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1. T H E I M P O R T A N C E O F DISEASE-RESISTANT VARIETIES 

The development of disease-resistant varieties of crop plants is of 
paramount importance in the improvement of agriculture, and the im
provement of agriculture is essential to meet the needs of the rapidly 
increasing human population of the world. We dare not be complacent 
about the fact that three fourths of the people in the world are now 
hungry. Nor dare we ignore the fact that the population threatens to 
double within the next 40 years. How can we feed 5 billion people in 

1 Paper No. 986, Miscellaneous Series, Minnesota Agr. Expt. Station. 
2 The writers are indebted to Bill J. Roberts and Donald P. Taylor for help in 

preparing certain sections of this paper. They are indebted to Laura M. Hamilton 
for help in the preparation of the bibliography and for various other kinds of 
assistance in the preparation of the manuscript. 
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1998 when we cannot or do not adequately feed half that number in 
1958? It appears, in the present state of affairs, that the only hope is to 
increase greatly the efficiency of agricultural production. The situation 
could be alleviated but not cured by better distribution of actual and 
potential production. But better distribution depends more on politics 
than on science. The total production of basic food and feed crops must 
be increased and must be insured against violent fluctuations if we are 
to face the future with confidence. 

It is a sound basic assumption that the area of cultivated lands cannot 
be increased proportionately to the increase of population. It follows, 
then, that the efficiency of production must be increased. And it is also 
a sound assumption that plant diseases, in the broadest sense, constitute 
one of the most formidable obstacles to efficient and assured production. 
Wheat, rice, maize, sorghums, millets, potatoes, and other basic food 
crops are subject to debilitating or devastating diseases caused by patho
gens. And many of them are grown in large land areas where bad 
weather and bad pathogens can quickly destroy vast acreages of prom
ising crops. The basic question, however, is how the crops can best be 
protected against the destructive factors of their physical and biotic 
environment. 

Although there may not be general agreement that drought, heat, 
and cold cause diseases, there are good reasons for considering that 
they do. There is no logical or traditional reason for excluding inanimate 
causes of diseases from the realm of plant pathology. The general im
provement of many basic food and feed crops requires the incorporation 
of genes for drought resistance, heat resistance, and winter hardiness. 
Even in areas where total annual rainfall usually is sufficient, drought 
or other unseasonable weather is likely to occur at critical times during 
the crop season. The problem is world-wide, and world-wide effort is 
needed to find and combine plant genes to alleviate it. And in that 
effort plant pathology must render its full measure of service. 

Plant pathologists could not, even if they would, shed their share of 
the responsibility for breeding plants that better resist the violent ele
ments in their physical environment. For there often is a dangerous 
alliance between debilitating pathogens and destructive weather. Patho
gens may predispose plants to injury by bad weather, and bad weather 
may predispose them to injury by pathogens—even many of the milder 
ones. Winter injury annually takes a heavy toll of bread grains in the 
temperate zones, where most of them are grown. And it has long been 
known that pathogens may aggravate the injury due to winter weather 
and that winter weather may aggravate the injury caused by pathogens. 
The average loss of 10 to 15% of the seeded acreage of winter wheat in 
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the United States is too high a tax to pay. The recourse is to develop 
varieties with combinations of genes that can defy the weather and the 
pathogens associated with it. The short life of alfalfa and other perennial 
or biennial legumes in many areas is due to the combined and mutual 
effects of pathogens and winter weather. Indeed, the complexities of 
these and numerous other similar weakening and destructive combina
tions are so great as to defy precise assessment of the guilt of the numer
ous interacting factors of the physical and biotic environment. For this 
reason it sometimes is known what the breeding is for, but not exactly 
what it is against. There is need to develop plants that are well adjusted 
to their total environment, with ability to profit from the good and to 
protect against the bad. It is generally assumed that unseasonable and 
unfavorable weather will reduce crop yields, in the very nature of things 
natural. But need it always be so; can man not prevail over his environ
ment? If man is to master his environment, he must develop plants that 
can withstand the destructive elements within it; and, of course, the 
more he knows about these elements and their interactions among each 
other, the greater his chances of success. The way may be long and hard, 
but the need is great. 

To preserve himself and his civilization, man must continually fight 
against the vast and variable world of microscopic organisms and ultra-
microscopic viruses which continually menace his crop plants, his domes
tic animals, and himself. He has learned much about controlling the 
manifold diseases caused by myriads of pathogens. He has learned how 
to treat individual animals in order to prevent or cure many diseases, 
and has devised public health measures to reduce the need for individual 
treatment. He has been equally successful in devising ways for controll
ing diseases of many plants by means of protective chemicals. 

But the populations of some of the most basic food plants, such as 
wheat, rice, millets, and sorghums are relatively so vast that individual 
medication is difficult or virtually impossible. There are about 170 mil
lion people and 185 million larger farm animals in the United States, 
but there are about 40 or 50 trillion wheat plants alone. To apply fungi
cidal chemicals several times a season to the enormous populations of 
grain and forage plants, even with the best modern machines, would be 
a prodigious and a prodigiously expensive operation, even if it were 
completely effective. 

It is not only the enormous populations of many kinds of crop plants 
but also the enormous amount of wind-borne inoculum of some path
ogens that have thus far limited the feasibility of controlling some 
destructive diseases by spraying or dusting. The cereal rusts, head blights 
of wheat, rice, and other cereals, the Helminthosporium leaf and head 
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blights of cereal grains, and numerous leaf spots of forages certainly 
could not be controlled economically on large acreages by methods and 
materials now available. This is not an assertion that feasible methods 
will never be devised, but merely that they have not yet been devised. 
There are inherent difficulties, because of the nature of the crop plants 
and of the pathogens, in controlling many diseases which can quickly 
become epidemic over vast areas where there is heavy concentration 
of susceptible hosts. There are other groups of diseases which, by their 
nature, also are very difficult to control by methods available to indi
vidual growers. 

It would be extremely difficult or impracticable for individual farmers 
to control many diseases caused by pathogens that multiply or persist 
in the soil. Conspicuous among them are flax wilt, cabbage yellows, 
tomato wilt, the wilt or Panama disease of bananas, all caused by soil-
inhabiting species or varieties of Fusarium. Although the host range of 
such pathogens is relatively restricted, crop rotation and other cultural 
methods have not been sufficiently effective, and chemical treatment of 
soil on large acreages has been either impracticable or impossible. This 
is true also of certain bacterial diseases, such as bacterial wilts of alfalfa. 
The problem is inherently even more difficult with soil-inhabiting patho
gens that have a wide host range, such as Rhizoctonia sohni, Phymato
trichum omnivorum, and Pythium spp. These fungi are so universally 
and abundantly present in the soils of many extensive agricultural areas 
and they can cause debilitating or destructive root rots or basal stem 
rots on so many kinds of plants as to defy conventional control measures. 
Some soil-infesting nematodes, such as root knot nematodes, cyst nema
todes, meadow nematodes, and stem and bulb nematodes, are long per
sistent in the soil, and many of them attack several kinds of crops that 
are grown on extensive acreages. Accordingly, crop rotation is not effec
tive and soil treatment with chemicals is not economically feasible. 

Many viruses, such as those causing western wheat mosaic in the 
United States and Canada, corn streak and stunt, sugarcane mosaic, 
curly top of sugar beets, oja blanca of rice, and numerous others are 
not easily amenable to control by artificial means. Virus diseases are 
among the most insidious and destructive of all diseases and, along 
with nematodes, were relatively neglected until rather recently. The 
over-all importance of these two groups of pathogens is just beginning 
to be appreciated, and each year new ones are being incriminated as 
agents of disorders that were previously unobserved or attributed to 
unthriftiness due to unknown causes. 

It would be interesting, and possibly profitable, to catalogue diseases 
on the basis of amenability to control by artificial methods. There would, 



14. B R E E D I N G R E S I S T A N T V A R I E T I E S 571 

of course, be a number of groups with intergradations between them. 
Some can be controlled in most areas by a single, relatively simple and 
inexpensive operation; others require many repetitive and relatively 
expensive operations of a single kind; still others can be controlled only 
by combining several operations of different kinds; and, unfortunately, 
too many still defy any combined attack that has yet been made upon 
them. Bunt of wheat—except in areas where it persists in the soil—and 
certain similar smuts are in the first category. Late blight of potato, the 
sigatoka disease of banana, and many fruit diseases are in the second. 
In certain Andean countries potatoes must be sprayed at least 8 times 
to control late blight. In some of the principal banana-growing areas of 
tropical America bananas must be sprayed 10 to 13 times, and complete 
control of sigatoka is not always assured even then, although the applica
tion of oil from helicopters is an improvement over methods previously 
used. The control of many viruses that are carried inside of propagative 
parts of plants, such as tubers and bulbs, requires a multiple-method 
control program. Finally, many of the most destructive diseases cannot 
be controlled at all by any feasible combination of methods. 

It is unfortunate but true that many of the most destructive diseases 
of basic food crops are not now controlled, that the control of many 
others is very expensive, and that all artificial control measures add 
something to the cost of production. Plant disease control has become a 
highly technical art, based on intensive research and extensive experi
mentation. The improvement of fungicides during the past four decades 
is an epic scientific achievement, and researches would be worth con
tinuing on a greatly expanded scale for the sake of their scientific interest 
alone, even if there were not such urgent practical need for them. From 
the scientific standpoint it would be unfortunate if there were no plant 
diseases to control. From the standpoint of human progress, on the other 
hand, it would be an inestimable blessing if there were no need to 
control them. And, of course, that is exactly what breeding for disease 
resistance aims to do; it aims to produce varieties of plants that resist 
diseases so well that growers may be relieved of the work of controlling 
them. 

There can scarcely be any question that the ideal way of controlling 
all plant diseases would be by means of permanently and universally 
resistant varieties. The real question, however, is one of feasibility, not 
of desirability. It has not been possible to control many diseases, at 
least thus far, by resistant varieties. Nor has it been possible to control 
some of the most destructive ones by any other method or combination 
of methods. In the long run several alternative methods may be devel
oped for controlling some diseases that have heretofore been refractory, 
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and it may be expected that the cheapest and most effective will be 
chosen. The need is to develop them. Partisanship and dogmatism will 
not satisfy the need; experimentation and research may. 

Breeding for resistance is important because plant diseases still are 
one of the greatest menaces to man's food supplies; and the more the 
crop plants themselves can ward off the menace, the less work and worry 
man will have in doing it. Every increment of disease resistance that 
man can incorporate into plants of economic importance is a contribu
tion to increasing and assuring his food supplies. How resistant can the 
most important crops become? Future prospects can be based partly 
on past experience. 

II. HISTORY O F A T T E M P T S TO PRODUCE RESISTANT VARIETIES 

A. Prior to 1900 

Records of conscious and systematic attempts to obtain disease-
resistant varieties of crop plants prior to 1900 are meager. That differ
ences in varietal resistance were observed in ancient Greece and Rome 
is clear from the records of Theophrastus and of various Roman writers 
on agriculture. It is not clear, however, how much use was made of the 
information. Varro, in his "Rerum Rusticarum," published shortly before 
the birth of Christ, recommended that wheat should not be grown on 
land subject to fogs, very probably because of the danger of rust. But 
he merely recommended that other kinds of crops, such as rape, turnips, 
millet, and panic grass be grown on such lands; there is no substantial 
evidence that conscious effort was made to utilize resistant varieties 
within one kind of crop. That different varieties were recommended for 
different areas and for different purposes is clear, but evidence regard
ing disease-resistant varieties is somewhat fragmentary. 

It is unfortunate that systematic and adequate records of the selec
tion of resistant varieties are not available, because it is certain that 
many diseases were destructive through the centuries and it is probable 
that the most susceptible varieties were discarded when more resistant 
ones became available. Knowledge regarding the past could improve 
perspective regarding the present and future. As perspective cannot well 
be based on ignorance of the remote past, however, it must be derived 
from knowledge of the recent past, including only a short half century. 

B. Since 1900 

The history of attempts to produce resistant varieties since about 
1900 is fairly clear. As the principal value of past history is in its lessons 
for the present and future, a limited number of diseases have been 
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selected for discussion because of what they teach. Many others could 
have been selected, and to omit them for lack of space is not to dis
parage either the diseases or those who studied them. 

It was perhaps natural that early reliance should have been placed 
on introduction and selection as a means of obtaining resistant varieties. 
When the early work was started, "Mendelism" was just being redis
covered, and the Darwinian principles of variation and natural selection 
and—in some cases—the inheritance of acquired characters still tended 
to dominate the thinking of the pioneer breeders of resistant varieties. 

Carleton was among the pioneers who introduced varieties for the 
definite purpose of finding those best-adapted to the total environment 
(Clark, 1936). Immigrant farmers had, of course, already brought varie
ties of wheat and other crops from their various homelands, and some 
of the varieties had proved their value. But this type of introduction 
was incidental rather than specifically purposeful. Having repeatedly 
seen the tragic effects of heat, drought, winter injury, and stem rust 
on the plains of Kansas, Carleton reasoned that natural selection, aided 
perhaps by man, must have produced resistant varieties in older wheat-
growing areas where the agroclimate was similar to that in Kansas and 
similar areas. He therefore introduced Crimean winter wheats and 
durums from Russia, and arranged to have them tested widely in the 
United States. And finally the hard-red winter Crimean or Turkish types 
largely supplanted the softer Mediterranean types and reduced the 
danger of damage by severe weather and by rust. The durums, too, 
finally found their place and reduced the hazards of weather and rust 
at certain times and in certain places. Neither group of wheats solved 
the problems completely but they did alleviate them, and they furnished 
many genes for further improvement of varieties. 

