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26.1 Introduction

The use of resistant plants to control plant diseases can be regarded as a form of
biological control. However, because of its importance, it will be considered
separately from the other biological control strategies discussed in Chapter 27.

Before the early l9OOs, resistant plants were obtained by selection rather than
by breeding. The selection process was merely an extension of natural selection.
In seasons when disease epidemics occurred, only the most resistant plants
survived to produce seed for planting in the following season. As a result, a
degree of resistance was accumulated in crops over many generations.

The breeding of plants for resistance to disease was given a scientific basis
when, in the early 19OOs, Rowland H. Biffin working at Cambridge University in
England showed that resistance in wheat to stripe rust was inherited according to
Mendel's laws. This finding stimulated large-scale breeding programs to
incorporate resistance genes into many important crop plants. It soon became
apparent however, that adaptation of highly variable pathogen populations
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resulted in the build-up of pathotypes that rendered ineffective the resistance
genes in the host.

Many pathogens can infect only a limited range of plants and they are said to
be highly host specific or highly specialised in their host range. For example, the
stem rust fungus, Puccinta graminis, can infect cereals and a number of other
grasses, but not potato, whereas the late blight fungus, Phgtophthora i4festans,
can infect potato but not cereals. Within species of highly specialised pathogens,
taxa can often be recognised that do not differ in their morphology, but differ in
their ability to infect certain plant species. These taxa are known as special forms
or formae speciales (f. spp.). The stem rust fungus, for example, has formae
speciales that can infect only a single plant species or a small number of closely
related species. Thus P. graminis f. sp. tntrci infects wheat but seldom barley, oats
or rye, P. graminrs f. sp. auenae infects oats but not wheat or barley while P.
graminis f. sp. hordei infects barley but not wheat or oats.

Within each forma specialis physiologic races or pathotypes with even more
limited host ranges can often be distinguished. Pathotypes infect some cultivars
of the host species but not others. For example the oat crown rust fungus,
Puccinia coronata pathotype 237, can infect the oat cultivar 'Swan' but not 'Bond'.

Physiologic races were first described for the stem rust fungus of wheat in 1914
by E. C. Stakman and his co-workers at the University of Minnesota.

Pathotypes can be identified by inoculating differential cultivars of the host.
Each differential cultivar contains a specific gene for resistance. For example, in
Australia, pathotypes of the wheat stem rust fungus are recognised by
inoculating urediniospores onto two differential sets of wheat and triticale
cultivars (Table 26.1). The first set consists of five genotypes of wheat allowing
standard international race determination following the classification system
devised by Stakman and co-workers in the United States. The second set
comprises genotypes possessing resistance genes of relevance to Australian wheat
and triticale cultivars. The differentials in this set are numbered I to 13. Thus a
pathotype designated 194-2,3,7,8 is standard pathotype 194 based on the
international differentials set but is also virulent on Yalta (2), W24O2 (3), Norka
(7) and Festiguay (8). It can attack cultivars containing any one or a combination
of resistance genes SrII, Srgb, Srl5 and Sr3O. A similar approach is used to
differentiate pathotypes of other pathogens including other cereal rusts and
powdery mildews and the potato late blight fungus, Pttgtophthora infestans.

Localised necrosis of cells in the vicinity of the infection court is the plant
reaction most consistently associated with resistance conditioned by pathotype-
specific genes. It occurs in association with resistance to fungi, bacteria and
viruses (e.g. resistance of lVicotrana gtutinosa to tobacco mosaic virus). The term
hypersensitive reaction was first used in l9f 5 by Stakman to describe the
rapid death of plant cells surrounding invading hyphae of cereal rusts during the
expression of resistance. The pathogen shows a degree of incompatibility' with
the plant tissues it is invading, to the extent that invaded or nearby cells rapidly
turn brown and die and further growth and development of the pathogen is
inhibited. This contrasts with a 'compatible' interaction between the pathogen
and invaded plant tissues in which the cells do not appear to be adversely
affected in the short term and may even be stimulated metabolically. In
compatible interactions the pathogen is able to complete its cycle of invasion and
sporulation in the plant. Thus resistance and susceptibility are characteristics
of the plant, virulence and avirulence of the pathogen and compatibility and
incompatibility of the plant-pathogen interaction.
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Table 26.1 Differential host genotypes used to identify pathotypes ol Puccinia graminis tritici.
(From Zwer, Park and Mclntosh, 1992.)

Differential cultivar Resistance gene Differential cultivar Resistance gene

Standard International set
Marquis
Acme
Emmer
Reliance
Einkorn

Australian set
1. McMurachy
2.Yalta
3. W2402
4.  W1656

Australian set (continued)
5. Renown
6. Mentana
7. Norka
8. Festiguay
9. Taf 2
lO.Entrelargo de Montijo
l l.Barleta Benvenuto
l2.Coorong 2

13.Satu2

SrTb
Sr9g
Sr9e
Sr5
Sr21

S16
Sr11
Srgbl
5136l

Sr17 I

Sr8a
Sr15
Sr3O
SrAgt
SrEm
SrSb
Sr27
SrSatu

r Also carries SrTb
2 Triticale cultivars

For most diseases, resistance is not an 'all-or-nothing' character but rather a
matter of degree. The term infection type was introduced to describe the
interaction of a pathogen with its host. A widely used scale of infection types
devised by Stakman for cereal rusts and used for many biotrophic pathogens is:

O = immune (no sign of reaction visible to the unaided eye),
I - very resistant (hypersensitive necrosis visible, possibly with a minute

amount of sporulation),
2 = resistant (hypersensitive necrosis visible with a greater amount of

sporulation),
3 = susceptible (no hypersensitive necrosis but some chlorosis and a

moderate amount of sporulation) and
4 = very susceptible (no hypersensitive necrosis or chlorosis and a large

amount of sporulation).
Infection types can vary on a more-or-less continuous scale from O to 4,

depending on the cultivar involved. In genetic analysis, a great simplification of
the infection type gradation into resistant (infection types o, 1 and 2) and
susceptible (infection types 3 and 4) is used. With diseases such as flax rust this
classification is more clear-cut than with others such as the cereal rusts. Indeed,
the outcome of genetic analysis is very much dependent on where the line is
drawn on the continuum from resistance to susceptibility. This may make the
postulated inheritance of resistance appear simpler than it really is.

Pathotype-cultivar specificity is the most intensely studied level of specificity
because the planting of resiJtant cultivars is the basis of controt bf many
diseases.

26.2 Inheritance of disease resistance
Since Biffen's work with wheat stripe rust, many studies have shown that
pathotype-specific resistance is controlled by Mendelian genes, known as
resistance or R genes. These are sometimes referred to as 'major' genes for
resistance because they usually have a large or'major' effect in making plants
highly resistant. They are named after the particular pathogen involved, so there
are Sr genes for resistance to stem rust of cereals, Yr genes for resistance to
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stripe or yellow rust of wheat, and CJgenes for resistance to FuLuiafuLua (syn.
CLado s poriun't JuLutm) in tomato.

