a translucent
pollen. Pollen grains can also be stained and center, or are irregularly shaped. Photo by Palmer
and Kaul, 1983; used with permission.

adequate for scoring the percentage of viable

viewed under a microscope in the lab.

Pollen viability can also be tested in bioassays.

Male-sterility is controlled by nuclear genes, the cytoplasm, or by genetic interaction between
the cytoplasm and nucleus.

Controlled by the action of specific gene(s) in the nucleus. Usually, the recessive allele(s),
designated ms, conditions inhibition of normal anthers or pollen development. Thus, the male

sterility phenotype is expressed in plants homozygous for the ms allele.

« ms ms = male sterile (therefore, is functionally a female plant)

e« Ms _=male fertile (normal)

Maintenance of sterility genes in a population is challenging.
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Uses of Genetic Male Sterility

Numerous crops have genes causing male sterility in

their gene pools.

There are two major uses of genetic male sterility:

+ Eliminate hand emasculation in making crosses
+ Increase natural cross-pollination in populations

of self-pollinated crops

These uses necessitate the transfer of the ms allele into
the population being worked with; then the ms allele is

maintained in the population through selection for

sterility in each subsequent generation.

Fig. 4 Examples of crops with genes

Because genetic male sterility is controlled by a causing male sterility in their gene pool.
recessive gene(s), it is not possible to get a true- Photos by Iowa State University. Licensed
CC-BY-SA 3.0.

breeding or homozygous ms population. However, the

recessive ms allele can be maintained at a high frequency in the population.



Cytoplasmic Male-sterility

The genetic composition of the cytoplasm
determines male sterility. The genetic makeup of
the cytoplasm results from genes located in

mitochondria.

Cytoplasm is inherited entirely through the

female line. The cytoplasm can be
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« Normal (N) — normal development of “

anthers and pollen — male fertile; or Flg 5 Onion CellS stained to ShOW contrast

« Sterile (S or CMS) — anthers or pollen are

between the nucleus (dark) and the cytoplasm
(lighter purple). Two cells at center are

non-functional = male sterile undergoing mitosis. Photo licensed under
CC-BY-SA 2.0 via Wikimedia Commons.

Female Line

In all organisms, the cytoplasm contains genetic material in the
mitochondria. Unlike the genetic material in the nucleus,
however, cytoplasmic genetic material is not subject to
recombination. Cytoplasm is inherited strictly through the female
parent because the male parent does not contribute cytoplasm to
the zygote. Recall that the zygote is formed when the sperm
nucleus and the egg nucleus fuse; since the zygote’s nucleus is
contained in the cytoplasm of the egg and the sperm has no
cytoplasm, the zygote inherits its cytoplasm only from its female

parent.

This fact is used by evolutionary biologists to trace family lines,
avoiding the complexity resulting from genetic recombination and

segregation that occur with nuclear genetic material.

Fig. 6 Sperm cells fertilize the
egg inside the cytoplasm of
the female ovule.
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In some systems, the expression of the male sterility phenotype depends on the interaction
between cytoplasmic and nuclear genes. In these systems, a plant having sterile cytoplasm, but
a nuclear dominant fertility-restorer gene (Rf _), will express a fertile phenotype. The particular

combination of cytoplasm and nuclear genes determines the phenotype.

Table 2 Phenotype of cytoplasm and nucleus
genotype combinations.

Nucleus Genotype
Cytoplasm Type

Rf f rf
CMS Male Fertile | Male Sterile
N Male Fertile | Male Fertile

Plant breeders must pay close attention to both the cytoplasm type and nuclear genes of the

parents used in crosses to generate and maintain cytoplasmic male sterility.

Sorghum Example

Several crops have cytoplasmic male sterility types available, including sunflower, millet,

wheat, maize, and sorghum.

Let’s examine the maintenance and use of cytoplasmic male sterility in sorghum. This system
involves interaction between the cytoplasm and a nuclear gene. There are two types of
cytoplasm possible: S = sterile; N = normal. There are two possible alleles at the restorer locus
in the nucleus, Rf (dominant) and rf (recessive). In this example, we’ll look at three types of

inbreds.

Table 3 Genotypes and phenotypes of sorghum inbred line types.

Inbred Type | Cytoplasm Type | Nuclear Genotype " | Male Phenotype

A line S rf rf Sterile

B line N rf rf Fertile (normal)
N, or Rf Rf Fertile (normal)

R line

S Rf Rf Fertile (normal)
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" Although we use rf and Rf in this example, sorghum breeders indicate the dominant and

recessive nuclear fertility restorer alleles with different symbols: msc = rf and Msc = Rf.

How are these inbred (homozygous) lines maintained?

A line

Assume that the cultivar ‘Martin’ has two versions, one with normal cytoplasm and one that
differs only in that it has a sterile type cytoplasm (‘Martin S’). The normal version is a B inbred
type and Martin S is an A type. Mate the sterile version as the female with the normal, fertile

version.

Female X Male

Martin S X Martin
(S, rf rf) (N, rf rf)

Martin S
(S, rf rf)
(all male sterile)

Notice that there is no blending or segregation of the cytoplasm. The F1 always has the

cytoplasmic type of its female parent.

B line

B and R lines can be maintained simply by self-pollination. This is usually accomplished by
growing each line in an isolated block and allowing the plants to intermate. Since the line is

homozygous and fertile, the seed produced will also be homozygous and fertile.
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N, rf rf
®

\J
N, rf rf
(all fertile)

R line

Like the B line, the R line can be maintained simply by self-pollination. This is usually
accomplished by growing each line in an isolated block and allowing the plants to intermate.

Since the line is homozygous and fertile, the seed produced will also be homozygous and fertile.

N, Rf Rf OR S, Rf Rf
® ®

\/ \j

N, Rf Rf S, Rf Rf
(all fertile) (all fertile)

How is single-cross hybrid seed produced using cytoplasmic male
sterility?

Cross a male sterile line (e.g., A line) by a fertile line (e.g., R line). ‘Caprock’ is an R line.
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Martin S (A line) X Caprock (R Line)
(S, rf rf) (N, Rf Rf)
F, hybrid
(S, Rf rf)

(all male fertile)

Engineered Genetic Male Sterility

Different systems of male sterility and fertility restoration are being worked on by various
companies. All of these involve molecular techniques (genetic engineering) and the

development of transgenic plants.

One of the first to be utilized was the development of male sterile plant by transforming plant
cells with a bacterial gene. This male sterility is dominant, since when the gene is present
the plants are male sterile. The normal state for the plants is that the male sterile gene is
not present and that gives normal, male fertility. As with the naturally occurring genetic male
sterility we discussed earlier, it is impossible to maintain a population of completely male
sterile plants as we can in cytoplasmic male sterility; so to identify the male sterile plants from
the male fertile ones and to be able to eliminate male fertile plants, an herbicide-resistance
gene has been linked to the male sterility gene. This resistance is also dominant, since when
present it confers resistance and when absent (the normal state of the untransformed plants)

plants are susceptible to the herbicide.
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System: Linking herbicide-resistant gene to the male

sterility gene

A plant is transformed to contain linked male sterility and herbicide resistance genes Ms R (The
transformed plant will have only one homologue containing both the Ms and R genes, thus will
neither be homozygous nor heterozygous, but rather what we call hemizygous for the two
genes.)

We now must incorporate this linked pair into an elite inbred line by backcrossing. (The symbol

“ »

indicates that there is no allele for this gene present.)

Ms- R- X == ==

1/2Ms- R- + 1/2-- --

The elite inbred will be developed and then maintained by crossing the male sterile plants with

the normal inbred to give 50% sterile and 50% fertile plants.
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Discussion for Further Thought

For the diploid, self-pollinated species tomato (Solanum lycopersicum), discuss from a genetic
perspective the strengths and weaknesses of different hybridization systems that use either
hand emasculation, male sterility, or genetic engineering, and come to a consensus, on which

one you prefer.

Chemically-induced Genetic Male Sterility

In species that lack genetic male sterility or cytoplasmic male sterility, or in species in which
these are difficult to work with, breeders can use chemicals to induce male sterility. These

chemicals have at one time or another been called by the following names:

+ Gametocides
+ Pollen suppressants

» Hybridizing agents

These inhibit the production of viable pollen or prevent pollen shed, but do not damage
the pistillate flower or interfere with seed development. There are both advantages and

disadvantages to chemically-induced male sterility.

Advantages

+ No need to develop and maintain cytoplasmic or genetic male sterility systems

+ Applied to normally self-pollinated species, the chemicals prevent self-pollination and
facilitate cross-pollination without the necessity of hand emasculation. This approach
has been used in cotton, maize, sorghum, and various vegetable crops. It was also tested

for hybrid wheat production.

Disadvantages

+ Incomplete pollen sterility can occur, resulting in some selfing. Several factors can
account for incomplete sterility.

o differential genotypic reactions to the chemical agents
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o timing and dosage of application is critical and varies with genotype

o environmental effects on chemical and interaction with genotype

° long periods of flowering cause difficulties in maintaining optimum dosage in plants
+ Does not provide a means of pollen transfer to produce hybrid seed, and so additional

methods must still be employed.

Hybrid Wheat

Since wheat has perfect flowers and is normally self-pollinating, the production of hybrid
varieties was impractical without the use of male gametocides. Gametocides were applied to the
female plants prior to flowering to kill their pollen and prevent their self-pollination; the
treatment was not applied to adjacent rows containing the intended male parent. Thus, seed
produced by the female plants resulted from cross-pollination with the desired males. Although
hybrid seed could be produced in this manner, the approach has been largely abandoned by most
commercial seed companies—farmers did not buy the hybrid seed because the hybrids did not

yield sufficiently better than conventional wheat to justify the additional seed costs.

Sex Inheritance

Description

The ultimate biological mechanism to prevent self-pollination, and thus inbreeding, is to have
distinct male and female flowers on different plants. In such “dioecious” plant species, which
are common in the plant kingdom, male and female plants occur usually at a 1:1 ratio. The
decision on whether a plant becomes male or female is genetically determined, and can in
some species be influenced by environmental factors. As a consequence, development of inbred
lines can be accomplished either by crosses of male and female sister plants, or by employing
environmental factors to induce plants with both sexes to allow self-pollination. In addition to
dioecious and hermaphrodite plant species, there are various intermediate variants realized in
plants (Table 4).
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Table 4 Sex systems in flowering plants. Data from Charlesworth 2002, Heredity 88,

94-101.
Plant Term Definition of Plant Term
Sexually monomorphic
Hermaphrodite Flowers have both male and female organs (Tomato, potato, sugarcane)
Monoecious Separate sex flowers on the same plant (Cassava, maize, banana)

Gynomonoecious | Individuals have both female and hermaphrodite flowers

Andromonoecious | Individuals have both male and hermaphrodite flowers

Sexually polymorphic

Dioecious Male and female plants (spinach, asparagus)
Gynodioecious Individual either female or hermaphrodite (papaya)
Androdioecious Individuals either male or hermaphrodite

Genetics of Sex Inheritance

Distinct male and female flowers can be of practical importance, if present on the same
plant. Best example is maize, where spatial separation of female and male flowers facilitates
both elimination of male flowers to produce “female plants” for hybrid seed production, and
self-pollination for inbred development. However, the majority of plants carry either flowers
containing both male and female organs, or male and female flowers on distinct plants. In the
latter case, pollination will be mediated by wind or insects. Female plants will set seed only if

a male plant is located in the vicinity.

There are two genetic mechanisms of sex inheritance:

+ Sex chromosomes — Like in humans, the sex of an individual is determined by specific
chromosomes. In the case of humans, carriers of two X-chromosomes are females,
whereas males have one copy each of the X- and Y-chromosomes. Since X- and Y-
chromosomes differ cytologically, their pairing in meiosis might be incomplete.

+ Autosomal inheritance — Genes affecting sex inheritance are located on “regular”
chromosomes (autosomes), forming bivalents in meiosis. Depending on the plant species,
sex determination can be due to one or a limited number of genes (mono-, or oligogenic

inheritance).
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Sex Inheritance Systems

Cucumber Mode of inheritance: Autosomal, 3 genes Asparagus Mode of inheritance: Sex chromosomes

Spinach Mode of inheritance: Autosomal, 1 gene. Hops Mode of inheritance: Sex chromosomes. (Image
(Image licensed CC-BY-SA 3.0 via Wikimedia licensed CC-BY-SA 3.0 via Wikimedia Commons.)
Commons.)

Application and Challenges

Application

Like self-incompatibility or male sterility, sex inheritance can be used for controlled crosses
between any pair of genotypes in hybrid seed production schemes. One genotype would be

used as female and seed parent, the other parent as pollen donor.

Challenges in using sex inheritance for hybrid seed production

As plants with only one sex cannot be sexually maintained, it is either required to use

environmental or chemical factors to induce the other sex to allow self-pollination (if available),
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or to develop male and female sister lines for each hybrid parent, comparable to male sterile
and maintainer lines when using male sterility. This is described in more detail in the following

cucumber and asparagus examples.

Cucumber

Cucumber (Cucumis sativus) has a wide range of floral types. Staminate (male), pistillate (female),
and hermaphrodite flowers can occur in different arrangements. Generally, embryonic flower
buds possess both staminate and pistillate initials, and thus the potential to develop into any
of the above-mentioned flower types. The cucumber phenotype with regard to floral types

depends on autosomal genes and their interaction with environmental factors.

Sex inheritance is controlled by a minimum of three major loci:

« m’, m — controls the tendency to form hermaphrodite versus male or female flowers.
mm homozygotes develop hermaphrodite flowers.

« F', F — controls the female tendency, with F allele being dominant and favoring female
flowers. This locus is subject to strong environmental influence. Among environmental
factors, in particular photoperiodic conditions and temperature affect flower formation.

. a’,a — Homozygotes for a allele intensify male tendency. The effects of a are dependent
on the allelic composition at the ‘F’ locus. Male tendency is only pronounced in ‘F'F"

homozygotes.

Although other loci such as ‘de’ and ‘cp’ have been shown to affect sex types in cucumber, the

main sex types are determined by the above mentioned loci m, F, and a (Table 5).

Table 5. Phenotypes and Genotypes of

basic sex types in cucumber. Note: “-/-”

means that any allele can be present at
this locus

Genotype, locus

Phenotype m F |a

Androecious (male) | -/- F/F | a/a
Monoecious m'/m" | FIF | -/-
Hermaphroditic m/m | F/F | -/-
Gynoecious (female) m'/m" | FF | -/-
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CHEMICAL REGULATION OF SEX EXPRESSION

Phytohormones can be applied to alter flower phenotypes. Whereas auxin and ethylene

promote female flowers, gibberellin promotes male flowers. Moreover, silver nitrate and silver

thiosulfate induce male flowers even in strongly gynoecious genotypes. These treatments have

become invaluable in cucumber breeding, as they allow efficient development of gynoecious

inbreds to be used as female hybrid parents, and even the production of hybrids from crosses

of two gynoecious lines.

Asparagus

Sex inheritance in Asparagus officinalis, is similar to humans, based
on sex chromosomes. XX chromosome carriers are female, XY
carriers are male. Males and females occur at about equal
frequencies in natural populations. Males have been shown to be
more productive. For this reasons varieties with only male plants
are preferred. At a low frequency and for unknown reasons from a
genetic perspective, andromonoecious XY plants occur. These
plants can be self pollinated, and will result in a 1:2:1 ratio with
regard to the sex chromosomes in resulting offspring. One quarter
of those will thus carry two copies of the “male” Y chromosome,
and are thus called supermales. As Asparagus can be vegetatively
propagated, those YY plants are potential variety candidates.
Alternatively, they can be used as male parent in hybrid breeding
schemes to be crossed with female XX genotypes, and result in
100% male XY offspring. In contrast, if regular XY males would be
crossed to XX females, the offspring would segregate 1:1 into XY
and XX plants, and XX plants would need to be eliminated by

producers.

Controlling Hybridization

Fig. 7 Asparagus officinalis
plants. Photo by Rasbak.
Licensed under CC-SA 3.0
via Wikimedia Commons.

Knowledge of the breeding system of a crop species is essential to take advantage of the

types of gene action that give the most useful cultivars. Self-incompatibility systems are

important in many natural species for forcing outcrossing and thus maintaining vigor through
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heterozygosity. As we have seen, this system can be adapted to help produce F4 hybrid cultivars
in domesticated species containing self-incompatibility loci. Similarly, sex inheritance can be

employed in controlled F; hybrid seed production schemes.

Male sterility is a rather unimportant method of enforcing outcrossing in natural plant species.
It has, however, become such an important tool in the production of hybrid cultivars that it is

utilized in many species of both cross- and self-pollinated crops.
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Introduction

Plant breeders take advantage of the variation that occurs within a population to develop
improved cultivars. Ordinarily, the goal of the plant breeder is to combine the favorable
characteristics of one plant or cultivar with the desirable traits of another plant or cultivar to
obtain a new combination that has the best of both. Understanding the genetics of desired, as

well as undesirable, characteristics enhances the efficiency of the plant improvement process.

Learning Objectives

+ Understand the molecular basis of genes and chromosomes.

+ Understand the basic principles of transcription and translation.

+ Understand Mendelian mechanisms and patterns of inheritance.

+ Be able to differentiate among different types of gene action.

+ Determine genotypic and phenotypic consequences of independently inherited genes
through generations of self-pollination.

» Know how epistasis occurs through interaction of genes and alteration of expected

phenotypic ratios.

Overview of Genetics

The Science of Genetics

Genetics is one of the principal sciences that underlie plant breeding. Genetics is the study of
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heredity, genes, chromosomes, and variation in biological organisms. The science of genetics

is often divided into four major subdisciplines:

« Transmission genetics (also called classical or Mendelian genetics)

« Quantitative genetics

Population genetics, and

+ Molecular genetics

Transmission genetics deals with how genes and genetic traits are transmitted from
generation to generation and how genes recombine. The foundation of modern genetics is
recognized to have occurred in the mid-1800s when Gregor Mendel analyzed the results of
crosses he made among garden pea plants. Mendel concluded that inherited characteristics
(now called traits or phenotypes) are determined by factors (now known as genes) that he
observed. He also realized that each organism contained two copies of each “factor” (gene), one
inherited from its mother and one from its father. Mendel discovered the principles of heredity
when he noticed how inherited traits (e.g., seed shape round vs. wrinkled; pod color yellow vs.
green; flower position axial vs. terminal; or plant height tall vs. short) are passed from parents

to offspring. Transmission (Mendelian) genetics is the focus of this module.

Genetic Subdisciplines

Quantitative genetics focuses on the study of inheritance when phenotypes exhibit continuous
variation or distribution. In particular, it considers the effects of many genes that could be
simultaneously influencing such traits, as well as the relative contributions of the environment
and the interaction between genotype and environment. Quantitative genetics is the focus of

the module on Inheritance of Quantitative Traits.

Population genetics entails a study of heredity in groups of individuals for traits that are
usually determined by one or only a few genes. It deals with gene distribution and genetic
diversity within and among populations and subpopulations. Population genetics includes
assessment and prediction of response to selection. It describes relationships between allele
and genotype frequencies due to four main evolutionary forces: natural selection, genetic drift,
mutation, and gene flow. Population genetics is the focus of the module on Inbreeding and
Heterosis.

Molecular genetics is concerned with the molecular structure and function of genes. It
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includes the study of DNA structure and replication and deals with gene expression and

regulation.

Gene Structure

Genes and Chromosomes

To understand inheritance, it is essential to understand gene structure and action. Let’s review
key terminologies and principles. For a more in-depth review, please refer to biology or genetic
textbooks, for example, From Genes to Genomes (Hartwell et al. 2011), Genetics: A Conceptual
Approach (Pierce 2012), or iGenetics: A Molecular Approach (Russell 2010).

Genes are encoded with DNA. Most of the DNA in plants is located in the nucleus of cells and
arranged in groups of genes along multiple, linearly-shaped, chromosomes. Nuclear DNA is
subject to Mendelian inheritance, which will be discussed later in this module. In addition to
its occurrence in chromosomes in the nucleus, DNA is also located in organelles present in the

cytoplasm of plant cells.

FYI: Cytoplasmic DNA

In plants, DNA is not just present in the nucleus of cells. It is also located in other membrane-
bound, specialized subunits known as organelles that are found within the cytoplasm, or cell
fluid. Two plant cell organelles that contain DNA are chloroplasts (which are plastids or
organelles that carry pigments-specifically green chlorophyll) and mitochondria (singular,
mitochondrion; organelles that break down complex carbohydrates and sugars into usable

forms, and thus supply energy for the plant).

The non-nuclear, organellar DNA located in plants follows cytoplasmic inheritance and is not
subject to Mendelian inheritance. Cytoplasmic inheritance is also known as extrachromosomal
or extranuclear inheritance, and is of significance in certain types of male sterility where the

genes for those traits are present in the mitochondria, not in nuclear chromosomes.
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Molecular Basis of Chromosomes

Chromosome - Each chromosome contains a single DNA molecule (Fig. 2).

—
-

Chromosome Section of DMNA moleculs

Fig. 1 Nucleus with one pair of
homologous chromosomes.

Fig. 2 DNA molecule forms a double helix.

DNA

DNA (deoxyribonucleic acid) is composed of two chains of polynucleotides. Polynucleotides
are also called nucleic acids, and consist of linear polymers that are macromolecules formed
by the chemical joining of many identical or similar units called nucleotides. Every nucleotide
in each chain consists of a nitrogen-containing base, deoxyribose (a sugar), and a phosphate
group. Nucleotides within each chain are held together by sugar-phosphate (phospho-diester)
bonds (Fig. 3).
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Hydrogen bond

Sugar
Hmm phosphate
bonds

Saection of DNA molecule

Fig. 3 Bonds holding together nucleotides in DNA chains.

Nitrogen-containing bases are purines (adenine, A, and guanine, G) and pyrimidines (cytosine,
C, and thymine, T). Pairing occurs between one purine and one pyrimidine and is specific.

Sequences of consecutive nucleotides constitute genes (Fig. 4).
C always pairs with G
T always pairs with A

DNA replication is semiconservative.

The process of DNA replication is not yet fully understood. Basically, there are three steps.

1. Two strands of DNA unwind and pull apart.
2. Free (unbound) nucleotides bind to complementary bases on an original strand of DNA.

3. One newly formed strand and a template DNA strand re-coil to form a double helix.
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Fig. 4 Semiconservative replication of DNA.

This process is semiconservative because each resulting double-stranded DNA molecule is
composed of a newly synthesized strand and a template strand (Fig. 4). Since one strand of
each DNA molecule is an original strand, there is less probability of error occurring during

replication.
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Genes

Many genes are present in each chromosome. Each specific gene
occurs at a defined point on a chromosome, the gene locus, on each
of the two homologous chromosomes. More than one form of a
particular gene, alleles, may occupy the same locus on homologous

chromosomes.

Alleles

Alleles are variants that differ slightly in their DNA sequence.
Diploid plant species have two sets of chromosomes, each of which
can possess a different allele for a particular gene. For example, a
gene for seed color might have the two alleles, A and a. Allele
A causes one phenotype (e.g., brown seed color) and allele a causes
a different phenotype (e.g., white seed color). For that gene, the
genotype could be either AA, Aa, or aa.

Gene
locus

7919919108801

Homologues Gene sequence

Fig. 5 Homologues showing
loci of several genes.

If one allele at a locus on a homologous chromosome partially or completely masks the

expression of the other in influencing the phenotype, the allele that is expressed is termed

dominant and the allele that is masked is termed recessive. By convention, we often write the

dominant form with an uppercase letter, and the recessive form in lowercase. In the example

above for seed color, allele A is the dominant allele. If the A allele is completely dominant to

the a allele, individuals with either the AA or Aa genotypes would have the brown seed color

phenotype, while aa individuals would have white seeds.

An individual is heterozygous (Aa) when two different alleles are present at a locus and is

homozygous—in this example, either homozygous dominant (AA) or homozygous recessive

(@aa)—when the same alleles are present on both chromosomes. Alleles at a locus can interact

in several ways that are revealed by their phenotype, whether heterozygous or homozygous.
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FYI: Homozygosity and Heterozygosity

For a given locus, an individual with a genotype of either AA or aa is homozygous for that gene
and is known as a homozygote; the status of the gene is referred to as homozygosity. An
individual with the genotype Aa is heterozygous for that gene and is called a heterozygote; the
status is known as heterozygosity. In the case of polyploid individuals, those with the genotypes
AAAA (tetraploid) or aaa (triploid) would be examples of homozygotes and those with genotypes
of AAaa (tetraploid) or AAaaaa (hexaploid) would be examples of heterozygotes.

The terms homozygous and heterozygous are used to describe the status of single genes or all
gene loci within an individual, not within a population. There may be many different alleles of a
gene present in a population of individuals, but for each diploid individual there are only two
alleles per gene. For each individual, there is one allele from each parent and each allele per

gene is present at corresponding loci on homologous chromosomes.

With regard to populations, a homogeneous population would be one in which all individuals
in the population would have the same genotype and possess the same alleles for one or more
genes. In contrast, a heterogeneous population would be characterized by differing alleles at
one or more loci. Note that a cross between two homozygous parents produces progeny that are
homogeneous because all of the individual offspring are genetically identical. However, the
offspring would be heterozygous for all loci for which different alleles occurred in the two

parents.

Gene Expression, Translation, and Transcription

DNA, Protein, and Other Gene Products

In order to have a better understanding of the concept of gene that will be the focus of this and
the following lesson on linkage, it is critical to understand the chemical nature of DNA . Let’s
review the pathways by which the genetic information in DNA is transferred from one DNA
molecule to another (the process termed DNA replication) and from DNA to ribonucleic acid
(RNA) molecules (called transcription), and then transferred from RNA to a protein (termed

translation) by a code that specifies the amino acid sequence of the protein (see Fig. 6).
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A gene is a stretch of DNA along a chromosome consisting of @

sequences of consecutive nucleotides. Recall that genetic

: : : . : : ‘ DNA re Ii:i“c“a?ion
information in DNA is coded in the sequence of four nucleotides P
that are abbreviated by the type of nitrogen-containing base that Tra"“riptio"\/
each contains—the purines A and G and the pyrimidines C and T. ‘ RNA ‘
Through DNA replication, genetic information of an individual is

. . Translati
transmitted from cell to cell during development and from atmn\/
generation to generation during reproduction. ‘ Protein ‘
DNA Structure Fig. 6 Schematic of genetic

information pathways from
DNA to RNA protein.
Examine the following for a better understanding of the chemical

structure of the nucleotides that comprise the basic building blocks of DNA and the process of
DNA replication:

|||[||||[|H||||f||i||||F||||[||i|||H||
GACG AGCGGAATTGGCGACATAACAAG
CTGCCTAGTCGGLGTTCGCCTTAACCGCTGTATTGT
|||||||||||||||||||l||||l|||||||l|||||||
Fig. 7 Sequence of bases (A, G, C, T) within a gene carry the instructions
for assembling a protein. Illustration from NIH-NHGRI, 2011
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Review the chemical structure of DNA and what occurs during the Base Pairs
T =— A
process of DNA replication. DNA replication occurs within the

synthesis phase of the cell cycle. ?

Four types of chemical bases—A, G, C, T—in gene sequences carry the
instructions for assembling a protein (Fig.8). The base pairs are
bonded together by H-bonds to form the “rungs of a DNA ladder”
(Fig. 8).

Nucleotides

Nucleotides are the basic building blocks of nucleic acids such as
DNA and RNA, which are polymers made of long chains of gj; 8 DNA molecules
nucleotides. DNA is double-stranded and RNA is single-stranded (Fig. consist of two strands

9). Note that in RNA, the chemical base uracil (U) replaces thymine bound together by
hydrogen bonds.
(T). Illustration from

NIH-NHGRI, 2011

Sugar
Phosphate
Backbone,

enine

Deoxyribonucleic acid Ribonucleic acid
(DNA) (RNA)

Fig. 9 Nucleic acids such as DNA and RNA
are macromolecules whose function in cells
is to store and express genetic information.
Ilustration from NIH-NHGRI, 2011.

Genes generally express their effect by coding for polypeptide chains, which are polymers
consisting of ten or more aminoacids linked by peptide bonds. One or more polypeptides
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make up a protein. The DNA sequence of a gene is used as the basis for producing a specific
protein sequence. Proteins are the complex molecules responsible for most biological

functions in the cell.

Gene Expression, RNA, Translation, and Transcription

Y Ardaene vrand
ATGALGGATCAGL CGLAAGNGGR AT
ACUD UAGUCOGCGUU

RMA Tramorgt

TGCCTAGTCGGCGTTCG

L)

Servian air ol

Fig. 10 Transcription is the process of making an RNA copy of a gene
sequence encoded by DNA. Illustration from NIH-NHGRI, 2011.

Amino acids are the building blocks of proteins. A protein is composed of one or more long
chains of amino acids, the sequence of which corresponds to the DNA sequence of the gene
that encodes it. The process of creating proteins from the genetic code in DNA is referred to
as gene expression. The general process of gene expression in the cells of eukaryotes such as

plants involves numerous steps, which are described below.

FYI: Eukaryotes

Plants are multicellular organisms known as eukaryotes, which are organisms possessing cells
that contain DNA in a nucleus and other membrane-bound, specialized subunits known as
organelles that are found within the cytoplasm, or cell fluid. Two plant cell organelles that

contain DNA are chloroplasts (which are plastids or organelles that carry pigments—specifically
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green chlorophyll) and mitochondria (singular, mitochondrion; organelles that break down

complex carbohydrates and sugars into usable forms, and thus supply energy for the plant).

The non-nuclear, organellar DNA located in plants follows cytoplasmic inheritance and is not
subject to Mendelian inheritance. Cytoplasmic inheritance is also known as extrachromosomal
or extranuclear inheritance, and is of significance in certain types of male sterility where the

genes for those traits are present in the mitochondria, not in nuclear chromosomes.

In contrast to eukaryotes, prokaryotes such as bacteria are often unicellular and lack a cell

nucleus and usually have their DNA in a single circular molecule.

Transcription is a process in which the sequence of nucleotides in one DNA strand of a
gene is copied into the nucleotides of an RNA molecule. The order of nucleic acids in RNA
complements those on the DNA strand from which it is transcribed. In the RNA strand,
however, uracil(U), rather than thymine (T), is the base that complements adenine (A). As the
RNA transcript is formed, each base in the DNA is paired with a base in an RNA nucleotide,
which is progressively added to the RNA strand as it grows. Transcription occurs in the
nucleus of the cell (Fig. 13).

In a procedure known as RNA processing, intervening sequences or introns are removed
from the RNA transcript by splicing. Introns are a special type of so-called non-coding DNA
sequences that do not code for amino acids, but are located within genes until such sequences
are removed during RNA processing. (Note that aside from intron sequences, most non-coding
DNA found in chromosomes is located between (not within) gene loci along the chromosome.)
The regions between the introns in the fully processed RNA are called exons, the sequences
that code for proteins (Fig. 10). The ends of the transcript are also modified. The fully processed
RNA is referred to as mRNA (messenger RNA). mRNA is a single-stranded sequence of nucleic

acid and it moves from the cell nucleus to the cytoplasm where proteins are made (Fig. 10).
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Fig. 11 During RNA processing, the non-coding DNA sequences of the
gene known as introns are removed and genetic information in exons is
encoded. Illustration from NIH-NHGRI, 2011.

Fig. 12 Messenger RNA(mRNA) is a single-stranded RNA molecule that is
complimentary to the coding regions (exons) of one of the DNA strands of
the gene. Illustration from NIH-NHGRI, 2011.

Translation is the process through which mRNA directs the assembly of amino acids in the
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proper sequence to synthesize the particular protein. Ribosomes in the cell cytoplasm read the
base sequence of the mRNA (Fig. 10).

In the translated part of the mRNA, each adjacent group of three nucleotides constitutes
a coding group or codon. Each codon specifies an amino acid subunit in the polypeptide
chain. Adapter molecules, tRNA (transfer RNA) are complexed with the specific amino acid
corresponding to the base sequence of the given mRNA. tRNA molecules bring the amino acids
specified by the mRNA to the ribosomes where they are added to the growing protein chain.
When the polypeptide chain is complete, it is released from the mRNA and forms a protein
molecule. The order of amino acids determines the structure of the protein which affects its
action.

Cell

Fig. 13 Messenger RNA(mRNA) is a single-stranded RNA molecule that
is complimentary to the coding regions (exons) of one of the DNA
strands of the gene. Illustration from NIH-NHGRI 2011.
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Basic Steps of Transcription

These are the basic steps of transcription and tRNA

Aming Acid
attachment site

translation:

1. During transcription, a region of double-
D loop

stranded DNA is momentarily pushed open,
separating the two strands and allowing an

enzyme known as RNA polymerase to build a Anticodon

. . cuc
strand of mRNA corresponding to that region of GUC CAG GAG cca UAG

DNA. mRNA
2. The tRNA anticodon attaches to

Codon

. Fig. 14 Transfer RNA (tRNA). Illustration
the mRNA codon. The tRNA has a region called  from NIH-NHGRI, 2011

the “anticodon” that complements
the codon sequence of the mRNA (Fig. 14).

3. The specific amino acid complexed with the tRNA is held in place while the tRNA-
amino acid complex corresponding to the next codon moves into place. A peptide bond is
formed between the adjacent amino acids, building the protein molecule.

Amino acids
open reading frame P

Eufiu:qe:n?ﬁ:c.;.i{p{d:c;.amufmﬁ:Lgﬂ{mli—:ph’a:m{r'yr:-:,q;amﬁ-:m:- j -

mR"A i T .G."lln_ I';Ji b e LAY i FiT [4 =1 4 i "I"
Cn;m
Sense strand (Coding strand) |
ATGACGGATCAGCCGCAAGCGGAAT TGECGT T TACGTACGATGCGCCG TAN
ONA | [TIELREERRERRereE et er e et et r e e e e et i

TACTGCCTAGTCGGCGT TCGCCT TAACCGCAAATGCATGC TACGCOGGT A
Antizense strand { Mon-coding strand)

Fig. 15 An open reading frame is a fragment of DNA that when translated
contains no stop codons. Adapted from NIH-NHGRI, 2011.

Inheritance and Gene Action

Mechanisms

Inheritance is based on the behavior of chromosomes and the genes that they carry. During

meiosis and gametogenesis, homologous chromosomes separate. Each gamete receives one
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(haploid) set of chromosomes. The particular chromosome of a homologous pair that is
distributed to a given gamete is random. When two gametes fuse during fertilization, the
zygote receives from each parent one set of chromosomes, and the alleles that they each carry.

The resulting combination of alleles in the zygote determines its genotype.

Because the distribution of homologous chromosomes to gametes is random, the fusion of
gametes to form the zygote may produce different genetic combinations. Thus, within a
population, variation for specific traits or characters may be observed. If the variation for a
given trait is due to contrasting alleles at one or more loci, rather than to responses to the
environment, the variation is heritable and can be transmitted from parent to progeny. Plant
breeders select plants that exhibit desirable characteristics and those plants carry the desired

allele of the gene that encodes the characteristic of interest.

Each gene or combination of genes and alleles, as influenced by the environment, determines
the phenotype or observed expression of the particular trait. An individual’s allelic
composition at corresponding loci on homologous chromosomes confers the expression of that

gene. Alleles at corresponding loci interact. One allele may mask the presence of the other

allele(s).

Alleles at a locus can interact in different ways, including no dominance (also referred to as

additive gene action), partial dominance, complete dominance, and over-dominance.

Gene Action

There are several general types of gene action. The type of gene action and the alleles present
for a given gene affect the phenotype. Let’s consider the gene action as indicated by the
phenotype of a diploid individual heterozygous at the given single locus compared to the

phenotype of its parents.

Addictive gene action (no dominance)

The progeny’s phenotypic value is at the midpoint between both parents.
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Parents Progeny
AA x aa Aa
Genotype Phenotypic Value
Parent 1 AA 80
Progeny Aa — 60
Parent 2 aa S 40

Complete dominance

The phenotype of the heterozygous progeny equals the phenotype of the homozygous

dominant parent.