Plant introduction is, of course, one of the oldest methods of crop 
improvement, but man took a long time in learning that benefits had 
to be weighed against dangers. For all too often he discovered that he 
had imported unseen or unknown pests and pathogens with his intro
ductions. As breeding for resistance was undertaken by increasing num
bers of scientists in many different countries, the exchange of varieties 
has increased until it is now a common international practice. Eventually 
it may be possible to assemble in each country genes for resistance from 
all countries. But it is necessary to take precautions against importing 
genes for susceptibility to certain diseases along with those for resist
ance to others. And, above all, it is essential to avoid importing entirely 
new pests and pathogens or new races of old pathogens. 

Introduction, as a method of plant breeding in the broader sense, 
may alone result in controlling diseases in similar ecologic zones. Thus 
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the stem-rust-resistant Thatcher wheat was introduced into western 
Canada from the United States in 1935 and proved so suitable in the 
prairie provinces that it was grown on upwards of 10 million acres until 
replaced recently to a considerable extent by the Canadian-bred Selkirk. 
In 1953 Selkirk was imported in quantity into the United States from 
Canada, and by 1958 it had become the predominant hard-red spring 
variety in both countries. This reciprocity is possible, of course, because 
of the similarity of ecologic conditions in the northern and western 
prairies and plains in the two countries and of similarity in standards of 
quality. There has been similar exchange of wheat varieties resistant to 
yellow rust in certain countries of western Europe. But the direct utiliza
tion of introduced materials has not always been possible. 

In many of the major breeding programs introduction has been fol
lowed by selection or hybridization, because many varieties with desired 
genes for resistance did not have the required genes for ecological adap
tation or for special market quality. 

Selection of resistant lines within commercial varieties or within 
populations of certain species has been highly successful in some cases 
and not in others. It is, of course, obvious that at least four conditions 
must be fulfilled if selection alone is to produce a desirable variety: 
( 1 ) There must be resistant lines or biotypes within the plant popula
tions; ( 2 ) There must be reliable methods for identifying the resistant 
individuals; ( 3 ) There must be suitable methods for propagating re
sistant lines; and ( 4 ) The lines selected must have the other characters 
of a good variety. It follows, therefore, that a prerequisite in selection 
is abundant development of the diseases in question in order to make 
it possible to distinguish between resistance and disease escape. These 
conditions were fulfilled in connection with some of the early successes 
in selecting resistant varieties, notably against cotton wilt, flax wilt, 
tomato wilt, and cabbage yellows, all of which are caused by species of 
Fusarium. 

The cotton wilt caused by Fusarium oxysporum f. vasinfectum be
came so destructive in some of the cotton-growing areas of the south
eastern United States shortly before 1900 as to threaten the future of 
the crop. Orton (1900) observed that some plants survived on very 
heavily infested soil, selected them, and planted the seed on heavily 
infested soil the next year. By continued selection and planting on 
infested soil, he succeeded in obtaining lines of Sea Island and Upland 
types that yielded well on the most heavily infested soils, where non-
selected varieties were very severely injured. This was pioneer work, 
and some of the pioneers naturally but prematurely concluded that it 
would be easy to solve other pathological problems by similar methods. 
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Experience with flax wilt, however, soon indicated that it might be 
easier to obtain resistant lines than to maintain them. 

Flax long had the reputation of being "hard on the soil" because 
yields tended to decrease sharply with successive cropping. It therefore 
became a migratory crop in the United States, moving continually west
ward to new lands. In 1901 Bolley proved that the trouble was due to a 
Fusarium, which he named F. lint but which now has the more impres
sive name F. oxysporum f. lint, and not to a deleterious effect of flax 
itself on the soil. Unknown to Bolley, Hiratsuka (1896, 1903) in Japan 
had come to a similar conclusion in 1896. 

By selecting plants that survived in flax-sick soil and following essen
tially the same methods as Orton had used with cotton, Bolley succeeded 
in developing highly wilt-resistant varieties of flax in North Dakota, but 
they did not always remain resistant; they succumbed to wilt at certain 
times and in certain places. Naturally, this provoked two questions: why 
was the behavior variable, and what could be done about it? At that 
time there still was some belief in the inheritance of acquired char
acters; hence it was postulated that the resistant varieties had acquired 
resistance by association with the pathogens in the wilt-infested breed
ing plots and had lost it when grown in noninfested soil. But this did not 
seem completely plausible to some investigators who had made careful 
studies while using Bolley's methods in producing resistant varieties. 
Three important facts had to be discovered to explain the situation: 
( 1 ) Tisdale (1917) showed that the amount of wilt that developed in 
resistant and susceptible lines varied with temperatures; ( 2 ) Barker 
(1923) proved that resistance and susceptibility were due to genetic 
factors which permitted considerable phenotypic variability but that 
resistance was neither acquired nor lost and that genes for wilt resistance 
could be combined with genes for other desirable characters; and (3 ) 
Broadfoot (1926) demonstrated that the wilt pathogen comprised physio
logic races, thus explaining the apparent loss of resistance in some 
varieties and furnishing a basis for future procedures. 

Flax wilt has been controlled in the United States for almost a half 
century by means of resistant varieties, but it has required continuous 
effort. Because of the existence of many physiologic races of the pathogen 
and because of variability in severity of wilt at different temperatures, 
it became necessary to devise ways of testing varietal populations against 
an adequate sample of races of the pathogen under conditions of max
imum disease development. The first requisite has been met in the 
United States, principally by screening varieties and breeding materials 
in permanent wilt plots at the North Dakota and the Minnesota Agri
cultural Experiment stations. The Minnesota plot was established in 
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1912 and, from the beginning was inoculated in various ways with infec
tive materials from different sources—with the purpose of providing an 
adequate sample of the pathogen, whatever that might prove to be. 
Subsequent to the discovery of physiologic races, attempt has been made 
to inoculate the plot with all known races. Although temperature cannot 
be controlled, seed is planted late in the spring to insure as nearly as 
possible a sufficiently high soil temperature for a good test. Fortunately 
for the purpose, the wilt organism is very persistent in the soil; it main
tains itself during winter, survives other unfavorable conditions, and is 
little affected by antibiotic organisms, as shown by Anwar (1949) . It is 
not necessary, therefore, to reinoculate the soil every year, which is 
necessary with certain other pathogens. 

Tomatoes resistant to Fusarium oxysporum f. lycopersici were pro
duced by selection more or less contemporaneously with the pioneer 
efforts already described. Edgerton and Moreland (1920) found that 
progress was most rapid and assured when selections were made in 
disinfested soil inoculated with the wilt organism only. This appeared 
to be the surest way of eliminating from the population all except the 
most resistant individuals. Physiologic races of the pathogen were sub
sequently demonstrated by Wellman and Blaisdell (1940, 1941), thus 
introducing another complication in the development and maintenance 
of resistant varieties. 

Another conspicuous success story is the use of selection in the devel
opment of cabbage resistant to yellows, caused by Fusarium oxysporum 
f. conglutinans. Scientifically, two facts are especially noteworthy: (1 ) 
There are two types of resistance, one thermolabile and the other thermo
stable; (2 ) Physiologic races of the pathogen have not yet been found. 
The methods in obtaining resistant individuals were similar to those for 
cotton wilt and flax wilt, with one variation: to obtain adequate seed it 
was necessary to cross resistant individuals. The first resistant variety, 
Wisconsin Hollander, was released by Jones and associates in 1916, fol
lowed several years later by other varieties (Jones et al, 1920). These 
varieties were less resistant at high temperature than at low; the resist
ance was governed by multiple quantitative genetic factors (type B ) . 
But plants were found with a thermostable (type A) kind of resistance 
that is governed by a single dominant gene and is effective at all temper
atures. By growing populations at soil temperature of about 24° C , 
plants of type Β are eliminated, thus leaving those with the more 
desirable type A kind of resistance (Walker and Smith, 1930). This 
genetic analysis not only clarified understanding and pointed the way 
to a better control of yellows but also helped to establish an important 
principle with respect to variability in disease development. 
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Although selection for resistance to those fusarial wilt diseases dis
cussed is important because important facts and principles were derived 
during attempts to control them, selection has been very valuable with 
many other kinds of economic plants, both wild and cultivated. Many 
wild plants, such as grasses and legumes, comprise biotypes with differ
ent degrees of resistance to various diseases, and resistant lines have 
been selected from many of them. Moreover, some very useful materials 
have been selected from well-known varieties of crop plants. In some 
cases the varieties obviously comprised different morphologic types, but 
in other cases they did not. Selection has been successful with a wide 
range of plants against many kinds of diseases. There are wide differ
ences in degree of resistance of Poa pratensis to stripe smut, Ustilago 
striiformis of Dactylis glomerata to Puccinia glumarum, and of timothy 
to Puccinia graminis. Many years ago Bain and Essary (1906) selected 
lines of red clover that were highly resistant to Colletotrichum trifolii, 
and in ordinary fields of this crop there are individuals that differ decid
edly in resistance to powdery mildew, caused by Erysiphe polygoni. 
Several wheats with some resistance to stem rust have been selected; 
among them, Kanred, Kota, and Webster, all of which are important 
in the history of attempts to control stem rust by means of resistant 
varieties. According to Coons (1953) , the sugar beet industry in irrigated 
regions of the western United States was saved by selecting for resist
ance to the virus curly top. Generally speaking, plant populations, al
though often relatively homogeneous for most visually observable 
characters, are quite heterogeneous with respect to disease resistance. 

The early successes with selection led many plant scientists to believe 
that the method might be universally applicable. But this proved not to 
be true; consequently it was necessary to resort to hybridization. It 
would be neither desirable nor feasible to give a complete record of the 
accomplishments and disappointments in breeding for resistance. It is 
important, however, not only to know certain principles but also to know 
something about their derivation. Much still remains to be learned about 
breeding for disease resistance, and past experience should furnish some 
guides for the future. Farrer, in Australia (Campbell, 1912), was among 
the early pioneers in breeding for disease resistance; he succeeded in 
developing bunt-resistant varieties of wheat. Among the most instruc
tive early attempts to develop resistant varieties by hybridization were 
those of Orton (1900, 1909), and of Biffen (1907, 1912, 1931). 

In an attempt to obtain watermelons resistant to wilt, caused by 
Fusarium oxysporum f. niveum, Orton crossed the susceptible water
melon with the resistant stockmelon or citron. The hybrid had the resist
ance of the citron but also its undesirable taste. It was therefore crossed 
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back to the watermelon, and lines were obtained that combined edibility 
with resistance. This was in reality an early use of the backcross method, 
which has become extremely useful when it is desired to retain many 
characters in a variety while incorporating disease resistance or some 
other desired character. 

Biff en in England made two very important contributions: he pro
duced good wheat varieties with resistance to Puccinia glumarum, and he 
demonstrated the mode of inheritance of factors for resistance. He 
showed that resistance in crosses between American club wheat (resist
ant) and Michigan bronze (susceptible) was inherited as a simple 
Mendelian recessive, independently of factors for other characters. 

The results obtained by Orton and Biffen generated great optimism 
with respect to controlling diseases by breeding. Selection had proved 
effective in many cases, and desired characters from several varieties 
could be combined easily into a single variety by hybridization. Some 
scientists were skeptical about the universal applicability of the prin
ciples derived from these pioneer investigations. After all, there are 
hundreds of kinds of crop plants, some of them comprising thousands 
of varieties, and there are thousands of different kinds of pathogens. 
Two questions arose quite naturally: ( 1 ) Was selection universally use
ful? ( 2 ) Was inheritance of factors for disease resistance always simple 
and independent of other characters? Orton, Biffen, and others soon 
encountered some more complex situations, and it soon appeared that 
situations could be much more complex than had been anticipated by 
the most skeptical. 

Stem rust of wheat, Puccinia graminis var. tritici, long has been a 
scourge in most of the extensive wheat-growing areas of the world. Some 
attempts to control it by resistant varieties antedate 1900, but they were 
mostly incidental to programs of general wheat improvement. The his
tory of breeding for stem-rust resistance in North America is especially 
illuminating because of the extent of the wheat-growing area, the scale 
on which the work was done, the large number of pathologists and 
breeders involved, and the fact that the work has continued and con
tinually expanded during half a century of time. The North American 
program probably is the longest extensive program of its kind, and for 
this reason it merits evaluation. 

The United States Department of Agriculture initiated the program 
in 1905 after a destructive stem-rust epidemic in 1904. The need for 
resistant bread wheat was especially urgent in the spring wheat region 
of the Dakotas and Minnesota, where stem rust usually was most 
destructive, and in the winter wheat region centered in Kansas. The 
present discussion is restricted largely to spring wheat, as most of the 
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important principles can be derived from it, although much history was 
made elsewhere also. In this program, as in any such program, the first 
need was to locate sources of resistance. As none were found for some 
time in the bread wheat group, Triticum vulgare, it was apparently 
necessary to make crosses with resistant varieties of other species, such 
as T. monococcum, einkorn; Γ. dicoccum, emmer; Γ. turgidum, poulard 
wheats; and T. durum, the durums or macaroni wheats. An extensive 
series of crosses were therefore made. 

It became apparent by 1910 that the development of good, stem-rust 
bread wheats from the interspecific crosses might not be easy, and the 
supposition was amply confirmed as the complexities of the problem 
were revealed during the following decades. Some obstacles proved to 
be less formidable than they appeared at given times; others proved 
more formidable. Viewpoints therefore changed with experience, and 
principles had to be modified as additional experience was obtained. 

The barriers to progress in developing good wheat varieties uni
versally resistant to stem rust are of the same kind as those encountered 
with certain other cereal rusts and with some other diseases. In the 
United States and Canada quality is a prime requisite in the hard-red 
spring wheats, since milling and baking standards are very exacting. 
This obviously has been a basic barrier to control of stem rust. In addi
tion the following facts are important: 

( 1 ) Resistant lines of desirable vulgare wheats were not found dur
ing the first decade of the program; hence, crosses were made between 
susceptible vulgare varieties and resistant varieties from certain other 
species groups. 

( 2 ) There was a high degree of sterility in many of the interspecies 
crosses, but a number of vulgare X durum crosses were obtained. 

