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Preface
This work proposes methods of reducing, even eliminating, the use of crop protection chemicals from our
crops and environment. It seems that this can best be achieved by self-organisation (sensu Adam Smith) within
agro-ecosystems. This self-organisation can be brought about by numerous plant breeding clubs that are employing
durable resistance to crop parasites.
If we consider the food production of a country, we find a self-organising system. Many farmers, acting
individually, choose what crops to grow, and what cultivars of those crops to grow. Their decisions are based
mainly on their environment, and on market demand, which comes from the decisions of individual merchants who
buy their produce. Systems of transport and food processing convert raw materials into marketable products, and
retailers make these products available to consumers through stores and super-markets. These consumers choose
what they buy, usually on a basis of either cost or quality. The stores must stock items according to customer
preferences. There must be some government control to ensure purity and hygiene, and to prevent monopolies and
cornered markets. But, in general, too much government control is damaging. This was revealed dramatically by
the failure of the Soviet system of State-controlled agriculture. Government control must be kept to the essential
minimum, and the entire system should be self-organising. The importance of this phenomenon of self-organisation
was first recognised by Adam Smith (1723-1790) in his book The Wealth of Nations, published in 1776, although
he did not use this term. Immanuel Kant (1724-1804) was apparently the first to use the term ‘self-organisation’.
The present volume is intended primarily for universities wishing to initiate student clubs for plant breeding, but it
may also be of interest to any scientist involved with crop parasites. A proper understanding of this topic requires
an acquaintance with the general systems theory, modern complexity theory and, most of all, various concepts of
the ecosystem and the pathosystem.
A further purpose of the present book is to summarise, bring up to date, and present in one volume,
concepts that I consider relevant in earlier writings of mine, including books that are now out of print.
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Chapter One

1. General Systems Theory
1.1 Introduction
The founder of systems theory was a little known Russian scientist called Alexander Bogdanov, who
published a three-volume work entitled Tektology in 1912-1917. A German edition was published in 1928 but the
work remained largely unrecognised and unknown in the W est. Lenin denounced Bogdanov on ideological
grounds, and the Soviet authorities suppressed his works.
About a quarter of a century later, an Austrian scientist, Ludwig von Bertalanffy, developed his general
systems theory. It is unlikely that he was ignorant of Bogdanov’s earlier work, but he never acknowledged it, and
the lingering possibility of plagiarism cannot be entirely dispelled. Nevertheless, Bertalanffy was very influential,
and he is widely recognised as one of the principle founders of the general systems theory. His main contribution
was the concept of the open system, which would allow energy to flow into it and, interestingly, this was an
enlargement of the second law of thermodynamics.
The French physicist Sadi Carnot first formulated the second law of thermodynamics, which postulates
that all energy gradients disappear in a closed system. This process is described as an increase in entropy, or
disorder. A closed system will thus tend to total internal uniformity of energy distribution. The open system is in
direct contrast and, by absorbing energy from outside, it can increase its energy gradients. An open system can be
described by saying that its negative entropy (negentropy) increases.
The concept of negative entropy can be applied to complexity of organisation, as well as to energy. In a
closed system, organisation tends to disappear, resulting in total disorganisation, and simplicity of arrangement. In
an open system, organisation tends to increase, resulting in complexity of organisation. All living systems are open
systems. They absorb energy, and their complexity of organisation increases.

1.2 Patterns
A pattern is an arrangement of units. A wall is a pattern of bricks, a word is a pattern of letters, a tune is a
pattern of notes, a molecule is a pattern of atoms, and so on.
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1.3 Systems
A system is a series of patterns of patterns, and each pattern of patterns is called a systems level (see 1.4).
There are many kinds of system, including electrical systems, mechanical systems, political systems, solar systems,
living systems, taxonomic systems, traffic systems, and so on. Systems theory studies the properties that these
various systems have in common. The most relevant of these properties are described under the various headings
below.
W hen it is applied to a word, the suffix ‘-ation’ often implies a system. Thus, we have ‘transport’ and
‘transportation’. W hen someone offers a ride and says “May I offer you transportation?” he should really say
‘transport’. And the system of public busses and underground trains in London is called “London Transport”, when
it should really be “London Transportation”. Similar comments can be made about ornament and ornamentation (a
system of ornaments), classification (a system of classes), experimentation, hyphenation, organisation, plantation,
medication, and so on.

1.4 Systems Levels
A pattern of patterns is usually called a systems level. For example, a book is a static system, which
consists of subsystems called chapters. Collectively, these chapters constitute a systems level. Each chapter
consists of subordinate patterns of patterns (or secondary subsystems) called paragraphs. And so on, downwards,
through sentences, words, and letters. The book itself is part of a super-system called a library. Clearly, a book has
many systems levels.
The importance of recognising systems levels is that they lead to the concepts of emergents, reductionism,
and suboptimisation. It will transpire that these concepts are central to any analysis of twentieth century crop
science.

1.5 Hierarchies and Networks
W e tend to think of systems levels in terms of hierarchies. Each systems level is a rank in the hierarchy,
superior to the rank below it, and inferior to the rank above it. This is a very convenient and useful method of
analysis but, in fact, it is often a misrepresentation. It is perhaps more accurate to think in terms of networks, and of
networks nesting within other networks, all interacting within themselves and among themselves. Some networks
are larger than others, but this does not necessarily make them superior. Nevertheless, for simplicity of discussion, I
will continue writing in terms of systems levels.
A beautiful example of a network is the Internet. Here is a network of networks if ever there was one.
Perhaps we should think of the Internet as some kind of ‘super-organism’, with a ‘life’ of its own, and soon to
produce entirely new emergents (see 1.9) of enormous importance, which we can now perceive only dimly, if at all.
One of the more obvious emergents will be entirely new forms of global awareness and democracy.
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1.6 Homeostasis
The term ‘homeostasis’ was coined by the American physiologist W alter Cannon (1932) who was
describing the many self-regulatory mechanisms in the human body. The classic example of homeostasis is the
maintenance of body temperature. If we get too hot, we sweat, and evaporation cools us down. Conversely, if we
get too cold, we start shivering, and this involuntary exercise warms us up. Subsequently, homeostasis was
recognised in many other systems. For example, Lerner (1954), coined the term ‘genetic homeostasis’ to describe
the maintenance of an optimum genetic constitution of a population.
Homeostasis describes an important aspect of systems control, which results in the maintenance of a
desirable steady state. The mechanism of this control is called feedback.

1.7 Feedback
The term ‘feedback’ refers to the output controlling or influencing the input. The cyberneticists, who
recognised two kinds of feedback, introduced the concept of the ‘feedback loop’. And they called self-balancing
feedback ‘negative feedback’, and self-reinforcing feedback ‘positive feedback’.
Negative feedback is illustrated by all homeostatic mechanisms. For example, the automatic steering of a
ship exhibits a phenomenon that engineers call ‘hunting’. That is, the ship tends to veer slightly away from its
proper course, and the homeostatic steering mechanism brings it back again. But it may then veer slightly off
course in the other direction, and the steering mechanism brings it back again. This control, this homeostasis, which
returns the ship to its optimum, is negative feedback which, obviously, is self-balancing and valuable.
The resilience, flexibility, and overall stability of a complex adaptive system, such as an ecosystem, are a
consequence of its many negative feedback loops. For example, if a parasite becomes excessively damaging, the
host population accumulates resistance to it, and the parasitism returns to its normal level. It is this feedback which
brings the system back to its optimum whenever there is a deviation from the norm.
Positive feedback, being self-reinforcing, is often destructive. In common usage, it is often called a vicious
spiral. W ith positive feedback, there is an exponential increase. That is, the rate of increase is itself increasing.
An example of positive feedback is the self-fulfilling prophecy. If false rumours circulate that an airline is
about to go bankrupt, passengers will avoid it for fear of cancelled flights and valueless tickets. There is then a
rapid loss of business, which leads to increasingly strong rumours of bankruptcy. These increasing rumours are
positive feedback, and the previously solvent airline loses so much business that it may well go bankrupt. A similar
positive feedback can lead to a stock market crash. Another example is the ear-splitting howl that often develops in
a public address system. The microphone picks up the hum of the speakers. The hum is then amplified, and the
hum of the speakers increases. Positive feedback makes the hum rapidly louder and louder.
Perhaps the most important example of positive feedback in biology is the population explosion. The total
reproduction of a population depends on numbers of individuals. As reproduction increases, so numbers increase,
and the rate of increase itself increases, in a vicious spiral. Species that are capable of very rapid population
explosions are called r-strategists (see 1.13) and they are of special significance in crop pathosystems.
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1.8 Resilience
The combination of all the homeostatic mechanisms in a system produces the emergent property of
resilience. Resilience means that the system can suffer quite wide swings away from its optimum, and then recover.

1.9 Emergents
An essential feature of a pattern is that it has emergent properties, often called ‘emergents’. An emergent
can be observed only at its own systems level. It cannot be discerned from any lower systems level. This can be put
another way by saying that an emergent has ‘novelty’. That is, as one progresses to higher and higher systems
levels, each emergent is new in the sense that it does not occur at any lower systems level. An emergent is often
described by saying that the whole is greater than the sum of its parts. The whole includes both the sum of all the
parts of the system, as well as the emergents, which are additional to the sum of all those parts.
In a living system, any behaviour, at any systems level, is an emergent property of that system. Life itself
is an emergent. In the past, various characteristics that are unique to living organisms were often described as ‘vital
forces’, and these too are emergents. So too are the various human intangibles, such as creativity, generosity, and
sociability, that are generally considered ‘unscientific’, simply because they cannot be easily measured.
In this general context of behaviour being an emergent, it is possible to speak of ‘plant behaviour’, at any
systems level. Obviously, plants do not walk and talk, but they exhibit behaviour in the sense of growth, sexual
recombination, reproduction, and death. Indeed, Fisher & Hollingdale (1987) have shown that plants with suntracking leaves have both a primitive sight, and a daily movement. They also have a primitive memory that enables
them to turn their leaves, during the night, to face the rising sun.
At the higher systems levels, we can speak of ‘ecosystem behaviour’, and ‘pathosystem behaviour’. In
terms of the present book, the most prominent example of a pathosystem emergent is the system of locking that
emanates from the gene-for-gene relationship (see 4.14 & 4.15). This emergent cannot be seen from any lower
systems level and it has been scientifically ignored for this reason. Such blindness is called suboptimisation (see
1.11), and it is a consequence of reductionism (see 1.10). This topic is discussed in greater detail below (see 2.3).
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1.10 Reductionism
The term reductionism has two rather different meanings in science. One is laudable and the other is
derogatory. In its laudable sense, reductionism means a search for genuine fundamentals, which can occur at any
systems level. Less laudably, and in the terminology of systems theory, reductionism means working at the lower
systems levels. This is sometimes called the merological approach. However, it is not true fundamentalism. The
lower systems levels are not necessarily more fundamental than any other systems level. It is in this derogatory
sense that the term ‘reductionism’ is used throughout this book. In this sense of the term, reductionism is
hazardous, because emergents that are apparent only at the higher systems levels are invisible to investigators who
are working exclusively at the lower systems levels.
The converse of derogatory reductionism involves the higher systems levels, and it is called ‘holism’ or
the ‘holistic approach’. Excessive reductionism, and excessive holism, lead to biased science. Good science treats
all systems levels as being equally worthy of investigation.
It is often argued that the finer the details, or the lower the systems level, of the analysis, the more
fundamental the science becomes. Hence, the importance of particle physics. Hence, too, is a widespread love of
reductionism. It is not my intention to denigrate research conducted at the lower systems levels. However, far too
many scientific investigations are conducted exclusively at the lower systems levels. And I believe it is self-evident
that science must treat all systems levels with equal respect.
Taxonomists are often divided into so-called ‘splitters’ and ‘lumpers’. Splitters are reductionists, and
lumpers are holistic. For example, in the taxonomy of Citrus, Tanaka (1954), a splitter, proposed 145 species, while
Swingle (1967), a lumper, proposed only sixteen species.
Let us consider reductionism within the discipline of plant pathology. In the middle of the twentieth
century, plant pathology was almost exclusively concerned with the functioning of the gene-for-gene relationship
(see 4) at the systems level of the individual. That is, at the systems level of one individual host interacting with
one individual pathogen. Typically, a single detached leaf or leaf-disk would be inoculated with a single spore, and
the interaction would be qualitative. There would either be disease, or no disease. The pathologists would then
assemble a set of host differentials that would identify any ‘physiologic race’ of the pathogen. And they would
assemble a set of ‘physiologic races’, or pathogen differentials, that would identify any resistance. These
differentials became an essential tool of plant breeders who were working with this kind of resistance.
Then, for the next two or three decades, mainstream plant pathology moved to a lower systems level, and
concentrated on the individual resistance mechanism. In particular, it was concerned with the chemistry of these
mechanisms. This was known as ‘physiologic’ plant pathology and, for some thirty years, it claimed the lion’s
share of research funds. More recently, almost the entire discipline has moved to an even lower system level and it
has embraced molecular biology. This is the lowest systems level of all in biology. Indeed, it is impossible to go
any lower, because anyone who works at a lower systems level stops being a biologist and becomes a chemist.
Mid-century plant pathologists could and should have considered the converse trend, the holistic
approach, which involves the higher systems levels. The level above the individual host and the individual
pathogen involves the interaction of two populations. That is, the pathogen population and the host population
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interacting with each other. This is the level of the pathosystem. A still higher level is the ecosystem, which
involves populations of many different species interacting with each other and their environment.
It is important not to belittle or to over-emphasise the significance of any systems level. They are all
important, and a good scientist considers them all equally. W hat is dangerous, however, is the tendency to
exclusiveness, the tendency to claim that the systems level of one’s choice is uniquely important.
The importance of the holistic approach is that it does not suboptimise (see 1.11). It does not attempt to
analyse or to control the entire system in terms of only one or a few subsystems. Nor does it neglect the emergents
of the higher systems levels, which are undetectable at lower systems levels. There is no escaping the fact that
modern crop protection is in a mess. And, it seems, this mess is the result of reductionism and suboptimisation.