Parents Progeny
AA X aa Aa
Genotype Phenotypic Value
Parent1AA ______ 80 80
Progeny Aa
Parent 2 aa S 40

Partial (incomplete) dominance

The heterozygous progeny has a phenotypic value greater than that of the mid-parent value

(MPV), but less than that of the homozygous dominant parent.
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Parents Progeny
AA X aa Aa
Genotype Phenotypic Value
Parent 1 AA 80
Progeny Aa —— 70
- midparent
value (60)
Parent 2 aa —— 40

Fig. 16

Over-dominance

The phenotype of the heterozygous progeny is greater than either parent.

Parents Progeny
AA X aa Aa
Genotype Phenotypic Value
Progeny Aa — 95
Parent 1 AA e 80
Parent 2 aa — 40

Fig. 17
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Deviations from Expected Phenotypes

Multiple Alleles

With complete dominance of the type that we have been discussing, two different alleles exist
for a trait, but only one of the alleles is observed in the phenotype. But it is important to
understand that dominance does not affect the way in which genes are inherited. For some
characters, there are reasons other than dominance among alleles at the same locus that

explain deviations from expected phenotypes.

Multiple alleles—rather than just two—can occur at a single locus. Examples of multiple
alleles at a single locus include the ABO blood group system in humans or the S alleles that
control self-incompatibility in plants. Multiple alleles at a locus are sometimes referred to as
an allelic series. However, while there may be more than two alleles per gene present in a
population, be aware that the genotype of any given individual diploid plant in the population

possesses only two alleles.

Penetrance is a measure of the percentage of individuals having a particular genotype that
express the expected phenotype. Incomplete penetrance occurs when a genotype does not

always produce the expected phenotype.

Expressivity is a related concept that describes the degree to which a character is expressed.

Incomplete Penetrance

Incomplete penetrance and variable expressivity are due to effects of other genes or
environmental factors that change the effect of a particular gene. For example, a phenotype
produced by an enzyme encoded by a particular gene may be expressed only within a narrow
temperature range. In barley, a recessive allele occurs that produces albino plants when they
are grown at lower temperatures. The allele inhibits chlorophyll production. But if barley
plants that are homozygous recessive for this allele are grown above a critical temperature, the

effect is not present so the plants have normal chlorophyll and are green.

Lethal alleles can change expected phenotypic ratios as well. Lethal alleles cause death when
present, so that one or more genotypes will be missing from the offspring of a cross. Lethal

alleles can be recessive (causing death only in homozygotes) or dominant (both homozygotes
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and heterozygotes with the allele will die). Dominant lethal alleles are rarely maintained in

populations.

Essential genes are genes that when mutated can result in a lethal phenotype.

Mendelian Heredity

Gregor Mendel analyzed the segregation of hereditary traits. We now know that the genotype
is the genetic constitution of an organism and the phenotype is the observable characteristic
or set of characteristics of an organism produced by interactions between its genotype and the
environment. The phenotype is influenced by not only the genotype but also environmental
effects and developmental events and by actions of other genes and their products. Therefore,
individuals with the same genotype can have different phenotypes and conversely, individuals

with the same phenotype can have different genotypes.

Terminology

The parental generation of a cross is often called the P generation. Using symbolism based on
what is called the F Symbol, the progeny of the mating of two parents is typically called the
F, or first filial generation. The subsequent generation produced by either self-pollination
or crossing among the Fq offspring (a type of mating called inbreeding) is referred to as the
F, generation, or the second filial generation. The progeny resulting from self-pollination of
each consecutive generation following the F, is referred to as F3, Fy, Fs, and so on. Another
kind of symbolism is based on the S Symbol. The S symbol is used to describe the offspring
of a single cross—specifically the cross between two homozygous parents. F and S symbolism

have been developed to describe progeny developed by hybridization and self-pollination.
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F and S Symbolism

It is important to note on pages 28-33 of Fehr’s textbook, plant breeders have developed a variety
of systems using either the F or the S symbol to describe progeny developed by hybridization
and self-pollination. What is challenging is that depending on the plant breeder, F and S

symbols may be used in different, often contradictory, ways. The table below depicts examples of
the particular system chosen and the way in which symbols are defined for use (Fehr, 1987, p.
28-33).

Table 3

Symbol | Description

Fyq Hybrids produced from the mating of homozygous parents.

Fo =Sy | First segregating generation produced from the cross of two or more parents

F3=S8; | Offspring from self-pollination of F4 (or Sy) plants

Fs =S5 | Offspring from self-pollination of F, (or Sy) plants

Syn ¢ Synthetic { = Offspring from random mating of an F, population

Syn 4 Synthetic 4 = Offspring from random mating of a Syns population

Fo.5 Fo-derived line in Fs = an F5 generation line available for planting that originated from an F,
line generation
So.9 S, -derived line in Sg = an Sg generation line available fro planting that originated from an S,
line generation

Crosses

A cross involving a single trait (e.g., seed color) is referred to as a monohybrid cross, while
one involving two traits (e.g., seed color and plant height) is termed a dihybrid cross.
Conventionally, in equations used to symbolize a cross, the female parent is listed first and the

male parent second, as in this example involving a single locus in diploid individuals:

AA xaa= Aa
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Crosses that are done both ways are referred to as reciprocal crosses. For example, the

reciprocal cross of the one above would be:

aax AA = Aa

Reciprocal crosses can be used to determine whether a trait is maternally inherited. If a trait is
controlled by genes located in cytoplasmic DNA, the segregation ratios between reciprocal
crosses would be different because cytoplasmic DNA is inherited only through the female

parent.

Predicting Segregation Ratios

If the genetic basis of a trait is known, principles developed by Mendel can be used to predict
the outcome of crosses. There are three common approaches used to analyze segregation
results, two of which use the listing of all possible genotypes and phenotypes of zygotes and

gametes by systematic enumeration and the other of which uses mathematical rules.

» The Punnett Square Method is best for situations involving one or two genes. All possible
gametes are written down in a square and then combined systematically to depict an
array of genotypes of the offspring.

» The Branching or Forked-Line Method [See Appendix C for some examples] also works
well for situations involving one or two genes. It uses a tally system in a diagram of
branching lines.

+ The Probability Method is based on two rules in mathematical probability theory—the
Multiplicative Rule and the Additive Rule—and deals with the frequency of events.
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Punnett Square Examples

Parental Monohybrid Cross

Trait Seed color
Alleles Y yellow

y green
Cross yellow seeds x green seeds

YY x yy (homozygous dominant x homozygous recessive)
Offspring called F generation
Genotype all alike Yy (heterozygous)
Phenotype all alike Yy (green)

Results:
Pollen
1/2y 1/2y

Egg | 1/2Y | 1/4Yy 1/4Yy

1/2Y | 1/4Yy 1/4Yy

F{ Monohybrid Cross

Alleles Y yellow
y green
Cross yellow seeds x green seeds
Yy x Yy (heterozygous x heterozygous)
Offspring called F, generation
1:2:1
. . YY (homozygous dominant):
Genotypic ratio Yy (heterozygous):

yy (homozygous recessive)

Phenotypic ratio 3:1 Y_ (yellow): yy (green)




Results:

Dihybrid Cross
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Pollen
12Y | 1/2y
Egg 12Y  |14YY |1/4Yy
1/2y 1/4 Yy 1/4yy

Trait Seed shape and seed color

Alleles R round, r wrinkled, Y yellow, y green

Cross Round, yellow seeds x round, yellow seeds
RrYy x RrYy (heterozygous x heterozygous)

Offspring called F3 generation

Genotypic ratio

1:2:1:2:4:2:1:2:1
RRYY:RRYy:RRyy:RrYY:RrYy:Rryy:rrYY:rrYy:rryy

Phenotypic ratio

9:3:3:1

R_Y_ (round, yellow):
R_yy (round, green):
rrY_ (wrinkled, yellow):
rryy (wrinkled, green)

Results:
Pollen
1/4 RY 1/4 Ry 1/4rY 1/4 ry
1/4 RY 1/16 RRYY 1/16 RRYy 1/16 RrYY 1/16 RrYy
Egg 1/4 Ry 1/16 RRYy 1/16 RRyy 1/16 RrYy 1/16 Rryy
1/4rY 1/16 RrYY 1/16 RrYy 1/16 rrYy 1/16 rrYy
1/4 ry 1/16 RrYy 1/16 Rryy 1/16 rrYy 1/16 rryy
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Branching or Forked-Line Method

Below is an example of the forked-line or branch diagram method for determining the outcome

of an intercross involving three independently assorting genes in peas.

Traits Plant height, seed color and seed texture

D tall / d dwarf

Alleles G yellow / g green

W round / w wrinkled

Cross

Tall plants with yellow, round seeds x

dwarf plants with green, wrinkled seeds
DDGGWW x ddggww
(homozygous dominant x homozygous recessive)

Expected F, phenotypes for each trait

Segregation of gene Segregation of gene | Segregation of gene Combined phenotype of
for plant height for seed color for seed texture all three genes
27/64 D_G_W(tall,
3/4 W_(round) = yellow, round)
3/4 G_(yellow)
) 9/64 D_G_wwi(tall,
1/4 wwiwinkled) - yellow, wrinkled)
3/4 D_(tall)
3/4 W_(l‘OuI‘ld) = Zﬁ'itr?}%%\:(ﬁ(tall,
1/4 gg(green)
. 3/64 D_ggww(tall,
1/4 wwiwrinkled) - green, wrinkled)
34 W_(round) N 9/64 ddG_W_(dwarf,
- yellow, round)
3/4 G_(yellow)
) 3/64 ddG_ww(dwarf,
1/4 wwiwrinkled) = yellow, wrinkled)
1/4 dd(dwarf)
3/4 W_(round) R z/r 6; gdfogﬁa;dwafﬂ
1/4gg(green) :
1/4 ww(wrinkled) = 1/e4 ddggw(dwarf,
green, wrinkled)
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Rules of Probability

Using probability theory can allow for accounting of the frequency of events, such as the
chance of obtaining a head on a coin toss or obtaining a dominant homozygote (AA) from
the mating between two heterozygotes (Aa). To figure out the probability of an event, all
possible outcomes must be determined. For a coin toss, there are two possible events—heads
or tails—each with a probability of % that it would occur. For the progeny produced by a
heterozygote, the probability associated with each type of offspring is % (AA), %2 (Aa) and %

(aa).

The Multiplicative Rule states that if events X and Y are independent, the probability that they
occur together (that is A and B), is the probability of A times the probability of B. It is denoted

P(A) x P(B)

The Additive Rule states that if events X and Y are independent, the probability that at least
one of them occurs (that is A or B), is the probability of A plus the probability of B minus the
probability that both A and B occur together. It is denoted as:

P(A) + P(B) — [P(4) x P(B)]
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Mendel’s Principles

Mendel’s analysis of monohybrid crosses identified three key principles:

The Principle of Uniformity

'

P generation .~ Parent1 Q@ Parent2 0
Parental Smooth Wrinkled -
phenotypes seeds J seeds q
Diploid

parental genotypes s Bs B

Haploid
gametes

Parent 2 J gametes

F, generation / I /
Fgametes J {/) 4
. VML

* F, phenotypes: all smooth seeds (smooth is dominant to wrinkled)

Fig. 18 Punnett Square showing the Principle of Uniformity.

If both parents are homozygous, their F; is genetically uniform.

To the right is a Punnett Square showing an example of this phenomenon, depicting the
genotypic and phenotypic ratios and chromosomes of the diploid parents, haploid gametes,

and the F generation.
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The Principle of Segregation

F, generation Q d'

Smooth Smooth
F; phenatypes seeds J seeds
Diploid
F, genotypes

55 i 55

Haploid {3 f :
gametes ( X

F, ¢ gametes

F, generation | 2 l & /
Sh?netes | vj_.; / ” | ly
"I

S U,

» F, genotypes: % 55, ¥ 55, ¥ 55
= F, phenotypes: % smooth seeds, s wrinkled seeds

Fig. 19 Punnett Square showing the Principle of
Segregation.

In a heterozygote, two different alleles of a gene locus segregate from each other in the
formation of gametes. Below are two figures (one using a Punnett Square and the other the fork
or branch diagram method) showing an example of Mendel’s law of segregation. The figures
depict the genotypic and phenotypic ratios and chromosomes of the F; heterozygote, haploid

gametes, and the F, generation.
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F, generation ) )

Gametes Vs, Yas W5 Vas

Random combination of gametes results in:

One Other F, progeny F, progeny
parent parent genotype genotype
1}& 5 1};4 55 )3‘;4 5
a5 — (shortened form of S5
or 55 indicating that one
g 4 Sg allele is 5 and the other

is either 5 or 5, giving
> Ss the dominant smooth

phenotype)
a5 % S5
a8 -
1 5 % 55 b s ss
(wrinkled, recessive
phenaotype)

Fig. 20 Fork or Branch Diagram showing the Principle of Segregation.

The Principle of Independent Assortment

Alleles at different gene loci are transmitted independently of one another during the
production of gametes. Below are two figures (one using a Punnett Square and the other
the fork or branch diagram method) showing an example of Mendel’s law of independent
assortment. The figures depict the genotypic and phenotypic ratios and chromosomes of the

parents, the F{ heterozygote, haploid gametes, and the F, generation.
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P generation Parent 1 @ Parent 2
Parental Emunthngrun Ui'rlrlklld nrungl
phenotypes

Diploid

parental genotypes

0

i ﬂﬂ

Haploid
gametes

-

-

Parent 2 d gametes

F, generation

I

Parent 1
2 gametes

A 4,

S5

GTSI'

= F, genotypes: all 55 Gg

= F, phenctypes: all smooth-green seeds

Fig. 21 Punnett Square showing the Principle of
Independent Assortment.

Inheritance

LR SsGg x S5s5Gg

F, phenotypes %phennt-,rpas F, phenotopic

for Ss x 55 r Gg x Gg praportions
¥ G e 5 G
. = Sfl?r:lﬁonth green J

(green)
VN
{smocth)

Ya g

)_ 3e 5
[c-range} smeoth, orange

3 G_ >

Y ss <fgr&enl B
d{wnnkled]

Ya g — 145 85 =

[u“range}d 'l.lﬂlr?nklerjg,‘%range d

346 55 G_ .
Wrinkled, green J

Fig. 22 Fork or Branch Diagram showing the Principle
of Independent Assortment.

A trait or characteristic may be under the control of one or more genes. The range of variation

for a particular characteristic indicates the mode of inheritance of that characteristic.

+ Qualitative inheritance — simple inheritance of a characteristic under the control of

single gene or a few major genes. The expression of simply inherited characteristics is

discrete. That is, the phenotypic variation of the characteristic can be separated into

distinct classes. Generally, the environment has little influence on the characteristic’s

expression.

+ Quantitative inheritance — inheritance of characteristics influenced by numerous genes

(multiple genes or polygenes). The involved genes have small, cumulative effects on the

phenotype of the characteristic. The expression of such characteristics can be measured

in quantitative units that are continuous, rather than discrete, and is often considerably

influenced by the environment. Quantitative inheritance is the subject of the module on

Inheritance of Quantitative Traits.

The inheritance of some characteristics cannot easily be categorized as either qualitative or

quantitative. These characteristics are usually under the control of one or few major genes
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as modified by multiple genes with small effects. Together with environmental effects, the

phenotype of such characteristics may show continuous variation.

Progeny Ratios

To determine the mode of inheritance of a particular character, plant breeders mate plants and
evaluate the performance of their offspring. The proportion of progeny exhibiting different
phenotypes provides information about the proportion of progeny possessing different

genotypes.

+ Phenotypic ratio — the proportion of progeny exhibiting different phenotypes

+ Genotypic ratio — the proportion of progeny possessing different genotypes

These ratios are commonly determined by crossing two plants having contrasting phenotypes
for a given character. The parents may or may not be homozygous. The progeny are
heterozygous for the trait. Self-pollinating the F{ progeny produces the F, generation, and so
forth (F,). In each generation, the ratio of plants displaying contrasting phenotypes for the
particular trait reveals information about the genotypes of the parents, as well as gene action

(e.g., dominant or recessive alleles).

In the exercise concerning phenotypic and genotypic ratios, with each consecutive generation,
the proportion of heterozygotes (Gg) is reduced. With continued self-pollination, the
heterozygotes will segregate, decreasing the proportion of heterozygotes in the population by

half each generation. Notice that the homozygotes can only produce homozygotes.
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Successive Generations

Table 1
Generation | Heterozygosity (%)
Fi 100.0
Fy 50.
F3 25.0
F, 12.5
Fg 6.25
Fe 3.12

For each successive generation of offspring resulting from one Fy individual, by the Fg
generation, the population is essentially homozygous. When no further segregation for the trait
occurs, all progeny derived from that F; will “breed true” because they are homozygous for the
trait.

The proportion of plants that are expected to be heterozygous at any gene when starting with a
heterozygous F; and selfing can be determined by using the formula (%2)", where n = the number
of segregating generations, e.g., in F5, n =1 and in F5, n = 4. Using this we get the following

proportions of heterozygous plants in Fy: ()" = (¥%)° = % = 12.5%.

The proportion of homozygous plants in any generation is then given by 1 - (#2)" which, when

algebraically converted, is equal to:

2" —1
2n
3 _ _
Applying this to F4 we get 2 1 = 81 = Z = 87.5%
23 8 8

When working with actual genotypes we must remember that in any segregating generation
there are two homozygous genotypes and we expect equal quantities of each. Using the
example of an Fy that is Aa, in F,, we expect 4 AA + 2 Aa + % aa.

In F4 we expect to be homozygous with half of those AA and half aa. Thus overall we expect

the following F4 genotypic frequencies:
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7 1 7
LAA L Z L
16T gR T g

Scenarios under cross-pollination — with and without selection — will be discussed in more

detail in the module on Population Genetics.

Progeny Test
There are two principal procedures that allow the plant breeder to determine the basis of

phenotypes (genetic or environmental), gene action, and the genotypes of individual plants.

Which procedure is used depends on the specific objectives of the breeder.

Progeny Test

The progeny test evaluates the genotype of an individual based on the performance of its

offspring. The progeny test can be used to:

1. Distinguish heritable phenotypes from phenotypes attributable to environmental effects.

2. Determine the genotype or the allelic composition of an individual.

Steps in Progeny Test

1. Hybridize (mate) two plants, A and B.

Y

Fig.23 Hyridization

2. Grow out and self-pollinate the F; plants.
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YYY

Fig.24 Self-pollination.

F
X

3. Grow out and self-pollinate F, plants.
a. Determine the phenotypic ratio of trait(s) of interest.
b. Harvest seed separately from each plant.
4. Plant a portion of the F3 seed from each phenotype separately.
a. Determine the phenotypic ratio in each group—the phenotypic ratio reveals which
of the Fy plants were homozygous and which were heterozygous for the trait(s) of
interest.

b. Based on the phenotype information, calculate the genotypic ratio.

In this example, the phenotypic ratios of the F3 plants reveal the following genotypic

information about each of the F, parents:

F, Parent | Genotype

a Homozygous red

b Heterozygous red
c Homozygous green
d Heterozygous red

Both the red and green phenotypes occur in ratios consistent with those of heritable traits.
Thus, there is a genetic basis for these phenotypes (i.e., these phenotypes are not just the result

of environmental conditions).
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Testcross

The testcross procedure is used to determine the genotype of an individual or linkage groups.
Linkage is a condition in which genes located on the same chromosome are inherited together

due to their close proximity. Linkage will be discussed in greater detail in “Linkage” module.

Steps in Testcross

1. Hybridize (mate) two plants. The genotype of Parent 1 is
Parents 1 x 2

o A_x aa
trait of interest, aa. —l

unknown, A (?). Parent 2 is homozygous recessive for the

2. Grow out Fq plants and evaluate the phenotypic ratio:
a. If segregating 1:1, then you know that the genotype of

Parent 1 was heterozygous, Aa.

B2AAA%

b. If all plants have the phenotype of Parent 1, than you know that Parent 1 was

homozygous dominant, AA.

\AA\ A

The backcross is a special type of progeny test. It is a cross of an F to either of the original
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parents. This procedure is used extensively in basic genetic studies but not often used by plant

breeders to determine genotypes of plants.

Determine Linkage

To determine linkage groups, hybridize two plants: Parents 1 x 2
AaBb x aabb
+ Parent 1 is heterozygous at two (or more) loci. i

+ Parent 2 is homozygous recessive at these loci.

The interpretation of the results of this cross will be discussed in the module on Linkage.

Genetic Recombination and Its Effects

Develop Improved Cultivars

To develop improved cultivars, plant breeders usually combine the favorable characteristics
of one plant or cultivar with the desirable traits of another plant or cultivar, accumulating
desirable alleles for key characters. To obtain an improved genetic combination, breeders make
a series of matings, selecting the best offspring to produce the next generation. Plant breeders

rely on several genetic mechanisms to obtain new genetic combinations.

1. Segregation — Homologous chromosomes derived from different parents separate and
distribute randomly to cells during meiosis.
2. Recombination — Formation of new gene combinations by mating individuals having

differing genotypes.

Segregation

Segregation is the result of the independent assortment or chance distribution of homologous
chromosomes and the genes that they carry to gametes. Through meiosis, allelic pairs are

separated and distributed to different cells, which subsequently undergo gametogenesis.

Genes located on different chromosome pairs assort independently. That is, the chance
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distribution of a particular chromosome, say one of these green chromosomes, to one cell,
has no effect on the distribution of a yellow chromosome. Independent assortment facilitates

recombination and leads to segregation in subsequent generations.

Recombination

Mating two plants possessing different genotypes results in progeny with genotypes that may
differ from the parental types. The progeny having genotypes that differ from the parents are
referred to as “recombinants.”

Restrictions with Independent Assortment

Hybrid Characteristics

A breeder cannot improve a characteristic unless there is some variability for that
characteristic within which to make selections. Hybridizing plants differing in their
phenotypes (and genotypes) and selecting from among the recombinants provide the breeder
with the opportunity to make progress towards crop improvement. However, recombination

and segregation may fail to provide the expected variation for two general reasons.

+ Population size — A minimum of progeny from a cross must be grown out and
evaluated. If the number is too small, the likelihood of the desired recombinant occurring
in the population is reduced. As the number of independently assorting genes increases,
the number of plants that must be evaluated increases exponentially. Thus, an adequate
population is essential to make efficient progress towards the breeding goals. The
minimum population size required for all genotypes to be represented in the population
can be calculated as follows:

1. Determine the number of segregating gene pairs. Let that number equal “n”.

2. Calculate the minimum population size: minimum population size = 4"

+ Gene Interaction — Although the genes involved in epistatic and pleiotropic
interactions may assort independently, their interactions often affect phenotypic and
genotypic ratios.

» Linkage — As stated earlier, loci in close proximity on the same chromosome tend to be
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transmitted together and do not assort independently.

Genetic Cross-Data

When analyzing data from genetic crosses, it is frequently appropriate to use some kind of
statistical analysis because such data is often quantitative. One statistical procedure commonly
2
)

used for testing results of segregation data is called a chi-square (y°) test. The chi-square test

is also known as a “goodness-of-fit” test.

Breeders wonder if data support or fit a particular hypothesis and therefore help to explain
the results. For example, does the range of phenotypes observed within the progeny of a cross-
fit a particular segregation ratio, e.g., 3:1 or 9:3:3:1? The chi-square procedure helps breeders
understand the significance of deviation of observed results from results predicted by the
hypothesis being tested. A null hypothesis is formed that states there is no real difference
between the observed and expected data. If differences are due to chance, then the hypothesis
can be accepted, otherwise, the null hypothesis is rejected and the breeder can modify the

hypothesis in favor of a better one. The equation used to calculate the (XZ) statistics is as follows

0 Z (observed — expected)?

X= expected

The chi-square procedure will be covered in more detail in the Quantitative Methods course.

Gene Interactions

Traits

When multiple genes control a particular trait or set of traits, gene interactions can occur.
Generally, such interactions are detected when genetic ratios deviate from common

phenotypic or genotypic proportions.

+ Pleiotropy — Genes that affect the expression of more than one character

» Epistasisepistasis — Genes at different loci interact, affecting the same phenotypic trait.
Epistasis occurs whenever two or more loci interact to create new phenotypes. Epistasis
also occurs whenever an allele at one locus either masks the effects of alleles at one or

more loci or if an allele at one locus modifies the effects of alleles at one or more loci.
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There are numerous types of epistatic interactions.

Epistasis is expressed at the phenotypic level. It is important to note that genes that are
involved in an epistatic interaction may still exhibit independent assortment at the genotypic

level. The following slides show some examples of epistasis drawn from various types of plants.

Duplicate Recessive Epistasis

Duplicate recessive epistasis (also known as complementary action): 9:7 ratio observed in
flower color of progeny of crosses between a pure line pea plant with purple flowers (genotype
CCPP) with a pure line, homozygous recessive plant with white flowers (ccpp). The F; plants
are all purple and have a genotype of CcPp, but the Fy progeny will have a modified ratio
of 9:7 because color is only produced if both genes have at least one dominant allele. These
genes control flower color by controlling the expression of biochemical compounds known as
anthocyanins that impart pigment to the flower. Pigmentation in this case is controlled by a
two-step chemical reaction. One of these genes controls the first step and the other controls

the second step.

Purple White
p 4
CCPP ccpp
Gametes CcP cp
F, Purple x Purple

CcPp CcPp
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Male Gametes
CP Cp cP cp

CP CCPP CCPp CcPP CcPp
Purple Purple Purple Purple

Cp CCPp CCpp CcPp Ccpp
Purple White Purple White

Female Gametes P CcPP CcPp ccPP ccPp
Purple Purple White White

. CcPp Ccpp ccPp ccpp
P Purple White White White

Dominant Epistasis

Dominant epistasis (also known as masking action): 12:3:1 ratio observed in fruit color of
progeny of crosses of squash. In the F,, fruits are white if the genotypes are either W_G_or
W_gg because the dominant allele for the first gene (W) masks the effect of either allele for the
other gene (G or g). Color is present only if the first gene is homozygous recessive (ww). Yellow

squash have the genotype wwG_ and green ones have the genotype wwgg.

White Green

P WWGG X wwgg
Gametes WG wg

F, White x White

WwGg WwGg
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Female Gametes

Male Gametes
WG Wg wG wg
WG WWGG WWGg WwGG WwGg
White White White White
w WWGg WWgg WwGg WwGg
& | White White White Yellow
e WwGG WwGg wwGG wwGg
White White Yellow Yellow
w WwGg Wwgg wwGg WWgg
8 White White Yellow Green

Duplicate Dominant Epistasis

Duplicate dominant epistasis (also known as duplicate action): 15:1 ratio observed in fruit
shape of progeny of crosses of the common shepherds purse. If either of the two genes
involved in fruit shape (T or V) are present alone or both together (TV), then the plants will

all produce triangular-shaped fruit. Only the homozygous recessive genotype (ttvv) produces a

seed capsule with an ovate shape.

Triangular Ovate
p X
rTvVv ttvv
Gametes
F, Triangular x Triangular
TtVv

TtVw
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Male Gametes
TV Tv tV tv
TV TTVV TTVv TtVV TtVv
Triangular Triangular Triangular | Triangular
Tv TTVv TTvv TtVv Ttvv
Female Gametes Triangular Triangular Triangular | Triangular
v TtVV TtVv ttvVv ttVv
Triangular Triangular Triangular | Triangular
o~ TtVv Ttvv ttVv ttvv
Triangular Triangular Triangular | Ovate
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Chapter 5: Linkage

Thomas Liibberstedt; Arden Campbell; Deborah Muenchrath; Laura Merrick; and
Shui-Zhang Fei

Introduction

Genes located on the same chromosome are genetically linked. Genetic linkage analysis can
be used to determine the order of genes on chromosomes. Closely linked genes are not
segregating independently, like genes located on different chromosomes. This has different
implications, e.g., in relation to trait correlations. Moreover, linked genes can be used as

genetic markers, which have become an important tool in plant breeding.

Chromosome 1 Chromosome 5
~
0.0 Long roots QTL1 M
5.0 Drought
QTL2
) 10.0 marker I
13.0 Bitterness gene 1
14.0 =+ marker A
) 2
2] & 200 Salinity
c = QTL4
S Py
g 2
[=] 1™
: Rust resistance &
E 49.0 gene b2
- sz20. __Drought QTL1 -
8§ 525 =~ marker E S
T 52.8 marker F T 532 marker G
= 2 540 == marker H
g g
I E‘
88.5 =— Bitterness
gene 2
100.5 Salinity QTL3
\J \J

Fig. 1 Genes located on the same chromosome are
genetically linked. Illustration by Walter Suza.
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Objectives

+ Develop an understanding of the genetic basis of linkage.
+ Gain awareness on how to detect the occurrence of linkage.
+ Review the principles of genetic map construction.

+ Become familiar with the concept of linkage disequilibrium.

Crossover and Recombination

Genetic Organization

Fig. 2 Genetic mapping involves specifying which chromosome a gene is
located on, along with the position on that chromosome. Illustration by
Iowa State University.

Genes are physically organized on chromosomes. Each gene is located at a particular “address”
(particular position on a specific chromosome, which can be identified by genetic mapping).
Inheritance of genes located on different chromosomes follows the rules of independent
assortment. Since plant species have multiple chromosomes, independent assortment is true
for the majority of genes. In contrast, linked genes located on the same chromosome are more
likely to cosegregate, i.e., being jointly transmitted to offspring more often than expected by
independent assortment. The biological process that separates linked genes is the crossing-

over (C.O., or crossover), which occurs during meiosis, and leads to genetic recombination.

Crossing-Over
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During meiosis of diploid organisms, the chromatids of homologous chromosomes pair and
form bivalents. During Meiosis I, homologous chromatids pair to physically exchange
chromosome segments. The chromosomal site, where this reciprocal exchange of homologous
chromosome segments takes place, is called a chiasma. Thus, crossing-over involves not
completely understood mechanisms for identification of homologous sites of chromatids,

breakage and rejoining of chromosomes.

Genetic Distance

Crossing-over events occur more or less random during meiosis. In most plant species, one
to few crossing-over events occur per meiosis and chromosome. Thus, the closer the genes
are physically linked on the same chromosome, the less likely they will get separated, and
consequently, the less likely genetically recombinant gametes will be produced. This is the
underlying principle of genetic maps: the genetic distance between genes reflects the

probability of a crossing-over between linked genes.
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Recombination P

Observation of crossing-over events requires cytological

methods, which can be cumbersome for large populations. In

contrast, genetic recombinants can be observed at the phenotype i @
. . GAMETE GAMETE
level, or by use of DNA markers. If two linked genes with two FORMATION FORMATION

alleles each have clear phenotypic effects, e.g., on flower color (A: ~ ®™* 4 g,
red, a: white; A is dominant over a) and seed color (B: green, b: FERTILIZATION

ellow; B is dominant over b), then genetic recombinants can F.9eneration
Yy ; ) g

easily be identified by determining the fraction of non-parental

gametes in the offspring. .

. . .. !
Note that crossing-over also takes place in meiosis of completely GAMETE
FORMATION

homozygous individuals. However, in this case, genetic

& & & ¢
recombination cannot be observed as described above. The ® :

. . . . Nenrecombinant Recombinant
reason is that observation of recombinant gametes requires two  (parental) gametes gametes

(or more) different alleles at the loci, for which linkage is going to Fig. 3 Formation of gametes

be determined. This explains why offspring saved from pure with parental (left side) and
non-parental (recombinant;
right side) allele
combinations at the two loci
events is also called effective recombination. A and B.

line cultivars will not segregate whereas seed harvested from F4

hybrid will segregate. The observable fraction of recombination

Linkage Detection

Linkage Phase

For linkage detection, it is crucial to know the linkage phase of alleles.

The linkage phase is the physical arrangement of linked genes in a chromosome. A double
heterozygote with a genotype of AaBb could be in one of the two linkage phases.
Conventionally, when linked dominant alleles are located on the same homologous
chromosome and the linked recessive alleles are on the other homologous chromosome, for
example, AB/ab, it is said the genes are linked in the coupling phase. When a dominant allele
at one locus is on the same homologous chromosome as a recessive allele of the other linked

gene, for example, Ab/aB, it is said that the genes are linked in repulsion phase (Fig. 4).
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This knowledge is crucial, as linkage detection and distance estimation is based on the

observed parental and non-parental gametes.

A—D‘D—h

a — =0 —b a — = —B

Fig. 4 Linkage phases

Coupling and Repulsion

In the case of close linkage, non-parental gametes and respective offspring are

underrepresented.

An example is the Australian sheep blowfly, Lucilia cuprina. Normal blowflies have a green
thorax and surround themselves in a brown cocoon during their pupal stage. However,
recessive genes (here marked a and b) can cause the fly to develop a purple thorax and spin a

black puparium.

Fig. 5 Australian sheep blowfly, Lucilia cuprina.
Photo by fir0002, licensed under CC BY-NC
via Wikimedia Commons.
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Using Testcrosses

For detection of linkage, appropriate testcrosses need to be conducted. The linkage phase is
known, if two homozygous parental genotypes (AABB and aabb) are crossed to produce the
respective F; (AaBDb).

A—C=DO —8B
a—O=0O —b

Fig. 7 Coupling phase

[ Coupling Phase ]

In this case, A and B as well as a and b are linked in coupling phase.

The non-parental recombinant gametes have the genotype Ab and aB, whereas the parental

gametes have the genotype AB and ab.

Usually the phenotype cannot be observed in (haploid) gametes, but only in diploid plants.
Thus, to determine whether two loci are linked, offspring need to be produced. This can be
achieved by self pollination of the AaBb - F1, by production of doubled haploid offspring, or

by a testcross.

In this particular example, a backcross (BC) of the F to the aabb parent would be the best

option.
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Testcross Gametes

All offspring from this BC would receive an ab gamete from the aabb parent, and any of the

Parents: L —

homologous ot X

chromosomes —
Wild-type
phenotype

] i)
[ TR SR—

a

a, b
phenotype

Gametes @+ a

F, generation

a

A E
N b

= S
A B ]
4 [rEr——
Backcross a_ b a b
et

Progeny analyzed for
recombinant progeny

|
Parental
nonrecombinant
progeny

Recombinant
progeny

/

Phenotype

[0 Ee— ab

A b
(R ———

a b Ah
. —
R

i & BB
A i

Fig. 8 Backcross depicting gene linkage

two parental (AB, ab) or non-parental (Ab, aB) gametes from the F;.

Because of dominance of A over a and B over b, all four resulting diploid genotypes in the
BC, (backcross generation 1) generation (AaBb, Aabb, aaBb, aabb) can be phenotypically

discriminated, and used to count genotypes that received parental or non-parental gametes

from the Fj.

Thus, when using this BC approach, only the crossing-over events that occurred in the Fq are

monitored for linkage estimation.
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Chi-Square Test

For detection of linkage, a Chi-Square test can be employed. The Chi-Square test compares
observed with expected frequencies. In this case, the null hypothesis to determine expected
frequencies is the assumption of independent assortment. Under this assumption, equal
frequencies of all four gametes are expected. In the case of linkage, BC1 individuals carrying
non-parental gametes are underrepresented, leading to a statistically significant Chi-Square
value. This means that the null hypothesis of independent assortment would be rejected and

linkage assumed.

Table 1 An example of the detection of linkage in Drosophila melanogaster using a Chi-Square test.
d: difference between the observed number and expected number. The significantly higher
Chi-Square values reject the null hypothesis and strongly indicate the presence of linkage.

d 2

Observed Expected B 2 d”/
Phenotypes Number (o) Number (e) g; d e
Parentals:
(black-bodied and normal wing plus grey- 2,712 1,618 1,094 11,196,836 | 739.7
bodied, vestigial wing)
Recombinants:
(black-bodied and vestigial wing plus grey- >24 1,618 1,094 11,196,836 | 739.7
bodied and normal wing)

Chi-Square Results

To better understand the use of Chi-Square in determining linkage, two numerical examples
based on the cross schemes described in Figs. 8 and 9 are provided here. In both examples, a

sample size of 2,000 BC1 individuals has been used.

The Chi-Square test sums up over all squared differences between observed and expected

values, divided by expected values.

In example A, observed and expected values are equal, thus the Chi-Square value = 0.
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Example A

Example A
Chi-square dala

Observed Expected d  d?
number number (o-&)

m

AaBb 500 200 0 0
aaab 500 500 0 0
aaBb 500 500 0 0
Aabb 500 500 0 0
Sum of Chi-Square 0
values

Fig. 9 Example A. Expected vs. observed distributions of phenotypes

In example B, the squared differences between observed and expected values is in all cases
90,000, to be divided by the expected 500 = 180. As there are four genotypic classes, the Chi-
Square value is 720, which is significantly larger than the tabulated value of 3.81 (p = 5%).