( 3 ) Undesirable linkages were encountered in some cases. 
a. There appeared to be complete linkage between factors for rust 

resistance and for durum type in the early bread wheat X durum crosses. 
The linkage, however, was finally broken when large populations were 
grown. 

b. There is linkage between factors for rust resistance and for 
susceptibility to certain other diseases in some crosses, such as resistance 
to stem rust and susceptibility to bacterial black chaff in crosses involving 
Hope. 

c. There is linkage in some cases between factors for rust resistance 
and undesirable morphologic characters, such as weak peduncles. 

( 4 ) Physiologic races of Puccinia graminis var. tritici were found in 
1916 (Stakman and Piemeisel, 1917), and it has subsequently been 
shown that this variety comprises an indefinite number of phenotypically 
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variable biotypes, with extensive genetic variation within the variety. 
In most areas wheat is therefore exposed to large and shifting popula
tions of rust races. 

( 5 ) Resistance may be either stable or unstable. For a number of 
years there was no evidence that varietal resistance could be "broken 
down" by environmental factors. It was found later, however, that certain 
wheat varieties may be highly resistant to certain physiologic races at 
moderate temperatures and completely susceptible at high temperatures. 

(6 ) No combinations of characters have been found that protect 
wheat completely against all known races of rust under all environ
mental conditions. 

Despite difficulties, many desirable bread wheat varieties resistant 
to stem rust and to some other diseases have been produced. Unfortu
nately, however, these varieties have been resistant only at certain 
times and in certain places. Thus far new rust races have ruined one 
variety after another. Nevertheless progress has most certainly been 
made, even though the problem has not been solved. 

Several varieties of Triticum spp. played so important a part up to 
1950 that they require a brief statement in the varietal "Who's Who" 
in the breeding programs. 

Marquis. Produced in Canada, and rapidly assumed first rank among 
spring bread wheats shortly after 1910. It represented the acme of qual
ity, was relatively early in maturity, relatively resistant to smuts and 
orange leaf rust, but very susceptible to fusarial head blight and to 
stem rust. 

Iumillo. A durum variety with high resistance to stem rust, ap
peared to have "generalized," "mature," or "adult-plant" resistance. 

Kanred. A hard-red winter wheat selected at the Kansas Experiment 
Station from Turkey Red and distributed about 1917 when it appeared 
to be immune to stem rust. It soon became apparent, however, that 
although immune from some rust races, it was completely susceptible 
to others. 

Kota. A bread wheat, originally imported by Bolley from Russia; 
became mixed with seed lots of durum, and was selected by Clark and 
Waldron because it produced plump seeds in the epidemic of 1916. 

Webster. A poor bread wheat, but it appeared to have "mature plant 
resistance" to stem rust; selected by McFadden in South Dakota. 

Hope and H-44. Produced by McFadden (1930) as the result of 
a wide cross, Marquis X Yaroslav emmer. Although not satisfactory 
bread wheats, Hope and H-44 appeared to be almost immune from stem 
rust, with a high degree of adult-plant resistance. They were susceptible 
to the bacterial black chaff, caused by Xanthomonas translucens, and to 
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melanosis, but these appeared to be minor defects, and for several 
years Hope seemed to justify its name so fully that it and its sister line 
H-44 were widely used as parents in crosses. 

Marquis was very popular for a number of years because of its 
quality, early maturity, and apparent resistance to rusts. It proved to 
be far more subject to fusarial head blight, however, than the varieties 
which it supplanted. Moreover, it was so severely injured in the terrific 
stem rust epidemic of 1916 that it and other bread wheats were sup
planted by durums in large areas of the Dakotas and Minnesota. But in 
1923 race 11 and certain others attacked the previously resistant durums 
heavily. As resistant bread wheats were then made or in the making, 
however, it appeared that the defection of the durums was not too 
serious. 

Kota resisted stem rust so well in the field that the acreage increased 
rapidly—and seed was in such demand that it was sold for as much as 
$8.00 a bushel, 3 or 4 times the price of ordinary wheat. But weak straw, 
orange leaf rust, the smuts, and finally stem rust soon put an end to its 
career. Marquillo (Marquis χ Iumillo) then had its trial, but it could 
not meet the standard of quality. In 1926, however, Ceres (Marquis X 
Kota), produced at the North Dakota station, was ready to fill the 
breach. This it did with real distinction until 1935, when race 56, first 
found in 1928, devastated millions of acres so thoroughly as to presage 
the end of Ceres. It seemed incredible but it was true; Ceres was no 
longer rust-proof. But almost equally incredible was the performance of 
Thatcher, a new variety that remained uninjured in the midst of general 
destruction in 1935. 

Thatcher, produced cooperatively by the Minnesota Station3 and 
the United States Department of Agriculture (Hayes et al., 1936), was 
first distributed in 1934, a non-rust, drought year. So strong had been 
the faith in Ceres that there had been reluctance to change to a new 
variety, and there were only occasional fields of Thatcher in 1935; but 
these remained unscathed in one of the worst epidemics on record. 
Thatcher actually did have more resistance than any of its predecessors. 
It resulted from a double cross: [(Marquis X Iumillo) X (Marquis X 
Kanred)]. Each parental variety had contributed genes for resistance 
to certain physiologic races, and Iumillo had, in addition, contributed 
some genes for adult-plant resistance. But Thatcher was extremely sus-

3 Breeding for disease resistance in field crops has long been an interdepart
mental cooperative program at Minnesota. The major cooperation has been between 
the Department of Agronomy and Plant Genetics and the Department of Plant 
Pathology and Botany, but the Department of Agricultural Biochemistry has co
operated closely when studies of quality were needed. 
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ceptible to orange leaf rust and to fusarial head blight or scab. Never
theless it withstood the epidemic of 1937 so well (while Ceres and other 
varieties were again ravaged) that a Thatcher era began. But it soon 
had competition, for breeders in Canada (Peterson, 1958) and the 
United States were utilizing Hope and H-44 in many crosses in the hope 
of producing varieties without Thatcher's defects. 

The Hope era began about 1940. Thatcher itself was crossed with 
Hope (Marquis X Yaroslav emmer), and several backcrosses, with 
Thatcher as the recurrent parent, were bulked to make the variety 
Newthatch, which therefore had genes from Marquis, Kanred, Iumillo 
durum, and Yaroslav emmer (Ausemus et al., 1944). Many varieties with 
the Hope-type resistance were produced: Rival, Regent, Renown, Pilot, 
Mida, and Newthatch. Again the stem rust problem in spring wheat 
seemed to have been solved. And it was—until 1950. 

From 1938 to 1950 stem rust was a negligible factor in spring wheat 
production in the United States and Canada. It appeared, superficially 
at least, that combinations of genes for resistance to individual rust races 
and for adult-plant resistance were sufficient protection. Moreover, a 
combination of barberry eradication and resistant varieties had reduced 
the number of prevalent races to only four, 17, 19, 38, and 56, which 
consistently constituted 90% or more of the inoculum each year during 
this period. 

New durums, too, had been produced in North Dakota by crossing 
Mindum with Vernal emmer and backcrossing to Mindum (Smith, 1943). 
These varieties, Stewart and Carleton, resisted rust from 1943 until 
1950. It looked as if the long war of attrition against stem rust had been 
successful, for the breeding program had increased the resistance poten
tial of wheats, which in their turn—with aid from barberry eradication— 
had reduced the virulence potential of rust. In addition, the development 
of resistant varieties in Mexico (Borlaug et al., 1949) had reduced the 
danger of inoculum from that country. But in nature's history a dozen 
years can be too short a span of time. It was in this case. 

Race 15B exploded in 1950 and blew up the status quo. It had, of 
course, been recognized since 1939 that this might some day happen, 
but there had been no indications that even so virulent a race as 15B 
would spread over most of North America in a single year. Following 
its first known appearance in the United States on barberry in central 
Iowa in 1939, race 15B was found only occasionally and in small quan
tity in barberry areas of eastern states. Attempts were made to develop 
resistant varieties for use in case of need, but the need came before 
the varieties were ready. In 1950 it became evident that the hitherto 
resistant durums had no protection against this race and that the bread 
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wheats, too, could be destroyed. The terrific epidemics of 1953 and 
1954 confirmed the evidence. 

Certain Kenya wheats of unknown pedigree and unsatisfactory qual
ity seemed to be most promising as sources of resistance. Crosses, there
fore, were made with good bread wheats. It soon became apparent, 
however, that some of them were resistant at moderate temperature and 
susceptible at higher temperature. Some also proved to be susceptible 
to race 139, long known as interesting but unimportant because of appar
ent lack of aggressiveness and virulence. Moreover, certain winter 
wheats, such as Bowie and Travis, produced by McFadden for resistance 
to 15B, soon were attacked by race 29, which has increased sharply in 
prevalence in Mexico and northward within the past few years. To 
complicate the situation still more, race 15B itself comprises many 
biotypes, and exactly what they are, where they are, and what they can 
do is not yet completely known. The future is again uncertain. 

And so the fight against stem rust goes on. Selkirk (Peterson, 1958), 
produced in Canada, has helped keep the disease in check in the great 
spring wheat region of that country and the United States for the past 
three years. It is susceptible to some races under some conditions, how
ever, and has been severely damaged in experimental plots where 
weather was warm and humid, the conditions under which protection 
is most needed. How long it will last, nobody knows. In Mexico, where 
quality is not so important, progress has been made in thwarting 15B, 
but other races still threaten. 

The hopes (which periodically soared very high) of controlling wheat 
stem rust have not been completely realized. Results have not matched 
expectations. And yet, much progress has been made. Spring wheat was 
protected in 20 years of 50 since the breeding program got under way 
and in 20 of 40 since it began to take effect. Some pessimists branded 
the program as a failure when rust destroyed 75% of the durum and 
close to 30% of the bread wheat in the Dakotas and Minnesota, with large 
losses in Canada also, in the epidemics of 1953 and 1954. But when the 
present situation is measured against the standard of 1904—and not 
against the standard of perfection—there is some reason for tempering 
disappointment with some degree of satisfaction. The following quota
tion tells why: "Race 15B almost annihilated the durum crops in 1953 
and 1954, and what durum there was in 1954 was very light and 
shrunken. The bread wheats of 1904 would have suffered the same fate 
as the durums of 1954. The bread wheats of today can also be destroyed, 
but not so easily as those of 50 years ago. It takes more rust, more time, 
and more favourable rust weather to destroy them. There has been a 
net gain even though it is not enough to insure against destruction when 
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weather and other factors favour early and intense epidemics" (Stak
man, 1955). 

The problems in breeding for resistance to other cereal rusts have 
been of the same general nature as those in connection with wheat stem 
rust. An outstanding example is the history of attempts to control the 
rusts of oats and other major diseases of this crop in the United States 
and Canada. The time span is almost the same as that for wheat and 
the same general reasons could be given for selecting the United States 
and Canadian breeding programs as illustrative of the kinds of lessons 
that they taught. 

The major diseases of oats in the United States and Canada during 
the decade 1910 to 1920 were stem rust, Puccinia graminis var. avenae; 
crown rust, P. coronata var. avenae; loose smut, Ustifogo avenae; and 
covered smut, U. kolleri. Although other diseases were known, they 
seemed to be of minor importance, and effort was therefore concentrated 
primarily on rust resistance and secondarily on smut resistance, for the 
obvious reasons that there were no practicable methods for controlling 
the former and the latter could be controlled by seed treatment. It is not 
necessary to give all of the historical data, interesting and significant as 
they are, in order to illustrate principles and procedures. Nevertheless 
it is important to know the major phases in the progress of the breeding 
programs as a basis for perspective. 

In the earlier phases of breeding oats for disease resistance, the 
sources of resistance seemed adequate and the problem of combining 
them did not seem especially difficult. Reliance was placed particularly 
on the following varieties: 

For resistance to stem rust: White Russian ( = White Tartar) and 
Richland. 

For resistance to crown rust: Bond and Victoria. 
For resistance to smuts: Bond and Black Mesdag. 
At Minnesota progress was made by the following series of crosses. 

The disease reactions are, of course, at the time the varieties were 
released. 

1. Victory χ White Russian = Anthony, resistant to stem rust but 
susceptible to crown rust and smuts. 

2. Bond X Anthony = Bonda, resistant to stem rust, crown rust, and 
some races of smuts. 

3. (Minota X White Russian) χ (Bond χ Black Mesdag) = Mindo, 
highly resistant to the rusts and the smuts. 

In cooperation between the Iowa Agricultural Experiment Station 
and the United States Department of Agriculture remarkable progress 
was made by crossing Victoria and Richland. The resulting varieties 
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(Boone, Tama, and others) seemed to have solved the major disease 
problems in oats, and were satisfactory in so many other respects also 
that they soon became tremendously popular. But trouble was ahead, 
not only for the Victoria X Richland derivative but also for those de
rived from Bond X White Russian. 

Prior to 1943 the only races of oats stem rust that were sufficiently 
prevalent in the United States and Canada to be important were races 
2 and 5, neither of which could attack varieties with the White Russian 
or the Richland type of resistance. It was known, however, that both 
of these varieties were susceptible to certain races which were found 
only occasionally and in small quantities, especially races 6, 7, 8, and 
closely related ones. It was merely a question as to whether one or more 
of these races might become prevalent enough to endanger the resistant 
varieties. 

The first indication that one of the nonprevalent races might become 
dangerous was in 1939 when race 8 and the closely related race 10 
together comprised 1.5$ of 251 isolates identified in the United States, 
while races 2 and 5 together still comprised about 97%. During the next 
4 years the percentages for 8 and 10 combined were 6.2, 4.9, 2.1, and 
20.2, respectively; for 2 and 5 combined they were 93, 94.1, 97.9, and 
79.1, respectively. In 1943, then, races 8 and 10 comprised slightly more 
than 20% of 421 isolates identified, and were found in 14 states of the 
United States (Stakman and Loegering, 1944). From that year on the 
Richland type of resistance did not protect varieties adequately against 
stem rust. The White Russian genes, however, were still effective. Thus, 
history tended to repeat itself; as in the case of race 56 of wheat stem 
rust, the race 8-10 complex of oats stem rust increased and finally 
became widely enough established so that it could persist in the uredial 
stage independently of barberry, on which it had been dependent. But 
there was another reason why the career of the Richland χ Victoria 
hybrids was terminated. 