1.11 Suboptimisation
Suboptimisation means that a system is being analysed or managed at too low a systems level. In systems
analysis, suboptimisation leads to false conclusions. In systems management, it leads to material damage to the
system. Suboptimisation is the equivalent of “not seeing the forest for the trees” or “arguing from the particular to
the general”. It will transpire that, in the analysis and management of our crop pathosystems, we have been
suboptimising to an incredible extent, for the whole of the twentieth century. And our crop pathosystems have been
damaged accordingly.
A simple example of suboptimisation comes from considering the systems levels of a book. Consider a
Shakespeare play, and the personality of, say, Hamlet. This personality is an emergent. It is so complex that every
great actor can have a different, although valid, interpretation of it. But the personality of Hamlet is discernible
only in terms of the play as a whole. If that personality is examined in terms of only one act, one scene, one speech,
one sentence, or one word, the examination will become increasingly incomplete, and increasingly inadequate.
Suboptimisation results from two distinct factors. The first, and most important, is that emergents can be
discerned only at their own systems levels. An emergent cannot be discerned from lower systems levels. The
personality of Hamlet is an emergent from the play as a whole. Anyone who studies that personality from only one
subsystem cannot see the entire personality, and will inevitably suboptimise, reaching inadequate, and false,
conclusions concerning it. The second factor contributing to suboptimisation is that other subsystems tend to be
ignored and neglected. Inevitably, the systems analysis is then incomplete and inaccurate. And the systems
management is inappropriate.
Two examples will illustrate the importance of these points. Richard Dawkins (1976), in a popular book
called The Selfish Gene, produced what must surely be the ultimate suboptimisation, the extreme of reductionism.
He attempts, light-heartedly no doubt, to explain the evolutionary emergents of the most complex living organisms
in terms of the ‘selfish gene’. This sub-optimisation approximates to the sub-optimisation of explaining the
character of Hamlet in terms of a single letter of the alphabet.
At the opposite extreme, Vernadsky (1926), working at the highest systems level, developed the concept
of the biosphere, but his work was largely ignored in the W est. Then James Lovelock (1972) suggested that the
entire biosphere was a single, self-organising system. He called this idea The Gaia Hypothesis. At the time, most
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scientists rejected his idea out of hand. But Lovelock is undoubtedly right, and his idea has already had a profound
influence on the life sciences. It is also an emergent that was previously unobserved, because no one was working
at that high a systems level, and the extraordinary beauty of our planet, when seen from space, was then quite new.
A lot of suboptimisation has occurred in crop science because of too much specialisation, and too many
‘water-tight’ compartments. Crop science has been divided into the principle schools of genetics, pathology,
entomology, pedology horticulture, and agronomy, and each school usually became a separate research or
university department, often isolated in its own building. The members of one school rarely spoke to the members
of the other schools, or to related schools, such as ecology, systems theory, and evolutionary biology. Possibly the
worst example of suboptimisation in crop science involved the misuse of the vertical subsystem (see 5.3). In fact,
most of our studies of the crop pathosystem during the twentieth century have been distorted by suboptimisation.
As a consequence, the crop pathosystem has been seriously mismanaged, and this is why we now use crop
protection chemicals costing billions of dollars a year, and suffer pre-harvest crop losses of up to 25% (Pimental et
al, 1993) in spite of the use of these expensive and hazardous chemicals.

1.12 Local Optimisation
In a balanced ecosystem, every variable is at its optimum. Attempts to maximise any of these variables
will lead to an unbalanced system, even to the point of irreversible damage or self-destruction. However, it could
be argued that this kind of suboptimisation is exactly what has occurred in the agro-ecosystem and, at this point, it
is necessary to distinguish between suboptimisation and local optimisation.
Local optimisation means that a variable is changed to suit new circumstances resulting from the fact that
the system itself has been changed. An obvious example is the yield and quality of a domesticated crop species,
compared with its wild progenitors. The domesticated species is a component of an agro-ecosystem, not a wild
ecosystem. The chief requirement of a wild ecosystem is survival in the face of ecological and evolutionary
competition. In the agro-ecosystem, this competition has been largely eliminated. The survival of the cultivar
depends on entirely new criteria, such as its yield and the quality of its product. The increase in these properties is
local optimisation. This increase would be suboptimisation in a wild ecosystem, but the agro-ecosystem is a
different system, with different requirements.
If all people disappeared, and all agriculture stopped, the agricultural lands of our planet would quickly
revert to being wild ecosystems, and our domesticated species would soon disappear. Typically, the most highly
domesticated lines would disappear first, and the least domesticated lines would survive the longest.
In a later section of this book (see 11.10), the domestication of horizontal resistance to crop parasites is
discussed. This quantitative resistance occurs in every plant and against every parasite of that plant. Its natural
optimum is sufficient to ensure that the parasites of a wild host plant do not impair its competitive ability. However,
this kind of resistance is at a low level in most modern cultivars. Indeed, it is often at a level considerably lower than
that of the optimum in wild plants. W e should now domesticate it to a considerably higher level than the optimum of
wild plants, if we want to reduce the use of crop protection chemicals to the minimum. This domestication of
horizontal resistance would constitute local optimisation.
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1.13 Ecosystems
The English botanist A.G. Tansley (1871-1955) was interested in the concept of the ‘super-organism’.
This concept suggested that a community of individuals, such as a termite nest, containing several million
individual termites, could itself be regarded as an individual, a super-organism. There could then be evolutionary
competition between super-organisms. This concept had a clear implication of systems levels, with each level being
called a population. For example, a forest is a population of trees, a tree is a population of leaves, a leaf is a
population of cells, a cell is a population of organelles, and so on. The concept also had a clear implication of group
selection.
Tansley liked the concept but not the term, and he made a memorable contribution when he coined the
entirely new term ‘ecosystem’. An ecosystem is a community of individuals of many different species interacting
with each other and their environment, at all systems levels. An ecosystem is self-organising. It is stable, resilient,
and self-sustaining.

1.14 r-strategists and K-strategists
Of particular relevance to this book is the ecological concept of r-strategists and K-strategists (MacArthur
&W ilson, 1967). An r-strategist is a ‘quantity breeder’, which reproduces very quickly, with very many, small,
cheap individuals. Aphids are an obvious example. An r-strategist is a species whose population size is governed
by r, the intrinsic rate of population increase during a favourable season. An r-strategist is able to exploit an
ephemeral food supply very quickly, and very effectively, by producing a population explosion. As we have just
seen, this population explosion is the result of positive feedback. W ith the end of the favourable season, the
positive feedback stops, and there is then a population extinction. Only a few individuals survive, usually in a
special state of dormancy, sufficient to initiate the next population explosion. Most crop parasites are r-strategists.
It is their population explosions that can be so very damaging, and so very difficult to control.
Conversely, a K-strategist is a ‘quality’ breeder, which reproduces only slowly, with only a few
individuals, which are very valuable. K-strategists have a population size that is more or less constant and is
governed by ‘K’, the carrying capacity of the environment. Elephants are an obvious example.
However, it would be a mistake to think that all species can be classed firmly into one or the other of these
categories. There is, in fact, a continuum, a spectrum, with all degrees of difference between the extreme
K-strategist and the extreme r-strategist.
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1.15 Diversity
It is a fundamental principle of ecology that diversity leads to stability. Most ecosystems are very diverse.
Even a climax forest, consisting largely of a single tree species, maintains considerable diversity. This diversity
occurs both within the one species of climax tree, and among the many other, less prominent species that invariably
inhabit a climax forest.
Diversity was also the rule among ancient farmers, and it still is among modern subsistence farmers. Most
subsistence farmers in the tropics grow a mixture of crop species in one field, and each species is a mixture of
varieties. The ancient Meso-Americans grew an extraordinarily successful mixture of maize, squash, and beans,
and the cultivation of this mixture is still quite a common practice in modern Mexico.
Commercial agriculture, however, stresses crop uniformity. An important reason for this is the cost of
labour. Mixed cropping is labour-intensive, and it is usually not amenable to the major labour-saving practices,
such as mechanical harvesting and selective herbicides. This difference is revealed in the degree of economic
development of a country. In a non-industrial country, as many as 80% of the population may be engaged in
agriculture while, in an industrial country, this figure may be as low as 2%.
Crop uniformity carries a cost, however, and the cost is an ecological one. It is a reduced ecological
stability. This loss of stability results mainly from an increased liability to damaging epidemics and infestations.
There has also been a loss of genetic flexibility, which is the ability to respond to selection pressures, and which
must now be discussed.
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1.16 Genetic Flexibility
Genetic flexibility means that a population can respond to selection pressures, and this response depends
on diversity within the population. Suppose, for example, that a population is susceptible to a particular parasite.
There will be variation within that population, and the most susceptible individuals will be parasitised most. They
will then reproduce least, while the least susceptible individuals will reproduce most. W ith each successive
generation, there will be a gain in resistance in the population as a whole. This gain results from a higher
proportion of resistant individuals in the population, and a higher level of resistance in those resistant individuals,
because of transgressive segregation (which means that the progeny have a higher level of a quantitative variable
than either parent). W ith increasing resistance, there will be decreasing selection pressure for resistance, until a
balance is reached. This balance is normally maintained as a dynamic equilibrium.
W ild plant populations are genetically mixed and genetically flexible, and they can respond to selection
pressures. Most crops on subsistence farms are also genetically mixed, and many are genetically flexible. They can
respond to selection pressures during cultivation. This was dramatically demonstrated by the maizes of tropical
Africa, following the arrival of Puccinia polysora (see 7.2). But genetically uniform crops cannot respond to
selection pressures during cultivation, because no individual has a reproductive advantage. These crops can
respond to selection pressures only during the breeding process, and only if the correct breeding method is
employed. That is, they will respond only if the breeding technique ensures that the correct selection pressures are
applied. Unfortunately, for the whole of the twentieth century, the wrong selection pressures have usually been
applied, and we have been gradually losing horizontal resistance to crop parasites for all of this time (see 6.6).
Flexibility is also necessary at a higher systems level. The modern tendency is to extend genetic
uniformity to an entire region, and this too can lead to a dangerous instability. The failure of a single resistance that
is employed over a very wide area can obviously lead to major losses. In complete contrast, a perfect example of
diversity at this systems level is seen with the self-organising system of crop improvement that would be achieved
by a multiplicity of plant breeding clubs (see 11.9).

