TEXT FLY WITHIN
THE BOOK ONLY



UNIVERSAL
LIBRARY

OU_164120

AdVddl
1VSHEAINN









. OSMANIA UNIVERSITY-LIBRARY
Call No. B3/, 53"'/ # Y Lion No. & 6363
ror /M‘Q_}mm;&ﬁ/ﬂ’. N

"This book should be returned on or before the date
st marked below. S /

»
i

T












McGRAW-HILL PUBLICATIONS IN THE
AGRICULTURAL SCIENCES
LEON J. COLE, ConsuLTING EDITOR

METHODS
o
PLANT BREEDING

The quality of the materials used in the
manufacture of this book is governed by
continued postwar shortages.



SeLecTED TiTtLes FroMm

McGRAW-HILL PUBLICATIONS IN THE
AGRICULTURAL SCIENCES

Leon J. Corg, Consulting Editor

Adriance and Brison - PROPAGATION OF HORTICULTURAL PLANTS
Brown - CorToN

Cruess - CoMMERCIAL FRUIT AND VEGETABLE PRODUCTS

Eckles, Combs, and Macy - MiLk aAND MiLk ProbucTs

Fawcett - Crrrus DISEASES s

Fernald and Shepard - AppLiED ENTOMOLOGY

Gardner, Bradford, and Hosker - FrRuiT PRODUCTION

Gustafson - CONSERVATION OF THE SoIL

Gustafson - SoiLs AND SoiL. M ANAGEMENT

Hayes and Garber - BREEDING CrOP PLANTS

Hayes and I'mmer - METHODS OF PLANT BREEDING

Heald - MANUAL OF PLANT DISEASES

Heald - INTRODUCTION TO PLANT PATHOLOGY

Hutcheson, Wolfe, and Kipps - FiELp CroPs

Jenny - Facrors oF SoiL FORMATION

Jull - PouLTrRy HUSBANDRY

Laurte and Ries - FLORICULTURE

Leach - InsBcT TRANSMISSION OF PLANT DIisEasEs

Lzttle and Plastridge - BoviINE MASTITIS

Maynard - ANIMAL NUTRITION

Metealf and Flint - DESTRUCTIVE AND USEFUL INSECTS

Paterson - STATISTICAL TECHNIQUE IN AGRICULTURAL RESEARCH
Peters - LivesTock PRODUCTION

Rather - F1IeLp CROPS

Rice - BREEDING AND IMPROVEMENT OF FARM ANIMALS
Roadhouse and Henderson - THE MARKET-MILK INDUSTRY
Robbins, Crafts, and Raynor - WEED CONTROL

Schilletter and Richey - TEXTBOOK OF GENERAL HORTICULTURE
Thompson - VEGETABLE CROPS

Waite - POULTRY SCIENCE AND PRACTICE

There are also the related scries of McGraw-Hill Publications in
the Botanical Sciences, of which Edmund W. Sinnott is Consulting
Editor, and in the Zoological Sciences, of which A. Franklin Shull

is Consulting Editor. Titles in the Agricultural Sciences were
published in these series in the period 1917 to 1937.




METHODS
of
PLANT BREEDING

BY
HERBERT KENDALL HAYES

Professor and Chief of Diviston of Agronomy and
Plant Genetics, College of Agriculture,
University of Minnesota

AND
FORREST RHINEHART IMMER

Professor of Agronomy and Plant Genetics,
College of Agriculture, University of Minnesota

First EbpITION
Frrrin IMPRESSION

McGRAW-HILL BOOK COMPANY, Inec.
NEW YORK AND LONDON

TOAN
2 X ar



METHODS OF PLANT BREEDING

CoryricHT, 1942, BY THE
McGraw-HiLr Boox Company, Inc.

PRINTED IN THE UNITED STATES OF AMERICA

All rights reserved. This book, or

parts thereof, may not be reproduced

in any form without permission of
the publishers.

COMPOSITION BY THE MAPLE PRESS COMPANY, YORK, PA.
PRINTED AND BOUND BY COMAC PRESS, INC., BROOKLYN, N. ¥,



PREFACE

Plant breeding is an applied science that is carried out effici-
ently only through the application of other basic plant sciences.
The rapid increase in knowledge of genctics since the rediscovery
of Mendel’s laws of heredity in 1900 and the application of these
laws to plant breeding were essential steps in the development of
plant breeding as a science. The contributions of cytogenetics
in recent years have furnished, in many cases, a clear picture of
genetic relationships based upon differences and similarities of
chromosome morphology, structure, and function. Many eco-
nomic plants are polyploids, and a knowledge of chromosome
numbers, pairing behavior in crosses, and gene differences among
related species and varieties is essential in building new varieties
of plants with the characters desired by the grower and con-
sumer. Physical and chemical methods of inducing changes in
chromosome number and structure and of inducing gene changes
are being developed. Satisfactory technics for inducing poly-
ploidy in species and hybrids are available for certain types of
plant breeding problems.

In order to evaluate a variety, it is necessary to compare it
with varieties of known performance. The comparisons made
by the plant breeder are extensive, and frequently only a few
replications can be grown. The development of adequate
statistical methods has aided greatly in making reliable com-
parative trials. Experimental methods of making reliable
comparisons are one of the tools of the plant breeder.

Methods have been devised in many cases for differentiating
quality, for a determination of the relative value of different
characters, including chemical preperties, that make it possible
,under conditions of control Pollination to scleet for the
characters desired. In probiéms of breeding for disease resis-
tance, a knowledge of the genetics of the pathogen is as essential
as that of the crop plant itself. With each individual plant,
information regarding available varieties, their characters, and

v
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their wild relatives furnishes a basis for the combination of genes
desired by the breeder. For diseases caused by pathogens it is
equally important to know the probable mode of origin of new
strains of the organism, and the number, distribution, and genetic
nature of the strains present in the region where the crop plant
is to be grown.

The subject matter presented in ““ Methods of Plant Breed-
ing”’ has been used in both undergraduate and graduate courses
at the University of Minnesota. The undergraduate course is
taught only to junior and senior students. The graduate courses
are given for the purpose of teaching standardized methods of
breeding for particular categories of breeding problems and to
present the current viewpoint when the most desirable method
of breeding is not so well known. This is with the belief that
each of the various methods of hybridization, including the
pedigree method of sclecting during the scegregating generations,
the bulk method with sclf-pollinated plants, the backeross
method and convergent improvement, has certain advantages and
disadvantages that make it desirable under some conditions
and less desirable for other breeding problems.

A great deal of information is available regarding the genetics
of many crop plants, and added information is being obtained
very rapidly. It seems unwise to attempt a complete review
of the present status of the genetics of many crop plants, since
the information available is very extensive and such a review
would be out of date almost as soon as it was published. Concise
reviews of the mode of inheritance of important characters of the
small grains, flax, and corn have been included to illustrate the
value to the breeder of a knowledge of inheritance as an aid in
planning the breeding program. These should be supplemented
by similar reviews of inheritance for those crop plants that are
of greatest value for each class of students who use the book.

The present status of corn breeding, a rather typical cross-
pollinated plant, has been reviewed in considerable detail, since
many of the studies made with corn and the results obtained are
basic to an understanding of principles of breeding other cross-
pollinated plants.

Methods of field-plot technic, experimental design, and statis-
tical analysis with particular reference to plant-breeding problems
have been discussed, including some of the newer methods. The
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necessary statistical tables have been included with the permis-
sion of the original publishers.

The authors are indebted to Professor R. A. Fisher and to
Messrs. Oliver and Boyd, of Edinburgh, for permission to reprint
completely or in abridged form Appendix Tables I, III, and IV
from their book ‘“Statistical Mecthods for Resecarch Workers,”
7th Ed. (1938) and to Professor George W. Sunedecor and his
publishers, Towa State College Press, for permission to reprint
Appendix Table II from their book “Statistical Methods,” 3d
Ed. (1940). Professor Snedecor has given permission to reprint
Appendix Table V, and Dr. C. I. Bliss has given permission to
reprint Appendix Table VI.

Various coworkers have read particular chapters and have
made helpful suggestions. Particular thanks are due to Dr.
C. R. Burnham for suggestions regarding the chapters on Gen-
etics and on Inheritance in Maize; to Dr. E. R. Ausemus for
suggestions regarding the chapter on Inheritance in Wheat;
to Dr. F. A. Krantz for helpful suggestions regarding potato
improvement; to A. G. Tolaas for information regarding potato-
seed certification; and to Dr. C. H. Goulden for reviewing the
chapters on Field-plot Technic and on Statistical Methods. Dr.
H. M. Tysdal kindly furnished unpublished information regarding
the effects of self-pollination in alfalfa. In problems relating to
disease resistance, suggestions by Dr. J. J. Christensen and M. B.
Moore have been specially helpful. ¢ Breeding Crop Plants,” by
Hayes and Garber, has been used frecly. The writers, however,
accept full responsibility for the viewpoints presented.

H. K. Havss,
F. R. IMMER.

UNIVERSITY OF MINNESOTA,
February, 1942.
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METHODS OF PLANT BREEDING

CHAPTER I
THE ROLE OF PLANT BREEDING

There is a growing appreciation of the value of plant breeding
asa means of obtaining new or improved plant forms adapted to a
wide variety of uses. Although most important food plants had
been brought under cultivation before the dawn of recorded
history, there remains at present almost an unlimited opportunity
to improve the varieties of plants available for various agricul-
tural uses and in some cases greatly to modify their characters.
The primary purpose is to obtain or produce varieties or hybrids
that are efficient in their use of plant nutrients, that give the
greatest return of high-quality products per acre or unit area in
relation to cost and ease of production, and that are adapted to
the needs of the grower and consumer. It is of great importance
also to obtain varieties that are able to withstand extreme
conditions of cold or drought or that have resistance to patho-
genic diseases or insect pests. Such qualities help materially to
stabilize yields by controlling extreme fluctuations.

Although the art of plant breeding, 7.e., the ability to discern
fundamental differences of importance in the plant material
available and to select and increase the more desirable types, is a
great asset to the breeder, there is general appreciation that plant
breeding, efficiently carried out, is to a large extent dependent on
fundamental training in the biological sciences.

Some of the more important phases of this training may be
summarized as follows:

1. A knowledge of genetic and cytogenetic principles. _

2. A knowledge of the characteristics of the crop to be
improved, including its wild relatives. ,

3. Information regarding the needs of the grower.

4. A knowledge of special technics adapted to the solution of

particular problems.
1



2 METHODS OF PLANT BREEDING

5. A knowledge of the principles of field-plot technic.

6. A knowledge of the principles involved in the design of
experiments and the statistical reduction of data.

The purpose of this book is to summarize the methods of breed-
ing that have been developed for particular categories of crop
plants, to explain the reason why particular methods are chosen
for certain types of crop-improvement problems, and to give
methods of field-plot technic and of statistical analysis that are
adapted for particular uses. Although individual crop problems
will be used for illustration, there will be no attempt to summarize
the work that has been done or that needs to be done with
individual crop plants except as these facts may aid in under-
standing types of problems. Emphasis will be placed on methods
of breeding and principles underlying their use.

THE VALUE OF PLANT BREEDING

E. F. Gaines (1934), of the Washington Agricultural Experi-
ment Station, has made the statement that the practical results of
genetic research on disease resistance in plants has helped to
popularize genetics with the general public. The illustration of
breeding stem-rust-resistant wheat given later in the chapter
emphasizes the value of cooperation in research and the need of
intensive study in order to solve underlying principles and thus
make possible the solution of complex problems and the develop-
ment of the desired varieties.

In discussing the importance of a knowledge of genes and their
control, the following statements have been made by Muller:

Organisms are found to be far more plastic in their hereditary basis
than has been believed, and we may corfidently look forward to a future
in which—if synthetlic chemistry shall not have displaced agriculture—
the surface of the earth will be overlaid with luxuriant crops, at once
easy to raise and to gather, resistant to natural enemies and climate,
and readily useful in all their parts.

This work is a far vaster one than the layman ordinarily realizes, for
there are many thousands of wild s:pecies of plants whose varied potenti-
alities must be tested, and many species both wild and cultivated already
contain hundreds of varieties and thousands of individual differences.
By means of laborious crossing methods, these diverse types may be
combined and recombined within wider limits, and so a virtually endless
succession of specialized hybrid forms may be produced, differentiated
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into lccal geographical races each having characteristics especially suited
to its peculiar conditions of cultivation and {o the needs of the district.
When to the potentialities of hybridization are added those that will
appear as new hereditary types arising by mutation, the path of change
and adaptation is seen to be indeed limitless.

GENETIC PRINCIPLES ARE THE BASIS OF SCIENTIFIC BREEDING

Many years ago Raymond Pear]l emphasized the fact that with
self-pollinated crop plants the plant breeder was using Mendel’s
laws as a direct working guide. Illustrations by the score could
be given to show how particular types of genetic knowledge have
been and are being used as a basis for a planned crop-improve-
ment program. A few illustrations will be given to show the
extent to which a knowledge of the genetics of a particular crop is.
essential in the development of a logical breeding program.

Breeding Spring Wheat Resistant to Stem Rust.—One of the
principal cooperative projects at Minnesota since 1915, in which
agronomists, plant geneticists, cereal chemists, and plant path-
ologists have all played their parts, has been the development of
rust-resistant varieties of spring wheat of desirable agronomic
type and of satisfactory milling and baking quality. This
research program has been carried on through cooperation
between workers in the Minnesota Experiment Station and the
U. S. Department of Agriculture.

In these studies, artificial epidemics of stem rust have been
developed both under field conditions and in the greenhouse.
The rust nursery in the field has consisted of several thousand
rows yearly. During the early period of this study, resistant
vulgare wheats were unknown. The present nursery has suc¢h a
preponderance of strains of vulgare wheats highly resistant to
stem rust that it is necessary to plant a considerable amount of
susceptible host material throughout the nursery in order that
rust may develop sufficiently so that a satisfactory spread of the
disease may be made possible. The development of rust-
resistant strains has been accomplished by obtaining resistance
from the Emmer group and by combining this resistance with the
desirable agronomic characters of vulgare wheats through a series
of crosses and selections.

At the present time much remains to be known about various
phases of stem-rust resistance in wheat, but many problems have
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been solved. Some of the steps leading to our present position
may be mentioned.

1. The mode of inheritance of particular types of reaction to
stem rust has been determined in both the greenhouse and field.
The most important practical result of these studies is the con-
clusion that resistance to all races of stem rust of wheat in the
stage from heading to maturity may be dependent upon only a
single or a few genetic factors.

2. The pathogene causing the disease Puccinia graminis tritice
Eriks. & Henn. is composed of numerous forms, called physiologic
races, that can be differentiated by their manner of reaction
with a series of wheat varieties and species known as differential
hosts, this separation being made primarily on the basis of
seedling reaction. A wheat variety resistant to a particular race
of rust in the seedling stage is resistant to the same race in all
stages of plant growth under field conditions. Physiological
resistance in the seedling stage is of such a nature that a wheat
may be immune from one race of rust and susceptible to another.
As an illustration, Kanred winter wheat and some hybrid deriva-
tives having Kanred as an ancestor are immune from certain races
and highly susceptible to others. This knowledge explains the
reason why Kanred winter wheat and derivatives may be highly
resistant in one season and highly susceptible in another.

3. A knowledge of the causes of resistance has been of major
importance. Thus, the resistance of Kanred is physiological and
acts only against particular races of rust. A second type of
resistance under field conditions to many races of rust as the
plants approach maturity, called mature-plant resistance, appears
to be simply inherited. The exact cause of this type of resistance
is unknown. Some have suggested that morphological and func-
tional causes may be responsible. Others have given evidence
indicating that this does not seem to be the explanation. Mature-
plant resistance is inherited, in some cases, in a simple Mendelian
manner, especially where the varieties Hope and H44 are used as
the resistant parents.

4. It has been learned also that extreme conditions of environ-
ment may cause an apparent breaking down of resistance to a
particular disease. For example, a plant genotypically resistant
to stem rust, if infected with loose smut, may be completely
susceptible to rust. This conclusion seems essential in a logical
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viewpoint of disease resistance in plants. No one expects that a
potentially high-yiclding variety will give high yields under
unfavorable conditions. Extreme conditions of environment
may strongly modify reaction to disease by modifying the charac-
ter that, under normal conditions, is responsible for the resistance
to that particular disease.

Fia. 1.—Thatcher wheat was first released in Minnesota in the spring of
1934. There were approximately 12,000,000 acres grown in Canada in 1940 and
5,500,000 acres in the United States. The estimate has been made that Thatcher
has given an annual increase in farm income to the Minnesota farmner of 2 million
dollars.

Thatcher wheat (Hayes ef al. 1936), first introduced in the
spring of 1934 in Minnesota, is now the most widely grown stem-
rust-resistant wheat, being the major spring wheat grown in 1939
in the United States in the eastern and central sections of the
spring-wheat area. Thatcher is grown extensively also in
Canadian provinces where stem rust is most severe. It withstood
the stem-rust epidemics of 1935, 1937, and 1938 when susceptible
varieties of spring wheats were very severely injured. Thatcher
excels in yielding ability, strength of straw, and milling and
baking quality but is somewhat less satisfactory in weight per
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bushel than some other varieties, partly because of its small
size of seed and its susceptibility to scab and leaf rust. The
latter disease was epidemic in 1938 in the spring-wheat area.

Thatcher is the product of a double cross between (Iumillo
durum X Marquis) X (Marquis X Kanred). From the first
cross of Tumillo X Marquis and selection during F» to Fi, 4 related
strains were obtained with 21 pairs of chromosomes, vulgare type
of plant, and resistance to stem rust. It is of interest that no
plants were obtained in F'; that had this combination of characters
but that from over one thousand F'; lines there was one line that
contained several plants that were of vulgare type that were
resistant to stem rust. From the cross of Marquis X Kanred, a
considerable number of spring wheats were selected that were
homozygous for the immunity of Kanred to several rust races.
Thatcher was selected from a cross between the more promising
strains of these two single crosses. The Thatcher variety com-
bines field resistance to many physiologic races of stem rust
with seedling resistance to the races to which Kanred is immune.
It was the first successful attempt to transfer rust resistance from
the Emmer group with a haploid chromosome number of 14 to the
vulgare group (n = 21). ‘

McFadden (1930) was the first to develop vulgare wheats
with near immunity to stem rust from crosses of Marquis with
Yaroslav emmer. He produced two wheats, Hope and H44, with
42 chromosomes that in the mature-plant stage are highly resist-
ant to stem rust. Neither of these wheats is entirely satisfactory
in other characters. The resistance of Hope and H44 to all rust
races in the field under normal conditions in North America is
dependent upon one or two major genetic factors for resistance.
Most of the more promising new spring wheats have Hope or H44
somewhere in their parentage.

Corn Breeding.—The viewpoint_has been expressed by various
writers that the production of adapted corn hybrids for different
regions of the corn belt will have the most far-reaching effect of
any phase of work in crop improvement of the present generation.
The hybrid Burr-Leaming was first distributed in Connecticut in
1922, but the acreage grown of this hybrid has been very small.
The first distribution of hybrids in the corn belt occurred from
1932 to 1934, and in 1938 and 1939 from 15 to 25 million acres
were planted to hybrid corn, leading to an increased produetinn
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of from 100 to 150 million bu. of corn over what would have been
obtained if hybrid corn had not been available. Many agrono-
mists believe that there will continue to be a rapid increase in the
use of hybrid corn in the years to come until the greater part of
the acreage of corn in the United States is planted to hybrid
varieties. ‘

The widespread interest in hybrid corn is due primarily to the
superiority of hybrids over normal varieties in a number of char-
acters. Although higher yields per acre are important, other
improvements are of equal and perhaps greater value. Ability to
withstand lodging and resistance to smut and to ear and stalk rots
are of major importance. The development of drought-resistant
and frost-resistant hybrids has been studied also, although much
remains to be accomplished in these fields.

In the development of hybrid corn, Mendelian principles have
been used directly. A standardized technic of breeding has been
developed based on the direct application of principles of genetics.

Intensive studies of inbreeding and crossbreeding corn were
started by E. M. East at the Connecticut Agricultural Experi-
ment Station and G. H. Shull at Cold Spring Harbor in 1905.
Many investigators have taken part in studies of inheritance in
maize. The fundamental principles elucidated have led to a
sound basis for scientific improvement in corn, a field in which a
considerable number of investigators devote all or part of their
research efforts. Some of the more important principles leading
to the present methods will be mentioned, although corn breeding
will be outlined in detail in a later chapter.

1. Continued self-pollination in corn leads to the production of
relatively homozygous types that are in general less vigorous than
normal corn. Crossing inbreds restores vigor. Some F; crosses
are more vigorous than normal corn; others, less so.

2. Crosses between inbreds are difficult to use in commercial
seed production, since the yield of seed per acre is low. This
difficulty has been overcome by using for commerecial production
crosses between single crosses.

3. Hybrid vigor in corn and in other crop plants has been
placed on a definite Mendelian basis. It is a result of partially
dominant growth factors. Many genes are involved in growth
vigor, and consequently linkage makes it difficult to combine all
important genes in a single inbred line.
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4. Some inbred lines have much better combining ability than
others when tested in comparable crosses. By crossing a group of
inbreds to be used in a definite breeding program with a variety
and by testing the inbred-variety crosses in yield trials, the
better combining inbreds can be isolated and the less desirable
discarded.

5. The combining value of inbred lines in a double cross can be
predicted from yield trials of the appropriate single crosses.
From each of four inbred lines, six single crosses and three double
crosses can be made. Yields of any particular double cross can
be predicted from the average yield of the four single crosses not
used in making the double cross. These results may be under-
stood on the basis that a double cross produced from advanced
generations of two single crosses behaves approximately the same
as the double cross between the two single crosses.

6. The ease of commercial production of double-crossed seed is
dependent to a considerable extent upon the vigor of the inbred
lines as well as the yielding ability of the single crosses used in
the double cross. Improved inbred lines of corn can be bred by
the same breeding methods as used in the production of improved
varieties of self-pollinated plants, although it is necessary to
control pollination by appropriate selfing and crossing in carrying
out the program.

7. The principles of corn breeding that make possible the
utilization of hybrid vigor are dependent upon an understanding
of genetic principles and their application to corn breeding. This
knowledge has made possible to a considerable extent the stand-
ardization of corn-breeding technics.

Potato Improvement.—Since commercial varieties of potatoes
are highly heterozygous, plants grown from seed will vary greatly.
The selection and clonal increase of plants developed from seed
was naturally the first breeding method used and led to the
production of the old standard varieties. During the early
period of the present century, selection within clones was used as
a method of potato improvement. Although of little value in
breeding, clonal selection was an aid in isolating plants free from
virus diseases. ‘This led to the use of the tuber-unit method in the
diagnosis for and eliminating of plants affected by virus diseases.

Most varieties of the potato are nonself-fruitful, but strains
have been isolated that are highly self-fruitful. Clones of the
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latter type produce an appreciable amount of stainable pollen.
The partial pollen sterility found in the self-fruitful clones appears
to be due to abortion of the pollen grains after regular meiotic
division. In the nonself-fruitful clones very little stainable
pollen is produced because of irregular meiotic division. In
crosses between self- and nonself-fruitful clones, the progeny are
usually highly nonself-fruitful.

Improvement of self-fruitful clones may be accomplished
through selfing and selection within clones and crosses between
clones, with the use of the breeding methods applicable to self-
fertile crops. By the use of such methods clones resistant to late
blight, scab, and specific virus diseases have been produced. The
breeding value of selections in self-fruitful clones may be deter-
mined by tests of clonal progenies or, preferably, by tests of the
selfed progeny. Thus, two clones may appear to produce the
same amount of disease but be found to differ in genotype when
selfed progenies of these clones are compared. The genotype of
clones that are pollen-sterile may be determined from crosses with
pollen-fertile clones of known genotypes by the use of the pollen-
sterile clones as females.

The use of inbreeding methods, supplemented by planned
crosses, has resulted in a rapid increase in knowledge of the
genetics of the potato and the isolation of superlor germ plasm in
this crop. In the utilization of this superior germ plasm, some
modifications in the ordinary breeding, however, must be made in
the methods applicable to self-fertile crops.

Although self-fertility is of value in the isolation and synthesis
of strains that are resistant to disease or insect attack and have
desirable agronomic characters, self-fruitfulness in itself leads to a
loss in yield of tubers. Plants that produce flowers and fruits
yield less than plants that do not, the reduction in yield being
proportional to the number of flowers or fruits produced. Conse-
quently, the character of self-fruitfulness, after being utilized
during the production of superior strains, must be eliminated in
the breeding of commercial varieties. This may be accom-
plished through crosses between nonself-fruitful commercial
varieties possessing high yielding capacity and certain plant and
tuber types with self-fruitful clones that possess the characters to
be added, with the use of the self-fruitful clones as pollen parents.
The F, progeny of such crosses are highly nonself-fruitful.
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Selection of nonfruiting types in these progenies may be expected
to result in improved varieties into which have been synthesized
the characters desired.

The use of such methods of breeding has resulted in the develop-
ment and release to the growers of more than a dozen new varie-
ties during the past six years. All these have as one parent at
least a superior pollen parent developed at the Minnesota Agricul-
tural Experiment Station or by the U. 8. Department of Agricul-
ture. Some of these varieties are resistant to late blight; others
are resistant to specific viruses, common scab, or insect attack.
Warba is a newly developed early maturing variety that is
resistant to mosaic and possesses high-yielding ability. The
Sebago variety withstood the severe late blight epidemic of 1938
remarkably well. Katahdin, with its viable pollen, provides the
plant breeder with a high-yielding commercial variety that can be
used as a pollen parent in further breeding. The synthesis of
commercial varieties that have resistance to several diseases, as
well as many desirable agronomic characters, is preceeding
rapidly.