The Russian piant breeder and geneticist, Nicolai Ivanovich Vavilov, was one of
the first to recognise that genes for disease resistance were especially common in
the regions of diversity and evolution of the various crop species. These were in
most cases also the regions of domestication of the species. Following i.n Vavilov's
footsteps, wheat breeders have explored the Middle East for germplasm of
ancestral wheats as a source of, among other traits, disease resistance. Potato
breeders have collected ancestral potato germplasm in the Andes and Mexican
highlands and cocoa breeders have collected cocoa germplasm in the upper
reaches of the Amazon Basin. For example, the R genes for resistance to
Phgtophthora iryfestans were all collected from populations of Solanum demissum,
a wild relative of the potato, in Mexico. Wild populations of the cultivated potato,
Solanum tuberosum, do not contain genes for resistance to potato late blight.
These regions of evoiution of domesticated plants are often referred to as Vavilov
Centres (Fig. 26.f ).

Maize
Bean
Squash

Grape
Olive
Brassica'
Sugar beet

Coconut
'Taro

Sweet potato
Cassava
Cotton
Peanut
Tobacco
Cocoa

Banana
Sugarcane
Yam
Mango

Figure 26.1 Location of the Vavilov Centres of crop evolution and diversity which are
the main sources of genes for resistance to plant diseases in the particular
crop species.

Genes obtained from such collections have been bred into commercial crop
cultivars to control diseases. There was great enthusiasm for this work as the
resistance genes often conferred a very high level of resistance (immunity) on
crops and it was considered in the first half of this century that incorporation of
resistance genes was a very effective control measure for many diseases.
However, it soon became apparent that newly released resistant cultivars did not
remain resistant indefinitely. Their resistance 'broke down'. Breakdown of
resistance is a problem associated with pathotlpe-specific resistance. The loss of
resistance is associated with the build-up of pathotypes of the pathogen able to
overcome the specific gene(s) for resistance in the new cultivars. New pathotypes
with virulence against the particular resistance gene multiply to epidemic
proportions on the new cultivar. This phenomenon is often called the 'boom-and-

.bust' cycle of resistance breeding (Fig. 26.2) and has certainly been the recent
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experience with deployment of resistance to diseases such as
rot in subterranean clover in south-eastern Australia.
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Figure 26.2 The boom-and-bust cycle of plant breeding.

The progressive detection of new pathotypes of Phgtophthora cLandesttna, the
cause of root rot of subterranean clover, has been associated with the planting of
new, resistant cultivars of the plant. Initially, cultivars like Woogenellup were
regarded as being very susceptible to the pathogen. Cultivars such as Larissa and
Trikkala were recommended as resistant cultivars and became more widely
grown. However, within a few years a new pathotype of the pathogen was detected
causing significant levels of disease on these cultivars. The original pathotype
was designated race O and the new pathotype race l. Then the cultivar Meteora,
with resistance to both race O and race l, was recommended to growers and
became more widely grown. Eventually another pathotype (race 2) was detected
causing disease on this cultivar.

The problem of breakdown of resistance due to selection of virulent pathotypes
was also very obvious following the introduction of wheat stripe rust (Puccinia
strrgtormts, which is called 'yellow rust' in Europe) into Australia in 1979. Single
Yr genes for resistance lost their effectiveness within a few years of release, and
considerable losses were suffered by farmers who persisted in growing cultivars
after the build-up of pathotypes with virulence on them.

Boom-and-bust cycles are most frequent with air-dispersed, polycyclic or
compound interest diseases (see Chapter 22) which produce many generations of
propagules during a growing season (e.g. the cereal rusts and powdery mildews in
many environments). Resistance to monocyclic or simple interest diseases is less
prone to breakdown because the pathogen produces only one generation in a
growing season and the inoculum produced often remains where it is formed (e.g.
in the soil). Thus, resistance genes to various formae speciales of monocyclic
pathogens such as the vascular wilt fungus, Fl-tsarrum oxAsporum, have proved to
be very durable and have often remained effective for long periods.

26.3 Genetics of host-pathogen interactions: the gene-for-gene hypothesis
H.H. Flor working with the United States Department of Agriculture in North
Dakota was the first plant pathologist to simultaneously study the genetics of the
host plant (in this instance Linum usrtatussimum-flax) and its parasite (the rust,
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MeLampsoratini). Flor found that resistance in the host can be controlled by
single R genes and that resistance was dominant to susceptibility. The 27 R genes
in Flor's collection occurred as multiple alleles at only five loci. In the pathogen,
virulence can be controlled by single avirulence (A) genes and avirulence was
dominant to virulence. Each A gene occurred at a separate locus. This means
that it is possible for an isolate of the pathogen to express all virulence genes at
any one time, while the host is limited in the number of resistance genes it can
express at any one time by the number of loci involved. In effect, no matter how
many resistance genes are expressed in the host, they can always be matched by
the corresponding virulence genes in the pathogen.

In 1956, Flor proposed the gene-for-gene hypothesis which states that 'for

each gene conditioning rust reaction in the host, there is a specific gene
conditioning pathogenicity in the parasite'. In other words, each genetic locus
conditioning resistance or susceptibility in the host has a corresponding locus in
the pathogen controlling avirulence or virulence. The results of the interactions of
these genes are summarised in Table 26.2.

Table 26.2 Interaction of a resistance gene in the host and its corresponding avirulence gene in
the pathooen.

The gene-for-gene concept provides a useful working model for studying host-
parasite systems, even those where genetic information is not fully available. It
explains host-pathogen interactions for fungal pathogens such as cereal rusts,
smuts and powdery mildews, coffee rust and the late blight pathogen of potato as
well as other groups of pathogens including bacteria (e.g. Xanthomonas
campestris pv. malvacearum) and viruses (e.g. tobacco mosaic virrs). The concept
even applies to some plant-insect interactions (e.g. wheat-hessian fly). However,
detailed studies of other pathosystems have shown that the pattern of dominance
is not always the same as in flax rust. For example, the expression in wheat of
genes for resistance to leaf rust (Pucctnta recondtta f. sp. trttici" ) ranges from
dominance to partial dominance to recessiveness. The same applies to genes for
avirulence or virulence. The interaction can also be affected by modifier genes in
some diseases. However, this does not alter the basic tenet of the hypothesis. It
therefore seems that the 'gene-for-gene' relationship is a general phenomenon in
host-parasite interactions. Some workers use a lock and key analogy to explain
the gene-for-gene hypothesis (Fig. 26.3).

The gene-for-gene hypothesis also provides a logical explanation for boom-and-
bust cycles. As a resistant cultivar becomes popular, the selection pressure in
favour of pathotypes able to infect the cultivar increases. If a virulent pathotype
evolves it rapidly builds up on the cultivar and an epidemic develops because the
cultivar is no longer protected by the resistance gene(s) it contains. The cultivar
then loses its popularity (Fig. 26.2). The South African plant pathologist, J.E. Van
der Plank in his 1963 text very aptly summed up the situation when he stated
that 'a plant breeder is in a ludicrous position. He hopes his new variety will
become popular among farmers. He hopes it will maintain its resistance. His
hopes are likely to be mutually exclusive'.