1.17 Reversible and Irreversible Ecosystem Damage
W e must make a clear distinction between reversible and irreversible damage to ecosystems. If the
damage is within the resilience capabilities of the ecosystem, it is reversible, and the ecosystem will recover.
Occasionally, however, an ecosystem can suffer damage beyond the limits of its resilience, and beyond its
capacity for recovery. Some ecosystems are fragile, and they can easily be triggered into collapse. During the
Holocene pluvial period (12,000-9,000 years ago), Lake Chad was the size of the Caspian Sea, and the Sahara was
lush grassland. But over-grazing by pre-agricultural herders, at a time of declining rainfall, led to soil separation.
Once the soil broke down, and separated into dust storms, sand dunes, gravel, stones, and bare rock, the damage
was irreversible, at least in historical time.
Similarly, early agriculture has been responsible for much soil erosion. This is seen, for example, in
Greece and much of the Middle East. The cedars of Lebanon have long since disappeared, because of both
deforestation and soil erosion. Modern agriculture is not entirely blameless in this regard.
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The concept of a ‘trigger’ mechanism is useful here. A relatively minor geological change can produce
major consequences. Volcanic activity in Central America produced new land that linked North and South
America. It is thought that the change in ocean currents, once the Atlantic and Pacific Oceans were physically
separated, may have triggered the last Ice Age, which intensified because of positive feedback.
The extinction of species is also irreversible. The new land bridge linking North and South America
certainly led to the extinction of most of the marsupials in South America, as exotic carnivores moved in from
North America. The great extinctions that have occurred in various geological epochs are another obvious example,
the extinction of the dinosaurs being the most famous.
Our hunter-gatherer ancestors were responsible for the extinction of many species of prey animals because
of over-hunting. Such extinctions can have major ecological reverberations. For example, the Clovis Point people
in North America hunted many large herbivores to extinction. This led to the extinction of some of the carnivores,
such as the sabre-toothed tiger, because of a lack of prey. In its turn, the lack of carnivores led to a gradually
increasing population of plains bison. It is thought that these bison destroyed forests by grazing tree seedlings. The
forests could not regenerate and, as the existing trees died, the forests became grasslands. It is entirely possible that
much of the Prairies of North America are not natural grasslands at all, and that they are the end-result of
extinctions caused by excessive human hunting, some ten thousand years ago.
More recently, with the development of trans-oceanic travel, the movement of species from one continent
to another by people has caused considerable ecological chaos. Rabbits and cactus in Australia, potato blight in
Ireland, Colorado beetle in Europe, and killer bees in South America are obvious examples. Some of the world’s
worst crop parasite problems are the result of new-encounter parasites (see 3.8). However, although many of these
changes are irreversible, some of them are modifiable. For example, the problems of rabbits and cactus in Australia
were ameliorated by biological control (see 6.7).

1.18 Stability
Ecosystem stability is a dynamic stability, maintained by homeostasis, and negative feedback. Stability in
a wild ecosystem is clearly essential if that ecosystem is to survive. An ecosystem can normally survive any of the
extremes of environmental variation, such as temperature or water availability. W ild ecosystems are vulnerable
only to very rare cataclysmic events, such as volcanic eruptions, earthquake-induced tsunamis, or an asteroid
collision with Earth.
Modern agro-ecosystems, however, are rather unstable. Much of this instability comes from the failure of
a resistance to one or another parasite, and the consequent loss of otherwise excellent cultivars. Another
contribution to instability is the loss of crop protection chemicals that have been matched by new strains of crop
parasites. And the so-called ‘chemical’ agriculture of the past half century has led to dangerous losses in soil
microbiological activity.
Excellent examples of dynamic stability in plant pathosystems are seen with the n/2 model of the vertical
subsystem (see 4.15), and comprehensive horizontal resistance (see 7.2.13).
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1.19 Sustainability
A completely sustainable system of agriculture is one that can continue to be productive indefinitely,
without major inputs. The Mexican system of cultivating maize, beans, and squash in a mixed population is a good
example of a sustainable system. The only inputs are rather low levels of organic manure, seed, and labour. This
system was developed several thousand years ago, and it has endured until the present without significant change.
The three species of crop are indigenous to this area, and they all have adequate levels of durable resistance to all
the locally important parasites. Crop protection chemicals are not required. However, the system is rather labourintensive, and the yields, although good, are not high by the standards of modern commercial agriculture.
This level of sustainability is impossible in modern agriculture. W ithout artificial fertilisers, the world
would starve. W e cannot feed six billion people using only the existing plant nutrients in the soil, and organic
manure (from both humans and farm animals), with some nitrogen added by lightning and nitrogen-fixing microorganisms. A similar situation exists with crop protection chemicals. Many modern cultivars are far too susceptible
to pests and diseases to permit cultivation without protection from synthetic pesticides. This is true also of
herbicides, because the costs of hand weeding are too high to be even remotely economic, and machine weeding is
expensive and less effective. Similar comments can be made about the other aspects of farm mechanisation, such as
ploughing and tilling. W ithout these chemicals, and this mechanisation, the world would starve.
Industrialised agriculture is highly productive, and this level of productivity is essential if we are to feed
the very dangerous increase that has occurred in the human population during the past century. But modern
industrial agriculture is not sustainable. It cannot continue for long without major inputs from industry, and the
damage to the environment continues to increase. This book is concerned with only one aspect of sustainability,
which is the control of crop losses caused by parasites. This control is now largely dependent on synthetic
pesticides, and many crops cannot be grown without them. These chemicals cost billions of dollars each year to
buy and to apply but, in spite of them, we still suffer pre-harvest losses from parasites that can approach 25%.
However, the message of this book is that we can achieve sustainability in the control of crop parasites,
without any loss of productivity or quality, if we allow crop improvement to self-organise.

1.20 Agro-Ecosystems
As the term clearly implies, an agro-ecosystem is an ecosystem within the conceptual and biological
boundaries of agriculture. It is a natural ecosystem that has been modified by our own cultural developments. It has
many of the characteristics of a wild ecosystem, but it differs in the control exerted over it by people. This human
aspect of agro-ecosystems cannot be over-emphasised. Both farmers and agricultural scientists are components of
the agro-ecosystem. So too are amateur plant breeders. So too are the fertiliser and pesticide manufacturers, and
their salesmen.
The control exerted by these various people leads to the cultivation of domesticated species of plants and
animals, usually in homogeneous populations, in an environment modified by human activities such as clearing,
cultivation, artificial fertilisers, irrigation, weeding, and crop protection chemicals.
There are nearly as many different agro-ecosystems as there are wild ecosystems. Climate is probably the

- 15 -

most important of the factors that determine what crops can be grown, and agro-ecosystems are often named after
their predominant crop. Thus, we speak of the ‘corn belt’, ‘wheat-lands’, ‘coffee country’, ‘cocoa climate’, etc.
W ithin these broad divisions are many subdivisions, often defined by the epidemiological competence of crop
parasites.
In the context of crop parasites, the formal definition of an agro-ecosystem is the area in which one
horizontally resistant cultivar can be cultivated without crop protection chemicals, and without significant loss from
parasites. That is, each of the many different horizontal resistances of the cultivar, to its many different parasites, is
in balance with the epidemiological competence of each of those parasites, in that agro-ecosystem.
As the title of this book implies, it is now suggested that our agro-ecosystems should be allowed to selforganise, in the same way that Adam Smith recommended that markets should be allowed to self-organise (see 11).

1.21 The Fragility of Agro-Ecosystems
The functions of the agro-ecosystem are clear and unambiguous. The primary function is to feed people.
There are also secondary functions that include feeding livestock, and supplying various industrial products, such
as fibres, rubber, and industrial feedstock. Because of agriculture, the human species has increased the carrying
capacity of its environment to many times that of our pre-hunting, pre-scavenging, food-gathering ancestors. By
using cultural developments, such as the use of clothing, buildings, and fire, the human species has also increased
its total environment, and has been able to spread into otherwise uninhabitable environments. More recently,
medical science has greatly reduced our death rate, unfortunately without achieving a corresponding decrease in the
birth rate. As a consequence, the human population now exceeds six billion people. The total world-population of
pre-agricultural, pre-herding, hunter-gatherers has been estimated at between one and five million. The total human
population has been able to increase by more than a thousand-fold because of its cultural achievements.
The world’s reserve of food covers only a few months of total human consumption. This reserve is being
constantly replenished, but the supply of food could easily be interrupted. An obvious example is a major volcanic
eruption such as that of Tambora, in Indonesia, in 1815, that produced ‘the year without a summer’. There was so
much dust in the atmosphere that an entire summer was effectively lost. The dust produced spectacular sunsets that
were vividly recorded on canvas by Joseph Turner. If a comparable eruption today were to reduce the world
agricultural output by, say, twenty percent, about one billion people would starve. A failure of the food supply
could also trigger a chain reaction of many other failures. A loss of electric power, for example, could lead to a loss
of the water supply, a collapse of the retailing system, and so on. The world was given a taste of this in 1998 when
an abnormal ice-storm in Canada and the Northeast United States cut power to more than one million homes in the
dead of winter. A major disaster was only narrowly averted, particularly in large towns such as Montreal. (Note:
This book was completed before the events of September 11th which have added another factor to this fragility).
Our agro-ecosystems are fragile for biological reasons also. They have too much uniformity, and they have
inadequate resilience and stability. For example, 80% of the wheat in the non-industrial world consists of cultivars
bred by CIMMYT (International Maize and W heat Improvement Centre, Mexico). These cultivars all have temporary
resistances to some of their parasites. The appearance of one new ‘super-race’ (i.e., complex vertical pathotype) of a
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major parasite could lead to a resistance failure in most, or even all, of these cultivars. This would cause a major
reduction in both the yield and the quality of all of this wheat. A similar disaster could occur with the rice cultivars
produced by IRRI (International Rice Research Institute, Philippines). The green revolution is vulnerable. But so too,
to a lesser degree, is the whole of modern crop husbandry.

1.22 Domestication
W hen discussing evolution it is necessary to make a clear distinction between macro-evolution and microevolution (see 10.5). Macro-evolution produces new species. This is Darwinian evolution. Micro-evolution, on the
other hand, produces new ecotypes. Domestication is a form of agro-evolution, and it results from artificial selection,
rather than natural selection. But it is also micro-evolution, and it produces agro-ecotypes (see 1.22).
The characteristics of cultivars, such as a high yield, and a high quality of crop product, are the result of
artificial selection and domestication. They represent a maximisation of certain variables which, in the wild
ecosystem, are present at their local optimum, rather than their maximum.
This maximisation of yield and quality is made at the expense of competitive ability in a wild ecosystem.
Cultivars cannot survive in a wild ecosystem. Nor need they do so. They survive in an agro-ecosystem because
farmers protect them from wild competition. And they compete within an agro-ecosystem by the maximisation of
their yield, quality, resistance, etc.
There is no apparent reason why durable resistance should not be domesticated in a manner similar to that
of yield, quality of crop product, and so on. This is necessary because epidemics tend to be more severe in crops
than in wild ecosystems, because pure stands of very large, genetically uniform host populations are more
conducive to epidemics. Furthermore, the quality control of parasite damage is economically important, in that
consumers do not like grubs in salads and apples, or produce that is damaged in other ways.
The prospects of increasing the current levels of durable resistance in our cultivars are good. This is partly
because we have been losing this kind resistance for most of the twentieth century, because of breeding for vertical
resistance, or breeding under the protection of crop protection chemicals (see 6.6.1). But it is also due to the fact
that we can domesticate resistance, just as we have domesticated other quantitative variables, such as yield and
quality of crop product.
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1.23 Agro-Ecotypes
One of the many features characterising agro-ecosystems is the variation in epidemiological competence
of different species of crop parasites (see 7.2.2). This variation may be absolute or it may differ in degree. For
example, tropical parasites usually have an absolute lack of epidemiological competence in temperate regions, and
vice versa. Alternatively, within one climatic range, the variation in epidemiological competence may be
quantitative. The most elegant example of this is tropical rust of maize (see 7.2). This re-encounter parasite reached
East Africa in 1952. Its maximum epidemiological competence is at sea-level on the equator. Epidemiological
competence declines at sea-level with increasing latitude and it ceases entirely at the Tropics of Cancer and
Capricorn. Epidemiological competence also declines with altitude, and it ceases entirely at 4000 feet above sealevel, on the equator (Fig. 7.1).
W ithin the region of East Africa there are clearly many different maize agro-ecosystems, defined by the
epidemiological competence of this rust. Agro-ecotypes with adequate resistance in one agro-ecosystem are likely
to have either too much or too little resistance in another agro-ecosystem. These agro-ecotypes are often called
‘landraces’. Because open-pollinated maize responds to selection pressures during cultivation, each local landrace
is in a state of balance with its own agro-ecosystem.
It is this variation in agro-ecotypes that makes so many cultivars perform poorly when taken to another
country or another region. W e really do need to abandon ideas of ‘wide adaptability’ and the ‘universal cultivar’
that will perform well throughout a wide climatic range. Decentralisation should be our catchword.
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1.24 Pathosystems
A pathosystem is a subsystem of an ecosystem, and it is defined by parasitism. A parasite is defined here
as any organism that spends a considerable proportion of its life cycle inhabiting one host individual, and obtaining
nutrients from that individual. A pathosystem involves the interaction of a population of parasite individuals with a
population of host individuals. Like an ecosystem, a pathosystem is a complex adaptive system with all the
characteristics of self-organisation, resilience, homeostasis, and dynamic stability. A pathosystem also has
subsystems (see 1.25).
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Figure 1.1 Biological systems levels
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1.25 Plant Pathosystems
A plant pathosystem is defined by the fact that the host population is a plant. The parasite is any species in
which the individual spends a major part of its life cycle inhabiting one host individual. It may be an animal, such
as an insect, mite, or nematode. A few Angiosperms, such as Cuscuta, Orobanche, and Striga, are also plant
parasites. And the various categories of plant pathogens, such as fungi, bacteria, phytoplasmas, and viruses, are
also parasites. However, a herbivore that grazes a population of plants is not considered part of a pathosystem, and
it belongs to the wider concept of the ecosystem.
The two principle subsystems of a plant pathosystem are called the vertical subsystem (see 5), and the
horizontal subsystem (see 6).