CHAPTER II

THE GENETIC AND CYTOGENETIC BASIS OF
PLANT BREEDING

A knowledge of the chromosome basis of heredity is essential to
the breeder. The characters of a plant are the end result of the
interaction of genes, carried in the chromosomes, under particular
environmental conditions. What is inherited is' the manner of
reaction and not the character itself.

Diploid organisms result from the union of male with female
reproductive cells, the chromosome number in the zygote nor-
mally being twice that of the gamete. With self-pollinated
organisms, homozygosis is obtained automatically, and perma-
nence of characters under uniform conditions of environment is
obtained as a result of equational division of each chromosome
and gene during somatic mitosis, the diploid conditions of the
chromosomes in the body and the pairing during reduction divi-
sion of like chromosomes, two by two, leading to the production
of a single genetic type of gamete.

The linear arrangement of genes in the chromosome has been
generally accepted, and the division of the gene in mitosis and its
segregation in meiosis have furnished the mechanism for the
transfer of the unit of inheritance, the gene, from cell to cell. A
knowledge of the number and nature of the chromosomes in each
crop plant and their behavior in cell division is fundamental to the
study of plant breeding. Mendel contributed the law of inde-
pendent inheritance, and Bateson and Punnett in 1906 gave the
first case of linkage in sweet peas in a cross between a purple-
flowered variety with long pollen and a red-flowered variety with
round pollen. The phenotypic condition in the backcross of
50 purple long, 7 purple round, 8 red long, and 47 red round plants
was explained on the basis of gametic production in the ratio of
7 purple long, 1 purple round, 1 red long, and 7 red round instead
of by the usual gametic ratio of 1:1:1:1. The parental com-
binations were formed seven times as frequently as the new
combinations,

11
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TasLE 1.—CuRoMOsSOME NuMBER (HaprLoip) IN THE ComMmON
Crop PrLaNTS

Number of
Scientific name Common name chromosomes
(n)
Jereal Crop Plants and Relatives

Wheat:
Triticum monococcum. . .......... Einkorn 7
Triticum dicoccum. .. .. .. Emmer 14
Triticum durum. ................ Durum 14
Triticum spelta. ................. Speltz 21
Triticum vulgare. . . ............. Bread 21

Oats:
Avena brevis...............cc | i 7
Avena Strigosa. .. ........c.ccov leiii o 7
Avena barbata...................| ... 14
Avena fatua.................... Wild 21
Avena sativa................... Cultivated 21
Avena byzantina................. Red cultivated 21
Avenanuda.................... Hull-less 21

Barley:
Hordeum distichon.............. 2-row barley 7
Hordeum deficiens............... 2-row barley 7
Hordeum vulgare. .. ... ...... 6-row barley 7
Hordeum jubatum...... ..... Squirrel tail 14
Hordeum modosum. . ............ | . couiiiiunennn... 21
Secale cereale. . . . . ... c Rye 7
Fagopyrum esculentum. ....... Buckwheat 8
Oryza sativa.................. Rice 12
Zea mays. . ..., Corn 10
Sorghum halepensis.............. Johnson grass 20
Sorghum vulgare. ................ Milo, Kafir, 10

Feterita, Kaoliang
Sorghum vulgare, var. sudanensis | Sudan grass 10

Forage Grasses

Agropyron cristatum.. . . ...... Crested wheat 7, 14
Agropyron pauciflorum. .......... Slender wheat 14
Agrostisalba. . ................. Red top 21
Alopecurus pratensis........... Meadow foxtail 14
Andropogon furcatus............ Big bluestem 35
Andropogon scoparius. . ..........|Little bluestem 20
Bromus inermas................. Brome grass 21, 28
Dactylis glomerata. .............. Orchard grass 14
Elymus canadensis. ............. Wild rye 14
Festuca elatior. . . ............... Meadow fescue 7, 14, 21, 35
Lolium ttalicum................. Italian rye grass 7
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TaBLe 1,—CaromosoME NuMmsBiER (Harroip) IN THE CoMMON

Crop Prants.—(Continued)
Number of
Scientific name Common name chromosomes
(n)
Forage Grasses—(Continued)
Lolium perenne. ................ Perennial rye grass 7
Pantcum miliaceum. ............. Proso millet 18, 21
Phalaris arundinaceae. . ..........| Reed canary 7, 14
Phleum pratense................. Timothy (American) |21
Phleum pratense................. Timothy (British) 7
Poa compressa.................. Canada blue 7, 21, 28
Poa pratensis................... Kentucky blue 14-49 +
Legumes
Glycine 80ja. .. ..........coo. .. Soybean 20
Lespede2a Sp...........coovvun.. Japan clover 9, 10, 18
Medicago faleata. . .............. Alfalfa 8, 16
Medicago sativa. ................ Alfalfa 16
Melilotus alba. .................. Sweet clover (white) 8
Melilotus officinalis. . ............ Sweet clover (yellow) 8
Pisum sattoum.................. Pea 7
Trifolium hybridum. ............. Alsike clover 8
Trifolium pratense............... Red clover 7, 12 -
Trifolium repens................ White Dutch clover 8, 12, 14, 16
Vigna stnensis.................. Cowpea 12
Fiber Plants
Cannabis sativa. ................ Hemp 10
GoSSYPIUM SP. .. ov e e Cotton (Asiatic) 13
Gossyptum sp.......coovvvnn.n. Cotton (American) 26
Linum usitatisstmum. .. ......... Flax 15, 16
Sugar Plants
Beta vulgaris....................| Sugar beet 9
Saccharum officinarum........... Sugar cane 40-63
Stimulants
Coffea sp........oovvvvvunnn .. Coffee 11, 22, 33, 44
Nicotiana tabacum. .............. Tobacco 24
Thea sinensis............ ...... Tea 12-13, 15, 22-23
Oil Plants
Aleuritessp.................... Tung oil 11
Arachis hypogaea. . ..............| Peanut 10, 20
Linum usitatissimum. .. . ... ... .| Flax 15, 16
Sesamum indicum. .. .. .| Sesame 26
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TasLE 1.—CuHROMOSOME NUMBER (HapLoimp) IN THE CoMMON
CroP PranTs.—(Continued)

. Number of
Scientific name Common name chromosomes
(n)
Vegetables
Allbum ecepa. .. ................. Onion 8
Asparagus officinalis. ............ Asparagus 10
Beta vulgaris.................... Beet 9
Beta vulgaris var. cicla........... Chard 9
Brassica oleracea................ Cabbage, cauliflower, | 9
kohlrabi
Brassica rapa................... Turnip 10
Capsicum annuum. .............. Pepper 12
Citrullus vulgaris................| Watermelon 11
Cucumis melo................... Muskmelon 12
Cucumis sativus. ................ Cucumber 7
Cucurbita moschata. ............. Squash 20
Cucurbita pepo.................. Pumpkin 20
Lactuca sativa. . ................ Lettuce 9
Lycopersicum esculentum. . . . . ... Tomato 12
Phaseolus lunatus. .............. Bean (lima) 11
Phaseolus vulgaris............... Bean (kidney) 11
Pisum sativum. . ................ Pea, 7
Raphanus sativus. ............... Radish 9
Rheum rhaponticum. ............ Rhubarb 22
Solanum melongena. .............| Eggplant 12
Solanum tuberosum.............. Potato 24
Spinacia oleracea...... .. .. .| Spinach 6
Fruits
Citrus grandis. ................ Grapefruit 9
Citrus imonia. ................. Lemon 9
Citrus 8imensis. ................. Common orange 9, 18
Fragaria grandiflora............. Strawberry (cultivated)| 28
Malus malus. .................. Apple 17, 514
Prunus americana...............| Plum (American) 8
Prunus domestica................ Plum (European) 24
Prunus avium. .................. Cherry (sweet) 8
Prunus cerasus.................. Cherry (sour) 16
Prunus persica............co..... Feach 8
Pyrus communis................ Pear 17, 514
Ribessp.....cvvvveinneenn.n. Currant 8
Rubus idaeus................... Red raspberry (Euro-| 7, 14
pean)
Rubus strigosus................. Red raspberry (Ameri-| 7
can)
Vite sp.. ..o Grape (cultivated) 19, 20, 38
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The frequencies of new combinations of factor pairs lying in
homologous chromosomes are dependent to a great extent upon
the distance apart of the genes in the chromosome. The spindle
fiber apparently reduces crossing over in adjacent regions. There
is no interference between crossovers on opposite sides of the
spindle fiber. Many studies of genetic linkages have shown wide
differences between genetic maps and physical-map distances as
determined by cytogenetic study of induced breaks in chromo-
somes. These studies have given added evidence, however, of
the linear order of the genes in the chromosome. There are also
other types of cytological aberrations, such as inversions and
translocations that lead to new genetic maps. In crosses between
the new types with standard types, genetic ratios may be greatly
modified.

Qualitative and quantitative differences in chromosomes have
been extensively studied in recent years, and the field of cyto-
genetics is being constantly developed. Information regarding
the number and nature of chromosome differences is being
obtained rather rapidly for many crop plants. The present
chapter will summarize the usual chromosome numbers in
important crop plants and illustrate how genetic and cytogenetic
principles are being used by the plant breeder. Chromosome
numbers in the common crop plants, taken largely from the 1936
and 1937 U. 8. Department of Agriculture Yearbooks, are given in
Table 1.

POLYPLOIDS IN RELATION TO PLANT BREEDING

A study of chromosome numbers in related species of economic
plants shows many multiple series. A common haploid number
in the Gramineae is 7. Species of Triticum, Avena, and Hordeum
with haploid numbers of 7, 14, and 21 are common and illustrate a
type of variation in polyploids, 7.e., multiples of a fundamental
number, often referred to as a euploid series. Aneuploidy, or
variation in chromosome numbers not multiples of a fundamental
number, is frequent in some species. Poa pratensts, for example,
varies from 28 to over 100 somatic chromosomes. Aneuploid
chromosome numbers are of more frequent occurrence in species
that have apomictic development than under conditions of sexual
reproduction.
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.There are two main types of euploids, namely, allopolyploids
and autopolyploids. These two types are illustrated in Fig. 2.
In this illustration the autopolyploid is of the autotetraploid type
 and has four sets of like or homologous chromosomes. There
may be random pairing or mating between each group of the four
homologous chromosomes. An allopolyploid has chromosome
sets from different sources. In the illustration a haploid set from
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Autotetraploid, ns4 Amphidiploid,n=4
F1a. 2—Schematic diagram of development of autotraploid due to doubling
of chromosome number in the zygote and the production of an amphidiploid
from a cross between related species due to doubling of chromosome number in
the gametes or zygotes when chromosomes are so unlike that pairing is not
obtained in the F cross.

species 4 is so different from that of species B that pairing does
not take place. Doubling of the chromosome number will result
in an allopolyploid of the amphidiploid type.

One of the best known cases of triplicate factors in a polyploid
of the amphidiploid type is in Triticum vulgére, where there may
be three pairs of factors for brownish red color of the kernel, any
one of the three in & dominant condition leading to the develop-
ment of color. This case was given originally by Nilsson-Ehle as
the basis for the multiple-factor theory of quantitative inherit-
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ance, without a knowledge of the fact that T. vulgare is a
polyploid of the hexaploid type with the amphidiploid type of
chromosome pairing, 7.e., contains three sets or genoms of seven
bivalents (7yx) each, or 42 somatic chromosomes. These three
factor pairs for red kernel color may be designated REiri, Rsre,
Rgr;.  An illustration of the mode of inheritance of red vs. color-
less kernels may be given where only two of the three factor pairs
are concerned and the parents and F, produced red kernels.

Variety A Variety B
Parental phenotype.........covevnn.n. red . red
Parental genotype.........coeviiinnn RiR1 rare rars rir1 RoRs rars
Fophenotype.....covvviviiinennnnenns red
Frgenotype......oovieeiiniinennnnnn Riry Rars rgrs

Since the rsrs factor pair is in the homozygous recessive condition,
it will have no effect on kernel color and may be disregarded.

The following summary gives the genotype and kernel color of
F; plants and F; breeding behavior:

F, Fy
Genotype Kernel Breeding behavior
color

1 R\R1R:R: | Red Breeds true for red kernel color

2 RiriR:R: | Red Breeds true for red kernel color

2 RiRiRy2 | Red Breeds true for red kernel color

4 Ryr\Rore Red Segregates; 15 plants red kernels: 1 plant colorless
1 R\Ryrare Red Breeds true for red kernel color

2 Ryryrare Red Segregates; 3 plants red:1 plant colorless
1 ririR.R Red Breeds true for red kernel color

2 ririRaere Red Segregates; 3 plants red:1 plant colorless
1 rirrere Colorless | Breeds true for colorless kernels

Genotypes RiriRsR: and RiRiRore are illustrations of poly-
ploids with genetic segregation that has no definite phenotypic
effect. There is a general relation between intensity of color and
number of dominant factors, but the relation is so indefinite that
the number cannot be estimated by visual inspection.

The segregation in F, of 15 plants with red kernel color to 1
with colorless kernels results from crossing two varieties, the one
homozygous for RiRirers and the other ryriR:R.. Of the 15
plants with red kernel color in F,, 7 breed true in F; for red color,
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4 segregate in a 15:1 ratio, and 4 segregate in a 3:1 ratio. The
plants with colorless kernels in F; breed true for this color in Fj.

Contrasted with the foregoing allopolyploid type is the auto-
polyploid, such as is obtained in Datura stramonium resulting
from doubling of the diploid chromosome number. The chromo-
some constitution may consist of four identical sets of chromo-
somes. If we take the case where the diploid was heterozygous
for a single factor pair Dd, the autotetraploid will have the geno-
type DDdd. Such a polyploid has a high frequency of quadri-
valent association, and random chiasma formation occurs among
the four homologous chromosomes.

In an autotetraploid for any dominant factor, there may be a
series of genotypes such as DDDD, DDDd, DDdd, Dddd, dddd,
also written Dy, Dyd, Dods, etc., respectively. In an autopoly-
ploid there may be chromosome segregation or random chromatid
segregation. Random chromatid segregation occurs only when
the factors concerned are somewhat more than 50 crossover units
from the spindle-fiber attachment. For closer distances the
ratios are intermediate between those expected from chromosome
and chromatid segregation, approaching chromosome segrega-
tion as the genes become closer to the spindle fiber. This
naturally modifies the ratios obtained from particular types of
heterozygotes.

A convenient method of calculating gametic expectation is
illustrated as follows in an autotetraploid of the Dsd (DDDd)
type. The number of combinations of n things taken r» at a

n!
n —n'r!

For chromosome segregation, the gametic expectation may be
calculated in the following manner. Two types of gametes would
be obtained, DD and Dd. The gametic ratio expected is as
follows:

For gamete DD, or the number of different ways of taking two

!
things out of three, n» = 3 and r = 2, and 1—?? = 3DD.

time =

For diploid gametes containing a dominant and recessive factor,
Dd, for example, it is unnecessary to use the formula. The D
factor can be taken in three ways from Dj;, whereas d can be
taken in only one. The gametic expectation then will be
3D X 1d = 3Dd. Thisis the result that would be obtained if the
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formula was used to calculate the number of combinations and if
it is remembered that factorial zero (0!) equals 1.

With random chromatid segregation, however, the condition
would be entirely different. The chromatid condition would be
Deds.

The number of different ways of obtaining a combination of
DD can be calculated by substituting, where n = 6 and r = 2
in the formula, The frequency of gametes of the DD type will
be 4?;! = 223344526 = 15DD. Gametes of the Dd type
can be obtained by finding how many times one D can be taken
from Ds, which equals 6D, and this multiplied by 2d would give
12Dd. One gamete of the dd type can be obtained, and the
gametic ratio then will be 156DD:12Dd:1dd. Thus, from selfing
DDDd, where the percentage recombination between the D locus
and the spindle fiber approaches 50 per cent, the phenotypic
expectation in F is 783D:1d. Such peculiar ratios cannot easily
be differentiated from mutations without studying second-genera-
tion selfed progeny rather extensively.

In a similar manner, the student can calculate expectation for
other genetic types of polyploids. Linkage relations are greatly
complicated in polyploids. The student of plant breeding will be
able to determine logical explanations for the results obtained
only when a knowledge is available of the chromosome mechanism
for the particular plant under study.

There are two general types of euploids, but probably, in many
cases, there are also intermediates that behave as amphidiploids in
some cases and for some chromosome pairs and autopolyploids
under other conditions or for other chromosome pairs. Wheat is
a good example of a hexaploid that generally gives an amphi-
diploid type of inheritance. Ordinary bread wheat contains
three sets, or genoms, of 7 chromosomes each, and, as a rule, the
pairing behavior is of the diploid type. Based upon Winge's
original explanation, doubling could occur from crosses between
two closely related species each with a chromosome number of
n = 7, which, through geographical isolation, gene mutations,
and chromosomal changes, had become so differentiated in their
chromosome mechanism that crossing was possible but pairing did
not occur in meiosis. This may have led to the inclusion of
28 chromosomes in a single cell, resulting from equational division
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of 14 unpaired chromosomes, 7 being obtained from each parental
species. A further cross between this species with another
closely related form with n = 7 chromosomes would furnish the
type basis for an amphidiploid form with n = 21 chromosomes.
Doubling has occurred in experimental material of this nature
both in the zygote and in the gamete.

There are many illustrations in the literature of pairing of the
autopolyploid type in a polyploid that usually pairs as an amphi-
diploid. Breeders of crop plants with the amphidiploid-chromo-
some condition obtain variations in breeding behavior that seem
most logically explained on the basis of changes in the type of
chromosome pairing,.

Genom analyses based on types of chromosome pairing have
been made extensively with Tritéicum and related genera by
numerous investigators. One of the first summaries was that
given by Gaines and Aase (1926), illustrated by Fig. 3.

TRITICUM TURGIDUM TRITICUM VULGARE AEGILOPS CYLINDRICA

Fia. 3.—Diagram illustrating hypothetical relationships of chromosomes.
The 7 chromosomes in set a and the 7 chromosomes in set b are present in both
Triticum vulgare (21 chromosomes as the haploid number) and in 7. turgidum
(14 chromosomes). The 7 chromosomes in set ¢ are present in 7. vulgare and
in Aegilops cylindrica but not in Triticum turgidum. The 7 chromosomes in
set d are present in Aegilops but mot in either 7. vulgare or T. turgidum. A
21-chromosome wheat X a 14-chromosome wheat gives rise to sporocytes with
14 paired and 7 unpaired chromosomes (lower left). A 2l1-chromosome wheat
X Aegilops cylindrica gives rise to sporocytes with 7 paired and 21 unpaired
chromosomes (lower center). Aegilops cylindrica X Triticum turgidum gives
rise to sporocytes with 28 unpaired chromosomes (lower right).

The present status of the problem may be summarized as
follows:
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EINKORN SERIES EMMER SERIES SeeLT SERIES

(n=T) (n = 14) (n = 21)
AA AABB AABBCC
Triticum aegilopoides Triticum dicoccoides Triticum spelta
Triticum monococcum Triticum dicoccum Triticum vulgare

Triticum durum Triticum compactum

TIMOPHEEVI SERIES Triticum turgidum

(n = 14) Triticum pyramidale
AAGG Triticum polonicum SECALE SBERIES
Triticum timopheevi Triticum persicum n=17)

EE

Secale cereale
AgpcILops SERIES
(n = 14)
CCDD
Aegilops cylindrica

The species of Triticum, Secale, and Aegilops are seen to be
made up of one or more sets (genoms) of seven chromosomes
each, designated A, B, C, D, E, and G (Lilienfeld and Kihara 1934,
Kostoff 1937). In crosses between the Emmer and Spelt series,
for example, the pairing behavior in F; most commonly consists
of 14 and 7, although in some cases a few trivalents and quadri-
valents may be obtained because of the fact that chromosomes of
one genom have some homology with those of a different genom.
One of the genoms of timopheevt is similar to the A genom, the
other (GG) resembles B more closely than C but differs rather
widely from B, forming from two to seven loose conjugations
with it.

Stadler (1928, 1929) studied rate of induced mutation per 7 unit
in barley, oats, and wheat in relation to chromosome numbers.
Results are as follows:

Species Number of Rate .of
chromosomes (n) | mutation
Hordeum vulgare. ........... 7 4.91+0.9
Avena brevis................ 7 4.1+1.2
Avena strigosa.............. 14 2.6 £0.6
Avena sativa................ 21 0
Triticum monococcum. ... ... . 7 10.4 +£ 3.4
Triticum dicoccum. .......... . 14 20+1.3
Triticum durum. . ........... 14 1.91+0.5
Triticum vulgare. ........... 21 0
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In general, as has been mentioned, there may be three sets of
factors in hexaploid wheat and oats but only a single factor pair in
each locus for diploid species. A mutation in a homozygous form
AA in barley, giving Aa, would produce progeny containing
25 per cent of recessives. In a tetraploid of the amphidiploid
type, two such simultaneous mutations would be necessary in
order than an induced mutation for a character that was doubly
dominant could show up in the immediate progeny. ‘

Variation in pairing whereby one chromosome pair of a genom
shows some homology with a member of a different set would lead
to abnormal segregation. In polyploids of the amphidiploid
type, such results are probably of relatively frequent oceurrence.

Powers (1932) and Myers and Powers (1938) have studied
variability in strains of wheat due to various types of chromosome
abnormalities or to gene differences. In a study of Marquillo, a
variety belonging to the spelt series with a haploid chromosome
complement of 21 but derived from a cross between varieties of
Triticum durum and T. vulgare with 14 and 21 haploid chromo-
somes, respectively, Powers (1932) found that germinal instability
in Marquillo was greater than in Marquis or Thatcher. Thatcher
is a variety produced by crossing a sister selection of Marquillo
with a purified hybrid of Marquis X Kanred.

In these studies, the easiest method of estimating the percent-
age of germinal instability was to measure the occurrence of
chromatin loss, measured by the frequency of occurrence
of microspores showing micronuclei. The mean percentage of
micronuclei in four varieties is\given in the following summary,
taken from Myers and Powers:

Variety Total plants Mean p ercentage
of micronuclei
Thatcher................. 25 0.8
Marquis................. 26 0.9
H44.. . .................. 20 4.1
Supreme.............. .. 9 8.3

H44 is a variety of wheat produced by McFadden from a cross
of Yaroslav emmer X Marquis. It has the chromosome number
of the spelt group. Supreme is a variety of T. vulgare produced
by selection from Red Robs.
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Although it seems probable that a wheat of recent origin such
as Marquillo may show greater germinal instability than old
established varieties such as Marquis, as has been pointed out by
Powers and also by Love (1938), it seems of interest that Supreme,
a variety of T. vulgare, selected from a variety not of recent
origin, is equally instable, although there is the possibility that its
origin may be also the result of a natural cross between species.
Myers and Powers showed germinal instability to be inherited,
and the isolation of apparently homozygous lines with different
percentages of micronuclei was considered to indicate that genetic
factors were involved in conditioning meiotic instability.

In the studies of Marquillo, Powers found evidence for 7.2 per
cent of natural crossing. This is higher than has been usually
observed with other varieties of wheat at the Minnesota station.
Thirty-two plants of Marquillo were studied, two of these having
only 41 chromosomes. An average of 23.4 + 0.24 per cent of the
mierospores of the 41 chromosome plants showed micronuclei,
whereas only 2.8 + 0.16 per cent of the 42 chromosome plants
showed micronuclei.

In a recent cross in oats by Hayes, Moore, and Stakman (1939)
between Bond, Avena byzantina, and standard varieties of A.
sativa, segregation in F, for type of base on the lower floret
occurred in a 3:1 ratio of sativa to byzantina types. Several F;
families from F; plants showed wide deviations from the type of
segregation in F, and an intermediate type of base bred true in
later generations. The hypothesis that these results were due to
change in chromosome pairing was used, although further studies
are necessary to prove the hypothesis.

. Hope and H44 are vulgare wheats with n = 21 chromosomes
that descended from crosses of Triticum dicoccum X Marquis
(T. vulgare). In many studies of stem-rust reaction, when Hope
and H44 are crossed with other varieties of vulgare wheats, wide
deviations from the usual type of F. segregation have been
observed in F; families. In such crosses, however, it has been
relatively easy to obtain homozygous types with stem-rust
resistance similar to that of the Hope and H44 parents. Changes
in the manner of chromosome pairing in complex polyploids of
the amphidiploid type seem to occur rather frequently. This
tends to complicate breeding behavior and necessitates that
greater care be used to ensure the selections of greatest promise
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are breeding true before they are increased for distribution. A
tendency for a modified type of segregation in F; in some families
does not necessarily greatly complicate the breeder’s problem of
selecting desirable homozygous types.

Speltoid wheats and fatuoid oats have occurred in T'. vulgare
(2n = 42) and A. sativa (2n = 42) as a result of chromosomal
variations due very probably to a change in chromosome pairing.
The review of Sansome and Philp (1939) has been used in this
summary. Speltoid wheats resemble 7. spelta and fatuoid, or
false wild oats, resemble A. fatua. Three types have been
observed: Type A, with no change in chromosome numbers,
Type B, with a chromosome deficiency, and Type C, with a
chromosome excess.

The A type, when heterozygous, gives three types of progeny:
homozygous fatuoid or speltoid, heterozygous, and normals in a
ratio of 1:2:1.