Host genes

Incompatible Compatible

Compatible Compatible
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Figure 26.3 The use of resistance gene 'locks' and pathogenicity 'keys' to explain the
gene-for-gene hypothesis for interactions between host-parasite systems.
(From Browning, 1963.)

The breakdown of disease resistance in plants is based on two fundamental
properties of microbial pathogens: their great genetic variability and their high
rates of reproduction. Together these properties allow pathogens to rapidly
change the frequencies of virulence genes in their populations and thus adapt to
the presence of resistance genes in the host.

Even in the absence of the normal sexual cycles in many fungal pathogens (e.g.
cereal rusts in Australia and Phgbpfrtlaorairyfestans in Europe), new pathotypes
expressing virulence on parLicular resistance genes have built up rapidly in the
pathogen populations. It is assumed that cultivars with new resistance genes
select virulent pathotypes that already exist at very low frequencies in the
pathogen populations. New virulence combinations can also arise during asexual
reproductive cycles by the processes of mutation, heterokaryosis and
parasexuality involving somatic hybridisation. Somatic or vegetative hybridisation
couid involve the recombination of genetic information from two pathotypes that
infect the same host tissue. Their hyphae anastomose (fuse) leading to the mixing
of genetically different nuclei from different sources (heterokaryosis). There is
evidence from studies of the population genetics of the wheat stem rust fungus in
Australia that new pathotypes have arisen by hybridisation.between local
pathotypes and by the introduction of new pathotypes by air currents from
southern Africa.

The functioning of the gene-for-gene system in natural plant communities
The gene-for-gene system must have evolved in natural plant populations, in
which plants grow in mixed, outbreeding, changeable populations of many
genotypes among which the resistance genes are dispersed. The pathogen thus
faces a mixed host population with, presumably, many resistance genes, on
which it can suru-ive with a corresponding diversity of pathotypes with different
virulence genes. This has been observed in populations of wild cereals in the
Middle East and explains why a great diversity of resistance genes is to be found
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in the centres of evolution and diversity of the various crop species. In a mixed
plant population the pathogen also suffers greater attrition of its dispersed spores
than in a monoculture. Because spores of a particular race can invade only a
proportion of the plant population, a smaller proportion of them give rise to
infection than in a monoculture where all plants may be susceptible to a
particular pathotype.

It has been demonstrated mathematically that with a gene-for-gene interaction
in diverse, outbreeding populations, the host-parasite system remains in a state
of stable equilibrium which allows the survival of both the host and the parasite.
The host can never become resistant to all pathotypes of the pathogen and the
pathogen can never become excessively destructive of its host. In a natural plant
population, the pathogen imposes a selection pressure on the plant such that if a
particular genotype becomes common and is susceptible to the pathogen, the
plant will suffer a higher level of damage and will contribute fewer progeny to the
next generation than more resistant genotypes. The plant population also
imposes a selection pressure on the pathogen. As a very susceptible genotype
declines as a proportion of the plant population, the proportion of pathotypes
specifically able to attack that genotype will also decline.

The hypothetical functioning of gene-for-gene resistance in natural ecosystems
occurs only so long as the pathogen is incapable of developing a 'super

pathotype that is virulent on a wide range of R genes and retains its relative
fitness to survive. It appears that the development of pathotypes with wide
virulence is inhibited because 'simple' pathotypes (pathotypes with virulence to
only one R gene) have a selective advantage over'complex'pathotypes (pathotypes
with virulence to two or more R genes) when the pathogen is growing on hosts
without R genes (in situations where virulence itself confers no selective
advantage). Many measurements of the frequency of races composing a pathogen
population have confirmed that simple races are more common than complex
races. In wild-type populations of pathogens growing on hosts lacking R genes,
races with no expression of virulence normally predominate.

This phenomenon was called 'stabilising selection' by Van der Plank and has
two possible explanations. It is possible that the loss of dominant avirulence (A)
gene function following mutation to virulence (aa) involves loss of a function that
contributes to normal fungal metabolism. Thus virulent races (genotype aa) lack
fitness relative to wild-type races and the more A genes that have mutated to aa,
the greater the loss of fitness. Indeed the fact that A genes predominate in wild-
type populations, assumed to be growing on hosts lacking R genes, implies that
these genes have a function in fungal metabolism that has nothing to do with
making the fungus avirulent on hosts with R genes. Alternatively, pathotypes that
have mutated from AA or Aa to aa may lack fitness in other respects (e.g. they
may have mutated at other loci as well).

The functioning of the gene-tor-gene system in agro-ecosystems
While the 'gene-for-gene' system is thought to stabilise disease in natural plant
populations, it cannot do so in crops which lack the diversity and adaptability of
natural populations. A widespread monoculture of a cultivar with a single R gene,
which is likely to occur if the cultivar initially gives good disease control and is
consequently popular with farmers, creates enormous selection pressure for the
build-up of pathotypes able to invade and reproduce on that cultivar. Thus we
have the paradoxical situation that the more popular a cultivar is, the greater the
selective pressure for the build-up of new virulent pathotypes. The build-up of
virulent pathotypes is likely to be particularly rapid in the humid tropics where
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the climate is nearly always favourable for pathogen activity. In fact it has been
estimated that the average life of a resistance gene in the tropics is only one third
of that in temperate zones.

26.4 The concepts of resistance, pathogenicity and tolerance
With the careful measurement of the amount of disease in plant populations
following methods promoted by Van der Plank in the l96os, it became possible to
analyse more closely the nature of disease and disease resistance in plant
populations. Van der Plank suggested that resistance is of two types,
distinguished by whether or not a statistical interaction occurs when a number of
host cultivars are inoculated with a number of pathotypes of a given pathogen.
He defined vertical resistance, which is often referred to as race (pathotype)
specific resistance, as resistance which operates against some pathotypes but
not others. Consequently a strong statistical interaction occurs between cultivars
of the host and pathotypes. Horizontal or non-pathotype specific resistance
operates against all pathotypes and so there is no statistical interaction between
pathotypes and cultivars. Horizontal resistance is not liable to breakdown
because there is not strong selection pressure in favour of some pathotypes and
against others.

The terms vertical and horizontal resistance are derived from graphical
representations of the amount of disease caused by different pathotypes on a
host cultivar. Vertical resistance involves a gene-for-gene interaction and reduces
the proportion of the population of inoculum that can infect a crop. The only
spores that are able to infect will be those with virulence to the R genes present in
the particular cultivar of the crop. The term 'vertical resistance' is based on the
fact that a 'vertical' pattern is evident when the degree of resistance is plotted
against several pathotypes of the pathogen (Fig. 26.4). This distinguishes it from
'horizontal resistance' which shows no differential interaction between pathotypes
and cultivars and gives a'horizontal'pattern in such a plot, where all pathotypes
cause a roughly similar amount of disease on a particular cultivar.

In addition to being pathotype specific or non-pathotype specific, vertical and
horizontal resistance have a number of different secondary characteristics (Table
26.3). Vertical resistance reduces the amount of initial inoculum, delaying the
onset of an epidemic, while horizontal resistance, due to its quantitative nature,
slows down the rate of epidemic development.