1.26 Wild Plant Pathosystems and Crop Pathosystems
A wild plant pathosystem is an autonomous, self-organising, dynamically stable, resilient system. This is
axiomatic because, had it not been so, for any significant period during its evolutionary history, it could not have
survived and it would no longer exist.
The modern crop pathosystem, on the other hand, usually suffers from an over-control by people, to the
point of dangerous instability. This instability comes from failures of host resistance (see 10.6.1), failures of crop
protection chemicals (see 10.6.3 & 10.6.4), an undue reliance on those crop protection chemicals, and an excessive
susceptibility to crop parasites (see 6.6). As we know to our cost, the crop pathosystem usually collapses into chaos
if this external control is relaxed.
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Chapter Two

2. Complexity Theory
2.1 Introduction
Complexity theory developed out of the general systems theory, and it concerns complex adaptive systems
that are usually open systems, in the sense of thermodynamics. They are able to receive energy from outside
themselves. Using terms that will be explained in a moment, this means that their internal energy gradients can
increase. So too can their complexity. In its turn, this means that their output is greater than their input. Their whole
is greater than the sum of their parts. They are non-linear systems.
These complex adaptive systems include all living systems, the stock market, economic systems, the
Internet, food production and distribution systems, evolution, horse racing, and so on. There are many aspects of
complexity theory that need not be described here, partly because they are too intricate, but mainly because they
are not immediately relevant. About a dozen excellent, non-technical books on complexity have been published
during recent years. For anyone wishing to study it further than the brief summary presented here, The Web of Life
(Capra, 1996) is recommended.

2.2 Modern Complexity Theory
The general systems theory originally concerned rather simple systems such as the solar system, and
mechanical systems, such as clockwork. These are now called ‘linear’ systems, and they obey Newton’s laws. Modern
complexity theory concerns more complex systems, which are ‘non-linear’. These somewhat technical definitions can
best be explained by examples. The terms ‘linear’ and ‘non-linear’ have various meanings in mathematics and their
exact meaning depends very largely on their context. In the context of complexity theory, ‘linear’ means that the
parameters are fixed, while ‘non-linear’ means that the system parameters are likely to change. For example, ‘linear’
means that a man trying to escape from a maze has to contend with walls that are fixed in position. ‘Non-linear’, on
the other hand, means that the walls move as the man approaches them.
The solar system is a linear system. It obeys Newton’s laws of motion. Indeed, Newton formulated these
laws to explain its behaviour. A feature of linear systems is that they are predictable. W e can predict the phases of the
moon, and the tides, with great accuracy, for centuries ahead. W eather systems, on the other hand, are non-linear.
They are just turbulence on a grand scale. They are also notoriously unpredictable. W eather forecasts of even a week
ahead are famously unreliable. One of the main properties of non-linear systems is that they are unpredictable.
A first class snooker player can play balls as he pleases. The balls obey Newton’s laws of motion, the
system is linear, and the result of each shot is predictable. But, if you put that snooker table on a ship at sea, it
becomes a non-linear system, and the shots are entirely unpredictable.
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In the context of complex adaptive systems, linear also means that the output is proportional to the input,
and the whole is equal to the sum of the parts. Non-linear means that the output is greater than the input, and the
whole is greater than the sum of the parts. This ‘something extra’ consists of emergent properties.
W hen the present book was being finalised, Stephen W olfram (2002) published his remarkable work A New
Kind of Science, in which, in effect, the mathematical equations of the linear systems and the hard sciences are
replaced with the computer algorithms of the non-linear systems and the soft sciences. Simple algorithms can produce
great complexity which is entirely unpredictable, as well as emergent properties that are equally unpredictable. This
unpredictability is disliked by students of the hard sciences, and it is also the main reason for allowing non-linear
systems to self-organise (see 2.4) as much as possible.

Table 2.1

SIMPLE

S YSTEM

COMPLEX

S YSTEM

linear

non-linear

output = input

output > input

whole = sum of parts

whole > sum of parts

non-adaptive

adaptive

non-living

mostly living

not self-organising

self-organising

predictable

unpredictable
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2.3 Emergent Properties
This topic has already been mentioned briefly (see 1.9) and must now be enlarged. At any systems level,
there will be properties that do not exist at the lower levels. These properties are called ‘emergent properties’, or just
‘emergents’, because they emerge, and can be seen and studied, only at their own systems level. But they do not
emerge, and they cannot be seen or studied, at any lower level.
For example, a word has the two properties of spelling and meaning. Its spelling is its structure, the system
itself. Its meaning, however, is an emergent property, which is entirely dependent on the arrangement of letters.
Change the spelling in the smallest extent, and the meaning is likely to be altered beyond recognition. For example,
try reversing the order of the letters in words such as ‘dog’ or ‘tar’. Furthermore, the emergent, the meaning of the
word, is apparent only at that systems level. Go to the lower systems level of the individual letters, and the emergent
property is absent.
Perhaps the best biological example of an emergent is seen in both the ‘schooling’ behaviour of fish, and
the ‘flocking’ behaviour of birds. Individuals within the school or flock behave according to a few simple rules,
which can be simulated on a computer. The emergent is a sort of ‘super organism’ in which all the individuals
behave as one, and this provides considerable protection from predators. The fact that this emergent has evolved in
so many different species of both fish and birds, as well as in the migrating butterflies, and stampeding herbivores,
is a clear example of both group selection, and the suggestion that the basic mechanism of evolution is natural
selection acting on emergents (see 2.10).
An emergent such as schooling or flocking can be observed only at the systems level of the population. It
cannot possibly be observed, studied, or analysed at the systems level of the solitary individual. A scientist, whose
studies are confined to a single fish in an aquarium, or a single pigeon in an aviary, cannot study the emergents of
schooling or flocking. This point becomes crucially important when we consider the system of locking that is an
emergent of the gene-for-gene relationship (see 4.14) and the n/2 model (see 4.15).
“The whole is greater than the sum of the parts” is the essence of complex systems thinking. There are thus
two components of a given systems level. There are the parts, on the one hand, which add up to the ‘whole’. And, on
the other hand, there are those additional components, the emergents, which make the whole greater than just the sum
of those parts. It is these additional components that are called the emergent properties. For example, a book may have
the emergent property of being great literature. But if the book is studied solely in terms of single words, unrelated to
all the other words, the qualities that make it great literature are not discernible. It is in this sense that a Shakespeare
play is greater than the sum of its parts.
Another example is the difference between a dead body and a living body. The dead body might be perfect in
all respects, except that it has stopped living. The dead body is the ‘sum of the parts’. The property of living, of life
itself, is the emergent property. All those aspects of life, that used to be called ‘vital forces’, are emergent properties.
Death is the loss of the emergent property. Decay, however, is the loss of the parts. An alternative description is to
call the parts ‘structure’, and to call the emergent properties ‘behaviour’. In living systems, death is then an
irreversible loss of behaviour. Decay is an irreversible loss of structure.
A further practical example is a motor car engine. If the engine is running, it produces a stated horsepower.
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This horsepower is an emergent property. It means that the whole is greater than the sum of the parts. But if the
engine is switched off, the emergent is lost. There is then only the sum of the parts, only a dead engine. An engine, of
course, is a very simple system, and it can easily be switched on again. A living body is a highly complex system and,
if it stops functioning, the loss of the emergent property of life is normally irreversible.
The basis of reductionism (see 1.10) is the belief that ‘the whole’ can be analysed in terms of the ‘the parts’.
There is a further weakness of reductionism, because it is blind to emergent properties at the higher systems levels.
For example, Dawkins (1982) totally rejected the Gaia hypothesis, because he apparently did not comprehend the
importance of the holistic approach, of self-organisation (see 2.4), and of the emergents that can emanate at the higher
systems levels. W hat systems (or holistic) thinking has done is to reverse the relationship between the parts and the
whole. Systems scientists recognise that living systems cannot be explained only in terms of their parts. They must be
explained in terms of both their parts and their emergents. Reductionist science tends to be interested in the parts, and
to neglect the emergents.
In the context of plant pathosystems, the most prominent emergent is the system of locking that emerges
from the gene-for-gene relationship (see 4.15). This very important emergent is apparent only at the systems level of
the pathosystem. That is, at the level of the two interacting populations of host and parasite. For much of the twentieth
century, this emergent was not apparent to crop scientists, because they were working at too low a systems level. They
were studying individuals only. They could no more see the emergent of the system of locking than someone studying
a single fish, or a single bird, could see the emergent of schooling or flocking. It is this suboptimisation in crop
science, and the damage it has caused (see 5.3), that emphasises, more than anything, the absolute necessity for the
holistic approach when studying non-linear systems.