An explanation that has been given by Winge and Huskins is
on the basis of a change in pairing due to the similarity of a
chromosome of one genom with that of another. If we designate
the three chromosome pairs concerned, as A, B, and C, one
chromosome belonging to each of the three genoms, and suppose
the B chromosome carries the speltoid factors and C the normal
ABC
ABC
would breed true, as a rule, for absence of speltoid characters.
If one supposes that B has sufficient homology with C, so that

factors epistatic to the speltoid, then the normal type

BB
ACC’
then gametes ABB and ACC would be obtained. If gamete

ABB mated with ABC, the heterozygous speltoid form ——jﬁg

would be obtained. On selfing, three types of progeny would

occasional pairing occurs between B and C, giving rise to

ABC ... ABC
result—normals, ABC heterozygous speltoids, ABE’ and homo-

zygous speltoids, ﬁ-g—g, in a ratioof 1:2:1. Such a homozygous

speltoid would give some quadrivalent associations, as was
observed by Winge, whereas the heterozygous speltoid would
show trivalent and univalent associations that were observed
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also. The old hypothesis that fatuoids arise through natural
crosses between Avena sativa and A. fatua is seen to be
untenable.

Winge gave formulas for the B and C types of speltoids where O
stands for the loss of a chromosome, consisting of the heterozy-

ABO . ABO
gous type 1BC and two sorts of homozygotes, one ABE' with the

loss of a chromosome, and the other %%1%—3, With the duplication

of the chromosome B. :

Huskins studied breeding behavior, variations in pairing, and
chromosome numbers in fatuoids or false wild oats, obtaining
the same sort of results that have been outlined for speltoids.

These types of results have been presented briefly to emphasize
the difficulties of studying genetics in polyploids. The plant
breeder must deal with polyploids in economic plants, and a
knowledge of the causes of variability may aid greatly in the
breeding program. Selection for types with chromosome pairing
that will give normal disjunction will aid in establishing uniform
breeding strains. Wide deviations from normal types of segrega-
tion may be expected in some progenies. There is, however,
considerable evidence that by selection for germinal stability, in
many cases, the variability resulting from abnormal pairing may
be overcome. Such selection will often be of great economic
importance, since germinal instability often leads to the produc-
tion of undesirable characters. The loss or gain of one or more
chromosomes in polyploids may lead to the production of an
undesirable type of abnormality, such as speltoid wheat or
fatuoid oats.

SOME APPLICATIONS OF GENETICS TO PLANT BREEDING

The value to the plant breeder of a knowledge of the mode of
inheritance of important characters and the application of genetic
principles to methods of breeding will be illustrated by specific
examples. A problem in oat improvement recently investigated
at the Minnesota Experiment Station illustrates the use of
genetics in a practical breeding problem. The parent varieties
and character differences are summarized here,
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Anthony, Iogold, Rainbow Bond
1. Good yield* Fair yield
2. Good-quality grain Excellent quality grain*
3. Fair straw strength Excellent standing ability*
4. Stem-rust resistance* Stem-rust susceptibility
5. Susceptibility to crown rust Crown-rust resistance*
6. Susceptibility to smuts Smut resistance*
7. Sativa type* Byzantina type

* Characters desired in the hybrid.

Frequently certain crosses give a larger proportion of desirable
offspring than others, probably because of the fact that the geno-
type of the one parent supplements that of the other in a more
satisfactory manner, although the reason why certain crosses give
a greater proportion of desirable progeny than others, in many
cages, cannot be placed on a definite genetic basis. These facts
have led the plant breeder to use several crosses for a specific
problem rather than a single cross.

Anthony, Iogold, and Rainbow were three recommended
varieties of Avena sativa grown by Minnesota farmers. Iogold,
because of early maturity, is adapted to southern Minnesota;
the midseason varieties Antony and Rainbow usually yield better
than Iogold in north central and northern Minnesota. Double
Cross A, also crossed with Bond, was a selection from (Minota X
White Russian) X Black Mesdag, homozygous resistant for the
White Russian type of stem-rust reaction and the Black Mesdag
type of resistance to smut. Although not particularly desirable
in type of kernel, it was outstanding in yielding ability.

Anthony, Iogold, and Rainbow were selected because they
produced good yields of grain, were resistant to stem rust, caused
by Puccinia graminis avenae Eriks. & Henn., and were of the
sativa type. Cultivated varieties of Avena sativa have proved
more desirable in Minnesota. Bond, a variety of A. byzantina, is
highly resistant to crown rust, Puccinia coronata Corda, and to the
smuts prevalent in Minnesota, Ustilago avenae (Pers.) Jens. and
Ustilago levis (Kellermann & Swingle) Magn. Bond excels also
in ability to withstand lodging and in grain quality, producing
plumper kernels with a higher weight per bushel than the recom-
mended varieties of A. sativa.

A summary of the mode of inheritance of the characters will
help to explain the way that genetie principles can be used in a
breeding program.
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MobpEe oF INHBRITANCE OF CHARACTERS IN OaT CrossEs
(ANTHONY, loGoLDp, RainBow X Bonb)
1. Crown rust. F; resistant; F; 9 resistant:7 susceptible or 3 resistant: 1
susceptible.
2. Stem rust. F; resistant; F, 3 resistant:1 susceptible.
3. Smuts. Using a mixture of races of the two smut spemes, F, resistant;
F, segregation 1 to 3 pairs of genes.
4. Sativa vs. byzantina characters.
a. Spikelet disarticulation. Fsativa base; F'; 3 sativa base:1 byzantina
base.
b. Floret disjunction. F; byzantina type; F. 1 or 2 pairs of factors
¢. Basal hairs. F, sativa type; F: 3 sativa:1 byzantina.
. Yield. Multiple factors.
. Time of maturity. Multiple factors.
. Plumpness of grain. Multiple factors.

N O

The purpose of the crosses was to combine in a single variety
the desirable agronomic characters with resistance to three major
oat diseases, stem rust, crown rust, and smuts. In these studies
the pedigree method of breeding was used. It consisted of grow-
ing the segregating generations as progenies so that individual
plant study was possible, each progency consisting of approxi-
mately 50 plants from a single plant of the previous generation.
Sclection was continued until homozygous lines were obtained
that appeared desirable. Then the best lines were determined
from replicated yield trials.

Crown Rust.—In the cross of Rainbow X Bond, only a single
factor pair was involved. In F, in the other crosses, there were
approximately 9 crown-rust-resistant to 7 susceptible plants.
The Bond type of resistance appeared to be due to the com-
plementary action of two factors. Resistance to each physiologic
race to which Bond was resistant seems to be due to the same
genetic factors.

The illustration shown at the top of page 28 is given where
two factor pairs were necessary to explain the results. F, geno-
types and phenotypes and F3 breeding behavior are summarized.

F; plants resistant to crown rust were selected. On the
average 1 out of 9 may be expected to breed true for resistance in
F;. Two types of segregating progenies are expected in Fj, one
segregating on a 3:1 basis and the other ona 9:7 basis.

Progenies breeding true for resistance to crown rust can be
determined by seedling inoculation in the greenhouse. By grow-
ing from 20 to 30 seedlings from each plant selected and by
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F; genotype F, phenotype F; breeding behavior

1 AABB | Resistant to crown rust Breeds true for crown-rust resist-
ance

2 AaBB | Resistant to crown rust Segregates, 3 resistant:1 suscepti-
ble )

2 AABb | Resistant to crown rust Segregates, 3 resistant: 1 suscepti-
ble

4 AaBb Resistant to crown rust | Segregates, 9 resistant:7 suscepti-
ble

1 AAbb Susceptible to crown rust | Breeds true for susceptibility

2 Aabd Susceptible to crown rust | Breeds true for susceptibility

1 aaBB Susceptible to crown rust | Breeds true for susceptibility

2 aaBb Susceptible to crown rust | Breeds true for susceptibility

1 aabb Susceptible to crown rust | Breeds true for susceptibility

inoculation with crown rust, the progenies from Fs to F; that are
homozygous for crown-rust reaction can be isolated. These
breed true for resistance under field conditions.

Stem Rust.—Stem-rust reaction is handled in the same manner.
By the use of a single factor pair, the results can be illustrated as
follows, where R stands for resistance and r for susceptibility.

Iogold, Resistant (RR) Bond, Susceptible (rr)

F, Resistant (Rr)

F; genotype | F; phenotype Fy breeding behavior
1 RR Resistant Breeds true for resistance
2 Rr Resistant Segregates, 3 resistant: 1 susceptible
1rr Susceptible Breeds true for susceptibility

As will be discussed in some detail later, many pathogenic
organisms are mixtures of raceg that can be differéntiated only by
their manner of reaction on a series of varieties used as differential
hosts. It hasbeen learned that Iogold and Rainbow are resistant
to races of stem rust 1, 2, 3, 5 and 7, that Anthony and Double
Cross A are resistant to races 1, 2, and 5, whereas Bond is suscep-
tible to all five races. In this case, there is a seriesof three alleles
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for resistance and susceptibility to stem rust that may be called
R, for resistance to five races; R. for resistance to races 1, 2, and
5; and r for susceptibility to all races.

Crosses of Bond X Anthony or Double Cross A segregate on a
3:1 basis in F,, and the only two homozygous types that can be
obtained will be those that are resistant and susceptible, respec-
tively, to the three races 1, 2, and 5.

Crosses of Bond with Iogold and Rainbow segregate also on a
3:1 basis, in the presence of inoculum of races 3 and 7, whether
races 1, 2, and 5 are present or absent, and the two homozygous
types that can be obtained will be resistant and susceptible,
respectively, to the five races 1, 2, 3, 5, and 7. A consideration of
these facts will show that, in crosses of Bond with Anthony,
Iogold, Rainbow, or Double Cross A, infection only with race
1 furnishes a satisfactory basis for isolation of the parental type of
resistance.

If Anthony or Double Cross A are crossed with Iogold or
Rainbow, all offspring are resistant to races 1, 2, and 5, but
segregation in F; for reaction to races 3 and 7 will oceur, giving a
3:1 ratio of resistant to susceptible.

From any cross, therefore, between homozygous members of a
multiple allelic series the only homozygous types for the character
difference that can be recovered will be the parental types.

There is agreement between seedling and mature-plant reaction
for stem-rust and seedling studies can be used in the same general
manner for stem-rust reaction as has been outlined for erown rust.

Several races of stem rust can attack the parental varieties
Anthony or Togold, but neither of these varieties has been severely
and widely injured by stem rust in farmers’ fields under field
conditions since their introduction, and Anthony has been grown
widely for over 10 years.

Reaction to Smuts.—It was somewhat difficult to determine
the genetics of smut reaction. Resistance was dominant over
susceptibility, and segregating progenies may be expected to con-
tain fewer susceptible plants than a homozygous susceptible line.
Parent rows were included approximately every 20 rows through-
out the nursery. In crosses of Bond with Anthony, Iogold, and
Rainbow, the results in F'; indicated a single major-factor pair for
smut reaction. In the crosses between Double Cross A with
Bond, where both parents were resistant to smut, a few highly
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susceptible progenies were obtained in F; From previous
studies, the resistance of Double Cross A was explained on the
basis of two major-factor pairs. The results in the present cross
were explained on the basis that the resistance to smuts of the
Bond parent was independent in inheritance of the two factors
for smut resistance carried by Double Cross A. When all three
factor pairs were recessive, susceptibility resulted.

The methods used in selecting for disease-resistant plants were
based on a knowledge of the mode of inheritance. An epidemic of
crown rust, stem rust, and smut was induced by methods that will
be outlined later. Crown rust appears first, and resistant,
desirable-appearing plants were selected and tagged about 10
days after heading. Stem rust can be determined at maturity.
Plants resistant to stem and crown rust were selected in progenies
that were free from smut, and smut-free plants were selected also
in progenies that had a lower percentage of smut than the suscep-
tible parents. By these methods it was relatively easy to obtain
a large number of progenies resistant to all three diseases.

Sativa vs. Byzantina Characters.—Three pairs of contrasting
characters have been used to differentiate byzantina and sativa
oats. These may be illustrated by Fig. 4, in which are shown the
upper and lower florets of Anthony belonging to Avena sativa and
Bond, a variety of A. byzantina. The characters may be
explained briefly.

1. Spikelet disarticulation has been defined as the separation of
the lower floret of the oat spikelet from the axis of the spikelet.
Three classes were used to describe the segregating generations:
(a) abscission, typical of Bond, at the right of the figure, leaving a
well-defined, deep oval cavity or ‘““sucker mouth” on the face of
the callus on the base of the lemma, of the lower grain; (b) dis-
articulation by fracture, leaving a rough, fractured surface with
little or no cavity at the base of the lemma, characteristic of
A. sativa as illustrated by Anthony in the figure; and (c) dis-
articulation by semiabscission, intermediate between a and b.

2. Basal hairs, conspicuous bristles on the base of the lower
floret. The Bond parent had long abundant hairs, and the A.
sativa parents had short hairs that were abundant, few, or absent,
depending on the sativa parent used..

3. Floret disjunction, defined as the method of separation of the
second floret from the first floret.
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The method shown by Bond in Fig. 4, called disjunction by
basifracture, is characterized by the rachilla segment breaking
pear its base and remaining firmly attached to the base of the
upper floret, as contrasted with that in Anthony, which has dis-
junction by disarticulation at the apex of the rachilla segment, the
rachilla segment remaining attached to the lower floret. In
hybrids, many plants seemed intermediate and were characterized
by disjunction by heterofracture, the rachilla segment breaking

Fia. 4.—At left, upper and lower florets of Anthony; at right, upper and lower
florets of Bond; showing the characteristics of these varieties.

transversely in the middle portion. The Double Cross A parent
was homozygous for an intermediate type of floret disjunction of
the heterofracture type.

The type of spikelet disarticulation of Anthony and the absence
of long bristles or basal hairs were dominant in F;, and segregation
for each pair of characters approached 3:1 in F,. There were a
few intermediate types in Fy with fewer long hairs and smaller
base than is characterized by Bond. In general, the type with
Bond base and long basal hairs bred true in F3. Progenies were
obtained, also, in F; that bred true for the sativa type; others
segregated as in F,. Some F; lines were obtained that showed
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unusual types of segregation in F;, These may be illustrated
by four lines, the progenies of two F. plants of the byzantina
type of base and two of the sativa type.

F; line | Type of base F, | Segregation in Fy

1 Byzantina base | 28 B:11:1 8
2 Byzantina base | 13 B:17 8"

3 Sativa base 28:231:5B
4 Sativa base 118:971:9B

B = byzantina base, I = intermediate, 8 = sativa.

A large perceniage of F, plants of the byzantina type of base
bred true for byzantina base in F'3, and approximately one-third of
those with a sativa type of base bred true for sativa base in Fj.
By studying the type of breeding behavior in F'3 and later genera-
tions, it was possible to select those that were homozygous for
type of base. Variations in type of segregation very probably
may be correlated with variation in pairing of the chromosomes,
since both sativa and byzantina oats are amphidiploids of the
hexaploid type. A knowledge of genetics aids the breeder in
obtaining pure breeding types and suggests the discard of those
that show unusual types of segregation. After all, deviations
from a 3:1 ratio are fairly common. It seems desirable to
emphasize the probability that two pairs of factors are involved
that are rather closely linked. Using F; data and placing I and B
types of spikelet disarticulation together and separating for basal
hairs on the basis of length of hair gave a dihybrid ratio of sativa
base and short hairs, sativa base and long hairs, byzantina
base and short hairs, and byzantina base and long hairs of
2118:19:81:727. By the product method, this gave a recom-
bination percentage of 2.7 + 0.3. It seems probable that the
wide deviation from expectation of the two middle classes may
be a result of abnormal chromosomal pairing or other abnormal-
ity. In the absence of long basal hairs, the type of base seemed
to be a little less well developed than where the factors for
byzantina base and those for long basal hairs were both present
in a homozygous condition,

The sativa type of base seems more desirable than the byzan-
tina type, because there was a definite tendency for correlation
between shattering and the byzantina base.
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Floret disjunction in the crosses, except where Double Cross A
was one of the parents, was dependent upon at least two pairs of
factors. Double Cross A, when crossed with Bond, gave segrega-
tion that was relatively well explained by a single factor pair.
This factor pair was linked in inheritance with the factor pair for
spikelet disarticulation and also with the factor pair for basal
hairs. A knowledge of inheritance of these three pairs of factors
was an aid in selecting the types that bred true. In this case, the
sativa type was desired with spikelet disarticulation by fracture,
short basal hairs, and sativa type of floret disjunction, the rather
strong linkage aiding in obtaining pure breeding types, since more
of the parental types for all three characters were obtained than
would have been secured in the absence of linkage.

Quantitative Characters.—The type of results often obtained
from characters that fluctuate greatly may be illustrated by
plumpness of grain. When sufficient seed is available, weight per
bushel is an easy character to work with. In the small grains, as
studied in Minnesota, there is usually a high correlation between
plumpness of grain and yield, hybrids with well-developed seeds,
relatively free from shriveling, generally yielding much better,
on the average, than those that show a lower degree of plumpness.
Selection during the segregating generations, therefore, is made
for plants with plump seeds; this is done by visual examination.
Behavior in a cross between Double Cross A and Bond is used for
illustration.

Plumpness of grain classes, per cent

Parent variety or F; 0-25 26-50 51-75 76-100

Number of plants in class

Bond........ooiiiiii 1 6 54 61
Double Cross A................ 5 28 26
Foo 48 102 534 381

Plumpness of grain is without doubt an inherited character,
dependent upon reaction to diseases and physiological characters
that may influence the metabolism of the plant. By selection
during the segregation generations for freedom from disease and
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for plump grain, it was possible to obtain hybrids that were resist-
ant to all three diseases that were of the sativa type and that had
plumper grain, with higher weight per bushel, than the sativa
parental varieties.

Selection for yield on the individual plant basis seems of little
value, since environmental conditions seem the major cause for
variations. This is shown by the extreme variation in yield per
plant within the parental varieties. All that can be accomplished
during the segregating generations seems to be the selection for
the combination of characters desired. Selection of progenies of
desirable agronomic type seems a desirable practice, with the use
of visual examination rather than intensive study. When
homozygous lines are available, those that yield most satisfac-
torily can be isolated through actual comparative-yield trials.

COLCHICINE AS A POLYPLOIDIZING AGENT

Dermen (1940), in a recent review, has summarized the rather
extensive literature on the methods of producing polyploids
through the use of colchicine. This summary has been used
freely. Heat and cold, X rays and radium, as well as ultraviolet
rays, have been used by various workers to induce chromosomal
aberrations. The discovery that colchicine was a satisfactory
medium for inducing chromosome doubling has made its use
extremely popular and has given the plant breeder a relatively
efficient technic that may be used in the produection of polyploid
species and varieties. The technic first became available in 1937.
Although there are 179 literature citations in Dermen’s review,
the subject of induced ploidy is of such recent origin that it is
rather difficult accurately to evaluate its practical possibilities.
Dermen quotes Blakeslee (1939) as follows: “ We now have an
opportunity to make new species to order,” and “ . . . the possi-
bilities in the way of new forms of economic value seem very
great.” He quotes Vavilov (1939), who has said: ‘‘ The possibili-
ties opened up by the artificial induction of amphidiploidy, <.e.,
of chromosome doubling in hybrids, are immense. Genetics is
entering a new era of extensive application of distant hybridiza-
tion, at least in the case of plants.”

The information already available indicates that polyploids in
horticultural species that can be propagated asexually may be
expected to be of considerable economic value. Autopolyploids
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are frequently larger in size and have more showy flowers than
their diploid ancestors. Emsweller and Brierley (1940) present
results with Lilium formosanum to show the relative ease of
doubling chromosome number. They used 20 one-year-old
plants, trimmed off the tip leaves when the flowering stalk was
6 or 8 in. high, and treated the apical meristem with colchicine
solution for a 2-hr. period. From 31 aerial bulblets produced in

N A,

Fia. 5—Types of snapdragons. (A4) Tetraploid hybrid between tetraploid
Velvet Beauty and tetraploid Red Shades. Note the large ruffled flowers and
very deep color, also the heavier stem. The tetraploid hybrid is setting an
abundance of seed, whereas the parents are highly sterile. (B) Triploid Velvet
Beauty produced by crossing tetraploid Velvet Beauty X diploid Velvet Beauty.
This plant is partially fertile. (C) Diploid Red Shades X Velvet Beauty.
Compared with A, the flowers are smaller, less ruffled, and less deep in color.
(Courtesy of Nebel and Ruttle.)

the axils of the old leaf stubs on the thickened stem apex, 22
polyploids were obtained. They state that polyploids had larger
flowers, pollen grains, and stomata than diploids.

Seeds of crimson flowering tobacco, Nicotiana sandarae, which
has nine pairs of chromosomes, were treated with colchicine, and
autotetraploids were obtained by Warmke and Blakeslee (1939).
The autotetraploids obtained had thicker and broader leaves than
their diploid parents and grew to a larger size and produced larger
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and more showy flowers. When octoploids of Nicotiana tabacum
and N. rustica, which themselves are amphidiploids, were pro-
duced (Smith 1939), the resulting plants showed a general lack
of vigor.

Nebel and Ruttle (1938) have pointed out the value of tetra-
ploid marigolds, petunias, and snapdragons that were developed
by the use of colchicine. In several cases, plants were obtained
that were of sturdier growth and produced larger, sturdier flowers
(see Fig. 5).

In the brief review given here, it is impossible to cover all
phases of the economic importance of induced polyploidy. It is
well known that wide crosses are sometimes possible between
species and genera of grasses, although such crosses, in F, fre-
quently are highly self-sterile. The development of perennial
grasses of the amphidiploid type, with larger seed size, desirable
for forage and range cover, through crosses between Triticum
and Agropyron species is now being investigated by several
workers.

In a little over a year Blakeslee and coworkers (Blakeslee 1939)
succeeded in doubling the chromosome numbers of 65 different
species and varieties of plants. They report doubling in the
following families: Caryophyllaceae, Chenopodiaceae, Com-
positae, Cruciferae, Cucurbitaceae, Euphorbiaceae, Malvaceae,
Moraceae, Oxalidaceae, Plantaginaceae, Polemoniacea, Portu-
lacaceae, Solonaceae and Violaceae.

Colchicine occurs in the corm of Colchicum autumnale, which
may contain as much as 0.4 per cent by dry weight. A solution
of 0.4 per cent in water may induce doubling in Datura, and one-
thousandth of this concentration causes doubling in Portulaca.
Colchicine in solution is diffusible into plant tissues, exerting its
effect only on cells undergoing cell division. Colchicine prevents
the formation of the mitotic spindle figure and the development
of the cell wall. Cell division into sister cells is prevented, and
the chromosomes continue to divide. The process of chromo-
some division may continue as long as the tissue is exposed to
colchicine. A summary of the technics of colchicine application
may be of interest.

1. Colchicine in aqueous solution diffuses through plant tissues,
causing internal changes in meristematic tissues as a result of
surface application.
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2. Dormant tissues are not affected; only active tissues are
-affected by colchicine. Treatment is of value from the practical
standpoint only to tissues that will develop into vegetative,
sexual, or into both types of plant parts.

3. Optimum cultural conditions should be maintained during
treatment so that cell divisfon may be favored.

4. The duration of treatment must be determined for each type
of material. In general, the length of treatment is dependent
upon the time required to complete the cycle of cell division in the
material worked with.

5. Concentration of the colchicine solution should not fall
below an effective minimum and should not be sufficiently high to
be fatal. A satisfactory concentration must be determined for
each material.

Material that has been used with success in colchicine treat-
ment includes seeds, seedlings, growing tips of twigs or buds or
bud scales. Successful applications have been made in the
following media—aqueous solution, weak alcohol, a suitable
emulsion, lanolin paste, agar solution, glycerine and water, or
glycerine and alcohol. The range of successful concentration
that has been used varied from 0.0006 per cent to 1 per cent.
Duration of treatment that has proved successful ranges from
merely wetting to 24 hr.

Three methods of treatment that have proved successful will be
outlined briefly.

1. Seed treatment. Seeds of Daiura, Cosmos, Portulaca, and
Nicotiana have been soaked in 0.2 to 1.6 per cent aqueous solution
of colchicine. This treatment has been applied successfully to
seeds that will germinate in a few days. Seeds may be planted
after treatment and before germination.

2. Seedling treatment. Germinating seedlings may be im-
mersed in colchicine solution in a shallow container or placed
on filter paper thoroughly wetted with the solution for from 3 to
24 hr. In Cosmos, polyploidy was induced by moistening the
soil over and around the seedlings with a 0.02 to 0.1 per cent
aqueous solution after germination and before the seedlings had
emerged.

3. Treating young shoots or buds. Tips of young seedlings of
both woody and herbaceous plants may be treated by brushing
the solution over partially exposed tips once or several times or by
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immersing such material in a vessel containing the solution for
the length of time necessary.

Successful treatment has be:n obtained by the use of 0.5 to
1.0 per cent colchicine in lanolin smeared on growing portions of
young shoots and on expanding branch buds. Treatment of
young seedlings of flax and petunia has been successful by brush-
ing tepid 1 per cent colchicine agar solution (1 part 2 per cent
colchicine to 1 part 3 per cent agar) over the growing tips.



CHAPTER II1

MODE OF REPRODUCTION IN RELATION TO
BREEDING METHODS

It is recognized that there is a close relation between mode of
reproduction and methods of breeding. These facts have been
emphasized by Hayes and Garber (1927). Crop plants may be
placed in two groups according to mode of reproduction. These
are (1) asexual and (2) sexual.