In conclusion, example A is in agreement with independent assortment, whereas in example B,

linkage has been detected.

Example B
Example B
Chi-square data

Observed Expected d d° .
number number (o-e) e f
AaBb R00O 500 300 180
aaab e 800 500 .]UU 180
aaBb 200 500 300 180

Aabb 200 500 300 180

NS
L B - -

Sum of Chi-Square 720 ™, —

values \\\ﬂ.ﬂi/

Fig. 10 Example B. Expected vs. observed distributions of phenotypes
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In conclusion, example A is in agreement with independent assortment, whereas in example B,

linkage has been detected.

Genetic Distance

The same data used to determine linkage can also be used to —

- x.\\\
estimate the recombination frequency between two genes (more a b N
. . . R >
precisely, the recombinant frequency). The recombinant / T, /f/’;2/0/(\i‘
frequency = (number of BC1 progeny with recombinant (non- / 800 /// :/_:_

parental) alleles / total number of BC1 progeny) x 100%.

In example B of Section 2: Linkage Detection, the recombinant o \Q\Q%-’f
\ a .
frequency is (200 + 200 / 2000) * 100% = 20%. T /

The recombination frequencies between any pairs of genes
provide an estimate of how close they are linked on a Fig. 11200 +200 =400
h Th bi £ n % i . 400 /2000 = 0.2
chromosome. The recombinant frequency in % is sometimes 5 1000 = 20%
also called “map units” (M.U.). In this example, the genetic

distance in map units between the two genes under consideration is 20 M.U.

In the case of complete linkage of two genes, no recombinants would be expected. The
recombinant frequency would be 0%, which represents the lower limit of recombinant

frequencies.

In the case of random segregation, the expected numbers of recombinant and nonrecombinant
alleles are equal. Thus, the upper limit of recombinant frequencies in the case of unlinked or

loosely linked genes is 50%.

Even for gene pairs located at the different ends of the same chromosome, recombination
frequency can reach 50%. The procedure to determine recombination frequencies between any

pair of genes is called two-point analysis.

Three-Point Analysis

Purpose

Whereas two-point testcrosses establish linkage between pairs of genes, three-point
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testcrosses facilitate establishment of the order of genes on chromosomes, as a prerequisite to

establishing genetic maps. If a third locus with alleles C and ¢ (C is dominant over ¢) is added

to the case mentioned in Genetic Distance, where A and B are linked in coupling phase and

the dominant allele C is in coupling with A and B, then eight different testcross progeny would

result from a backcross with the recessive parent.

Class 1(: enotype of gamete from Number Origins
eterozygous parent
1 A C B 179
Parentals, no crossover
2 a c b 173
3 A ¢ b >2 Recombinants, single crossover
4 a C B 46 AC
> A C b 22 Recombinants, single crossover
6 a c B 22 CB
7 A ¢ B 4 Recombinants, double crossover
8 a C b 2 AC,CB
AC cb
- T B c b
AB » ab
a C b a c b
Fig. 12 Example for a testcross (backcross) as a first step toward a
three-point analysis. Adapted from Russell, 2010.
Frequency Chart

Pairwise recombination frequencies can be determined as described in the chart.

« 20.8% for AC (AC recombinants are in classes 3, 4, 7, and 8; thus, the recombination rate

between A and C is (52+46+4+2/500) * 100% = 20.8%)
« 10% for CB (CB recombinants are in classes 5-8)
o 28.4% for AB (AB recombinants are in classes 3-6).
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Once linkage between pairs of three (or more) genes has been established, the next question is

how they are arranged in linear order on chromosomes, which could be ABC, ACB, or CAB.

Class | G€notype of gamete from heterozygous Number Origins
parent
1 A C B 179
Parentals, no crossover
2 a c b 173
3 A c b 52
Recombinants, single crossover AC
4 a C B 46
5 A C b 22
Recombinants, single crossover CB
6 a c B 22
7 A ¢ B 4 Recombinants, double crossover
8 |a C b 2 AC,CB
Gene Order

The most likely gene order minimizes the sum of pairwise recombination frequencies within a

three-gene interval, which would be:

o 38.4 for ABC (28.4% for AB + 10% for CB)
e 30.8 for ACB (20.8% for AC + 10% for CB)
o 49.2 for CAB (20.8% for AC + 28.4% for AB)

Thus, the most likely gene order is ACB. In other words, the interval between A and B can be

subdivided into the intervals between AC and CB.
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Genotype of gamete from heterozygous

Class Number Origins
parent
1 A C B 179
Parentals, no crossover
2 a c b 173
3 A c b 52
Recombinants, single crossover AC
4 a C B 46
5 A C b 22
Recombinants, single crossover CB
6 a c B 22
7 A ¢ B 4 Recombinants, double crossover
8 a C b 2 AC,CB

Expressed yet another way: incorrectly ordered genes would increase the total map length

because part of the recombination events would be counted twice. If ACB is the true order,

then the genetic length of, e.g., ABC would be inflated, because recombinants for the segment

BC would be counted two times: for the interval BC, in addition to the same interval within the

segment A(C)B. Algorithms of mapping programs use this principle (minimizing the genetic

distance) for three-point analyses.

Double Crossovers

The two-point recombination frequency between A and B (28.4%) differs
from the sum of recombination frequencies for AC and CB (30.8%). The
reason for this discrepancy is the occurrence of double crossover events.
These are two crossovers in a single meiosis within an interval of interest
and the second crossover reverses the effect of the first crossover, i.e., the
second crossover returns the B allele to the original position before the first
crossover. For this reason, by only taking recombinants between A and B
into consideration, double crossovers cannot be observed. Because a double

crossover exchanges chromosome segments within an interval of two genes,

the linkage phase (coupling) of those two genes remains unchanged.

Fig. 13 Double
crossover event.
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Observing Double Crossovers

Only by adding a gene like C in between A and B, it is possible to observe i :
double crossovers. In the case of the interval between genes A and B, six
double crossovers were observed. In consequence, recombination and
crossover frequencies are not identical. The larger the genetic interval, the
larger the discrepancy between recombination and crossover frequencies, ¢ c
because even-numbered crossover events within a pair of genes go
undetected. By adding an additional gene in this interval, at least some
double crossovers can be detected. This leads to detection of additional g .
recombination events. For this reason, the recombination frequency between

A and B in the example is increased, after adding C in between those two Fig. 14 Double
crossover event
D e with

could be detected. Those 12 additional detectable recombination events _....mbination.

genes, because 6 double crossovers (= 12 additional recombination events)

explain for the 2.4% difference between recombination frequencies detected

for the gene pair A and B with or without inclusion of C.

Phase Analysis

Recombinants resulting from double crossovers are always in the lowest frequency (class 7 and
8, respectively in this table). To determine which allele is in the middle, a convenient method
is to find out which allele in the double crossover recombinants has changed its linkage phase
with the other parental alleles (in classes 7 and 8, allele C/c has changed its linkage phase with
the other alleles).

Class Genotype of gamete from heterozygous Number Origins
parent
1 A C B 179
t | Parentals, no crossover
2 a c b 173
3 A c b 52
} | Recombinants, single crossover AC
4 a C B 46
5 A C b 22
} | Recombinants, single crossover CB
6 a c B 22
! A ¢ B 4 ) Recombinants, double crossover
8 a C b 2 AC,CB
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Coefficient of Coincidence and Interference

Crossover events in adjacent chromosome regions might affect each other, a phenomenon
called interference. Most typically, a crossover event in one region tends to suppress a
crossover in the adjacent regions. The extent of interference is expressed by the coefficient
of coincidence, which is equal to the observed frequency of double crossovers / expected

frequency of double crossovers.

Class Genotype of gamete from heterozygous Number Origins
parent
1 A C B 179
t | Parentals, no crossover
2 a c b 173
3 A c b 52
} | Recombinants, single crossover AC
4 a C B 46
5 A C b 22
} | Recombinants, single crossover CB
6 a c B 22
/ A ¢ B 4 ) Recombinants, double crossover
8 a C b 2 AC,CB

The expected frequency of double crossovers is the product of two single crossovers in adjacent

regions assuming there is no interference.

In this example, this expected frequency is 0.21 (recombination frequency for AC) * 0.10

(recombination frequency for CB) = 0.021.

The observed frequency of double crossover events is 6/500 in the example, resulting in 0.012.
Thus, the coefficient of coincidence in this example is 0.012/0.021 = 0.58.

Interference is defined as 1 - coefficient of coincidence, which would be 0.42 in this example.
A value of zero for interference would mean that a crossover in one region does not affect
crossovers in the adjacent region. Interference of 1 means, that crossovers in one region
suppress crossovers in the adjacent region. Negative values are possible and have been
reported in some instances, which means that crossovers in one region stimulate crossovers in

the adjacent region.
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Map Functions

Measurement Units

The purpose of genetic maps is to report the length of chromosome intervals, chromosomes,
and whole genomes. Since recombination frequencies converge to a value of 50% as reported
above, indicating the absence of linkage, recombination frequencies are not additive and,
thus, not useful to describe the distance between genes that are located far apart. When
recombination frequency reaches 50%, it would be impossible to tell whether the genes are

located far apart on the same chromosome or on different chromosomes.

Instead, estimates of the number of crossover events are used as an additive measure of
genetic map distances. The unit for measuring genetic distances is Morgan (M), or usually
centiMorgan (cM). In contrast to recombination frequencies, map units expressed in cM are
additive. One Morgan reflects the observation of one crossover event per single meiosis. One
cM is a distance between genes that produces 1% recombinants in the offspring. Typical
lengths of genetic maps in maize, for example, vary between 1,600 to 2,000 cM, which means
that on average, 1.6 - 2 crossovers occur per chromosome and single meiosis in maize (maize

has 10 homologous chromosome pairs).

Frequency Conversion

As mentioned above, direct observation of crossover events is cumbersome. For that reason,
most genetic maps published to date are based on the conversion of recombination frequencies
into crossover frequencies. The main obstacle to translating recombination frequencies into
crossover frequencies is the variable and unknown degree of interference in different genome
regions. While it has been possible in the earlier example to determine the degree of
interference, and thus frequency, of double crossover events, in the genetic interval between A
and B by adding C, the degree of interference between AC and CB is unknown. This could be
addressed by observing segregation of further genes within these two regions (if available), but
this issue could ultimately only be addressed by complete genome sequencing of all offspring

in a mapping population, which at this point is still too costly.

Visual Relationship

Instead, map functions have been developed, that translate recombination frequencies into
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crossover frequencies, and thus cM (see Fig. 14 below). Figure 14 clearly shows, that there is
an approximately linear relationship between recombination rates (y-axis) and crossover rates
(x-axis). However, with increasing map distances, recombination rates converge to 50%. In
other words, gene pairs with crossover rates of 80 cM or 200 cM, respectively, would be nearly
indistinguishable based on recombination rates, which would result in recombination rates
between 40 and 50%.

0
0 10 20 30 40 50 60 70 80 90 100 110 120
Map distance (cM)

Percent recombination

Fig. 15 Relationship between crossover rates (x-axis) and recombination
rates (y-axis). Adapted from Russell, 2010.

The various available map functions make different assumptions on the extent of interference.
For example, the Haldane mapping function assumes absence of interference. In contrast, the

Kosambi function assumes the presence of interference.

Other Types of Maps

Genetic maps can be generated in other ways than using testcrosses. Examples include somatic
cell hybridization and tetrad analysis. In plants, interspecies addition lines such as oat-maize
addition lines created by distant hybridization have been developed as tool for mapping of
genes. If two genes appear on the same addition segment, they are genetically linked. Besides

genetic maps, cytological and physical maps can be established.



Cytological maps show gene orders along each

chromosome as determined by cytological
methods whereas physical maps are measured in
base pairs as determined by DNA sequencing.
With rapid progress in sequencing technology and
an increasing number of sequenced plant
genomes, physical maps gain in importance.
Complex plant genomes like the maize genome
are billions of base pairs long. When comparing
genetic and physical maps, the order of genes is

the

between genetic and physical maps might vary

conserved. However, relative distances
substantially. The reason is that crossover events

are not evenly distributed in genomes. Usually,
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Genetic Map j5t—
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Fig. 16 A genetic map is a type of chromosome
map that shows relative locations of genes and
other important features. Adapted

from NIH-NHGRI 2011.

crossover events tend to be suppressed in centromere and repetitive DNA regions, whereas

they are enhanced in gene-rich regions.

Cytogenic Map
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Fig. 17 Cytogenetic map of maize chromosomes. Illustration by Neuffer et

al., 1997. Used with permission.
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Factors Influencing Linkage Mapping

Linkage mapping based on testcrosses can be affected by selection or incomplete penetrance,
among others. Selection in the most extreme case would be due to lethality of gametes (gametic
selection) or zygotes (zygotic selection). If a backcross is used for linkage detection, as
described above, lethality of male gametes carrying for example the a allele would lead to only
two classes of BC progeny, if AaBb is crossed as pollinator to aabb. In that case, only AaBb
(parental) and Aabb (recombinant) genotypes would be obtained. Zygotic selection affects the
viability of particular genotypes. If the aa genotype in the example above is lethal, then the
aa offspring derived from self-pollination of an AaBb genotype would be missing. Incomplete
penetrance means that a genotype that is supposed to express, for example, red flowers, has
to a certain extent white flowers. In other words, there is no 100% match between genotype
and phenotype, but due to environmental factors, the phenotype might differ. As for selection,
incomplete penetrance alters the frequency of expected genotypes in testcrosses, which is the

basis for detection of linkage.

Consequences and Applications of Linkage

The main application of linkage is in genetic mapping of genes using molecular markers. Once
genes have been mapped and closely-linked markers identified, those markers can be used for
marker-aided selection procedures. Technological progress in DNA methods has been and still
is rapid, so that thousands of markers can be produced at low cost in any species of interest.
Moreover, novel genomic selection strategies addressing complex inherited traits are being

developed.

Linkage can in some cases be confused with pleiotropy. If a favorable character (e.g. resistance)
is always inherited together with an unfavorable trait (e.g., lodging), a negative pleiotropic
effect might be assumed, which might alternatively be caused by two closely linked genes.
Whereas close linkage can be resolved to find favorable genotypes for both traits, this is not
true for pleiotropy. Linkage reduces the possible genetic variation in small populations. With
increasing numbers of generations, or population sizes, genetic variation can be increased.

Similarly, inbreeding reduces the opportunity for effective recombination.
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Linkage Disequilibrium

Genotype Distribution

Although allele frequencies at individual loci are expected to be stable in the case of random
mating, genotype frequencies at two or more loci jointly do not achieve this equilibrium after

one generation of random mating.

To illustrate this point, consider two populations, one consisting of entirely AABB genotypes

and the other consisting entirely of aabb genotypes. Assumed they are mixed equally and

allowed to randomly mate. The first generation would consist of the three

genotypes AABB, AaBb, and aabb in the proportions 1/4 : 1/2 : 1/4. However, for two loci, each

with two alleles, nine genotypes are possible. (For n alleles at each locus and k loci, there

n(n+1)
2

genotypes, but they would not appear at the equilibrium frequencies immediately.

are: ( )k possible genotypes). Continued random mating would produce the missing

Equilibrium
Consider the following examples based on two alleles at each of two loci:

+ Alleles: AaBb
o Allele frequencies: P, P, Py P},

+ Gametic Types: AB Ab aB ab
o Gametic Frequencies: Pop Pap Pap Pap

In linkage equilibrium, the expected gamete frequencies can be calculated from the marginal
allele frequencies. For example, in equilibrium, the frequency of gamete AB (P,p) would be

expected to be equal to the product of the frequencies of the A allele (P,) and the B allele (Pp).

This is valid under the following conditions: Py + P, = 1; Pg + P, = 1; and Pog + Pap + Pag + Pap
=1.

If, for example, the allele frequencies of P, = P, and Py = Py, are 0.5, then the frequencies of all

gametes are 0.25.
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A measure for Disequilibrium, D = Pog - Po*Pp. D = 0 in the case of equilibrium. If D differs
from 0, it reflects presence of Disequilibrium. In other words, the frequency of a gamete differs

from its expected frequency based on marginal probabilities of the respective individual alleles.

LD and Mapping

Linkage disequilibrium is the non-random association of alleles at different loci. LD is

extensively used in mapping human disease genes using natural populations (Association

mapping).

In plants, gene mapping has been conducted mainly by using mapping families because of the
ease with which mapping families are created, but LD mapping using natural populations is
increasing rapidly because such populations are large in size and have much greater allelic

diversity.
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Equilibrium
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Fig. 18 Linkage disequilibrium and equilibrium. When LD is
present, all individuals possessing red alleles in locus A have
green alleles in locus B. When the two loci are in equilibrium,
individuals having red alleles in locus A could have any
alleles in locus B. Adapted from Rafalski, 2002.
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Dissipation

It can be shown that after t generations of random mating, the remaining disequilibrium is

given by:
Dt = DQ(]. — C)t

where, D is the disequilibrium in generation 0 and c is the recombination fraction, with ¢ =
0.5 for independently segregating loci, which is identical to a recombination frequency of 50%
(the range of c is from 0 to 0.5, whereas the range of r is from 0% to 50%). The dissipation of

disequilibrium relative to generation 0 is given in Fig. 18.

Recombination and LD

Generally, deviations from independence at multiple loci are referred to as linkage
disequilibrium, even if genetic linkage is not the cause (in other words, alleles are not
physically linked). Unless two loci are known to reside on the same chromosome, the term
Gametic Disequilibrium should be used to describe disequilibrium among loci. Whereas
recombination and crossover frequencies, as mentioned initially, are used to describe the
distance between genes from a chromosomal perspective, linkage disequilibrium is mostly

used to describe a property of populations. However, both terms are closely related.

Genetic Markers

Overview

Genetic variation results from differences in DNA sequences and, within a population, occurs
when there is more than one allele present at a given locus. Such populations are referred to
as populations that are polymorphic or segregating at that locus. The opposite situation is
when all members of the population are homozygous for the same allele, in which case the
population is said to be fixed or monomorphic for that allele. A genetic marker is a DNA
sequence that exhibits polymorphism among individuals and can thus be used to identify a
particular locus (although not necessarily a gene) on a particular chromosome; the marker itself
may be part of a gene or may have no known function. Markers are inherited in a Mendelian
fashion and facilitate the study of inheritance of a trait or sometimes a linked gene. Markers are

used to identify, map, and isolate genes, select desired genotypes, and detect genetic variation
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or determine genetic relationships among individuals. Markers are regions of genomes that are

heritable, often easy to document, and useful for detecting genetic variation.

Three Types

Genetic markers generally do not represent target genes of interest to a breeding program, but
instead are useful as ‘signs’ or ‘tags’, particularly when they are closely linked to genes that
control a trait of interest. A genetic map constructed with genetic markers is similar to a road
map. Linkage groups in a genetic map represent roads whereas individual markers on each
linkage group represent signs or landmarks that help plant breeders to navigate through the

plant genome and find the genes of interest.

There are three major categories of markers.

+ Morphological markers
« Biochemical markers

+ Molecular markers

Morphological Markers

These types of markers (also called visible or classical markers) are phenotypic traits with
only a few distinct morphs or variants (e.g., flower color or seed shape), usually due to one
or perhaps two gene loci so they are not strongly affected by the environment. Inheritance
patterns of visible and morphological characters have been used to map genes to particular
chromosome segments and to identify linkage groups. Such markers are limited in number
compared to the abundance of DNA markers, however, and may be influenced by

developmental stage of the plant.

Biological Markers

Isozymes (sometimes called allozymes) are allelic variants of a single enzyme that share the
same function, but may differ in level of activity due to differences in amino acid
sequence. [sozymes are proteins for which variation can be detected by differential separation
using electrophoresis, a technique for separating macromolecules (DNA, RNA, protein) on a

gel by means of an electric field and specific chemical staining.
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Isozymes have codominant expression, meaning that both homozygotes can be distinguished
from the heterozygote and neither allele is recessive. In contrast to codominant markers,

dominant markers are either present or absent.

In comparison to visible polymorphisms, they reveal more of the underlying genetic variation.
However isozymes are gene products, so they reveal only a small subset of the actual variation
in DNA sequences between individuals and do not reveal variation in the non-coding regions
of the genome. In general, such markers are limited in number and have limited use in genetic

mapping studies.

Electrode /

Fig. 20 Electrophoresis is a laboratory technique used to separate DNA,
RNA, or protein molecules based on their size and electrical charge.
Ilustration adapted from NIH-NHGRI, 2011.

Molecular Markers

Molecular or DNA markers reveal sites of variation in DNA. Variability in DNA facilitates
finer scale mapping and detection. Mapping is the process of making a representative diagram
cataloging genes and other features of a chromosome and showing their relative positions.

Many of these molecular markers avoid the limitations associated with visible and biochemical
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markers. They facilitate the evaluation of genome-wide coverage and are not affected by
environmental factors or developmental stages. They allow high resolution of genetic diversity
to be detected. Molecular markers have added substantial amounts of information to our

genetic maps.

FYI: Molecular Markers

Any DNA sequence can be genetically mapped, like genes leading to plant phenotypes as long as
there is a polymorphism available for the sequence to be mapped, i.e., two or more different
alleles. This can basically be a single nucleotide polymorphism (SNP), a single nucleotide
variant at a particular position within the target sequence, or an insertion/deletion (INDEL)
polymorphism. Any target sequence can be amplified by the Polymerase chain reaction (PCR),
and subsequently be visualized to generate “molecular phenotypes” comparable to visual

phenotypes, that can be observed by using appropriate equipment.

AT Polymerase Chain Reaction
PN ' - i \
- - ) ',\ Jﬁ,r-n:‘
'i/ Original doublo-siranced DNA =~ _!} —l,
TV Vi Vil Vi

e fae g™
L = arn Bnmesd prenery
: , s I
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Milbcns and Milions of copess

Fig. 21 A depiction of Polymerase chain reaction (PCR). Illustration
by NIH-NHGRI, 2011.
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Various molecular methods have been developed to visualize SNPs or INDEL polymorphisms at
low cost and high throughput, which will be presented in detail in the Molecular Genetics and
Biotechnology course. The main use of those SNPs and INDEL polymorphisms is as molecular
markers. By genetic mapping as described above, linkage between genes affecting agronomic
traits or morphological characters, and DNA-based SNP or INDEL markers can be established.
It can be more effective in the context of plant breeding, to select indirectly for such DNA
markers, than directly for target genes. This is due to lower costs for DNA analyses, the ability
to run multiple such assays (for multiple target genes) in parallel, the ability to select early and to
discard undesirable genotypes or to perform selection before flowering, codominant inheritance
of markers, among others.For example, both ginkgo trees (Ginkgo biloba) and asparagus
(Asparagus officinalis) are dioecious species. Male plants are preferred for ginkgo tree because
fruits produced from female trees have an unpleasant smell whereas male asparagus plants are
preferred because of their higher yield potential. Unfortunately, sex expression will take years to
occur for both species. If a DNA marker that either directly affects sex expression or is linked to
genes that affect sex expression can be identified, selection of male plants can be conducted in
early seedling stage rather than waiting for many years. Occurrence of environmental conditions
favoring selection for disease, insect-resistant plants or drought-tolerant plants such as the
prevalence of the particular disease or insect or drought is not always reliable. Selection using

DNA markers can overcome these limitations as they are not affected by the environment.

Polymorphism

Polymorphism involves one of two or more variants of a particular DNA sequence. The most
common type of polymorphism involves variation at a single base pair, also called single
nucleotide polymorphism (SNP) (Fig. 22). Polymorphisms can also be much larger in size and
involve long stretches of DNA. Tandem repeat is a sequence of two or more DNA base pairs
that is repeated in such a way that the repeats are generally associated with non-coding DNA.
In contrast, SNPs can sometimes be identified that occur within coding sequences (that is

within genes), as well as in non-coding DNA.
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Individual 1 Individual 4

Chr2 ...CGATATTCCTATCGRAATGTC. .. chr2 . CGATATTCCTATCGRATGTC . . .
copyl ... GCTATRAGGATAGCTTACAG. .. copyl .. GCTATAAGGATAGCTTACAS. ..
Chr2 ...CGRTATTCCCRATCGRATGTC. .. chr2 . CGATATTCCCATCGRATGTC. . .
copy2 ...GCTATAAGGETAGCTTACAG. .. copy? ...GCTATAAGGGTAGCTTACAG. ..
Individual 2 Individual 5

Chr2 ... CGATATTCCCATCGAATGTC. . . Chr2 ... CGATATTCCCATCGAATGETC. . .
copyl ...GCTATAAGGGTAGCTTACAG. .. copyl ...GCTATAAGGGTAGCTTACAG. ..
Chr2 ...CGATATTCCCATOGAATETS. .. Chr2 ...CGATATTCCOTATCGAATETE. ..
copy? . ..GCTATAAGGGTAGCTTACAS. .. copy? ...GCTATAAGGATAGCTTACAG. ..
Individual 3 Individual &

Chr2 ...CGATATTCCOTATCGAATETC. .. Chr2 ...CGATATTCCCATCGAATSTC. ..
copyl ...GCTATAAGGRATAGCTTACAG. . . copyl ...GCTATARGGGTAGCTTACAG. . .
Chr2 ... .CGATATTCCTATCGAATGTC. . . Chr2 ... CGATATTCCTATCGAATGETC. . .
copy2 . ..GCTATAAGGATAGCTTACAG. . . copy2 ...GCTATAAGGATAGCTTACAG. . .

Fig. 22 Example for a SNP (yellow highlighted) in a population of six
diploid genotypes. Individuals 1, 4, 5, 6 are T/C heterozygotes, individual 2
a C/C homozygote, and individual 3 a T/T homozygote. Adapted from
NIH-NHGRI, 2011.

Types of Biochemical/Molecular Markers

There are a variety of biochemical and molecular markers available. Table 2 on the next page

summarizes features of a number of the common ones:

+ RFLP — Restriction Fragment Length Polymorphisms

+ RAPD — Random Amplified Polymorphic DNA

+ AFLP — Amplified Fragment Length Polymorphisms

+ SSR — Simple Sequence Repeats (also known as microsatellites)
+ SNP — Single Nucleotide Polymorphisms

+ VNTR — Variable Number of Tandem Repeats
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Widely-Used Markers

Table 2. Comparison among widely used molecular markers. Adapted from Nageswara-Rao and Soneji, 2008.

Isozymes RFLP RAPD AFLP SSR SNP
Protein- or Protein-based | DNA-based DNA-based DNA-based DNA-based DNA-based
DNA-based
No. of loci 30-50 100s ~Unlimited ~Unlimited 10s 10s
Degree of . Low-medium | Meduim-high | Medium-high | Medium-high | High High
polymorphism
Nature o.f Codominant | Codominant | Dominant Dominant Codominant Codominant
gene action
Reproducibility | High High Low-medium | Medium-high | High High
Amount of
DNA per Not . mg ng ng ng ng
applicable
sample
Method* Biochemical | phiqo s | PCR PCR PCR PCR
ybridization
Ease of array? | Easy Difficult Easy Moderate Easy-moderate | Easy
Can be . .
Difficult Difficult Yes Yes Yes Yes
automated?
(]i:lsl;lpment Inexpensive Expensive Moderate Expensive Expensive Expensive
z,esx;elopment Inexpensive Expensive Moderate Expensive Very Expensive
Assay cost Inexpensive Expensive Moderate Expensive expensive Expensive

*‘PCR’ means Polymerase Chain Reaction amplification of genomic DNA fragments, a method

that uses short, single-stranded DNA sequences, known as primers, to hybridize with the

sample DNA Table 2. Comparison among widely used molecular markers. Adapted from

Nageswara-Rao and Soneji, 2008.

SSR and SNP Markers

SSR markers remain useful to plant breeders due to their abundance and convenience with

which they are assessed, but they serve most likely as linked markers. SNP markers, however
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can either be linked to or directly reside in a gene of interest and are hugely abundant. For

these reasons, they are increasingly becoming the marker of choice.

Uses of Molecular Markers

Molecular markers are useful for both applied and basic genetic research. Here are some

examples:

Indirect selection criteria in breeding programs (marker-assisted
selection)

This is one of the most important and widely used molecular techniques in applied plant
breeding programs today. RFLPs, SSRs, and SNPs enable breeders to indirectly select for a
desired trait. Ordinarily, the DNA sequence of a molecular marker does not itself code the gene
for the trait, but rather, its presence is correlated or linked with the gene for the particular
trait. Thus, the breeder can indirectly select for the trait by directly selecting for the molecular
marker—the DNA fragment and the gene encoding the trait are linked. The closer their
physical proximity on a chromosome, the greater the probability that they will remain linked
and not be separated through a recombination event in subsequent generations. As long as
the gene for the trait and the marker remain linked, the marker is a useful selection criterion.
Ultimately, however, potential lines still must be field-tested to verify the expression of the

desired phenotype.

Identify quantitative trait loci (QTLs)

Molecular markers linked to genes contributing to the expression of polygenic or quantitative
traits can be used to more efficiently identify and select individuals possessing the genes.
It is more difficult to use conventional breeding approaches to identify plants that have

accumulated the genes necessary to obtain the desired quantitative trait.

Genetic mapping

Molecular markers provide a means to map genes to more specific chromosome segments than

is possible using visible markers.
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Determine genetic relationships

The more molecular markers individuals have in common, the more closely related they are.

Genetic Diversity and Conservation

Genetic relationships within families, genera, species, or cultivars can be determined from
molecular markers. Much information about the evolution of crops has been learned using
molecular markers. The markers also enable breeders to monitor the genetic diversity among
breeding lines to broaden the genetic base and reduce the risk of widespread genetic

vulnerability to detrimental conditions.

Molecular Marker ‘Fingerprints’

Individuals possessing more markers in common than could occur by random chance are
closely related. Such molecular fingerprints have been used successfully in court to prove the

misappropriation of proprietary breeding lines.

Isolate genes

Molecular markers are used to map candidate genes on a much finer scale and can eventually
isolate candidate genes by positional cloning. Isolated genes can be used to study gene
regulation or to directly improve agronomic performance by genetic transformation. Although
molecular markers have many applications and provide useful tools to plant breeders, lines

must still be evaluated under normal production conditions before their release.
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Chapter 6: Population Genetics

Laura Merrick; Kendra Meade; Arden Campbell; Deborah Muenchrath; and

William Beavis

Introduction

Population genetics is a sub-discipline of genetics
that characterizes the structure of breeding
populations. The forces of mutation, migration,
selection and genetic drift will alter the structure of
populations. In this introductory module we will focus
on characterizing population structure at a single
locus. In more advanced modules you will learn how to
characterize populations based on the multi-
dimensional space determined by multiple loci

throughout the genome.

Learning Objectives

Fig. 1 A bed of tulips at Pecherskyi
Landscape Park in Ukraine. Photo by
OZ-OK. Licensed CC-BY-SA 3.0 via
Wikimedia Commons.

+ Understand the importance of a reference population.

+ Become familiar with modeling and estimation of genetic variation.

+ Understand the principles of allele frequency, genotype frequency, and genetic

equilibrium in populations.

+ Be aware of the conditions required for Hardy-Weinberg Equilibrium (HWE).

« Examine the forces that cause deviations from HWE.

Two possible challenges are described in the following scenarios:
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Scenario 1—Fate of a Transgene

Fig. 2 Maize and bean plants in a field in
Quiché, Guatemala. Photo by Fabian
Hanneforth. CC-SA 3.0 via Wikimedia

Commons.

Imagine a community of small farms in a valley
located in the highlands of Central America. The
farmers of this community produce grain from an
open-pollinated maize variety that is adapted to
their preferred cultural practices. They also select
partial ears from about 5% of their better
performing plants to be used for seed in their next

growing season.

One day, a truck filled with seed of a transgenic
insect-resistant hybrid overturns on the highway
while passing through the valley. 99.999% of the
seed is recovered, but about 500 kernels remain in a
farmer’s 10-acre field adjacent to the highway. The
transgenic seeds germinate and grow to maturity

alongside the planted open-pollinated variety. You

are asked to determine the fate of an insect-resistant transgene in this valley.

Scenario 2—Fixation of an Allele

Imagine a naturally occurring allele at a locus that regulates
the structure of carbohydrates in the wheat kernel; with the
allele the carbohydrates in the kernel have low glycemic
indices. For the last 100 years hard-red winter wheat
varieties have not been selected for low glycemic indices, but
with the emergence of a Type II diabetes epidemic, there is a
demand for low glycemic carbohydrates in hard-red winter
wheat varieties. How will you develop a breeding population
in which this allele is fixed, that is the frequency of this allele

=1.0?

Fig. 3 Hard red winter wheat
kernels. Photo by U.S. Department
of Agriculture.
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Fields of Genetics

These challenges are fundamentally about population genetics. In this
section, you have the opportunity to successfully address these types
of challenges by learning how to model and estimate allelic

frequencies and the forces that affect population structures. In the

.

study of population genetics, the focus shifts away from the individual
(which is the focus for transmission genetics) and the cell (which is
the focus for molecular genetics) to emphasis on a large group of
- individuals—a Mendelian population—that is defined as a group of

interbreeding individuals who share a common set of genes.

This module will include a discussion of

inbreeding, which is one type of mating of O

Fig. 4 Transmission L. . .
; individuals that is often of particular

genetics studies how
traits are passed from an ~ significance to plant breeders.
individual to its progeny

Inbreeding is the mating of individuals that are

more closely related than individuals mated at random in a population. Fig- 5 Molecular
genetics focuses on

DNA operating within
extreme form of inbreeding. the cell.

Self-pollination (mating of an individual to itself) represents the most

T

Fig. 6 Population genetics studies the forces that affect
groups of interbreeding individuals who share a common set
of genes.
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Reference Population

Goals

Population genetics has three major goals, all
of which are interrelated (Conner and Hartl,
2004):

+ Explain the origin and maintenance of
genetic variation.

+ Describe the genetic structure of
populations, i.e., the patterns and
organization of genetic variation.

+ Recognize the mechanisms that cause

changes in allele and genotypic

frequencies. Fig. 7 Analysis of rice crop populations. Photo by
Iowa State University.

Similar to quantitative genetics, population
genetics is concerned with application of Mendelian principles and is amenable to
mathematical treatment. Understanding population genetics will require you to apply concepts

from high school algebra.

Description

In order to understand the genetic structure of a population, it is necessary to establish a
standard reference population so that the breeding population can be characterized relative to
the standard.

Consider an ‘ideal’ population that is infinitely large. Further consider development of sub-

populations as in Figure 6, described in Falconer and Mackay (1996).
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Generation 1
(breeding individua

Gametes #ﬂzf' 21” 21” EF EI' El" 2

Generation2 QQOQQOOOQ
(breeding individuals) K\-.,\_:/ Sub-popula

Fig. 8 Diagram of the subdivision of a single large base population into a
number of sub-populations.

Note that the sub-populations depicted in the figure above are based on a genetic sampling
process that is affected by reproductive biology of the species. The reproductive mode of
most plant species can be classified as sexual or asexual Species that reproduce sexually
are generally categorized into three types of mating systems — primarily cross-pollinated,
primarily self-pollinated, or a mixture of self- and cross-pollinated. Asexual modes of
reproduction include three main categories: vegetative or clonal propagation, and apomixis.
Under different mating systems (e.g., random vs. inbreeding) different genotypic frequencies
will be generated from the same allele frequencies. With sexually reproducing individuals,
mating combines alleles in the pool of haploid gametes produced by meiosis into genotypes in
the diploid individuals.

In the ideal model population depicted in Fig. 8, we make the following assumptions:

» The base population is extremely large (too large to count)

» No migration between sub-populations

» Non-overlapping generations

» Number of breeding individuals is the same in each sub-population
» Random mating within a sub-population

+ No selection

« No mutation
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Models such as that shown above are theoretical abstractions. Models provide methods to
simulate real-life situations and they are used for two principal reasons: 1) to reduce

complexity, allowing underlying patterns to become more visible and 2) to make specific

predictions to test with experiments or observations (Connor and Hartl 2004).

Discuss the two challenges described earlier with respect to each reference population:

For Scenario 1—Fate of a Transgene, characterize the breeding
population. Assume that there are 100 10-acre farms in the
Central American valley, where farmers plant about 10,000

maize kernels per acre.