2.4 Self-Organisation
Possibly the first person to recognise the importance of self-organisation was Adam Smith in The Wealth
of Nations, although he did not call it by this name. He was studying complex economic systems, and the laws of
supply and demand. His concept of competition implied so many buyers and sellers that no individual buyer or
seller need be concerned about the actions of others. He said, in effect, leave the system alone, and let it organise
itself, and he used the metaphor of the ‘invisible hand’. He recognised very clearly that some government control
of the system was necessary in order to prevent corruption, but he believed that this control should be kept to the
essential minimum (see 10.3).
Adam Smith also understood that the self-organisation of a complex system involving thousands of people
is based on the self-interest of each one of those people. A butcher does not sell meat out of concern for his
customers. He sells it in order to earn a living. And if he is a good butcher, he is selling good meat as cheaply as
possible, in order to improve his business. Similarly, a customer does not buy meat in order to help the butcher.
Every individual in the system is acting out of self-interest, and the sole function of the external control is to ensure
that abuses do not occur.
The phenomenon of self-organisation was first recognised as an important factor in scientific phenomena
by Ilya Prigogine, a Russian who moved with his parents to Belgium at the age of twelve. He has lived in Belgium
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ever since, and he was awarded the 1977 Nobel Prize for Chemistry, on account of his contributions to nonequilibrium thermodynamics.
Complex adaptive systems, such as living systems, are able to adapt because they have this property of selforganisation. Self-organisation, or self-regulation, depends on feedback loops and, more specifically, on negative
feedback loops. It also depends on very many feedback loops. This complexity corresponds to the ecological principle
that diversity leads to stability.
Democracy is a good example of self-organisation. The checks and balances of a democratic system are
the negative feedback that provides homeostasis. Over-control of the social system leads to inflexibility and a loss
of self-organisation. Such an over-controlled system is liable to collapse from internal inefficiency. This internal
inefficiency was seen repeatedly in the history of states such as ancient Egypt and China, which had hereditary
monarchies in which the power of the monarch was absolute. Each dynasty became increasing inefficient from
generation to generation of kings, until the social system collapsed entirely. It was then replaced with a new and
vigorously efficient dynasty. Both Egypt and China maintained such fluctuating systems for some 3000 years, with
the extremes of efficiency and inefficiency repeated every few centuries. This was the basis of the old Chinese
curse “May it be you fate to live in interesting times”. The social system was clearly unstable, but the instability
was not readily apparent as it occurred over a period measured by some 5-10 human generations. In many other
over-controlled social systems, the collapse from internal inefficiency was followed by a dark age. Democracy, on
the other hand, shows minor instabilities all the time, but it has long-term flexibility and stability.
Self-organisation is at its most obvious in human systems, such as the Stock Market, the Internet, or the food
supply, when as many individuals as possible are providing input to the system. As we shall see, this is true also of
crop improvement. W hen a minority of large institutes, or corporations, have a near-absolute control of the cultivars
available to very many farmers, this corresponds to autocracy. Conversely, a wealth of plant breeding clubs,
producing quantitative improvements in thousands of competing cultivars, corresponds to democracy. It also leads to
both diversity and stability.
Some of the most remarkable examples of self-organisation in plant parasitism are the alternating (i.e.,
heteroecious) pathosystems described in Chapter Eight.
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2.5 The Problem of Over-Control
A non-linear system is easily damaged by over-control by people. This over-control often occurs because
scientists tend to apply linear solutions to non-linear problems (see 2.6). This is not surprising in view of the fact
that Newtonian mechanics and linear mathematics have dominated science, for the past three centuries. Complexity
theory, after all, is very new.
An excessive human control of a self-organising system damages that system. This is particularly obvious,
for example, in our social systems. Clearly, some government control is essential, but if the government control
becomes excessive, it is debilitating. This was seen in the more authoritarian dictatorships, such as those of Stalin,
Hitler, Castro, and Mao. An over-controlled, authoritarian system of government actively prevents selforganisation. For this reason, it is incompetent and it contains the seeds of its own destruction. Communist states,
for example, were described as ‘centrally planned economies’ and they were flagrantly over-controlled and
notoriously inefficient. Indeed, the Soviet Union, and its system of satellites, eventually collapsed from internal
inefficiency. Nowhere, perhaps, was this more obvious than in the collective farms, and the over-controlled system
of agricultural production and food distribution. Bureaucrats do not make good farmers, and a hierarchy of
bureaucrats does not constitute a self-organising system of food production and distribution.
Perhaps the most important conclusion we can reach about modern plant breeding is that it is overcontrolled. Typically, a single plant breeding institute is in total control of a crop over a large area in which all
farmers are denied any real choice of cultivars. Farmers are often compelled to cultivate a limited range of
genetically uniform cultivars produced by a centralised institute. These cultivars are normally protected against
crop parasites with host resistance, or crop protection chemicals, that are unstable (see 5.6 & 10.6) and that are
liable to fail to new strains of the parasite.
This over-control is possibly at its worst in the cotton crop, where bankers and politicians have interfered
outrageously. It is seen also in the ‘miracle’ wheat and rice varieties of the ‘green revolution’, as well as in many
crops of the industrial world. There are better ways of doing things.

The over-control of agriculture is at its worst when the politicians interfere.
Indeed, Adam Smith was induced to write The Wealth of Nations partly because
of the rigidly controlled system in much of continental Europe, where farmers
were denied any freedom of choice in their cultivation of crops. It was this
over-control of agriculture that led to the food shortages which sparked the French
revolution.
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2.6 Linear Solutions to Non-Linear Problems
Some samples of linear solutions to non-linear problems may be useful. For example, there are two
definitions of the word ‘work’. These are the linear, or Newtonian definition, and the non-linear, or biological
definition. W hen the two are confused, we can get some curious muddles. Thus, lifting a weight off the ground
constitutes Newtonian work. But holding that weight off the ground does not. Nor does carrying the weight to a
different place. However, putting the weight back on the ground recovers all of the Newtonian work. Try telling
this to the person who is holding the weight.
Similarly, it requires a fixed amount of Newtonian work to ride a bicycle up a hill. Gears on the bicycle
will not alter this amount of work and, in linear terms, will not increase efficiency. But, to use this as an argument
against gears on bicycles is to apply a liner solution to a non-linear problem. A cyclist is a biological unit with an
optimum rate of converting energy into work. The bicycle gears can ensure that this optimum is maintained,
regardless of different slopes in various parts of the hill.
There is another obvious reason why we cannot solve non-linear problems with linear solutions. The linear
solutions do not work because the non-linear systems are unpredictable. The linear solutions cannot take this
unpredictability into account. This unpredictability is partly due to the ‘butterfly effect’, which says (whimsically) that
if a butterfly flaps its wings in the Amazon Valley, it may trigger a sequence of events that culminate in a hurricane
hitting the east coast of the United States. A suboptimising linear solution (also whimsical) to this non-linear problem
would be to spray the entire Amazon Valley with DDT to kill all the butterflies. W e have not been quite that blind in
crop science, but we have often attempted, unsuccessfully, to solve non-linear problems with solutions that are both
linear and suboptimising.
A linear solution to a non-linear problem may also involve the simple but total control of only one
subsystem. This control involves linear science applied to only one subsystem of a complex, adaptive, non-linear
system. The three-fold suboptimisation of the vertical subsystem (see 5.3) is a classic example of this kind of error.
However, in justice to biologists in general, and crop scientists in particular, it must be noted that the distinction
between linear and non-linear systems is very recent.
In comparison, a non-linear solution is holistic, and it relies heavily, even totally, on the self-organisation
of the system itself. Such external control as may be applied is simply to guide the self-organisation in the required
direction. This is the origin of the concept of self-organising agro-ecosystems (see 11).
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2.7 Hard and Soft Sciences
Scientific disciplines that are concerned with linear systems are usually called ‘hard’ sciences. These
disciplines include physics, chemistry, astronomy, and mathematics. They are characterised by the two facts that
very accurate measurements of their components are possible, and that very accurate prediction of their behaviour
is also possible. They are the oldest sciences in terms of scientific discovery, and they are associated with famous,
but ancient, names such as Pythagoras, Archimedes, Euclid, Copernicus, Galileo, Leibniz, and Newton.
Conversely, scientific disciplines that are concerned with non-linear systems are usually called ‘soft’
sciences. They embrace all the life sciences, including biology, medicine, economics, psychology, and sociology.
Characteristically, their components are difficult to measure accurately, and predictions of their behaviour are
either difficult or impossible. Everyone is aware of how difficult it is to measure such things as human creativity,
originality, artistic ability, and personality. It is equally difficult to predict the future behaviour of the stock market,
a horse race, the weather, or a human individual.
There is a traditional belief that the hard sciences are more fundamental, more accurate, more important,
more factual, more ‘scientific’, and generally superior to the soft sciences. This tradition, which is a form of
intellectual snobbery, has done enormous harm to the soft sciences. It has persuaded many scientists, particularly
during the twentieth century, to treat soft sciences as if they were hard sciences. That is, to treat non-linear systems
as if they were linear systems.
Twentieth century science has attempted to force non-linear systems into the mould of the hard sciences.
The more difficult this has been, the less the discipline in question has been respected. The very ‘soft’ science of
sociology, for example, is often dismissed entirely, on the grounds that it is not really a science at all. But, if we are
to understand ourselves, sociology is perhaps the most discipline science of them all. And this will probably be
recognised only when sociology is studied as a non-linear system. Similar comments are probably valid for other
non-linear disciplines, such as economics, and crop improvement.
Many of our current problems in crop science have resulted from the desire among crop scientists to be
truly ‘scientific’. That is, a desire to treat this soft science as if it were a hard science. This has led to linear
analyses, and linear controls, being imposed on non-linear systems. Some major distortions have resulted, such as
biological anarchy (see 6.7 & 7.16.1), the use of vertical resistance on a basis of uniformity (see 5.3), the errors
stemming from parasite interference (see 7.16.2), and our heavy reliance on crop protection chemicals (see 11.3.2).
Clearly, we must recognise that ecosystems, agro-ecosystems, and crop pathosystems are non-linear systems. And
we must analyse them and control them accordingly. Or, more precisely, we must allow them to self-organise as
much as possible (see 11).
Some aspects of the hard sciences are non-linear. Physicists, for example, have been forced to use a nonlinear approach in quantum mechanics and fluid dynamics. And complexity theory is now bringing about a
scientific revolution that is probably at least as important as the work of scientists such as Newton. One of the
unexpected outcomes of complexity theory is that the physicists themselves are now beginning to say that the soft
sciences, the non-linear systems, are the more important, and the more fundamental. Indeed, the hard sciences, the
linear systems, are somewhat elementary. They are simple and, when compared with the non-linear systems, they
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are relatively infrequent and and they are less important in the world as a whole. The implication is that science in
the twenty first century will be very different from science in the twentieth century. It will be concerned primarily
with non-linear systems, and it will require entirely new techniques of study.

2.8 A Paradigm Shift
In terms of Thomas Kuhn’s (1962) Structure of Scientific Revolutions, there has been a ‘paradigm shift’. That
is, the whole of science is now beginning to change away from the analytical and mechanical approach, often called
the ‘mechanistic’ approach. It is changing towards systems thinking. Complex adaptive systems, the non-linear
systems, have become more important than linear systems. The more important aspects of science now involve
systems in which the output is greater than the input, and the whole is greater than the sum of the parts.
The Kuhnian paradigm shift in biology is fundamental. During the entire history of biology, we have been
using the old mechanistic reductionism exclusively. Indeed, any discussion of life, or ‘vital forces’, was considered
unscientific, and verging on mysticism. W e must now have a change of emphasis. W e must reinforce the old
mechanistic reductionism with the new theory of complex adaptive systems. It was this exclusive use of reductionism
and empiricism that led to the misuse of the vertical subsystem, the ignoring of the horizontal subsystem, and the
currently absurd reliance on crop protection chemicals (see 11.3.2). Reductionists were blind to the higher systems
levels, and to the emergent properties of those levels, such as the system of locking provided by the gene-for-gene
relationship at the systems level of the pathosystem, and its role in controlling allo-infection only (see 4.15).
Self-organisation in crop improvement could lead to another Kuhnian scientific revolution. Such a paradigm
shift is often called a ‘break-through’. This was originally a military term, and it implied breaking through a defence
line. A static war would then be dramatically changed into a war of mobility. Stasis and stagnation would suddenly
become change, and progress. It is perhaps worth noting also that a paradigm shift normally occurs when the preexisting science is fundamentally flawed, and that flaw is exposed by new discoveries.

2.9 Empiricism and Rationalism
Scientists are sometimes classified into do-ers and thinkers, those who are physically active and those who
are mentally active. Obviously, this classification must not be taken too seriously because most scientists are both
of these things. But many scientists lean quite strongly towards one extreme or the other. And the very good
scientists are quite often very good at only one of these things. The really good scientists are very good at both, and
they are rare indeed.
Empiricists are scientists who prefer facts to ideas. The extremists among them tend to believe that science
consists of facts only, and that any sort of speculation is unscientific. Their research consists of experiments,
designed to discover new facts. But it involves little else.
Extreme rationalists, on the other hand, love ideas and theories to the point of absurdity. They like to
postulate and discuss insoluble problems, such as how many angels can dance on the head of a pin.

- 30 -

Empiricists tend to be physically active, emphasising the doing of experiments. Rationalists tend to be
mentally active, emphasising the role of thinking. Clearly, neither extreme is acceptable. Good science must be a
blend of both facts and ideas.
Part of the effort to convert the life sciences into ‘hard’ sciences has produced an excessive empiricism.
This is particularly true in crop science. Try searching any crop science journal for theoretical papers. They are
very nearly as rare as cuckoo clock guano. The empiricists, who believe that only facts can be good science, will
doubtless dislike the present book. “Far too speculative” I hear them cry. But the fact remains that crop science,
and particularly the control of crop parasites, is in a mess. Much of this mess has resulted from experiments
conducted with a totally inadequate theoretical background.
There are, of course, two kinds of experiment. One kind aims simply at discovering new facts and,
incidentally, producing another scientific publication. The other kind of experiment aims at making factual tests of
a theory. The second category is the more profound, and the more important. It is also rather rare in crop science,
particularly when the theory concerns the higher systems levels.