The immediate and perhaps more potent cause of the demise of the 
varieties derived from Richland χ Victoria crosses was Helmintho
sporium victoriae, unknown or undetected before these varieties were 
widely grown. This * new" disease caused such heavy losses that it alone 
would have ended the usefulness of the varieties with the Victoria genes 
for resistance to crown rust, for it soon was found that there was linkage 
between these genes and those for susceptibility to H. victoriae. This is 
a conspicuous example of a minor disease becoming a major disease 
on new varieties. 

The principle that new varieties should be thoroughly tested against 
all important pathogens and against all potentially important ones has 
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long been recognized. The difficulty is in detecting the potentially im
portant ones when they are as obscure as was H. victoriae. It was natural 
that the danger of new rust races should have been recognized because 
the rusts had long been known as major diseases of oats and there was 
precedent for assuming that there might be important changes in the 
prevalence of races. Major effort was therefore made in studying the 
potential importance of races. But there was no such precedent for 
Helminthosporium diseases of oats, and there was no major effort in 
studying them. A new precedent should be established; there should be 
major effort in studying minor diseases. Heretofore facilities and funds 
have not been adequate to study adequately everything that should be 
studied in connection with complex problems of breeding for resistance 
to complexes of diseases. 

When it became apparent that the Victoria X Richland derivatives 
had fatal weaknesses, more effort was put on crosses between Bond, 
White Russian, and varieties with smut resistance. But it was known 
that races 6 and 7 of stem rust, and certain others, could attack White 
Russian and that certain races of crown rust could attack Bond. Although 
none of these races were abundant and widely prevalent, there was 
good reason for supposing that they might sometime become prevalent. 
Accordingly, attempts were made to broaden the bases for resistance 
both to stem rust and to crown rust. 

As concerns resistance to stem rust, race 7 upset the status quo in 
1950, as it suddenly "exploded" along with race 15B of wheat stem rust. 
Race 7, which can attack varieties with the White Russian type of 
resistance, was originally found by Waterhouse in Australia (Waterhouse, 
1929). It was first found in North America in 1928, when it appeared 
in small quantities in Canada (Newton and Johnson, 1944). The first 
isolate in the United States was obtained from barberry at Presque Isle, 
Maine, in 1933 (Stakman and Loegering, 1951). Race 12 is not always 
clearly distinguishable from race 7 on the standard differential varieties, 
and the two were therefore sometimes considered together. From 1934 
to 1937, inclusive, neither race was found in the United States. From 
1938 through 1949, however, one or both were isolated each year except 
in 1942, but almost always on or near barberry in eastern United States. 
For 7 successive years, from 1943 to 1949, inclusive, race 7 (race 12 in 
1943) was found near barberry in New York, and in 1947 and 1948 only 
in New York. In 1949 there was a slight indication that it might extend 
its geographic range, as it was found once in New York, twice in Mich
igan, and was isolated from a collection made in the fall in Kansas. But 
this was only an indication of what might sometime happen; it was not 
a clear warning of what did happen in 1950, when race 7 was isolated 
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from 54% of the 628 collections of oats stem rust identified in the United 
States and comprised 44% of the 788 isolates from the 628 collections. 
As race 8 comprised 23% of the isolates, neither the Richland nor the 
White Russian genes were sufficient to protect the varieties then grown. 
Moreover, race 6 and the closely related race 13, found occasionally near 
barberry, can attack varieties with genes from both Richland and White 
Russian. Obviously, then, additional genes for resistance were needed. 

Welsh and Johnson (1954) reported a "Canadian" type of resistance 
in segregates from certain crosses with Hajira as one of the parents, 
which appeared to be effective against all races of stem rust. Apparently, 
however, the Canadian type of resistance is not effective against certain 
races, including races 7 and 8, at high temperatures (See Table I ) . 

TABLE I 
REACTION OF PARENTS AND HYBRIDS TO RACES 7 AND 8 OF Puccinia graminis 

VAR. avenae UNDER CONTROLLED TEMPERATURE CONDITIONS'1 

Race 7 Race 8 

Parents and hybrids Temperature 

Low High Low High 

Canadian parents BP S R S 
White Russian S S R R 
Rainbow R R S S 
(Canadian + White Russian factors) C + WR R S R R 
(Canadian + Rainbow factors) C + R R R R S 

a Based on cooperative studies by plant breeders and plant pathologists at 
Minnesota. 

& S = Susceptible, R = Resistant. 

As pointed out by Hayes et al. (1955) , the White Russian gene is 
epistatic to the Canadian gene for reaction to race 8 at high tempera
tures and the Rainbow gene is epistatic to the Canadian gene for reac
tion to race 7 at high temperatures. Welsh and Johnson (1954) found 
isolates designated as 7A which can attack varieties with the Canadian 
type of resistance at moderate as well as at high temperatures. 

Progress had been made in developing varieties of oats resistant to 
stem rust, but most of the varieties, valuable as they were, succumbed 
eventually to races 8 and 7 of stem rust or were at least jeopardized by 
them, and there was always the menace of race 6 and the closely related 
13, which combined the virulence of races 7, 8, and certain other races. 
Very recently a race of oats stem rust, provisionally designated as 13A, 
has been identified (Stewart and Cotter, 1958). This race exceeds in 
virulence all races hitherto found in North America; it attacks varieties 
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with the Richland, White Russian, and Canadian types of resistance at 
moderate as well as at high temperatures. 

Race 13A was evidently produced on barberry, since it was col
lected in a barberry-infested area in New York where race 7 was found 
for 7 successive years before it suddenly became widely established in 
1950. Races 6 and 13, 7 and 12, and 8 and 10 all were apparently pro
duced repeatedly on barberry in the United States and persisted only 
in barberry areas for a number of years. Races 8 and 7 became inde
pendent of barberry in 1943 and 1950, respectively. Whether races 6, 
13, and 13A, the most dangerous of all, will also become widely estab
lished remains to be seen. In the meanwhile plant breeders and plant 
pathologists obviously must assume that the worst may happen and must 
therefore try to find and combine still more genes for stem rust resistance 
in oats. 

The history of the relation between varieties of oats and races of 
crown rust parallels that of stem rust. Reliance originally was placed on 
the resistance of Bond and Victoria, and for almost two decades it 
seemed adequate, but races to which they are susceptible eventually 
increased in prevalence. According to Simons (1956) , race 202 of crown 
rust, which attacks Bond heavily, was the most prevalent race in North 
America in 1955, comprising 47% of all isolates; and race 258, which 
attacks Victoria, was third in prevalence. The Victoria-attacking races 
comprised 18% of all isolates and about two thirds of those in the south
eastern states of the United States. Bond and Victoria are no longer 
resistant. Other varieties, however, such as Landhafer and Santa Fe 
appeared to be generally resistant and were therefore used in breeding 
programs. But races of crown rust have appeared that attack these 
varieties also (Simons, 1954). The situation is again uncertain. 

The role of the aecial stage on barberry in the production and per
petuation of races of the tritici and avenae varieties of P. graminis is 
perfectly clear. Although mutation and heterocaryosis or parasexuality 
may also result in the production of new and dangerous races in nature, 
those races of stem rust which caused the major changes in the status 
of resistant varieties in North America, both of wheat and of oats, either 
originated on barberry or persisted by means of it. Although the long-
continued campaign for eradicating barberry from the principal grain-
growing areas of northern United States has reduced the danger of new 
races, the remaining bushes still are a menace. It is pertinent to ask 
how successful breeding for resistance to crown rust can be, as long as 
the millions of buckthorn bushes, Rhamnus spp., remain in many of the 
extensive oats-growing areas of northern United States. 

The past role of physiologic races in limiting the careers of resistant 
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varieties is not restricted with respect to crop, pathogen, or geographic 
area of the world. The same kinds of difficulties have been encountered 
in breeding wheats for resistance to orange leaf rust, Puccinia rubigo-
vera var. tritici, and to yellow rust, P. glumarum, rusts in which the 
aecial host is rare or unknown, respectively. The origin of important 
new races of these rusts is not as clear as in the case of stem rust; 
recombinations of genes for virulence may commonly occur elsewhere 
than in an aecial stage, as some fungi are unorthodox in their sexual 
behavior, and these and other rusts may be among them. More needs 
to be known about the possible role of mutation also. Whatever the 
origin of races in these and similar rusts, however, their past and poten
tial importance has long been evident. 

The smuts of small grains, corn, sorghums, and millets, comprise 
physiologic races, as the term is used for the smuts, which may differ 
decidedly in their pathogenicity for varieties within each kind of crop 
plant (Fischer and Holton, 1957). Shifting populations of races have 
forced continual effort in obtaining and combining additional genes for 
resistance in the host plants. More than 30 years ago, as one example, 
it appeared as if the bunt problem in the principal wheat-growing areas 
of the Pacific northwest of the United States had been virtually solved 
by resistant varieties. But new races of the bunt fungi decreed other
wise. Only a person who experienced the optimism generated by the 
first successes with bunt-resistant varieties can appreciate the frontis
piece in "Biology and Control of the Smut Fungi" by Fischer and Holton 
(1957) . 

Potatoes resistant to late blight, Phytophthora infestans, and to scab, 
Streptomyces scabies, have been developed repeatedly, only to succumb 
to new races of the pathogens. Indeed, the examples are so numerous 
that to cite more of them would be to transcend the space limits for this 
chapter. Considering the complexities of many of the breeding problems, 
it is surprising that so much progress has been made in the short space 
of 50 years. Progress should be more rapid in the future, if full use is 
made of the lessons learned in the past. 

III. LESSONS F R O M T H E P A S T 

It is evident from past experience that more must be learned about 
the total genie potential for virulence in specific pathogens; more must 
be learned about the total genie potential for resistance in crop plants; 
and more must be learned about the nature and variability of resistance 
in specific host-pathogen combinations. For it is clearly evident that too 
little was known about the vast and shifting populations of biotypes 
within species of some pathogens and about the methods of identifying 
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and classifying them as a basis for determining their pathogenicity. 
Prediction must be based on knowledge, not ignorance; there was too 
little knowledge in the past. Consequently there was too much reliance 
on too narrow a base of resistance in many cases; and in relatively few 
cases was there enough knowledge to enable definite predictions regard
ing what would happen. Even after enough information had been 
obtained to justify prediction regarding what could happen, there often 
was reluctance to believe that it would happen. The nature of many 
problems had to be learned while attempts were being made to solve 
them. Facts were accumulated, techniques were devised, and concepts 
were evolved largely from the breeding work itself, not from a pre
existing compendium of facts and procedures. 

Because of limited knowledge, the concept of what constituted an 
adequate sample was often too restricted. The principles of adequate 
sampling and of replication were, of course, recognized; but too often 
they were recognized in principle only, not in application to specific 
problems. It is certainly clear from many of the past experiences that 
there were not adequate samples of resistant breeding materials, nor of 
races of pathogens, nor of the effects of different environments, both 
biotic and physical, on the disease process and its variability. 

There was a continual succession of discoveries, including many 
surprises: new genes for resistance in crop plants; new physiologic races 
of pathogens among viruses, bacteria, and fungi; and new reactions 
between varieties and races under certain environmental conditions. 
That nature was dynamic, not static, had long been known; but wide 
experience in time and space was prerequisite to an understanding of 
how dynamic many disease situations can be. 

Concepts regarding the variability of resistance changed several 
times during the half century in which systematic attempts have been 
made to breed resistant varieties. At the beginning of the epoch the 
doctrine of predisposition, as portrayed by Sorauer and others, was 
widely accepted. It was found, however, that it was not always easy to 
distinguish between the effects of presumed predisposing factors on the 
resistance of the host and their effects on the pathogen. Many attempts 
were made to increase the resistance of susceptible varieties and to 
increase the susceptibility of resistant ones. When it became evident 
that resistance was due to genetic factors, there was a tendency to 
assume that resistance and susceptibility could fluctuate within certain 
limits within each category but could not be shifted from one category 
to another. And in many cases experimental evidence supported this 
view; indeed this still is true of some race-variety combinations. But it is 
now known that varieties of some crop plants may be almost immune 
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from some physiologic races of pathogens at certain temperatures, but 
completely susceptible at others. Generalizations at times rested on too 
narrow a base of experience, just as the resistance of certain varieties 
rested on too narrow a base of genes. 

It was found by experience also that more adequate testing was 
needed against pathogens that were either inconspicuous or harmless 
when breeding programs were started. The complexities were created 
not only by races within species of pathogens but also by different 
species of pathogens. It was known, naturally enough, that a variety 
might be resistant to some diseases and susceptible to others; but it had 
to be learned that varieties which were produced primarily for resistance 
to certain diseases might prove unprecedentedly susceptible to previously 
minor diseases. Thus, smooth-awn barley varieties were produced by the 
United States Department of Agriculture and the Minnesota Agricultural 
Experiment Station by crossing desirable rough-awn Manchuria types 
with smooth-awn Lion barley, but, after having been distributed, they 
proved so susceptible to the complex of effects produced by Helmintho
sporium sativum that their distribution was discontinued. Smooth-awn 
varieties with resistance were then developed cooperatively by plant 
breeders and plant pathologists at the Minnesota station and distributed 
under the appropriate names Glabron and Velvet. The resistance of cer
tain rough-awn Manchuria selections that survived in a Helmintho-
sporium-iniested plot had been combined with the smooth-awn character 
of Lion. But after these excellent varieties had been grown for several 
years they were found to be very susceptible to loose smut, Usttlago 
nuda, and to fusarial head blight, commonly known as scab. There were 
good reasons why it was not easy to predetermine the susceptibility to 
loose smut and to scab. At the time even less was known than now about 
methods for creating epidemics of loose smut, and weather seldom was 
favorable for the development of scab at the Minnesota station. 