Photo by the U.S. Department of . L
Agriculture. For Scenario 2—Fixation

of an Allele, determine
how many hard red winter wheat varieties exist for the
Southern Great Plains region. The number can include all
historical varieties grown in the region. Assume that you

have identified one additional ancient accession of hard

red winter wheat that has the desirable allele for low

glycemic carbohydrates. Assume that these varieties Photo by Fabian Hanneforth. Licensed
under CC-SA 3.0 via Wikimedia

represent the lines you will use for your basic breeding Sy

population. Characterize this breeding population.
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Allele and Genotypic Frequencies

Model

We first model a single locus with only two alleles (e.g., presence or absence of a transgene) in

an ideal breeding population of diploid individuals. Define the following:

+ N = Number of breeding individuals in a sub-population (population size)
+ t=Time in generations with base population at ¢

+ q=Frequency of a particular allele at a locus within a sub-population

+ p=1-q-=Frequency of other allele at a locus within a sub-population

+ D = Frequency in the whole population (the mean of p)

» po = Frequency of p in the base population

+ (g = Frequency of q in the base population

Because of the assumptions associated with an ideal reference population, @ = qq at any stage

or generation of the sampling process, so qg can be used interchangeably with 4.

Equations

The alleles, allele frequencies, genotypes and genotypic frequencies can be represented as

follows:
Alleles Genotypes
A a AA Aa aa
Frequency p q Paa Paa Paa
Where,
p+qg=1
and

PAA+PAa+Paa:1

The relationship between allele frequencies and genotype frequencies can be expressed as

follows:
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1
D= Pyq + EPAa

and

1
q:Paa"_EPAa

Hardy-Weinberg Equilibrium

Concept of Genetic Equilibrium

Plant breeders recombine and select the alleles present in the gene pool. The gene pool of a
population is the total of all alleles within a population, and consists of all of the genes shared
by individuals in the population. Gene pools are described in terms of allele and genotype
frequencies. Knowing the frequency with which desired (or undesirable) alleles occur in the
gene pool of the population influences the choice of breeding population(s), breeding method,
and likelihood of progress. The breeding population must contain not only sufficient genetic
variability to allow selection, but also have favorable alleles present in high enough frequencies

to facilitate their selection and allow efficient breeding progress to occur.

+ Allele frequency (often also called gene frequency) — the proportion of contrasting
alleles present in the gene pool of a population.

+ Genotype frequency — the proportion of various genotypes present in a population.

Assumptions

The frequencies of specific alleles and genotypes in a large, random mating population will
reach equilibrium and will remain in equilibrium with continued random mating. This
tendency toward equilibrium is the foundation of a model called the Hardy-Weinberg Law or
Hardy-Weinberg Equilibrium (HWE). This law states that

The probability of two alleles uniting in a zygote is the product of the frequency of the alleles

in the population

The law makes several assumptions.
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+ There are two alleles at a gene locus.
» The population is large (that is, the number of breeding individuals is in the hundreds,
rather than in the tens).

+ The population is random-mating.

Frequencies

Hardy-Weinberg Equilibrium mathematically describes the relationship between allele
frequency and genotype frequency. According to the Hardy-Weinberg law, if the frequencies
of two contrasting alleles at a locus in the parent population are p and q, respectively, then
p+q=1, always; and genotype frequency in the progeny is p? + 2gp+¢®> =1 or
P’ +2qp+¢° =1

If alleles A and a are equally frequent in the parent
population, progeny phenotypes will break down thus:

p=0.5
q=0.5

Homozygous

aa

Heterozygous

Aa

Fig. 9 Genotype frequencies in a
hypothetical population in
Hardy-Weinberg equilibrium.
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Study Question 2 Explanation

The correct frequency of aa genotype following selection and random mating is 0.17. Selection
for the A_ phenotype (or against the aa phenotype), shifts the allele and genotype frequencies.

Here’s how the answer is determined:

+ Initial population is 0.09 AA +0.42 Aa + 0.49 aa

+ Selection removes aa genotypes, so the unselected portion of the population is 0.09 AA +
0.42 Aa and the remaining individuals are all A_.

+ Thus, setting p equal to the frequency of the A allele, and q equal to frequency of the a

allele, the resulting allelic frequencies are now

frequency of A in the AA genotype + frequency of A in the Aa genotype

total allele frequencies of A and a
0.09 x2+0.42 x 1
0.09 x 2+0.42 x 2
qg=1—p=041q=1—-—p=041

p:

+ So, the frequency of the A allele is 0.59 and the frequency of the a allele is 0.41.
» Now, we can calculate the frequency of the aa genotype in the population after one
generation of selection and subsequent random mating.
pZ(AA) +2pq(Aa) + qz(aa) =1
0.59)° +2-0.59 - 0.41 + (0.41)° = 1
0.35 AA +0.48 Aa+0.17aa=1

Thus, the correct frequency of the aa genotype is 0.17.

Factors Affecting Equilibrium
Several factors may disturb the genetic equilibrium of a population.

« Mutation of an allele at the locus of interest.

+ Natural or human selection may favor one allele over the other.
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+ Migration of alleles into or out of the population (for example, via an introduction of a

different allele from another population, or loss of an allele through selection).

Mutagenic event
v
s o B TOCEALTUTARE GUTATOWCT . . .
e e
Deletion Insertion Substitution
a By
P STCTMHCGCTA G craliccooTaTCE . . GTCOAGTCTACGCTATCGCT
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Fig. 10 Types of mutational events. Illustration by NTH/NHGRI, 2003.

Generally, a population not in genetic equilibrium, but retaining two contrasting alleles at a
single, independently-segregating (non-linked) locus, will be restored to equilibrium at that

locus after just one generation of random mating.

Random-Mating Interference

What is the significance of the Hardy-Weinberg Law to plant breeders? The random-mating
assumption is often violated in breeding populations because breeding populations are smaller
than natural plant populations. Thus, a mating design that minimizes gamete (allele) sampling

errors is an important consideration. The breeder must be aware of several factors:

+ Self-pollinated population — allele frequency will remain in equilibrium (assuming a
sufficiently large population, no selection, or other factors that disturb equilibrium).
However, with each successive generation of self-pollination, the genotype frequency of
homozygous loci will increase and the frequency of heterozygous loci will decrease.
Ultimately, the heterozygous genotype will be eliminated from the population with

continued selfing.
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+ Cross-pollinated population — sampling errors occur if plants in the population differ
in their vigor, time of flowering, or mate more frequently with plants in close proximity.

+ Selection for or against a particular allele will alter the allele and genotype
frequencies of the population. Selection against a dominant allele (i.e., selection for
homozygous recessive) will remove the dominant allele from the population in a single
generation. Selection against a recessive allele will require more than a few generations
to remove the recessive allele from the population because the homozygous dominant

and heterozygous genotypes have indistinguishable phenotypes.

Scenarios

In addition to being able to estimate allele and genotype frequencies, the breeder also needs to

understand the gene action affecting the character of interest.

The breeding of cross-pollinated crops differs from self-pollinated species because of

differences in the structures of their gene pools and opportunity for genetic recombination.

Table 1 Natural genetic structure of self- vs. cross-pollinated species.

Reproductive mode Individuals Population
Self-pollinated Homozygous Homogeneous or heterogeneous
Cross-pollinated Heterozygous Heterogeneous

Homozygosity and Heterozygosity

For a given locus, an individual with a genotype of either AA or aa is homozygous for that gene
and is known as a homozygote; the status of the gene is referred to as homozygosity. An
individual with the genotype Aa is heterozygous for that gene and is called a heterozygote; the
status is known as heterozygosity. In the case of polyploid individuals, those with the genotypes
AAAA (tetraploid) or aaa (triploid) would be examples of homozygotes and those with genotypes
of AAaa (tetraploid) or AAaaaa (hexaploid) would be examples of heterozygotes.

The terms homozygous and heterozygous are used to describe the status of single genes or all

gene loci within an individual, not within a population. There may be many different alleles of a
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gene present in a population of individuals, but for each diploid individual, there are only two
alleles per gene. For each individual, there is one allele from each parent and each allele per

gene is present at corresponding loci on homologous chromosomes.

With regard to populations, a homogeneous population would be one in which all individuals in
the population would have the same genotype and possess the same alleles for one or more
genes. In contrast, a heterogeneous population would be characterized by differing alleles at one

or more loci.

Note that a cross between two homozygous parents produces progeny that are homogeneous
because all of the individual offspring are genetically identical. However, the offspring would be

heterozygous for all loci for which different alleles occurred in the two parents.

Maize, the crop found in the first challenge, Scenario 1—Fate of a Transgene, is monoecious

and is cross-pollinated.

Wheat, the crop found in the second challenge, Scenario 2—Fixation of an Allele, has bisexual

flowers and is normally a self-pollinated crop.
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Mating Systems for Crop Species

Table 6
Self-Compatability
’117‘1yovzer or Dioecy]/ Crop Examples
p Monoecy

Normally Cross-Pollinated

Bisexual Self-Compatible Sugarcane, Olive, Amaranth, Avocado, Onion, Carrot, Agave,

Flowers P Sunflower, Kiwi, Pearl millet, Reed canarygrass, Sweet potato

Bisexual Radish, Kale, Cabbage, Black mustard, Pineapple, Red Clover, White

Flowers Self-Incompatible | Clover, Apple, Pear, Cacao, Rye, Alfalfa, Birdsfoot trefoil, Sweet
Potato, Buckwheat

Unisexual Dioecious Papaya, Fig, Hops, Hemp, Grape

Flowers paya, Fig, Hops, Hemp, Grap

Unisexual Monecious Mango, Cucumber, Squash, Watermelon, Yam, Rubber, Cassava,

Flowers Castor bean, Maize, Banana, Coconut, Oil palm

Normally Self-Pollinated

Barley, Oats, Rice, Triticale, Wheat, Lettuce, Cowpea, Dry bean,
Self-Compatible Lentil, Chickpea, Peanut, Pea, Soybean, Sesame, Tomato, Tobacco,
Coffee, Eggplant, Safflower, Flax, Peach

Bisexual
Flowers

Predominantly Self-Pollinated, but also Cross-Pollinated to fairly high extent

Bisexual

Fl Self-Compatible Cotton, Sorghum, Rapeseed, Brown mustard
owers

Let’s examine the genetic structure of populations of self- and cross-pollinated species.

Scenario 1—Fate of a Transgene

Imagine a community of small farms in a valley located in the highlands of Central America.
The farmers of this community produce grain from an open-pollinated maize variety that is
adapted to their preferred cultural practices. They also select partial ears from about 5% of
their better performing plants to be used for seed in their next growing season. One day a
truck filled with seed of a transgenic hybrid overturns on the highway while passing through
the valley. 99.999% of the seed is recovered, but about 500 kernels remain in a farmer’s 10-acre
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field adjacent to the highway. The transgenic seeds germinate and grow to maturity alongside
the planted open-pollinated variety. You are asked to determine the fate of an insect-resistant

transgene in this valley.

Scenario 2—Fixation of an Allele

Imagine a naturally occurring allele at a locus that regulates the structure of carbohydrates in
the wheat kernel; with the allele, the carbohydrates in the kernel have low glycemic indices.
For the last 100 years, hard-red winter wheat varieties have not been selected for low glycemic
indices, but with the emergence of a Type II diabetes epidemic, there is a demand for low
glycemic carbohydrates in hard-red winter wheat varieties. How will you develop a breeding

population in which this allele is fixed, that is the frequency of this allele = 1.0?

Genetics of Cross-Pollinated Species

Because cross-pollinated species have evolved to outcross, individuals tend to be heterozygous
at many loci and they usually perform best when that heterozygosity is maintained. This is a
characteristic referred to as heterosis or hybrid vigor. When repeated self-pollination occurs
in cross-pollinated species, homozygosity increases and plant vigor is reduced, a phenomenon
called inbreeding depression. Heterosis and inbreeding depression will be further discussed in

Lesson 6.

Several morphological and physiological features of cross-pollinated species promote cross-

pollination. Let’s briefly review these.

+ Monoecy — pistillate and staminate flowers occur on different sections of the same
plant.

+ Dioecy — pistillate and staminate flowers occur on different plants.

+ Protandryorprotogyny — pistillate and staminate flowers mature at different times.

+ Self-incompatibility — pollen from the same plant cannot effect fertilization or seed set.

+ Male or female sterility — pollen or ovule does not function normally.

Genetics of Self-Pollinated Species

Self-pollinated species rarely hybridize naturally. Although cross-pollinating may occasionally

occur, ovules of a self-pollinated plant are normally fertilized by pollen produced on that
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same plant. The result of repeated generations of selfing is that homozygosity is increased or

maintained.

+ Homozygous loci will remain homozygous.
» Heterozygous loci will segregate such that the frequency of homozygotes will increase at

the expense of the frequency of heterozygotes with each generation of selfing.

Frequency of Homozygotes

With continued self-pollination, the heterozygotes will segregate, decreasing the proportion of
heterozygotes in the population by half each generation. Notice that the homozygotes can only

produce homozygotes.

Table 5 Change in percent
heterozygosity in each successive

generation.

Generation | Heterozygosity (%)
Fq 100.0

Fy 50.0

F3 25.0

Fy 12.5

Fs 6.25

Fe 3.12

For each successive generation of offspring resulting from one F1 individual, by the F8
generation, the population is essentially homozygous. When no further segregation for the trait
occurs, all progeny derived from that F1 will “breed true” because they are homozygous for the
trait. The proportion of plants that are expected to be heterozygous at any gene when starting
with a heterozygous F; and selfing can be determined by using the formula (%2)", where n = the

number of segregating generations, e.g., in Fon=1and in F5 n = 4.

Proportion of homozygous plants in any generation is then given by 1 - (*2)" which when

2" —1

algebraically converted is equal to: o
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How does a locus become heterozygous? A contrasting allele can be acquired when a plant
out-crosses or when a mutation occurs. Each successive self-pollination thereafter will reduce
heterozygosity by half. Breeders rely on the natural tendency of self-pollinated crops to become
homozygous to obtain lines that exhibit uniformity in characters that affect appearance and

performance.

Notice how rapidly populations lose heterozygosity with selfing. For self-pollinated crops, one
of the breeder’s objectives is usually to develop pure lines. Since pure lines are homozygous,
their rapid loss of heterozygosity speeds cultivar development. Some background
heterozygosity may remain in a pure line, but the line is sufficiently homozygous to provide the

uniformity in characters required for reliable and predictable appearance and performance.

Allelic Effects

The tendency of a species to self-pollinate or outcross influences allelic and genotypic
frequencies in the population. In a self-pollinated homozygous population, the effect of a gene
(allele) is determined by the gene’s effect in combination with itself and with alleles at other

loci. What determines the effect of a gene in a cross-pollinated population?

Effect or fate of an allele in a cross-pollinated population is determined by its effect

« in combination with other alleles at the same locus
o additive effects
o dominance effects
o overdominance effects
+ in combination with alleles at other independent loci (epistatic effects)

+ in combination with alleles at closely linked loci

One difference between a self-pollinated and a cross-pollinated population is that in the
cross-pollinated population there is constant inter-crossing. Thus, recombination and

rearrangement of alleles and expression of dominance and epistatic effects occur.

Review gene action or gene interactions, such as epistasis in the next screens.

Gene Action

There are several general types of gene action. The type of gene action and the alleles present
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for a given gene affect the phenotype. Let’s consider the gene action as indicated by the
phenotype of a diploid individual heterozygous at the given single locus compared to the

phenotype of its parents.

Additive gene action (no dominance)

Parents Progeny
AA X aa Aa
Genotype Phenotypic Value
Parent 1 AA o 80
Progeny Aa —— 60
Parent 2 aa —— 40

The progeny’s phenotypic value is at the midpoint
between both parents. In this example, each A allele adds
20 units.
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Complete Dominance

Parents Progeny
AA X aa Aa
Genotype Phenotypic Value
Parent1 AA ___ 80 80
Progeny Aa
Parent 2 aa — 40

The phenotype of the heterozygous progeny equals the
phenotype of the homozygous dominant parent.

Partial (incomplete) dominance

Parents Progeny
AA %X aa Aa
Genotype Phenotypic Value
Parent 1 AA —— 80
Progeny Aa — 70
= midparent
value (60)
Parent 2 aa  — 40

Fig. 11. The heterozygous progeny has a phenotypic
value greater than that of the midparent value, but less
than that of the homozygous dominant parent.
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Over-Dominance

Parents Progeny
AA X aa Aa
Genotype Phenotypic Value
Progeny Aa — 95
Parent 1 AA == 80
Parent 2 aa - 40

Fig. 12. The phenotype of the heterozygous progeny is
greater than either parent.

Gene Interactions

When multiple genes control a particular trait or set of traits, gene interactions can occur.
Generally, such interactions are detected when genetic ratios deviate from common

phenotypic or genotypic proportions.

+ Pleiotropy — Genes that affect the expression of more than one character.

+ Epistasis — Genes at different loci interact, affecting the same phenotypic trait.

Epistasis occurs whenever two or more loci interact to create new phenotypes. Epistasis also
occurs whenever an allele at one locus either masks the effects of alleles at one or more other
loci or if an allele at one locus modifies the effects of alleles at one or more other loci. There

are numerous types of epistatic interactions.

Epistasis is expressed at the phenotypic level. It is important to note that genes that are
involved in an epistatic interaction may still exhibit independent assortment at the genotypic

level. In the case of two completely dominant, non-interacting (i.e., no linkage) genes, all of the
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deviations observed in results involving epistatic interactions are modifications of the expected
9:3:3:1 ratio.

Proof

The proof of Hardy-Weinberg Equilibrium (HWE) requires the following assumptions
(Falconer and Mackay, 1996):

1. Allele frequency in the parents is equal to the allele frequency in the gametes
a. Assumes normal gene segregation
b. Assumes equal fertility of parents
2. Allele frequency in gametes is equal to the allele frequency in gametes forming zygotes
a. Assumes equal fertilizing capacity of gametes
b. Assumes large population
3. Allele frequency in gametes forming zygotes is equal to allele frequencies in zygotes
4. Genotype frequency in zygotes is equal to genotype frequency in progeny
a. Assumes random mating
b. Assumes equal gene frequencies in male and female parents
5. Genotype frequencies in progeny do not alter gene (allele) frequencies in progeny.

a. Assumes equal viability

For a two allele locus in a population in HWE: P, 4 = p%; Paa = 2p¢; P, = ¢

Proof

HWE at a given genetic locus is achieved in one generation of random mating. Genotype
frequencies in the progeny depend only on the gene (allele) frequencies in the parents and not

on the genotype frequencies of the parents.

If a population is in HWE, relationships between frequencies of alleles and genotypes may be

derived as depicted in figure 13.
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As shown in figure 13, in HWE: 1.0

aa (q?)

+ frequency of heterozygotes does not exceed 0.5

+ heterozygotes are most frequent genotype when p or
q are between 0.33 and 0.66

o
bl

AA (p?)
+ very low allele frequency should result in very low

frequency of homozygotes for that allele

Genotype frequency

+ if there are only two alleles at a locus in the Aa (2pg

population, p+q=1.

D T T T T T T
0 0.5 1.0
Frequency of allele A in population {=p)

A chi-square test is typically used to determine whether

Fig. 13 Relationship between
genotype frequencies and gene
frequency for two alleles in a

useful in describing situations where mating is completely population in Hardy-Weinberg
equilibrium.

or not a population varies significantly from Hardy-

Weinberg expectations. The Hardy-Weinberg formula is

randomized. But more commonly, mating is not at random
and populations are subjected to other forces, such as
mutation, migration, genetic drift, and selection. Linkage can also have a significant effect on

gene frequencies.

Forces Affecting Population Structures

Descriptions

Non-Random Mating

Two methods of non-random mating that are important in plant breeding are assortative

mating and disassortative mating.

Assortative mating occurs when similar phenotypes mate more frequently than they would
by chance. One example would be the tendency to mate early x early-maturing plants and
late x late maturing plants. The effect of assortative mating is to increase the frequency of
homozygotes and decrease the frequency of heterozygotes in a population relative to what
would be expected in a randomly mating population. Assortative mating effectively divides
the population into two or more groups where matings are more frequent within groups than

between groups.
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Disassortative mating occurs when unlike or dissimilar phenotypes mate more frequently than
would be expected under random mating. Its consequences are in general opposite those of
assortative mating in that disassortative mating leads to an excess of heterozygotes and a
deficiency of homozygotes relative to random mating. Disassortative mating can also lead to
the maintenance of rare alleles in a population. For example, in self-incompatible species,
an individual will only mate with another individual that differs in the self-incompatibility
loci. This is a type of disassortative mating, resulting in a great alleleic diversity in the self-
incompatibility loci. It is an effective mechanism to maintain heterozygosity and prevent

inbreeding.

Forces Affecting Allele Frequency

Factor Categories

The factors affecting changes in allele frequency can be divided into two categories: systematic
processes, which are predictable in both magnitude and direction, and dispersive processes,
which are predictable in magnitude but not direction. The three systematic processes are

migration, mutation, and selection. Dispersive processes are a result of sampling in small

populations.
Table 2
Systematic Processes | Dispersive Processes
Migration Small Population Size
Mutation
Selection
Migration

Clearly, the first challenge described in the introduction represents a case of migration. A new
set of genes in a developed transgenic hybrid have been introduced into an open pollinated
variety of maize. When discussing population genetics, migration is also sometimes referred
to as gene flow, a concept that is often used interchangeably with migration by population
geneticists. However, the term migration means the movement of individuals between

populations, whereas gene flow is the movement of genes between populations. New genes
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would be established in the population if the immigrant successfully reproduces in its new
environment, but if it doesn’t reproduce migration would still have occurred while gene flow

would not.

Assume a population has a frequency of m new immigrants each generation, with 1- m being
the frequency of natives. Let q,, be the frequency of a gene in the immigrant population
and qq the frequency of that gene in the native population. Then the frequency in the mixed

population will be:
q1 = Mmgm + (1 - m)qO

@ =m(gm —q) +

The change in gene frequency brought about by migration is the difference between the allele

frequency before and after migration
Ag=q1 —qo
Ag =m(gm — q0)

Thus the change in gene frequency from migration is dependent on the rate of migration and
the difference in allele frequency between the native and immigrant population. Migration
or gene flow can introduce new alleles into a population at a rate and at more loci than
expected from mutation. It can also alter allele frequencies if the populations involved have
the same alleles but not in the same proportions. Thus the effect of migration on changes in
allele frequency depends on differences in allele frequencies (migrants vs. residents) and the

proportion of migrants in the population.

Mutation

Mutations are the source of all genetic variation. Loci with only one allelic variant in a breeding
population have no effect on phenotypic variability. While all allelic variants originated from
a mutational event, we tend to group mutational events in two classes: rare mutations and

recurrent mutations where the mutation occurs repeatedly.

Rare Mutations

By definition, a rare mutation only occurs very infrequently in a population. Therefore, the
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mutant allele is carried only in a heterozygous condition and since mutations are usually
recessive, will not have an observable phenotype. Rare mutations will usually be lost, although

theory indicates rare mutations can increase in frequency if they have a selective advantage.

Fate of a Single Mutation

Consider a population of only AA individuals. Suppose that one A allele in the population
mutates to a. Then there would only be one Aa individual in a population of AA individuals.

So the Aa individual must mate with a AA individual.
AA x Aa-> 1AA:1Aa

From Li (1976; pp 388), this mating has the following outcomes:

1. No offspring are produced in which case the mutation is lost.

2. One offspring is produced: the probability of that offspring being AA is 1/2 so the
probability of losing the mutation is 1/2.

3. Two offspring are produced: the probability of them both being AA is 1/4 so the
probability of losing the mutation is 1/4.

If k is the number of offspring from the above mating then the probability of losing the
mutation among the first generation of progeny is (l/Z)k.
The probability of losing the gene in the second generation can be calculated by making the

following assumptions:

+ Number of offspring per mating is distributed as a Poisson process (which means that
they follow a stochastic distribution in which events occur continuously and
independently of one another).

+ With the average number of offspring per mating = 2.

+ New mutations are selectively neutral.

With these assumptions, the probabilities of extinction are:
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Table 3 Probability of extinction
in different generations.

Generation | Probability of Loss
1 0.37
7 0.79
15 0.89
31 0.94
63 0.97
127 0.98

Recurrent Mutations

Let the mutation frequencies be:

. u
Mutation rate: A>a

Frequency: Do $q0

Then the change in gene frequency in one generation is:

Agy = upy — vqo

at equilibrium

bou = qov
U
qo =
V+u
Conclusions:

+ Mutations alone produce very slow changes in allele frequency

+ Since reverse mutations are generally rare, the general absence of mutations in a

population is due to selection
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Selection

Selection is one of the primary forces that will alter allele frequencies in populations. Selection
is essentially the differential reproduction of genotypes. In population genetics, this concept
is referred to as fitness and is measured by the reproductive contribution of an individual (or
genotype) to the next generation. Individuals that have more progeny are more fit than those

who have less progeny because they contribute more of their genes to the population.

The change in allele frequency following selection is more complicated than for mutation
and migration, because selection is based on phenotype. Thus, calculating the change in
allele frequency from selection requires knowledge of genotypes and the degree of dominance
with respect to fitness. Selection affects only the gene loci that affect the phenotype under
selection—rather than all loci in the entire genome—but it also would affect any genes that are

linked to the genes under selection.

Effects of Selection

Change in allele frequency

The strength of selection is expressed as a coefficient of selection, s, which is the
proportionate reduction in gametic output of a genotype compared to a standard genotype,
usually the most favored. Fitness (relative fitness) is the proportionate contribution of

offspring to the next generation.
Partial selection against a completely recessive allele

To see how the change in allele frequency following selection is calculated consider the case of

selection against a recessive allele:

Table 4
Genotypes
AA | Aa | aa Total
Initial Frequencies p2 2pq q2 1

Coefficient of Selection | 0 0 s

Fitness 1 1 1-s

Gametic Contribution | p 2pq | q°(1-9) 1—sq2
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Frequency Equations

The frequency of allele a after selection is:

o= 150
1 — sq?
P sq°
= —
1 — sq?
The change in allele frequency is then:

Ag=q —q

2

q—sq

Aq= —— —
q 1— sg? q

In general, you can show that the number of generations, t, required to reduce a recessive from

a frequency of qg to a frequency of q;, assuming complete elimination of the recessive (s = 1) is:

1 1
t=—— —
qt q0

Review the two challenges at the beginning of the lesson and then answer these questions:

+ Allele Frequency—For Scenario 1, calculate the frequency of the insect-resistant
transgene in the Central American maize farmer’s 10-acre field assuming that it is a)
hemizygous and b) homozygous in the spilled hybrid seed. Remember that hemizygous
means that the individual has only one single homologous chromosome, and therefore is
neither homozygous nor heterozygous; in contrast homozygous means that there are two
homologues.

+ Allele Frequency—For Scenario 2, calculate the frequency of the allele responsible for
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low glycemic carbohydrates in the wheat breeding population, assuming the allele is not
present in any wheat variety except one.

» Mutation—For Scenario 2, assume the mutation that produced the low glycemic allele
was selectively neutral in the hard red-winter wheat breeding population. Why was that
allele lost from all varieties that were developed over the last 100 years?

+ Selection—In Scenario 1 a transgene (and likely other genes) is introduced into an open-
pollinated variety in one farmer’s field. Determine Aq for the transgenic allele assuming
that the allele is homozygous in the hybrid seed, the insect-resistant allele is completely
dominant and the selective advantage of the allele is a) two to one (2:1) when the insect is

present and b) one to one (1:1) when it is absent.

Scenario 1: Fate of a Transgene

Imagine a community of small farms in a valley located in the highlands of Central America.
The farmers of this community produce grain from an open-pollinated maize variety that is
adapted to their preferred cultural practices. They also select partial ears from about 5% of their
better performing plants to be used for seed in their next growing season. One day a truck filled
with seed of a transgenic hybrid overturns on the highway while passing through the valley.
99.999% of the seed is recovered, but about 500 kernels remain in a farmer’s 10-acre field
adjacent to the highway. The transgenic seeds germinate and grow to maturity alongside the
planted open pollinated variety. You are asked to determine the fate of an insect-resistant

transgene in this valley.

Scenario 2: Fixation of an Allele

Imagine a naturally occurring allele at a locus that regulates the structure of carbohydrates in
the wheat kernel; with the allele the carbohydrates in the kernel have low glycemic indices. For
the last 100 years hard-red winter wheat varieties have not been selected for low glycemic
indices, but with the emergence of a Type II diabetes epidemic, there is a demand for low
glycemic carbohydrates in hard-red winter wheat varieties. How will you develop a breeding

population in which this allele is fixed, that is the frequency of this allele = 1.0?
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Small Population Size

Unlike the three systematic forces that are predictable in both amount and direction, changes

due to small population size are predictable only in amount and are random in direction.

The effects of small population size can be understood from two different perspectives. It
can be considered a sampling process and it can be considered from the point of view of
inbreeding. The inbreeding perspective is more interesting, but looking at it from a sampling

perspective lets us understand how the process works.

A particular sub-population is a random sample of N individuals or 2N gametes (for a diploid)

from the base population. Therefore, the expected gene frequency of a particular allele in the

sub-populations is qp and the variance of q is ag = %

Since qg is a constant, the variance of the change in allele frequency (q; - qg is also:

oAy = o
Examples
Example 1: Let g = 0.5 and N = 50, then 0(21 — % = 0.0025
Example 2: Let q = 0.5 and N =4, then 0—3 — w — 0.03125

Consequences of small population size

Random genetic drift: random changes in allele frequency within a subpopulation
Differentiation between subpopulations

Uniformity within subpopulations

LA

Increased homozygosity
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Random Genetic Drift

Small Population Size

Random genetic drift refers to allelic frequencies that change through time (generations) due
to errors and other random factors (i.e., not selection or mutation). When sample sizes are
small, all genotypes may not be produced and then mate at expected frequency. The effective
population size (N) of a population is a term used to describe the number of parents that
actually contribute gametes to the next generation; not all individuals may contribute equally,
thus resulting in genetic drift. Small populations are susceptible to genetic bottlenecks,
which are sudden decreases in breeding population due to deaths, migration, or other factors.
Small populations can be subject to so-called founder effects, which occur when a breeding
population is small when initially founded, then increases in size but the gene pool is largely

determined by the genes present in the original founders.

Rate of Change

The rate of change due to random genetic drift depends on population size and allele
frequency. As illustrated in the figure below, the more frequent the allele, the higher chances
of being fixed and the smaller the population, the faster it will either move towards fixation or

loss. In the absence of other forces:

+ genetic drift leads to loss or fixation of alleles

+ frequency of rare alleles would be expected to go to zero
+ lower frequency of heterozygotes in later generations

+ less genetic variation within subpopulations

« more genetic variation among subpopulations



CHAPTER 6: POPULATION GENETICS | 173

Small populations Large populations
- _.f"'

100

Percentage Allele A
o]

10}

0
Time (generations)

Fig. 15 Effect of population size and gene frequency on rate of fixation
due to drift. Each line represents a different population. In small
populations, allele frequency for A showed greater differences among
populations (1) whereas in larger populations, allele frequencies are
similar over generations (2). When allele frequency is very low, the allele
is more likely to be lost in small populations (3) than in larger
populations (4).

Inbreeding and Small Populations

Inbreeding and Small Populations Inbreeding is the mating together of individuals that are
related by ancestry. The degree of relationship among individuals in a population is determined
by the size of the population. This can be seen by examining the number of ancestors that a

single individual has:

Just 50 generations ago note that a single individual would have more ancestors than the

number of people that have existed or could exist on earth.

Therefore, in small populations individuals are necessarily related to one another. Pairs mating
at random in a small population are more closely related than pairs mating together in a large
population. Small population size has the effect of forcing relatives to mate even under random

mating, thus with small population sizes inbreeding is inevitable.
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Generation | Ancestors

0 1

1 2

2 4

3 8

4 16

5 32

6 64

10 1,024

50 1,125,899,906,842,620
100 1,267,650,600,228,230,000,000,000,000,000
t 2!

Identical Types

In finite populations there are two sorts of homozygotes: Those that arose as a consequence
of the replication of a single ancestral gene — these genes are said to be identical by descent
(Bernardo, 1996). If the two genes have the same function, but did not arise from replication of
a single ancestral gene, they are said to be alike in state. It is the production of homozygotes

that are identical by descent that gives rise to inbreeding in a small population.

Summary of Factors

Hardy and Weinberg discovered mathematically that genotype frequencies will reach an
equilibrium in one generation of random mating in the absence of any other evolutionary force.
If the conditions of equilibrium are met, the frequencies of different genotypes in the progeny
will depend only upon the allele frequencies of the previous generation. If allele frequencies do
not accurately predict genotype frequencies, then plants are mating in a non-random way or

another evolutionary force is operating.
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Effect of level of variation
Within subpopulations | Among subpopulations | Affect all loci equally?
Mutation Increase Increase No
Migration (Gene flow) | Increase Decrease Yes
Random Genetic Drift | Decrease Increase Yes
Selection Increase or decrease Increase or decrease Yes

Within subpopulations the degree of genetic variation can be assessed by heterozygosity, while
variation among subpopulations is measured by population differentiation. Mutation is the
ultimate source of all genetic variation and it tends to increase variation both within and
among subpopulations. But because most mutations are rare, the effect of mutation is slow
relative to the change the other forces can effect. Migration or gene flow and random genetic
drift are opposite in their effects: migration tends to increase variation within subpopulations
but decrease it among subpopulations, and random drift does the opposite. In contrast, the
effects of selection vary both within and between populations. For example, variation can
decrease if one homozygote is favored, or may increase or be maintained if heterozygosity is
advantageous. Selection acts on the phenotype so it will affect only those genes that control the

trait under selection, as well as genes linked to those loci.

Schematic Overview

Selective agents
[biotic and abiatic)

>|

Genetic variation
in traits related

Genetic structure of population

Mutation or
Recombination
[allele frecuencies)

Fig. 16 Schematic overview of key concepts in population genetics. Source:
Conner and Hartl, 2004.

Observed differences
among phenotypes
{natural and artificial selection)

Mean phenotype
of population
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Chapter 7: Inbreeding and Heterosis

Laura Merrick; Jode Edwards; Thomas Liibberstedt; Arden Campbell; Deborah
Muenchrath; Shui-Zhang Fei; and William Beavis

Introduction

This module focuses on inbreeding, a type of mating of individuals that is often of particular
significance to plant breeders. Inbreeding is defined as the mating of individuals that are
related by ancestry. Self-pollination (mating of an individual to itself) represents the most
extreme form of inbreeding. Inbreeding leads to an increase in homozygosity at the expense of
heterozygosity. A key feature of inbreeding is that as homozygosity increases in a population
undergoing inbreeding in the absence of selection, the genotype frequency changes while
the allele frequency stays unchanged. Inbreeding may occur unintentionally as a result of
selection or maintenance of small populations. Inbreeding is also deliberately practiced as
a method to create genetic uniformity in populations of interest for genetic or breeding
research, for retaining genotypes of inbred cultivars of self-pollinated species through many
years of production, or for reliable production of inbred lines to be used in the development of

commercial hybrid cultivars.

Inbreeding Depression

A phenomenon known as inbreeding depression—the reduced survival and fertility of
offspring of related individuals—occurs in both plants and animals, showing that variation
for heritable fitness traits occurs within populations. The occurrence of inbreeding depression
varies across species. Charles Darwin, British naturalist famous for his theories of evolution
and natural selection was the first person to make a distinction between plants that are
outbreeders (species with reproductive mechanisms promoting cross-pollination, who
typically exhibit inbreeding depression and tend to be intolerant of inbreeding, e.g., maize and
alfalfa) and inbreeders (species with reproductive mechanisms promoting self-pollination in
which inbreeding depression is minimal, who tolerate many generations of inbreeding, e.g.,

wheat and oat). Darwin noticed that:
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+ outcrossing is more common in nature than self-fertilization
+ there are complex reproductive systems that promote outcrossing in plants

» many plant species have evolved systems that prevent self-fertilization.