2.10 Evolution
For most of the twentieth century, biologists have been somewhat uneasy about Darwin’s theory of
evolution. No one doubted the fact of evolution, but the mechanism of evolution was obscure. This was apparently
because biologists were looking for a linear explanation of a non-linear system, and they were searching at too low
a systems level.
It was usually argued that the mechanism of evolution was natural selection operating on random
mutations. However, this postulated mechanism presents insuperable problems. Random mutations occur in
individuals, and this mechanism would allow natural selection to occur only at the systems level of the individual.
Group selection would be impossible. Furthermore, random mutations are rather rare, and they are usually
detrimental.
Darwin thought primarily in terms of natural selection operating on differences in morphology. Later,
differences in behaviour were also emphasised. Stewart Kauffman (1993) took this idea even further with his
proposal that the mechanism of evolution is natural selection operating on self-organisation. W e may conclude
eventually that the mechanism of evolution is natural selection operating on emergents, at all systems levels. Only
the systems with the fittest emergents survive. W ith this conclusion, all problems concerning the mechanism of
evolution seem to disappear. This is a non-linear explanation of a non-linear system. It is also W olfram’s (2002)
‘new kind of science’ in which simple causes produce complexity, in the manner of cellular automata.
By analogy, we can compare Darwinian evolution with the growth of a great literature. Each new book is
the equivalent of a new species. It survives or disappears on the basis of its quality. This quality is an emergent. As
better and better books appear, the inferior works tend to be forgotten. E.C. Large (1940) wrote of the “dusty annals
of cryptogamic botany” which no one reads today.
The growth of literature is the result of selection operating on the book qualities, the emergents. To
postulate that Darwinian evolution is the result of random mutations is rather like suggesting that the growth of
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literature is the result of printing errors. And to postulate that there can be many millions of mutations over millions
of years does not really help. Darwinian evolution is an increase in the complexity of pattern, and this increase
occurs because all living systems are both open systems and complex adaptive systems, that have the property of
self-organisation. And this argument applies at all systems levels, from the DNA, to the chromosome, the cell, the
organ, the organism, the population, the ecosystem, and the biosphere. Books, on the other hand, are simple static
systems. They cannot self-organise, but they can be read, and the reaction of innumerable readers does lead to selforganisation, which determines the survival or extinction of individual books.
These arguments become crucial in our consideration of the evolution of the vertical subsystem, and the
n/2 model (see 4.15). W hen considering the evolution of the gene-for-gene relationship, it is impossible to think in
terms of the separate evolution of the host and the parasite. W e must consider their combined evolution, as a single
system. And we must think of this evolution being natural selection operating on the emergents of the single
system, at the level of the pathosystem. That is, at the systems level of the two interacting populations of host and
parasite. It will be demonstrated later (see 4.20) that the evolution of the gene-for-gene relationship and the vertical
subsystem is impossible if selection can occur only at the level of the individual. But gene-for-gene relationships
have evolved, many times, in many widely diverse plant hosts, and in many different parasites, ranging from
nematodes and insects, through parasitic Angiosperms to fungi, bacteria, and viruses. Consequently, we are
compelled to conclude that natural selection operating on random mutations is not the sole, or even the main,
mechanism of Darwinian evolution.

2.11 The Success of Agro-Evolution
Early farmers, with no modern knowledge of genetics or the biological sciences, achieved triumphs of
plant breeding that modern geneticists often cannot begin to match. This was because there were so many of them,
and they had virtually unlimited time. Their successes are seen in crops such as banana, pineapple, date palm,
yams, cloves, olives, the classic wine grapes, figs, garlic, horseradish, and hops. Modern plant breeding has
contributed nothing to either the productivity or the quality of any of these crops. And modern plant breeding has
made only minor contributions to crops such as tea, coffee, cocoa, citrus, mango, pyrethrum, cassava, cashews, and
many others.
The success of early farmers came from the recognition and preservation of both qualitatively and
quantitatively aberrant forms that happened to possess characters valuable to agriculture. Obvious examples of
qualitative aberrations are the free-threshing forms of cereals, and the retention of seed by plants that otherwise had
an effective seed dispersal mechanism. Early farmers also recognised that the removal of flowers, and the
prevention of seed formation, produced an increased yield of the vegetative parts of plants. This is because flowers
and seeds are primary physiological sinks that take precedence over other plant parts. In some crops, aberrant forms
have lost their flowering ability, often entirely. These sterile forms have been preserved by generations of farmers
for centuries, even millennia. They include garlic, horse radish, turmeric, ginger, and yams.
However, most of the antique domestication involved small increments in quantitatively variable
characters. This domestication may stretch backwards for up to ten millennia, and the cumulative quantitative
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changes were often so great that they become differences in kind. Indeed, the original wild progenitors of some
crops are so different from their modern descendants that they have proved rather difficult to identify.

2.12 The Success of Modern Agriculture
The twentieth century increase in agricultural production comes mainly from:
·

An increased area of cultivation, by putting more land under the plough.

·

Irrigation, often to the grave detriment of aquifers.

·

Mechanisation, such as the use of tractors, and of other machines such as combine harvesters for
cereals, pulses, oilseeds, and mustard.

·

Chemicals, such as artificial fertilisers, herbicides, and crop protection chemicals.

·

The contribution made by plant breeders, which comes manly from an increased yield potential
that can utilise these new techniques.

There have been some major breeding successes, particularly in the following crops.

2.12.1 Sugar beet
The improvement in both the yield and the sucrose content of fodder beet occurred mostly during the
nineteenth century. It was stimulated originally by the Napoleonic wars, when continental Europe was blockaded
by Britain, and cane sugar from the W est Indies was unavailable. These improvements, which continued during the
twentieth century, produced the entirely new crop known as sugar beet. This breeding involved the quantitatively
inherited characters of both sucrose content and root yield, and they were improved by recurrent mass selection and
transgressive segregation. The sucrose content, for example, was increased from 4% in the original fodder beet to
over 20% in modern sugar beet cultivars.
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2.12.2 Hybrid maize
In 1918, Donald F. Jones invented the ‘double hybrid’ method of producing hybrid maize seed. He
produced a cross of two single crosses, using a total of four inbred lines. His double hybrid is usually represented
as (A x B) x (C x D). It produced a hybrid variety that was uniform, and which yielded 20% more than the best
open-pollinated maize. This double hybrid method permitted the production of hybrid maize seed in commercial
quantities, and it resulted in one of the most productive advances in the entire history of agriculture in the United
States. W ithin fifteen years of Jones’ discovery, double hybrid maize was economically important and, by 1950,
virtually all the corn of the corn belt was planted to double hybrids. By 1970, most commercial maize crops
throughout the industrial world were double hybrids, and the technique was becoming increasingly important in
non-industrial countries.
The double hybrid maize had a secondary effect on plant breeding that was both profound and important.
The progeny of a hybrid variety do not possess any hybrid vigour, and they revert to the lower yields of openpollinated maize. This means that new hybrid seed must be purchased for each new crop. This protects a plant
breeder, who produces a new and superior hybrid variety, from unlawful commercial competition. No
unauthorised person can produce seed of that hybrid, because only the breeder possesses the original inbred lines
that produce the double hybrid.
The production of hybrid corn seed led to a surge of private enterprise in maize breeding in the United
States. Many companies, which grew wealthy on the proceeds of hybrid corn seed, re-invested much of this
wealth in research. This private enterprise prompted an entirely new idea called ‘plant breeders’ rights’ that is
highly relevant to this book (see 11.20).
Many countries now have legislation designed to protect a new crop variety, in the same way that an
author’s copyright protects his writing. A registered crop variety can then earn royalties, just as a book earns
royalties. And a plant breeder can strive to produce a ‘best seller’, just as an author can strive to write a best
selling book.
Plant breeders’ rights are not necessary in hybrid varieties of open-pollinated crops, such as maize,
cucumbers, water melons, sunflowers, and onions, because the hybrid vigour is lost in the next generation. But
they are very necessary in all other crops, where they are as essential to private enterprise in plant breeding, as
copyrights are to private enterprise in writing, painting, sculpting, photography, and music.
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2.12.3 Soybean
Soybean is very sensitive to day-length and, additionally, the older varieties were both low yielding and
unsuitable for mechanical harvesting. Breeding in the United States solved these problems and was so successful that
soybean began to rival maize as the most important crop in the country. The crop has been important in the orient for
millennia, but it became important on the W est only with new breeding, and with new industrial processes. Soybean
now has an essentially industrial function, and is grown for processing in factories. It is a crop of major importance in
various countries, with Brazil and China being among the largest producers, and it is now the most important grain
legume in the world.

2.12.4 Sugarcane
Late in the nineteenth century, it was discovered that sugarcane could be propagated from true seed, and very
successful breeding stations were soon operating in about a dozen different countries. Many dramatic improvements
in yield and resistance to parasites were obtained and this very successful breeding has even been dubbed ‘the first
green revolution’. Interestingly, all the breeding involved pedigree breeding techniques, even though no single-gene
characters are known in this crop. This anomaly was recognised by the breeders in Hawaii who started a recurrent
mass selection program which they called the ‘melting pot technique’, and which quickly proved to be the most
successful cane breeding of all (see 7.20.3).

2.12.5 Dwarf wheats and rices
The development of the dwarf wheats and rices of the ‘Green Revolution’ was one of the most important
agricultural advances of the twentieth century, second only to the development of hybrid maize. It changed some of
the most densely populated countries of the world from being grain importers into being grain exporters. These socalled ‘miracle’ varieties, otherwise known as dwarf varieties, had the character of short straw. This character is
genetically controlled by major genes, and it permitted high levels of nitrogenous fertilisation, and considerably
improved yields, without risk of lodging. Unfortunately, these improvements were produced by pedigree breeding
and, as a consequence, these cultivars have ephemeral resistances to many of their parasites. They are typical of the
“big space, high profile, high cost, few cultivars, short life” characteristics of vertical resistance (see 5.6).
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2.13 Self-Organising Agricultural Systems
Consider the food production system of a single country. There are,
perhaps, a million farmers, each making individual decisions about his farming
system, his crops, and his harvests. Although independent and individual, these
decisions are influenced by outside factors. Apart from such general
considerations as climate, the most important of these external factors is probably
the current market price of the farm commodity in question. Glut leads to low
prices, and shortage leads to high prices. This is negative feedback in a complex
adaptive system, and it results in an overall homeostasis. Although the total
production is relatively stable, abnormal seasons and other factors may affect it.
Consequently, production fluctuates within certain limits, but these limits are
normally acceptable. The production system is also resilient, and it can respond
quickly to changes in supply and demand. It is a self-organising, complex,
adaptive, non-linear system.
Between the farmers and the consumers is an array of merchants buying, transporting, processing,
packaging, and selling. W heat reaches the consumer as flour or bread, cocoa beans as chocolate, and so on.
Butchers, bakers, grocers, importers, exporters, wholesalers, and retailers all contribute to this autonomous system.
Each merchant makes his own decisions concerning the type, quantity, and quality of goods that he handles. This
whole marketing process is a complex adaptive system. It responds to external influences, exhibiting negative
feedback, homeostasis, stability, and resilience. It is self-organising.
Individual consumers also make their own decisions about what to buy. Here, the two main factors are
cost and quality. Some consumers want quality, and are not too concerned about price. Others want cheap goods,
even at the expense of quality. But, if the price is too high, the consumer will either go to a different merchant, or
he will not buy at all. The market forces of supply and demand control this free market.
The entire system of food production, distribution, and marketing is thus a complex adaptive system. It is
self-organising, dynamically stable, and resilient. Some control by governments is clearly necessary to prevent
abuses, such as contamination, adulteration, and the formation of monopolies and cartels but, in general, this
control should be minimal. Over-control can be very damaging, as has been shown, for example, by Soviet and
North Korean agriculture. One of the purposes of this book is to suggest that a similar situation exists in plant
breeding and crop improvement generally. Like Soviet agriculture, it is currently over-controlled. It should be free
and democratic. It should become a self-organising system.
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The Scottish economist Adam Smith, who lived from 1723 to 1790, anticipated some of the fundamentals
of complexity theory when he wrote his Inquiry into the Nature and Causes of the Wealth of Nations. It is pleasing
to note that the genius of Adam Smith was recognised during his lifetime and that, at a large public dinner, the
Prime Minister, W illiam Pitt, invited him to be seated first, declaring “W e are all your scholars”. It was Adam
Smith’s concept of self-organisation that led to the concept of free trade. This concept became popular in the latter
half of the nineteenth century, but it was strangled by protectionism after W orld W ar I. It is now being resuscitated
at long last.