De g ree s of pat h o ge n i c ity-ag g ressiyeness an d v i ru I e n c e
As plant varieties vary in the rate at which they allow pathogen invasion and
sporulation, so do isolates (pathotypes) of the pathogen vary in the rate at which
they can invade and sporulate on host plants. They vary in their pathogenicity.
Some pathotypes may be able to invade a host more rapidly than others, thus
being more aggressive than others. Variation in aggressiveness of pathotypes is
analogous to variation in horizontal resistance of plant cultivars.

An aggressive pathotype is aggressive on all cultivars and will tend to cause
disease more rapidly than less aggressive pathotypes on all cultivars. For
example, races I and 2 of Phgtophthora cLandestina are more aggressive than race
O on al l  cult ivars of subterranean clover. Horizontal resistance and
aggressiveness are properties of the plant and the pathogen separately.
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Table 26.3 Characteristics of pathotype specific and non-pathotype specific resistance.

Character Vertical or pathotype specific Horizontal or non-pathorype
resistance soecific resistance

Definition

Alternative terminologr

Expression

Inheritance

Mechanism

Epidemiologr

Effectiveness

Resistance that is effective
against some pathotypes
but not others.

Vertical resi.stance
Major gene resistance
Seedling resistance
Monogenic resistance
Qualitative resistance

Provides a high level of
protection but is prone to'breakdown' as new virulent
pathotypes evolve after
which plants are fully
susceptible.

Inherited as a single gene
with identifiable effect.
Equated with the gene-for-
gene concept.

Operates after pathogen has
penetrated host, often being
associated with a
hypersensitive response in
the host.

Reduces the amount of
initial inoculum, delaying
the start of an epidemic.
Once epidemic starts, the
disease progress curve is
similar to that of a fullv
susceptible cultivar.

Most effective when a
diversity of specific
resistance genes occurs
within and between croDs.
Usually used by breedeis
because it is easy to detect
and manipulate.

Resistance that operates to a
similar extent against all
pathotypes.

Horizontal resistance
Generalised resistance
Field resistance
Adult plant resistance
Quantitative resistance

Provides lower levels of
resistance and does not
break down. Resistance
often increases as plants
mature.

Usually inherited additively.
Many genes involved
(polygenic).

Reduced rate and degree of
infection, colonisation and
sporulation results in a
reduced rate of spore
production.

Slows down the rate of
epidemic development due to
its quantitative nature.

Most effective when there is
genetic uniformity within
and between crops. Often
avoided by breeders because
it is difficult to detect and
manipulate.

Vinrlence, which is analogous to vertical resistance in the plant, is detected in
response to release of a cultivar with vertical resistance. The cultivar is resistant
to some isolates (pathotypes) of the pathogen (which are said to be avirulent on
that cultivar) but susceptible to others (which are said to be virulent on that
cultivar). There is an interaction between the vertical resistance of the cultivars
and the virulence of the pathotypes. Vertical resistance and virulence are
properties of the interaction between the plant and its pathogen.

Tolerance to disease
Tolerance to disease is defined as the ability of a plant to continue to grow and
yield despite a certain level of infection by a pathogen. It is the opposite of'sensitivity' to disease. For a given level of infection, a 'tolerant' cultivar will suffer
less physiological disturbance and subsequent yield loss than a 'sensitive'
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cultivar. Tolerance' should not be confused with'resistance', which is the ability
of a plant to reduce the extent of invasion by the pathogen. Many authors have
used'tolerance' when in fact'partial resistance' is meant.

Res.
Vertical

resistance

Horizontal
resistance

Susc.

Res.
Vertical

resistance

Horizontal
resistance

q R

PATHOGEN

Figure 26.4 Diagrammatic representation of vertical and horizontal resistance in two
plant cultivars to a specific pathogen. Resistance to pathotypes 1, 3, 4 and
7 is vertical and complete. Resistance to pathotypes 2, 5, 6 and 8 is
horizontal and incomplete with cultivar 1 showing greater horizontal
resistance than cultivar 2. (After Brown, 1980.)

26.5 Pathotype specific or vertical resistance
Resistance used in plant breeding programs must be stable so that the potential
of high-yielding cultivars can be fully realised. Moreover, attempts should be
made to conserve available sources of resistance which in many plant species are
being lost as a result of their use in plant breeding programs and their
subsequent 'breakdown' and the encroachment of human activity such as
agriculture and urbanisation into areas of natural genetic diversity. Destruction
of plant populations by expanding human settlement may eliminate potentiaily
useful resistance genes. It is necessary therefore to increase the effectiveness of
presently available genes for resistance and at the same time use the limited
number of available genes wisely.

The ability to produce disease-resistant cultivars depends on a number of
factors inciuding the availability of suitable sources of resistance. With some
pathogens, vertical resistance may never have been present or it may have been
lost from natural plant populations. This appears to be the case for resistance to
Sclerotinta scterotiorum in sunflowers and other crops where high levels of
resistance do not appear to exist in wild or domesticated populations of
HeLirnthtts spp. Consequently, the use of cultivars with vertical resistance as a
control strategy is not an option.

Where vertical resistance is absent in a crop plant, interspecific crosses can
be used to transfer resistance genes from one species to another related species.
For example, during the 193Os, R genes for resistance to phytophthora blight
were transferred to the susceptible potato plant Solanum tuberosumfrom its ciose
relative Solanum demissum. Similarly the 5126 gene for resistance to stem rust
was transferred from AgropAron eLongatum to a chromosome in wheat and
subsequently incorporated into commercial bread wheats by breeders at NSW
Agriculture in southern NSW in the 196Os. T]ne 5126 gene, which was initially
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released in the cultivar Eagle in 1967, has so far remained effective against
Australian races of P. graminis tritici. In some instances 'new' resistance genes
have been created by irradiation or other mutagenic procedures.

Genes can also be transferred to economically important crop species from
completely unrelated species, even from different kingdoms, using modern
biotechnology techniques. The popular term genetic engincering is used to
describe this technologr, and its products are referred to as transgenic plants.
For example, a gene from the bacterium BacrlLus thuringiensrs (the so-called BT
gene) which controls the production of a toxin that is fatal to about l5O species of
lepidopterous larvae, has been transferred to cotton to protect it against the
heliothus caterpillar. Similarly, tomato plants resistant to tobacco mosaic virus
have been developed by transferring a gene for defective virus coat protein to the
nucleus of a tomato cell, using the Ti plasmid from Agrobacteriumtumif,aciens.

Resistance genes are sometimes linked with those for undesirable characters
and cannot be used unless the link is broken. For example, the Victoria gene for
resistance to crown rust of oats is linked with susceptibility to a blight caused by
a toxin secreted by the fungus BipoLaris uictoriae. Similarly, the Sr3-l gene for
stem rust resistance, the Y€ gene for stripe rust resistance and the Lr26 gene for
leaf rust resistance in bread wheats occur on the IRS chromosome which is
associated with a sticlry dough problem in which flour produced by cultivars
containing this chromosome is of inferior quality. The protection provided by
some resistance genes is of limited value because expression of the gene is
influenced by the environment. For example, the 516 gene for stem rust
resistance in wheat becomes inactive at temperatures over about 26" C.