This module also describes hybrid vigor or heterosis, which is a phenomenon that is
functionally the opposite of inbreeding depression. Heterosis is defined as the increased vigor
of F; progeny resulting from the mating of inbred parents. Generally, the performance of the
F; hybrid exceeds the performance of its inbred parents for various traits. The expression
of hybrid vigor might affect phenotypes under single gene or polygenic control, e.g., size,
growth rate, fertility, and yield. The first-generation offspring of crosses from mating between
different pure-line inbreds generally show in a greater amount of desired traits of both parents,
but hybrid vigor decreases in F, and subsequent selfing generations due to inbreeding. The

exploitation of hybrid vigor or heterosis is a key feature in the success of hybrid cultivars.

Cross-Pollination

Several mechanisms promote cross-pollination.
+ Emergence or maturity of the staminate and pistillate flowers is asynchronous.

o Protandry - anthesis occurs before stigma are receptive.

o Protogyny - pistillate flower matures before the staminate flower.

+ Flowers are monoecious or dioecious.

+ Mechanical obstruction between the staminate and pistillate flowers in the same
individual prevents self-pollination. Alfalfa flowers, for example, have a membrane over
the stigma that precludes self-pollination. When a bee lands on the flower, the keel is
tripped, rupturing the membrane and exposing the stigma to pollen carried by the bee
from other plants it has visited, effecting cross-pollination.

« Gametes produced on the same plant or clone are unable to effect fertilization.

o Self-sterility - gametes from same individual cannot successfully fuse to form a
zygote. Sterility can be caused by lack of function of pollen (male gametes) or ovules
(female gametes). Male sterility, either genetic or cytoplasmic, occurs because the

pollen is not viable. Female sterility occurs when the ovule is defective or seed
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development is inhibited.

o Self-incompatibility - self-pollination may occur, but fertilization and seed set fail.

Pollen is transported from the staminate flower to the pistillate flower by wind, insects, or
animals. Occasionally pollen is transported to receptive stigma of the same individual and self-
pollination may occur. For example, pollen from the tassel of a maize plant may land on and

pollinate silks on the same plant, effecting self-pollination.

Sunflower is ordinarily cross-pollinated. Bees often carry pollen from one plant and deposit it on

other plants.

Fig. 1 Beehives on the edge of a Fig. 2 Close-up of a sunflower head.
sunflower field. Photo by Iowa Photo by Iowa State University.
State University.

Self-Pollination

Several floral mechanisms enforce self-pollination.

+ Flowers do not open, preventing external pollen from reaching the stigma.

» Anthesis occurs before the flower opens.

+ Stigma elongates through the staminal column (filaments and anthers) immediately after
anthesis.

+ Floral organs may obscure the stigma after the flower opens.
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Although these mechanisms usually enforce self-pollination, a low frequency of cross-
pollination may occur. The frequency of cross-pollination in normally self-pollinating species

generally depends on the species and environmental conditions.

Soybean is an example of a species that is normally self-pollinated. Before the flower opens, the
anthers burst and pollen grains fall out of the anthers on to the receptive stigma contained in

the same flower-self-pollination occurs.

Objectives

+ Understand the effects of inbreeding.

+ Be able to assess the amount of inbreeding by consideration of the inbreeding coefficient.

» Compare and contrast systems of mating that promote inbreeding—self-pollination, half-
sib mating, full-sib mating, and backcrossing.

+ Learn why inbreeding depression occurs and know why it happens more commonly in
species that are predominately cross-pollinated vs. those that are predominately self-
pollinated.

+ Understand the effects of heterosis and know the difference between the dominance vs.

the overdominance hypotheses for explaining its occurrence.
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Genetics of Inbreeding

Inbreeding as a Probability

Inbreeding is characterized by a departure from random
mating and involves preferential mating between relatives.
The most significant effect of inbreeding is that replicates of
a single allele in a common ancestor can come together
through the mating of relatives to produce homozygous
progeny whose alleles are identical by descent. In contrast in
a second type of homozygote, two alleles that are said to be
alike in state are those that have the same function, but did
not derive from replication of a single ancestral gene. These
two types of homozygotes can be understood by analyzing
pedigrees such as the ones shown in Fig.3. The two copies of
the A4 allele in the AjA; offspring individual at the bottom
of Fig. 3a descend from the same copy in a common ancestor;
this type of genotype is termed autozygous. In contrast the
two copies of the A allele in the A{A offspring individual at
the bottom in Fig. 3b are descended from two different copies

in ancestors; this type of genotype is allozygous.

Inbreeding can be estimated directly by studying pedigrees

or lineages of ancestry showing genetic relationships.

Measurement of Inbreeding

a. Alleles identical by descent
AA)——AA,

A'?A'I nb Aj’ A:Ad

&

AN

AA) AA,

from the same copy in a8 common ancestor; 50

These two copies of the A allele are descended
they are identical by descent.

b. Alleles identical by state

AALAA) AAG A

A

AA

Ay

AN

45
AR AAY

AA

AA|
A

LAY
4

A, A,

These two copies of the A allele are the same in
structure and function, buk are descended from
two different copies in ancestors; so they are
identical in state,

Fig. 3 Individuals homozygous by
descent or by state.

The probability that two genes are identical by descent is called the coefficient of inbreeding

(denoted as F) and will be the measure of relationship between mating pairs.

The coefficient of inbreeding (F) is defined as the probability that two alleles at the same locus

are identical by descent. At the population level, F describes the average level of homozygosity.

The coefficient of inbreeding is always expressed relative to a specified base population. The

base population is defined to be non-inbred (F=0). The range of F is 0 to 1, with 0 indicating

random mating and no inbreeding, while 1 means prolonged selfing.
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Consider a base population consisting of N individuals each shedding equal numbers of

gametes uniting at random (although see Fehr, 1987, p.113, with respect to the concept of

effective population size, or N,). Because the base is defined to have F=0, each individual in this
population carries genes that are non-identical. The only way a homozygote that carries genes
that are identical by descent can arise is by the mating of a male and female gamete from the
same individual that carries a replication of the same gene. Because there are 2N gametes the

probability that two mating gametes are identical by descent is 1/ 2N.

Effective Population Size

The concept of effective population size, denoted by the symbol N, was introduced by Sewall
Wright as number of breeding individuals in an idealized (as small as possible, i.e., “redundant”
individuals would be eliminated) population showing the same distribution of allele frequencies
under random genetic drift or inbreeding as the population under consideration. The effective
population size is usually smaller than the absolute population size (N). As noted in pages
112-114 in the Fehr textbook, N, is a relative measure of the number of parents mating in a

population >>> N, (see Fehr, 1987, p. 112-114).

2N
1=F,

The general equation for N, is [Ne =

where:

» N = number of individuals that are mating
* Fp = coefficient of inbreeding for parents
+ N, is a basic parameter in many models in population genetics, and will be explained in

more detail in the Population and Quantitative Genetics for Breeding course.

Second Generation

In the second generation, there are two ways genes that are identical by descent can be joined:

1) by a new replication of the same ancestral gene; and 2) by the previous replication that

occurred in generation 1. The probability of a new replication event is ——. The remaining
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proportion of zygotes, 1 — N carry genes that are independent in origin from Generation

1, but may have been identical in their origin in Generation 0. The probability the genes

are identical by descent from Generation 1 is the inbreeding coefficient of Generation 1

(F1 = ——)- Note that Fy, Fy, Fy, etc in this section (written in italics) denote inbreeding
2N

coefficients, and not generations as on pages 1 and 2 of this section and in earlier sections.

Therefore the probability of identical homozygotes in Generation 2 is:

1 1

Fy=— +(1— —
2 2N+( IN

)Fi

Where F4 and F4 are the inbreeding coefficients of Generations 1 and 2. The same arguments

apply to future generations, so we can write the recurrence equation:

1 1
F,— — +(1— —)F._
t 2N+( 2N)t1

Generation Inbreeding

The inbreeding of any generation is composed of two components: New inbreeding, which

arises from self-fertilization and the “old” that was already there.

Note that inbreeding is cumulative and the absence of inbreeding in Generation t does not

change the fact that a population had old inbreeding from prior generations.

Through a series of algebraic steps, we can write the inbreeding coefficient as a function of the

number of generations removed from the base populations:
F;=1—(1-AF)

where,

AF = —

Genotype Frequencies

The genotype frequencies in a population can then be expressed as:
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Table 1 Genotype frequencies for a locus with two alleles. Data from Falconer ad Mackay, 1996.

Origin
Original Frequencies | Change due to inbreeding
Independent Identical
AA | D} +poqo F =pi(1-F) +po F’
Aa | 2poqo —2poqo F = 2poqo(1 — F)
aa | qp +pogo F =q(1-F) |+qF
Allozygous genes | Autozygous genes

We can examine inbreeding or the probability of identity of alleles by descent, by looking at

the genotype frequencies in Table 1 under two extremes of the F statistic:

+ if F = 0 (random mating; no inbreeding)
o the equation for genotypic frequencies reduces to the familiar equation for
genotypes in Hardy-Weinberg proportions: p2 + 2pq + q2
+ if F =1 (alleles identical by descent)

o the genotype equation reduces to a ratio of homozygotes to heterozygotes as p:0:q

Inbreeding Coefficient

Thus inbreeding leads to homozygosity (all or nearly all loci homozygous), and almost a
complete absence of heterozygosity (all or nearly all loci heterozygosity). As noted in Table
1, with inbreeding there is a deficit of heterozygotes equal to 2pgF and an excess of each

homozygous class equal to half the deficiency of the heterozygotes.

To illustrate one type of mating that promotes inbreeding, consider the case of a population

that reproduces by self-fertilization so that F = 1.

Another way to express the inbreeding coefficient, F, is to compare the frequency of

heterozygotes in the population to the frequency expected under random mating:

 Hy-H
=

F

where,
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+ H = frequency of heterozygotes in the population
+ Hj = expected frequency under HWE, meaning 2pq

Therefore the inbreeding coefficient is the proportional reduction in heterozygosity relative to

a random mating population with the same allele frequencies.

Inbreeding via Self-Pollination

In a population that reproduces by self-fertilization the inbreeding coefficient, F = 1. Let’s
assume the population begins with genotypic frequencies in Hardy-Weinberg proportions (p2 +

2pq + qz). With selfing, each homozygote produces only progeny of the same genotype:
AA x AA = all AA
aa x aa = all aa
However only half of the progeny of a heterozygote will be like the parent
Aa x Aa= 1/4 AA, 1/2 Aa, 1/4 aa
Self-pollination therefore reduces the proportion of heterozygotes in the population by half

with each generation until all genotypes in the population are homozygous (Table 2).

Table 2 Increased over generations in frequency of homozygous in a self-pollinated population starting
with p = q = 0.05>>>frequency of homozygotes.

Genotype Frequencies
Generation AA Aa aa
1 1/4 1/2 1/4
2 1/4 +1/8 = 3/8 1/4 1/4+1/8 = 3/8
3 3/8 +1/16 =7/16 1/8 3/8 +1/16 =7/16
4 7/16 + 1/32 = 15/32 1/16 7/16 + 1/32 = 15/32
n 1- (12" i 1- (/2
2 2
1/2 0 1/2
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Proportion of Homozygotes

With multiple segregating loci, the proportion of homozygotes in various selfing generations
can be estimated using the following formula: [2™ - 1)/2™]": where m is the number of selfing
generations(m = 1 for F5; m = 2 for F3 and so on) and n is the number of segregating loci.
For example, an Fq plant with four independent segregating loci will result in the following
frequency of homozygous plants in F,, (2! - 12"1* = 1/16 = 6.25%. The expected proportion
of completely homozygous plants in F5 and later generations of selfing for different numbers
of segregating loci are indicated in Table 3. The proportion of homozygotes decreases sharply

with increasing heterozygosity (more segregating loci) in the F;.

Table 3 Frequency of completely homozygous individuals in various selfing generations in
relation to the number of segregating loci in F;.

Frequency of completely homozygous individuals (%)
Number of segregating loci in the F,

F, F, F Fg
1 50.00 87.5 96.87 99.22
2 25.00 76.56 93.85 98.44
3 12.50 66.99 90.91 97.67
4 6.25 58.62 88.07 86.91
5 3.13 51.29 85.32 96.15
10 0.01 26.31 72.79 92.45
100 789x10°" | 61x10™ 418 45.64
1000 933x10°% | 1.02x10™* [1.63x10°® | 0.04

Consequences of Inbreeding

Increasing Inbreeding

Through increasing homozygosity, inbreeding brings together identical alleles at a locus.
Homozygosity permits the expression of recessive alleles that may have been previously
masked by heterozygosity in the parent generation. If recessive alleles are less favorable than
dominant ones, the overall fitness of the individual decreases. Inbreeding is often detrimental

because it increases the appearance of lethal and deleterious recessive traits. The term
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inbreeding depression describes the decrease in fitness or performance that often
accompanies inbreeding or random genetic drift. Recall that fitness is the relative ability of an
individual to survive and reproduce to contribute its genes to the next generation. Inbreeding

depression is further described in the next section.

Plant stature, vigor, yield and other traits decline with increasing inbreeding, although
significant differences exist among species for the amount of inbreeding depression
expressed—ranging from minimal among self-pollinated crops such as oat and wheat to severe
in cross-pollinated polyploid species such as alfalfa, whereby homozygous genotypes do not

survive (Fig. 4). Table 4 on the next screen summarizes some general differences between

e

Fig. 4 The effect of inbreeding on plant stature, vigor, yield and other traits.

outbreeders and inbreeders.

< Increasing inbreeding
.-‘wf‘:.‘

,

Outbreeders vs. Inbreeders

Table 4 General features of reproduction and population genetics pertaining to outbreeders vs.
inbreeders. Data from Simmonds and Smartt, 1999.

Outbreeder Inbreeder

Closed flowering, approaches regular
selfing

Has crossing mechanism, approaches random mating

Individuals heterozygous at many loci Individuals approach homozygosity

Variability distributed over the population Variability mostly between component

lines
Carries deleterious recessives Deleterious recessives tend to be eliminated
Intolerant of inbreeding Tolerant of inbreeding

Much heterozygote advantage (epistasis,

. Less heterozygote advantage
overdominance) Y8 g
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Inbreeding Depression

Inbreeding Depression and Homozygosity

Inbreeding results in increased homozygosity. In cross-pollinated species, increased
homozygosity results in inbreeding depression or reduced performance. Symptoms of

inbreeding depression may include:

» Reduced plant vigor

+ Smaller plant size

+ Decline in fertility

» Suppressed seed production

+ Decreased pollen production

+ Inferior seed quality

+ Greater susceptibility to insect or pathogen damage or

+ Poorer standability.

Why? With increased homozygosity, expression of deleterious recessive alleles may be revealed
by fixation that had been masked by more favorable dominant alleles, or it can be caused by

overdominance in which homozygotes are less fit, resulting in poorer performance.

The severity of inbreeding depression varies with the species and genotype. If the inbreeding
depression is too severe, it may be difficult or impractical to maintain or propagate inbred lines
by seed. In such cases, some heterogeneity must be maintained or other propagation means
used.
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Over-dominance: The phenotype of the heterozygous progeny is greater than either parent.

Genotype Phenotypic Value
Progeny Aa a5
Parent 1 AA 80
Parent 2 aa . 40

Mating Systems

The frequency of homozygotes in a population
can be increased using any of several mating

systems:

+ Self-pollination—Repeated self-
pollination is routinely used to develop
pure lines of self-pollinating crops. It can
also be applied to cross-pollinating species
to obtain inbred lines. Like pure-lines in
self-pollinated species, inbred lines are
homozygous at nearly all loci.

+ Half-sib mating—Plants having one

parent in common are mated. The pollen

s 1001

=

1))

o gp} — celf-pollination
o e o
- m— fyll-sib mating
[ i .
o sob m— half-5ib mating
E

=]

I 70}

e

5

o 60

b}

o

wu
(=]

0 2 4 6 8 10 12 14 16
Number of Generations of Inbreeding
Fig. 5 Comparison of homozygosity reached by

self-pollination, full-sib mating, and half-sib
mating.

source is random from the breeding population, but the female plants are identifiable.

+ Full-sib mating—Plants having both parents in common are crossed.
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+ Backcrossing—A method in which a hybrid is mated to one of its parents, the recurrent
parent, resulting in a backcross 1 (BC4) population. The resulting backcross offspring are

repeatedly crossed to the recurrent parent.

The inbreeding coefficient increases more rapidly with matings among more closely related
individuals. The first three mating systems listed above are compared in Fig. 5. In each case
the initial value of the inbreeding coefficient is assumed to be F( = 0. Backcrossing—Ilike self-

fertilization—can be one of the most extreme forms of inbreeding.

Degree of Relatedness of Individuals

The coefficient of relatedness (ryj) is a measure of the degree of relatedness between individuals
(Table 5). It is the proportion of genes shared between two individuals I and J due to common
descent (e.g., identical by descent). It ranges from -1.0 (no genes in common, at least among
the genetic markers assessed) to +1.0 (vegetative clones). For example, the value of ry; for a
parent and each of their progeny is 0.5 for a sexually reproducing species because half of each
offspring’s genes come from each parent. In the case of full-siblings the value of ryj is also
0.5, but on average because siblings receive half of their genes from each of the same pair of
parents, but the haploid set of genes in each parental gamete is a random sample of half of the

parental genome due to recombination (Conner and Hartl 2004).

Table 5 Values of the coefficient of relatedness (rj)) among
relatives. Data from Conner and Hartl, 2004.

Mating Systems Iy

Self-pollination®, vegetative clones, doubled haploids | 1.0

Parents and offspring 0.5
Full siblings 0.5
Half siblings 0.25

*After selfing for many generations
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Heterosis

Heterosis or Hybrid Vigor

When inbred lines of cross-pollinating species are mated, their progeny are often superior
to either or both of the parents for one or more characters, a phenomenon referred to as
hybrid vigor or heterosis. Recall that genetic drift is random, so that different inbred lines or
subpopulations tend to be fixed for different alleles at various loci; when they are intermated,
the Fq population will be highly heterozygous. Heterosis is the opposite of inbreeding

depression—heterosis is commonly expressed as

+ Improved plant vigor,
+ Greater plant size, and/or

+ Increased productivity.

The performance of a hybrid relative to its parents can be described in two ways: mid-parent
heterosis is the performance of a hybrid compared with the average of the performance of its
parents; high-parent heterosis is a comparison of the performance of the hybrid with that of
the best parent:

F, — MP

mid-point heterosis (%) = —ip = 100

Where:

+ F; =performance of the hybrid
+ MP = average performance of the parents (Parent 1 + Parent 2)/2

+ HP = performance of the best parent

Dominance vs. Overdominance Hypothesis

Heterosis tends to be greatest in the progeny of diverse genotypes. There are two common

explanations for this phenomenon:

1. Dominance hypothesis—Heterosis results from the complete or partial dominance of

favorable alleles at various loci.
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2. Overdominance hypothesis—Heterosis reflects the superior performance of the

heterozygote over either homozygote.

The next few pages provide a summary of the dominance and overdominance hypotheses from
Charlesworth and Willis (2009). Note the differences between models for a single locus and
those describing multiple loci. They include a third model that involves deleterious alleles at
closely linked loci and focuses on so-called “pseudo-overdominance”, which will not be further
discussed here.

Dominance Hypothesis

Complete dominance

The phenotype of the heterozygous progeny equals the phenotype of the homozygous dominant

parent.
Genotype Phenotypic Value
Parent 1 AA Progeny Aa 80 80
Parent 2 aa —- 40

Partial (incomplete) dominance

The heterozygous progeny has a phenotypic value greater than that of the midparent value, but

less than that of the homozygous dominant parent.



Genotype

Parent 1 AA

Progeny Aa

Parent 2 Aa

Overdominance
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Phenotypic Value
s 80

-1 70

+== midpoint value (60)

The phenotype of the heterozygous progeny is greater than either parent.

Genotype
Progeny Aa

Parent 1 AA

Parent 2 aa

Phenotypic Value

=T 95
o 80
— 40
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Main Genetic Hypothesis
Recessive deleterious mutations

Parent Multipla locl (effacts of differant

ENDEYReES Single locus mutant alleles marked in hybrids
i, a &, a
i minr s s il s s
(M Ppe— X [PPSR I Fre——
A a A B X a B
[PPSR S
s a | e alle.
b B
¥, hybrid A
genotypes 4
and their [V V—— [ T—
e ——
quality) CIVO—
Alree Lo o F-1
the parent B
gEnolypeEs [nermediate fitness but above the _
parentad sverage {amorygaus shivas
inbreading depression) _h

High finess (heterosis and
inbresding depression)

Fig. 6 Dominance hypothesis. Summary of the main genetic hypotheses for inbreeding
depression and heterosis. Adapted from Charlesworth and Willis, 2009.

Recessive deleterious mutations at Single locus with heterozygous advantage
closely linked loci
Parent A A
IO PCS ety aaE bty
Parent A b a B
genotypes o smiidiidid i)  Ghi SehiliihallE) W T R QT . VO
alracnes & ¥ Gt saassaliies A A
A b a B
F, hybrid A
gellotyqes 1
F, hybrid A b and their
genotypes fitness (or
and their walllosaniiin o quality) LAY - FArw——
fitness (or R P—— relative to A,
quality) the parent E ) ) )
relative to a B genotypes High fitness (heterosis and inbreeding
the parent depression in homozygote)
genotypes Higher fitness than the parent

genotypes

Fig. 8 True overdominance. Summary of the main
genetic hypotheses for inbreeding depression and

Fig. 7 Pseudo-overdominance. Summary of the main ) an
heterosis. Adapted from Charlesworth and Willis, 2009.

genetic hypotheses for inbreeding depression and
heterosis. Adapted from Charlesworth and Willis, 2009
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Heterozygote Advantage

Heterozygote advantage is a term that is frequently confused with heterosis. However,
heterozygote advantage is a synonym of overdominance, and refers to a condition in which
the heterozygous genotype has a higher phenotypic value (especially for fitness) than for either
homozygous genotype. Heterosis is usually due to a number of loci that control quantitatively
inherited traits, although depending on the situation it could be due to phenotypes controlled
by either single genes or polygenic traits. In contrast, heterozygote advantage describes effects
at a single locus (Conner and Hartl 2004). Compare the circumstances for these two concepts
in Table 6.

Table 6 Fitness effects of high and low frequency of heterozygotes. Data from Donner and Hartl,

2004.
Subpopulations

Small and isolated Crossed with each other
Genotypic . .
frequencies Highly homozygous Highly heterozygous
Fitness Low High
Fitness . . . Sy
offects Inbreeding depression Heterosis or hybrid vigor
Cause for Deleterious recessives expressed or loss | Deleterious recessives masked or
fitness effects | of heterozygote advantage occurrence of heterozygote advantage

Genetics of Heterosis and Inbreeding Depression

Whatever genetic mechanisms can explain heterosis must also be able to explain inbreeding
depression. Let’s take a look at hypothetical numeric examples of these two hypotheses to show

how each can explain both.
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Heterosis and Inbreeding Depression

In the following examples we will use a scenario where six genes control a certain quantitative

characteristic.

Favorable Dominant Alleles Theory (with complete dominance at each locus)

1. Heterosis The homozygous recessive genotype, aa bb cc dd ee ff has a value of 40. One
dominant allele at any of the six genes increases the value by 10, that is, N_=+10.The
following two homozygous parents are crossed. Each has a value of 70 because of having
three loci with dominant alleles [40+(3)(10)=70].

aa bb cc DD EE FF X AA BB CC dd ee ff
70 ; 70

Aa Bb Cc Dd Ee Ff

40 + (6)(10) = 100

Note that the F; has a value of 100 because of having six loci with dominant alleles (40 + (6)(10) =
100).

2. Inbreeding depressionlnbreeding depression can be explained with the accumulation of
favorable dominant alleles mechanism. If we self the Aa Bb Cc Dd Ee Ff individuals that

have a value of 100, we will get a population of individuals as follows:

Table 7
Percentage of individuals | Number of loci with at least one dominant allele
17.80% 6
35.60% 5
29.66% 4
13.18% 3
3.30% 2
0.44% 1
0.02% 0
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This gives an overall population mean value of 85. This is lower than the value of the Aa Bb Cc

Dd Ee Ff parental individuals, thus showing depression upon inbreeding.

Although conclusive evidence to support either of these hypotheses remains elusive, the
dominance hypothesis has been more widely accepted. However, it is recognized that a gene’s
effect is determined by its effect in combination with:

o Other alleles at the same locus,
 Itself (when homozygous),
» Genes at other loci (epistasis), and

+ Closely linked genes.

Thus, dominance, overdominance, and epistasis, most likely all contribute to heterosis.

Overdominance Theory

1. Heterosis: The genotype aa bb cc dd ee ff has a value of 40.The homozygous dominant
allele at any locus increases the value by 7 over the homozygous recessive allele, i.e., NN =
+7. Heterozygous at any locus increases the value by 10 over the homozygous recessive,
i.e. Nn = +10. The following homozygous parents are crossed; each has a value of 61
because of having three loci with homozygous alleles [40 + (3)(7) = 61]. The F4 has a value
of 100 because of having six heterozygous loci.

2. Inbreeding depression: Inbreeding depression can be explained with overdominance. If
we self the Aa Bb Cc Dd Ee Ff individuals that have a value of 100, we will get a
population of individuals with a mean value of 85 (see table above). As was the case for
the “favorable dominant alleles theory”, this value is lower than the value of the Aa Bb Cc

Dd Ee Ff parental individuals, thus showing depression upon inbreeding.

Genetic Analysis

Molecular techniques are now being used to try to shed more light on the mechanisms involved
in heterosis. In a study published in 2006, Swanson-Wagner et al. assayed the gene expression
of 13,999 maize genes from seedling plants of two inbred parents and their F; hybrid. When
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comparing the three genotypes they found 1,367 of the genes produced significantly different
amounts of messenger ribonucleic acid (mRNA), which performs an essential role in protein

synthesis.

Analysis of these genes showed that 78 percent of them had additive gene action, 15 percent
showed either high-parent or low-parent dominance, and 3 percent showed either
overdominance or underdominance. (The other 45 genes showed non-additive gene action
but with the statistical analysis used these genes could not be classified as dominant,
overdominant, or underdominant.) The experiment analyzed individual genes and was not

designed to evaluate interactions among the genes, so epistasis could not be measured.

This study involved only two maize inbred lines and their hybrid offspring and the evaluation
was based on tissue from seedling plants. Different genes will be active during different parts
of the life cycle of the maize plant and further studies will most likely show differential gene
action among different genes. Likewise, different parents and hybrids and different species
may well show very different gene action patterns among the same genes that were tested in
this study. With just this one experiment, where nearly 14,000 genes were evaluated, we can
see that heterosis is complex and that multiple types of gene action are involved. Molecular
methods in the context of hybrid breeding will be discussed in detail in the molecular plant

breeding course.

When two genetically different parents are mated, heterosis is observed in their F4 progeny.

+ All seed and forage species express some level of heterosis.

» Most cross-pollinated species express greater heterosis than do self-pollinated species.

Because of the expense in producing hybrid cultivars, hybrid cultivars are generally developed

only in those crops in which the level of heterosis results in significantly better performance.
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Chapter 8: Inheritance of Quantitative Traits

Laura Merrick; Kendra Meade; Arden Campbell; Deborah Muenchrath;
Shui-Zhang Fei; and William Beavis

Introduction

Many of the traits that plant breeders strive to improve are quantitatively inherited. For
example, breeding efforts targeting quantitative traits have allowed major increases in crop
yield during the past 80 years or so. A quantitatively inherited trait is controlled by many genes
at different loci, with each gene — known as a polygene — contributing a small effect to the
expression of the character. Polygenes are also known quantitative trait loci (QTL). QTLs
involved in expression of a quantitative character act cumulatively to determine the phenotype
of the trait. Their mode of inheritance is called quantitative genetics. Quantitative genetics
describes the connection between phenotype and genotype and provides tools to show how

phenotypic selection of complex characters changes allele frequencies.

Quantitative genetics focuses on the nature of genetic differences, seeks to determine the
relative importance of genetic vs. environmental factors, and examines how phenotypic
variation relates to evolutionary change. Typically, quantitative genetic analysis is executed
on traits showing a continuous range of values. Analysis of quantitative traits is based on
statistical predictions of population response. Examples of quantitatively inherited traits

include yield, vigor, rate of photosynthesis, protein content, and drought tolerance.

Key Concepts

Central to the mathematical modeling of quantitative genetics is the concept of recognition
of family resemblance. If genes influence variation in a trait (and sources of environmental
variation are minimized or controlled), related individuals would be expected to resemble one
another more than unrelated ones. Siblings should resemble each other more than distantly
related relatives. A comparison of plant individuals with different degrees of relatedness

provides information about how much genes influence the character.
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Several factors influence the likelihood of progress when breeding for quantitatively inherited

traits, including:

+ Interaction of the multiple genes contributing to the phenotype;
+ Gene actions of the respective genes involved; and

+ Frequencies of those genes.

Various models are used to distinguish genetic, environmental, and genetic x environmental

interaction effects on phenotype and to improve breeding efficiency of quantitative traits.

Learning Objectives

+ Distinguish environmental and hereditary variation and be aware of why detecting the
interaction of genetic and environmental factors is important.

+ Understand the attributes of quantitative inheritance.

+ Be familiar with statistical methods applied to quantitative inheritance.

+ Study the types of gene actions and interactions affecting quantitative traits.

» Examine the genetic advance from selection formula and be able to explain how each of
its components influences the improvement of the selected characteristic.

+ Learn the types of heritability estimates and their importance in plant breeding.

Heritable vs. Environmental Variation

The phenotype of a plant or group of plants is modeled as a function of its genotype as

modified by the environment.

Phenotype = Genotype + Environment + (Genotype x Environment)
P=G+E+ (G xE)

Some characters are more responsive or sensitive to growing conditions than others.
Qualitative traits such as flower color are not strongly influenced by the environment. On the
other hand, quantitative traits such as grain yield or abiotic stress tolerance are influenced

markedly by the environment. The degree of sensitivity or the range of potential responses
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to the environment is determined by the genetic composition of the individual plant or

population of plants.

Genetic variation is essential in order to make progress in cultivar improvement. However,

sources of variation include:

« Environmental variation
« Genetic variation and

+ Interaction of genetic and environmental variation

Plant breeders must distinguish among these sources of variation for the character of interest
in order to effectively select and transmit the desired character or assemblage of characters to

subsequent generations.

GxE Interaction Example

A classic example of genotype x environment interaction (GXE) involves studies conducted in
the 1930s and 1940s by the ecologists Clausen, Keck, and Hiesey (1940, 1948). They collected
plants from natural wild populations — principally yarrow (Achillea millefolia) and sticky
cinquefoil (Potentilla glandulosa) — that grew along an east-west elevational transect in
California, running from near sea level at the Pacific Ocean to more than 3000 m elevation in
the Sierra Nevada mountains.

Both species exhibited a vast amount of variation in native populations with respect to growth
form and other traits, including such attributes as plant height, winter survival, and number of
stems produced. Through a series of reciprocal transplant experiments using cuttings or clonal
material from wild populations, they tested the contribution of genetic and environmental
variation to observed phenotypic variation among plants established in three main “common
gardens” or transplant plots: Stanford, Mather, and Timberline (Fig. 1).
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Fig. 1 Locations for experimental studies examining
contributions of G, E, and GxE. Adapted from Barbour at al.,
1999.

Conclusions

They concluded each species had differentiated into genetically distinct subspecies — which
they called ecotypes — that are best suited to their specific environments. In the transplant
gardens, no single ecotype performed best at all altitudes. For example, genotypes that
produced the tallest plants at the mid-altitude garden site grew poorly at the low and high
sites. Conversely, genotypes that grew the best at the low or high sites sometimes performed
poorly at the mid-altitude site. Although within a species, all populations were found to be
completely interfertile, ecotypes adapted to low or mid-altitude died when transplanted to the
high altitude garden, while ecotypes from high elevations along the transect survived through
the winter when locally grown in the test plots. GXE interaction was observed for height,

among other characters.
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Stanford Mather Timberline
(30m) (1400m) (3050m)
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subspecies winter
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Fig. 2 Response of plant ecotypes (Potentilla subspecies) to low, mid-, and
high elevation transplant sites. Data from Clausen, Keck, and Hiesey, 1940,
in Rauscher, 2005.



CHAPTER 8: INHERITANCE OF QUANTITATIVE TRAITS | 205

Significance Illustration

Figure 3 shows variation in phenotype between two cultivars of watermelon with regard to a
quantitatively inherited trait (yield in this case) in response to variation in an environmental
factor (soil salinity in this case) and illustrates the significance of genotype x environmental

interaction.

Effect of
Cultivar 1 environmental

factor is the
(_Zult_h_r_a[ 2 same on bhoth

cultivars.

Soil Salinity ——»

Environmental
factor has more
effect on
Cultivar 2 than
s on Cultivar 1.

Some GxE

Yield ——»
I

Soil Salinity ——»

Cultivar 2 is much
more resistant to
the environmental
factor.

Significant GxE

Yield ——»

Soil salinity ———»

Fig. 3 Hypothetical comparisons of genetic x environment interactions (GXE) in
yield of two watermelon cultivars in response to increasing levels of soil salinity.
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Characteristics of Quantitative Traits

Inheritance of quantitative traits involves two or more nonallelic genes
(multiple genes or polygenes); the combined action of these genes, as
influenced by the environment, produces the phenotype. The effect of
individual genes on the trait is not apparent. However, early in the
1900s it was discovered that the inheritance of the individual genes
contributing to the phenotype of quantitative traits do indeed follow

the same Mendelian inheritance principles as simply-inherited genes.

Inheritance of Quantitative Traits

In 1909, Herman Nilsson-Ehle, a Swedish
geneticist and wheat breeder, conducted
some of the classic studies on quantitatively

inherited traits in wheat. He developed what

Fig. 5 Herman

Fig. 4 The diameter of
Gaillardia pulchella
flowers is a

quantitative trait.
Photo by DanielCD;
CC-SA 3.0via
Wikimedia Commons.

is known as the “Multiple Factor” or multi-factorial theory of
genetic transmission. A key observation made by Nilsson-Ehle was
that although a spectrum of continuous variation in kernel color (a
quantitatively inherited trait influenced by environmental factors)

could be observed in segregating generations, he was able to

Nilsson-Ehle. Photo determine that segregation for these genes fit a model that each

licensed under Public separate contributing gene followed a pattern of Mendelian

Domain via Wikimedia

C inheritance.
ommons.

e 4 e
— N A
4 —

p =

Fig. 6 Wheat kernels. Photo by zandland; licensed under CC-SA 3.0 via

Wikimedia Commons.
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Bread wheat is a hexaploid — allopolyploid that contains three slightly different, but similar
ancestral genomes (referred to as A, B, and D) in its genome (AABBDD). Depending on the
cultivars that Nilsson-Ehle studied, each genome had a single gene that affected kernel color,
and each of these loci has a red allele (R) and a white allele (r). Alleles at each locus varied
slightly in their effect on kernel color, and will be designated in this example by different

. 1
superscripts, e.g., R" or r.

He crossed two cultivars of wheat that varied in kernel color, one with dark red seeds
15225353

(homozygous dominant genotype R'R'R*R’R°R , based on the symbols designating the
ancestral genomes) and another with white kernels (homozygous recessive ' P, He
11,2 2,3 3

noted that the F; of a cross between these parents (heterozygote R'r R"r"R’°r”) was
intermediate in color (light red), but the Fy generation could be grouped into seven classes,
ranging in color from dark red to white. He explained the distribution on the basis of three
pairs of genes segregating independently, with each dominant allele contributing to the

intensity of the red color.

Parents x

RIR!RZRZ2R?*R? LY P rrirErgrers

1g-1 Fi A
F1 Generation i

Fig. 7
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Table 1 Kernel color in F, progenies from a wheat cross.

Fa genotvoes Color Number of Number of
2 genotyp dominant alleles | plants out of 64
R'R'RZRZR3R® dark red 6 1
RIRIRZRZR3S | RIARZRZRPRE | RIR'RA2R3R3 moderately 5 6
dark red
RIRIRZRZAS | RIRZZR3R® | R IRZR2R3S o . s
HRZRZRPR® | RUYIRZZRR? | RIRIR% 2RSS
11522,33
15152233 | Rr RTrRr 115252533
RlRlRZ 5 r3r3 RUTRIR?S r1r1 Rsz I% I.3, light red 3 20
R'Rr'r'R°r 1122,3,3 rr R”r"R'R
RrrrR'R
RIRY2232 | 2 2R3R3 R 22R3,3 . ) -
JHARZRZAS | RIRAA,S JIRA 2RSS | P
Rt 23 RA el AR light pink 1 6
e white 0 1

With three independent pairs of genes segregating, each with two alleles, as well as
environmental effects acting on kernel color, the F, progeny would contain 63 plants with

varying shades of red kernels and one with white kernels. Linkage among the genes restricts

independent assortment, so that the required size of the F, population becomes larger.