2.14 Breaking-Points in the Self-Organising Food Supply
The entire system of food production, distribution, and marketing is thus a self-organising, dynamically
stable, and resilient system. This self-organising food supply has been a fundamental feature of every city and
civilisation since the dawn of agriculture. It would normally continue to meet increasing demand, with increasing
production, in order to feed an increasing population. Eventually, as production approached its maximum, a
breaking point would be reached and the entire system was then liable to collapse spectacularly.
The most obvious cause of the breaking point would be over-population. This must have happened
repeatedly throughout history. The resulting famine might lead to a collapse of the entire civilisation. More often, the
civilisation would survive but there would be horrifyingly high mortalities. Periods of famine were common in Europe
before the introduction of potatoes, maize, and beans from the New W orld. These new crops, combined with
improving medical knowledge, permitted very large increases in the total European population.
Other breaking points included over-control, sustained drought, and war. Bad agriculture could also produce
a breaking point from an accumulation of long-term destructive processes, such as soil erosion, or soil salination from
inappropriate irrigation. Occasionally, natural disasters can destroy an agricultural system. The volcanic explosion of
Thera, in 1470

BC, covered much of the island of Crete with up to one metre of volcanic ash, destroying the

agriculture, and the civilisation, of the ancient Minoans.

2.15 Self-Organising Crop Improvement
The main theme of this book is that plant breeding should be a self-organising system that embraces as many
individuals as possible, working with as many crops as possible, increasing resistance to as many crop parasites as
possible, and producing as many new cultivars as possible, for as many agro-ecosystems as possible. The methods of
doing this are described later (see 10).
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3. Plant Pathosystems
3.1 Introduction
Like Tansley’s term ‘ecosystem’ (see 1.13), the term ‘pathosystem’ was intended to emphasise holistic
studies at the higher systems levels (Robinson, 1976). Indeed, a pathosystem is a subsystem of an ecosystem, and it
is defined by parasitism. A plant pathosystem is one in which the host species is a plant. The parasite may be any
species in which an individual spends a significant proportion of its life cycle inhabiting, and obtaining nutrients
from, one host individual. The parasite may thus be an insect, mite, nematode, parasitic Angiosperm, or any of the
various categories of plant pathogens. However, herbivores, which graze a population of plants, are normally
considered to be outside the conceptual boundaries of a pathosystem, and to belong to the higher systems level of
the ecosystem.
The pathosystem concept involves an ecological approach to the study of plant parasitism. Being
concerned primarily with the higher systems levels, it is holistic rather than merological. For this reason, both the
host and the parasite are considered in terms of populations. Normally, a pathosystem consists of a population of
one species of parasite interacting with a population of one species of host. However, two species of parasite may
be involved, as with some virus and insect vector pathosystems, and two or more species of host may be involved,
as with alternating pathosystems (see 8), and with parasites that have an optionally wide host range.
A plant pathosystem may exist physically, as a subsystem of an ecosystem. It is possible to walk into such
a pathosystem, to take samples, and to study it in various ways. Alternatively, a plant pathosystem may be
conceptual, and exist only in the form of a model, a computer simulation, or a theoretical discussion. However, use
of the term ‘pathosystem’ does have clear parasitological and ecological implications, and its use in other contexts
should be avoided. For example, a host-parasite association, considered taxonomically, is not a pathosystem. And a
host population, described without any reference to a parasite, is a subsystem of an ecosystem but, on its own, it
cannot be considered a subsystem of a pathosystem.
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3.2 Crop and Wild Plant Pathosystems Compared
There are two basic categories of plant pathosystem. The wild pathosystem is a fully autonomous
subsystem of a natural ecosystem, in which people have not interfered. It is a balanced and dynamically stable
system. This is axiomatic because, were it not balanced and dynamically stable, it could not have survived
ecological and evolutionary competition until the present. The primary components of the wild pathosystem are the
host, the parasite, and the environment. The wild plant pathosystem is a complex adaptive system. It is
self-organising, stable, and resilient, with many homeostatic mechanisms based on negative feedback.
The crop pathosystem differs in that it has the fourth component of human control. People have changed
the host species genetically, first by domestication and, more recently, by plant breeding and genetic engineering.
W e have also altered the host population by cultivating it as a single stand of only one species. And we usually
cultivate these single stands as genetically uniform clones, pure lines, or hybrid varieties. W e have altered the
environment by numerous agricultural practices such as clearing, ploughing, weeding, irrigation, and fertilising.
And we have altered the parasite population by exposing it to some very abnormal selection pressures that would
never occur in a wild pathosystem.
Consequently, the crop pathosystem is markedly different from the wild pathosystem, and it is often an
unstable system, as we know to our recurring dismay. Even more serious, many of our crops could not survive
without the protection of fungicides and insecticides. This is in spite of many decades of breeding these crops for
resistance to their parasites. Indeed, the use of crop protection chemicals has been increasing dramatically in recent
years, and this is a measure of our failure to breed our crops for resistance to their parasites.

3.3 Studies of Wild Plant Pathosystems
Studies of wild plant pathosystems are notable for their extreme rarity. Examples include:
·

Senecio vulgaris/Erysiphe fisheri (Harry & Clarke, 1986, Bevan, et al., 1993a,b).

·

Glycine canescens/Phakopsora pachyrhizi (Burdon & Speer, 1981, 1984; Burdon, 1987).

·

Linum marginale/Melampsora lini (Burdon & Jarosz, 1991, 1992).

·

Populus tricocarpa/Melampsora occidentalis (Hsiang & Van der Kamp, 1985).

·

W ild sunflower (Zimmer & Rehder, 1976).

·

W ild oats (Dinoor, 1977).

·

W ild barley (W ahl, et al., 1978).

·

W ild Trifolium (Burdon, 1980).

·

W ild oats (Burdon, et al., 1983).

There appear to be no studies whatever on the functioning of the gene-for-gene relationship in a wild
pathosystem. Of necessity, the n/2 model (see 4.15) is based entirely on theoretical and mathematical
considerations, and its validity has still to be demonstrated in a wild pathosystem.
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There is now an acute need for studies of the autonomous controls of wild plant pathosystems. Apart from
life cycle and taxonomic studies, it appears that the whole of plant pathology, the whole of crop entomology, and
the whole of crop nematology, are based on studies of the crop pathosystem. One example of this total
concentration on the crop pathosystem will suffice. It is generally believed that wheat stem rust (Puccinia graminis
tritici) has attracted more scientific publications than any other plant disease, particularly with reference to disease
resistance in the wheat host. This is an alternating rust (i.e., a heteroecious rust, see Chapter 8) and its winter host is
wild barberry (Berberis spp.). But, although innumerable papers have been published about resistance to this rust in
wheat, it appears that not one paper has been published concerning resistance to this rust in the wild barberry host.
Perhaps it should be remarked also that most of these papers on resistance to stem rust deal with vertical resistance,
and there are almost none dealing with horizontal resistance (see 6). This incredible bias is a remarkable example
of suboptimisation.

3.4 Crop Pathosystems
The modern crop pathosystem is very different from a wild plant pathosystem. It is also very different
from a crop pathosystem of a century ago. Crop scientists, who have had total control over the production and
availability of new cultivars, have dominated the modern crop pathosystem. This has been a classic example of
over-control (see 2.5) and it has resulted in serious suboptimisation. There were too few cultivars, cultivated in
excessively large populations, with the wrong kind of resistance to parasites. Important emergents, occurring at the
higher systems levels, remained unrecognised. A brief review of the history of this suboptimisation is revealing.
The first very damaging plant disease in recorded history occurred in Europe in 1845. This was the newly
introduced potato blight (Phytophthora infestans). The first serious insect pest of crops was the desert locust,
recorded by the ancient Egyptians. But this was a sporadic pest, which was damaging only occasionally. The first
continuously damaging insect pests were probably the cotton boll weevil, and the Colorado beetle of potato, which
both became important in the nineteenth century.
The first crop fungicide was discovered in 1882. This was Bordeaux mixture, made with copper sulphate
and slaked lime, although flowers of sulphur had been used against powdery mildews a little earlier. The first
effective crop insecticide was discovered only in 1940, and this was DDT. Until the discovery of these crop
protection chemicals, crop pathosystems were largely self-controlled and self-organising. They had to be, otherwise
crop production would have stopped. And, if the crop parasites were causing losses, there was little that the farmer
could do about it, other than using simple farming practices, such as crop rotation, and the burning of crop residues.
However, the crop losses from parasites were rarely large enough to discourage the cultivation of the crop in
question.
There were no professional plant breeders before 1900. There were no professional plant pathologists or
entomologists either. There were just a few scientists who called themselves botanists and zoologists, and whose
interest in agriculture was largely peripheral to their academic biology. The first plant pathologists called
themselves ‘applied mycologists’ and they were primarily interested in the fungi that caused plant disease, rather
than in the economic losses caused by those fungi. Until 1970, the leading abstracting journal was called The
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Review of Applied Mycology, and was known as “RAM”. Its index included the names of hosts, pathogens, authors,
countries, and little else. It was quite ineffectual as an information retrieval system for the control of plant diseases.
However, there was an external factor that had enormous influence on twentieth century agriculture. This
was an unbalanced medical progress. The human death rate, particularly among infants, was drastically reduced by
a greatly improved medical science. But the human birth rate was not correspondingly reduced in compensation.
The result has been a human population explosion. Agricultural production has been increased accordingly, and
this increase was a remarkable achievement. But it was made at great cost. One of the costs was the loss of
pathosystem stability and balance. Another was the replacement of host resistance with crop protection chemicals.