But this and other similar experiences did stimulate the establish
ment of "plant disease gardens," where an attempt was made to inocu
late parental breeding materials and hybrids with an adequate sample 
of presently and potentially important pathogens under favorable condi
tions for abundant disease development. Effort was made to devise 
methods for "making weather to order" in the field: ( 1 ) by providing 
supplemental soil water in the plots during dry weather; ( 2 ) by pro
viding large tents in which temperature and humidity could be con
trolled to some extent; and (3 ) by covering the tent-like enclosures with 
movable slats which made it possible to control light to some extent. 
Such plant disease gardens are indispensable in many breeding pro
grams; they are in reality elimination plots designed to make sure that 
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only the fittest materials survive and that the unfit, for whatever good 
reason, may be eliminated. The success of such plots, of course, depends 
on having an adequate sample of the eliminating pathogens and on 
providing environmental conditions that enable them to display their 
eliminating ability. 

The value of disease gardens can be illustrated by one conspicuous 
example. About 25 years ago several hundred advanced generation lines 
of "rust resistant" wheat, produced at several experimental stations, 
where they had been exposed to natural infection only, were grown at 
the Minnesota station in a root rot plot and in the rust nursery where 
an artificial epidemic of stem rust had been created by inoculating with 
what was considered an adequate sample of races. At least 95% of the 
lines were susceptible to stem rust and 98% were killed or almost com
pletely killed in the root rot plot. Most of the lines were at least in the 
F 5 generation; hence considerable time and effort had been spent on 
them, but they obviously had not been exposed to an adequate sample 
of pathogens and of weather in the area for which they were intended. 
Subsequent events indicated clearly that they probably would have been 
injured severely in some seasons and in some localities if they had been 
distributed for commercial production. Although there was natural 
disappointment in the defection of these lines, the disappointment would 
have been far greater if it had occurred on several million acres of com
mercial fields instead of on a fraction of an acre in experimental plots. 
Moreover, such experiences as this strengthened the growing conviction 
that adequate testing was essential, and they stimulated efforts to ob
tain information and devise practical methods to assure that tests be 
adequate. 

Much of positive value was also learned in the past. It was learned 
that barriers to wide crosses could sometimes be overcome, that unde
sirable linkages were sometimes broken when large populations were 
grown, that backcrossing could be very useful, and that a number of 
factors—some of them nonspecific in their effects—might confer a certain 
degree of generalized resistance to varieties, notably in wheat and pota
toes. Better methods were devised for identifying races of many path
ogens, and much has been learned about methods for finding, classi
fying, and testing physiologic races. 

During the past 50 years there have been many successes and many 
disappointments in breeding for disease resistance. Disappointment often 
would have been less if expectations had not been so high. When meas
ured against the standard of perfection, some programs can be con
sidered as failures, but only because they did not attain perfection; when 
measured against the reality of the prior situations, on the other hand, 
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they must be considered successful even though they fell short of per
fection. Too often, however, they have been adjudged complete failures 
because they were not complete successes. Psychology became mixed 
with pathology in some cases. There was sometimes a tendency to under
estimate the complexities and uncertainties and therefore to overestimate 
the possibility of completely and permanently controlling diseases by 
means of resistant varieties. Plant diseases cannot be controlled by parti
san pronouncements, but only by objective scientific effort. Presupposi
tions, preconceptions, and prejudices, wherever they may occur, can be 
barriers to progress. 

Intellectual horizons must continually be broadened, scientific skep
ticism must be maintained, and competent scientists must be given more 
adequate facilities than have ever been provided in the past. Plant dis
eases are indeed very "shifty enemies," and it would be fatal for scientists 
to repeat many of the mistakes, procedural and conceptual, of the past. 
Future progress should be much more rapid and substantial if full use 
is made of the lessons of the past. 

IV. T H E P R E S E N T STATUS 

Two of the most formidable obstacles to the production and main
tenance of resistant varieties, now as in the past, are the multiplicity of 
requirements for a satisfactory variety and the multiplicity of physiologic 
races in various pathogens. 

It is not always easy to satisfy all of the field and market require
ments in a single variety. Varieties of certain basic food and feed crops 
must be productive under a wide range of edaphic and climatic condi
tions, even when diseases are not a major factor in production. In areas 
with a continental climate the range of adaptibility must be wide be
cause of the wide seasonal and interseasonal fluctuations in rainfall and 
temperature. Even when varieties satisfy all of the producer's demands, 
they must meet those of wholesale marketers, processors, and ultimate 
consumers. The market standards are sometimes very exacting and purely 
traditional, based on superficial rather than intrinsic values: the color 
of beans, macaroni, and potatoes, the shape of rice grains, and dozens 
of other characters sometimes are barriers to the acceptance of other
wise valuable varieties. 

A. The Pathogen 

The greatest single handicap to the development of permanently 
resistant varieties has been the numerous physiologic races within species 
of most pathogens. The past mistakes of omission and of commission in 
connection with races must not be repeated in the future if more nearly 
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permanently resistant varieties are to be produced. All races of certain 
pathogens probably can never be cataloged at any given time for two 
principal reasons: the practical difficulty of obtaining an adequate world
wide sample from the thousands of cultivated and wild biotypes of the 
host plants and the difficulty of being sure that the methods of identi
fication are adequate at any given time. 

Even if there could be assurance that all races and their effects were 
known at one time, the information might soon be inadequate because 
of changes in populations of host varieties and of pathogens. There is a 
continuous and changing stream of varieties of crop plants and of races 
of pathogens; hence, there must be continuous effort in studying them. 
It may be possible to obtain adequate, although not necessarily com
plete, knowledge of the composition of these streams over a relatively 
short span of time, but the concept of what constitutes an adequate 
span of time must be expanded. Likewise, the concept of the numbers 
of biotypes within species of crop plants and within species of pathogens 
must be expanded. 

There are at least 15,000 recognizably different varieties of wheat, 
and there are in many breeding nurseries thousands of new lines under 
test. Naturally, there must be a large number of different genes and 
combinations of genes to produce so many different characters and com
binations of characters. There may be—and sometimes are—a number 
of known genes for resistance to a single pathogen, but it often is desir
able to combine genes for resistance to many pathogens and to numerous 
physiologic races of each. In some cases this may be relatively easy, but 
in other cases it is not. For the interactions between genes, linked or 
otherwise, increases the complications still more. Complications should 
not be overemphasized in any problem, but neither should they be 
underemphasized or ignored. The complexities may or may not be 
important practically, but it is not safe to assume that they are not. 

It seems highly probable that there are physiologic races within 
virtually all species of the various groups of pathogens, including viruses, 
bacteria, fungi, and nematodes. For fairly obvious reasons it is easier to 
demonstrate them in the fungi than in the other groups, although some 
of the general principles are applicable to all groups. Although several 
investigators had observed that isolates within species of fungi might 
differ in physiologic characters, Eriksson (1894) published the first com
prehensive account of parasitic specialization within a species. He 
showed that Puccinia graminis, as an example, comprised "formae 
speciales," each of which could attack one kind of crop plant but not 
certain others. Thus, P. graminis became P. graminis f.s. tritici, avenae, 
etc. Subsequently other rusts and Erysiphe graminis, powdery mildew 
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of cereal grains, were similarly subdivided into "formae speciales," 
"biologic forms," "physiologic forms," or "physiologic races." These and 
other terms were used more or less synonymously. For some time it was 
thought that the rusts and powdery mildews were unique in comprising 
physiologic races. Moreover, there was a generally prevalent belief that 
the parasitism of races could be changed readily by host influences, as 
suggested by the term "Gewohnheitsrassen," which was sometimes ap
plied to them. The experiments of Ward (1903) , Salmon (1904) , Free
man and Johnson (1911) , and others supported this view, and it was 
therefore fairly prevalent for two decades or longer after races were 
first clearly recognized. 

By 1918, however, Stakman et al. (1918a, b) adduced evidence that 
biologic forms or physiologic races did not change rapidly as a result 
of host influences. The apparent changes observed by early investigators 
could easily be explained because their presumably pure races probably 
comprised many races. Thus it was found that Puccinia graminis tritici 
comprised a number of races that could be distinguished by their effects 
on different varieties of wheat (Stakman and Piemeisel, 1917). There 
were in effect, then, races within races. It was soon shown that P. gram
inis avenae and P. graminis secalis likewise comprised races that could 
be distinguished on different varieties of oats and rye, respectively. The 
"forms," tritici, avenae, and others, were therefore elevated to the rank 
of varieties, as it was found that there were sufficient differences in size 
of spores to justify the elevation. The races within the varieties were 
then designated by numbers. But it soon became evident that races were 
not the ultimate subdivision of the species, as different isolates of what 
appeared to be the same race might differ somewhat in pathogenicity. 

Evidently the concept of races needed clarification, and this required 
study. Studies finally revealed the fact that the number of races that 
can be recognized by their parasitic effects depends on the number of 
differential hosts that can be found. As concerns stem rust, the original 
differential hosts were wheat, oats, rye, and certain wild grasses—kinds 
of crop plants; the use of varieties within each kind of crop plant re
vealed further differences, and the use of still more varieties is revealing 
still more differences. This has been true both of certain cereal rusts 
and of Erysiphe graminis. Studies of these pathogens, supplemented by 
studies of certain cereal smuts and some Fungi Imperfecti which can 
be grown on artificial media, have finally furnished a basis for present 
concepts about physiologic races. 

The basis for concepts about physiologic races is the biotype, a popu
lation of individuals having the same genotype. Many species of patho
genic fungi comprise an indefinite number of biotypes, and new ones 



596 Ε . C. S T A K M A N A N D J. J. C H R I S T E N S E N 

FIG. 1. Cultural races of Helminthosporium gramineum, the cause of barley 
stripe. Differences in pathogenicity may or may not be associated with cultural differ
ences such as those shown. When a single variety of barley is inoculated with a 
considerable number of such cultures, decrease of pathogenicity such as that shown 
in Fig. 3 can be demonstrated— (Minn. Univ. Agr. Expt. Sta. Tech. Bull. 95 ) . 

are continually being produced by mutation, hybridization, and other 
mechanisms of genetic change. It is easier to determine the numbers in 
fungi that can be grown on artificial media since cultural characters, such 
as rate of growth, color, size, and topography of colonies, can be observed 
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FIG. 2. The relative virulence of 27 physiologic races of Helminthosporium 
gramineum on Peatland barley grown in the greenhouse. The range of infection 
varied from almost 0 to 77%, depending on the race (Univ. of Minnesota). 

FIG. 3. The effect of different physiologic races, mostly derived by mutation, 
of Helminthosporium sativum on a single variety of wheat. On the extreme right, 
noninoculated. The pot marked "Par" is the parental line, flanked on both sides by 
mutants, two of which are less pathogenic and two, more pathogenic than the 
parental line. By inoculating with enough races of the pathogen it is possible to 
establish a long intergrading series in which the killing of plants ranges from 0 to 
100%. (Univ. of Minnesota). 

directly and easily on various kinds of standardized media. It is relatively 
easy also to ascertain the effects of temperature and light and to deter
mine differences in nutrient requirements and in biochemical effects. On 
the basis of differences in culture at least 1000 biotypes of Helmintho
sporium sativum have been recognized. At least 20,000 haploid biotypes 
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FIG. 4. Twelve monosporidial lines of Ustifogo maydis derived from 2 indi
vidual sporidia as a result of segregation in a series of crosses originating with the 
lines from the 2 original sporidia and as a result of mutation. It is apparent that some 
of the lines shown are producing sector mutants, while others appear constant. Ap
proximately 20,000 different lines, of which these 12 are a small sample, were derived 
from the two original sporidia. Differences in pathogenicity can be detected by 
inoculating very young corn seedlings, even though the pathogenicity of the indi
vidual lines is restricted (Univ. of Minnesota). 
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of Ustifogo maydis were derived from two single sporidia of opposite 
sex as a result of hybridization and mutation. Similarly, an indefinite 
number of culturally distinct biotypes of Fusarium oxysporum f. lint 
have been studied (Borlaug, 1945). Rhizoctonia sofoni is another con
spicuous example of a species that comprises at least hundreds of 
biotypes that differ in many characters (Kernkamp et al., 1952). All of 
the hundreds or thousands of biotypes within these species may not 
differ in pathogenicity, although many of them do. For purposes of 
breeding resistant varieties the critical question is how many biotypes 
differ in pathogenicity, how they can be detected, and how they can be 
classified into races. 

FIG. 5. Four degrees of pathogenicity on a single variety of corn inoculated 
with 4 monosporidial and sexually compatible lines of Ustilago maydis (Univ. of 
Minnesota). 