Managing pathotype specific genes for resistance

Several approaches have been used to increase the effective life of genes for
specific resistance. These include the incorporation or 'pyramiding' of several
resistance genes into single cultivars, the use of multiline cultivars and cultivar
mixtures containing several genes for resistance, the regional deployment of
resistance genes to break 'disease paths' and the 'recycling' of resistance genes
over time.

Successful management of genes for pathotype specific resistance depends to a
large extent on having access to the results of pathogenicity surveys.
Pathogenicity surveys such as those undertaken for wheat rusts by Sydney
University's Plant Breeding Institute on behalf of Australia's National Wheat Rust
Control Program, have several objectives. They indicate what pathotypes are
present and where they occur and give an indication of their relative frequencies.
This information enables the avirulence-virulence frequencies for single genes
and gene combinations to be determined. The surveys also indicate when
changes in pathogenicity occur and, with pathogens such as wheat rusts, which
resistance genes retain or have lost their effectiveness. As there is usually a lag
period between the detection of a new pathotype and subsequent crop losses, this
information acts as an early warning to extension and advisory serrrices involved
with cultivar recommendations. Surveys provide new pathotypes for use in plant
breeding nurseries or in greenhouse inoculation tests. This enables breeders'
lines to be tested against newly evolved pathotypes.

Pathogenicity surveys also provide evidence about the origin of new
pathotypes. For example, surveys indicated that distinctive pathotypes of Puccinia
gramini-s tritici detected in Australia in the t96os had been transported as wind-
borne inoculum from southern Africa. Similar$, the original introduction of stripe
rust, which was first detected in Australia in 1979, was traced back to Europe.
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Pathotype surveys can also be used to study evolutionary pathways and to
indicate mutational or somatic hybridisation events.

lncorporating or pyramiding several genes for resistance into single cultivars

Because specific genes that provide high levels of resistance are easy to detect
and manipulate, most plant breeders have used them in their breeding programs.
However, as already discussed, the use of single genes for resistance is often
followed by the appearance of new virulent pathotypes that render them useless.
For example, single genes for stem rust resistance were used in Australian wheat
cultivars during the period 1938-1964. The use of these cultivars was followed by
the identification and increasing frequencies of pathotypes with matching
virulence (Table 26.4). Although some genes remained effective for a number of
years, others such as 5136, were already ineffective when the cultivar Mengavi
containing the gene was released.

Table 26.4 Co-evolution of wheat cultivars and pathotypes of the stem rust fungus in eastern
Australia.

Wheat cultivar Gene for resistance Year of release Year of 'breakdown'

Eureka
Gabo
Spica
Gamenya
Mengavi

S16
Srl I
Sr17
Srgb
Sr36

1938
t942
r952
1960
1960

1941
1948
1959
1962
1960

A similar situation was experienced with stripe rust of wheat in Australia and
New Zealand except that the pathotypes detected included some with virulence
genes of economic importance to commercial wheat cultivars and others with
virulence genes of no obvious selective advantage. Puccinia strigformis was first
detected in eastern Australia in October 1979. This original pathotype spread to
New Zealand in 198O, presumably as wind-borne inoculum blown across the
Tasman Sea. In the ten year period to 1988, fifteen different pathotypes were
detected in Australia and New Zealand. The original pathotype was avirulent on
the newly released cultivar Avocet containing resistance gene YrA. In 1981, stripe
rust was found on Avocet. In 1982 the cultivar Orova (containing Yr7) succumbed
to the disease in the South Island of New Zealand. In 1983 a severe epidemic
occurred on the cultivars Millewa and Bindawarra (containing Yr6) in south-
eastern Australia. These data again demonstrate the close association between
the development of new pathotypes and cultivars having the matching genes for
resistance.

Despite the ability of many pathogens to respond rapidly to the selection
pressures imposed by the cultivation of resistant cultivars, there are several
examples of long-term control of disease using resistance governed by single
genes. These include potato wart caused by Sgnchgtnum endobioticum in Europe,
eyespot lodging in wheat caused by PseudocercosporetLa herpotrichoides in
Europe, flag smut of wheat caused by lJrocgstis agropgrr in Australia, onion
smudge caused by CoLLetotrichum ctrcinans, yellows disease of cabbage caused by
F\scrr[um oxAsporum f. sp. conglutinans and the potato viruses A, X and Y.

Many workers, particularly those in Australia and the United States, believe
that several genes for resistance should by incorporated into single cultivars. The
logic behind this suggestion is very simple. If several genetic loci in the pathogen
are concerned with pathogenicity, several mutational steps are required before
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the pathogen acquires the virulences needed to infect cultivars containing several
genes for resistance. The probability of this occurring quickly is small and the
effective life of such cultivars is therefore prolonged.

The effectiveness of combining or 'pyramiding' several resistance genes into a
cultivar depends on gene management. New resistance genes should not be
added to a cultivar in a sequential or step-wise manner after those present have
lost their effectiveness. This practice does little more than add a single effective
gene to the plant. A single mutation towards virulence is all that it takes for the
pathogen to attack the plant. Similarly, simpler combinations of the genes
involved should not be released in other cultivars. These cultivars may provide a
'stepping stone' for the pathogen to develop virulence to the cultivar with more
complex resistance. In addition to not providing long term protection, these
practices lead to the development of complex races of the pathogen containing
several genes for virulence [e.g. the evolution in Australia by I968 of race 2l-2, 3,
4, 5, 6, 7 of the wheat stem rust fungus which is virulent on cultivars containing
resistance genes Sr8a, Sr9b, SrI l, Srl5, Sr-17 and 5136 (Table 26. f )1.

Wtren several previously unused genes for resistance are incorporated together
into a cultivar to give a complex resistance, other cultivars grown in the same
region should not contain the same resistance genes. This minimises the
opportunity for step-wise mutation towards virulence in the pathogen population.
This strategy should be combined with avoidance of the planting of susceptible
cultivars so that the probability of virulence genes combining by sexual or
asexual processes is minimised. In practice, however, it is often difficult to
completely eliminate susceptible plants because many pathogens infect more
than one host species, including weeds. Moreover, it may be difficult to remove
susceptible host plants from inaccessible regions.

Some combinations of resistance genes appear to be more durable (last longer)
than others. It is generally considered that with pathogens that reproduce
sexually, the probability of combined virulence genes occurring in a single
pathotype is the product of the frequencies of each gene alone in the pathogenic
population. Some virulence genes, however, combine less frequently than might
be expected on the basis of probability. If such combinations could be predicted
and used in breeding programs the appearance of new virulent pathotypes might
be delayed.