THE ASEXUAL GROUP

The most important crop plants belonging to the asexual group
are potatoes, sugar cane, and many fruits. Many of the horticul-
tural plants grown as ornamentals are members of this group also.
Plants belonging to the asexual group are propagated by grafting,
cuttings, layering, or other asexual means. Although this is the
normal method of commercial propagation, reproduction by
sexual means hds occurred in asexually propagated varieties or
strains of crop plants at some time in the history of their develop-
ment. Vigor of growth, yielding ability, and other quantitative
characters may be explained genetically, in general, as the result
of the interaction of favorable, partially dominant, growth
factors. With most normal quantitative characters, the number
of these factors is large, and linkage is involved. These factors
account for the reason that it is difficult to obtain all the desirable
growth factors in any one plant in a homozygous condition. If
the more promising plants are selected for propagation, it seems
reasonable to expect these plants to be in a highly heterozygous
condition, and the experience of breeders has shown this to be the-
usual case.

Clonal propagation leads usually to the perpetuation of a
uniform progeny, <.e., to the reproduction of the biotype, but it is
recognized that gene changes or chromosomal aberrations do
occur, although there is some difference of opinion regarding their
frequency. Shamel, Scott, and Pomeroy (1918a,b,c), in Cali-

39



40 METHODS OF PLANT BREEDING

fornia, experimenting with citrus fruits, have based a system of
breeding on selection and propagation from bud sports. The
frequency of bud sports has been emphasized by Shamel and
Pomeroy (1932), who have listed 173 cases of important bud

sports in apples.
Collins and Kerns (1938) discuss mutations in the Cayenne

variety of pineapple. This variety presumably originated as a
vegetatively reproduced progeny of a single plant about 100 years
ago. Thirty mutant types have been shown by progeny trials to
reproduce themselves vegetatively; 8 types have been reproduced
through sexual propagation, and 5 of these proved to be dominant
characters, Collins and Kerns state, “The accumulation of
mutations in asexually propagated forms may conceivably play a
role in the running out and acclimatization of varieties. The
parade of agricultural varieties during the past years is a demon-
stration of the chd#nges going on, some of which is known to be
due to progressive or regressive mutations.”’

Methods of breeding the asexual group may be summarized as

follows:

1. Systematic survey of material.

This is an important step in any breeding program. Such a survey
includes a study of material that is already available and that can be
obtamned from any source whatsoever. In most breeding problems, the
wild relatives deserve study also. The various steps in such a survey
may be summarized as follows:

a. Collect and grow a short row, small plot, or several individuals of the
varieties of interest. Classify according to plant characters, both
qualitative and quantitative.

b. Make a systematic study of chromosome numbers and relationships.

c. Study relationships by means of controlled crosses, using both genetic
and cytologic technics.

2. Improvement by elonal selection.

In tree fruits, a careful study of variations that appear as individual
trees, or branches, is of value. A study of the transmission of these
variations must be made by means of a progeny trial. All that is neces-
sary is to compare the performance of selected variations with the normal
variety. This can be accomplished rather quickly by grafting com-
parable trees with the selected variations and with normal budwood and
making a test of the desirability of the two sources of cions. Important
varieties have been selected in the past by these methods. The extent
to which such selection can be made the basis of a standardized breeding
program will depend upon the frequency of such mutations. The selec-
tion of budwood from healthy stock deserves consideration by all who use
this method of propagation as a means of varietal increase.
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In potatoes the tuber-unit or hill-selection method has been used
widely. This method is of value chiefly as a means of keeping the variety
free from degeneration diseases such as the various types of mosaic. It
consists of studying the progeny of selected tubers or hills, selecting the
most desirable clonal lines, and using these as a basis for the commercial
variety. It should be recognized that bud sports do occur occasionally,
and when such are observed that have selection value, they can be used
as a basis for an improved variety. Blodgett and Fernow (1921) origi-
nated the tuber-index method with potatoes as a means of testing for
freedom from disease. The purpose was to test by means of a tuber for
the disease reaction of parent hills and eliminate the diseased hills, the
test being made under greenhouse conditions during the winter months.
This method is now used widely in potato-tuber selection for degeneration
diseases such as mosaic.

3. Breeding plants normally propagated asexually by sexual methods.

Sexual methods of breeding plants belonging to the asexually propa-
gated group are not widely different from those used with other crop
plants. Since asexually propagated varieties are highly heterozygous,
selection in self-fertilized lines is being tried as a means of obtaining
parental varieties with certain desired characters in a homozygous con-
dition. When varietal crosses are used it is of value to determine the
suitability of a particular heterozygous parent variety on the basis of
the characters of its progeny. Crosses between an inbred line that is
relatively homozygous for certain desirable characters, with outstanding
commercial varieties, often furnish the most satisfactory basis for selec-
tion of new and improved asexual varieties.

THE SEXUAL GROUP

Plants belonging to this group may be placed in several subdivi-
sions according to their normal mode of pollination. It should be
recognized that varietal differences of a genotypic nature, as well
as environmental influences, are the major causes of the rather
wide differences that are observed when the normal mode of
pollination of plants of economic importance is studied. The
following subdivisions are those of major importance: naturally
self-pollinated, often cross-pollinated, naturally cross-pollinated,
and dioecious.

@ aturally Self-pollinated Group.

As a rule, less than 4 per cent of cross-pollination. The
crops generally placed here are barley, wheat, oats, tobacco,
potatoes, flax, rice, peas, beans, soybeans, cowpeas, slender
wheat grass, and tomatoes.

There is a gradual variation in amount of cross-pollination
from this group to that of the often cross-pollinated group and no
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very clear line of demarcation between the groups. The varia-
tions that occur are a result of either environmental influences,
varietal differences, or a combination of the two causes. As wide
variations in the frequency of natural crosses occur from one
locality to another, it seems unnecessary to summarize the many
detailed studies that have been made. It is important for the
breeder to learn the extent of natural crossing of the crops he is
working with under his own conditions.

Methods of learning the extent of normal cross-pollination are
relatively simple. With tomatoes, at the Connecticut Agricul-
tural Experiment Station, Jones (1916) interplanted alternate
plants of dwarf and standard tomatoes, at the usual spacing, in
rows in the field. Seed from the dwarf plants was harvested and
sown. From 2170 plants that resulted, 43, or approximately
2 per cent, proved to be of standard habit. The extent of natural
cross-pollination would be therefore between 2 and 4 per cent.

Stevenson (1928) studied the extent of cross-pollination in
barley under normal conditions in Minnesota, using Consul and
Gatami as the parental varieties. The type characters and
period of heading of these varieties are as follows:

T Date heading
Variety chax%:::ier )
1924 1925 1926
Consul White 6-27 6-12 ©6-12
Gatami Black 6-26 6-12 6-15

Seed of the two varieties was sown alternately in rows spaced
1 ft. apart. Black is dominant over white, and the extent of
natural crossing was determined by sowing seed of the white
glumed variety, collected under the conditions described, and
determining the number of natural crosses. Results from the
3 years are as follows:

White glumed Black glumed Per cent off
Year
plants plants type
1924 2878 1 0.04
1925 1600 2 0.12
1926 2012 3 0.15
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From similar studies, no natural crosses occurred between
Hanna and Jet, Oderbrucker and Lion, and Manchuria and
Nepal.

Natural crossing has been studied extensively in wheat. There
is a rather wide range in the amount of natural crossing asreported
by investigators located in various parts of the world where
wheat improvement has been carried on. Early investigators,
including DeVries, Biffin, and Fruwirth, considered that natural
crossing was very infrequent. Nilsson-Ehle, in Sweden, stated
that some varieties are cross-pollinated much more frequently
than others. Natural crossing at University Farm, St. Paul,
Minnesota, of at least 2 to 3 per cent, on the average, has been
observed. Powers (1932) studied natural crossing in Marquillo
spring wheat, derived from a cross of Iumillo durum with
Marquis. Marquillo was grown in alternate rows with Ceres,
and the percentage of natural crosses determined by inoculation
in the seedling stage with physiologic race 21 of black-stem rust,
Puccinia gramings tritict, to which Marquillo normally is resistant
and Ceres susceptible. Seedlings from sced produced on non-
covered spikes of Marquillo showed 3.6 4+ 0.50 per cent of
susceptible plants. Since susceptibility is dominant over resist-
ance to form 21 in crosses of Ceres X Marquillo, it is fair to
conclude that natural crossing to the extent of 7.2 per cent
occurred in Marquillo wheat during the year that the study was
conducted. ‘

2?'4 E)ften Cross-pollinated Group.

In this group, self-pollination is more frequent, as a rule,
than cross-pollination, although cross-pollination may occur
so frequently that some method of preventing cross-pollina-
tion between varieties and strains of different genotypic
constitution must be followed throughout the breeding and
seed-distribution program. Crops belonging to this group
are cotton, sorghums, and some strains of sweet clover.

Except for the necessity of controlling pollination in seed plots
to a greater extent than with the self-pollinated group, it seems
probable that methods of breeding are not greatly different than
for the self-pollinated group.

Before starting a hybridization program of improvement, it
may be desirable to practice self-pollination and selection in order
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to isolate the more desirable homozygous types as parents and
eliminate the less desirable variations.

%. Naturally Cross-pollinated Group.

Important crop plants placed in this group include maize,
rye, clovers, sunflowers, sugar beets, many fruits, some
annual and most perennial grasses, cucurbits, Brassica
species, most root vegetables.

This group is composed of plants of widely different habit in
relation to mode of pollination. It includes such plants as maize,
with which cross-fertilization is the rule and which sets seed freely
when artificial self-pollination is practiced. The wind-pollina-
tion habit and the large amount of pollen produced tend to cause
cross-pollination that approaches 100 per cent. Then there are
many plants adapted to insect pollination, in which cross-pollina-
tion, under normal conditions, is essential to seed produetion, and
many plants that are partially or wholly self-incompatible, in
which case cross-pollination is essential to seed production
because of self-sterility.

Self-sterility and other causes of self-unfruitfulness will be
discussed in much greater detail in connection with the presenta-
tion of methods of breeding crop plants that normally do not set
seed by self-pollination.

It is apparent that many crop plants contain genotypes that
carry factors both for self-fertility and sterility. Where self-
sterility is the rule, methods of breeding are not widely different
than in dioecious plants, since two parent plants must be selected
in order to obtain a progeny.

£. Dioecious Plants.

Important crop plants of this group are hops, hemp, date
palm, spinach, and asparagus.

In breeding plants belonging to this group, it is necessary to
select both male and female plants with the characters desired
and test their progeny to determine the breeding value of particu-
ar parents. By this means varieties of superior type may be
synthesized.

SELF-POLLINATION LEADS TO HOMOZYGOSIS

Even though only an occasional natural cross occurs in a
10ormally self-pollinated crop, this may lead to a new combination
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of characters and thus be a source of material for selection. It
will be of interest to show what will happen in later generations of
self-fertilization as a result of a cross between varieties differing
by one or more genetic factor pairs. Two somewhat different
formulas have been used to express the expectations (East &
Jones 1919).

Suppose that the two parent varieties differ by several factor
pairs. The following formula, [1 4+ (2~ — 1)]?, may be used
where r equals the number of segregating generations after a cross
and 7 equals the number of independently inherited factor pairs
involved and the first and second terms of the binomial are 1 and
2" — 1, respectively. The exponent of the first term gives the
number of heterozygous factor pairs and the exponent of the
second term, the number of homozygous factor pairs. Supposing
the number of factor pairs is 3, ¢.e., n = 3, and the progeny
is in the fifth segregating generation, or Fg, t.e., r = 5 and
2r — 1 = 31. The results will be 1% 4+ 3(1)231 + 3(1)(31)2 +
318, giving:

1 individual with all three factor pairs heterozygous.

93 individuals with two factor pairs heterozygous and one
homozygous.

2883 individuals with one factor pair heterozygous and two
homozygous.

29,791 individuals with all three factor pairs homozygous.

Another formula that has been used to express the percentage
of homozygous individuals in any generation following a cross

C— 1 n

2r

same meaning as in the previous formula. In actual practice, the
calculated expectation would not hold unless all the progeny of
each genotype were equally productive and the factor pairs were
independently inherited. If linkage is involved, this changes the
percentage of homozygous individuals but does not change the
percentage of homozygosis, as has been shown by Wright (1921).
The percentage of homozygosis in any segregating generation, r,
can be obtained by the foregoing formula for a single factor pair.
Under conditions of self-pollination, linkage increases the rapidity
of obtaining homozygous individuals over that expected for
independent Mendelian inheritance.

The results of applying this formula with 1, 5, 10, and 15 factor
pairs for from 1 to 10 generations of self-fertilization have been

between different forms is » where n and r have the
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expressed in the form of curves by Jones (1918). The results
(Fig. 6) are given on the basis of the percentage of heterozygous
individuals in each selfed generation and the percentage of
heterozygous pairs, i.e., the percentage of heterozygosis.

These graphs show that self-fertilization leads rapidly to homo-
zygosis and that the progeny of individual plants of a self-
fertilized crop may be expected to breed true for the most part.

100 %1

Percentage of Heterozygous
Individuals in each Selfed
Generation when the Number
of Alleles Concerned

Are: 1,5 10,15.

-3
ot
ko

Percentage of Heterozygous Individuals
© g

o

» »

6 I 2 38 4 b5 6 7 8 9 10
Segregating Generations
Fi1a. 6.—The percentage of heterozygous individuals in each selfed generation
when the number of independently inherited factor pairs are 1, 5, 10, and 15.
The percentage of heterozygosis in any selfed generation is given by the curve for
one factor pair.

The principles outlined show why breeding methods have been

standardized to a considerable extent with self-pollinated crop
plants.

THE EFFECTS OF SELF POLLINATION IN THE OFTEN
CROSS-POLLINATED GROUP
It has been stated that except for the necessity of greater
care in controlling pollination the breeding of the often cross-
pollinated group can be carried on in much the same manner as
with plants belonging to the naturally self-pollinated group.
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Kearney (1923), with Pima cotton, studied the effects of
controlled self-fertilization during successive generations, Some
of the results presented by him are summarized here.

TapLe 2—RaxpoMm SAMPLE OF CoMMERCIAL Stock oF Pimma Cotron
CoMPARED WITH STOoCK INBRED FOR SEVEN SUCCEsSSIVE GENERATIONS

Mean

Mean Percentage

Percentage| number of . :

. Flowers weight of | of germi-

Population of bolls seeds .
tagged : 1000 seed, | nation of
shed matured seeds
per holl g
Inbred........ 296 |11.8 £ 1.3/17.2 +0.12{13.6 + 0.04/90.8 + 0.8
Open pollinated] 367 | 8.4 +1.0/17.1 + 0.12|13.4 + 0.03{90.2 + 0.9
Difference .. 34+1.60.1+017 0.2 +0.050.6+1.2
Boll Weight and Lint Index

Population Number of bolls | Seed cotton Lint index
Inbred............ ..... 105 3.22 £0.21 | 4.90 +£0.27
Open pollinated ......... 115 3.04 £ 0.06 | 5.12 + 0.03
Difference............. 0.18 £ 0.22 | 0.22 £ 0.27

Boll Dimensions

Population Number of bolls | Length, mm. |Diameter, mm.
Imbred.................. 25 46.6 + 0.56 { 26.8 + 0.19
Open pollinated.......... 25 45.7 £ 0.80 | 26.1 £ 0.19
Difference............. 0.9+097] 0.7 £0.27

There was no harmful effect of continued self-pollination in this
variety of cotton. It may be concluded that controlled self-
pollination can be used, when desired, with plants belonging to
this group without leading to a great reduction in vigor.

Humphrey (1940) has emphasized the desirability of inbreeding
cotton in order to obtain uniformity in fiber characters. Com-
parison of lines that had been self-pollinated for 2 and 7 years
indicated that inbred lines were much more uniform than the
variety from which they arose, but little increase in uniformity
was obtained after 2 years of self-pollination. Humphrey’s data
lead to the conclusion that vigorous self-pollinated lines can be
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obtained in cotton, and, as would be expected, there seem to be no
harmful effects of continued self-pollination.

EFFECTS OF SELF-FERTILIZATION
IN CROSS-POLLINATED PLANTS

From the genetic standpoint, artificial self-pollination in a
normally cross-pollinated crop leads to the production of homo-
zygous lines. In many crops, notably corn, thereis a rapid reduc-
tion in vigor when self-pollination is practiced. The extent that
vigor of growth is reduced is not the same in all lines, and some
inbred lines of corn have been obtained that appear relatively
homozygous and are rather vigorous. In general, in corn, no
inbred lines that approach homozygosis have been obtained that
are as vigorous as normal corn. Studies of the effects of self-
fertilization have been made with many crop plants. Extensive
studies of squashes have been made, and much of the improve-
ment in recent years has resulted from the isolation of desirable
selfed lines and their use as commercial varieties. Both high-
yielding and low-yielding selfed lines have been isolated. Cum-
mings and Jenkins (1928) studied a high-yielding line that had
been selfed for 10 generations without harmful effect.

It is apparent that the extent to which a crop can be inbred
without leading to a great reduction in vigor will be the main
factor in deciding how extensively controlled self-pollination can
TasLE 3.—THE ErrFecT OF 30 GENERATIONS OF SELF-FERTILIZATION WITH

Trarep INBRED LiNes oF M1z uroN THE HEIGHT OF PLANT AND
Y1ieLp oF GRAIN

Line 1-6 Line 1-7 Line 1-9
Number of

nerations i i i

& selfed He'ight, tle.e;i’r He'ight, lle.e:;)(tr Hgight, gxl.e;cbr
in. in. in.
acre acre acre

0 117 81 + 7| 117 81 +7 117 81 +7
1-5 87 64 + 11| 81 51 +7 77 41 £ 5
6-10 97 + 1% 45 +12{84 +1 {36 +5 |82 +2 |34 +4
11-15 97 +3 {38+ 4/8 +2|34+3 |8 +2|26+2
16-20 88 +4 ({22 + 48 +3 {24 +3(75+4|14+3
21-25 81 +2 {20+ 6(756+3121+3|71+3|13+2
26-30 92 +3 |24+ 9/80+2 |18 +4 |77 +3| 9+4

* Standard errors,
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be used in breeding cross-pollinated plants. Studies of controlled
cross- and self-pollination with each of the important crop plants
are essential in the establishment of breeding methods.

Jones (1939) has summarized the effects of continued inbreed-
ing with maize for three inbred lines started by East in 1905 and
discussed by East and Hayes (1912). Yield in bushels per acre
and height of plant in inches given in Table 3 were presented by
Jones (1939). The data were given as averages for 5-year
periods to overcome seasonal fluctuations.

| ! I
2.5 15 12,5 .5 22.5 215
Number of generations selfed

F1a. 7.—A comparison of three maize lines, derived from the same variety,
self-fertilized for 30 generations. Height of stalk is measured in inches and yield
of grain in bushels per acre, both plotted on the same scale. The broken lines
are the theoretical curves of inbreeding. (Adapted from Jones.)

The results are presented also in the form of curves in Fig. 7.

The theoretical curves were calculated by subtracting the
average height and average yield of the three inbred lines at the
end of the 30 generations of self-pollination from the figures at
the start. The difference was halved in each generation and
subtracted from the initial yield. Theoretical yields at the end
of the fifth generation of inbreeding were obtained by averaging
the theoretical yields at the end of each generation from 1 to 5,
with the use of the following calculations, where the original yield

. was 81 bu. and the average yield at the end of 30 years of selfing
was an average of 24, 18, and 9, or 17 bu. Subtracting from_ 31,
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one obtains 81 — 17 = 64. This value is halved for each succes-
sive generation of selfing and subtracted from 81. On this basis,
theoretical yields for each of the first five generations of selfing
can be computed as follows:

Generation ’ Theoretical
Calculation
of selfing ) yield
1 81 — ( 14 X 64) 49
2 81 — (34 X 64) 33
3 81 — ( 73 X 64) 25
4 81 — (1"/16 X 64) 21
5 81 — (3134 X 64) 19
Average. . ; S 29.4

The calculations are based on the hypothesis that the effects
of inbreeding are dependent upon the extent of heterozygosity,
the number of heterozygous pairs of factors being reduced one-
half for each successive generation of sclf-fertilization. The
average theoretical yield of the three inbred lines, for generations
1 to 5, of 29.4 bu., was less than the actual yield obtained, which
indicates that selection was practiced.

Comparing the actual and theoretical curves indicates that the
three inbred lines were homozygous for factors influencing height
after 5 generation of selfing and for yicld after approximately
20 generations of selfing. Besides these lines that can be propa-
gated by continued self-pollination, therc are other inbred strains
that are so weak that they cannot be propagated and still others
that can be perpetuated only with difficulty.

HETEROSIS AND 1TS EXPLANATION

Early plant hybridists, including Kélreuter, in the eighteenth
century, Géirtner and Weigmann, in the nineteenth, noted the
increased vigor of hybrids. Although many others in the last
century observed hybrid vigor, a clear understanding of the
effects of self-fertilization in cross-pollinated plants and of the
effects of crossing self-pollinated plants was obtained only as a
result of genetic research. East and Hayes (1912) pointed out
the value of hybrid vigor both in evolution and in plant breeding
and Shull (1914) suggested the term heterosis in the following
words:
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To avoid the implication that all the genotypic differences which
stimulate cell division, growth and other physiological causes are
Mendelian in their inheritance and also to gain brevity of expression, I
suggest that instead of the phrases, ‘‘stimulus of heterozygosis,”
““heterozygotic stimulation,” . . . , that the word hefgypsig be adopted.

Because of the importance to the plant breeder of heterosis, it
seems desirable to summarize the suggestions for an explanation
of heterosis in the light of present-day knowledge.

Keeble and Pellew (1910) explained hybrid vigor in peas from
a cross between two half-dwarf varieties, Autoerat and Bountiful,
on a dihybrid basis with dominance in the Fy of the thick stem of
one parent and long internode of the other.

This explanation was not considered generally applicable by
East and Shull, since other cases of hybrid vigor could not be
placed on an equally simple basis. At this time (around 1910)
there was a lack of appreciation by most workers that for many
characters large numbers of factor pairs were involved. Brief
quotations from East and Hayes (1912) serve to summarize the
viewpoints of East and Shull, who, in general, were in close
agreement.

One can say that greater development stimulus is evolved when the
mate of an allelomorphic pair is lacking than when both are present in
the zygote. In other words, development stimulus is less when like
genes are received from both parents.

The decrease in vigor due to inbreeding naturally cross-fertilized
species and the increase in vigor due to crossing of naturally self-
fertilized species are manifestations of the same phenomenon. This
phenomenon is heterozygosis. Crossing produces heterozygosis in all
characters by which the parent plants differ. Inbreeding tends to
produce homozygosis automatically.

Inbreeding is not injurious in itself but weak types kept in existence
in a cross-fertilized species through heterozygosis may be isolated by this
means. Weak types appear in self-fertilized species, but are eliminated
because they must stand or fall on their own merits.

The selfed lines of corn first grown by East at the Connecticut
station in 1906 and carried on by Hayes from 1910 to 1914 were a
part of the long-time selfed material used by Jones (1918) in
studies of selfing and crossing.

Studies of size inheritance in tobacco and corn furnished a
considerable part of the necessary evidence that many quantita-
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tive characters were dependent upon the interaction of many
factors for their full expression. If such is the case, it is evident
from any particular cross that it is difficult to obtain all factors in
a homozygous condition that have an influence on hybrid vigor.
The explanation of heterosis given by Jones (1917) is well known
to all students of genetics. He supposed that the vigor of an F,
cross was dependent upon the interaction of dominant, favorable
growth factors, part of which were obtained from each of the {wo
parents. If large numbers of factors are involved, linkage is
bound to occur, and this makes it extremely difficult to obtain all
necessary growth factors in a homozygous dominant condition in
later segregating generations.

To the breeder who has had much experience with quantitative
inheritance the explanation seems entirely logical. It is difficult
to prove the truth or falsity of the explanation. To the breeder
of economic crop plants the dominance of linked growth factors in
relation to heterosis furnishes a basis for methods of breeding
cross-pollinated plants and the perpetuation of hybrid vigor to
the extent possible with each particular category of crop plant.

Collins (1921) raised certain objections to Jones’s explanation.
He emphasized the importance of deleterious recessives that so
frequently show up as a result of inbreeding maize. He pointed
out also that the effect of a genetic factor was dependent upon the
size of an organism and that skewness of the Fo distributions
would not be evident if as many as 20 pairs of factors were
involved, with complete dominance of each and a cumulative
effect of one on the other. With more pairs of factors involved,
linkage would result, however, and add to the difficulty.

Richey (1927) and Richey and Sprague (1931) have presented
data on convergent improvement that gives some support to
Jones’s explanation of hybrid vigor. The method of convergent
improvement will be presented in much greater detail in relation
to corn breeding. It is equivalent to double backerossing and
furnishes a method for improving each of two inbred lines without
interfering with their combining ability. Tf the selfed lines A and
B combine to give a vigorous F; cross, (A X B), two serics of
backcrosses are carried on, (A X B)A and (A X B)B. In the
cross of (A X B)A and subsequent backcrosses to 4, it is hoped
to retain the favorable dominant growth factors from A and add a
part of B. In the cross of (A X B)B, etc., the favorable domi-
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nant growth factors of B will be retained, and a part of these
from A will be added. After backcrossing, selfing is necessary
until the heterozygous dominant growth factors become homo-
zygous. The F; cross of A(B,), containing the growth factors of
A with a part of those obtained from B, with B(A1), or [4A(B:1) X
B(A,)], should yield as much as A X B if the partially dominant
linked-growth-factor theory of hybrid vigor is the correct one.
Greater yields seem possible if dominance is not complete.