[ - [
= W (=]
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Numbar of individuals
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M

-
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=

ol ]
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o

Karnel color

Number of individuals

Kemel color

Fig. 8 Range of wheat kernel color in an F, generation. (a) Kernel color depicted by
seven discrete classes modeled on segregation of three contributing genes, each
exhibiting partial dominance. (b) Kernel color depicted by continuous variation in all
seven color classes.
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Characteristics Indicative of Quantitative Inheritance

Phenotypic values for the specific trait,
resulting from simultaneous segregation of
multiple genes, exhibit continuous variation,
rather than distinct classes. In general, the
distribution of values of quantitatively
inherited traits in a population follows a
normal distribution (also called a Gaussian
distribution or bell curve). These curves are
generally characterized by two parameters,
the mean and the variance or standard
deviation. In the figure below, the mean of

the random sample is depicted by the symbol

Frequency
1 1 |

X
Measure of trait

Fig. 9 Based on a random sample from a genetically
mixed population, the distribution of a quantitative
trait’s expression approximates a normal or bell
curve.

T and the standard deviation by the symbol s. If the reference is made to a population instead

of a sample from a population, the population mean is usually symbolized by p and the

population standard deviation by 6.

There are three general types of traits that are quantitatively inherited: continuous, meristic,

and threshold. An example of the first type, a continuous trait, is fruit width of pineapple. The

second type, a meristic character, is a countable trait that can take on integer values only, e.g.,

number of tillers of maize or branches of a rose bush. The third type of quantitative trait is

known as a threshold character or “all-or-none” trait. Such traits are typically ranked simply as

presence or absence, e.g., Downy Mildew disease in soybean.

Threshold Traits

Although they have only two phenotypes, threshold traits are considered to be quantitatively

inherited because their expression depends on a liability (such as disease susceptibility or

tolerance of nicotine levels) that varies continuously. Heritability of these traits is a function of

the incidence of the trait in the population, so it is difficult to determine the importance of

genetic factors in different environments or in different populations that differ in incidence.

Threshold traits are assumed to be represented by an underlying normally distributed “liability
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trait” that is the sum of the independent genetic and environmental components of the
distribution. A disease would have to be present before you could determine if certain genotypes
were susceptible or not. For example, plants might be able to tolerate low to moderate levels of
nicotine in their tissues until a threshold was crossed, above which the high level of nicotine

present would be lethal.

Threshold characters exhibit only two phenotypes — the trait is either present or absent — but
the susceptibility to the trait varies continuously and environmental components of the
distribution. A disease would have to be present before you could determine if certain genotypes
were susceptible or not. For example, plants might be able to tolerate low to moderate levels of
nicotine in their tissues until a threshold was crossed, above which the high level of nicotine

present would be lethal.

Threshold

Increased
Risk,
e.g., lethal

Frequency
|

Usual Risk,
e.d., healthy

Low —— Measure of trait ——» High

Threshold characters exhibit only two phenotypes — the trait is either present or absent — but

the susceptibility to the trait varies continuously.

Environment has a large influence on the trait’s phenotype. That is, for the particular trait, the

relative responses of plants change when grown under different environmental conditions.

Distinct segregation ratios of individual nonallelic genes are not observed. Recombination and
segregation patterns are based on the combined effect of the polygenes on the trait. The more

loci controlling the character, the greater the complexity.

Genes may differ in their individual gene action, but their effect on the trait is cumulative.
Types of gene action include additive, dominance, overdominance and epistasis. Effects of

gene action using the concepts of genotypic and breeding values are discussed in Appendix A.
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Genotypic Value

The genotypic value is equal to

G=A+D+1

+ G = genotypic value of all loci considered together

+ A =sum of all additive effects (i.e. breeding values) for separate loci

o D =sum of all dominance deviations (i.e., interaction between alleles at a locus or so-
called intralocus interactions)

+ [ =interaction of alleles among loci (also referred to as the deviation or epistatic deviation)

For an individual, the breeding value is calculated by the summation of the average effects of its
genes (also referred to as the additive effect of genes). The average effect of an allele is
approximately the average deviation of the mean phenotypic value from the population mean if

the allele at a particular locus is substituted by another allele (Falconer and Mackay 1996).

Table 2 Summary of interactions among alleles (within or
between loci) defining different types of gene action.

No interaction Interaction among
among alleles alleles
Within a locus | Additive Dominance
Between loci Additive Epistasis

Transgressive segregation may occur. These individuals exhibit phenotypes outside the range
of those expressed by the parents. Transgressive segregation occurs when progeny contain
new combinations of multiple genes with more positive effects or more negative effects for
the quantitative trait than found in either parent. One challenge is that strong environmental
effects would make it difficult to assess the mean performance in parental plants vs. progeny

in order to detect for the presence of any transgressive segregants.

Measurement of Continuous Variation

Analysis of inheritance of qualitative traits is generally concerned with individual matings
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and their progeny and is made by counts and ratios. In contrast, analysis of quantitative
traits is concerned with populations of organisms that consist of many possible kinds of
matings; analysis of such traits is made by use of statistics. Statistical methods provide a tool
for describing and evaluating quantitatively inherited characters. Since it is impractical to
examine an entire population, plant breeders sample the population(s) of interest. The sample

must be representative of the population — the sample must be:

+ large enough to include the entire range of variability of the trait that occurs in the
population, and

« random to avoid introducing any bias.

Thus, the greater the variability within the population, the larger the sample size that is
required to accurately describe that population. (Throughout this and subsequent modules, you

can generally assume that we're referring to a representative sample, rather than a population.)

Statistics may be descriptive or analytical. [See Appendix B to briefly review some statistical

terms and concepts].

Statistical Terms

The study of quantitative traits is sometimes referred to as “statistical genetics” because of its
reliance on statistical methods. In order to understand the inheritance of quantitative characters
and the methods applied to these characters, it is essential that you become familiar with

fundamental statistics. A basic review is provided here.

When using symbols to represent these population parameters, it is important to distinguish
between information about the population and that concerning a sample representing the

population.

Similar Statistical Symbols

As a shorthand, statistics commonly use symbols to convey concepts. Often there are several
symbols that relate to very similar, but slightly differing concepts. Here’s a list of symbols

related to means, variance, and standard deviation that you will encounter in this lesson. The
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latter two parameters describe the variability or dispersion about the mean of the population or

sample derived from a population.

Although the differences between these are important from a statistical perspective, they are

commonly used synonymously.

P For a For a fixed or selected sample of a
arameter . .
population population
Mean M orM X
Variance V or 52 82
Standard 5 s
deviation

Descriptive Statistics

Range — the lowest and highest phenotypic values in the population or sample for the

character.

Mean (p or M for population; X for sample) — describes the average performance of a random
sample from a population for a trait. The mean is a measure of central tendency — it does not
tell anything about the distribution of individual observations. Mean equals the sum of the trait

values of each individual divided by the number of samples (n):
Yz
n

75 =

. 2 . 2 . :
Variance (V or ¢~ for population; s” for sample) — a measure of the scatter or dispersion of
phenotypic values. The greater the variability among individuals, the greater the variance. Two
populations with the same mean for the same character could differ greatly in their respective

variance for that character.

Average the squared deviations from the mean, (X - X)Z:
2[(z - 2)?]
V=¢*=——"-
n—1

Standard deviation (6 for population; s for sample) — also a measure of dispersion around the

mean. Standard deviation expresses the dispersion in the same unit as the mean.

Standard deviation is the square root of the variance.
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o =+/Voro?

A small variance and a small standard deviation tell us that the phenotypic values are near the
mean value. In contrast, a large variance and standard deviation indicate that the trait values

have a wide range.

] X

Samples in which the observations are clustered closely around the mean (red) have a smaller

variance and standard deviation than observations dispersed widely (blue).

Coefficient of variation (CV) — the standard deviation as a percentage of the mean. Because the

units cancel out, CV is a unitless measure.

Divide the standard deviation by the mean and multiply by 100:
(o)
CV =— x100
X

A CV of about 10% or less is desirable in assessing biological systems. When the CV is greater
than 10%, the variability in the sample or the population may be too great to sort out the factors

contributing to that variability.

The mean and the variance are used to describe an individual characteristic, but plant breeders

are frequently interested in more than one trait simultaneously. Two or more characteristics can

vary together, and are thus not independent of one another.

Covariance provides measure of the strength of the correlation or dependent relationship
between two or more sets of variables. When two traits are correlated, a change in one trait is
likely to be associated with a change in the other trait. Variance is a special case of covariance
that is the covariance of a variable with itself. Correlations between characteristics are measured

by a correlation coefficient (r).
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Covariance — the mean value of the product of the deviations of two random variables from
their respective means. For example, the covariance of two random variables, x and y is

expressed as:

N(xi —2)(yi —9)
n—1

Cov,y =

X

Covariance of variables x and y

Correlation coefficient (r) — measures the interdependence of two or more variables and is
obtained by dividing the covariance of x and y by the product of the standard deviations of x and

y. The correlation coefficient can range from -1 to +1.

Covg

S, S,

r =

Correlation is a “scaled” version of covariance and the two parameters always have the same
sign—positive, negative, or zero (0). When the sign is positive, the variables are positively
correlated; when it’s negative, they are said to be negatively correlated, and when it’s zero, the
variable are described as being uncorrelated. But it is important to note that a correlation
between variables indicates that they are associated, but it does not imply a cause-and-effect

relationship.

QTLs and Mapping

The relative importance of genetic and environmental factors for a given trait can be estimated

by the phenotypic resemblance between relatives. Until recently, quantitative genetics focused
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on phenotypic information, but increasingly molecular biology tools are being applied in an
effort to locate where quantitative trait loci (QTLs) occur in plant and animal genomes.
Various genetic markers have been identified and mapped, allowing identification of QTLs by
linkage analysis.

A common method for mapping QTLs is to cross two homozygous lines that have different
alleles at many loci. The F4 progeny are then backcrossed and intercrossed to allow genes
to recombine through independent assortment and crossing over. Offspring in segregating
generations are examined for correlations between inheritance of marker alleles and
phenotypes that are quantitatively inherited. QTL mapping will be covered in more detail in

later courses on Molecular Genetics and Biotechnology and Molecular Plant Breeding.

Multiple Genes and Gene Action

The general types of gene action for quantitative characters (additive, full and partial
dominance, and over-dominance) do not differ from those for qualitative traits. However, the
genes contributing to the phenotype of a quantitative character may or may not differ in their
individual gene action, and their relative effects on the trait’s expression may differ. Some may
have major influence and others may have only minor effects on the phenotype. The genes
controlling a quantitative trait may also interact. The table below gives examples of types of

gene action at two loci. For quantitative traits this would be expanded to multiple loci.
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Table 3
f;etréialzfitéﬁn or Explanation Example
aabb | Aabb | aaBb
=0 =1 =
Additive Genes affecting a genetic trait in a manner that each AADbDb | AaBb | aaBB
Effects enhances the expression of the trait. =2 =2 =
AABD | AaBB | AABB
=3 =3 =
aabb | Aabb | aaBb
=0 =2 =2
Dominance Deviations fflom zdeltl}\lnty so t}llle hetelrozygote'ls more Eke AAbb | AaBb | 22BB
Effects one parent than the other. With complete dominance, the | _', —4 =9
heterozygote and the homozygote have equal effects
AABDb | AaBB | AABB
=4 =4 =
aabb | Aabb | aaBb
}Entiesl;zglson of Two nonallelic genes (e.g., genes at different loci) may have | AAbb | AaBb | aaBB
Ef}?fects no effect individually, yet have an effect when combined =0 =4 =0
AABDb | AaBB | AABB
=4 =4 =
aabb | Aabb | aaBb
Overdominance Each allele c.ontrlbutes a separate effect and the .cornbmed AAbb | AaBb | aaBB
alleles contribute an effect greater than that of either allele | ~ i -
Effects =1 =4 =
separately
AABDb | AaBB | AABB
=3 =3 =2
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In the preceding examples, A and B are assumed to have
equal effects. However, this often may not be true because
genes at different loci may affect the expression of the trait
in different ways. Some QTLs may be genes with major
effect, while others may contribute only a minor effect.
Penetrance or expressivity (refer to Deviations from
Expected Phenotypes in the “Gene Segregation and Genetic
Recombination” module) may influence trait expression.

Likewise, pleiotropic effects (refer to Gene Interactions in

the “Gene Segregation and Genetic Recombination” module)

may be present, affecting different traits in different ways. Fig. 10 Albinism, such as that
exhibited by this deer, is one
common effect of pleiotropic

: 13 mutation. Photo by Paulo Brandao;
Herltablhty CC-SA 2.0 via Wikimedia

Commons.
Conceptual Basis for Understanding
Heritability

Heritability estimates the relative contribution of genetic factors to the phenotypic variability
observed in a population. What causes variance among plants and among lines or varieties?

Phenotypic variation observed among plants or varieties is due to differences in

+ their genetic makeup,
+ environmental influences on each plant or genotype, and

+ interaction of the genotype and environment.

The effectiveness with which selection can be expected to take advantage of variability depends
on how much of that variability results from genetic differences. Why? Only genetic effects can

be transmitted to progeny. Heritability estimates

+ the degree of similarity between parent and progeny for a particular trait, and
» the effectiveness with which selection can be expected to take advantage of genetic

variability.
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Family Resemblance

As mentioned in the introduction of this lesson, central to the understanding of quantitatively
inherited traits is the recognition of family resemblance. Two relatives, such as a parent and its
offspring, two full or half-siblings, or identical twins, would be expected to be phenotypically
more similar to each other than either is to a random individual from a population. Although
close relatives may share not only genes (they may also share similar environments for traits
that have a large genetic component), resemblance between relatives is expected to increase as
closer pairs of relatives are examined because they share more and more genes in common. In
this conceptual framework, heritability can be understood as a measure of the extent to which

genetic differences in individuals contribute to differences in observed traits.

® . sose

i — - L f
e . ) relationahig

- - _— SRR i [T
Twin '_r.ihlin-js Full siblings Half-siblings - Full siblings
;

Fig. 11 Individuals that are related genetically would be expected to be
more phenotypically similar to each other than to other individuals from a
population.

Statistical Basis for Understanding Heritability

For plant breeders, heritability can also be understood in a statistical framework by defining it
as the proportion of the phenotypic variance that is explained by genetic variance. Heritability
indicates the proportion of the total phenotypic variance attributable to genetic effects, the

portion of the variance that is transmittable to offspring. A general formula for calculating

heritability is
Vi Vi
Heritability = G — ¢
Vp Ve + Ve + Ver
o o

2 2 2 2
T, Og + 0¢ + 0ge
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where:

Ve =Vo+ Vg + Vgg
or

2 _ 2 2 2
Toh, =0y + 0¢ + Oge

and
Vp = O'f)h = phenotypic variance (total variance of the population)

Vo = 0'2 = genotypic variance (variance due to genetic factors)

Vg = 0’2 = environmental variance (variance due to environmental factors)

Vor = 0'36 = genotype x environmental variance (variance due to interactions between

genotypes and environmental factors)

Uses of Heritability Estimates

Heritability serves as a guide for making breeding decisions. It is generally used to

+ determine the relative importance of genetic effects which could be transferred from
parent to offspring
+ determine which selection method would be most likely to improve the character

+ predict genetic advance from selection

A key point to understand is that heritability is a population concept — application of
heritability estimates is restricted to the population on which the estimate was based and to
the environment in which the population was grown. However, some characters exhibit fairly
consistent estimates (either high or low) among populations (within species) and environments.
When considering characters that have high heritability, what we expect to observe for each
genotype is that its phenotype will be quite predictable over a range of environments (growing
conditions). In other words, for characters with high heritability, genotype fairly accurately

predicts phenotype. This is not so for characters with low heritability.



CHAPTER 8: INHERITANCE OF QUANTITATIVE TRAITS | 221

Characters

Heritability depends on the range of typical environments experienced by the population under
study (if the environment is fairly uniform, then heritability can be high, but if the range of
environmental differences is high, then heritability may be low. Even when heritability is high,
environmental factors may influence a characteristic. Heritability does not indicate anything
about the degree to which genes determine a trait; instead it indicates the degree to which

genes determine variation in a trait.

Characters having low heritabilities are usually highly sensitive to the environment, presenting
greater breeding challenges — low heritability traits often require larger populations and more

test environments than do characters having high heritabilities for selection and improvement.

Table 4 Average heritability estimates (h2) of maize characters. Average
estimates are derived from estimates reported in the literature. The
magnitude of these estimates reflects both the complexity of the trait and
the number of estimates reported in the literature.

Data from Hallauer and Miranda, 1988, p. 118.

Heritability Estimate Maize Characters

« Percent Oil

2
h"<.70 « Number of tillers

+ Plant height

» Ear height

50 <h%<.70 + Kernel-row number
+ Dates to flowering
« Grain moisture

o Number of ears
+ Ear length

30 <h?<.50 o Ear diameter

+ Kernel weight

« Cob diameter

e Yield

2
h™<.30 + Kernel depth
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Broad-Sense Heritability

Types of Heritability

There are two types of heritability: broad-sense and narrow-sense heritability.

Broad-Sense Heritability

Broad sense heritability, HZ, estimates heritability on the basis of all genetic effects.

v
H? = V—G x 100
P

2
=29 100
Oon

It expresses total genetic variance as a percentage, and does not separate the components of

genetic variance such as additive, dominance, and epistatic effects.

Table 5

Genetic variance

Additive variance

+

Dominance variance

Epistatic variance

VG VA + VD VI

Generally, broad-sense heritability is a relatively poor predictor of potential genetic gain
or breeding progress. Its usefulness depends on the particular population. Broad-sense

heritability is

+ more commonly used with asexually propagated crops than with sexually propagated
agronomic crops
+ applied to early generations of self-pollinated crops

Narrow-Sense Heritability

Narrow-sense heritability, h”, in contrast, expresses the percentage of genetic variance that is

caused by additive gene action, V4.
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o
A
= — x 100
0.2
ph
Narrow-sense heritability is always less than or equal to broad-sense heritability because
narrow-sense heritability includes only additive effects, whereas broad-sense heritability is

based on all genetic effects.

The usefulness of broad- vs. narrow-sense heritability depends on the generation and
reproductive system of the particular population. In general, narrow-sense heritability is more
useful than broad-sense heritability since only additive gene action can normally be
transmitted to progeny. This is, because in systems with sexual reproduction, only gametes
(alleles) but not genotypes are transmitted to offspring. In contrast, in case of asexual
reproduction, genotypes are transmitted to offspring.

Table 6 Comparison of broad- and narrow-sense heritability.

Broad-sense heritability | Narrow-sense heritability

Symbols used Hz, H, hbz, or hB2 h?% hnz, or th
Predictor of Gain Poor Better

Genetic Variance Additive, dominance, and epistatic | Additive only
Generation Early Later
Reproductive System Self-pollinated or cloned population | Cross-pollinated

Estimating Heritability

As the formulas presented above indicate, heritability is calculated from estimates of the
components of phenotypic variation: genetic, environmental, and genetic x environmental
interactions. Two main approaches are described here to help estimate the contribution of
different G, E, and GXE components and for calculating heritability. One approach focuses
on eliminating one or more variance component, while the other focuses on comparing the
resemblance of parents and offspring. These estimates can be determined from an analysis of
variance or regression analysis of the character performance of a population grown in several

environments (multiple locations and/or years).
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Several Environments

Testing a character’s performance in multiple environments (e.g., more than one location and/or
years) is essential to get an accurate estimate of the environmental effects on the character. Test
environments should be either random or representative of the target environment the type of
environment for which the cultivar under development is intended. Heritability is based on
variance, the average of the squared deviations from the mean—a statistical measure of how
values vary from the mean. Testing in a single environment provides no measure of variance.
The greater the number of environments used in the character’s evaluation, the better is the
reliability of the variance estimate, as well as the heritability estimate. Without adequate testing

in multiple environments, heritability estimates may be misleading.

When evaluating different genotypes for a specific character, if the genotypes vary widely in
response to differing environments, environmental variance will be relatively high and
heritability for the character low. Conversely, if the different genotypes perform in a similar
manner across environments, e.g., certain genotypes are always among the best and others
always the poorest regardless of environment, environmental variance will be low and

heritability high.
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Estimation Using Analysis of Variance (ANOVA)

Estimating heritability from an analysis of variance provides a way to measure the relative

contributions of two or more sources of variability.

Analytical Tools

Several analytical procedures are commonly used to sort out the sources of variation in the
sample, to determine the relationship among factors contributing to the variability, and to

estimate the heritability of the character.

Analysis of Variance — this procedure identifies the relative contribution of the sources of
observed variation in the sample. Sources of variation may include environment, replication, or
genotypic effects. The portion of variation that cannot be attributed to known causes is called

« »
error.

Analysis of Variance table.

Source of Variation | Expected Mean Squares

Genotypes 0‘2 -+ ’I’O’%7
Error o'g

In this example, phenotypic variance is explained by differences in genetic composition, as well

as to unknown factors. r stands for the number of replications.

2 _ 2 2
aph—a —l—rag

The particular steps involved in this procedure and the analysis of variance table that results
depend on the design of the experiment. Analysis of variance procedures and interpretation are

discussed in the Quantitative Methods course.
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Estimation using Parent-Offspring Regression

Heritability can also be estimated by evaluating the similarities between progeny and parent

performance using regression analysis. This analysis is based on several assumptions.

« The particular character has diploid, Mendelian inheritance.

» There is no linkage among loci controlling the character of interest, or the population is
in linkage equilibrium.

« The population is random mated.

+ Parents are not inbred.

» There is no environmental correlation between the performance of parents and progeny
(to avoid violating this last assumption, randomize parents and progeny within

replications; i.e., do not test them in the same plot).

The linear regression model is:
Y, =a+bX; + e

where:

+ Y;= phenotypic value of progeny of the ith parent
+ a=mean phenotypic value of all parents tested

+ b =regression coefficient (slope of the line)

+ Z;=phenotypic value of the ith parent

+ €;=experimental error in the measurement of X;

Analytical Tools

Several analytical procedures are commonly used to sort out the sources of variation in the
sample, to determine the relationship among factors contributing to the variability, and to

estimate the heritability of the character.

Regression — this procedure examines the strength of the relationship between factors or the
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influence one factor has on another. The linear regression procedure fits a straight line to a

scatterplot of data points. The general equation for the regression line is:

y=a-+bx

where:

+ y=response or dependent variable
» x = predictor or independent variable
+ a=y-intercept of the line

» b =regression coefficient, the slope of the line

Regression
.75 line with

slope b and
_— intercept a

* (X, Y)
» datapoints

The regression line always passes through the point (Z, ¥). Relative to the total spread of the
data, if most of the datapoints lie on or very near the line, there is a strong relationship between
the predictor and response variables—x has a strong influence on y. In contrast, the fewer the
points that fall on or near the line, the less influence x has on y. A cautionary note: although the
x variable may have strong influence on the y variable, x may not be the cause of the y response,

nor the sole factor influencing y.

Regression can be used to assess the relative effect of environment on phenotypic value or to

obtain information about gene action. The relative scatter about the regression line of a plot of
genotype (the predictor variable, x) against phenotypic value (the response variable, y), provides
information about gene action. For example, regression analysis of the following two examples
suggests that the gene action in example 1 (left panel) is additive (no dominance), whereas there

is a complete dominance (by the A, allele) in the case of example 2 (right panel) (Fehr, 1987).

When the heterozygous genotype has a value midway between the two homozygotes and thus all



228 | CHAPTER 8: INHERITANCE OF QUANTITATIVE TRAITS

three genotypic values fall on the linear regression line the only gene action contributing to the

phenotype is additive.

Regression analysis of phenotypic values of progeny (y) against parents (x) provides useful

information about the degree of similarity of progeny to the parents.

Phenotypic Value
Phenotypic Value

-

AIAI AIIAZ AZAZ A A ﬂIAE AZAZ

Genotype Genotype

Regression analysis may indicate the type of gene action.

Alternative Formula

An alternative formula for calculating the regression coefficient, b, is

(X - X)(Y - Y)
S(X — X)2

where:

+ b =regression coefficient
+ X = parent values

+ Y = progeny values

The performance of the progeny is a function of the genetic factors inherited from the parents.

(Assume that “parent” means either a random plant or line from a population.) Thus, X,
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the parent value, is the independent variable, and Y, the progeny value, is the response or

dependent variable.

Regression Coefficient

What does the regression coefficient, b, tell us?

If b=1, then

+ gene action is completely additive,
+ negligible environmental effect,

» and negligible experimental error.
The smaller the value of b, the less closely the progeny resemble their parent(s), indicating

+ greater environmental influence on the character,
+ greater dominance and/or epistatic effects, and/or

+ greater experimental error.

An analysis of variance will provide estimates of the relative influence of genetics,

environment, and experimental error.

The type of heritability and the specific formula used to estimate it depends on the type of

progeny evaluated.

Types of Progeny

The population’s reproductive mode and mating design determine the type of heritability and
the formula used to calculate the estimate.

Selfed progeny

1. F, plants are self-pollinated to obtain the F3. All the alleles in the F3 come from the F,
parent. Evaluate the character performance of the F3
2. Regress the performance of the F5 on the performance of their F, parents.

3. The regression coefficient, b, is equal to Hz, broad-sense heritability because its genetic
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variance includes dominance, additive, and epistatic effects.
H? =b x 100

4. Since it is difficult to obtain information about gene action (dominance, epistasis,
additive) in self-pollinated populations, narrow-sense heritability is a poor predictor of
genetic gain and rarely used in these populations. Inbreeding causes an upward bias in

the heritability estimate.

Full-sib progeny

1. Two random F, plants are mated. Half of the alleles in the F3 come from one parent and
half from the other. Evaluate the character performance of the F3.

2. Determine the mid-parent value of the two parents. Mid-parent value, X = (x1 + xp) /2

3. Regress the progeny on the mid-parent value. The regression of progeny on the mid-

parent value is

1 1.2 2
3 Va 294 0y
1 1 2
5VP 29ph Tph

Since the progeny have both parents in common, only additive variance is included, so the

regression coefficient, b, is equal to narrow-sense heritability.

h* = b x 100
Half-sib progeny

1. Open-pollinate F, plants. Seed will be harvested from each F, individual separately.
Progenies from the same F, plant have the maternal parent (the respective F, plant) in
common, while the paternal parent is pollen from the whole F, population. Thus all
offspring from an F, plant after open pollination are “half-sibs”.

2. Regress the performance of the half-sib progenies on their parents.

Ty
o
b= 5
O
where:

oY = covariance between parents, x, and their progeny, y
o2 = phenotypic variation among parents

3. The covariance between parents and progeny includes additive variance and some forms
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of additive epistasis (usually negligible), but no dominance variance. Thus, narrow-sense
heritability can be estimated. The regression coefficient, b, is equal to half the heritability
value.

4. Multiply the regression coefficient by 2 to obtain narrow-sense heritability.

h% = 2b x 100

N

B Grow in Isolation

B Open-pollinate (allow
random mating)

B Harvest seed from
individual plants

v
Half-Sib = mmm mme e s s e = Cvaluate
- = mm e mmm mm mm mm = Half-Sib
Progenies e e e o e e e Performance

Fig. 12 Half-sib progeny.

Heritability Influences

Heritability is not an intrinsic property of a trait or a population. As we've seen, it is influenced

by:

+ population — generation, reproductive system, and mating design
+ environment — locations and/or years
+ experimental design — experimental unit (plant, plot, etc.), replication, cultural practices,

techniques for data gathering.

Heritability can be manipulated by increasing the number of replicates and number of
environments sampled (in space and/or time). Genetic variance can be increased by using
diverse parents and by increasing the selection intensity. Heritability is only an indicator to
guide the breeder in making selections and is not a substitute for other considerations, such as

breeding objectives and resource availability.
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Genetic Advance from Selection

Evolution

Estimating Response to Selection

Evolution can be defined as genetic change in one or more inherited trait that takes place over
time within a population or group of organisms. Plant breeders can use quantitative genetics
to predict the rate and magnitude of genetic change. The amount and type of genetic variation

affects how fast evolution can occur if selection is imposed on a phenotype.

The amount that a phenotype changes in one generation is called the selection response, R.
The selection response is dependent on two factors—the narrow-sense heritability and the
selection differential, S. The selection differential is a measure of the average superiority of

individuals selected to be parents of the next generation.
R=HhS

The above equation is often called the “breeder’s equation” It shows the key point that
response to selection increases when either the heritability of the trait or the strength of the

selection increases.

Realized Heritability

In an experiment, the observed response to selection allows the calculation of an estimate
of the narrow-sense heritability, often called the realized heritability. A low h? (<0.01) occurs
when offspring of the selected parents differ very little from the original population, even
though there may be a large difference between the population as a whole and the selected
parents. Conversely, a high h? (> 0.6) occurs when progeny of the selected parents differ from

the original population almost as much as the selected parents.

In the figure in the next screen, it can be seen that the selection differential (S) in each
generation is the difference between the mean of the entire original population and the mean
of group of individuals selected to form the next generation. In contrast, the response to
selection (R) indicates the differences in population means across generations. The value of R
is the difference between the mean of the offspring from the selected parents and the mean of

the entire original population:
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s —T

S
R

N

T
To —
where:

+ T = mean of the entire original population
+ Tg=mean of selected parents

+ To=mean of the offspring of the selected parents

Adaptive Value

The proportionate contribution of offspring of an individual to the next generation is referred
to as fitness of the individual. Fitness is also sometimes called the adaptive value or selective
value. Note in the figure that the non-selected members of the population do not contribute to

the next generation and that selection over time reduced the variance of the population.
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Fig. 13 How population means shift as a result of
selection.

Types of Selection

Artificial selection refers to selective breeding of plants and animals by humans to produce
populations with more desirable traits. Artificial selection is typically directional selection
because it is applied to individuals at one extreme of the range of variation for the phenotype
selected. This type of selection process is also called truncation selection because there is a
threshold phenotypic value above which the individuals contribute and below which they do
not. In contrast, under natural selection in non-managed populations, other types of selection

may occur.

Three main types of selection are generally recognized. All three operate under natural
selection in natural populations, whereas under artificial selection via selective breeding by

humans only directional selection is common.
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Directional Selection

Directional selection acts on one extreme of the range of variation for a particular

characteristic.

Directional Selection

|
Parents I
= : Individuals
2 | I selected as
g : parents
|-, I
o
| |
- |
T |
i |
|
|
|
Offspring [
i |
= I
v |
£ |
o
3 — |
o |
o |
|
i |
Mean before Mean after

selection selection
Phenotypic Trait

Fig. 14 Directional selection

Stabilizing selection

Stabilizing selection works against the extremes in the distribution of the phenotype in the
population. An example of this type of selection is human birth weight. Infants of intermediate

weight have a much higher survival rate than infants who are either too large or too small.
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Stabilizing Selection
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Fig. 15 Stabilizing selection.

Disruptive selection

Disruptive selection favors the extremes and disfavors the middle of the range of the

phenotype in the population.
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Disruptive Selecltion
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Fig. 16 Disruptive selection.

Genetic Advance from Selection

One of the most famous longest-term selection experiments is a study conducted by University
of Illinois geneticists who have been selecting maize continuously for over 100 generations
since 1896. They have been changing oil and protein content in separate experiments, selecting
for either high or low content. In some cases after multiple generations, they have shifted

selection from high to low or vice versa.
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Fig. 17 Responses to 100 generations for high and low
oil concentration in maize kernels. Data from
Department of Crop Science, University of Illinois at
Urbana-Champaign, 2007.

Expected Gain From Selection

Because resources are limited, the breeder’s objective is to carry forward as few plants or lines
as possible without omitting desirable ones. How does the breeder decide how many and which
plants or lines within a population to carry forward to the next generation? The breeder can
use heritability estimates to predict the probability that selecting a given percentage of the

population or selection intensity, i, will result in progress. The expected progress or gain can

be calculated using this formula:

where:

+ G.=expected gain or predicted genetic advance from selection per cycle
+ k =selection intensity — a constant based on the percent selected and obtained from

statistical tables (note that some people use hte i symbol instead of k for selection

intensity

Ge = (B)(y/V2)(R) = kol
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« /Vp or Oph = square root of phenotypic variance (equivalent to standard deviation)
2 . qe. . .
+ h”=narrow - sense heritability in decimal form (narrow - sense is used for sexually
. . s 2 .
reproduced populations whenever possible, and broad sense heritability, H”, is used for

self - pollinating and asexually reproduce populations)

Caution: The phenotypic values must exhibit a normal, or bell-curve, distribution for G, to be

valid

Selection Intensity Table

As long as the distribution of phenotypic values is normally

.. .. . . . Representative selection
distributed, selection intensity values (symbolized by k or sometimes P

intensity (k) values.
i) can be found in statistical tables. The intensity of selection > k
()
practiced by plant or animal breeders depends just on the proportion
o 1 2.67
of the population in the selected group.
. . . . . . . . . 2 2‘42
The selection intensity is a standardized selection differential and is
a measure of the superiority of the individuals selected as parents for > 2.06
breeding relative to the population from which they were selected. 10 176
Representative values of k are shown in the table. 20 1.40
50 0.80
90 0.20
100 0

For Your Information

Performance

As will be explained in the next section, a key statistic used to describe populations is the mean
performance of the population of genotypes. The mean performance of a population can be
described by a combination of values for performance of both homozygous and heterozygous

genotypes, as well as the relative frequency of alleles.



240 | CHAPTER 8: INHERITANCE OF QUANTITATIVE TRAITS

For illustration using a locus with two alleles, A; and A,, the genotypic value of the
homozygotes is designated as AjA; =+a and AyA, = -a, while the heterozygous genotype is A{A,
=d.

The value of a is the performance of a homozygous genotype minus the average performance of

the two homozygous genotypes.
+a=A_1A_1-\fracf(A_1A_1+A_2A 2)}{2}
(A1 4; = Ay Ay)
2

The value of d measures the degree of dominance between alleles, and is the difference between

—a = A2A2 —

the value of the heterozygote and the mean of the homozygotes.
(A1A; + Ay Ay)
2

d=A1A; —
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Degrees of Dominance

Examples of relative genotypic values are given here in depictions showing a and d under

different types of gene action.

Gene action depicted using a and d in relation to genotypic values. Adapted from Conner
and Harti, 2004.

Gene Action gegr.ee o Relative Genotypic Values
ominance
AZ;A2 AIIAZ Al.Al
Additive 0 -a 0 +a
d
" ﬁlﬁl
Complete 1 22 . 72
dominance A B s
d
Partial 3/4 AZIAZ . ALAIz A1.A1
dominance -a 0 d +a
Partial AZ:AZ , AllAz AI.AL
d . 1/2 T T T
ominance -a 0 d +a
A21A2 ) Aif\l AI.AZ
Overdominance | 2 t 1 t t
-a 0 +a d

The difference between the depictions of partial dominance show an example of how the effect
of an allele can vary depending on whether the locus is a major gene or minor. Remember,
additivity of genetic effects for quantitative traits does not mean that there are equal effects of

all alleles at a locus or all loci affecting the trait.

The study of quantitative traits is sometimes referred to as “statistical genetics” because of its
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reliance on statistical methods. In order to understand the inheritance of quantitative characters
and the methods applied to these characters, it is essential that you become familiar with

fundamental statistics. A basic review is provided here.

When using symbols to represent these population parameters, it is important to distinguish
between information about the population and that concerning a sample representing the

population.

Genotypic and Breeding Values

Populations can be characterized by the amount and type of genetic variability contained within
them. Genetic improvement of a quantitative character is based on effective selection among
individuals that differ in what is known as the genotypic value. Variation among the genotypic

values represents the genotypic variance of a population.