Multiline cultivars and cultivar mixtures
In natural populations of plants, particularly at their centres of evolution,
individuals within a species show a high degree of genetic diversity. This
heterogeneity enables individuals to respond differently to various environmental
stresses. Some genotypes respond more favourably to a particular environment
than others. The enhanced performance of such individuals can compensate for
the poor performance of others and the overall performance of the population is
stabilised. Monocultures of genetically similar or identical plants, which are
common in agro-ecosystems, lack the genetic flexibility to adapt to environmental
stresses. Consequently yield fluctuates markedly from year to year depending on
environmental factors, including the presence of diseases.

The use of plant populations consisting of mixtures of plant species in
cropping systems is not a new concept. In central India for example, cotton crops
often consist of a mixture of several strains of the indigenous diploid Desi
(Gossypium arboreum) plus a variable proportion, depending on local conditions,
of the introduced tetraploid Upland (G. hrrsutum). The integrity of each species is
maintained because cross-pollination between the two species is rare. The Desi
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component has favourable yield and ginning characteristics but is susceptible to
fusarium vascular wilts whereas Upland performs poorly and is susceptible to
leaf curl and red leaf but is resistant to fusarium vascular wilt. The yield obtained
from the mixture is satisfactory and the spinning quality superior to the means of
the components. Moreover, the incidence of fusarium wilt in Desi is less than in
pure stands. The increased yield of the mixture is probably due to the buffering
effect of the mixture on yield components and to reduced disease.

The use of multiline cultivars and mixtures of cultivars has been advocated
since the 1950s as a means of reintroducing to agriculture some of the diversity
of natural ecosystems. A multiline cultivar is constructed by introducing several
resistance genes separately into a well-adapted cultivar by a process of crossing
and back crossing to the adapted parent. This produces a group of cultivars that
are agronomically similar to the adapted parent except that they contain different
resistance genes. Multiline oat cultivars developed at Iowa State University in the
197Os contained up to 12 resistance genes for crown rust (Puccinta coronata).
Multiline wheat cultivars with resistance to stem rust have also been developed in
India and Colombia.

A disadvantage of multiline cultivars is the massive breeding effort and the
time needed to develop them. Moreover, they are agronomically conservative.
Experience has shown that by the time a multiline cultivar is released,
conventional breeding is likely to have produced cultivars that outyield the
adapted cultivar used in the multiline. Also, all the effort is directed at only one
disease and so contributes little to the control of other diseases of that crop. If
recombinant DNA technology is developed to the level where it can be used to
readily insert resistance genes into an adapted parent, it may be possible to
produce multilines much more rapidly and it may be possible to produce them
with resistance to several diseases.

Cultivar mixtures, as developed for barley in Europe, are composed of several
different cultivars containing different resistance genes. Unlike multilines, no
attempt is made to ensure that the components of the mixture are agronomically
similar. Such an approach may give the mixture resilience in the face of
environmental as well as pathological stresses. Mixtures are better suited to
crops such as pastures, forage crops or tree crops such as coffee, cocoa and fruit
trees that are harvested by hand. Uniformity of growth and of the harvested
product is not a concerrl in such crops. The planting in Indonesia and Papua New
Guinea of clonal mixtures of cocoa containing different levels of resistance to
vascular-streak dieback, caused by Oncobasidtumtheobromae, achieves the same
effect.

The well-known cultivation of mixtures of species and cultivars in the food crop
gardens of traditional agriculturalists in regions such as South-east Asia,
Melanesia and Polynesia also has the effect of reducing the impact of pests and
diseases, probably due to the mixture effect. It has often been observed that pests
and diseases are lesser problems in traditional mixed plantings than in
monocultures such as those found on Government experiment farms.

Sowing blocks of several different cultivars possesiing unlike combinations of
resistance genes, rather than sowing a single cultivar on a farm, is another
application of spatial diversification of resistance genes. Should one cultivar
become susceptible to a newly evolved or introduced pathotype, serious losses
would be confined to a portion of the crop rather than the entire crop.

There are several reports of reductions in epidemic development in multiline
cultivars and cultivar mixtures relative to those occurring in the components
when growrl alone. Workers in the United Kingdom found that with appropriate
mixtures of cultivars of spring barley, the level of powdery mildew infection can
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be reduced by up to 8o0lo. Similarly, the incidence of glume blotch in wheat
caused by Stagonospora nodorum was less in mixtures. Mixtures consisting of as
few as three barley cultivars with different sources of resistance to powdery
mildew resulted in yield increases of 7o/o compared to the mean of the
components when grown alone. This yield response was similar to that obtained
by a single application of fungicide. One might expect that mixtures containing
more cultivars would have resulted in a greater yield response.

Spatial diversification of resistance genes reduces disease within crops by
several mechanisms. Firstly, it reduces the spatial density of plants susceptible to
any given pathotype of the pathogen. This results in a decrease in the amount of
susceptible tissue in a given area. Thus, much of the primary inoculum landing
on the crop falls on an inhospitable host leading to a decrease in the amount of
effective initial inoculum so the start of an epidemic is delayed. Secondly, the
probability of secondary inoculum produced on a parent plant reaching and
infecting neighbouring plants is reduced due to the lower density of susceptible
plants. Many spores are 'lost' because they fall out of the air before they reach a
susceptible plant. Moreover, resistant plants within the mixture impose a
physical barrier to the spread of inoculum to susceptible plants. Inoculum that
lands on resistant components of the mix is also 'lost' from the population leading
to a reduction in secondary inoculum. Consequently, the rate of epidemic
development is reduced. Finally, the effectiveness of resistance genes might be
influenced by induced resistance interactions between the host and the
pathogen. Inoculation of plants with avirulent pathotypes often induces a
resistance reaction which renders the plant resistant to pathotypes to which it is
normally susceptible. Thus, when inoculum lands on resistant components in a
mixture it could induce a resistance reaction, causing plants to become resistant
to a range of pathotypes.

The effect of mixtures in restricting disease development may be small in any
one generation of a pathogen but the effect may be cumulative over many
generations. Consequently, it may not be a good option in restricting epidemics of
pathogens that complete only a few generations in a season (e.g. cereal rusts in
North America and parts of Australia where only 3-4 generations occur).
However, with pathogens such as powdery mildews of cereals in parts of Europe,
where the pathogen completes l0-2O generations in a season, restriction of
epidemic development is much more marked.

Regional deployment of genes for race specific resistance

Regional deployment (sometimes referred to as inter-regional diversification) of
resistance genes means using different genes for resistance in different
geographic regions. It has been suggested as a control strategy for crops that are
growrl in large continuous belts such as wheat and corn in North America. The
severe winters in the northern region of the northern hemisphere prevent many
pathogens from surviving, so that survival occurs only in the milder southern
regions. During the summer months of the year the opposite occurs. The hot
climate prevents survival in the south and the pathogen survives in the cooler
northern regions. Consequently, the pathogen depends on each region for
survival and for the subsequent supply of inoculum and a definite south-north-
south disease path exists.

