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process of adding a gene for disease resistance to it, but this is not always a disadvantage.
Breeding in many crops began in an effort to improve the disease resistance of existing
cultivars. As breeders crossed diverse types they often found segregants that were not only
resistant, but superior in yield or other traits, as well. The soft red winter wheat cultivar
Arthur is just one example. It arose from a complex cross intended to combine resistance
to powdery mildew, stem rust, and leaf rust.'” However, it yielded much more than any
of its parents or any other cultivars being grown in the soft wheat region at the time of its
release. This yield advantage seems to be due to more than just disease resistance, because
it is seen under essentially disease-free conditions. This is illustrated by wheat yields in
replicated drill-strip plots in Tippecanoe County, Indiana in 1977. All cultivars survived the
winter well and were free of disease, facts reflected by the overall high yields in the trial.
Arthur yielded 5.97 metric ton/ha, which was 7, 44, and 43% more, respectively, than the
yield of Monon, Vigo, and Trumbull, popular cultivars that preceded it. As crop cultivars
become more highly adapted to certain regions, through long term efforts of plant breeders,
the chance of a higher-yielding line fortuitously arising from a cross between any adapted
cultivar and any exotic resistant cultivar diminishes. Nonetheless, many of the notable gains
in genetic potential for yield and quality realized to date arose from efforts to improve disease
resistance.

PLANT-BREEDING ACCOMPLISHMENTS

A complete account of what has been accomplished so far in the control of disease
through genetic resistance is not possible in a brief chapter. Table 1 summarizes the disease
resistance that is reported for most of the crops grown in the U.S. One difficulty with
compiling such a table is that a report of resistance in a crop species does not necessarily
mean that the resistance is being used on a commercial scale. Unfortunately, cultivar-use
surveys are rare in the U.S., so it is difficult or impossible to determine on how many
hectares a specific cultivar is grown, which would allow calculation of the percentage of
the crop resistant to any given disease. Nonetheless, the author has attempted to estimate,
with the aid of specialists in the various crops, the importance of genetic resistance to specific
diseases.

Table | reveals that disease resistance is known in many of the crops used in the U.S.,
as well as many other countries. Most effort has gone into annual crops. Among the fruits
and vegetables, resistance has been found to many diseases of beets, lettuce, crucifers,
cucurbits, peas, beans, onions, peppers, tomatoes, and potatoes. Resistance is a major control
method in small grains, maize, soybeans, alfalfa, and clovers. Resistance protects tobacco
from many of its diseases.

The resistance categories in Table 1 are an attempt to indicate whether disease resistance
in a crop is providing economical control. Because of the difficulties referred to above,
these resistance categories necessarily involve judgment. When possible, specialists in each
crop were consulted before assigning resistance categories in order to make this part of the
table as realistic as possible.

Examination of the table reveals that there are not many diseases against which essentially
all cultivars of a crop are resistant. This is not surprising. Because choice of cultivar is
usually left to the farmer and is not dictated by government regulation or industry, there are
often many cultivars of each crop being grown in the U.S. Some of these may have lost
the resistance they once had owing to race changes in pathogens; others may never have
had resistance to certain diseases but have other attributes which keep them in production.
For perennial crops the transition to resistant cultivars may take several years.

The number of diseases for which there is at least one resistant, commercially acceptable
cultivar is large. This gives reason for optimism. It means that resistance has been combined
with other desirable traits in a crop and that this resistance can be incorporated into many
more cultivars intended for use wherever the disease is a problem.
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Among the various classes of disease, resistance to foliar diseases is perhaps most
common. This is understandable, in that these diseases were the earliest to draw the attention
of plant pathologists. Moreover, breeding for resistance requires that the breeder be able to
clearly detect superior lines, and this is easier for diseases where symptoms are clearly
expressed on the foliage, in comparison to diseases of below-ground organs.

Resistance to damping off and seeding blights is rare. Two things account for this. These
diseases are among the most easily controlled by fungicides. Seed dressings or in-furrow
applications are effective and rather cheap. The fungi that cause these diseases are ubiquitous
and many have a broad host range. These are low-grade pathogens that attack plants at an
especially vulnerable stage in their development, and it is quite likely that a useful level of
resistance in seedlings to these diseases does not exist.

Root diseases are another class of disease against which resistance is not common. These
are likewise caused by comparatively unspecialized pathogens often having a broad host
range. Resistance to these diseases is known in beets and carrots, crops in which the root
is the part of the plant that is eaten. This suggests that the absence of resistance to root
disease in many crops in which the roots are not eaten is more a consequence of lack of
effort rather than of its nonexistence. Nilsson reported that although he could find no total
resistance in wheat against the fungus Gaeumannomyces graminis ( = Ophiobolus graminis),
there were great differences among cultivars in levels of intermediate resistance, indicating
that improvement in take-all resistance through breeding would be possible.'”

Resistance to storage rots is also not often reported although these diseases cause sig-
nificant losses in some crops. Floramerica tomato has some resistance to bacterial soft rot.>!
High levels of resistance to various storage rot organisms have likewise been found in
sugarbeets.** There are difficulties in breeding for resistance to storage rots, in that selection
often may not be possible until long after harvest and it may not be possible to make
selections and crosses on an annual basis.