The genotypic value is the phenotype exhibited by a given genotype averaged across
environments. A related concept is the breeding value, which is the portion of the genotypic
value that determines the performance of the offspring. Genotypic value is property of the
genotype and therefore is a concept that describes the value of genes to the individual, whereas
breeding value describes the value of genes to progeny and therefore helps us understand how a
trait is inherited and transmitted from parents to offspring . Remember that only additive
genetic effects can be passed on to progeny. Non-additive genetic effects and environmental

effects cannot be inherited by offspring.
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Chapter 9: Mutations and Variation

Laura Merrick; Arden Campbell; Deborah Muenchrath; Shui-Zhang Fei; and
William Beavis

Introduction

Mutations are the ultimate source of all genetic variation. Mutations can occur at all levels
of genetic organization, classified mainly as either chromosome mutations or genome
mutations. Chromosome mutations are discussed in this module. Chromosome alterations
involve either single nucleotides or fragments of chromosomes and are either small-scale
(one or a few nucleotides substituted, inserted, or deleted) or large-scale (deletions, insertions,
inversions, or translocations involving large segments of chromosomes or duplications of
entire genes). Genome mutations—involving changes in number of whole chromosomes or sets
of chromosomes—will be covered separately in the module on Ploidy—Polyploidy, Aneuploidy,

Haploidy.

Genetic variation—dissimilarity between individuals attributable to differences in
genotype—that is generated by mutations is acted upon by various evolutionary forces.
Evolutionary processes that alter species and populations include selection, gene flow
(migration), and genetic drift—whether or not plants are cultivated or wild. Evolution can be
defined as a change in gene frequency over time. The way that plants evolve is dependent on

both genetic characteristics and the environment they face.

Genetic variation results from differences in DNA sequences and, within a population, occurs
when there is more than one allele present at a given locus. Major processes that affect
heritable variation in crop plants are topics emphasized throughout the lessons of this course.
Changes in gene frequencies within populations caused by natural selection can lead to
enhanced adaptation, while changes caused by human-directed selection can facilitate the
development of useful genetic variability and selection of superior genotypes. Selection is
the differential reproduction of the products of recombination—both within and between

chromosomes.
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Genetic Resources

Historically plant breeders seeking sources of variability were constrained in choice of parental
materials or plant genetic resources that were interfertile within closely related gene pools.
But a range of new techniques such as mutagenesis, genetic engineering (transgenic or
transformed plants), and in vitro methods (tissue culture, doubled haploids, induced polyploids)

expand the source and scope of variability that can be used in crop improvement.

Our expanding understanding of the molecular basis of genetics has provided insights and
technologies that further not only our basic understanding of genes and their regulation, but
also provide additional tools for crop improvement. Molecular techniques enable breeders to
generate genetic variability, transfer genes between unrelated species, move synthetic genes
into crops, and make selections at the molecular, cellular, or tissue levels. Combining these
laboratory techniques with conventional field approaches can shorten the time required to
develop new or improved cultivars. The importance and application of molecular technologies

are rapidly increasing.

These topics mentioned above—mutations, gene expression, genetic markers, sources of
genetic variation, genetic engineering, and molecular breeding methods—will be briefly
mentioned in this module, but covered in greater detail in the later courses including Plant
Breeding Methods, Molecular Genetics, and Biotechnology and Molecular Plant Breeding.

Learning Objectives

+ Recognize how mutations are classified and inherited, as well as how mutations affect
structure, processes, and products of genes and chromosomes.

» Understand the basic principles of transcription and translation.

» Become familiar with sources of genetic variation for cultivated plants, including crop

gene pools and genetic engineering methods.
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Mutations as Heritable Change

Without heritable variation, any trait favored by selection will not be passed on to offspring.
Mutation is defined as heritable change in genetic information. Mutations entail modification
of the nucleotide sequence of DNA and consist of any permanent alteration of a DNA molecule
that can be passed on to offspring. DNA is a highly stable molecule and it replicates with a
high degree of accuracy. However changes in DNA structure and replication errors can occur.
Mutation involves modifications in the sequence of bases in DNA transmitted through mitosis

and meiosis.
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Nucleotides

A nucleotide consists of a sugar molecule (ribose in RNA or deoxyribose in DNA) attached to

phosphate group and a nitrogen-containing base. In DNA or RNA molecules, each strand has a
backbone of sugar and phosphate groups (Fig. 17).

Deoxyribonucleic Acid (DNA)
o] |REEN |pier

Y oo
Thymine
Cytosing
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Nucleotide
Phasphate group
|
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barza
Cylosing
[ Mucleotide
|
Sugar

Fig. 12 Nucleotides are the basic building block of the
nucleic acids such as DNA. Illustration from
NIH-NHGRI, 2011.

CHEMICAL BASES IN DNA AND RNA

Two of the four nitrogenous bases in DNA—adenine (Fig. 13) and guanine (Fig. 14) are known
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as purines and the other two—cytosine (Fig. 15) and thymine (Fig. 16) are pyrimidines.
Adenine, guanine, and cytosine are also found in RNA. Another pyrimidine known as uracil

(Fig. 17) is the base used in RNA in place of thymine.

NH H NH2
H N
N Cytosine (C)
Adenine (A) o
H

Fig. 13 Adenine, a nitrogenous base in DNA and RNA, is Fig. 15 Cytosine, a nitrogenous base in DNA and RNA, is
a type of purine. Illustration from NIH-NHGRI, 2011. a type of pyrimidine. Illustration from NIH-NHGRI,
2011.

Thymine (T)

Fig. 14 Guanine, a nitrogenous base in DNA and RNA, is
a type of purine. Illustration from NIH-NHGRI, 2011. Fig. 16 Thymine, a nitrogenous base in DNA, is a type of
pyrimidine. Illustration from NIH-NHGRI, 2011.
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Fig. 17 Uracil, a nitrogenous base in RNA, is a type of
pyrimidine. Illustration from NIH-NHGRI, 2011.

Some mutations occur in loci that encode for gene products such as proteins, and thus they
may affect the processes of transcription, translation, or gene expression—processes that
happen during the creation of proteins from the genetic code in DNA. But mutations also can
occur in parts of the genome that do not code for any gene products (called noncoding DNA)
or sequences that serve to control regulatory functions in the cell or chromosomes. For most
loci, mutation changes allelic frequencies at a very slow rate and therefore consequences are
negligible. Mutations may or may not change the phenotype of an organism. The majority of
mutations that do occur are neutral in their effect and therefore do not have an influence on
fitness. Some mutations are beneficial. But mutations can have deleterious effects, causing

disorders or death.
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Amino Acids and Proteins

Amino acids are a set of 20 different molecules used to build proteins. A peptide is one or more
amino acids linked by chemical bonds (termed peptide bonds). Linked amino acids form chains

of polypeptides (Fig. 18). The amino acid sequences of proteins are encoded in genes.
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Fig. 18 Amino acids bond together with peptide bonds to form long chains of
polypeptides. Illustration from NIH-NHGRI, 2011.

One or more polypeptides form the building blocks of proteins (Fig. 19). Proteins perform a

variety of roles in cells.
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Fig. 19 Polypeptides are combined and arranged
to form proteins. Illustration from NIH-NHGRI,
2011.

Primary protein structure is a sequence of a chain of amino acids.

Secondary protein structure occurs when the sequence of amino acids is linked by hydrogen
bonds.

Tertiary protein structure occurs when certain attractions are present between alpha helices

and pleated sheets.

Quaternary protein structure is a protein consisting of more than one amino acid chain

Types of Mutations

Classification of Mutations

Mutations can occur at all levels of genetic organization, ranging from simple base nucleotide
pair alterations to shifts and rearrangements in sequences of nucleotides along fragments of

chromosomes to changes in the number and structure of whole chromosomes.
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A mutation is a change from one hereditary state to another, e.g., allele A mutates to allele
a. For a given locus, the normal allele is referred to as the ‘wildtype’. Mutations are usually
recessive and therefore their effects are hidden in heterozygotes. There are a number of

common ways to classify mutations, including the following:

+ causal agent

« rate or frequency of occurrence

+ kind of tissue involved and its type of inheritance
+ impact on fitness or function, or

e molecular structure and scale of the mutation.

Spontaneous vs. Induced Mutations

Depending on the cause, mutations can be either spontaneous or induced:

+ Spontaneous mutations occur naturally with no intentional exposure to a mutagen.
Spontaneous mutations can result from copying errors made during cell division.

+ Induced mutations are caused by mutagens, either chemicals or radiation.

RARE VS. RECURRENT MUTATIONS

Recall from the module on Population Genetics, mutational events in a population can be

classified into two categories based on frequency of occurrence:

Rare mutations (also called non-recurrent mutations) are defined as those that occur
infrequently in populations. Rare mutations are usually recessive and occur in a heterozygous
condition so that their effect on the phenotype is not apparent. Rare mutations will usually be

lost from populations due to random genetic drift.

Recurrent mutations are defined as those that occur repeatedly and thus can possibly cause a
change in gene frequency in populations. For a given locus, the rate of allele A mutating to

allele a can be given as the frequency u per generation; a mutates to A at a rate v.

With the frequency of A symbolized as p and that of a symbolized as q, then at equilibrium, pu
=qv, or q = p/(u + v) (see the Equation below).

pu = qu
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Mutation Rates

Falconer and Mackay (1996) summarize the following key points about mutation rates and their

frequency in populations:

+ normal spontaneous mutations alone can produce only very slow changes of allele
frequency;

« mutation rates are generally quite low for most loci in most organisms, occurring about
10 t0 10°° per generation or, stated another way, about 1 in 100,000 to 1 in 1,000,000
gametes carry a newly mutated allele at any locus;

+ with respect to equilibrium in both directions (u and v) in natural populations, forward
mutation (from wildtype to mutant; u) is much more frequent than reverse mutation
(from mutant to wildtype; v); and

+ an equilibrium state known as the mutation-selection balance can maintain deleterious
alleles at low frequency; selection acts to eliminate deleterious recessive alleles, but very
slowly when the allele frequency is low; even if the elimination process of selection is

slow, an equilibrium occurs if mutation creates new copies of the deleterious allele.

Somatic vs. Germinal Mutations

Plants are multicellular organisms, but mutation typically starts from a single cell. There
are two broad categories of mutations that are classified according to the type of cell tissue

involved.

Somatic mutations occur in somatic tissue, which does not produce gametes. Somatic cells
divide by mitosis and therefore through that process, mutations can be passed on to daughter
cells. Somatic mutations may have no effect on the phenotype if their function is covered by
that of normal cells. However somatic cells that stimulate rapid cell division are the basis for
tumors in plants and animals. Somatic mutations usually occur as single events (typically in a
single cell) in multicellular organisms or organs that lead to chimera, which is a part of a plant
with a genetically different constitution as compared to other parts of the same plant. Somatic

mutations are not transmitted to progeny (Fig. 1).

Germinal or germ-line mutations occur in reproductive cells that produce gametes, and
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therefore can be passed on to future generations. Germ cells or gametes are formed by meiosis.
If a germinal mutation is inherited, then it can be carried in all of the somatic and germ-line

cells of the offspring (Fig. 1).

Normal progeny Somatic tissue Normal progeny

GErrnlnaI tISSLI-E

Mutant cell clone Mutant progeny

Fig. 1 Somatic vs. germinal mutations.

Effects of Mutation on Fitness or Function

Mutations can affect fitness in various ways and can therefore be classified based on their

effect on individual fitness:

» Deleterious mutations are those that are harmful and have a negative effect on
phenotype, decreasing the fitness of the individual.

+ Advantageous mutations are those that are beneficial and have a positive or desirable
effect on phenotype, increasing the fitness of the individual.

+ Neutral mutations have neither beneficial nor harmful effects.

+ Lethal mutationsare detrimental and lead to the death of the organism when present.
Mutations can also be classified by their effect on gene function:

+ Loss-of-function mutations either result in a gene product that has less function or one
that has no function. Phenotypes associated with loss-of-function mutations are usually
recessive. Many of the mutations that are associated with crop domestication from wild
progenitors involve loss-of-function alleles (Gepts 2002).

+ Gain-of-function mutations result in a gene product that has novel function. Altered
phenotypes associated with gain-of-function mutations are usually dominant. Many of
the changes in crop plants brought about by genetic engineering involve gain-of-function
mutations (Gepts 2002).
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However, it is important to underscore that not all mutations occur in genes or protein-coding

regions of the chromosome, nor do all mutations that do occur in genes lead to altered proteins.

Point vs. Chromosomal Mutations

Mutations are often divided into those that affect a single gene, termed a gene mutation—also
sometimes called a point mutation—and those that affect the structure of chromosomes, called
a chromosomal mutation. These latter two classes of mutations will be covered in more detail

after the concept of gene expression is introduced in the following section.

Point Mutation

Point or Gene Mutation

A point mutation is when a single base pair (or just a few) is altered (Fig. 2), an alteration at a
“micro” level. There are two general types of point mutations: substitutions or insertions and
deletions (the latter two are collectively called INDELS).

Micro Mutagenic event
DA :‘
Deletion Insartion Substitution
a P I ;
i L ; d,.
e T =

Fig. 2 Point mutations involve base pair deletions, insertions, or
substitutions. Illustration adapted from NIH-NHGRI, 2011.

Base pair substitutions involve an alteration of a single nucleotide in the DNA. A substitution

mutation can entail either a transition or a transversion:
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G— T
G=—=A G=—= C
W0—e0 — — O =
A— C
Purine Purine Purine Pyrimidine
T— A
| C— T | < I ] T— G
C—+ G
Pyrimidine Pyrimidine Pyrimidine Purine
Transition: purine replaced by a different purine or Transversion: purine replaced by a pyrimidine or
pyrimidine by a different pyrimidine pyrimidine by a purine

Missense Mutations

Some substitution mutations have no effect on the protein coded for. One reason is because of
the redundancy of the genetic code (recall that about one fourth of all base pair substitutions
code for the same amino acid; such mutations are termed silent mutations since there is no
change in amino acid that results from the substitution). Another reason for lack of effect is
that even if a change in amino acid occurs (termed missense mutation), it may have no actual
influence on the function of a protein (Fig. 3). Also any mutation located within a non-coding
region of the chromosome will not be translated into a protein. Lastly, an altered gene may be

masked by other normal copies of the gene present in the genome.

In certain cases, point mutations can have a significant effect—particularly when a
substitution produces a stop codon so that the alteration causes the protein synthesis to
halt before the protein is entirely translated, altering the entire structure. These are called

nonsense mutations (Fig. 3).
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Fig. 3 Missense mutations may or may not affect protein synthesis, whereas
nonsense mutations typically have a significant effect. Illustration from
NIH-NHGRI, 2011.

Frameshift Mutation

Base pair insertions and deletions are additions (INDELs) or losses of one to several nucleotide
pairs in a gene (Fig. 2). Mutations that are insertions and deletions tend to have a much greater
effect than do mutations that are base pair substitutions because they disrupt the normal
reading frame of trinucleotides. Recall that each group of three bases corresponds to one of
20 different amino acids used to build a protein. Mutations involving base pair insertions and
deletions are often therefore referred to as frameshift mutations. Under these circumstances

the DNA sequence following the mutation is read incorrectly (Fig. 4).
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Fig. 4 Frameshift mutation. [llustration from NIH-NHGRI, 2011.

Chromosomal Mutation

MUTATIONS INVOLVING CHROMOSOME SEGMENTS

Different cells of the same organism and different individuals of the same species generally
have the same number of chromosomes, and homologous chromosomes are typically uniform

in number and in the arrangement of genes along them. However, mutations can occur that

alter the number or structure of chromosomes.

Changes involving chromosomal rearrangements entail the following basic

duplications, insertions, inversions, substitutions, and translocations—alterations that

occur at a “macro” level (Fig. 5).

s
GACGGAUCAGCCGCAGRUACGA AUUGGEGULUUAAGGCGGAUGEGE 06

types: deletions,
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Fig. 5 Basic types of chromosomal mutation. Illustration by NIH-NHGRI,
2011.

Chromosomal deletions are when loss of a chromosome segment occurs.
Chromosomal duplications occur when a chromosome segment is present more than
once in a genome or along an individual chromosome. Mutations of this type can involve
duplication of chromosome fragments of either noncoding regions or genes that do code
for a protein or other gene product. Gene duplications have been important events in the
evolution of many crop plants, for example in cotton.Both chromosome deletions and
duplications generally result from unequal crossing over during meiosis, whereby one
gamete receives a chromosome with a duplicated segment or gene and the other gamete
receives a chromosome with a missing or “deleted” segment.

Chromosomal inversions happen when two breaks occur in a chromosome and the
broken segment turns 180°—reversing the orientation of the sequence—and then
reattaches. Such inverted segments may or may not involve the centromere (termed
pericentric inversion vs. paracentric inversion). A consequence of chromosomal
inversions is that they either prevent crossing over or if crossing over occurs, the
recombinants may be eliminated during meiosis. During meiosis, inverted chromosome
segments may form loops in order to pair with the same (non-inverted) sequence on
homologous chromosomes.

Chromosomal insertions (not pictured) and chromosomal substitutions are when gain
of an extra fragment of chromosome occurs.

Chromosomal translocations entail a change in the location of a chromosome segment.
Commonly translocations are reciprocal and thus result from exchange of segments

between two non-homologous chromosomes.
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Transpositions

Chromosome segments can also be translocated to a new location on the same chromosome
or to a different chromosome but without reciprocal exchange; both of the latter types of
mutations are termed transpositions. A transposon (also called a transposable element) is
a DNA element that can move from one location to another. These mobile DNA sequences
commonly occur in some genomes and can themselves cause other mutations to occur,

depending on where they “transpose”.

Discussion

Mutants and mutations are best known in the context of horror films. In the context of plant
breeding and more generally crop production, discuss the consequences of mutations—are

they good or bad? Which kinds of mutations are desirable and which ones are undesirable?

Sources of Variation

Sources of Genetic Variability

Plant breeding is dependent on differential phenotypic expression. Loci with only one allelic
variant (homozygosity) in a breeding population have no effect on the phenotypic variability.

Variation can be introduced to breeding populations by various methods:

+ hybridization and recombination by sexual reproduction within or between species or
populations

+ genetic transformation or genetic engineering using recombinant DNA methods

+ induced or spontaneous mutations and transposable elements (transposons)

+ chromosome manipulation via change in chromosome number and structure
(ploidization) [to be discussed in the module on Ploidy—Polyploidy, Aneuploidy,
Haploidy]

+ tissue or cell culture techniques [to be discussed in the module on Ploidy—Polyploidy,

Aneuploidy, Haploidy]
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CONCEPT OF CROP GENE POOLS

Plant germplasm is a term used to refer to an individual, group of individuals or a clone that
represents a genotype, population, or species. With reference to a given crop and its wild and
cultivated relatives, the concept of gene pool (all of the genes shared by individuals in a group
of interbreeding individuals) has been applied to categorize a broad range of plant genetic
resources according to the ease of gene transfer or gene flow to the particular crop species
(Harlan and de Wet 1971).

Gene Pools

Figure 6 depicts three main categories in the original scheme
outlined by J. R. Harlan and J.M.]. de Wet (1971) defined as:

+ primary gene pools (GP-1, consisting of biological species
that can be intercrossed easily without problems of fertility
in the progeny; including both cultivated varieties and wild

progenitors of the crop),

+ secondary gene pools (GP-2, consisting of more distant
relatives that can be intercrossed with difficulty and result

in diminished fertility in the hybrids and later generations;  Fig. 6 The modified “gene
pool concept”. Adapted from

including both cultivated and wild relatives of the crop), Harlan and de Wet. 1971

and
+ tertiary gene pools (GP-3, consisting of very distant relatives that can be hybridized with
the crop only with special techniques, e.g., embryo rescue, due to problems such as

sterility, lethality and other abnormalities),

With the addition of a fourth gene pool that contains synthetic variants and lines with nucleic
acid sequences that do not normally occur in nature. Methods of genetic engineering relevant

to this fourth gene pool category will be covered briefly in the next section of this module.
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Gene Pool Concept

(Harlan and de Wet 1971)

= All species that can be crossed with
GP-1 with at least some fertility in F,s

GP-1

Subspecies A:
cultivated varieties

BIOLOGICAL SPECIES

» Gene transfer possible but difficult
without special technigues

Subspecies B:
-\ wild or weedy relatives /'

* Hybrids with GP-1 anomalous,
Y GP-1

lethal or completely sterile

» Gene transfer not possible without
use of special techniques

GP-4

Genetic Engineering and Plant Transformation

Genetic engineering, also referred to as recombinant DNA or rDNA technology or gene
splicing, involves moving a DNA segment from one organism into another to ‘transform’
the recipient or host. Through a broad range of techniques encompassing biotechnology (for
example, gene manipulation, gene transfer, cloning of organisms), novel genetic diversity can
be generated that extends beyond species boundaries or can be designed and synthesized de
novo in molecular laboratories. Potentially, any gene from any species, as well as synthesized

segments, could be transferred into a plant using genetic engineering.

Gene transfer can be applied for a variety of objectives:

« Add different or new functions
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Alter existing traits—amplify, suppress, or prevent the expression of a gene already
present in the recipient’s genome
‘Tag’ and isolate genes in the recipient plant

Tool for basic gene regulation and developmental studies

Requirements for Gene Transfer

In order to efficiently generate transformants (plants that possess DNA introduced via

recombinant DNA technologies), the transformation system used must satisfy several

requirements.

Ability to get DNA into host cells in high concentration to increase the probability of
incorporation into the host genome

Incorporation into the host nucleus (or chloroplast if the objective is to minimize gene
flow by pollen or to produce a large quantity of therapeutic proteins)

Integration into host genome (or stabilization as an autonomous replicon—a plasmid or
minichromosome)

The introduced gene is expressed and translated properly

GENERAL STEPS

N ook w

Identification and isolation of a gene that confers a desired trait.

Introduce the gene into a suitable construct and carrier, such as plasmids or bacterial
vectors, for delivery into the host.

Introduce the DNA into the host.

Identify and select transformants.

Regenerate plants.

Assay for expression of the trait.

Test for normal sexual transmission, or asexual propagation, of the transferred gene.
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Construct and Carrier

The carrier that will deliver the DNA into the host should have certain features.

« Sites in which to insert passenger DNA sequences (gene of interest, plus a selectable
marker gene if the gene of interest does not allow for easy selection of transgenic plants).
+ Sequences to mediate integration into the host genome

+ Selectable marker gene for identification and selection of transformants

Usually, the DNA sequence to be transferred into the host is joined with other sequences to
facilitate transfer, incorporation, and expression of the gene. Here’s a generalized construct for a

T-DNA vector, a carrier derived from an Agrobacterium tumefaciens plasmid.

Introduce the DNA

Several methods are available to introduce the DNA into the host.

+ Vector-mediated transfer

» Direct DNA uptake—DNA cannot be taken directly into cells having a cell wall so
protoplast must be used.

+ Microinjection—DNA is injected directly into the host nucleus

» Acceleration of DNA—coated particles - particles are “shot” into the cell (particle

bombardment or gene gun)

Genetic transformation plays an important role in modern-day crop improvement. The first
transgenic plant was created in 1983. By 1996, there were already 1.7 million hectares of
genetically modified (GM) crops and this number increased 100-fold to 170 million by 2012
and is still increasing. The majority of the GM crops (soybean, corn, cotton, papaya, canola
and sugarbeet) were created by the use of Agrobacterium tumefaciens (vector-mediated transfer)
to resist either herbicides or insects. Herbicide-resistant crops greatly simplified weed
management where mechanization in agriculture is high. Insect-resistant crop plants produce
stable yields. The tremendous expansion of GM crop production, however, is not realized

without controversies. There is currently an intense public debate over the impact of GM crops
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on human and animal health. Besides health issues, other concerns surrounding GM crops are
whether they can create superweeds by crossing to related weeds, become invasive or cause

unintended harm to wildlife.

Bt Gene: Vector Constructs

Let’s follow the transfer of a Bt gene into a plant.

The Bt gene was identified and isolated from Bacillus thuringiensis, a bacterium. The gene
produces a protein that has toxic effects on Diptera (flies), Lepidoptera (butterflies and moths),
and Coleoptera (beetles) species. Soybean was transformed using Agrobacterium tumefaciens.
Two different T-DNA vector constructs carrying the Bt gene and one control construct were

tested for effectiveness in transforming soybean cells and expressing the Bt toxin (Fig. 7).

Intact Construct

j TN W - 1 o (haiched bive box) and B

genes (solid blue box) each have their own
promater and poly A sequences.

Fusion Construct

S g T o (ched o o)

genes (solid blue box) are fused and
regulated by a commaon promoter.,

I_-__I Control Constract

Only the marker gene is included,

Fig. 7 Two types of T-DNA vector constructs and control construct.

Bt Gene: Transformation

Leaf disks from soybean plants were infected and cultured on selective (+) and control ()
media—the selective medium was gradually enriched with an antibiotic (Fig. 8). At time 1, the
leaf disks were infected with the respective constructs. Conditions were used to promote callus

production and growth. At time 2, the plates were evaluated for calli formation.
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Fig. 8 Leaf disks infected and cultured to promote callus formation.

Transformed cells are able to develop into calli. These are selected and transferred to a medium

containing both antibiotics and growth regulators that promote the formation of shoots and
roots (Fig. 9).

Fig. 9 Transformed cells proliferate. Photo by Bronwyn
Frame, ISU Plant Transformation Facility.
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Bt Gene: Insect Resistance Evaluation

Plantlets are regenerated and transferred to pots containing sterilized soil. Nearly all of the
regenerated plants exhibited normal morphology and vigor. A few had chlorophyll
deficiencies— these were eliminated from the study. The remaining regenerated plants were
evaluated for insect resistance. An equal number of insect larvae are placed on each

regenerated plant; plants are isolated to prevent insects from moving among plants.

Fig. 10 Insect damaged soybean plant. Photo by Iowa Fig. 11 Healthy soybean plants. Photo licensed under
State University. public domain via Wikimedia Commons.

Bt Gene: Insect Resistance Data Analysis

After several days, the dead larvae on each plant are counted. Here are the data.

Table 1 Insecticidal activity as indicated by the number of plants exhibiting different levels of larvae
mortality. The total number of plants regenerated from each construct treatment was unequal.

No. of Plants Showing % Larvae Mortality

Gene Construct

<25% 25% - 50% 51% - 75% 76% - 100%
Intact 14 7 0 0
Fusion 2 6 2 20

Control 29 0 0 0
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Advantages and Disadvantages

Although recombinant DNA technologies have some problems, the technologies offer several
advantages.

Advantages Disadvantages

Characters can be transferred from divergent species

. . 1O Difficult to identify and isolate gene
without the limitation of sexual compatibility fy 8

Single gene or gene sets can be transferred into important
breeding lines without the deleterious effects of linked Insertion is random
genes.

Transferred character ordinarily exhibits dominant,

. . . Difficult to obtain proper expression
single-gene inheritance prop P

Still must screen at whole plant level
and under normal production
conditions

Expensive

Despite its limitations, plant transformation has additional advantages over conventional
breeding. Millions of cells, with regeneration capacity, can be screened for the desired trait in a
few weeks. A desired gene can be transferred without the necessity of generations of breeding
to move the trait from one line into another. Recombinant DNA technology can also be used to

place synthetic genes into plant genomes.

Insertion is Random

The insertion point of the transferred gene cannot be controlled. Plants contain an estimated
500,000 to 5,000,000 kilobases (kb) of DNA. The maize genome, for example, has more than
4,000,000 kb. Generally, transferred DNA involves relatively small amounts of DNA, on the order
of 10 kb, so the insertion ordinarily has little effect on chromosome pairing, recombination, or
mitosis. The incorporated gene may or may not affect other genes in the recipient genome,

depending on where it inserts.

+ Inanon-coding region—no effect on the recipient genome
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+ In a gene that occurs in multiple copies in the genome—the effect, if any, is usually not
detectable.

+ In a single-copy gene—inactivates or alters the expression of the single-copy gene.

Insertion into a single copy gene is rare. If it does insert into a single-copy gene, inactivation or
alteration of the expression of the disrupted gene may be undetected, or may cause favorable or

adverse results—albino and other chlorophyll deficiencies are common problems.

Dominant, Single-gene Inheritance

Why do these characters generally exhibit dominant, single-gene inheritance? Traits acquired
via gene transfer often add a function to the transformed plant. Because the transferred trait is
unique in the transformant’s genome, the transformant does not possess any contrasting alleles

for the character. Thus, its inheritance is expected to be dominant and as a single gene.

Gene transfer is also used to suppress or eliminate, or to amplify the expression of genes already

possessed by the host plant. These are also usually designed to behave as dominants.

Proper Expression

Expression involves many steps, all of which must occur properly to obtain the desired

phenotype. Expression must be appropriately regulated.

+ Generation of the gene’s product-requires proper transcription, mRNA processing, and
translation.

+ Location of expression must be in the appropriate plant part.

+ Timing of expression needs to occur at the right stage of the plant’s development.

« Amount needs to be at an effective level or extent of expression to generate the desired
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phenotype.

For Your Information

Table of Codons

Amino acids are the building blocks of polypeptides, proteins, and enzymes. The order of the
nucleotides on a strand of RNA, as transcribed from DNA, determines the order of amino acids
in a polypeptide. Each group of three consecutive nucleotides of the RNA codes for a particular
amino acid, or the beginning or end of the message. These triplets of nucleotides are called
codons (Fig. 20).

Amino_acids

Met The Asp Gin Pro Gin Als  Glu Leu Als Phe The Tyr  Asp Ala | Pro

MTHNA ——m o e ———— — — — — — — —
WA G GG A AL (5 JUN (3 J A G GALGL GG
| —

Codon

Fig. 20 A codon is a trinucleotide sequence of DNA or RNA that corresponds to a
specific amino acid. Illustration from NIH-NHGRI, 2011.

The genetic code, or instructions from a gene that direct the cell to make a specific protein, is
usually based on the messenger RNA (mRNA) sequence (Fig. 21). In mRNA, uracil (U), rather
than thymine (T), is the nucleotide base that complements adenine (A) on the DNA strand;
guanine (G) complements cytosine (C) in both DNA and RNA.
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RMA codon table

2r-dpn-phm fi"::-'-iﬂl'llrf.=
hrg:drginine
st 3rd A AT
i U | C | A | G [eoifronssrarone
i_-’l"IE‘ SE‘E' T'y'| (_,-'_‘,,I"B I-j Cys:Cystelne
U Phe | Ser Tyr | Cys | € |Gin:Glutamine
Leu | Ser | stop | stop | A [Glu:Gutamic acia
Leu | Ser | stop | Tip | G |P¥ovene
Leu Fro His Arg U lne:tsoleucine
Leu Pro HI9 Arg L. |Leu:Leucine
(C|Leu | Pro | GIn | Arg | A |isiysine
Leu Pro Gin ."r‘-rg G Met: Methionine
Fhe:Phenyialanine
lle Thr | Asn | Ser | U [pro:proline
A lle Thr | Asn | Ser | C |ser:serine
lle Thr l‘y"S J':"-.IRJ A | Thr:Threonine
Met Thr L"_-p”_% ."'-"Ll'g (5 |Trp:Tryptophane
o Tyr:Tyrosine
val | Ala | Asp | Gly | U |vat:vaiine
G Val Ala | Asp | Gly | C
Val | Ala | Glu | Gly | A
fal Ala Glu | Gly | &
Amino Acids

Fig. 21 Genetic code is based on the nucleotide sequence on the
mRNA. Illustration from NIH-NHGRI, 2011.

Here are some examples of codons:

+ A-A-A and A-A-G signal the amino acid lysine (Lys)

+ G-A-A and G-A-G code for glutamine (Gln)

+ A-U-G signals the start of a coding sequencing and codes for methionine (Met)
+ U-A-A, U-A-G, and U-G-A are stop codons.
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Gene
s LlULLLLLLLULLULUL e LU > rA
AUGCUCGGAUACCGUCAU GUGUGCAGGCAUUCALAA
LI_I
Start Codon
Stop Codons
uAA
UAG
UGA

Fig. 22 Stop codons signal a halt to protein synthesis. Illustration from
NIH-NHGRI, 2011.

Of the 64 possible combinations of three bases, 61 specify an amino acid, while the remaining
three combinations are stop codons, or trinucleotide sequences that indicate the end of the
message, terminate translation of that mRNA section, and signal a “stop” to protein synthesis
(Fig. 22).

The portion of a DNA molecule that, when translated into amino acids, contains no stop codons
is referred to as an open reading frame (Fig. 23).

open reading frame -ﬁMi%ids

| Z7NS -
Mat Thr Asp! Gin | Pro | Gin ! Ala | Gl Leu’ Ala Pha Thr Tyr Asp  Ala | Pro Stop

AUGACGGALCAGCCGCAAGCGGAAUUGGOGUUUACGUACGAUGCOGCCG ™ |UAA
Codon

Sanse strand (Coding strand)

ATGACGGATCAGCCGCAAGCGGAATTEEOGT TTACGTACGATGCGCCG

o | ||| [[[[[LETFTTTTTILEEPTETEEEEEEEEFETTTTTN

TACTGCCTAGTCGGCGTTCGCCTTAACCGCAAATGCATGCTACGCGGC
Antisense strand (Non-coding strand)

Fig. 23 An open reading frame is a fragment of DNA that when translated contains
no stop codons. Illustration from NIH-NHGRI, 2011.
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Chapter 10: Ploidy: Polyploidy, Aneuploidy,
and Haploidy

Deborah Muenchrath; Arden Campbell; Laura Merrick; Thomas Liibberstedt; and
Shui-Zhang Fei

Introduction

Not all plant species are diploids. In fact, 75% of all angiosperms are polyploids, which are
characterized by having more than two sets of chromosomes in their somatic cells. About
70% of undomesticated grasses and 25% of legumes are polyploids. Among domesticated crop
species in general, 75% have been found to be polyploid, with roughly similar percentages
found for both annual and perennial species. Major crops, such as wheat, alfalfa, potato, cotton,
and sugarcane, are polyploids. There are also plants that do not possess complete sets of
chromosomes. Aneuploids have abnormal numbers of chromosomes and vary by the addition
or deletion of specific individual chromosomes that otherwise would be present in the normal
crop genome. Ploidy reduction produces haploids, which have only a single set of homologous
chromosomes instead of the pair found in their diploid counterparts. Haploid plants are very

valuable in certain breeding applications.

The number of chromosome sets possessed by a crop influences its genetics and thus, the
strategies applied for its improvement. Plant breeders can alter chromosome numbers to

modify and exploit genetic variability.

Learning Objectives

+ Identify types and characteristics of polyploidy, aneuploidy, and haploidy.

+ Understand how plants that vary in ploidy level occur naturally or are created artificially.

» Become familiar with the genetic behavior of polyploids, Aneuploids, haploids, and
implications of changes in chromosome number for reproduction and productivity.

+ Learn about the strengths and weaknesses of variation in ploidy level in plant breeding
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and genetic applications.

+ Explore tissue and cell culture methods and their applications.

Concepts for Polyploidy

Ploidy

Polyploidy can be rather complex. The terminology and symbols used in connection with
polyploidy communicate much information—understanding these will help clarify and

simplify an otherwise complex topic.

+ Ploidy refers to the number of chromosome sets in a cell. Prefixes are used to specify the
number of chromosome sets in a particular organism. The symbol x is used to indicate
the number of chromosomes in a set. Monoploids have one set (1x) and diploids have two

sets (2x) of chromosomes, and so forth.

Table 1 Corresponding number of chromosomes
sets to ploidy level.

Ploidy Level gll::l(:lr)lf(fsz{ne Sets
Monoploid Ix
Diploid 2x
Triploid 3x
Tetraploid 4x
Pentaploid 5X
Hexaploid 6x
Heptaploid 7x
Octoploid 8x
Nonaploid 9x
Decaploid 10x




276 | CHAPTER 10: PLOIDY: POLYPLOIDY, ANEUPLOIDY, AND HAPLOIDY

Polyploid

+ Polyploid is a general term indicating multiple (more than two) sets of chromosomes.
+ Genome is a set of chromosomes that is inherited together, assuming normal meiosis and
mitosis. Each genome is composed of the basic chromosome number, x, and each kind of

chromosome is represented only once in each set.

Several symbols are used as shorthand to convey additional information about the chromosome

constitution of the species or individual.
+ n — indicates the haploid or gametic chromosome number of the species. (Note: n does
not tell anything about the number of chromosome sets).

+ 2n — denotes the diploid or somatic number of the species.

« x — indicates the basic number of chromosomes in each set or genome.