Under conditions such as those that exist for cereal rusts in North America,
regional deployment of resistance genes can be used to regulate the race
composition of Puccini.a spp. in such a way as to reduce the intensity of
epidemics. If the cultivars grown in the southern areas contain different
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resistance genes from those used in the north, the pathogenic races originating in
the south during winter will be unable to attack the northern cultivars in the
following spring. Similarly, those races that survive in the north during the
summer will not be able to attack the southern cultivars during the winter. Thus
the disease path will be broken. In practice, it may be necessary to divide the
grain belt into more than two regions if regional deployment of resistance genes is
to be effective in controlling plant diseases.

In many environments, particularly tropical, sub-tropical and some temperate
regions, the climate does not limit the survival of pathogens. They can survive in
the area where inoculum is produced (e.g. wheat rusts in Australia) and a definite
disease path does not exist. Under these conditions, regional deployment of
resistance genes would have little effect on the development of disease epidemics.

Recycling genes for pathotype specific resistance
It is well known that the composition of virulence genes in pathogenic
populations closely parallels the use of specific genes for resistance in the host
population. The withdrawal from use of cultivars after their resistance has broken
down is followed by a decrease in the prevalence of corresponding genes for
virulence in the pathogen population. Consequently, if after some years,
pathogenicity surveys indicate that specific virulences are no longer present, it
may be feasible to recommend the use of specific combinations of formerly
ineffective resistance genes again.

Recycling of genes for resistance in disease control programs has not been
used to any great extent. The wheat cultivar Eureka, which contains the 516 gene
for stem rust resistance, was released by the New South Wales Department of
Agriculture in 1938 but became susceptible in 1941 following the appearance of
race 126-l of Puccinta gramtnus tritici (Table 26.4), In the 196Os, after genes for
virulence for 516 had not been detected in the rust population for many years,
Eureka was again recommended for sowing on an experimental basis.
Unfortunately, a new pathotype of stem rust (race 2I-I) that was virulent on
Eureka quickly appeared, indicating again the vulnerability of single pathotype
specific genes for resistance.

26.6 Non-pathotype spec:fic or horizontal resistance
Pathotype specific resistance, when managed properly, can be very effective in
controlling plant diseases. Many workers, however, have suggested that non-
pathotype specific types of resistance, which act against all pathotypes of a given
pathogen, should receive more emphasis in commercial breeding programs. This
approach to resistance breeding and selection was stimulated over 30 years ago
by the publication of J. E. Van der Plank's book PLant diseases; epidemtcs and
controL in which he presented strong arguments for using what he called
horizontal (non-pathotype specific) resistance.

Van der Plank's emphasis on quantitative measurement of disease severity in
different plant cultivars enabled plant pathologists to appreciate the usefulness of
degrees of resistance less than complete immunity. A common attitude among
plant breeders is that resistance is only useful if it completely prevents disease
from developing. This misconception led people to declare on the basis of
observations that disease occurs on all cultivars, that there was no resistance in
particular crops to certain diseases. However, subsequent quantitative studies
showed that some cultivars contracted considerably less disease than others.

Non-pathotype specific resistance is usually considered to be a quantitative
type of resistance in that plants possessing it show various degrees of
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susceptibility to disease but the rate of disease development is less than in
cultivars lacking it. Consequently, cultivars showing this type of resistance are
often referred to as 'slow disease developers' (e.g. slow rusting, slow mildewing or
slow blighting cultivars).

The theoretical value of horizontal resistance is that it operates against all
pathotypes of a pathogen and, being a partial resistance, does not select strongly
for particular pathotypes in the pathogen population and therefore is unlikely to
'break down' rapidly. Consequently it is a more stable and durable type of
resistance than pathotype specific resistance. If cultivars have diverse genetic
backgrounds they are likely to differ in subtle morphological, anatomical and
chemical traits that affect the rate of invasion and sporulation of pathogens.
These differences may be very small and may therefore be difficult to measure,
but they could well contribute to differences in the rate of epidemic development
in populations of the plant in the field where small rate-reducing effects can be
greatly magnified during a season, particularly during polycyclic (many
generations) epidemic development.

Characteristics that contribute towards slow disease development include
reduced lesion numbers per unit of inoculum, reduced spore production per
lesion, increased generation times and reduced reproductive life of lesions.
Although the pathogen infects the plant, the number of infective propagules
produced per unit of inoculum per unit of time is reduced. This reduces the rate
of disease development in the plant population. Consequently, unlike vertical
resistance where diversity of resistance genes among cultivars enhances its effect,
quantitative resistance is most effective under conditions of uniformity with
respect to cultivars possessing it.

26.7 The use of vertical and horizontal resistance
A classic example of vertical and horizontal resistance was observed after the
introduction to Australia of the wheat stripe rust fungus in 1979. Vertical
resistance to stripe rust controlled by Yr genes broke down extremely rapidly. Yr6
lasted only about two years in growers' fields before destructive amounts of rust
began to occur on cultivars carrying it. In 1986 a pathotype was detected in
Tasmania that was virulent on Yr7 . This virulence for Yr7 was of concern because
Yr7 was present in some commercial cultivars. However subsequent field
observations suggested that the important cultivars with YrZ possessed adequate
levels of an 'adult plant' type of resistance to protect them against serious losses.
They became infected but sustained much less infection than other cultivars.
These cultivars, as well as the 'tall' Australian cultivar Olympic which was
released in 1956, were said to have 'adult plant resistance' because they were
susceptible as seedlings but became more resistant after the 4 or 5 leaf stage of
growth. The resistance was partial but has proved more than adequate to manage
the rust in most seasons. Such resistance appears to have remained stable from
1979 to the present. There is no evidence that it displays any pathotype
specificity. It perfectly fits the concept of horizontal resistance described above. It
is inherited additively, although it may be largely controlled by just a few genes. It
is very sensitive to temperature, being more strongly expressed at higher
temperatures. It is expressed more strongly in older than in younger leaf tissue,
which may indicate that it is controlled by factors that contribute to the increased
toughness of leaves as they age. This is consistent with the idea that horizontal
resistance is not necessarily controlled by'resistance genes'but by genes which
contribute to many aspects of plant structure and functioning and just happen to
interfere with pathogen invasion. Genes controlling cuticle thickness, cell wall
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thickness, silica and lignin deposition and many aspects of cellular biochemistry
could have such effects.

In some instances 'adult plant' resistance is controlled by a single gene and
often appears to be more durable or long-lasting than other types of single gene
resistance. For example, the Sr2 gene for resistance to stem rust of wheat
provides useful protection, although at a lower level, than most other Sr genes. It
confers an 'adult plant' type of resistance and has remained effective for over 50
years in many parts of the world. It is expressed as a 'slow rusting' type of
resistance in which the rate of epidemic development is reduced.