The generalization that there are indefinite numbers of biotypes 
within some species of pathogenic fungi can be amplified by adding 
that indefinite numbers of them may differ in pathogenicity as well as 
in other physiologic characters. If the pathogenicity of a large enough 
sample of isolates is studied and seriated, one can often demonstrate a 
variation in pathogenicity, ranging from near 0 to 100, with small inter
vals between the different isolates. Thus, Borlaug (1945) showed that 
15 isolates of the flax wilt fungus killed various percentages of the 
plants of Redwing flax. The range for all isolates was from 3% to 99%, 
and the differences between different isolates ranged from 3 to 25%. As 
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FIG. 6 . The infection types produced by Puccinia graminis var. tritici on wheat. 
These results can be obtained by inoculating a single variety with 6 races or by 
inoculating 6 varieties with a single race. The type marked 0 is usually designated 
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is evident from Figs. 1 and 2, there are many cultural types among isolates 
of Helminthosporium gramineum, the cause of barley stripe, with many 
degrees of pathogenicity for barley (Christensen and Graham, 1934). 
The same trend is evident with H. sativum, which causes root rot, foot 
rot, spot blotch, and other effects on barley, wheat, and many wild 
grasses. As can be seen in Fig. 3, isolates can be arranged in order of 
virulence for a single variety, and, in many cases, the length of the series 
and the proximity of the items in the series is merely a function of the 
numbers of isolates tested. That different dicaryophytes of Usttlago 
maydis have different degrees of pathogenicity for corn has long been 
known (see Figs. 4 and 5 ) . But it has been shown also that haploid lines 
of U. maydis, which have limited pathogenicity, cause different degrees 
of curling or distortion on very young seedlings of corn. Similarly, pre
liminary indications of degrees of pathogenicity of different paired 
haploid lines of Sphacelotheca sorghi for sorghum can be obtained by 
the degree of chlorosis which they cause (Vaheeduddin, 1942). If enough 
combinations are tested, it is possible to arrange the inoculated plants 
in an ascending series—from no chlorosis to very pronounced chlorosis, 
with slight but perceptible differences between the effects caused by 
the different pairs in the series. 

For many obvious reasons it is harder to detect biotypes and to dis
tinguish fine differences between them in obligate parasites such as the 
rusts and powdery mildews. It is certain, however, that there are very 
large numbers of biotypes that can be distinguished from each other on 
a single variety of host plant. Thus, in Fig. 6 there are six distinct infec
tion types caused by six physiologic races of stem rust on a single 
variety of wheat, and it would easily be possible to multiply the number 
until the differences between the contiguous types were almost im
perceptible. 

Phenotypic variability can easily obscure the genetic differences be
tween closely related biotypes. It would be completely impracticable, 
for example, to construct a usable key for the determination of the 
thousands of haploid biotypes of UstUago maydis or of many of the 
other pathogens discussed. Nor would such a key be particularly useful 
for practical purposes. Classification of individual biotypes is simply not 
feasible in many cases; accordingly the keys that have been devised 

"zero semicolon" (0 ; ) when there are necrotic flecks such as those shown. There 
is also a type 0 in which no flecks are produced. For the purpose of determining 
races, only the reaction types shown are used; 0, 1, and 2 indicate resistance; I indi
cates intermediate or mesothetic reaction; 3 and 4 indicate susceptibility. It will be 
noted that there are several degrees both of resistance and of susceptibility (U. S . 
Dept. of Agr..and Univ. of Minnesota). 
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point the way to the classification of groups of biotypes, or races, rather 
than to individual biotypes. 

In breeding disease-resistant varieties it would be very desirable to 
have a perfect and changeless system for classifying all biotypes of 
important pathogens, with a numerical formula indicating the past, 
present, and future importance of each one. Unfortunately, omniscience 
is still theoretical rather than real in this and many other fields of 
biology. For practical purposes physiologic races, not individual bio
types, are classified. 

As the term is generally used, physiologic race connotes a biotype 
or a group of biotypes that can be distinguished with relative facility 
and consistency from other biotypes or groups of biotypes within the 
same species by physiologic characters. Like the classification of physio
logic races, the definition may not be perfect, but it can be useful—at 
least for purposes of thinking. 

1. Keys for the Determination of Races 

In constructing keys for the determination of races the first requisite 
is to select appropriate differential varieties; the second is to establish 
classes indicating degrees of infection; the third is to determine the 
degree of phenotypic variability within each class, including overlap 
between classes; and the fourth is to provide physical facilities for 
standardizing environmental conditions and for varying them if neces
sary. The investigator has no control over the numbers of biotypes within 
species; nature made the biotypes and the best that man can do is to 
group them as best he can. The establishment of classes and recognized 
races that may have meaning to different investigators must depend on 
feasibility. The results of race determinations must be reproducible at 
different times and places insofar as possible. The difficulties are great
est, of course, when there are hundreds of biotypes, differing in small 
degrees without wide intervals between them. Differences may be quan-
titive only or they may be qualitative or the two may be combined. 

Difficulties of classification are obviously very great when there are 
only quantitative differences. Thus, the 15 isolates of the flax wilt fungus 
previously mentioned killed 3, 6, 9, 12, 22, 25, 29, 35, 42, 67, 70, 75, 88, 
90, and 99% of the plants of Redwing flax. Each of the first four differ 
by only 3%, each; then there is a difference of 10%, followed by differ
ences of 3 to 6% between the next group up to 42, followed by a 25% 
difference between 42 and 67, with small differences between the remain
ing isolates. The most obvious gaps are between 12 and 22 and between 
42 and 67. With enough data it might be possible to establish crude 
percentage classes, but they obviously would have to be large classes 



14. B R E E D I N G R E S I S T A N T V A R I E T I E S 603 

or there would be considerable overlap between them. The same diffi
culty would be encountered with Helminthosporium gramineum (Fig. 
2 ) , Rhizoctonia solani, and many other pathogens in which the criterion 
is the percentage of plants killed. A similar difficulty is encountered 
with those smuts within which races are distinguished principally by 
the percentages of smutted heads in the differential varieties. For prac
tical purposes, then, biotypes whose effects fall within certain ranges 
are grouped into races. 

Classification is somewhat easier when different biotypes produce 
different types of effects which can be considered at least partly quali
tative rather than purely quantitative. Thus, certain biotypes of Phytoph-

TABLE I I 
DIFFERENTIAL VARIETIES OF Triticum SPP. USED IN IDENTIFYING PHYSIOLOGIC 

RACES OF Puccinia graminis VAR. tritici 

Triticum compactum Triticum durum 
Little Club, C. I * No. 4066 & Arnautka, C. I . No. 1493 

Mindum, C. I . No. 5296 
Triticum vulgare Spelmar, C. I . No. 6236 

Marquis, C. I. No. 3641 Kubanka, C. I . No. 2094 
Rehance, C. I . 7370 δ Acme, C. I . No. 5284 
Kota, C. I . No. 5878 

Triticum dicoccum 
Triticum monococcum Vernal, C. I . No. 3686 

Einkorn, C. I. 2433 Khapli, C. I . No. 4013 

a C. I. = Cereal Investigations accession number, United States Department of 
Agriculture. 

6 Certain lines of Jenkin, C. I. 5177, notably Hood, C. I. 11456, may be substi
tuted for Little Club; and, generally, Kanred, C. I. 5146, for Reliance. 

thora infestans may produce only necrotic flecks on certain varieties of 
potatoes and large lesions on other varieties. The size and character of 
the lesions may therefore be an indication of differences, provided the 
tests are made under conditions that permit the differences to show 
clearly. A conspicuous example of what might be termed qualitative 
differences is furnished by some of the cereal rusts where the degree of 
necrosis, chlorosis, or combinations of the two, are often associated with 
size of pustules and amount of sporulation. The principles of classifica
tion can be illustrated by Puccinia graminis var. tritici. 

About 40 years ago a standard set of differential varieties was selected 
from among several hundred varieties of different species groups of 
wheat that were tested for the purpose. The varieties selected seemed 
to be adequate for indicating the differences between the races then 
known. The list is given in Table II. 
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The infection types produced by different races on these varieties, 
either by a single race on different varieties within this group or by six 
races on a single variety are shown in Fig. 6. One additional type might 
be added, namely, complete immunity. This, plus types marked 0, 1, 

TABLE I I I 
KEY FOR IDENTIFYING PHYSIOLOGIC RACES OF Puccinia graminis VAR. tritici ON THE 

BASIS OF THEIR PATHOGENICITY ON 12 DIFFERENTIAL VARIETIES OF Triticum SPP. 

Reaction of differential varieties 
Physiologic 
race (key 
number) 

Races similar to those 
designated in key 

Little Club resistant 
Marquis resistant 

Arnautka resistant . . . . 138 
Arnautka susceptible . . . . 130 

Marquis mesothetic . . . . 99 
Marquis susceptible 

Khapli resistant . . . . 131 
Khapli susceptible . . . . 41 

Little Club mesothetic 
Marquis resistant 

Kubanka resistant 
Einkorn resistant . . . . 103 111 
Einkorn susceptible . . . . 160 102 

Kubanka mesothetic . . . . 68 69 
Kubanka susceptible . . . . 72 

Marquis mesothetic . . . . 58 121 
Marquis susceptible 

Reliance resistant . . . . 161 21 
Reliance susceptible . . . . 144 40 

Little Club susceptible 
Marquis resistant 

Reliance resistant 
Kota resistant 

Arnautka resistant 
Kubanka resistant 

Acme resistant 
Einkorn resistant . . . . I l l 47, 50, 70, 71, 103 
Einkorn susceptible . . . . 102 104, 112, 160, 167, 180 

Acme susceptible 2 48, 59, 73, 162 
Kubanka mesothetic 

and 2, are considered indications of a high degree of resistance. The 
type X is considered intermediate or mesothetic; types 3 and 4 indicate 
susceptibility. Plus and minus signs are used to indicate plus and minus 
deviations from the norm of the type. By using the double signs it is 
possible to indicate five degrees of infection for each type except 0. 
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A semicolon after 0 indicates the presence of necrotic flecks. A super
script c indicates chlorosis. It is clear that there are different degrees of 
resistance and susceptibility within the major groups. For purposes of 
determining races, however, it seemed expedient to recognize only the 
three groups marked R, I, and S in Fig. 6. 

A trichotomous key is then used to group biotypes into races. A part 
of the key is reproduced in Table III. 

T A B L E I V 
MEAN INFECTION TYPES PRODUCED BY PHYSIOLOGIC RACES OF Puccinia graminis 

VAR. tritici ON DIFFERENTIAL VARIETIES OF Triticum SPP. 

Mean reaction of differential varieties 

1 4 4 - 0 3 + 1  = 1 1  = 3 + 3 + + 3 0; 1  = 

11 4 - 4 = 3 + + 3 + 4 = 4 = 4 = 3 + + 3 + + 3 1  = 1  = 

15° 4 4 - 4 = 3 + + 4 = 4 = 4 = 3 + + 3 + + 3 + + 4 ± 1  = 
16 4 - 2 = 0 1 3 + + 3 + 3 + + 3 + 4 = 1  = 1  = 1 
17 4 4 - 0; 3 + 4 = 4 = 4 = 3 + + 3 + + 3 1  = 1  = 
18 4 4 - 4 = 3 + + 1 1  = 1 - 3 + + 3 + + 3 + 1 - 1± 
19 4 2 - 0; 3 - 4 = 4 = 4 = 3 + + 3 + + 3 o; 1  = 
20 4 4 = 4 = 4 = 1  + + 1 - 1  + + 3 + + 1  + + 3 + 1  = 1 -
21 4 4 0 3 + + 4 - 4 - 4 - 4 = 3 + + 1  = 0; 1  = 

29 4 4 - 0 3 X + + x+ X + X x+ 3 1 - 1 -

5 6 4 3 + 3 + 3 + 1  = 1  = 1  = 3 + 3 + 1  = 1  = 1 -

189 4 4 4 3 + 4 4 4 4 4 4 4 4 C 

a Infection types given in Table IV are produced by biotypes most frequently 
encountered up to the present. There may be some deviation from the recorded types 
when other closely related biotypes are encountered. The following are the most impor
tant examples: Race 1 5 A has a tendency to produce weaker infection than is represented 
by infection types recorded in the table; biotype Β has a tendency to produce heavier 
infection than those recorded. 

The mean infection types produced by different races have been 
recorded in a table, a sample of which is given in Table IV. 

When isolates cannot be identified by means of the key or if the 
mean infection types deviate too much from those given in Table IV, 
it is assumed that the isolate may represent a new race. This is especially 
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true because occasional isolates may appear to be a certain race on the 
basis of the infection types which they produce on the limited number 
of varieties that are used for identifying certain races in the key. As an 
example, only three varieties are used as indicators for the identity of 
races 138 and 130. The first four varieties in the set of differentials are 
resistant to race 130; the next six are susceptible; and Vernal and 
Khapli are resistant. If an isolate produces type 3 infection on Vernal 
rather than the type 0 which appears in the table, the isolate obviously 
would be a mixture of races or a new race. More critical studies are then 
required to determine its identity. 

This system seemed fairly satisfactory for about two decades. It was 
then found that some important differences between races were not 
revealed by the key. Different isolates of race 15, for example, produced 

TABLE V 
THE INFECTION TYPES PRODUCED BY THREE ISOLATES OF RACE 15B OF WHEAT 

STEM RUST ON KHAPLI EMMER AND KENTANA 52 W H E A T * 

Variety and infection type 

Isolate Khapli Kentana 52 

Iowa 0; (almost immune) 1 (highly resistant) 
Virginia 2 (very resistant) 3 (moderately susceptible)6 

Oklahoma 1 to 3 (moderately resistant) 4 (very susceptible) 

a Experiments made by Oscar Neri Sosa of Guatemala while a student at the 
University of Minnesota. 

6 The reaction is intermediate and could be considered either as moderately 
susceptible or moderately resistant. 

somewhat heavier infection than others on some of the standard differ
entials, but the differences were only in degree of susceptibility, not 
between susceptibility and resistance. After considerable study it was 
found that the addition of the new variety, Lee, distinguished clearly 
between some of the isolates on the basis of resistance or susceptibility; 
those to which Lee was resistant were designated as race 15, and those 
to which it was susceptible, as 15B. There were also differences among 
isolates designated as 15B. The first indications of these differences were 
on Khapli emmer. These differences are shown in Table V, in which a 
new variety, Kentana 52, was tested as an additional differential. From 
Table V it is evident that what appeared to be relatively minor but 
perceptible differences on Khapli are important on Kentana 52, as it is 
very highly resistant to the Iowa isolate and very susceptible to the 
one from Oklahoma. 