Gametic (haploid) number Somatic number
n=2x==6 m=4x=12

h) n
Ui

= » 4 Genomes
Tetraploid (4x) * Basic chromosome number, x=3

Fig. 1 (Source: NIH-NHGRI)

For example, a tetraploid, 4x, has 4 genomes or sets of chromosomes. The number of
chromosomes in its somatic cells is 2n = 4x, and the number in its gametes is n = 2x. In this
illustration, let three be the basic chromosome number, so x = 3. This means that each genome

or chromosome set consists of 3 chromosomes.
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Types of Polyploidy

Euploidy

There are two general types of ploidy, which include plants that have either one or more
complete sets of chromosomes present in their genome (euploids) or those that have partial
sets due to the absence of at least one of their individual chromosomes or presence of at least

one extra one (aneuploids):

Euploidy refers to the number of chromosome sets in a cell. Prefixes are used to specify the
number of chromosome sets in a particular organism. The symbol x is used to indicate the
number of chromosomes in a set. Monoploids have one set (1x) and diploids have two sets (2x)

of chromosomes, and so forth.

« Haploidy—individual with half (n=x) of the somatic cell chromosome number.

+ Diploidy—individual with two sets of the basic, complete genome (2n=2x).

+ Polyploidy—individual with more than two basic, complete sets of chromosomes in its
somatic cells. Among polyploids, there are two main types:

o Autoploidy—individual has more than two complete chromosome sets from a single
genome. Also known as autopolyploidy.

o Alloploidy—individual has two or more genomes contributed from different parental
species in their ancestral lineage. Also known as allopolyploidy. Most naturally
occurring polyploids are alloploids. Amphidiploids (also called amphiploids) are
allotetraploids that contain two sets of genomes from each of two different parents.

Amphidiploids are so-called because they behave like diploids during meiosis.

Autoploidy

Autoploids commonly occur as a result of duplication of the genome(s) of a single species, thus,
the genomes possessed by an autoploid are identical. An autotetraploid (4x) has four sets of
the same genome, e.g., four sets of the A genome (AAAA). The following are characteristics

associated with autoploids:

+ Greater ability to colonize new habitats than diploid ancestors—Due to gene buffering,
autoploids often show a slower response to selection, but more adaptive potential.

» Dosage effect of gene expression—Additive effect of the alleles increases the number of
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phenotypes. There is a linear relationship between gene expression and number of gene
copies.

+ Larger cells and nuclei compared to their respective diploid counterparts—Because of
the greater cell size, autoploids tend to have greater vegetative growth and produce larger
structures. This feature has been utilized by breeders to increase yield of crops harvested
for their vegetative structures.

+ Reduced fertility—Abnormalities in meiosis may interfere with chromosome pairing,
resulting in unbalanced chromosomal distribution between daughter cells, and thus,
nonviable gametes. Gametes possessing an extra chromosome or missing a chromosome
(i.e., aneuploids) are usually nonviable. This feature is utilized by breeders to develop

seedless crops such as seedless watermelon.

Alloploidy

Alloploids arise when the genomes of two or more unrelated species are combined in a single

individual.

Several characteristics are associated with alloploidy:

+ Broadened genetic base. Alloploids (also known as amphiploids) behave like diploids and
result in new species.

» Increased allele diversity and heterozygousity—Increase in possible allele combinations
can provide expanded opportunities for breeding.

+ Novel phenotypic variation—Genome interactions and changes in gene expression can
occur in newly synthesized alloploids. Such gene changes can include transfer of
sequences between genomes and gene conversion, loss, or silencing.

+ Sterile unless genomes are doubled and chromosomes pair correctly. Chromosome
doubling also occurs spontaneously in nature, mainly through the fusion of unreduced
gametes.

Alloploidy has impacted the evolution of some major crops, such as wheat, cotton, tobacco,
and various Brassicas (mustards). Information about the ploidy relationships between certain
species has improved our understanding of the genetic origin of polyploid crops and facilitated

their improvement.

In addition to identifying the genetic origin of a crop, genes, as well as whole genomes, can



CHAPTER 10: PLOIDY: POLYPLOIDY, ANEUPLOIDY, AND HAPLOIDY | 279

be transferred among related species to obtain novel genotypes and to combine the favorable

qualities of different species as is demonstrated in the creation of Triticale.
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Colchicine

Colchicine is a chemical that is commonly used to artificially double chromosomes. Colchicine
is a toxic natural product that is found in the bulbs of autumn crocus (Colchicum autumnale). It is
used as a medicine to treat the human disease gout, but it is also used to induce polyploidy in
plants. Originally it was extracted from crocus bulbs, but is now also manufactured
synthetically. When plant seeds or meristem tissues (apical tip, shoots, or suckers) are soaked in

colchicine, it makes the cell walls permeable and prevents normal chromosome division.

Colchicine functions as a disruptor of mitosis by inhibiting microtubule formation, thus
preventing normal chromosome segregation to occur. After seed treatment with the chemical,
half the gametes resulting from meiosis contain no chromosomes, while the other half contains
diploid instead of the normal haploid number. This disruption leads to embryos with double the
usual number of chromosomes. Colchicine is used to make infertile hybrids or haploid plants
fertile by restoring doubled chromosomes. The latter plants are known as doubled haploids. An

example of the former is development of hexaploid and octaploid triticale.

Colchicine is also used in the study of karyotypes, which refer to the chromosome constitution
of the cell (specifically, the number and morphological appearance of chromosomes in the
nucleus). In order to observe chromosomes under a light microscope, cells are treated with the
chemical near the middle of mitosis during metaphase—a point in the cell cycle when
chromosomes are most dense and therefore most visible. Colchicine treatment arrests these

chromosomes by preventing the formation of the spindle microtubules.
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Wheat

Wheat is an example of a crop whose origin has been extensively studied and is a classic
example of a polyploid crop that evolved through the combination of genomes from related
species. Wheat has three sets of chromosomes, designated as A, B, and D. Each of these sets

contributes 7 chromosomes.

Unknows
In=2x=14 T, tureidusm
iBE) tetraploid wheat
T HaABE)
Hii
x HIHH “HHHHHH T. gestivitti
P ’HHH{ HHH hexaploid wheat
Y o i B Au
N Ll B
vy P S B
Triticum HHH{
OROCOCCU dx =21
In=2x= AB = e — 47
diploid species - tz ) 14 ( ) Eﬂ;g}ﬁ-dﬁ
T. tauscii
Fig. 2

. wheat = AABBDD
e 1A, 2A, .., 7A;
. 1B, 2B, .., 7B;
. 1D, 2D, .., 7D.
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Brassica Evolution—Triangle of U

The “Triangle of U” is a theory that the genomes of three ancestral species of Brassica combined

through interspecific hybridization. Brassica species include both vegetable and oilseed crops,

such as cabbage, broccoli, rapeseed, and various mustards.

The original theory was developed by Woo Jang-choon, a Korean botanist who published under

the Japanese name Nagaharu U. He made artificial hybrids between closely related, but distinct

diploid and polyploid species and examined how chromosomes paired in the progeny. Woo’s

theory was later confirmed by examination of DNA from the group of related Brassica species.

The different colors in the chromosomes
depicted here represent the three ancestral

genomes:
Genomes of three diploid species

AA: 2n = 2x = 20—Brassica rapa (syn. Brassica

campestris) - turnip, Chinese cabbage

BB: 2n = 2x = 16—Brassica nigra - Black

mustard

CC: 2n = 2x = 18—Brassica oleracea — cabbage,

kale, broccoli, Brussel sprouts, cauliflower

AABB: 2n = 4x = 36—Brassica juncea—Indian

mustard

AACC: 2n = 4x = 38—Brassica

napus—Rapeseed, rutabaga

Brassica nigra

?_@i\(

Brassica carinata / \ Brassica juncea

n=17 n18
%-

%\#ﬂ_ n=10

Brassica o-’eracea Brassica rapa
Brassica napus
Fig. 3 The “Triangle of U”: evolution and
relationships among Brassica species. Adapted from
U, 1935.

BBCC: 2n = 4x = 34—Brassica carinata—Ethiopian mustard

Autoploids and Alloploids

Many important crops are naturally occurring polyploids—either autoploids or alloploids.

Letters are often used to indicate to the different source species that have been identified as
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contributors to crop genomes. However the same letter does not denote the same genome
unless the species are closely related evolutionarily. For example, tall fescue (an alloploid) and
perennial ryegrass (a diploid) both share the L genome in common. Pima and Upland cotton
(both alloploids) share A and D genomes in common, but only share the A genome with two

other cultivated cottons, Levant and Tree cotton (both diploids).

Other polyploid crops include sugarcane, yam, white potato, orchardgrass, highbush blueberry,
persimmon, basil, nutmeg, and some types of asparagus and celery. Many horticultural species
of flowers and ornamentals are polyploids. Some of these polyploids occur naturally and
others were manipulated into polyploids through plant breeding efforts. Two examples of
artificially created alloploids that are produced commercially include the cereal grain triticale
(Tritcosecale) and the vegetable crop known as radicole (Raphanobrassica). Both were developed
by intergeneric hybridization among closely related crop genera: wheat-rye and radish-cabbage

(or radish plus other Brassicas).

Recent studies involving molecular techniques have revealed that many diploid crops with high
chromosome numbers (2n>18-20) are actually paleopolyploids—plants whose genomes result
from ancient genome duplications that occurred at least several million years ago. Known
paleopolyploids of either alloploid or autoploid origins include such crop species as soybean,

squash, maize, and lettuce.

Diploidization

In a process known as diploidization over time polyploid genomes may return to diploid
status, although certain genes may be retained in multiple copies. Conversely, the term
polyploidization refers to cycles of hybridization and chromosome doubling that result in

either allopolyploids or autopolyploids.
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Table 2 Examples of naturally-occurring euploid crops.

Crop Type Diploid or Polyploid Genome (I;oidy
African rice Diploid AN 2x
Asian rice Diploid AA 2x
Bread wheat Alloploid AABBDD 6x
Durum wheat Alloploid AABB 4x
Rye Diploid RR 2x
Oats Alloploid AACCDD 6x
Cauiflower, Bruseel sprouts | DiPloid ce 2
Turnip, Chinese cabbage Diploid AA 2x
Rapeseed, Rutabaga Alloploid AACC 4x
Black Mustard Diploid BB 2x
Brown Mustard Alloploid AABB 4x
Ethopian Mustard Alloploid BBCC 4x
Radish Diploid RR 2x
Radicole Alloploid RRCC, RRAA 4x
Sweet potato Autoploid BBBB, BBBBBB 4x, 6x
Pima cotton Alloploid AADD 4x
Tree cotton Diploid AADD 4x
Upland cotton Alloploid AADD 4x
Levant cotton Diploid AA 2%
Safflower Diploid BB 2x
Alfalfa Autoploid SSSS 4x
Bermuda grass Diploid, Autoploid AA, AAAA 2%, 4x
Tall fescue Alloploid PPLLXX 6x
Perenial rye grass Diploid LL 2x
Timothy Alloploid AAAABB 6x
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Crop Type Diploid or Polyploid Genome (I;oidy
Banana Diploid, Alloploid, AAA, AAA, ABB, AB, .
Autoploid AAAB, AABB, ABBB

Plum, European Alloploid CCSSSS 6x

Coffee Alloploid AABB 4x

Tobacco Alloploid SSTT 4x
Table 3 Examples of artificially developed alloploid crops.

Crop Type Hybrid or Parent | Genome

Triticale Intergeneric hybrid | AABBRR, AABBDDRR

Bread wheat Parental species AABBDD

Durum wheat Parental species AABB

Rye Parental species RR

Radicole Intergeneric hybrid | RRCC, RRAA

Broccoli, Cabbage, Kale, Cauliflower, Brussel sprouts | Parental species CC

Turnip, Chinese cabbage Parental species AA

Turnip, Chinese cabbage Parental species RR

Aneuploidy

Aneuploidy — organism has a partial set of chromosomes due to addition or deletion of

specific chromosome(s). or one or more chromosome sets. It is a state in which the number of

chromosomes is not an exact multiple of the haploid number.

There are numerous possible kinds of aneuploidy.
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Types of Aneuploids

Aneuploids are described relative to the euploid condition. The general genomic formula for
aneuploids is somatic chromosome number plus or minus the number of extra or missing
chromosomes relative to the euploid somatic number: 2n + one or more chromosomes. The
following table describes the classification system used for aneuploids which includes not only
the addition or absence of individual chromosomes (as described in the table below), but also

includes the presence or absence of chromosomes characterized by partial rearrangements.

Kind of Aneuploid | Genomic Formula | Interpretation Relative to Euploid Condition
Nullisomic 2n - 2 Euploid minus one pair of chromosomes
Monosomic 2n -1 Euploid minus one chromosome

Trisomic 2n +1 Euploid plus one chromosome

Tetrasomic 2n + 2 Euploid plus one pair of chromosomes

How has aneuploidy been useful in plant breeding? Breeders and geneticists use aneuploids as a

tool to

+ identify the chromosomal location of specific genes, or

+ substitute a particular chromosome into a genotype.

Chromosome transfer or substitution provides an efficient method to transfer specific
characters without accompanying adverse traits. It also facilitates chromosome transfer from
alien species, enabling the recipient population to acquire genes that are unavailable within its

own gene pool. Aneuploids can be used to increase genetic diversity.
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Induction of Polyploids, Aneuploids, and Haploids

Natural Induction of Polyploids

Polyploidy occurs spontaneously in nature. There are two mechanisms for natural induction of

polyploidy.

1. Unreduced gametes—When the chromosome number fails to be reduced during meiosis,
unreduced gametes result and can produce polyploids if the unreduced gamete is

successfully fused with reduced or unreduced gametes of the opposite sex.

Table 4

Female Male .
Gamete X Gamete = Resulting Zygote
n (reduced) n (reduced) 2n (normal)
2n (unreduced) | n (reduced) 2n + n (1 additional set of chromosomes from female)
n (reduced) 2n n + 2n (1 additional set of chromosomes from male)

(unreduced)

2n 2n + 2n (2 additional sets of chromosomes, with 1 additional set from

2n (unreduced) (unreduced) | each parent)

2. Somatic chromosome doubling—Normal gamete fusion occurs but the chromosomes
spontaneously double in the zygote or other somatic tissue. Such chromosome doubling

is rare.

Ordinarily, conventional crosses between parents having different genomes (referred to as a

“wide cross”) are unsuccessful. Their offspring usually exhibit:

+ Reduced fertility as a result of problems in chromosome pairing during cell division.
+ Reduced seed set.
» Reduced viability associated with genomic instability, especially in those with an odd

number of chromosome sets (e.g., triploids, pentaploids).

Chromosome doubling generally restores or improves genetic stability, viability and fertility.
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Artificial Induction of Polyploids

Polyploidy can also be induced artificially. Chemicals such as colchicine or environmental
shocks can be used to disrupt normal chromosome division and induce polyploidy.
Meristematic tissues are especially susceptible to such disruptions.

Induction of Aneuploids

Aneuploidy occurs during cell division when chromosomes do not segregate properly into
daughter cells. When meiosis occurs, germ cells divide to create male and female gametes,
typically with each sperm and egg ending up with the same number of chromosomes. However,
when nondisjunction occurs, an extra copy may end up in one gamete and the other may not
have any copies. In animals, aneuploidy is usually fatal. Plants can tolerate higher levels of

aneuploidy, but aneuploidy female gametes are typically more viable than male gametes.

Triticale

Triticale is a combination of wheat and rye. Efforts to mate these two crops began in 1888. Why

was triticale developed? Triticale (Triticosecale) merges the desirable qualities of wheat and rye.

+ Wheat possesses favorable flour and baking qualities and flavor.

+ Rye contributes to improved vigor. Rye is winter hardy, adaptable to poorer soils and

growing conditions, and resistant to some diseases.

Hexaploid triticale was created by combining the genomes of a tetraploid wheat (Triticum
turgidum) with rye (Secale cereale). Rye is diploid. In this schematic, the wheat genomes are
represented as A and B and the rye genome by R.
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(tetraploid) x Rye
(2Zn = 4x = 28) (2Zn = 2x = 14)
AABB X
F AB (chromosome = 21)

l (chromosome doubling)

AABB 2n = 6x = 42 (hexaploid)

Octaploid triticale was formed through combination of hexaploid wheat (Triticum aestivum) and

rye. The additional wheat genomes are represented by D in this illustration.

(hexaploid) x Rye
(Zn = 6x = 42) (2n = 2x = 14)
AABB X
F AB (chromosome = 28)

l (chromosome doubling)

AABB 2n = 8x = 56 (octaploid)

In the development of hexaploid and octaploid triticale, colchicine was used to double the
chromosome number in the newly synthesized interspecific hybrids. Duplication of the genome
resulted in restored fertility due to normal pairing of chromosomes in meiosis. With subsequent
breeding, triticale was further improved. Today it resembles wheat, except that it has more

vigorous growth and produces larger spikes and kernels.
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Induction of Haploids

Spontaneous haploid plants occur at low
frequency in many species. In maize, for
example, it occurs in the order of less than
1:1000. Haploid plants are of great interest in
plant breeding, because genome doubling of
haploids by chemical treatment (e.g., by use
of colchicine) is possible, which leads to
doubled haploid (DH) plants and lines, in
which all loci are homozygous. Thus the
development of inbred lines can be achieved
in a much shorter time than by continued
self-pollination starting from a heterozygous
plant. To efficiently use DH lines, the
spontaneous rates of haploid induction are
not sufficient. Thus, procedures have been

developed to induce haploidy.

Generally, haploids can be:

» maternal (based on the egg cell)

« paternal (based on microspores / pollen)

Moreover, haploids can be induced by using:

Pollination with

Hordeum
bulbosum
Anther
culture
Hordeum
vulgare
{heterozygous) Embryo
" culture
¥

Regeneration

Y r

i—\)—B

[
Colchicine
treatment

Colchicine
freatment

H. vulgare
(homozygous)

Fig. 5 Development of doubled haploids in barley.

+ Tissue culture techniques, such as anther or pollen culture.

« Invivo pollination techniques.

In maize, inducer genotypes are available for both paternal and maternal haploids. Current

maternal inducer genotypes, when used as pollinator, result in 10% haploid offspring on the

female parent. Respective inducer genotypes are available in other crops such as barley and

potato. For some crops, other species are used as inducer. In case of wheat, for example, maize

is used for induction of haploids.
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Genetics of Polyploidy

Genetic Concepts

Polyploid genetics—especially autoploid genetics—is often more complicated than diploid
genetics because genetic ratios are more complex. The inheritance of quantitative characters
in polyploids is even more complicated. Before examining the complexity of polyploid genetics,

let’s become familiar with terminology and associated principles.

+ homoeologous chromosomes = corresponding chromosomes originating from different

but similar genomes. Do not confuse homoeologous chromosomes with homologous

chromosomes.
Feature Homoeologous Homologous
Synapse of pair during the first Sometimes, but only at homologous or partially Yes
division of meiosis? homologous regions
Have corresponding loci? Sometimes Yes
Derived from same genome? No Yes
Valency

+ Valency = the number of homologous or partially homologous chromosomes that
associate or pair during meiosis. A prefix is added to indicate the number of

chromosomes that associate. Here are some examples.



292 | CHAPTER 10: PLOIDY: POLYPLOIDY, ANEUPLOIDY, AND HAPLOIDY

Table 5 Valency levels and corresponding number of
meiotically-paired chromosomes.

Valency Number of Meiotically Paired Chromosomes
Univalent Single

Bivalent 2

Trivalent 3

Quadrivalent | 4

Pentavalent | 5

Hexavalent 6

Polyploid genotypes can be defined by the

« number of dominant alleles at a locus, or

« number of different alleles at a locus.

Chromosomes

In each of the following examples, note the valency during meiosis and the chromosome
constitution of the gametes. Think about what happens when these gametes fuse with normal

or other abnormal gametes.
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Example 1: Diploid

Gametes, Fertile

Mother cell
(2n)

Meiosis | Meiosis

Fig. 6 Source: NIH-NHGRI

If meiosis proceeds normally, each resulting gamete will receive a full complement of

chromosomes and be fertile. In this diploid, assume x = 3, n = 3, and 2n = 2x = 6.

Chromosomes form bivalents during meiosis I. One chromosome of each homologous pair
migrates to a pole during anaphase I, resulting in a complete chromosome complement in
each of two nuclei at the beginning of meiosis II. At anaphase II, sister chromatids separate

resulting in a complete chromosome complement in each gamete—gametes are fertile.



294 | CHAPTER 10: PLOIDY: POLYPLOIDY, ANEUPLOIDY, AND HAPLOIDY

Example 2: Autotetraploid

bivalent ——-\A ‘% . ‘l* {{
e AR Wy

AR

Extra purple
missing a gold
chromosome

118
i
!

XA X LY LT
univalent — _<
Mot e T ;

X XK -

Gametes,
low fertilit

e >
"-"—'ﬂ;‘_:q:_—

ot o el

s £E
cad
EPE
= = D
Y835
E

Meiosis | Meiosis Il

Fig. 7 Source: NIH-NHGRI

Normal synapsis in autotetraploids is as quadrivalents, e.g., homologues from all four genomes
synapse. Normal first division separation is that bivalents go to each pole, and thus each
gamete contains 2x. Random associations of bivalents can also occur. If homologous or
partially homologous chromosomes fail to pair properly or fail to disjoin properly during
meiosis, there is more likely to be unbalanced distribution of chromosomes to the daughter
cells—some gametes will receive an extra chromosome and others will lack a chromosome,
usually resulting in non-viable gametes. Thus, fertility is reduced. Reduced fertility is more
common in autoploids than alloploids. Inheritance in autoploids is known as polysomic
inheritance (or tetrasomic inheritance specifically in autotetraploids) and does not follow

typical Mendelian patterns.

In this autotetraploid, let x =4, n = 8, and 2n = 4x = 16.
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Example 3: Allotetraploid.
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Fig. 8 Source: NIH-NHGRI

Alloploids generally have greater fertility than do autoploids. The formation of bivalents

during meiosis contributes to greater fertility. Assume this allotetraploid has x = 4, n = 8, and
2n =4x =16.

Alloploid genetics is complex, too, but usually less so than in autoploids. The formation
of bivalents in alloploids contributes to their less complex genetics. In addition, bivalency
tends to result in disomic inheritance patterns, where two alleles segregate at a locus. Such
inheritance of each individual duplicated loci follows typical Mendelian patterns. Thus, the
genetic ratios of alloploids more closely resemble those commonly observed in diploids and it’s
the reason why alloploids are often called amphiploids.

Alloploids that are derived from divergent progenitors exhibit disomic inheritance and are
sometimes called genomic alloploids. Segmental alloploids are derived from partially divergent

progenitors and typically exhibit mixed inheritance, consisting of both disomic and polysomic
inheritance.

Number of Dominant Alleles

The terms used to describe polyploid genotypes encode much information. Let’s define
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genotypes by the number of times a dominant (A) or recessive (a) allele is present at a particular
locus. The most basic genotype is a nulliplex. A nulliplex is a polyploid in which all

chromosomes of one homologous type carry the same recessive allele for the particular gene.

Table 6 Nulliplex genotypes for a single locus at different ploidy levels.

Ploidy Level Genotype
Diploid aa
Triploid aaa
Tetraploid aaaa
Octaploid aaaaaaaa

Other genotypes have at least one dominant allele. The number of dominant alleles is indicated
by the term’s prefix. Let’s look at one locus of an autotetraploid as an example. There are five

possible genotypes.

Table 7 Genotypes for a single locus of an autotetraploid.

Term Genotype
Nulliplex aaaa
Simplex Aaaa
Duplex AAaa
Triplex AAAa
Quadruplex AAAA

If there is complete dominance, then all of the genotypes except the nulliplex will have the
dominant phenotype. Only the nulliplex will exhibit the recessive phenotype. The presence of
a dominant allele(s) can mask the presence of recessive alleles. The low frequency of recessive
phenotypes necessitates the screening of larger populations in order to detect the presence of

recessive alleles.

If there is partial dominance, the phenotypic ratios are very complex. Genetic linkages are
extremely difficult to determine. It may even be difficult to identify autotetraploids as such

because of intra- and interallelic interactions.
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Number of Different Alleles

Let’s again use an autotetraploid and consider all the possible genotypes when there are four
different alleles at a particular locus. We'll designate these alleles as aq, a,, a3, and a4 (in this
case, however, the use of small letters does not indicate recessive). An individual with all four
different alleles present is called a “tetragenic.” Again, the terminology tells us much about the

genetic composition.

Table 8 Autotetraploid genotypes with four possible alleles at one locus.

Term Examples of Genotypes Description
. aqaqaqaq, aganagasy, azazasa
Nulliplex 191919, 92929292, 93939393 | Only one allele present
4343434
Simplex 41212129, 21298939, 23272121, | One allele present in three copies with another allele
P aqa4a48y, etc. present in one copy
aqaqagay, a1a1a3as, dgdgaya . .
Duplex e%cl 292 S1919393) “2294%4 | Two alleles, each present in two copies
Tricenic 41212923, a9a9a3ay, a1a9a9ay, | One allele present in two copies and two different alleles
8 etc. present in one each copy
Tetragenic | ajajasay Four different alleles present

Autoploid Genetics

Now let’s take a closer look at why autoploid genetics is more complex than diploid genetics.

Multiple alleles, partial dominance, additive effects, and epistasis make the inheritance in
autoploids more complex and linkage relationships “impossible” to decipher. Multi-allelism

also affects the response to breeding procedure.

FURTHER THOUGHT

Many species of crop plants, as well as non-crop plants, are polyploids. Discuss the effects of

polyploidy on plants and why this phenomenon is so prevalent.
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Autotetraploid Genetics

Chromosomes assort independently in polyploids, just as they do in diploids. In addition,
crossing-over can occur between homologous or partially homologous chromosomes. The
higher the ploidy level, the more complex the genetics—the greater the number of
chromosomes, the greater the number of possible combinations and genotypes that can be
produced.

In an autoploid, the number of possible alleles is equal to the ploidy level. Thus, the higher
the ploidy level, the greater the possible number of alleles for a given locus. Homologous
chromosomes can each carry a different allele at a given locus. Recall that chromatids are
the two strands comprising a duplicated chromosome that is still joined at the centromere.
When the centromere divides—during anaphase of mitosis or anaphase II of meiosis—then
chromatids separate and then are called chromosomes. Since chromosomes and chromatids

assort randomly, the inheritance patterns are complicated.

Let’s examine the case of an autotetraploid. In this case, assume

« two alleles at the locus of interest: the “A” allele confers complete dominance and the “a”
allele is recessive; and

+ aduplex (AAaa) genotype.

Plants are self-pollinated and the segregation ratios of the progeny can be determined.

Follow the assortment of chromosomes through meiosis to determine the allelic composition

of the resulting gametes.

Random Chromosome Assortment

Chromosome inheritance; two alleles, dominance, duplex (AAaa)
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Gametes are all diploid in the genotypic ratio of 4 AA : 16 Aa : 4 aa = 1 AA : 4 Aa : 1 aa, or phenotypic ratio of 5 A_ : 1aa.

Adaa ©

l

Offspring are in the phenotypic ration of 35 A _ _ _ : 1 aaaa

O®
o®

What happens when recombination occurs between the gene and the centromere? Let’s follow
the random assortment of the chromatids through meiosis and find out the type of gametes

produced.
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Random Chromatid Assortment
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Conclusions

1. Genetic segregation is more complex in autopolyploids compared to diploids.
Homozygous recessive genotypes are more rare in autopolyploids than in diploids. Thus,
if breeders intend to fix a particular allele, larger populations are required.

2. There are different models describing genetic segregation in autopolyploids. Two
extreme models have been mentioned above: chromosome and chromatid segregation. As
shown for the duplex case AAaa, both models lead to different segregation rates, with
homozygous recessives occurring at frequencies of 1/36 (chromosome segregation) and 1/
22 (chromatid segregation). Which of these models is more accurate for a given gene,
depends on the distance between this gene and the centromere. The larger the genetic

distance, the more likely chromatid segregate independently.
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Plant Cell and Tissue Culture

Plant cell and tissue culture methods enable plant breeders to obtain whole plants from
somatic or haploid cells or tissues without sexual reproduction. Such methods are beneficial for
handling plant material with variation in ploidy that may be otherwise difficult to reproduce.

These methods take advantage of the totipotency of cells to generate plants.

Under special conditions, cells and tissues extracted from a donor plant can be induced to
produce undifferentiated, unorganized cells that are totipotent. Totipotent cells possess all
of the genetic information and capabilities needed to produce a whole organism. Because
undifferentiated cells have not yet embarked on a developmental track to become a specific
tissue or organ, their fate remains undetermined. These totipotent cells can be propagated in

vitro and coaxed into developing roots and shoots, ultimately forming a whole plant.

Tissue culturing has several attractive features:

1. Large numbers of totipotent cells can be cultured in a small area.

2. The culture medium is usually well-defined—each component in the medium is known.
Additions or exclusions of specific substances can provide a means of selection for some
phenotypes.

3. Ploidy level can be controlled by selection of explants.

4. Heritable variation can be induced to generate new genotypes.

5. Tissure culture is often required for genetic transformation.

General Tissue Culture Procedures

Cell and tissue culture procedures are similar. The particulars of this general procedure vary
with the cell or tissue source, its age and health, species, genotype, culture type, and culturing

objectives.
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Fig. 9 Cell and tissue culture methods

Types of Tissue Culture

Cell and tissue culture can be used to maintain genotypes or to obtain novel genotypes.

Different tissues or types of culture are used to achieve a variety of objectives.

+ Clonal propagation or Micropropagation—The general purpose of clonal propagation is
to reproduce genetically identical plants without going through a gametophytic or sexual
stage. A clone is a population of plants derived from a single plant, or a population of
cells descendant from a single cell. This is very important in the production of high-value
horticultural crops.

+ Callus culture—Callus culture is similar to clonal propagation, except that the cultured
tissue forms disorganized, undifferentiated masses of cells. Spontaneous variants and
mutants can occur during callus culturing. Callus culture is often required for successful
genetic transformation.

+ Suspension culture—Similar to callus culture, except that cells or cell aggregates are in a
liquid medium, rather than plated on an agar-solidified medium. These cultures have
greater chromosome instability and reduced regeneration potential due to their rapid
growth rates. The liquid medium provides relatively uniform exposure of cells to any
selecting agents.

+ Anther Culture—Anthers containing immature pollen are cultured to develop haploid
plants or, with chromosome doubling, to obtain homozygous diploids. Anther culturing
involves placing anthers containing immature pollen on medium. Generally, anthers are

obtained from Fq or F, plants to maximize the genetic diversity among the haploids
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generated through culturing. The greater the genetic diversity, the greater the likelihood
of obtaining a desirable genotype to use as breeding lines.

Embryo culture—Embryo culture allows the rescue of embryos that would normally be
unobtainable or aborted because of some type of incompatibility. From the cultured

embryos, whole plants may be regenerated.

Embryo Culture

Embryo culture is commonly used to bypass genomic incompatibility. Unfertilized embryos can
be used to generate haploid plants or they can be pollinated in vitro to bypass self-

incompatibility.

Genomic Incompatibility

Often, embryos resulting from wide crosses (crosses
between distantly related parents) are incompatible with
the endosperm—the endosperm cannot adequately
supply the needs of the growing embryo. As a result of
this incompatibility, the embryo will normally abort
before the seed is mature. Embryo culture provides a

method to circumvent abortion and obtain such hybrids.

After fertilization, embryos are excised, with or without

the ovule, and grown on a nutrient medium. The nutrient

medium substitutes for the endosperm in nourishing the
growing embryo. Via culturing, hybrid plants can be
generated and grown to maturity. These plants will be Fig. 10 Embryo culturing of
sterile and must be treated with colchicine to get self-incompatible system.
chromosome doubling. Flowers resulting from the

doubled chromosome number will produce viable gametes much like allopolyploids.

Ovule Culture

Unfertilized ovules can be excised and cultured to obtain haploid plants. Alternatively,

homozygous diploids can be generated by applying colchicine or other treatments to these
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cultured ovules to induce chromosomal doubling. This process is similar to anther culturing and
will be discussed more fully in the next section. Ovule culturing has been used with barley,

wheat, rice, and maize.

In vitro pollination and fertilization

In self-incompatibility systems where pollen tubes fail to grow, in vitro pollination offers an
alternative to overcome such incompatibility. An unfertilized ovule is extracted from the
pistillate flower and placed on medium. In vitro pollination and fertilization are accomplished
by applying pollen directly to the ovule. Thus, the incompatibility factors localized on the stigma

or in the style are avoided. The resulting embryo is nourished by the medium to obtain plantlets.

Uses of Polyploidy, Aneuploidy, and Haploidy

Because of the genetic complexities, breeding polyploids, especially autoploids, is challenging
and progress is often slower than breeding diploids. Generally larger populations must be
evaluated to obtain favorable types and to stabilize the genotype for the desired phenotype.
Breeders also must be concerned about and test for the optimum ploidy level for the particular
species and desired characters. Although polyploids present breeding challenges, they also

offer opportunities for crop improvement.

ALLOPLOID USES

Alloploids occur more frequently in nature than other types of polyploids. Alloploids can

combine the best characters of different species.



CHAPTER 10: PLOIDY: POLYPLOIDY, ANEUPLOIDY, AND HAPLOIDY | 305

Table 9 Examples of alloploid uses

Alloploid Uses Example

Wheat evolved through a combination of three related species.
Cultivated Brassica species evolved through a series of interspecific
hybridizations.

1. Identify genetic
origin of crops

2. Generate new plant

. Triticale resulted from a cross of wheat and rye.
genotypes and species

Cotton lint strength was improved through transfer of genes from

3. Enable introgression . ) .
8 undomesticated cotton into cultivated cotton.

of genes from related

Species (see Fehr, 1987, p. 82 “Introgression of genes”)

Generally, alloploids are more vigorous and fertile than autoploids or aneuploids.

AUTOPLOID USES

Autoploids are not as common in nature as alloploids, but in some cases, they are developed
as a result of artificially doubling the chromosome number of a diploid species. Depending
on the crop, the reduced fertility that tends to occur as a result of induced polyploidy can
be an advantage or a disadvantage. Reduced fertility found in autoploids is not a problem for
species where the target organ is not seed—for example in forage crops. Fertility tends to be
low and vegetative growth greater in autoploids than in diploids. This is an advantage in crops
produced for vegetative parts; examples include several tuber and forage crops. Autoploidy
is also used to generate sterile plants in which seeds are undesirable, such as in banana and

watermelon.

Autoploids are also used to facilitate interspecific or wide crosses. Such crosses allow traits not
otherwise available in the crop’s gene pool to be acquired, enhancing the genetic diversity of

the crop.

ANEUPLOID USES

Aneuploids carry an extra chromosome(s) or are lacking one or more chromosomes — their

genomes are unbalanced. Although this usually results in their reduced vigor, their unbalanced
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genomes provide benefits for genetic studies and increasing the genetic diversity of a crop.
Diploids have very low viability in the aneuploid condition and, therefore, have limited utility.

Aneuploidy is more useful in alloploids. Aneuploids have been used to:

+ map genes to specific chromosomes
« identify linkage groups

+ substitute or transfer chromosomes between related or unrelated species

With molecular techniques available today aneuploids are seldom used to map genes and

identify linkage groups.

Chromosome transfer or substitution is a more efficient method than conventional crossing
and subsequent segregation and selection because only the particular chromosome carrying
the desired gene(s) is transferred. In conventional breeding approaches, both desired and
undesired genes are transferred from the donor to the recipient population; subsequently, the
desired and adverse traits must be sorted out, often requiring several generations of breeding
and selection. Similar to the effects of wide crosses in alloploids, aneuploidy facilitates
chromosome transfer from alien species, enabling the recipient population to acquire genes
that are otherwise unavailable within its gene pool. Thus, aneuploids can be used to increase

genetic diversity.

HAPLOID USES

Haploid plants are of interest in plant breeding and plant genetics because their genomes
can be doubled and homozygous lines can be obtained much faster than by conventional
techniques of inbreeding. Genetically homogeneous DH lines that can be quickly obtained

make it practicable to establish respective experimental populations for gene mapping.

Discussion

Wenzel proposed the analytic-synthetic breeding scheme in potato (shown below). Discuss the

strengths and weaknesses of this scheme.
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Fig. 11 Wenzel proposed the analytic-synthetic breeding scheme in potato.
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