Resistance of arabica and robusta coffee to coffee rust (HemiLeia uastatrx) also
demonstrates the functioning of vertical and horizontal resistance. The
incorporation of genes for vertical resistance into arabica coffee (CoIfea arabica,
the highland-grown species regarded as producing the highest quality coffee) has
followed the cycle typical of vertical resistance. It began with breeding the initial
'Kent' resistance into coffee in India in the l92os, followed by the use of a total of
5 different genes for rust resistance. Each successive gene and gene combination
was overcome by new pathotypes of the rust. About 3O different pathotypes of
coffee rust controlled by 5 identified virulence (u) genes have been detected.
Pathotype I (which currently makes up about l4o/o of all isolates world-wide)
contains u2 and u5, pathotype II (580/o of all isolates) contains u5 and pathotype III
(90lo) contains u1 and u5. Race II (u5) overcame the resistance conditioned by the
resistance gene present in the most common arabica cultivars such as l)rpica,
Bourbon and Caturra. Pathotype I (qud was first detected in India when it
overcame 'Kent'resistance based on two genes. Vertical resistance was generally
seen as being ineffective in controlling the disease. The history of deployment of
vertical resistance genes in India perfectly exemplifies the problem. Kent's
cultivar, discovered in 19ll, was resistant to the prevailing pathotype II of H.
uastatrix, but then after several years of widespread cultivation succumbed to an
increase in the population of pathotype I. Selections of coffee with resistance to
pathotype I became damaged by other pathotypes .

In contrast, the lowland robusta coffee species (Coffea canephora) appears to
have horizontal resistance to coffee rust. The species is nearly always infected by
the rust, but the rust is not considered to be a serious problem. This is especially
significant in relation to the fact that robusta coffee grows in the hot, humid,
lowland tropics in which arabica coffee is devastated by the rust. This rust
resistance appears to have been stable for decades as no one talks of a
breakdown in the rust resistance of robusta coffee. The resistance is more-or-less
constant to all 3O known pathotypes of rust from arabica coffee. The inheritance
of the resistance is not understood, which may indicate that it is complex or at
least additive. In 1927 a single tree derived from spontaneous hybridisation
between Coffea arabica and Coffea canephora was discovered in East Timor in
Indonesia. A line of coffee known as Hibrido de Timor (HDT) derived from this tree
had a predominantly arabica phenotype combined with the rust resistance of
robusta coffee. By 1956 HDT had been propagated to cover nearly the whole of
East Timor, replacing the Tlpica cultivar of arabica that had been seriously
damaged by rust. Since then HDT has been crossed with the Caturra cultivar in
Brazil to produce many Catimor (Caturra x Hibrido de Timor) lines which
combine the quality and adaptive characteristics of arabica coffee with the rust
resistance of robusta coffee. Many of these lines remain resistant to all known
pathotypes of the rust and are now being planted widely throughout the world to
manage rust. The resistance of HDT certainly appears to be stable, with a history
dating back to 1927. The resistance of many Catimor lines also appears to be
stable, although it has a much briefer history than HDT.
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It is interesting to note that coffee rust is not regarded as a serious problem in
arabica coffee trees occurring in the semi-wild forests of the highlands of
Bthiopia, the centre of evolution of the species. There is evidence that most of the
vertical resistance genes occur there, giving a natural 'multiline effect'. This,
possibly combined with a degree of horizontal resistance in the coffee, appears to
control rust in the wild coffee population.

Consequences of using vertical resistance without horizontal resistance

Vertical resistance probably functions well in natural ecosystems not only
because it occurs in mixed populations of the plant but also because it is backed
up by horizontal resistance that has accumulated in the population in response
to natural selection. This was evident in the SoLanum demissum populations from
which R genes were taken for use in breeding potatoes resistant to P. infestans.
The R genes were apparently taken without both the population diversity and the
horizontal resistance that had backed it up in the natural population of
S. demissum.

Van der Plank documented cases where horizontal resistance appears to have
been lost from cultivars. For at least the first 400 years after its introduction to
Africa, probably soon after Columbus' first voyages, maize was grown free of
tropical rust, Puccinia polgsorain Africa. Accordingly, due to lack of selection for
it, horizontal resistance to rust was apparently lost from the maize populations.
As a result, when Puccinia poLgsora was introduced to Africa in the l94Os, it
caused devastating epidemics of a severity never seen in the Americas where
rnaize had evolved. Fortunately, horizontal resistance to tropical rust was rapidly
accumulated by selection in the diverse, outbreeding rnaize populations, with
farmers selecting their future seed from plants that best survived the epidemics.
A similar, more-or-less natural selection for horizontal resistance was seen in the
cocoa population in Papua New Guinea in the face of the devastating epidemic of
vascular-streak dieback caused by the fungus Oncobasidium theobromae in the
l96os. Growers replanted with seed from the surviving trees in the very
heterogeneous cocoa population exposed to the epidemic. This resulted in
abatement of the epidemic. The resistance of many clones selected during the
initial epidemics has remained strong to the present day. In fact, selection for
resistance reduced the disease from a factor that verv nearlv destroved the cocoa
industry to a minor problem.

The same situation probably occurred with the potato in Europe, where it was
grown for centuries in the absence of Phgtophthora inJestans. Wtren late blight
struck European potatoes in 1845, the crop appeared to have very little
resistance. Between I845 and the l93Os, selection of planting material that
survived the epidemics lead to the accumulation of much horizontal resistance in
European potato cultivars, especially the late maturing types that had to survive
the most extended late bl ight epidemics. Some of this resistance was
subsequently lost by neglect through concentration on the use of R genes and
fungicides to control the disease. Van der Plank documented this situation in the
potato cultivar Vertifolia and so named the effect the 'Vertifolia effect'.

26.8 Breeding for disease resistance
The use of vertical resistance became popular in breeding programs because it is
relatively easy to transfer single genes into well-adapted cultivars by cross
breeding. Because the genes have major effects and are expressed throughout the
life of a plant, they are easily detected by inoculation of seedlings in a
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greenhouse. This facilitates the screening of large numbers of new accessions in
breeding programs.

Horizontal resistance, on the other hand, usually requires much closer
observation to detect it, and much more effort in screening new accessions.
Because it is inherited quantitatively, it requires a different strategy to
incorporate it into new cultivars. However, as pointed out above in relation to
cocoa and maize, it is easily selected for using the simple methods of subsistence
farmers who select the best survivors from heterogeneous plant populations
exposed to severe epidemics in the field. It can be selected in the same way as
any other quantitatively inherited character (e.g. yield). In fact, most plant
breeding programs are concerned with breeding for quantitatively inherited
characters.

Simmonds (1979, p. 269) put breeding for plant disease resistance into proper
perspective when he commented that

Turning now to a consideration of the place of different kinds of resistance in
breeding programs, there is no doubt that polygenic horizontal resistance has
always been and remains by far the most important because it accounts for
the multitude of middling resistances, far short of immunity but good enough
for practical purposes, that maintain a fair control of the minor diseases and
often some of the major ones too. A continual modest effort, amounting to
little more than the discard of lines or clones that seem to be more than
usually susceptible, suffices: in short, a strategy of watchful neglect...
Something more positive is needed for the major diseases...

In fact, an adequate level of horizontal resistance in plants may be the reason
why many minor diseases are 'minor'. Many breeders now see the strategy of
breeding to control even major diseases as involving a process of simply avoiding
the most susceptible types. There is often no need to strive for immunity,
especially when economic thresholds for diseases are considered and when
resistance is used as part of a program of integrated pest and disease
management.
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