Richey and Sprague (1931) presented data from six crosses
where N = nonrecurring parent, R = recurring parent, and
(N X R,) refers to four generations of backerossing of (N X R) X
R. All combinations of new crosses [4 (B;) X B(A1)] should not
be expected to yield equally as well as A X B, and in practice it is
necessary to determine the number of generations to backcross
before selfing. One of the crosses studied by Richey and Sprague
indicates the possibility of increasing the yield of selfed lines and
of the 'y eross over the original selfed lines and F; cross, respec-
tively, by the process of convergent improvement. In a repli-
cated trial, N X R yielded 17.8 + 0.20 lb. of ear corn per plot,
N X (N X R,), an Fy cross of a fourth generation backeross of
(N X R)R, when crossed with AN, yielded 19.0 + 0.30, or
significantly more than N X R. The yicld of R selfed was
5.5 + 0.22, which is significantly lower than the yield of
(N X R4) of 8.3 + 0.24. '

The writers say, ‘“Convergent improvement, suggested
originally from theorctical considerations as a means of improving
selfed lines of corn without interfering with their behavior in
hybrid combination, so far has been found successful. Further-
more, the results suggest that this method may also provide a
means by which the yields of Iy crosses between selfed lines can
be raised to an even higher level.”

More recently East (19360) has presented a genetic explanation
for heterosis that emphasizes the importance of linkage and
makes the suggestion that multiple alleles are concerned also in
heterosis. The genetic factors involved are not those used
normally in genetic experiments, called physiologic defectives
by East, but the factors with small effects and more difficult to
study are considered to be of greater importance in evolution and
in plant breeding. It is suggested by East that these factors,
which have a cumulative effect and for which dominance is
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virtually absent, occur in series of multiple alleles. Each mem-
ber of a series may be considered to have the ability of affecting
a different physiological process. Thus, if 41, A, and A; are
three such alleles, 414+ or any other combination of two of the
three factors would have a greater effect than the homozygous
condition for one, 7.e., A1A1, A24,, or A3A;. Although there is
nothing inconsistent in such a hypothesis in the light of the
numerous series of multiple alleles for qualitative characters, there
seems no reason to suppose that multiple alleles are of greater
importance for quantitative than for qualitative characters.

Studies of corn breeding have given further evidence regarding
hybrid vigor, although the problem of heterosis needs further
study, both on a genetic and physiological basis. It is now
generally accepted by students of corn breeding that combining
ability is a genetic character. Recent rather extensive studies
of Hayes and Johnson (1939) showed the extent to which com-
bining ability is an inherited character. When selfed lines were
selected from a cross between inbreds with high combining ability,
most of the selfed lines obtained from the cross were of high com-
bining ability also, as tested in inbred-variety crosses. Con-
versely, when selfed lines were selected from a cross of low
combiners, the greater proportion of lines obtained were of low
combining ability. Data were given to show that the characters
of selfed lines that mecasure vigor of growth were responsible for
approximately 45 per cent of the variance in yield of the inbred-
variety crosses.

Heterosis, then, is a general term for hybrid vigor. It is a
phase of quantitative inheritance, and if quantitative inheritance
is Mendelian it seems equally reasonable to place heterosis in a
similar category. If the growth characters of self-pollinated
plants are inherited in the same manner as in cross-pollinated
plants, it seems evident that nature and man have obtained
vigorous self-pollinated plants by selection of the fittest. It is
evident that similar selection in selfed lines of cross-pollinated
plants will, in many cases, lead to the isolation of inbred lines
that are progressively more vigorous than those now available.
The extent of improvement obtainable can be determined only
by actual study.

In recent years, physiological studies of the manifestations of
heterosis have been made with several different crops by Ashby
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(1930,-1932, 1937), Sprague (1936), Lindstrom (1935), Luckwill
(1937), et al. In general, three stages of development may be
differentiated: (1) fertilization to maturity of seed; (2) from
germination to first flowering; (3) subsequent growth. The
efficiency of the F; crosses was studied for various physiological
characters. The hybrids during the stages of development
designated as (2) and (3) did not excel the better inbred
parent in relative growth rate, respiration rate, or assimilation
rate. Ashby attributes the greater development of the hybrid
to ‘““greater initial capital,” i.e., greater embryo size. Although
Ashby’s data were in agreement with this hypothesis, no such
relation is universally present. Sprague (1936) concluded that
growth rate of the hybrids was greater than that of the inbreds
during the first stage and in the early seedling stage but could
not demonstrate a higher growth rate for the hybrids from the
late seedling stage to maturity.

Kiesselbach (1922) studied external and internal expressions
of hybrid vigor in maize crosses. The increased weight of kernel
due to crossing showed the following percentage of increase of
parts of the hybrid kernel over the kernels of the inbreds: total
kernel, 11.1 per cent; embryo, 20.2 per cent; endosperm, 10.4
per cent; and seed coat, 5.4 per cent.

Some measurements of the causes of increased vigor given by
Kiesselbach are of interest.

Increase of hybrids over their pure-line parents:

Stalk diameter at base, 48 per cent.

Number of fibro-vascular bundles in cross section of stalk,
43 per cent.

Number of fibro-vascular bundles in 1sq. cm. of cross section,
—38 per cent.

Average diameter of one pith cell in stalk, 6 per cent.

Average length of one pith cell in stalk, 10 per cent.

Number of pith cells along one diameter in cross section,
38 per cent.

Increase in size of the hybrid over the parents in pith cells in
the stalk and epidermal cells of the leaf was studied in relation to
cell number and cell size. The total increase of the hybrid over
its parents was due to 10.6 per cent increase in cell size and 89.4
per cent to an increase in cell number.
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Bindloss (1938), Whaley (1939a,b), and Wang (1939) studied
the apical meristem of inbreds and F; hybrids without finding
any one characteristic uniformly correlated with hybrid vigor.
Bindloss observed a positive correlation between nuclear size
and heterosis in one maize pedigree but no such relation in two
others studied. Her data indicate significantly larger nuclei for
the hybrid than for either parent in one cross, but in another
hybrid the nuclei in the meristem were intermediate between the
two inbred parents. Whaley found that cell and nuclear size
in the plumular meristem of Lycopersicum decreases during
development but less rapidly in the hybrids than in their parents.
The differences observed indicate a fundamental metabolic dif-
ference between the hybrids and their parents. Wang studied
four inbred lines of corn and all six possible F; crosses between
them, using the apical meristem of the growing shoot. He found
some evidence of heterosis in the volume of the plumular meri-
stem and within the hybrids or within the selfed lines a positive
correlation between cytonuclear ratio of the cells of the growing
shoot and vigor of growth. This ratio, however, did not hold
when comparisons of hybrids and selfed lines were made.

From these physiological studies, there is an indication that
the hybrid approaches the better parent in measures of physio-
logic efficiency. The lack of agreement among the various
studies indicates that heterosis is manifested in various ways in
different hybrids and that it may be due to various causes. The
hypothesis of the complementary action of growth genes seems
the best genetic explanation now available. For the plant
breeder, the explanation of Jones for heterosis on the basis of the
partial dominance of linked growth factors furnishes, at any
rate, a working basis that aids in an attack on improvement
problems. Considering heterosis as a phase of quantitative
inheritance furnishes a basis for an outline of methods of breeding
that aim to obtain, as far as possible, the full benefits of hybrid
vigor to the grower and producer of crop plants.

A CLASSIFICATION OF METHODS OF BREEDING SEXUALLY
PROPAGATED PLANTS
A brief outline of methods of breeding will help to illustrate
the close relation between methods of breeding and mode of pol-
lination, The major groups are ag follows:
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I. Introductions.
II. Selections.

A. Mass selection.
1. In sclf-pollinated crops.
2. In cross-pollinated erops.
3. In dioecious crops. Sclection of both male and female plants for

the characters desired.

B. Individual plant selection.
1. In self-pollinated crops.
2. In cross-pollinated crops without control of pollination.
3. In controlled self-pollinated lines of cross-pollinated plants.
4. In dioecious crops.
5. In crcps normally clonally propagated.

I1I. Hybridization.

A. Crosses in self-pollinated crops.
1. The pedigree and bulk methods.
2. Backcrossing.

B. Crosses of self-pollinated lines and the use of the F; generation for
the commercial crop.

C. Convergent improvement.

These various methods will be outlined in greater detail later.
At this time it will be sufficient to discuss them briefly.

Introduction is not a method of breeding in itself but a means
of securing material from other workers and from foreign coun-
tries. Many species and varieties of crop plants now grown in
one country were introduced originally from foreign countries.
For example, the soybean, introduced inte the United States
from the Orient in the present century, is becoming of out-
standing value to American agriculture.

Mass selection as now practiced in self-pollinated crops is
chiefly a matter of roguing or of selecting individual plants or
heads from a commercial standard variety for seed-plot pur-
poses. In cross-pollinated plants, mass selection is of great value
as a means of selecting and developing ecotypes that through
years of natural selection have become adapted to particular
cnvironmental conditions. Grimm alfalfa, selected in Carver
County, Minnesota, many years ago, was a product of mass
selection.

More varieties of self-pollinated crops have been obtained
from the individual-plant method of selection than by other
methods. Some of the results of these and other methods of
breeding have been summarized by Hunter and Leake (1933).
Most commercial varieties are mixtures of different biotypes that
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can be isolated by the individual-plant-selection method. These
mixtures result from natural crossing, mutation, or from mechani-
cal mixtures. They have furnished a logical basis for the
selection of pure-line strains of greatest promise. Several
varieties of oats, Gold Rain and Victory at Svaléf, Sweden,
Gopher in Minnesota, Richland, Iowar, and Iogold from Iowa,
and Rusota from North Dakota aré illustrations of valuable
varieties obtained by this method of breeding.

With cross-pollinated crops one of the best known illustrations
of individual-plant methods of selection is the ear-to-row-
selection method with corn outlined by Hopkins about 1900.
This method has been used rather widely as a means of develop-
ing adapted varieties of corn. Most of the improvement in
sugar content and quality, of a heritable nature, with sugar
beets was a result of individual-plant selection without control
of pollination.

With cross-pollinated plants like corn, selection in 'self-
fertilized lines has been used during the last 15-year period as
one of the steps in the modern corn-breeding program. It has
been used also with potatoes as a means of developing better
breeding stock.

With dioecious plants, a good illustration of the individual-
plant methods of selection that led to the development of an
improved variety is the Washington asparagus listed in many
seed catalogues. In this case, both male and female parent
plants were selected and their combining ability determined.

Hybridization is a means of combining the desirable char-
acters of two or more varieties. Two smooth-awn varieties of
barley—Velvet, developed at the Minnesota Agricultural Experi-
ment Station, and Barbless, in Wisconsin—and the Little Joss
and Yeoman varieties of wheat developed in England are illus-
trations of the many cases in recent years where new varieties of
crop plants have been developed by combining in a single
variety the desirable characters of two or more parents.

The development of a hybrid method of seed-corn production
was predicted by Shull in 1909. Some of the results of this
method of breeding have been emphasized in the first chapter.

As a result of combined genetic and plant-breeding studies,
the value of backcrossing in plant breeding is becoming generally
recognized. When it is desired to add one or two characters to
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an otherwise desirable variety and the technic of crossing is
relatively easy, the method seems almost to be made to order.

Convergent improvement or double backcrossing is a method
of improving each of two inbred lines of corn or other crop plant
without modifying their combining ability.

These and other methods of plant breeding will be discussed in
greater detail in later chapters, when the relative desirability of
various methods of breeding for different types of improvement
problems will be emphasized.



CHAPTER 1V
TECHNICS IN SELFING AND CROSSING

Two general methods for the exclusion of foreign pollen may
be used in controlled self-pollination. One method is the use of
space isolation, spacing single plants far enough apart from other
plants with which they might cross so that selfing is ensured.
The distance needed for complete isolation will vary with the
crop, weather conditions, and natural barriers to the spread of
pollen. This method has been employed rather extensively in
selfing sugar beets. The other method is the use of some type
of bag, either paper, vegetable parchment, or cloth, to enclose
the inflorescences and ensure self-pollination.

Crossing different strains usually involves the use of some
special technic appropriate for the crop and environmental con-
ditions prevailing. A knowledge of flower structure of the
species or variety to be worked with is essential before crossing
is undertaken. Some important features of the technic of cross-
ing have been summarized by Hayes and Garber (1927) as
follows:

/ 1. Make a careful study of the structure of the flower before
commencing operations. This may be with, or without, the
aid of a dissecting microscope.

7 2. Determine which flowers produce the larger, healthier
seeds and which set seed most freely.

3. Learn the normal time and method of blooming of the
flowers and the length of time that the pistil will remain recep-
tive and the pollen grains capable of functioning.

4. Procure the necessary instruments, and see that these are
of an efficient kind for the work to be undertaken.

5. Be careful not to injure the flowering parts any more than
is necessary. Do not remove the surrounding flower parts, <.e.,
petals, glumes, etc., unless necessary.

6. A few crosses carefully made are of much greater value than

many pollinations carelessly executed.
60
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Some of the common methods employed in selfing and crossing
different crops will be outlined.

Corn.—In selfing and crossing individual plants of corn, vege-
table parchment and paper bags are commonly used to cover the
ears and tassels. At Minnesota, ear bags made of 40-Ib. vege-
table parchment paper, 4 by 214 by 11 in. in size, with round
bottom, 1-in. lip, and 1-in. bottom fold, sealed with a double
strip of casein glue, have proved very satisfactory. These bags
are placed over the ears before the silks emerge and are clipped
with a collette paper clip to the stalk. After emergence of the
silks, another bag, made of extra-heavy kraft paper, 7 by 434 by
16 in., with round bottom and 1-in. lip, is placed over the tassel.
The end of the bag is folded tightly around the stalk and held
in place with a paper clip. The next day the ear bag is removed,
and the pollen that has collected in the tassel bag is poured over
the silks of the ear to be selfed or crossed. In some cases, it is
desirable to clip off the young silks at about the time that the
tassel bag is placed over the tassel. This ensures a tuft of silks
of similar length at pollination time. After pollination, the
parchment ear bag is replaced and tied to the stalk with a string.
This bag is left on until harvest. The used tassel bag is discarded.

A method used commonly is to cover the ear shoot with a
glassine bag, approximately 614 by 214 in., before the silks
appear. These bags are placed over the ear shoot but are not
clipped or tied to the plant. This method works satisfactorily
when the ear shoot is large enough to support the bag. In some
early varieties and inbreds of field corn and some strains of
sweet corn and popcorn, the ear shoot is not sufficiently well
developed to hold a glassine bag in place. After the silks
appear, a specially treated tassel bag that is resistant to moisture
and weathering is placed over the tassel and held in place with a
clip. At pollination, the bottom of the glassine bag is clipped off,
the silks are pollinated, and the ear shoot, after pollination, is
covered with the tassel bag that is clipped in place.

Another method used in selfing is the “bottle method”
developed by Jenkins (1936). Small glassine bags are placed
over the ear before any silks appear. After emergence of the
silks has begun, a 2 oz. bottle of water is hung on the stalk at
the ear-bearing node with a bent wire. The tassel is cut from
the stalk, its shank is inserted in the bottle of water, and tassel
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and shoot are enclosed in a large paper bag. The tassel should

Fr1a. 8.—Details of wheat inflorescence.

Upper left, normal spikes; lower right, emasculated spike; 2, spikelet natural size; f and
g, flowerless glumes; k and r, florets; 3, a single flower closed just after flowering, 3X ;4 4,
Iongitudinal diagram before flowering, x 2.5X, @ = anthers, 0 = ovary, 8 = stigma, f =
filament; 4B = diagram after flowering; 5 = transverse floral diagram, 6 X, fg = lemma,
p = palea, a = anthers, § = stigma; 6, flowerless glume, 7, lemma, 8, palea, slightly
reduced; 9, lodicule, 4 X; 10, cross-section anther, 26 X; 11, pollen grains; 12, ovary and
stigma just prior to flowering; 13, at flowering; and 14, shortly after; 15, 16, 17, the mature
seed. 2After Babcock and Clausen, 1918, affer Hays and Boss.)

be arranged directly above the ear shoot. The bottle of water
seems to keep the tassel alive and shedding pollen as new silks
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emerge. After 48 to 72 hr., the tassels may be removed and
the bottles collected.

When large quantities of seed are required, as in sib pollina-
tions or crossing, it is usual to mix the pollen collected from
several plants of one line and apply the mixture to the silks of the
desired number of plants in the female line. For this purpose, a
small “pollen gun” or small insect duster may be used to apply
the pollen, the anthers first being screened out.

Large-scale production of crossed seed is accomplished by
planting the lines to be crossed in alternate blocks in a field
isolated from other corn and removing the tassels of the female
line before pollen sheds or before the silks appear. The seed
produced on the detasseled line is hybrid seed. The ratio of
pollen-parent rows to detasseled rows varies from 1:2 to 1:4,
depending on the pollen-producing ability of the male line.

Wheat, Oats, and Barley.—Ilayes and Garber reviewed
studies of blooming with wheat that emphasize the importance
of this knowledge in relation to time of emasculation. The
period from about 5 p.m. to 7 a.m. was referred to as night.
Of 2,977 flowers studied on 69 spikes, 1,492 bloomed at night
and 1,485 during the day. These data show that with wheat
it is equally satisfactory to pollinate during the day as in the
very early morning.

The same writers reviewed studies that have been made to
determine whether it was necessary to cover emasculated spikes
of wheat. All results showed that emasculated spikes when left
uncoverced without hand pollination set a high proportion of seed.

Crosses in the self-pollinated cereal grains may be made
either in the field or greenhouse. All but about 8 to 15 of
the florets on a spike or panicle arc removed, before anthesis,
from the heads of each plant to be used as a female parent.
The stamens are then removed from these remaining flowers
with small forceps before the anthers dehisce, and the head
is enclosed in a paper bag. Bags 214 in, wide and 6 in. long,
made of vegetable parchment paper, are satisfactory. About
2 days later, ripe anthers are collected from the male plants,
and pollen is applied to the flowers of the female by breaking
a mature anther and placing it within the emasculated floret.
The paper bag is placed over the pollinated head and allowed
to remain until harvest. Seed from both male and female
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plants used in the crosses may be harvested also. Direct
comparisons of the progeny of the two parents with the F; and
segregating generations of the crosses are highly desirable when
genetic studies are to be made.

Suneson (1937) found that chilling wheat plants for periods of
15 to 24 hr. at 27 to 36°F. resulted in a marked reduction of self-
fertile florets through killing of the pollen. Different varieties
varied 1n tolerance to chilling.

Since the glumes of self-unfruitful florets are held open by the
lodicules. rapid application of the desired foreign pollen by dust-
ing on the exposed stigmas was possible. Self-fertile florets
tend to remain closed and can be rogued. This method of
emasculation might be useful if large numbers of hybrid seeds
were needed. If the female parent possesses a simple recessive
character and the male the dominant allele, any plants from
self-fertilized seed ean be rogued the year the F; plants are grown.

Rye.—In self-pollinating rye, several heads of a plant may be
enclosed in a parchment bag before anthesis. It is desirable to
place an eyeclet in the top of the bag and to tie it to a stake for
support. Bags of the same size as those used for ear bags with
corn are satisfactory. These bags are left on the plants until
harvest. In making controlled crosses between individual
plants, the same technic used in emasculation and pollination
with wheat, oats, or barley may be used. In making inbred-
variety crosses, the flowers of the inbred lines may be emas-
culated in the usual manner, and when the florets open 1 to 4
days later a large amount of pollen may be collected by enclosing
large numbers of heads of the open-pollinated variety in a large
paper bag and the pollen applied to the emasculated flowers
with a camel’s-hair brush.

Flax.—Emasculations of flax are commonly made in mid-to-
late afternoon. At this time a little experience will indicate
which flowers will open the following morning. The petals of the
flowers may be pulled out and the anthers pushed off with a
toothpick. The next morning, flowers are collected from the
male plants, and, by holding them between the thumb and fore-
finger, the dehiscing anthers may be brushed over the stigma.
It does not appear to be necessary to bag the flowers.

Cotton.—In hybridizing cotton, it has been found that a short
section of ordinary soda-fountain straw, closed at the upper end,
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may be used to enclose the exposed pistil after emasculation.
Humphrey and Tuller (1938) described an improvement in the
use of this technic. They found it unnecessary to remove all
the anthers in emasculation, since those not removed were cut off
by the straw when this was inserted over the staminal column.
The soda straw, before use, was closed at one end and about
one-fourth of the anthers from a male flower scooped into the
straw. This was then inserted over the pistil of the emaseulated
flower, forced down until it reached the ovary, and the straw
fastened to the stem with No. 26 copper wire. By the use of
this technic the flowers were emasculated and pollinated the same
day, the flowers being worked with only once.

Sorghum.—Stephens and Quinby (1933) suggested the use of
hot water for bulk emasculation of sorghum. If large amounts of
hybrid seed were needed or backecross populations desirable, the
ordinary methods of individual floret emasculation were too slow.
They found that immersion of the sorghum heads in water, the
temperature of which was 42 to 48°C., for 10 min. resulted in
killing of the pollen. The equipment consisted of a large rubber
tube that could be placed over the head to be treated and tied
to the peduncle of the head at the lower end. A metal container
was connected to the upper part of the tube, into which the hot
water was poured. When proper temperature conditions were
obtained, all pollen in the head was killed. The emasculated
heads could then be pollinated with pollen of the desired male
parent.

Rice.—Jodon (1938) found that immersion of the heads of
rice in water at 40 to 44°C. for 10 min. destroyed the viability of
pollen without injury to other floral organs. Treatment at 0 to
6°C. gave similar but probably less effective results.

A large-mouthed Thermos jug was used as a water container
and the treatment applied in the morning prior to normal
blooming. Emasculation by hot or cold water eliminated injury
to the glumes, and the florets opened in a normal manner.
Normal seed, which germinated well, was obtained when florets
so emasculated were pollinated. ]

Another method used in artificial hybridization is to emascu-
late by removal of the anthers with small forceps through a
.slanting opening made by clipping away a portion of the upper
part of the lemma. This is done in the evening or morning
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prior to blooming, before the anthers will shed pollen on handling.
The florets are pollinated by breaking mature anthers within the
emasculated floret.

Potato.—For careful genetic experiments it is probably wise
to enclose the flower clusters in small cloth bags in selfing the
potato. Otherwise, bagging
seems unnecessary. Emascu-
lation is accomplished by re-
moving the anthers with a
small forceps or by scraping off
the anthers with a small knife.
Pollination is accomplished by
tapping a flower of the male
parent gently so that pollen is
spilled onto the thumbnail and
then applied to the stigma of
the emasculated flower.

Pumpkin and Squash.—Most
varieties of pumpkins and
squashes have imperfect flowers,
some flowers on the plant having
only male and others only
female organs. Pulling the

6

Fie. 9.—Structure of squash flower.

1. Female flower: (a) corolla; (b)
calyx; (¢) fruit.

2. Male flower.

3. Male flower with calyx and corolla
removed.

4. Female flower with calyx and
corolla removed showing: (a)
stigma; (b) style; (¢) point of at-
tachment of calyx and corolla; (d)
undeveloped fruit.

5, 6. Longitudinal and cross sections
of fruit.

Size: 1, 2, ¥4 X; 3, 4, 14 X; 5, 6 greatly
reduced. (After Hayes and Garber.)

to the stigma.

petals of the female flowers
together so that they com-
pletely cover the stigma and
putting a rubber band around
them are easy and acceptable
ways of excluding foreign pollen.
In selfing, or crossing, the male
flowers may be collected and
pollen shaken directly onto the
stigma or first shaken onto the
thumbnail and then transferred

Onion.—Onions may be selied by enclosing the head with a

paper bag before any pollen is shed. Shaking the plant daily
or tying the bagged head to a stake so that the wind will do the
shaking was found by Jones and Emsweller (1933) to increase
the amount of seed set. For seed increases, large cheesecloth
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cages may be used, several plants being enclosed. The authors
mentioned above used cloth cages 3 by 3 by 6 ft. in making
crosses. Fly pupae were introduced into the cages to act as a
means of transferring pollen from one plant to another. Hybrids
of some crosses may be distinguished in the seedling stage. In
other crosses, it was necessary to grow the bulbs before roguing
out the selfed plants. If the hybrids are not distinctly different
from the female parent, it would be necessary to emasculate the
female-parent flowers.

Red Clover.—In sclfing red clover, cloth bags about 4 in. long
and 2 in. wide may be used to exclude insects. Such bags are
tied on before the flowers open. Usually a higher amount of
selfed seed is obtained if the heads are rolled several times during
the fiowering period to aid in tripping the flowers. Cloth bags
are preferred to paper, since the heads can be rolled without
removing the bag.  These bags may be made of theatrical gauze,
such bags having a coarse mesh. Controlled eross-pollinations
may be made by hand or through the use of bees. For hand
pollination, Williams (1931¢) states that emasculation is not
necessary, since most red-clover plants are self-incompatible.
Under Welsh conditions, the percentage of self-fertility varied
from 3.45 to 0.17 per cent, with a mean of 0.85 per cent, during an
8-year period. Partly folded triangular pieces of cardboard 2 in.
long and about 14 in. wide at the broad end and tapering to a
point at the other are used for tripping the flowers and applying
pollen.  One ecard is used for tripping the flowers and the other
for collecting pollen from the male parents and applying to the
stigmas of the female parents. One collection of pollen usually
will pollinate from 15 to 25 florets. After pollination, the polli-
nated heads are enclosed in cloth bags.