The development of disease-resistant cultivars is a cumulative process. Early breeding
programs usually had the objective of developing a cultivar with resistance to some major
disease that was of overriding importance. Resistance to yellows was a major objective of
the cabbage breeding program in Wisconsin.?’? Resistance to Verticillium wilt was the goal
of a large cooperative mutation-breeding scheme in peppermint.?®* Likewise, scab resistance
in apple and leaf rust resistance in a soft red winter wheat were the original objectives of
breeding programs for these crops. Numerous other examples could be mentioned for other
crops. The early breeders were doubtless aware that many diseases afflicted these crops,
but they narrowed their first efforts to what seemed the most serious one. Once a breeding
program was under way, perceptive breeders would note variations in reaction to many
diseases, indicating the potential for controlling disease by genetic means. As resistance to
the “‘major’” disease was incorporated into adapted types, it was possible to add resistance
to other diseases. For example, once rust-resistant wheats of good agronomic type were
available, these were used as parents in crosses to add resistance to Hessian fly, powdery
mildew, soil-borne mosaic, etc. Using this technique, soft red winter wheat cultivars are
now available that are resistant to leaf- and stem rusts, powdery mildew, Septoria leaf blotch,
soil-borne mosaic, take-all root rot, and Hessian fly.”®' The original scab-resistant apples
have been used to develop cultivars also resistant to cedar-apple rust, fireblight, and powdery
mildew.?®! Mutation breeding in peppermint is being used to add rust resistance to the
Verticillium wilt resistance already available. Floramerica F, hybrid tomato combines a high
level of resistance to five infectious diseases with tolerance to four more infectious diseases
and one nutritional disease, plus intermediate resistance to bacterial soft rot of the fruit.*!

Were it not for variability in pathogenic organisms, breeders could make unimpeded
progress in adding resistance to one disease after another. Unfortunately, a shift in pathogen
races can climinate effective resistance to a disease, forcing the breeder to repeat work
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already done. He must then find another gene or genes for resistance to the disease and add
it to his breeding stocks.

FUTURE FOR DISEASE RESISTANCE

Although much has been accomplished toward the control of disease through resistance
in the last 70 years, there is still much that can be done. In the major crops, resistance to
many of the serious diseases is known and frequently available in useful cultivars. On some
of the ‘“‘minor’’ crops, i.e., those grown on comparatively few hectares, the list of diseases
for which resistance is known is shorter. This is not necessarily because resistance is not
available, but may often reflect the lack of effort on these crops. Although resistance is
cheap for the individual farmer, the plant-breeding agency or company must commit money
and manpower to find and utilize effective resistance. It takes just as much work to develop
a disease-resistant radish that may be grown on only a few hundred hectares as it takes to
develop a disease-resistant wheat that may be grown on more than a million hectares.

The future may require more effective use of the resistance that is available rather than
the finding of ‘‘new’’ resistance. Bringing together resistance to all important diseases in
an area into a single cultivar should have high priority. As improved breeding stocks become
available with resistance to various maladies, combining these without sacrificing yield or
quality becomes easier.

Much of the early optimism plant breeders felt about achieving permanent control of
disease through resistance faded as they realized how adaptive many pathogens are. In many
crops monogenic resistance is so ephemeral that its value for control of disease is seriously
questioned. Leaf-infecting fungi are the most notorious pathogens for breaking resistance.
Although much basic work remains to be done on the epidemiological and genetic aspects
of this phenomenon, enough is known to guide plant breeders in surmounting this problem.
The demonstration that monogenic resistance in the host can be circumvented by a single
allele substitution in the pathogen indicates why monogenic resistance is so often ephemeral.
From this it follows that genetically more complex resistance should last longer. This
complexity can be achieved by combining genes for resistance into a single cultivar (gene
stacking), by bulking seed of several near isogenic lines, each carrying a different gene for
resistance, into a multiline cultivar, or by using several different genes for resistance in the
various cultivars grown over a wide area, restricting certain genes to certain areas.?'#2%-%
General resistance, such as slow rusting in cereals or field resistance to late blight in potatoes,
should also provide long-term protection. The longevity of this type of resistance may be
due both to reduced selection pressure on the pathogen and genetic complexity of resistance
in the host.

Among these alternatives for long-lasting control, regional deployment of genes is
difficult to employ. It requires cooperation from all breeders of a crop in an epidemiological
area (the area over which pathogen propagules regularly spread). Gene stacking, multiline
cultivars, and polygenic (general) resistance are more feasible approaches to obtain long-
lasting resistance because they can be used by each breeder independently.

In recent years there has been much enthusiasm for genetic engineering as a plant breeding
technique. Although this area of endeavor has many interesting possibilities, it is far from
being a practical plant-breeding tool. Moreover, there is no reason to suppose that genetic
engineering, in contrast to conventional plant breeding that utilizes the sexual mechanisms
of plants, is essential to continued progress. Nearly all crops represent only a small portion
of a complex of species, in many cases consisting of several ploidy levels. Thus, the cultivated
varieties represent only a small portion of the potential variation in the species.'® Much
remains to be done, using conventional breeding techniques, in exploiting this variability.
The difficulty lies in handling large gene pools in such a way that many new gene combi-
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nations are allowed to occur and then developing techniques to screen these tremendous
populations.
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