Experiences such as those with 15 and 15B have necessitated the 
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addition of supplemental differentials to the original set and also the 
issuance of a supplemental key based on the so-called standard differ
entials. It is obvious that extensive testing often is necessary before satis
factory additional differentials can be found. As an example, 22 varieties 
were extensively tested as potential differentials in 1955 at the Coopera
tive Rust Laboratory, St. Paul, Minnesota. Many of them proved un
satisfactory. In 1956, 19 representative varieties were tested, and in 
1957, 7, including Lee, were inoculated with all collections identified. 
It would obviously be very difficult to construct a completely satisfac
tory key that included all of the information desirable for breeding re
sistant varieties. As the breeding itself progresses and new combinations 
of genes are made, certain new wheat varieties may serve as additional 
differentials. The situation with respect to wheat varieties and with 
respect to rust races is dynamic. Continuous effort therefore is re
quired to find out even the most important facts in connection with 
rust race-wheat variety relationships (see Fig. 7a, b ) . 

2. The Classification of Races 

Any system of classifying biotypes into races must necessarily be 
somewhat flexible, but it should not be so flexible that continuity with 
the past is completely broken. For this reason it seems desirable to retain 
differential varieties that have long been in use and to add to them 
periodically as it becomes necessary. The original 12 differentials for 
the determination of races of wheat stem rust have now been used for 
about 40 years; and it has been possible by their use to predict some of 
the changes that have occurred in prevalence and distribution of races. 
It has been possible also to develop historical perspective on population 
trends of certain groups of races. There are more reasons for studying 
physiologic races than merely to try to find out the direction which 
breeding programs must take. It should be emphasized, however, that 
the ability to distinguish clearly between races may always be limited by 
the number of existing host varieties that can be found to distinguish 
clearly between them. 

A second difficulty in identifying races is the fact that the infection 
type produced by some of them on some varieties may fluctuate with 
temperature, light, and certain other environmental factors. Quanti
tative differences within infection types have long been recognized. As 
an example, the distinction between type 3 and type 4 of wheat stem 
rust is not rigidly fixed (see Fig. 6 ) . Under the same environmental 
conditions races that produce type 3 infection can be distinguished 
from those that cause type 4 infection on the same variety, but under 
exceptionally favorable conditions type 3 may be elevated to type 4, and 



608 Ε . C. S T A K M A N A N D J. J. C H R I S T E N S E N 

under exceptionally unfavorable conditions type 4 may be depressed to 
type 3. It was known also for many years that the type X produced by 
certain races on certain varieties might fluctuate considerably; hence, 
races 7 and 12 of stem rust of oats are sometimes grouped together for 
practical purposes, and 17 and 29 of wheat stem rust are sometimes 
similarly combined. Normal phenotypic variability within infection 
types has long been known. But it is now known that the reaction of 

( a ) 

FIG. 7a. Race 17 of wheat stem rust on 12 standard differentials. Reliance is 
immune, while Vernal and Khapli are highly resistant, as indicated by the necrotic 
flecks with a few minute pustules. The other varieties are susceptible. Compare 
with Fig. 7b. 

some varieties to some races can be shifted from near immunity to com
plete susceptibility by raising the temperature and increasing the amount 
of light (Gordon, 1933; Hart, 1949). The effect of certain races on cer
tain varieties varies greatly with environmental conditions. As one ex
ample, races 49 and 139 of wheat stem rust are beautifully distinct at 
temperatures up to about 75°F. As the temperature approaches 80°, 
however, it is more difficult to distinguish between them; and at 85° the 
two races are virtually indistinguishable. The two races produce essen-
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tially the same effects on 10 of the standard differential varieties of 
wheat, but they differ on Kanred and Kota. At moderate temperature 
these two varieties are susceptible to race 49 and highly resistant to 
139. At 85° both races produce heavy infection. The critical change is in 
the decidedly different effect of race 139 on Marquis and Kota at high 
temperatures. Distinguishing among these and similar races is important 
because their effects may differ in a critical manner on certain of the 

( b ) 

FIG. 7b. Race 1 5 B of wheat stem rust on standard differentials. All varieties 
except Khapli are susceptible (U. S. Dept. of Agr. and Univ. of Minnesota). 

newer wheat varieties. Clearly, then, race determinations must be made 
under conditions that reveal the important differences and the possible 
variability; hence, physical facilities must be available for providing at 
least two—and preferably more—temperatures (see Fig. 8 ) . 

Temperature control is necessary not only for the identification of 
certain races but also to determine the resistance of varieties and breed
ing lines at different temperatures. Since resistance at high temperatures 
is most important with stem rust, we must know the reaction of varieties 
at high temperature and relatively high humidity, the conditions under 
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which epidemics usually develop. The same general principle applies to 
certain other rusts. There is evidence, however, that some races of 
yellow rust, caused by Puccinia glumarum, are more virulent at tempera
tures lower than the normal for most races and varieties. The most valid 
conclusion is that it is important to determine the complete range of 
interaction between races of pathogens and varieties of host plants. 

FIG. 8. The effect of light on the infection type produced by a single race of 
wheat stem rust on Marquis wheat: a, plants grown in shade; b, in partial shade; 
c, in full light. There is increasing necrosis around the pustules with increasing light 
(U. S. Dept. of Agr. and Univ. of Minnesota). 

Although the mode of origin of new races of fungus pathogens is 
primarily a problem in the genetics of fungi and their dissemination and 
distribution is primarily a problem in ecology, both problems are im
portant in breeding for disease resistance. It is necessary to know not 
only which races are prevalent in given areas at given times but also 
what may happen in the future. This requires extensive physiologic race 
surveys to determine population trends and trends in the geographic dis
tribution of races. There is enough evidence in North America to indicate 
that races that occur in any part of the area may sooner or later become 
established in all parts of the principal wheat-growing area. The ques
tion naturally arises as to whether new or rare races are disseminated 
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quickly or slowly. There is no single answer to this question. Much de
pends upon the nature of the pathogen, the mode of its dissemination, 
the distribution of susceptible host varieties, and upon various com
binations of weather conditions. Certain races of wheat stem rust and 
of oat stem rust were known for a decade or longer before they became 
widely distributed. Some races, such as race 56 of wheat stem rust and 
race 8 of oat stem rust, increased gradually in prevalence and extended 
their geographical range fairly slowly. Race 15B of wheat stem rust 
and race 7 of oat stem rust, on the other hand, were disseminated and 
became established over much of North America from small beginnings 
within a single year (Stakman and Rodenhiser, 1958). 

3. The Detection of Races 

The practical question arises as to how potentially important races 
can most easily and certainly be detected. Those which exist in only 
small quantity are not necessarily detected in systematic race surveys. An 
indispensable adjunct to these systematic surveys is the maintenance of 
appropriate nurseries at strategically located places in certain areas. As 
an example, since 1919 from 8 to 59 nurseries containing susceptible and 
resistant wheat varieties have been grown at various places in the 
United States. More recently it has been possible to grow uniform inter
national wheat rust nurseries in many countries of the world. The 
object is to use these nurseries partly to obtain preliminary indications 
of the existence of races that attack presumably resistant varieties. Sim
ilar nurseries to determine the existence and distribution of dangerous 
races of P. glumarum are now being grown at strategic places in western 
Europe. 4 These nurseries of course have the double value of helping to 
detect dangerous races and of yielding information on the suitability of 
varieties for commercial production in the test areas or as parental 
varieties in breeding programs. 

4. Physiologic Races of Viruses, Bacteria, and Nematodes 

An attempt has been made in the preceding pages to emphasize the 
importance of physiologic races in the breeding of resistant varieties, 
and several fungus pathogens have been selected as examples because 
they have been studied long and extensively. Similar examples could 
have been selected from viruses, bacteria, and nematodes. There are 
obvious differences in detail, but the basic principles are similar to those 
in connection with fungi. The essential facts regarding the existence of 

4 III. The situation regarding yellow rust attack in wheat in Europe. Interna
tional Contact No. 1, 1957, pp. 13-26. (Newsletter of the Netherlands Grain Centre, 
edited by S. Broekhuizen, 31 Emmapark, Wageningen, Holland.) 
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races, or strains, the appearance of new ones, and their disruptive effects 
in breeding are essentially similar—possibly with differences in degree— 
for all major groups of pathogens. 

The development of sugar beets resistant to the virus curly top has 
been mentioned previously as an illustration of a successful program. 
It is known, however, that there are strains of the virus which differ in 
virulence for different varieties of beets and other plants and which 
conform in general to the principles of physiologic specialization. There 
are strains, such as the very virulent strain 11—apparently present in 
small quantities and restricted localities—which can attack at least some, 
possibly all, of the resistant varieties (Giddings, 1954; Murphy et al., 
1959). These virus strains may not be disseminated as far and fast as 
wind-borne fungi, but their existence constitutes a threat which must 
be taken into consideration in attempts to preserve past gains and to 
make future progress in sugar beet improvement. 

The role of physiologic races of bacteria in breeding for resistance 
can be illustrated with Streptomyces scabies, which causes common scab 
of potatoes. At one time it was thought that the production of scab-
resistant varieties was an easy and uncomplicated undertaking. But 
Leach and associates (1939) showed that there were "pathogenic races" 
within the species. Schaal (1944) made an extensive study of the path
ogen and found essentially that the scab organism comprised a numerous 
and changing population of many biotypes that differed in many char
acters, including pathogenicity for different varieties of potatoes. 

There are physiologic races of some species of nematodes also. Du-
Charme and Birchfield (1956) demonstrated three races of the burrow
ing nematode Radopholus similis. One parasitizes citrus only; one para
sitizes banana only; and another can parasitize both. Selection and breed
ing for resistance to various nematodes have been in progress for some 
time, and the same kinds of difficulties are being encountered as in the 
breeding for resistance to many fungus pathogens. Thus the production 
of potatoes resistant to the golden nematode or potato root eelworm 
Heterodera rostochiensis is complicated by the existence of races (Jones, 
1957). Jones tested cysts from twenty different localities in Britain 
against resistant tuber lines, and found that nematodes from at least one 
source reproduced successfully on all lines tested. He suggests that 
"resistance-breaking biotypes" have "a fairly wide occurrence" in the 
United Kingdom. Success has been attained in some programs of breed
ing for resistance to nematodes. The alfalfa varieties Nemastan and 
Lahontan, developed in the United States, are widely grown in the 
Rocky Mountains area because of their resistance to the prevalent and 
destructive stem nematode Ditylenchus dipsaci. The breeding for nema-
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tode resistance in Sweden is described by Bingefors (1957) . Since 
physiologic races have already complicated some breeding programs, 
their possible importance in others needs thorough study. 

B. The Host 

1. Sources of Resistance to Pathogens 

There have been satisfactory sources of resistance to certain diseases 
within varieties of some kinds of crop plants. This has been con
spicuously true for wilt resistance of flax, yellows resistance in cabbage, 
and the other cases in which selection already has been successful. There 
apparently are not enough genes for resistance, however, in ordinary 
varieties of some of the cereal grains, sugar beets, potatoes, and others. 
This necessitates extensive search for the desired genes in cultivated 
crops or in their wild relatives. What is urgently needed is world collec
tions of varieties of many of the principal food and feed crops, with 
facilities for testing their reaction to diseases at appropriate places in all 
areas of the world where the crops are grown. In this way the varieties 
presumably are exposed to infection, sooner or later, by an adequate 
sample of pathogens. This extensive testing should be supplemented 
when necessary by bringing an adequate sample of pathogens to the 
most resistant varieties and using them to create heavy epidemics in 
isolated islands or other areas where conditions are always favorable 
for the development of the diseases in question and where there would 
be no danger of contaminating agricultural areas. This would be espe
cially desirable for such diseases as cereal rusts, late blight of potato, 
and many virus diseases. 

The possibility of finding resistance in wild relatives of crop plants 
has been explored to some extent, but much more intensive search is 
needed. It is known that there are important genes for resistance in wild 
potatoes, wild tomatoes, beets, sugarcane, and several other groups. 
The problem sometimes is to combine these genes with those for other 
desired characters in commercial varieties. According to Coons (1953) , 
for example, there are genes for immunity to Cercospora leaf spot and 
the virus curly top in some species of wild beets, such as Beta pateUaris, 
B. procumbens, and B. webbiana. Attempts are being made to incorpo
rate these genes for immunity into cultivated sugar beets, since the re
sistant varieties that have been developed fall considerably short of 
immunity. The difficulty so far, however, has been to obtain hybrids 
with survival ability. The search for genes in wild plants, where this is 
necessary, must be continued. But it is only the first step; ways must be 
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found for overcoming obstacles to incorporating them into cultivated 
varieties. 

If satisfactory genes or combinations of genes for resistance cannot 
be found, can they be created by radiations or other physicochemical 
methods? Some results (Konzak, 1954) suggest that it may be possible. 
Radiation or other tools may be useful in breaking undesirable linkages 
or possibly in deleting inhibitors. Present studies in "radiation genetics," 
and similar fields should be continued and amplified to determine the 
possibilities, but, in the present state of knowledge, reliance must still 
be placed on the principles of conventional genetics as a guide to 
breeding procedures. 

2. Can Varieties Be Produced with Generalized Resistance against 
Physiologic Races? 

It is beyond the scope of this chapter to discuss what is known about 
the nature of resistance, except as it affects the production and main
tenance of resistant varieties. Whether it will ever be possible to pro
duce varieties with specific genes for resistance to all physiologic races 
of some pathogens, such as the cereal rusts, late blight of potato, powdery 
mildews, and others, is a question which cannot be answered cate
gorically. An increasing number of experienced investigators are becom
ing agnostic. There is an increasing tendency, therefore, to find or 
produce varieties with generalized resistance and tolerance to certain 
diseases. Adult plant resistance, often called mature-plant resistance, 
undoubtedly has been of some value in helping to protect certain wheat 
varieties against stem rust, and there appears to be what is commonly 
designated as field resistance in some varieties of potatoes. In both 
cases the resistance is more or less effective against many races. Some 
studies have been made to determine the characters associated with 
generalized resistance in wheat and potatoes, but the subject deserves 
much more thorough study. 