In using bumblebees for cross-pollination of red clover, the
plants to be crossed are grown in pots. The parents to be
crossed may be placed in insect-proof compartments in a green-
house or in the field, the former being the more satisfactory.
The bees are trapped in large test tubes (Williams 1931) and
washed for about 14 min. by partly filling the tubes with water
and shaking, the water being changed several times. The water
is then poured off and the tubes placed in a rack for 2 or 3 min.,
after which the bees are rinsed two or three times before being
placed in a wooden box to dry.
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In making paired crosses, the bees are introduced into a com-
partment containing the plants in about the half-bloom stage.
After 4 to 7 days, the bees are removed, washed, and used for
other crosses. When mass crosses are made, one bee to each six
or eight plants is introduced into the compartment containing
the plants and left until the flowering period is over. Similar
methods have been found by Atwood (1940) to be satisfactory
with white clover.

Alfalfa and Sweet Clover.—Several immature flowering
branches of sweet clover may be covered with a lightweight
checsecloth bag approximately 6 or 8 in. wide and 12 in. long.
This excludes bees and prevents cross-pollination. There are
three types of plants of Melilotus alba, according to Kirk and
Stevenson: (1) those that are spontaneously self-pollinated and
self-fertile and produce seed without manipulation; (2) those that
are self-fertile but that are not normally self-pollinated without
manipulation; (3) self-sterile plants. To ensure self-pollination,
when the plant is self-fertile, it is desirable to manipulate the
bag by rubbing gently with the hands every day or two at the
time of pollination. M. officinalis is not entirely self-sterile,
and selfed seed can be obtained by the same means (Pieters and
Hollowell, 1937).

Kirk (1930) devised the suction method for emasculating
sweet-clover flowers. If the plants are located near a water
faucet, a vacuum flask inserted in the hose line will furnish the
necessary suction. Otherwise, an electric or gasoline-driven
suction pump must be used. A short piece of glass tubing
slightly less than 1 mm. in diameter is inserted in the end of the
hose. The point of this nozzle must be smooth, in order not to
injure the flower. The amount of suction is of considerable

Frce. 10.—Structure of alfalfa flowers.

1. Branch showing flowers in position.

2. Single flower, showing—a, standard; b, sexual column in contact with
standard; ¢, keel; d, wings.

3. Seed pod.

4. Flower parts in position—a, undeveloped pod; b, ovary; e, filament;
d, anther.

5. Same with all anthers removed except one to show stigma.

6. Anther. )

Size: 1, about 15 X; 2, about 2 X; 3, about ¥4 X; 4, 5, 6, greatly enlarged.
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importance. All the flowers on a raceme are removed except
about 20 per cent of the flowers that have most recently opened.
The petals are next removed with forceps. This ruptures' the
stamens and scatters the pollen. With the use of the nozzle
attached to the suction flask or pump, the anthers and adhering
pollen are sucked off. The stamens should be approached from
the side of the staminal tube in order not to draw the pistil and
staminal tube into the end of the nozzle. After the stamens have
been removed, the end of the nozzle should be passed over the
surface of each style and stigma, sepals and axis of the rachis.
If the operator wears a low-powered binocular magnifier on his
head, he can check on the thoroughness of the emasculation
while leaving his hands free. The pollen may be applied effec-
tively with the end of the thumbnail.

Kirk found the degree of effectiveness of emasculation by suc-
tion to be 87 per cent but suggested that improvement in technic
might increase this materially. He used the suction method on
alfalfa also with good results.

Tysdal and Garl (1938) found that when suction alone was
used and no foreign pollen applied to the stigmas, 14.1 per cent
of the flowers formed pods. If suction plus washing with a
stream of water was used, the percentage of flowers forming pods
without application of foreign pollen was reduced to 5.5.

Tysdal suggested the use of alcohol as an agent for killing
the pollen on the flowers of the female plants. The standards
were first clipped from flowers in full bloom with a sharp scissors
and the flowers tripped, leaving the stigmatic column exposed
for treatment. All flowers on a raceme to be emasculated were
treated in a similar manner. The raceme was then immersed
for 10 min. in a beaker containing 57 per cent ethyl alcohol.
The raceme was rinsed for a few seconds in another beaker
containing water, after which the adhering water was blown
off the stigma with a dentist’s syringe or bulb from an atomizer
and pollinated with the desired pollen. By the use of this
method, the percentage of flowers forming pods without applica-
tion of foreign pollen was 0.89. The percentage of flowers
forming pods when foreign pollen was added was 26.3, as com-
pared with 60.0 for the suction method. Emasculation by
the use of alcohol was more complete, faster, and simpler than
emasculating by suction.
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Grasses.—Selfing, in greenhouses, may be accomplished by
enclosing a number of inflorescences in a paper bag prior to
pollen shedding. Bagging should be done soon enough so that
stray pollen that fell on the flewering panicle or spikes before
bagging will not remain viable long enough to effect cross-fer-
tilization. Glassine or vegetable-parchment-paper bags are
satisfactory. In closing the mouth of the bag, the stems are
wrapped with cotton and the bag tied over this cotton. This
excludes insects, if present, and helps to protect the stems from
injury. The upper part of the bag is tied to a stake by means of
a string inserted through an eyelet.

Bagging in the open requires careful consideration of possible
damage due to wind and rain, as well as complete exclusion of
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Fia. 11.—Studies of the effects of self-fertilization with grasses at the U.S.
Department of Agriculture Regional Pasture Research Laboratory, State College,
Pennsylvania.

foreign pollen. At Minnesota, vegetable-parchment-paper bags
4 by 214 by 18 in., with round bottoms, sealed with casein glue,
are used for the larger grasses, such as species of Dactylis, Bromus,
Phleum, Festuca, Agropyron, and Alopecurus. A number
of inflorescences are enclosed in a single bag. The leaves
on the upper part of the stems are removed, cotton is placed
around the stems, and the bags are tied around the cotton pad.
The bottom end of the bag is tied loosely to a stake and the upper
end tied tightly to the same stake, a string inserted through an
eyelet put in with a small eyelet machine holding the bag at the
upper end. Such bags allow for elongation of the stems and
inflorescences. The bags are left on until harvest.

At the Welsh Plant Breeding Station, vegetable parchment
that took the form of a sleeve (topless and bottomless) fitted
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over a wire spiral was used. The wire spiral provides protection
against storms. This sleeve was fitted over the inflorescences
and tied to a stake at both top and bottom, a wad of cotton
being first wrapped around the stake and the bag tied over this.

Jenkin (1931) reported that cotton sleeves (seamless), about
15 in. in diameter and from 3 to 4 ft. long, stretched over a
frame, have been found to be highly effective in excluding foreign
pollen, provided the proper type of fabric is used. The fabric
found to be most satisfactory was a very dense and rather
heavy fabric, the most closely woven that it was possible to
procure. This fabric proved highly effective in excluding foreign
pollen but was not absolutely pollen-proof. Cheesecloth gave
very little or no protection. The cotton sleeve was tied to a
stake in a manner similar to the method of fastening vegetable-
parchment sleeves described above.

Kirk (1927) enclosed entire plants of brome grass in cotton
cages about 514 ft. high and 314 ft. square as a means of effecting
self-pollination. The bottom of the cotton cage was soaked in
oil and buried a few inches in the soil. The tops were tightly
tied. Foreign pollen probably was not absolutely excluded, but
the method was highly effective when closely woven cloth was
used. If all plants in the nursery not covered by cages were
cut off prior to pollen shedding, it would be necessary for pollen
to blow out through the cloth of one cage and in through the
cloth of another and onto the flowers before crossing could be
obtained. The amount of such cross-fertilization probably is
very small.

In making crosses by hand-hybridization, Jenkin (1924) grew
the plants to be crossed in pots and placed these in a cool green-
house some time before flowering. Emasculation was done a few
days before flowering. The upper and lower spikelets of an
inflorescence were removed and the anthers removed from the
remainder with a flat-pointed, blunt pair of forceps, the upper
florets being emasculated first. In Phleum, Alopecurus, and
Phalaris, severe thinning of the florets in an inflorescence is
necessary. After emasculatiorn, the inflorescence is covered with
a paper bag.

Inflorescences of the male parents are covered with paper bags
prior to flowering. The greenhouse is closed tightly about an
hour before pollination begins so that any floating pollen may
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settle down. The bag on the male plant is inclined so that when
shaken vigorously the pollen collects in the creases toward the
mouth. The bag is removed and the pollen poured on a sheet of
dark, glossy paper, previously folded into a boat shape and cut
with a sharp point at one end. The pollen is brushed lightly
over the stigmas of the emasculated flowers and the female unit
rebagged. Since all florets do not open on the same day and
flowering proceeds progressively downward, pollination is
repeated every day until no more fresh stigmas are produced.
Jenkin (1931¢) reported successful crosses, by the foregoing
method, with species of Lolium, Festuca, Arrhenatherum, Dactylis,
Phleum, and Alopecurus.



CHAPTER V

THE PURE-LINE METHOD OF BREEDING NATURALLY
SELF-POLLINATED PLANTS

EARLY STUDIES

This mcthod has been developed as a result of fundamental
studies like those of Vilmorin, Mendel, Johannsen, and of numer-
ous workers in recent times. These studies, together with field
experience, have led to the conclusion that the progeny of an
individual plant selection with self-pollinated crops may be
expected, for the most part, to breed true immediately.

A brief review of some of the more important of these early
studies will be of interest.

Le Couteur, in the early part of the nineteenth century, was a
farmer on the isle of Jersey who was intercsted in the problem of
improving his crops. Professor La Gaska, from the University of
Madrid, visited Le Couteur and pointed out numerous differ-
ences in plant type occurring in Le Couteur’s wheat field. Selec-
tions were made and the progenies tested. Some proved
superior to the commercial variety and were of more uniform
habit of growth; other selections were of little value. Bellevue
de Talevera, one of these selections, was of commercial value for
many years.

Patrick Shirreff, a Scotsman, carried on selection with wheat
and oats at about the same period as Le Couteur. He used the
individual-plant method, selecting strong, vigorous plants in his
wheat and oat fields, keeping the progeny of individual plants
separate, and increasing the more desirable. Like Le Couteur, he
proceeded on the assumption that the selected single plants would
breed true. New varieties produced by this means were grown
extensively. ' '

Hallett began selection with wheat, oats, and barley about
1857, believing, apparently, that acquired characters were
inherited and that improvement induced by favorable growing
conditions would be transmitted to the progeny. He raised his
plants, therefore, under the most favorable cultural conditions,

74
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selecting the best seed on the best developed head of the more
vigorous plants, replanting, and following the same plan of selec-
tion in subsequent years. New varieties were introduced, the
best known being Chevalier barley. Although the method
appears less desirable than that of Shirreff and there is little
reason to suppose that the continuous selection was of value in
isolating new heritable variations, it gave an opportunity to study
progenies during different seasons and in this way to select the
best. New varieties were introduced that proved of value.

The Vilmorins, in France, were early leaders in improvement of
plants by seclection. Louis de Vilmorin (1856) developed the
progeny test with reference to sugar beets. Early wheat selec-
tions were made also, and the method developed is known as
Vilmorin’s isolation principle. Briefly, this consists of the fact,
well known today, that the only sure means of knowing the value
of an individual-plant selection is to grow and examine its prog-
eny. Methods were developed for the determination of the sugar
content of individual roots of sugar beets. Louis de Vilmorin
observed that the progeny of some beets of high sugar content
gave progenies of high sugar content rather uniformly, whereas
others gave progeny of both high and low content and still others
gave progeny that were uniformly of low sugar content. Four
varieties of wheat were propagated for 50 years by selecting the
best plants each year. At the end of the selection period they
were compared with specimens saved at the beginning of the
experiment, and no change was noted.

Newman (1912) made an interesting review of plant breedingin
Scandinavia. The Swedish Seed Association, formed in 1886,
had a marked influence on the development of plant-breeding
methods. Hjalmar Nilsson became the director of the associa-
tion in 1891. From the beginning, careful records were kept,
individual plants were classified on the basis of minute botanical
differences, and seed of plants containing the same characteristics
was combined, the progeny of each separate type being grown in a
separate plot. Some progenies appeared so uniform that they
were especially noted by Nilsson. From a study of the records,
it was learned that in each case these were from seed of an indi-
vidual plant, there being only one representative of that mor-
phological group. This led, naturally, to the individual-plant
method of selection.
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W. M. Hays started his plant-breeding program in Minnesota
in 1888 and from the beginning used the individual-plant method
of selection. Besides making practical studies, he initiated many
experiments that had as their purpose the formulation of funda-
mental principles. He developed the centgener plan of plant
breeding. The first step consisted of selecting individual plants
of promise, threshing these separately, and making nursery
trials of their progeny. During the period of study, plots of 100
plants each were grown from each selection. Besides taking
notes on yield and other characters on the plot basis, the 10 better
plants in each plot were selected in the field, threshed individually,
and the seed of the 5 that were of greatest promise, after labora-
tory study, was bulked and used for the following year’s centgener
plot. One of the difficulties of the method as a yield trial was
that when numerous selections were made it took several days
to plant the nursery and, since only one plot of each selection was
grown, as a rule, the data obtained were not comparable. The
types of greatest promise, however, were quickly isolated and
grown in larger plots. Improved Fife, Minnesota 163, and
Haynes Bluestem, Minnesota 169, were valuable new varieties
of spring wheat selected by this method and grown widely in the
early part of the present century.

THE PURE-LINE THEORY

The experiences of plant breeders played their part in develop-
ing breeding methods, but it remained for Johannsen to place the
individual-plant method of selection on a firm scientific basis.

Johannsen (1903, 1909) made his studies with beans, selecting
this plant because it belongs to the self-pollinated group and con-
tains characters that are easy to measure. He hoped to control
heredity by applying Galton’s law of regression, i.e., that the,
progeny of parents above or below the average tend to revert to
the average type. The tendency to regression toward the aver-
age could be measured and expressed statistically. By selecting
extreme parents, continual improvement could be obtained, if
the same degree of inheritance was obtained in later generations.
In studying size of beans, Johannsen found a different regression
value from that obtained by Galton and less progressive improve-
ment than he expected. This led to a study of the progeny of
individual plants, each of which varied around its mean. He
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found each of these progenies to be a single hereditary line,
within which there was complete regression to the mean of the
line when extreme parents were selected and their- progeny
studied. These principles are well understood today and have
had a profound effegt on plant-breeding practices. Johannsen
defined a pure line as the descendants of a single, homozygous,
self-fertilized organism. Jones gave a definition, which is in
common use today, by stating that a pure line comprises the
descendants of one or more individuals of like germinal constitu-
tion that have undergone no germinal change.

THE PURE-LINE THEORY IN ITS APPLICATION

Although many experiments have been carried out that prove
that continuous selection in self-pollinated crops, as a means of
obtaining further improvement, is not worth while and there is
general appreciation of the fact that the initial individual selec-
tion is of greatest importance, there is a growing body of evidence
that heritable variations arc more frequent than was supposed at
one time. An illustration may be useful. Several years ago,
Victory oats, originally produced in Sweden from an individual-
plant selection, was on the recommended list of the Minnesota
Agricultural Experiment Station. A large number of individual-
plant selections were made and their progeny studied by R. J.
Garber. When these various lines were compared for differences
of plant-breeding importance, in replicated rod-row trials, no
new line was obtained that was appreciably superior to the com-
mercial seed of Victory that had been distributed to Minnesota
farmers. The different selections showed, however, numerous
minor, heritable differences of distinct morphological type as well
as differences in quantitative characters that were more difficult
to evaluate exactly.

In this connection, recent papers by East (1935a,b,c, 1936a)
deserve consideration. He classified gene mutations under two
categories: ‘‘physiological defectives” and nondefective genes.
The former are the genes that have been used, largely, in genetic
experiments. An illustration may be given of East’s viewpoint
by reference to the ligule that is characteristic of the entire
group of Gramineae. Liguleless stocks are known in maize, rye,
wheat, and oats, and in some cases the difference between liguled



78 METHODS OF PLANT BREEDING

and liguleless types behaves as if controlled by a single factor
pair. East suggests that the ligule “presumably is the result
of a very large number of non-defective mutations in various
genes, and, physiologically speaking, is the end product of a
long chain of reactions.” A single mutation breaks this chain,
and a liguleless plant results.

East states that he believes every experienced plant breeder
will agree with the statement that ‘‘non-defective gene mutations
are frequent in Nature, but are difficult to detect.” He sum-
marizes the results with tobacco, where characters of plants in
self-fertilized lines were evaluated statistically. Although there
was a rapid approach toward uniformity and gross homozygosis,
there still remained considerable variability, a part of which was
proved to be heritable. High mutation frequently is believed to
be responsible for heritable changes in these small genetic factors
of the nondefective type.

East gives an illustration of several cases in which, in attempts
to produce certain species hybrids, only maternals resulted. The
plants were ordinary fertile diploids and, presumably, arose from
mature gametes in which parthenogenesis was induced. The
plants then would be completely homozygous. In cases in
Nicotiana rustica, each progeny row was astonishingly alike, more
30 than ““any ordinary inbred populations that I had ever exam-
ined.” Several of these lines were continued by self-fertilization
and within 3 or 4 years were as variable as ordinary inbred
populations.

For practical purposes, the pure-line theory furnishes a basis for
the isolation of types that differ appreciably in heritable char-
acters, and the progeny of individual plants in self-pollinated
crops breed relatively true. Mutations do occur, and minor
mutations of a nondefective type are relatively frequent, although
often not sufficiently large to be of major selection value.

Natural crosses are more frequent than is generally appreciated
and furnish another basis for variation among plants within a
variety or strain. Mechanical mixtures occur also. These
various causes emphasize the necessity of constant care to ensure
the necessary uniformity desired in an improved variety. They
do not detract from the value of the pure-line concept in its
application to the improvement of self-pollinated crops by indi-
vidual-plant selection.
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METHODS OF IMPROVING SELF-FERTILIZED PLANTS
BY INDIVIDUAL-PLANT SELECTION

The following condensed summary of methods will serve as a
basis for a plan with particular crops. It is stated in general
terms, for it is recognized that such widely different plants as
tomatoes, tobacco, rice, and wheat must be grown according to
their special adaptations. With crops such as tobacco and
tomatoes, individual plants will be separately spaced in rows or
plots, whereas with the small grains bulk sowing of seed may be
practiced from the beginning of the trials.

Two principal sources of selections are available in the produc-
tion of new varieties:

1. The introduction of improved or relatively unimproved
strains and varieties of crops found in use over a wide range of
conditions, both foreign and domestic.

2. Well-adapted local varieties that are found to be variable
and to contain a composite of a number of biotypes. These may
have had their origin axhybrids or pure lines, which have become
altered as to general type through mechanical mixtures, natural
crossing, or mutatlom /

I. UriLizaTioN oF INTRODUCTIONS

A. Source of materials.

1. Alist of introduced crops and varieties with their descriptions may be
obtained from the U.S. Department of Agriculture, Bureau of Plant
Industry. It will be desirable to determine through the bureau,
when possible, the adaptation range of the introductions that appear
to meet the needs and secure seed from this source.

' 2. Personal contacts with foreign and domestic visitors is a natural
source of introductions for crops that are developed along special lines
but that frequently do not arrive through the channels of the Bureau
of Plant Industry. The visits of staff members to foreign and
domestic stations likewise may occasionally bring to attention special-
purpose crops and their varieties.

3. Mutual exchange of crops with domestic stations is a desirable
practice. Station publications afford a description of crops in use.

/4. A survey of farm varieties is desirable. Native species, especially
with forage crops, may yield a source of new material.

B History and records of all introductions.

It will be desirable to keep a record book or card file recording as follows:

1. History of each introduction. ‘

2, Description of same.

3. Year introduced.
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C. System of records.
A system of numbering new varieties that ensures ease of interpretation

and accuracy of record is desirable.
1. The Minnesota method is presented here and, for comparison, nota-
tions for introductions, selections, and hybrids are included.

Minnesota Records

T-20-1. . ot Selections
II-20-1. ... . oo Crosses
TII-20-1. ... .o New introductions

In this method, I, IT, and III stand for individual-plant selections,

crosses, and introductions, respectively; 20 represents the year in

which the selection, cross, or introduction was made; and the final
number represents the particular selection, cross, or introduction.

Crosses are given a selection number only after having been shown to

be homozygous. Parental and F, populations are numbered by

carrying row numbers for the current and preceding season, until
homozygosity is reached. When the method of carrying row numbers
for 2 years is used in the planting plan, a pedigree can be completed

when desired. The method often used by workers in the U.S.

Department of Agriculture or in state experiment stations is given

here where F; = A, F, = A-1, A-2, etec., Fs = A-1-1, A-1-2, etc.,

according to the number of selections grown.
First year = II-18, A.
Second year = II-18, A-1, A-2, etc.
Third year = II-18, A-1-1, A-1-2, ete.

Selections of crosses, when given serics numbers, after reaching

homozygosity, are designated 1I-18-1, II-18-2, etc., according to the

number of selections made.

2. Alberta system—modification of method 1.

I = introduction.

S = selection.

H = hybrid.

Otherwise the method of numbering is similar to that used in Minne-

sota.

D. Observation of introductions.

1. All introductions may be placed under observation in small plantings.
Some of the original seed should be retained in case of unfavorable
growing conditions the first season and for later comparison in the
case of selection.

a. Plots will consist of single short rows for small grains; other types
of small plots may be used for other crops.

b. The first observations will be concerned especially with characters
of outstanding known value or for adaptability, uniformity, and
general utility of the crop. The new introductions will be com-
pared with standard varieties that are sown as frequent checks in
these observation tests.
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¢. This preliminary planting may serve also as a means of seed
increasc for larger trials.

During the second year, observations will again be based on small

plantings similar to those of the first year and may serve as a natural

means of eliminating those that are poorly adapted. These second

plantings are also a means of seed increase.

E. Method of testing desirable introductions for further trial (Love and
Craig 1918a, 1924) (Noll 1927) (Goulden 1931).
By means of several years of observation, a few introductions may have
been found that appear to fill a special need. The procedure of testing
these is outlined under II C.

II. PEDIGREE SELECTION WITHIN ADAPTED VARIETIES

A. /Agronomic characters sought according to needs of the regions con-
cerned.
Some important agronomiec characters are given below:

1.

“

Small grains and other cereals.

Winter hardiness Awn characters (barley)

Straw strength Presence and absence of awns
*Time of maturity Percentage of hull (barley and oats)
Drought resistance .~ Seed color

Quality Yielding ability

Nonshattering habit

. Forage crops.

Growth habit Leafiness

Quality Recovery after grazing or cutting

Drought resistance Cold resistance

Straw strength ~Yielding ability (forage and seed)
. Contribution to soil organic‘ Palatability

content  Nutritive value
. Root, tuber, and sugar crops.

Sugar content " Palatability

Ratio of roots to tops Quality

Nutritive value Yielding ability

Seed production Frost resistance

Note: This list is not intended to be exhaustive and may be supplemented
according to the interests of the individual.
B. Resistance to diseases and insects.

1.

Selection of strains resistant to diseases that are difficult to control
except through the production of resistant varieties is of greatest
importance. The following diseases may be mentioned:

Rusts Blights Root and stalk rots
Smuts Wilts Take-all
Mosaic Scab Anthracnose

. Selection of pathogens.

a. Study the disease reaction in special disease nurseries and in the
greenhouse with the use.of physiologic races existing in the
particular locality or over a wider region.
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b. Grow special disease nurseries in several places in the area in order
to test for resistance under field conditions to physiologic races
as they occur naturally.

3. Disease garden.

a. Selections should be tested in short rows or in other types of plots.

b. Disease epidemics.

(1) Artificial epidemics should be induced on susceptible border
rows grown throughout the nursery and gencrously distributed
through the plots of tested varieties or directly on the varieties
themselves.

(2) Natural or artificial epidemics may be obtained by growing the
particular crops on soil infected by wilt, root rot, cte.

4, Insect pests.

a. Grow short-row plots on soil or in regions infested with such

insects as Hessian fly, jointworms, boll weevils, horers, ete.

5. Replication frequently is important in testing for resistance to plant
diseases or insect pests. It is helpful in many cases to plant at
different periods in order to obtain favorable conditions for producing
the epidemic.

C. Technic for selection and testing.

1. Single-plant basis for selecting lines.

a. First year. Select approximately 1000 heads from individual
plants of the type desired. The total number of initial selections
depends on the crop and the amount of land and funds available
for subsequent testing.

b. Second year. Sow 25 to 50 seeds of each selected plant in space- or
bulk-planted single-plant or head-progeny rows. Discard all
plant rows that appear of undesirable type. Heterozygous types
of extreme promise may be reselected. Continue elimination
of undesirable types in each successive year. Bulk seed of the
individuals for test in progeny rows.

¢. Third year. Replication should be started this year for prelimi-
nary yield trials. Observe lines for uniformity for such agronomic
characters as date of heading, strength of straw, and height of
plant. Disease tests may be carried out as described under I1 B 3.

d. Fourth to sixth years. The number of years indicated is arbi-
trarily suggested, and these trials should be continued to the extent
found desirable.

(1) Composite seed of the replications of previous year’s test and
grow in single- or three-row plots or in other types of plots
when desired. Replication is necessary.

(2) Plant a duplicate test in the disease garden each year, and test
for resistance to important diseases and insect pests.

(3) Test for special characters—grow replications in a particular
environment, as on peat, sand, etc.

(4) Make quality tests on the crop from border rows.

(5) Select the more desirable lines for more extensive trials.
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e. Seventh to ninth year. Test promising lines in advanced trials,
i.e., in 14 o-acre plots replicated or in row plots with more repli-
cations than in earlier years and, when possible, at a number of
stations. In these yield trials, replicate to the extent found
necessary.

I1I. CooPErRATIVE TEsTS AND DISTRIBUTION OF PROMISING LINES

A. Bring information of the proved lines and introductions before the
farmers through the extension service, agricultural high-school teachers,
county agents, and crop-improvement associations and by means of
bulletins.

B. Select reliable farmers to grow demonstration plots of the improved lines
in comparison with standard varieties.

1. Plots, a single drill width, in the center of the farmer’s field are used in
Minnesota.

2. A replicated trial may be made with a few farmers or local schools
when desirable.

C. Arrange these demonstration projects in a number of counties or prov-
inces, and organize a field day for the community at which the county
agent can use these plots as part of his program.

D. Distribute seed to those interested through the farmers’ crop-improve-
ment association.

ILLUSTRATIONS OF VALUABLE VARIETIES OF SELF-POLLINATED
PLANTS PRODUCED BY APPLICATION
OF THE PURE-LINE THEORY

Selection has played a large part in the production of new
varieties of wheat, oats, barley, flax, and other self-fertilized crop
plants. Clark (1936) has given the origin of many of the varie-
ties of spring and winter wheat. In winter wheat, Iobred,
Toturk, and Iowin, selected by L. C. Burnett, at Ames, Iowa,
have been grown extensively. Nittany, selected from the Ful-
caster variety by Noll, is the principal variety grown in Pennsyl-
vania. Nebraska 60, selected by Kiesselbach from the Turkey
variety, is grown widely in Nebraska, and Kanred, selected
from Crimean by Roberts, with an estimated acreage of 314
million acres in 1929, has been of great value in the hard red
winter-wheat region.

In spring wheat, the early selections, Improved Fife (Minn.
163) and Haynes Bluestem (Minn. 169) introduced about 1900
were important varieties in the early part of the present century.
Mindum durum, the standard for quality of semolina products
and the most widely grown durum variety in United States and
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Canada, was produced by plant selection at the Minnesota
station.

In a discussion of superior germ plasm in oats, Stanton (1936)
described many new varieties that have been developed by plant
selection. Fulghum oats and its many strains originated from a
single plant selected from Red Rustproof by J. A. Fulghum. The
single plant was earlicr and taller than the Red Rustproof
variety. Other important selections from Red Rustproof and
Fulghum include Kanota, Franklin, Columbia, Nortex, and
Frazier.

Varieties of Kherson and Sixty-day oats are grown extensively
in regions of the corn belt where early oats of the Avena sativa
group seem desirable. Gopher, a white-seeded strain of sixty-
day, has been grown extensively in southern Minnesota and in
other states where early oats are adapted. It is perhaps the
stiffest strawed early varicty available. Its production empha-
sizes the ease of improvement in some cases. Only 200 original
plant selections were made from an early variety with mixed seed
color. The first year in plant rows, six strains excelled in
strength of straw, and the remainder were immediately discarded.
Gopher was the best yielding strain of the six. Richland and
Togold selected by Burnett are both resistant to black-stem rust.
Nebraska 21, selected in Nebraska, has been grown widely.
State Pride, a plant selection made in Wisconsin, has been the
standard early variety in that state.

Among midseason varieties, Colorado 37 is outstanding in
strength of straw and suitability for growing under irrigation.
Cornellian, Ithacan, Upright, and Lenroc, selected by Love, in
New York, occupy about 50 per cent of the oat acreage in that
state. Rainbow and Rusota are important varieties selected
from Green Russian at the North Dakota station. Both are
resistant to black-stem rust.

Improved varieties of barley resulting from plant selection have
been given by Harlan and Martini (1936). A few of the more
widely grown varieties will be mentioned. Atlas selected from
the coast variety is the most important variety in California. In
the Manchuria-Oderbrucker group, Manchuria, Minn. 184, was
selected at the Minnesota station. Wisconsin Pedigrees 5 and 6
selected from Oderbrucker are the chief strains selected from
this variety. Peatland, selected at Minnesota, in cooperation
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with Harlan of the U.S. Department of Agriculture, is especially
well adapted to peat soils and is valuable also because of its
resistance to scab and black stem rust. Trebi, selected by
Harlan, was grown on an estimated acreage of 2,224,000 in 1935,
the largest acreage devoted to any single variety. It is not a
desirable malting variety, but in spite of several undesirable
characters it has high yielding ability and is especially well
adapted for growing under irrigation.

Practically all the varieties of rice grown in the United States,
according to Jones (1936), were developed by selection, although
not all were obtained by pure-line selection. More recently,
hybridization has been used as a method of breeding, but to
date only one variety produced by hybridization is grown
commercially.

Dillman (1936) states that all varieties of seed flax grown in
the United States were obtained by plant selection. Bison,
selected by Bolley, at the North Dakota station, from commercial
seed obtained from Belgium, is the most widely grown variety in
United States. Buda, selected also by Bolley, has been a popular
variety. Redwing, selected in Minnesota, is an early-maturing
variety well adapted to southern Minnesota and Iowa, where it is
extensively grown. All three varieties are resistant to wilt.
Without this resistance it would have been impossible to continue
to grow flax in the hard red spring-wheat belt.

Individual-plant selection has been of great importance also in
peas and beans (Wade 1937). Strains of Alaska peas and of other
varieties have been selected that are resistant to fusarium wilt,
M.A.C. Robust, selected by Spragg, in Michigan, is resistant to
mosaic and has been grown extensively in Michigan and New
York. Among the present varieties of soybeans, Morse and
Cartter (1937) state that a considerable proportion were obtained
by selection from the large number of introductions that were
obtained from the Orient. Individual-plant selection has played
a large part also in the origin of tobacco varieties, as has been
pointed out by Garner, Allard, and Clayton (1936).



CHAPTER VI

HYBRIDIZATION AS A METHOD OF IMPROVING
SELF-FERTILIZED PLANTS

SOME STUDIES BEFORE 1900

Many studies were made during the cighteenth and nineteenth
century for the purpose of learning the laws of inheritance in
hybrids or to develop new and improved varieties. A few of
the more important of these early studies will be mentioned to
suggest the extent of the many investigations made before the
present century, each of which played a part in developing
principles that have led to the present view of a planned plant
breeding program.

Kolreuter, in 1760-1766, made extensive studies of artificial
hybrids and emphasized especially hybrid vigor in F; crosses.
He noted the intermediate condition of the F'; in crosses in tobacco
and interpreted this as showing the effect of the male parent.
Thomas Andrew Knight, born in England in 1759, contributed
greatly to early plant breeding. Much of his work was with
fruit crops—apples, pears, peaches, currants, and grapes. He
emphasized the value of crosses as a means of obtaining new
combinations of characters. John Goss, about 1820, studied
segregation in crosses with peas but did not give an adequate
explanation of the nature of the segregation. Sargaret, about the
same period, made crosses between muskmelon and cantaloupe
and studied fruit characters in ;. He reported the appearance
of differences in flesh colors, seed color, rough or smooth fruit,
extent of ribbing and flavor and emphasized the dominance of one
character over the other. Giértner, in 1849, studied thousands of
crosses, observing the uniformity and appearance of the F,
generation. Naudin, in 1865, just prior to Mendel’s report, noted
the uniformity of the F, generation and segregation in Fs, ascrib-
ing this to the segregation of heritable factors in the formation of
male and female reproductive gametes.

Mendel’s work need be mentioned only briefly. He studied
individual characters and placed his results on a definite factor

86
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basis. The methods used by him are not widely different from
those used today. Although the laws of inheritance are much
more complex than those presented by Mendel and although most
normal characters are dependent upon the interaction of many
genetic factors, the methods of work introduced by him have
found very wide application. These methods have made it
possible to develop a planned plant-breeding program based on
the laws of heredity.

William Farrer, of Australia, during the latter part of the
nineteenth century, approached present-day plant-breeding
methods and developed many wheat varieties of great value. He
selected parents for crosses on the basis of their characters,
strongly featuring the value of composite crosses as a means of
inducing maximum variation. Federation, a variety of wheat
that was early maturing, nonshattering, with stiff, erect, short
straw, was produced as the result of a definite attempt to obtain
a variety of wheat suited to gathering with a stripper.

An illustration of the crosses used in the parentage of Federa-
tion is given below:

Impxl‘oved Fife X Etawah
I

Yan(&illa X Purple Straw
L

Federation

By similar means, he obtained the following varieties: Come-
back, Ceder, Firbank, Bobs, Cleveland, and Florence, the latter
being a bunt-resistant varicty.

The work of A. P. and C. P. Saunders in Canada is well known.
In 1892, A. P. Saunders crossed Hard Red Calcutta with Red
Fife. C. P. Saunders took over the experimental work at Ottawa
in 1903 and continued the selections that led to Marquis and
other varieties, the new variety Marquis being first grown in pure
form in 1904, 12 years after the original cross was made. He
used the individual-plant method of selection and determined the
gluten quality in the progeny of crossbred wheats by the chewing
test.

DEVELOPMENT OF METHODS SINCE 1900

The rediscovery of Mendel’s laws by De Vries, Correns, and
von Tschermak, in 1900, stimulated the extensive studies of the
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1aws of heredity that have led to the present system of breeding
crop plants with a definite plan to obtain the combination of
characters desired. The first step in such a program is a careful
study of material available and an analysis of the characters
desired. The necessity of making a collection of all available
strains and varieties and an analysis of their characters needs
emphasis. Although there is general appreciation of the desir-
ability of this step, it is seldom practiced to the extent that would
seem to be worth while. In recent years, Vavilov and his
coworkers in Russia have made extensive world-wide collections
of many crops. The U.S. Department of Agriculture maintains
very extensive collections of varieties of grains, fruits, and
vegetables that serve as a potential source of material for breed-
ing. New strains and varieties are being added constantly
through the plant-introduction service. The second step is to
obtain the most desirable strains by selection. When these steps
have been taken and the necessary background of knowledge
with respect to diseasc reaction and agronomic characters of the
crop has been gained, a crossing program may be undertaken.
Crosses are made with a definite purpose in mind, z.e., with the
intention of combining in one variety the characters desired.
Illustrations will be given from some of the present problems
being studied at Minnesota.

BREEDING IMPROVED VARIETIES OF BARLEY

This work, cooperative between plant geneticists, plant path-
ologists, and cereal technologists, illustrates the value of a
cooperative program.

The first crosses for the Minnesota experiments, designed to
produce satisfactory smooth-awned barleys, were made in 1912.
These involved crosses of Lion, a six-rowed, black-glumed,
smooth-awned variety with good, adapted, six-rowed, white-
glumed, rough-awned sorts. Strains with white glumes and
smooth awns were selected and appeared to yield well in rod-row
tests (Harlan and Hayes 1919). In more extensive tests (Hayes
1926), it was found that in some seasons these strains were
reduced in yield because of the ‘“‘spot-blotch” disease caused by
Helminthosporium sativum. This led to a cooperative attack on
the problem by plant geneticists and plant pathologists. It was
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found that the greater susceptibility of the hybrids appeared to be
due solely to their greater susceptibility to H. sativum.

A second series of crosses was made, with the use of one of the
better white-grained, smooth-awned segregates of the first cross
with desirable white-grained strains of the Manchuria type that
were resistant to spot blotch.

Studics of disease resistance were made in specially prepared
diseasc gardens. The mode of inheritance of reaction to Hel-
minthosporium was studied in the early segregating generations
(Hayes ¢t al. 1923 and Griffee 1925), and it was found that at
least three genctic factors were involved in differentiating reaction
to the spot-blotch disease.

Selections of smooth-awned segregates of desirable plant and
kernel type were made in the plant rows found to be resistant to
H. sativum. From the cross of a smooth-awned segregate of the
first cross with Luth was produced the variety Velvet. The
cross of “smooth awn’” X Manchuria led to the production of
Glabron. Velvet is grown rather extensively at the present time.
The most extensively grown smooth-awned variety of the Man-
churia type is Barbless (Wisconsin 38) produced from a cross of
Lion X Oderbrucker by Leith of the Wisconsin Agricultural
Experiment Station.

The smooth-awned varieties Velvet, Glabron, and Barbless
are susceptible to stem rust and to blight. The variety Peat-
land, selected at Minnesota from a lot of seed obtained from
Switzerland, is resistant to both diseases. Studies by Powers
and Hines (1933) and by Reid (1938) showed that the stem-rust
resistence of Peatland was due to a single dominant factor, in
crosses with susceptible varieties. Brookins (1940) has shown
that the factor pair conditioning resistance and susceptibility to
a collection of races of rust in the field in the mature-plant stage
also controls the same type of reaction to races 19, 36, and 56 in
the seedling stage in the greenhouse.

Peatland was crossed with Barbless for the purpose of com-
bining the good characters of both. The contrasted characters
are given in the table shown on page 90.

A large F; was grown in a space-planted nursery and only plants
with smooth awns that were resistant to stem rust and that were
of desirable plant and seed type were selected. Since smooth
awns are due to one main recessive factor, the selection of smooth-
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awned plants in F eliminated all rough-awned sorts from subse-
quent generations. Resistance to stem rust is dominant.
Consequently, the F resistant plants gave rise to homozygous
and heterozygous F; progenies in a ratio of 1:2.

Character Barbless Peatland

Yield........ e Good * Fair
Seed size............. ..| Large* Moderately small
Type of awns............ Smooth* Rough
Strength of straw........ Poor Fair*
Resistance to stem rust Susceptible Resistant*
Resistance to scab and

blight............ ... Susceptible Resistant *
Resistance to loose smut. .| Susceptible Resistant*
Resistance to covered smut| Moderately resistant* | Resistant*
Resistance to stripe. ... .. Moderately resistant* | Susceptible
Resistance to spot blotch | Moderately resistant* | Moderately resistant *

* Indicates desired character.

Tests of reaction to blight were begun in F; or Fy in a special
tent under conditions conducive to the development of a severe
epidemic. Notes on reaction to blight are taken just before the
heads ripen. These notes are then used in conjunction with
notes on reaction to stem rust and smut, date of heading, height
of plants, and lodging in conjunction with observation of general
vigor and appearance of the plants in making individual-plant
selections. Many of these strains are now in rod-row trials and
appear promising.

Other crosses are, of course, made also and carried along in a
parallel manner. One of these involves Velvet X Chevron.
Chevron is a sister selection of Peatland and has a similar reaction
to the common barley diseases. If some of the best segregates
are found to be a distinet improvement over the existing varieties,
they will be released for distribution to the farmers. ‘The best of
these, from different crosses, may then be crossed in an effort to
bring about further improvement.

Tests of yielding ability begin with rod-row trlals at University
Farm only. The best of these are then tested in replicated yield
trials in four stations in Minnesota. After a 3-year test in rod
rows, the most promising strains are then tested in 14¢-acre-plot
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trials in six places in Minnesota, usually for a period of 3 years,
before a final conclusion regarding distribution to the growers is
made.

Studies of diastatic activity are made on the material in rod
rows in cooperation with the Division of Agricultural Biochemistry
at the University of Minnesota. When the new strains go into
140-acre-plot trials, a complete malting test is made in the cooper-
ative malting laboratory at the University of Wisconsin.

BREEDING BY HYBRIDIZATION

Examples have been given above and in previous chapters of a
few problems that are being attacked or that have been solved
through the crossing of different varieties and the combination of
characters from them. The broad principles involved in a
hvbridization program, the selection of the parental material,
and a general description of the method of handling the hybrid
material will be discussed here. The detailed outline of the steps
to be followed in successive generations following the cross will be
given under Methods of Breeding.

Object of Crossing.—The object of crossing is to combine in a
single variety the desirable characters of two or more lines,
varicties, or species. Occasionally the recombination of genetic
factors leads to the production of new and desirable characters
not found in cither parent. In a planned program every effort
should be made, however, to select parents that have the char-
acters desired. Frequently transgressive segregation occurs for
quantitative characters such as yield, height of plant, earliness,
and resistance to lodging. Selection of parents that are already
relatively satisfactory for these characters will enhance the
probability of obtaining the desired end result.

Selection of Parental Material.—The procedure to be followed
in selecting parental material for crosses will depend upon the
extent to which the station conducting the breeding program has
previously experimented with the crop in question. A station
that has conducted extensive variety tests for any given crop will
in all probability have sufficient data to inaugurate a breeding
program without further study of the parental material. How-
ever, a station beginning a breeding program with a crop of which
it knows relatively little should eonduct a thorough study of all
present varieties (and of species in some cases) of that crop before
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F1e. 12.—Uton oats was bred in Utah by Tingey, Woodward, and Stanton
(1941). It combines the large, white kernel of its Swedish Select parent with
resistance to smuts from its Markton parent.

The upper photograph shows reaction to loose smut and the lower photograph
to covered smut. The two bundles at the left of the photographs show the
proportion of smutted and smut-free panicles of Swedish Select, the two at the
right the smutted and smut-free panicles of Uton,
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beginning a breeding program. The importance of having a
thorough knowledge of the parental material cannot be too
strongly emphasized.

Technique of Crossing.—Crossing may be performed in either
greenhouse or field. The greenhouse offers better protection
from the elements and from stray pollen and often provides more
satisfactory temperature and humidity. Crosses in the green-
house can be made at almost any time of the year.

It is advisable to make several dates of planting, particularly

when the parents differ in time of flowering. The parents should -

be sown in short rows (or in pots), with the seeds individually
spaced and with sufficient space between the rows so that the
plants can be worked with easily.

A study of the structure of the flower will reveal the best
method of making the crosses. A study of the viability of the
pollen and the time of receptivity of the stigma will be of material
aid. An examination of the stigma and anthers sometimes will
reveal which of the two parents should be used as the female.
For example, it is known that it is more difficult to obtain crossed
seed when barley varieties with unbranched stigmas are used
as females than when varieties with branched stigmas are used as
females. It is important also to prevent as much injury to the
flowers as possible. If possible, use as the female the parent with
a recessive character so that selfs can be discarded when the Fyis
grown. The details of emasculation and pollination were dis-
cussed in Chap. IV.

Handling the Hybrid Material.—Sufficient F'; plants are neces-
sary to give the amount of seed required for the Fy. If grown in
the field, the F; seeds should be individually space-planted far
enough apart to give maximum seed production. In the green-
house the F; seeds are planted in pots or in the soil of the green-
house bench. Some artificial light may be necessary in the winter
time in the northern climate, and frequently a complete fertilizer
is needed.

If the pedigree method is used, the F» and succeeding genera-
tions, until bulked, should be grown in spaced planted progeny
rows with 25 to 50 seeds per row. In certain studies, replication
is desirable. The parental checks should be sown every 10 to 30
rows so that frequent comparisons can be made with them in

selecting plants for further study.
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Selections for disease resistance, height of plants, date heading,
and any special characters such as head type, color of glumes, and
type of awn (in the case of cereals) are made from plant rows in
F3 and later generations. In selecting for leaf rust, the plants
must be marked several weeks before harvest. Selection for
stem-rust resistance can be made at harvest time. The general
vigor and habit of growth of the lines is observed in making selec-
tion and this observation used in conjunction with notes on
specific characters. The individual plants harvested are threshed
separately and the seed examined in the laboratory for type, size,
shape, color, and plumpness. Seed of plants with inferior grain
quality is discarded.

Discase tests usually arc begun in the F, by subjecting the
plants to an epidemic and selecting only resistant plants. In Fj
and later generations, the usual method is to plant separate
nurseries in order to study reaction to the various diseases for
which it is hoped to obtain resistant varieties. Resistant plants
are then selected in these disease nurseries. In breeding for
resistance to diseases in which the methods used in inducing the
disease epidemic results in abnormal plant growth, the common
practice is to grow special disease nurseries but to select plants or
lines from a duplicate nursery grown under normal conditions,
lines found to be susceptible in the disease nursery being
discarded.

Quality tests are made whenever possible. In some breeding
programs these can be begun in F,.  Usually these tests are made
in later generations when a greater bulk of seed or plant material
is available. This is true particularly when the cost of making
the quality tests is great. The material is then purified, and all
otherwise undesirable lines are discarded before being tested for
quality.

Special characters may be studied by growing the F3 and subse-
quent generations under environmental conditions that will bring
out the differentiation desired.

During the segregating generations, it is desirable to grow rows
of the parents and of the best available standard variety at fre-
quent intervals throughout the nursery. Only plants and prog-
eny rows that appear equal to the standards in all respects should
be selected.
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Several methods of breeding self-pollinated crops through the
use of hybridization have proved satisfactory for particular
problems. These may be classified as:

1. The pedigree method.

2. The bulk method.

3. The backeross method.

4. Multiple crosses.

In these and other problems of a similar nature, the larger the
populations during the segregating generations the more chances
there are of obtaining the combination of characters that are
desired. The more complex the inheritance the greater the need
for larger numbers. Although the exact combination of char-
acters desired may not be recovered in F, there is still the possi-
bility of obtaining it in F; or later segregating generations.
When two factors are closely linked, their recombination will be
obtained infrequently in Fo but secured more easily in F; by
growing the progeny of F, plants that contain one of the two
desired characters. In most crosses it is a sensible plan to grow
as large an F, population as can be sampled adequately
in F3.

Pedigree Method.—This method consists of (1) making a cross
between two parents possessing the characters that it is desired to
combine in a new variety, (2) growing the material in spaced
plant rows so that individual plants may be studied, and (3)
keeping a system of rccords so as to be able. to trace individuals
from one gencration to the next." Numerous systems of keeping
progeny records are available and will be chosen to suit the needs
of the investigator. An outline of some of the methods was given
in Chap. V.

The number of seeds sown, length of row or size of plot, and
number of generations grown before bulking the plants in progeny
rows will vary considerably with the different crops. For cereal
crops the following procedure will illustrate the steps involved.

1. Grow sufficient F; plants to produce the desired amount of
seed for F;. Compare the F; plants with the parent varieties,
note dominance of characters, and discard selfs. Seed from the
identical parent plants used in producing each F'1 progeny may be
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grown beside the F; and, in critical studies, seed from these
parent plants grown for comparison with F; and later generations.

2. Grow 2000 to 10,000 individually spaced F. plants. In
F3 and subsequent generations, grow 1000 or more progeny rows
cach year from seed of individual plants selected the previous
vear. Select on the row basis first, and then select the best plants
in these rows. Discard any lines found to be undesirable in
disease nurseries.

3. Bulk the seed of rows when homozygous. This usually is
done in Fy to Fs. At Minnesota, with small grains, pedigree
selection is continued until F;, when promising apparently homo-
zvgous lines are bulked for the yield trials. Some lines may be
continued in F's from selected F5 plants before bulking. - Lines not
homozygous in Fg are discarded unless very promising. Appar-
ent homozygosity is determined by examination of the individual
plants of a line, in the field, for observable agronomic or disease
characters, and then the plants are harvested and threshed
individually and the sced examined before bulking the seed for
yield trials.

4. Conduct yield trials, and release for distribution to the
growers as described in Chap. V.

Bulk Method.—This method consists of growing the material
in a bulk plot, usually from the F» to about the Fg generations,
inclusive, followed by head selection in F¢. By the Fg genera-
tions, a high proportion of the plants will be homozygous for most
observable characters. The bulk plots can be subjected to
disease epidemics and special conditions as an aid in selection.
Natural selection probably will eliminate some of the weaker
types. The progenies of plants selected in Fg are tested in the
manner described for improvement by selection in Chap. V.

Because of the ease with which crosses can be carried in bulk, a
greater number can be grown in this way during the segregating
generations than by the pedigree method. However, in the
absence of selection through Fg a higher proportion of the popula-
tion will be undesirable than with the pedigree method, in which
case careful selection over a period of years would have eliminated
more of the undesirable types. As a consequence, it would be
necessary to select more plants in Fg for testing in plant rows than
would be necessary to test in Fy or F¢ with the pedigree
method.
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Harrington (1937) suggested a modification of the bulk method
called the mass-pedigree method. This involves a combination of
the two methods. The material is grown in bulk until a favorable
season provides conditions for efficient selection. Then head
selections are made and grown the following year in progeny rows
as described for the pedigree method. The essential feature
of this method is the growing of the crosses in bulk until a year
favorable for efficient selection occurs, when single-plant selec-
tions are made and the pedigree method used from that time
onward. In order to make selections in bulk plots, selection
would need to be made on the head rather than plant basis.

Frequently a great deal can be learned regarding the genetics of
the material during the segregating generations when the pedigree
method is followed. Such is impossible with the bulk method.

Backcross Method.—This method is used primarily when it is
desirable to transfer one or two simply inherited characters of the
nonrecurrent parent to the recurrent parent, which is usually a
highly improved variety of a desirable agronomic type.

An outline is given of the steps to be followed:

-t

. Grow the F; and backcross to the recurrent parent.

. Grow 50 to 200 individual backerossed plants in spaced progeny rows.

3. Select desirable individuals, .e., those containing the characters to be
selected from the nonrecurrent parent.

4. Backcross these selected plants to the recurrent parent. Continue
backecrossing and selecting from 2 to 6 generations. In some cases, it
may be necessary to study the progenies of selected plants before making
the next backeross.

5. After backcrossing is finished, the material is handled in the same man-
ner as outlined for the segregating generations by the pedigree method.
There is, however, this differcnce. After several generations of back-
crossing, many of the factors from the recurrent parent will be homo-
zygous, and fewer generations need be grown in individual plant rows
before bulking. Only a few years of yield tests will be required also,
since most of the lines will be similar to the recurrent parent in all but
the one or two of the characters added from the nonrecurrent parent.