It has already been pointed out that many varieties of wheat pro
duced during the past 50 years, although far from immune, are much 
more resistant in the field than the varieties commonly grown before 
the resistant ones became available. When varieties with generalized 
resistance and those without it are grown side by side in the field and 
inoculated uniformly with races to which both are susceptible in the 
seedling stage, it becomes clearly apparent that the susceptibility to 
infection differs greatly. The ratio in number of pustules on the resistant 
and susceptible varieties may be 1 : 5 or 1 :10 or even 1 :20 relatively 
early in the season. The final amount of rust sometimes is the same, 
however, if the varieties are inoculated repeatedly over a long period 
of time. This indicates that there is considerable resistance to entrance 
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of the pathogen; accordingly, it takes more inoculum and more time to 
produce the same amount of rust on the resistant variety than on a sus
ceptible one. In other cases the percentage of infection never is as high 
on a resistant variety as on the susceptible one, although the infection 
type may be essentially the same. 

There are known morphological characters in some wheat varieties 
that affect the length of incubation period, the size of pustule, and pos
sibly the amount of damage caused by a given amount of rust. The 
relative number and size of collenchyma bundles in relation to the 
amount and distribution of woody sclerenchyma is known to affect the 
number, size, and speed of development of pustules. At least a few 
varieties have lignified epidermis, which tends to lengthen the incuba
tion period and reduce the size of pustules, as the epidermis is ruptured 
less easily than in those varieties which have nonlignified epidermis. 

Clearly, some varieties have combinations of characters that protect 
them reasonably well against stem rust under a wide range of condi
tions. Varieties that have only specific resistance against individual rust 
races are of course at the mercy of those races to which they are sus
ceptible. Thus, Kanred wheat, which is immune from a considerable 
number of races, is likely to be either rust-free in the field or completely 
susceptible, depending on the races present. Certain other varieties, 
such as Newthatch, not only have specific resistance to a number of 
physiologic races but also a generalized resistance that protects them to 
some degree against all races, although the combination of specific and 
generalized resistance is not sufficient to protect against all races under 
all environmental conditions. A thorough study is needed of all of the 
physiologic and morphologic characters that may be combined to confer 
as high a degree of generalized resistance as possible against all physio
logic races. 

Some varieties apparently have tolerance to certain diseases. Thus, 
varieties may have the same percentage and apparent severity of infec
tion but may differ in the amount of damage which they suffer. The 
nature of this tolerance is not well understood in most cases, but it is 
known to exist. Breeding for resistance against individual races of path
ogens will continue for some time, but certainly every effort should be 
made also to combine all possible characters in a single variety that 
may confer at least some degree of generalized resistance against all 
races of the pathogen. 

3. Testing and Breeding Procedures 

The principles and procedures in breeding for disease resistance are 
essentially the same as those used in breeding for other characters, with 
one important exception. In breeding for disease resistance, knowledge 
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is required about the host plant, about the pathogen, and about the 
disease process. The genetics, the ecology, and the behavioristic physi
ology of both the host and the pathogen should be known. Moreover, it 
is of the utmost importance to know the interactions between the two. 
The disease process must be studied not only under one set of environ
mental conditions but under many. 

As a number of diseases often must be taken into consideration in 
breeding for resistance, and as many of the pathogens comprise numer
ous physiologic races, the testing of parental varieties and breeding lines 
against an adequate sample of the pathogens under an adequate sample 
of environmental conditions is a prerequisite to success in many cases. 
One of the simplest ways of trying to assure adequate testing is to main
tain so-called disease gardens in which parental materials and hybrid 
lines are tested against all important races of all important pathogens. 
There have been many disappointments because parental materials and 
hybrid lines were exposed only to natural infection in one or a few 
places. It is of course difficult to be sure that samples of pathogens and 
environmental conditions are adequate, but it is possible to try to collect 
infective materials of pathogens, including as many races as possible, 
from different sources for use in creating artificial epidemics under con
ditions that favor maximum disease development. It sometimes is neces
sary to make duplicate plantings in disease gardens, because certain dis
eases may interfere with the development of others. Thus, if many of 
the heads of a wheat variety are destroyed by smut, it is difficult to 
determine the resistance to fusarial head blight. Similarly, if the varieties 
are inoculated simultaneously with the bacterial black chaff organism 
and with the Fusaria causing head blight, the results may be confusing. 

As it is not possible to control environmental factors completely in 
the field, it is desirable to test critical materials in plant houses where 
temperature, light, and humidity can be controlled. As it sometimes is 
necessary to wait several seasons before conditions in the field permit 
maximum development of certain diseases, the probable seasonal effect 
must be predicted by testing materials under various combinations of 
conditions in plant houses. 

It is common practice to test parental varieties and hybrid lines in 
several places in the hope of providing adequate samples of races, of 
pathogens, of weather, and of soil conditions. For special purposes it is 
highly desirable to make tests in areas where the weather is always 
favorable for the development of the diseases in question. To give one 
example, the United States Department of Agriculture has for several 
years tested presumably rust-resistant varieties of wheat in Puerto Rico, 
where the weather is favorable virtually every season for maximum stem 
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rust development. These tests have been extremely useful because epi
demics of stem rust usually develop when there is "Puerto Rico weather" 
in wheat-growing areas, but this type of weather may prevail only in 
occasional years. The tests in Puerto Rico, therefore, are really a preview 

FIG. 9. Testing seedling clones of potatoes for resistance to late blight at Santa 
Elena Experiment Station, Toluca, Mexico. Many races of the late blight fungus are 
present in this disease garden or elimination plot. Most of the plants have been killed 
outright, and only the most resistant have survived. Plots such as these in which 
heavy epidemics occur are essential in making sure that there have been adequate 
tests against an adequate sample of physiologic races under conditions that permit 
maximum disease development. (Oficina de Estudios Especiales. Cooperation between 
the Mexican Ministry of Agriculture and the Rockefeller Foundation. Photograph 
furnished by the Rockefeller Foundation). 

of what may happen to varieties when they have the greatest need of 
resistance. This same principle can be applied, with modifications of 
detail, to many other pathogens (Fig. 9 ) . The testing of varieties should 
not be restricted by national boundaries; international cooperation is of 
paramount importance in the development of resistant varieties. 

4. The Synthesis of Resistant Varieties 

The synthesis of varieties in which disease resistance is an important 
consideration is accomplished by means of relatively standardized pro
cedures. Where desirable varieties cannot be selected from existing 
populations of varieties, it often is necessary to cross varieties whose 
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principal virtue is disease resistance with varieties that have other out
standing virtues. In many cases it is necessary to utilize genes for resist
ance from a number of varieties. The backcross method has been used 
with considerable success when it is desired to incorporate additional 
genes for resistance in an otherwise desirable variety. Thus, Briggs 
(1938) successfully added genes for resistance to bunt and stem rust to 
Baart wheat which had so many desirable characters that it was 
desired to retain them. By a system of backcrossing, they were able to 
retain the principal characters of Baart while incorporating genes for 
bunt resistance from the variety Martin and for stem rust resistance from 
the variety Hope. The same system has been used with considerable 
success in other cases also. 

Borlaug (1957, 1958) has suggested the use of multilineal wheat 
varieties to counteract the effects of changing populations of physiologic 
races of stem rust. Several varieties, each with resistance to certain 
physiologic races, are used in a backcrossing program with a common 
variety of desired type. Thus several lines are produced which are similar 
in agronomic characters but which differ in resistance to individual 
physiologic races or groups of races. These are then mixed to form a 
composite or multilineal commercial variety. The individual components 
of this multilineal variety are also grown separately, so that the per
centage composition of the variety can be changed from time to time 
as the populations of prevalent races change. This method seems prom
ising (1 ) because the relative percentage of each line in the variety 
can be shifted quickly to meet shifts in physiologic races; and (2 ) 
because the diverse population is likely to reduce the total rust potential 
in commercial fields, just as a mixed stand of susceptible and non-
susceptible species is less vulnerable to attack than a pure stand of 
susceptible species. 

Resistance is sometimes attained by budding or grafting. A con
spicuous example is the development of Hevea rubber resistant to the 
destructive leaf spot disease caused by DoihideUa ulei. Most of the very 
productive clones developed in Indonesia are extremely susceptible to 
the disease; but some individuals in native populations of Hevea in 
South America are resistant. As the high-yielding clones are propagated 
by budding on seedling root stocks, the latex-bearing trunk of the tree 
has the high-yielding ability of the clone. The leaves, however, are very 
susceptible to leaf spot; therefore the young trees are cut back and 
budded with buds from resistant native trees. Thus, the roots came 
from seedlings, the latex-bearing trunk from high-yielding clones, and 
the canopy from disease-resistant native trees. Resistance to the virus 
tristeza of oranges has also been attained by budding on sour-orange 
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stocks instead of sweet-orange stocks. Trees budded to the sweet-orange 
stocks are highly susceptible to the tristeza, but those on sour orange 
and certain other stocks are much more resistant, even though they 
may contain the virus. 

5. The Mode of Inheritance of Factors for Resistance 

It is difficult to generalize about the mode of inheritance of factors 
for resistance except to say that determinations must be made in each 
specific case. In his pioneer studies, Biffen (1907) demonstrated that 
resistance to yellow rust of wheat was inherited as a simple recessive. 
It was at first thought that this mode of inheritance might be universal, 
but it is not. The immunity of Kanred wheat from a considerable number 
of races of wheat stem rust is due to a single dominant gene. In other 
cases of resistance to stem rust two or more factor pairs are involved; 
in still others there are multiple factors, some major, some minor. The 
mode of inheritance, then, within one kind of crop plant to one kind 
of pathogen may differ greatly in different crosses. 

Almost every type of genie relationship has been reported in connec
tion with the genetics of bunt resistance in wheat (Fischer and Holton, 
1957). There are many physiologic races of the pathogen and many 
wheat varieties have been crossed in attempts to checkmate them. In the 
many crosses between resistant and susceptible varieties, many factors 
apparently are involved. In some cases a single factor was involved, with 
or without modifiers; in others there are two, three, or more factors for 
resistance. Multiple factors have been recorded in many cases. Factors 
may be strong or weak, linked or independent, effective against a single 
race or against several. There may be inhibitors of factors for resistance 
to certain smut races but not to others. In resistant X resistant crosses, 
there may, of course be no segregation; in some, there is transgressive 
segregation. 

Generalization regarding mode of inheritance cannot be applied to 
specific cases. Each must be considered separately. It can only be said, 
therefore, that the number of genes for resistance varies greatly with 
the crop plant and with the pathogen, and the way in which they are 
inherited varies greatly also. 

Naturally there are many factors for virulence in species of pathogens 
that comprise many physiologic races. The final outcome of breeding 
for disease resistance will be determined by the ability of breeders to 
find and combine genes for resistance that counteract the genes for 
virulence in pathogens. As different genes for resistance are often dis
persed among many varieties of crop plants and those for virulence often 
are widely dispersed among many physiologic races of pathogens, it is 
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not an easy task to prognosticate the outcome of many breeding pro
grams. Information is continually being accumulated about the genes 
for resistance, and some has been accumulated about the genes for 
virulence, but much more is needed. 

Much more needs to be known about the genetics of pathogens. The 
writers prepared a brief summary in 1953 (Stakman and Christensen, 
1953). Flor (1954, 1956) has made an especially comprehensive study 
of virulence in flax rust, Melampsora lini, and of resistance in flax. Flor 
suggested the presence in flax of a gene for susceptibility or resistance 
to match each gene for virulence or avirulence in the pathogen. He 
obtained 30 lines of flax, each apparently homozygous for an individual 
gene that governs reaction to rust. By using 18 of the lines as differential 
varieties, it was possible to distinguish 239 races of rust. In crosses 
between races of rust it appeared that avirulence was dominant over 
virulence and that from one to three factor pairs were involved. In 
crosses between resistant and susceptible varieties of flax, resistance was 
dominant and one to three factor pairs were involved. According to 
Flor, varieties of flax that carry "LL" genes are resistant to all North 
American races of rust. More work of this kind is needed. 

V. F U T U R E PROSPECTS 

Progress in the future should be more rapid and more nearly 
permanent than in the past. Many breeding programs must be inter
national in scope to be successful, simply because different genes for 
resistance and for virulence may exist in different parts of the world. 
Varieties with different genes for resistance must be assembled and then 
tested extensively in different geographical areas and intensively under 
optimum conditions for disease development. Breadth of experimentation 
must be combined with intensity of research. Facilities for both types 
of effort are being improved, but they must be expanded. There must 
be facilities for more travel in order that all possible information may 
be obtained from the international disease nurseries that are now grow
ing in number. Large phytotrons are needed at strategic locations so 
that the most promising plant materials may be tested under necessary 
combinations of environmental conditions. Appropriate elimination plots 
are needed where plant materials can be assembled and exposed to 
infection by a world-wide collection of pathogens. There must be much 
more intensive research on the genetics, ecology, and physiology of hosts 
and pathogens and on the nature and variability of disease resistance. 
These things are prerequisite to most rapid and assured progress. In the 
meantime progress is being made. 

It is possible that attitudes must be changed. It is entirely possible 
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that a succession of varieties may have to be produced to control some 
diseases, as there can be no assurance that new pathogens or new races 
of old ones may not appear periodically to disrupt the status quo. The 
important thing is to anticipate the changes and prepare to meet them. 
Even if permanent immunity is not attainable, practical field resistance 
or tolerance may reduce the destructiveness of many diseases. Quality 
may sometimes have to be sacrificed in order to attain greater resistance 
and productivity, especially when the standard of quality is not based 
on real values. 

If the efforts to produce resistant varieties are really intelligent, 
efficiently systematic, and world-wide in scope, there is great promise 
for the future. Above all, the lessons of the past must not be forgotten 
and many new ones must be learned in the future. Progress in scientific 
attitudes and attainments can guarantee progress in the production of 
resistant varieties. 
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