[

Multiple Crosses.—Harlan and Martini (1940) have suggested
the use of compound crosses. The method may be illustrated by
assuming that eight varieties are to be combined. A series of
bridging crosses is made as follows: @ X b, ¢ X d, e X f, g X h.
In a second mating, the F; plants will be crossed to produce the
double crosses (@ X b) X (¢ X d) and (e X f) X (g X h). In
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the third mating the double crosses will be combined as follows:
[(a X b) X (c Xd)] X[(eXf) X (gXh)]. As segregation will
have taken place at the time the second cross is made, a greater
number of crosses would need to be made than in the first mating.
In the third cross, a very large number of seeds would be desired,
since every seed contains essentially a different genotype and will
result, presumably, in a new combination of characters. This
procedure offers some promise of obtaining unusual combinations
of factors, leading to the production of exceptional segregates.
Its disadvantages would lie in the fact that several of the parent
varieties probably would be undesirable for certain characters,
and crosses between them would lead to the production of a
higher proportion of plants with these undesirable traits. Large
populations would need to be grown during the segregating
generations following the compound crosses. These can be
carried by either the pedigree or bulk method of breeding.

COMBINING ABILITY

Plant breeders observe very frequently that more desirable
segregates are obtained from some crosses than from others.
Some varieties are good parents, as judged by their ability to
transmit high yield and quality to their progeny in crosses; others
are less desirable. In the production of hybrid corn, the fact
that some inbred lines transmit higher yielding ability to their
F, crosses than do others, when crossed with a series of inbreds,
has been known for many years. The classification of varieties of
self-pollinated crops as to whether they will transmit high yield in
crosses has hardly begun.

Harrington (1932) suggested that an analysis of the characters
that could be studied in an F; population will provide a means of
predicting the value of a cross. Harlan and Martini (1940)
crossed 28 varieties of barley in all possible combinations of two
each, making 378 crosses. These crosses were each carried in
bulk plots, without selection, until the eighth generation and then
space-planted. Plant selections were then made from each cross
and tested in progeny rows the next year. Since each variety
was crossed with each of the other 27, the potential value of each
variety, in crosses, could be determined from the average yield
of the selections made in crosses involving each parent in turn.
The varieties Atlas, Club Mariot, Minia, Trebi, and Sandrel
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produced an unusually high percentage of superior selections.
Crosses involving Glabron produced very few. Some varieties
that had not been sufficiently promising in nursery tests to be
grown in plots were found to be superior parents.

Harrington (1940) and Immer (1941) studied the yield of bulk
crosses in wheat and barley, respectively, in early generations as
a means of determining the comparative breeding value of differ-
ent crosses. The study by Immer will be reviewed briefly.

Six barley crosses were compared with one another in F;, F,,
F3, and F, and with the parents. The yields of F; and parental
checks were determined from rows of 11 plants per cross or
variety, spaced 5 in. apart, and replicated six times. The tests
in Fy, F3, and F,; were made in five replicated rod-row plots, the
parents being included. The seed for F; and F, tests was a
random sample from F. and F;, respectively.

In Table 4 is given the average yield of each pair of parents for
3 years, expressed in percentage of the mean yield of parents for
all crosses. The yields in F; to Fy are expressed in percentage
of the average mean yield of the parents in the six crosses for the
year or years in which the test was made.

TABLE 4—YI1ELD OF PARENT VARIETIES AND F,, F,, F3 F, CROSSES IN
’ i g
BARLEY, EXPRESSED IN PERCENTAGE OF THE AVERAGE YIELD
oF THE PARENTS GROWN THE SAME YEAR As THE CROSSES

1938 1939-1940 1940
Cross Average Parent varieties

of Fy|—————|F:|F;| F,4

parents Q | & |Average .
Barbless X Chevron..... . 121 |151(127| 93] 110 |119{114| 120
Barbless X Minsturdi...... .. 118 |[186|127| 74| 101 |125/114{ 83
Velvet X Chevron.. ........ . 117 |142(111] 93] 102 |140(118| 111
Barbless X Olli . ....... .... 87 1116[127/109| 118 |137|124| 117
Barbless X C.1.2492.......... 80 | 81}127| 51 89 |115(105| 100
Velvet X C.1. 2492....... . 76 | 89111 51 81 |111j101) 99
Average .... .. ... .| 100 128 ..[. | 100 [125[113[ 105

The crosses of Barbless X Olli and Velvet X Chevron pro-
duced the highest yields in F; and- F's and were among the highest
in F,.. They were intermediate in yield in ;. The two crosses
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involving C.I. 2492 were relatively low in yield in all four genera-
tions tested.

It appears that tests of bulk crosses in F; or '3 may be used as a
means of discarding entire crosses in the early segregating genera-
tions, and the plant breeder then can make selections only from
the crosses that promise the greatest proportion of high-yielding
segregates. Testing in several different localities and for more
than 1 year would be advisable.

From the study by Immer, it appeared that the Fy could not be
used to determine satisfactorily the potential value of a group of
crosses. Since the amount of seed in F; is very much limited,
space planting must be resorted to. It was found that some of
the varieties and crosses responded in a differential manner when
space-planted 5 in. apart as compared with seeding in rod rows
at the regular rate for such trials.

As information on the sources of good germ plasm in crop
plants accumulates, as measured by combining ability in crosses,
the outstanding parent varieties will be isolated and used more
extensively in breeding programs.

In using the pedigree or bulk methods of breeding, the first
yield test is obtained usually in Fg to Fs. It would be highly
desirable to know the yielding capacity of different strains
from a cross and to discard the low-yielding ones before Fg
to Fs. Although no experimental data are available, it would
appear that replicated yield trials in F,, from bulked seed of F;
lines that themselves were each the progeny of an individual F.
plant, should supply information on the relative yielding capacity
of such strains. A space-planted nursery of the same strains
could be grown the same year and single-plant selections made.
In F; plant-progeny rows would be grown from the strains found
to produce high yields in the yield trials. The plant-progeny
rows could be bulked in F; or F, if homozygous, for regular yield
trials of pure material. By this procedure, a higher proportion
of the strains in the regular yield trials would be expected to.give

satisfactory yields.



CHAPTER VII
THE BACKCROSS METHOD OF PLANT BREEDING

Backerossing, when possible, is the most satisfactory method to
use in genetic studies to determine linkage relations. It is also
useful as an aid in developing a factorial hypothesis. Harlan
and Pope (1922) pointed out its probable value in small-grain
breeding and stated that it has been ‘‘largely if not entirely
neglected in any definite breeding programs to produce progeny
of specific types.” They suggested the probability that there
were many instances in which backerossing would be of greater
value than the more common method of selecting during the
segregating gencrations after making suitable crosses. Before
giving some of the results obtained, it seems desirable to discuss
the principles involved.

GENETIC EXPECTATIONS FROM BACKCROSSING

As used in plant breeding, backcrossing seems to be a logical
procedure when it is advantageous to add one or two characters,
each of which is conditioned by one or two genetic factors, to an
otherwise desirable variety. The general plan of study may be
outlined as follows:

1. Selection of parents for crossing.

A variety, A, with desirable characters but lacking one or two characters

that are dependent upon only a few genetic factors.

A variety, B, containing these one or two characters that A lacks.

2. Backerossing of the F; of A X B to A; selection for the one or two
desirable characters of B, if they are dominant, in each backcross gen-
eration and again backcrossing of these selected plants to A.

Repetition of the process as scems necessary. In this illustration, A
and B are called the recurrent and nonrecurrent parent, respectively.
Recessive characters of the nonrecurrent parent can be carried along
by growing sufficient plants in each backeross generation and by making
sufficient backcrosses to be sure some plants are heterozygous for the
recessive factors that it is desired to add to the recurrent parent.

3. Selection in the selfed progeny from plants carrying the factors obtained
from B until homozygosis for the characters of the B parent is reached.

101
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In self-pollinated plants, the new lines obtained may be compared with
each other and with parent A in field trials and the strain of greatest
promise increased and distributed as an improved variety if it per-
forms satisfactorily. In cross-pollinated plants it seems necessary to
produce several desirable lines and recombine these to produce a
synthetic variety or to use certain of these lines to produce F, crosses
for the utilization of hybrid vigor. With a crop like corn, hybrid seed
may be produced by this method. With asexually propagated crops,
the more desirable crosses may be propagated by asexual methods.

Richey (1927) has given the percentages of plants homozygous
for the n factors entering the cross only from the recurring
homozygous parent in each of r successive generations, calcu-

lated from the formula (27—2_:—1> - These percentages are given
in Table 5.

TABLE 5—PERCENTAGES OF PranTs Homozycous FOR THE n FAcToRrs
EnTERING A CROSS ONLY FROM THE HoM02YGOUS RECURRENT PARENT
10 WHicHn THE ('ROss AND THE RESULTING PROGENIES ARE
MATED IN EAcH OF 7 SUCCESSIVE GENERATIONS*

Number of Number of generations of back pollinating, »
factor pairs,
n 1 2 3 4 5 6 7 8 9 10
1t 50 [ 75 | 88 | 94 { 97 | 98 | 99 | 100— | 100— | 100—
5 3124|5172 (8 |92 96| 98 99 100—
10 6|26 |52|73)|85)|92| 96 98 99
15 . 11131386279 89 94 97 99
20 . . 7128 |53 | 73|85 92 96 98
30 .. 211413962 |79| 89 94 97
40 RV VA . 8128|5373 86 92 96
50 R 4120 | 46 | 68 82 91 95
75 . . .. 931|586 75 86 93
100 .. R 4| 21| 46 68 82 91

* Subject to errors incident to the use of 6-place logarithms.
1 The values for n = 1 give also the percentages of homozygous factor pairs in the entire
population, regardless of the value of n.

This formula is the same as that used for finding the percentage
of homozygous individuals in different segregating generations
after a cross. In the segregating generations after a cross, only
one-half of the homozygous individuals are of the desired geno-
type. For example, the Fy generation of the cross between 4 A4
and aa will consist of 144 + 24a 4+ laa. One-half of the
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progeny are homozygous, but of these only one-half are of the 44
genotype. If, instead of selfing the ¥, Aa, it is backcrossed to
AA, 1AA to 14a will be obtained. In this case, one-half of the
total progeny are of the desired genotype AA.

Richey gave a summary also of the number of plants required
in F» and the first backcross generation to obtain a single indi-
vidual with the required genotype when one to eight factor pairs
were involved. These results, which are calculated on the basis
of independent inheritance, are given in Table 6.

TaBLE 6.—ProGENY REQUIRED To Have ONE DominantT Homozycous

INDIVIDUAL
Number of factor pairs
Method ,
1] 2 3 4 5 6 7 8
Fiselfed . ..... . ....| 4|16 | 64 | 256 | 1024 | 4096 [16,384!65,536
F1, backerossed to homo-
zygous dominant . 2| 4| 8| 16 32 64 128, 256

With a difference of five factor pairs in the parents, for example,
the calculated expectation in Fs is only 1 individual out of every
1024, with all 5 factor pairs in a dominant homozygous condition,
whereas for the first backeross generation the theoretical expecta-
tion is 1 out of every 32 that contain all 5 factor pairs in a
dominant homozygous condition.

Linkage may bc involved between a factor C for one of the
desirable characters of the recurring parent A and the recessive
condition of the dominant factor R carried in parent B that it is
hoped to add to A. Suppose, in addition, that there may be 10
other factor pairs involved in which the A parent carries the
desired genotype.

Parent A carries CC linked with rr and 10 other dominant fac-
tors, and parent B carries cc linked with RR, the latter being the
character desired to add to parent A. It may be supposed that C
and r show 10 per cent recombination. Selection for R in the
backeross generations will tend to make it difficult to obtain the
desirable factor C, but as C is brought in from the recurring parent
in each backcross the chances of a crossover and the desired



104 METHODS OF PLANT BREEDING

combination of CCRr seems better in backcrosses than by the
pedigree plan. The reason for this is that the Rr genotypes are
selected each year and the C factor brought in from the recurring
parent. After a crossover takes place, then linkage of C and I
will tend to make these combinations more frequent than under a
system of independent inheritance of these 2 factor pairs. The
10 remaining dominant factors will be recovered according to the
usual theoretical expectation.

The value of the backeross method may be better appreciated
by giving a few illustrations.

CANTALOUPES RESISTANT TO POWDERY MILDEW,
ERYSIPHE CICHORACEARUM

This disease, according to Jones (1932), cannot be controlled
satisfactorily by spraying or dusting. A mixed lot of sced from
India produced numerous plants practically free from disease,
but the melons were of very low quality. These conditions gave
an ideal setup for a backcross plan of breeding, for resistance
appeared to be a simple dominant over susceptibility, and desir-
able melons lacking resistance to powdery mildew were available.

The method used consisted of crossing the resistance Hindu
melon with commercial cantaloupes, selecting for resistance in the
backeross generations, and recrossing these selected resistant
plants to commercial cantaloupes. After cantaloupes of desired
quality were obtained, selection was followed until strains were
obtained that were homozygous for resistance. Seed from several
strains was combined to give the necessary vigor of growth in the
new variety. This material should be as uniform for other char-
acters as the original variety.

BREEDING BUNT-RESISTANT WHEATS

Briggs (1930) described a project that was started in 1922 foz
adding the bunt resistance of Martin to important commercial
varieties of wheat grown in California, Martin being selected for
one parent because it had proved completely resistani to bunt on
the Pacific coast and because there appeared to be only one factor
pair involved in this type of resistance. Subsequent discussions
of the backecross method by Briggs (1935, 1938) emphasize the
extensive use of the method by Briggs and coworkers.
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The plan outlined originally by Briggs is as follows:

1922. Martin (resistant variety) X Baart (commercial, susceptible
variety)

1923. F, X Baart

1924. Plants segregated 1 resistant: 1 susceptible

1925. Plants segregated 3 resistant: 1 susceptible

1926. Progeny of resistant plants segregated giving 1 homozygous:
2 heterozygous rows
Homozygous resistant plants were crossed with Baart

1927. F, X Baart

It will be noted that the progeny of the first backeross segre-
gated in a ratio of 1 resistant: 1 susceptible, showing resistance
to be dominant. The progeny of the resistant plants of the back-
cross segregated in a ratio of 3 resistant: 1 susceptible, and the
progeny of these resistant plants gave 1 homozygous resistant
line: 2 heterozygous, on the average.

The resistant line was then used for the second backcross. The
reason for studying the progeny of selfed lines after the first
backeross, until homozygosis is again obtained, is to eliminate
the possibility of selecting a plant for backerossing that did not
carry factors for resistance, since some plants escaped infection
even though genotypically susceptible.

The practical accomplishments of Briggs,! in California, demon-
strate the value of the backcross method. In 1922 a program
was started to incorporate the bunt resistance of Martin in all
commercial wheats grown in California, including the varieties
Baart and White Federation. In 1930, a program was initiated
to add the stem-rust resistance obtained from Hope to Baart and
White Federation in addition to bunt resistance. By crossing
the bunt-resistant Baart and White Federation with rust-resist-
ant strains of the two varieties, resistances to both diseases were
combined. From these studies, 11 bunt-resistant varieties, two
of these being resistant also to stem rust, have been produced.
The first group of varieties obtained from the program have been
grown extensively. The improved varieties are practically
identical with the original varieties except for the character of
bunt resistance.

A program has been adopted by Briggs and his coworkers of
compositing 70 or more backcross lines for each variety. These

1 Unpublished information kindly furnished by Fred N. Briggs.
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lines retain the name of their original commercial type, with the
year of increase appended to designate them from their susceptible
counterpart. It has been found that the mean yield of all lines
is almost exactly the same as that of the original parent when
bunt is not a factor in yielding ability.

¥ %
N
N
T

Fie. 13.—Top row: (4) Baart 38; (B) White Federation 38; () Big Club 37;
(D) Poso 41; (E) Sonora 37; (F) Pacific Bluestem 37; (G) Ramona 41; (H)
Bunyip 41; (I) Escondido 41; (J) Federation 41; and (K) Onas 41, all carrying
the Martin factor for resistance to bunt. 7T%lletia tritict and the first two, Baart 38
and White Federation 38, also have resistance to stem rust, Puccinia graminis
tritict, from Hope. The corresponding heads in the bottom row are from the
original susceptible parents.

BREEDING RUST-RESISTANT SNAPDRAGONS

Emsweller and Jones (1934) have described the development of
varieties of the cultivated snapdragon resistant to rust, Puccinia
antirrhinge D. & H., and emphasized the extent to which the
disease has become of commercial importance. From the progeny
of seed obtained originally from E. B. Mains, of Indiana, several
plants were found that under favorable conditions for infection
proved entirely free from rust. Resistance was found to be
dominant in crosses and resistance and susceptibility to be con-
ditioned by a single main factor pair, although minor modifying
factors that influenced the extent of resistance were present also.
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These writers describe their experiments in which they used the
backcross method to combine this resistance with the flower color
and plant habit of standard commercial varieties and state that
progress was very encouraging.

STUDIES AT THE MINNESOTA STATION

For several years, backcross studies have been carried on at
Minnesota, where the problems involved appeared to be of such a
nature that the backeross method seems the most logical plan of
breeding. Several of these problems will be outlined briefly to
give further illustrations of the principles involved.

Disease Resistance in Wheat.—In spring and winter wheat,
desirable commercial varieties are available that are of good
agronomic habit and of high milling and baking quality. These
varieties lack one or two characters of outstanding importance,
notably the high resistance of Hope and H44 wheats to stem and
leaf rusts. Since resistance to both diseases is relatively simple
in inheritance, the addition of these types of resistance to desir-
able varieties available can be most logically and easily accom-
plished by the backeross method of breeding.

Its use may be illustrated by the improvement of Thatcher
through crossing with Hope, primarily to add leaf-rust resistance
from Hope and increase stem-rust resistance. Thatcher is the
standard for yielding ability, desirable agronomic characters,
and milling and baking value. It is not as stem-rust resistant as
Hope and is very susceptible to leaf rust. The following informa-
tion was furnished by K. R. Ausemus, of the Division of
Cereal Crops and Diseases, U. S. Department of Agriculture, who
is stationed at University Farm, St. Paul, Minnesota, and who has
charge of the wheat-breeding program.

HisTtory oF Backcross (THATCHER X HoprE) X THATCHER

Year Plan Place
1930 Original cross Field
1930-1931 | First backcross Greenhouse
1931 Second backeross | Field
1932-1937 | Pedigree selection | Field

Leaf-rust epidemics were obtained only in 1932 and 1935.
Stem-rust epidemics were obtained each year.
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Yield in bushels per acre, test weight, and leaf-rust reaction,
from trials made in 1938, when there was a severe rust epidemic
in the northwest spring-wheat area, are given in Table 7.

TaBLE 7.—YI1ELD IN BUSHELS PER ACRE AND TEsT WEIGHT IN REPLICATED
Robp-row TRriaLs AT UNtvERrsiTY FARM, 1938. LEAF-RUST REACTION
iIN Rop Rows (AgronoMY) AND IN THE RustT NUumrsery (R.N.)

Rust, per cent
. Yield,| Test ,
Variety bu. | weight Leat Stem
Agron. | R.N. | Agron. | R.N.
Thatcher............. ... 18 47 70 80 T 3
B.C, II-31-2............ 31 55 2 T T T
B.C, II-31-6............ 30 54 T 5 T T
B.C, 1I-31-14. . ...... 32 54 3 T T T

Illustrations with Corn.—The backeross method seems well
adapted to use with cross-pollinated crops that are being bred by
controlled pollination and selection. In one instance, two inbred
lines of Crosby sweet corn have been selected that combine well
together to give a vigorous F; cross. In common with many
strains of Crosby sweet corn, these lines have the undesirable
characteristic of toughness of pericarp. Two lines of Golden
Bantam have been selected that excel in flavor and tenderness of
pericarp. One of these has been crossed with one of the strains
of Crosby and the other Golden Bantam line with the second
strain of Crosby.

The F; generation is intermediate in tenderness and can be
differentiated from the tough pericarp parent by puncture tests
when the canning stage is reached. This can be accomplished by
stripping back the husk at this stage and puncturing several
kernels in the middle of the ear and recording the pressure
required. The backcross method has been used in this problem.

It is not known how many genes are concerned in tenderness of
pericarp. Inbred lines are available that give considerable
ranges in mean values when measured by the puncture test. The
results in the following summary show that by selection it is
possible to differentiate heterozygous ears, by means of puncture
tests, from the homozygous tough parent. Data given in Table 8
are summarized from the studies of Johnson and Hayes (1938).
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The major factor or factors for tenderness was retained in the
heterozygous condition by selection in each of the succeeding
generations of backcrossing. Plants of the first backcross genera-
tion, (I X H)I, were pollinated by pollen from the I inbred
parent, tested for puncture-test values, and those that were
intermediate for tenderness were selected as parents for the next
backeross generation. After three generations of backerossing,
selection in self-pollinated lines was used to isolate homozygous
tender pericarp inbreds that resembled the recurrent tough peri-
carp parent in most other characters.

TaBLE 8.—FREQUENCY DISTRIBUTION OF PUNCTURE-TEST VALUES OF EARS
FROM INDIVIDUAL PLANTS OF THE PROGENY OF BACKCROSSES TO THE
ToucH PERICARP PARENT WITH SELECTION FOR TENDERNESS

Puncture-test values

Culture Year
240|260 | 280 | 300 | 320| 340 | 360 | 380 | 400 | 420

I 1935 oo oo o oo 11 40 3T 4
I 1936 ol oea e e 11 46 ) 43
I 1937 P I A 2116 8
H 1936 14 | 28 | 33 6 1
H 1937 11916 | 10 2

(I X H)I 1935 R 4112|2323 | 15 4 1

(I X H)I. 1936 514|136 )40 | 26 | 13 2

(I X H)I: 1937 2128 |43 | 65|40 15 6

Recent studies of inheritance of smut reaction in corn show that
the character is relatively complex from the genetic standpoint.
Attempts have been made to gain some idea of the number of
factors involved in crosses of resistant inbred lines with highly
susceptible lines that have known interchanges for certain
chromosomes. The interchange plants are semisterile, and the
point of interchange may be handled in the same manner as a
dominant factor. To determine what parts of the chromosome
map are involved in relation to factors for resistance and suscepti-
bility to smut, studies were made of smut reaction in relation to
points of interchange. Studies at Minnesota of crosses of sus-
ceptible lines carrying interchanges with two different selfed lines
resistant to smut, one from Minn. 13, and the other from
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Rustler, were carried on. The F; plants were crossed to the
resistant parents and in backeross and F; generations the X2 test
for independence was used to determine associations between
smut reaction and points of interchange. In each series of
crosses, at least three different chromosomal regions carried
inherited factors for reaction to smut, and the regions from the
Rustler crosses were entirely different than those for the Minn.
13 crosses. Similar results have been reported by Burnham
and Cartledge (1939).

Various workers have found it relatively easy, however, to
select inbred lines resistant to smut from crosses between resistant
and susceptible inbreds and from selection in self-pollinated lines
from commercial varieties. Resistance seems to be relative and
probably functions under normal conditions against all physi-
ologic races of smut. The inbred line B164 is used as a male
parent in producing Minhybrid 301 and also in Pioneer 355, two
three-way crosses adapted to southern Minnesota. As grown in
Minnesota, B164 is highly susceptible to smut, and under normal
conditions as high as 90 per cent of the plants may be infected.
New lines, resembling B164, have been obtained from a cross
between B164 and culture 37, a resistant line of Minn. 23. Two
backecrosses to B164, followed by 3 years of self-pollination,
isolated several inbred lines that had only 10 per cent of smut
when grown adjacent to B164 that showed 85 to 90 per cent smut.

Another illustration may be given with a corn problem now
being investigated. Seed from one of the double crosses grown
commercially in Minnesota, known as Minhybrid 401, is of mixed
color, carrying both yellow and white kernels on the same ear.
It was obtained by crossing the F; cross of two inbred lines of
yellow endosperm corn obtained from Minn. 13, lines 11 and 14,
with two white endosperm inbred lines of Rustler, 15 and 19.

, It was desired to change the color of the white endosperm lines
of Rustler from white to yellow without changing their combining
ability. These Rustler lines carry the dominant whitecap factor
We, which, in the presence of yellow endosperm, causes whitecap.
The yellow lines lack this factor but contain a dominant factor
for yellow endosperm color Y. The expected results for several
backerosses will be given on the basis of independent inheritance
of Wewe and Yy.

Unrelated yellow endosperm lines were selected to cross with
these white endosperm lines, the problem being to obtain yellow
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endoesperm lines that in other characters resemble the white lines
of Rustler used in the double crosses. During the backcrossing
period, selected plants in each backeross generation were crossed
with particular Rustler inbreds that were used as the recurrent
parent. In each backcross generation, the gametes of the non-
recurrent parent will be given, and the percentage of seeds
heterozygous for We¢ and Y will be given also.

In each backcross generation, whitecap, yellow-endosperm
kernels were selected. Some of these will be homozygous for
whitecap and will be of no value. Others will be heterozygous
for both the whitecap and yellow-endosperm factors. These are
the combinations desired, and the proportions of such combina-
tions are given for cach backcross generation.

1. Parent genotypes, WcWeyy and weweY'Y.
F, genotype WcwcYy.
F, gametes WcY, weY, Wey, wey.
2. First backcross genotypes and phenotypes.
a. 1 WeWeYy whitecap, yellow endosperm.
1 WeweYy whitecap, yellow endosperm.
1 WcWeyy white endosperm.
1 Wewceyy white endosperm.
b. Per cent heterozygous for Y, 50.
Per cent heterozygous for We, 50.
Per cent heterozygous for We and Y, 25.
c. Select to backeross to the Rustler inbred line.
Genotypes: WeWeYy, WeweYy.
Gametes: 3 Wc