3.5 The Vertical and Horizontal Subsystems
Many plant pathosystems have two subsystems called the vertical and horizontal subsystems, named after
Vanderplank’s (1963) concept of vertical and horizontal resistances. These terms ‘vertical’ and ‘horizontal’ are
abstract terms with no literal connotations. Vanderplank could equally have labelled the two kinds of resistance ‘hard’
and ‘soft’ resistance, or ‘alpha’ and ‘beta’ resistance. These terms have proved unpopular, but it is not clear whether
this is because of their abstract nature, or because of the concept they describe. However, as the originator of the
concept, Vanderplank had the privilege of choosing the words to describe it, and we should respect his precedence.
The term ‘vertical’ means that a gene-for-gene relationship (see 4) is present. And the term ‘horizontal’
means that a gene-for-gene relationship is not present. Originally, the terms described two kinds of resistance. Being
the result of a gene-for-gene relationship, vertical resistance is genetically controlled by single genes. However, not all
single-gene resistances involve a gene-for-gene relationship. Horizontal resistance results from mechanisms other than
a gene-for-gene relationship, and it is usually (but not invariably) polygenically controlled.
Vertical resistance is normally qualitative resistance. That is, it functions either completely or not at all.
Because of the nature of the gene-for-gene relationship, vertical resistance operates against some strains of the
parasite but not others. In agriculture, vertical resistance provides a complete protection against a parasite, but it is
likely to fail on the appearance of a new strain of that parasite. It thus provides a complete but temporary protection. It
is ‘unstable’ resistance (see 10.6).
Horizontal resistance is normally quantitative resistance. That is, it can function at any level between its
maximum and its minimum. It operates equally against all strains of the parasite, and it does not fail on the
appearance of a new strain. It thus provides an incomplete but permanent protection. It is ‘stable’ resistance (see
10.6).
The terms ‘vertical’ and ‘horizontal’ can be applied to parasitic abilities in the parasite, as well as to
resistances in the host. They can also be used to describe subsystems of a pathosystem, populations of both host and
parasite, and so on. In every case, they are stating that a gene-for-gene relationship is either present or absent, as the
case may be.
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3.6 Pathotypes and Pathodemes
Robinson (1969) proposed a system of naming the strains of both hosts and parasites that are defined by
criteria of parasitism. This system was intended to replace the antiquated plant pathological terminology which
used the terms ‘physiologic race’ and ‘pathologic race’ to describe pathologically defined strains of pathogens.
There was no corresponding terminology for the host. Entomologists spoke of ‘biotypes’ when describing insect
strains defined by resistance in the host. They too had no corresponding terminology for the host.
Robinson proposed that, in a pathosystem context only, the suffix ‘-type’ should be reserved for strains of
the parasite, and the suffix ‘-deme’ should be reserved for strains of the host. The prefix ‘patho-’ indicates that
these strains are defined by criteria of parasitism. This prefix is used in its wide biological sense of pathos (Gk =
suffering) rather than its narrow agronomic sense of plant disease. It accordingly applies equally to the various
animal and Angiosperm parasites of plants, as well as to the various categories of plant pathogens. A pathotype is a
strain of a parasite, in which all individuals have a stated character in common, defined by criteria of parasitism.
Similarly, a pathodeme is a strain of a host, in which all individuals have a stated character in common, defined by
criteria of parasitism.
The two kinds of host resistance in plants, known as vertical resistance and horizontal resistance, define
the vertical pathotype and vertical pathodeme, as well as the horizontal pathotype and the horizontal pathodeme. In
each of these terms, ‘vertical’ means that a gene-for-gene relationship is present, while ‘horizontal’ means that a
gene-for-gene relationship is not present.
It should be made clear that a pathodeme can consist of many different cultivars. Thus, vertical pathodeme
‘1’ includes all cultivars that possess only vertical resistance gene ‘1’ to a particular parasite, even though these
cultivars may differ widely in other respects. This comment applies also to vertical pathotypes, and to horizontal
pathodemes and horizontal pathotypes.

3.7 Genetic Flexibility and Inflexibility
Ecologists are familiar with the concept of genetic flexibility, in which an ecotype responds to either
positive or negative selection pressures, and changes accordingly, from generation to generation (see 1.15). Crop
scientists, on the other hand, are more familiar with genetic inflexibility, with which a cultivar, which is usually a
clone or a pure line, can be relied on to keep its agriculturally valuable characteristics, without significant genetic
change, during many years of propagation and cultivation.
Genetic flexibility is a feature of heterogeneous, wild populations, and wild plant pathosystems. Genetic
inflexibility is a feature of the vegetative propagation of clones such as potatoes, citrus, stone and pome fruits,
olives, sugarcane, bananas, strawberries, sweet potatoes, and cassava. It is also a feature of the seed propagation of
relatively homozygous pure lines of autogamous crops such as wheat, rice, and beans. And it is a feature of hybrid
varieties of allogamous (i.e., cross-pollinating) crops such as maize, sorghum, onions, and cucumbers that are
cultivated as hybrid varieties that exhibit heterosis (hybrid vigour).
If a wild host population has too little horizontal resistance, it will respond to positive selection pressure
and gain resistance, because it is genetically flexible. Equally, if it has too much resistance, it will respond to
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negative selection pressure and lose resistance. In complete contrast, most cultivated host populations, being
genetically inflexible, do not respond in this way.
A notable exception to this rule of genetic inflexibility is the open-pollinated maize of subsistence farmers
in the tropics. Highly susceptible, but genetically flexible, maize crops in tropical Africa responded dramatically to
the newly introduced, re-encounter, tropical rust parasite, (Puccinia polysora). And this response (see 7) has taught
us much about a possible new approach to the management of our crop pathosystems.

3.8 New Encounter, Old Encounter and Re-Encounter Parasites
The movement of crops around the world by people has been responsible for much ecological chaos. It has
also led to a special categorisation of crop parasites (Buddenhagen, 1977). Old encounter parasites are those in which
the host and parasite have evolved together and remained together. They may also have been moved together to a new
area.
New encounter parasites are those in which the host and parasite evolved separately, in different parts of the
world, and were brought together by people. Typically, the parasite is moved to a new area where it able to parasitise
a botanical relative of its original host. Both Phylloxera (Daktulosphaira vitifoliae) and downy mildew (Plasmopora
viticola) of grapes are typical examples of grape parasites that originated in the New W orld and were moved to the
Old W orld. Alternatively, the host may be moved to a new area where it encounters a parasite of a wild botanical
relative. Colorado beetle (Leptinotarsa decemlineata), of potatoes in the United States is a typical example. A third
possibility is that both the host and the parasite are moved to a new area where they encounter each other for the first
time. This happened, for example, with potato blight (Phytophthora infestans) in the northern hemisphere.
Re-encounter parasites are those in which the host is moved to a new area and the parasite is left behind.
Freedom from the parasite may lead to a commercial advantage, and the crop then becomes important in its new area.
For example, most of the world's coffee is grown in the New W orld, although coffee originated in Africa. Similarly,
rubber originated in the Amazon Valley, but most of its cultivation is in Southeast Asia. Such crops may also lose
resistance in the course of their propagation and breeding in the new area. W hen the parasite eventually reaches this
new area, it is a re-encounter parasite, and it is likely to be severely damaging because of the loss of resistance in the
host. Puccinia polysora was a typical re-encounter parasite of maize in tropical Africa (see 7.2).

3.9 Crop Vulnerability
Crop vulnerability is susceptibility to an epidemiologically competent parasite which, however, is absent
from the agro-ecosystem in question. The crop is vulnerable because the absent parasite might be imported at any
time. The vulnerability would then be manifested, and potential damage would become actual damage.
Crop vulnerability can result from an absent species of parasite, or from an absent vertical pathotype of a
parasite. In the manifestation of the former category, there will be an entirely new crop protection problem. In the
latter, there will be a failure of vertical resistance.
The economic and social consequences of crop vulnerability can vary from the trivial to the catastrophic.
Examples of catastrophic vulnerabilities in Europe were those of blight (Phytophthora infestans) and Colorado beetle
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(Leptinotarsa decimlineata) of potatoes, and Phylloxera (Daktulosphaira vitifoliae) and downy mildew (Plasmopora
viticola) of grapes.

3.10 Phytosanitation
The primary purpose of phytosanitation is to prevent known crop vulnerabilities from being manifested. This
is done mainly by controlling the movement of plants and planting material. This movement might be local, involving
a single farm; or regional, involving different areas within a country; or international, involving different countries.
Local phytosanitation can be very effective against soil-borne parasites, which are spread with planting
material, or in soil on tractor wheels. It is effective because a single person, the farmer himself, controls all the
imports and movements in his farm.
Regional control is usually ineffectual because it is not feasible to stop and search every vehicle moving from
one area to another. In California, for example, every car travelling into the State is stopped and searched, and all
fresh fruits and vegetables are confiscated. But most people flying into California are not searched, and they are
merely requested to dump fruit and vegetables into special bins. The efficacy of this system is doubtful in the extreme.
International control can be very effective, because the international movement of goods and people is
carefully controlled anyway. This control is improved when nations co-operate, with certificates of plant origin and
plant health. This international control can be at its most effective in island nations, such as the United Kingdom,
Madagascar, Indonesia, Japan, New Zealand, or Australia.
A distinction between hygiene and phytosanitation should be noted. Phytosanitation is concerned with
preventing the introduction of parasites that are still absent from the importing area. Conversely, hygiene is concerned
with preventing the introduction of parasites that are already present in the importing area. It involves the use of clean
and healthy planting material, such as certified seed potatoes.
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Chapter Four

4. The Gene-for-Gene Relationship
4.1 Introduction
Those requiring sources for the origins and development of the concept of the gene-for-gene relationship
should see Briggs (1933), Flor (1940, 1945), Black et al (1953), Person (1959), Vanderplank (1963), Habgood
(1970), and Robinson (1976, 1986). (I am indebted to Steve Slopek, personal communication, 1993, for
discovering the early, and previously unrecognised, percipience of Briggs).
In plant parasitism, the gene-for-gene relationship is an approximate equivalent of the antibodies and
antigens in mammals. However, this is only an analogy and it must not be stretched too far. The main difference is
that each resistance in the plant host is inherited, and it is consequently present before infection, rather than being
physiologically acquired after infection, as happens with antibodies. The inheritance of each resistance is controlled
by a single Mendelian gene. And, for each resistance gene in the host, there is a corresponding, or matching, gene
for parasitism in the parasite. Each resistance gene is thus the approximate botanical equivalent of an antibody, and
each parasitism gene is the approximate botanical equivalent of an antigen. However, there is an additional reason
why the analogy should not be stretched too far. If the genes of the parasite match the genes of the host, the
resistance mechanism is not triggered, the resistance does not operate, and parasitism can occur. If the parasite
genes do not match the host genes, the resistance mechanism is triggered, the resistance does operate, and
parasitism cannot occur. This is the converse of the relationship between antigens and antibodies.

4.2 Differential Interaction
Vanderplank (1968) first pointed out that one of the differences between vertical resistance and horizontal
resistance was that vertical resistance exhibited a variable ranking (Fig. 4.1), while horizontal resistance exhibited a
constant ranking (Fig. 4.2). He named the variable ranking with its statistical term ‘differential interaction’.
However, it subsequently became clear that there are several categories of differential interaction, depending on the
degree of genetic difference between the host and parasite differentials (Robinson 1976, 1987). The vertical
subsystem is defined by a particular differential interaction that Robinson (1976, 1987) called the Person/Habgood
differential interaction (Fig. 4.4). This is the differential interaction with smallest degree of genetic difference
between differentials, these differences being those of only the genes of the gene-for-gene relationship.
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4.3 The Person Differential Interaction
In a seriously neglected paper, Person (1959) elucidated the mathematics of the gene-for-gene relationship
and produced a theoretical differential interaction that Robinson (1976) called ‘the Person differential interaction’.
Among other things, Person showed that it was possible to predict previously undiscovered vertical resistances and
pathogenicities. He also showed that it was possible to produce a phenotypic demonstration of a gene-for-gene
relationship, without any genetic studies in either the host or the parasite. His differential interaction enabled
Bettencourt & Noronha-W agner (1971) to demonstrate a gene-for-gene relationship in coffee leaf rust (Hemileia
vastatrix) in which the sexual phase of the fungus is unknown.

Figure 4.1 Variable ranking
In this diagram, the level of parasitism is measured on a scale of 0 (minimum) to 4
(maximum). A variable ranking (differential interaction) means that more than one
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pathotype is needed to identify any pathodeme, and that more than one pathodeme is
needed to identify any pathotype. In practice, the most economical host differentials are
those that possess only one vertical gene. And the most economical parasite differentials
are those that lack only one gene. The gene-for-gene relationship is characterised by a
special category of variable ranking known as the Person/Habgood differential interaction
(see Fig. 4.4).

Figure 4.2 Constant ranking
In this diagram, parasitism is measured on a scale of 0 (minimum) to 4
(maximum). When there is no differential interaction, the various different pathodemes
and pathotypes exhibit a constant ranking. Thus pathodeme ‘D’ is more susceptible than
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pathodeme ‘E’, regardless of which pathotype it is tested against. And, similarly, ‘E’ is
more susceptible than ‘F’.
On the same basis, pathotype ‘d’ has a greater parasitic ability than ‘e’, regardless
of which pathodeme it is tested against. Similarly, pathotype ‘e’ has a greater parasitic
ability than ‘f’.
Once a constant ranking is established, one pathodeme will identify any
pathotype, and one pathotype will identify any pathodeme. Note that a constant ranking
is maintained between localities and between seasons. A constant ranking is
characteristic of the horizontal subsystem. However, minor discrepancies, due to
experimental error, do not necessarily invalidate a constant ranking.

4.4 Nomenclature
The best nomenclature for vertical resistances and parasitic abilities is one that names the genes. The two
matching genes of a pair are given the same name, which immediately reveals that the two genes match each other. A
vertical pathodeme or vertical pathotype can then be named according to the vertical genes that it is carrying, and it is
immediately clear whether a pathotype does or does not match a pathodeme.
The Black et al (1953) nomenclature labels pairs of matching vertical genes numerically, in the order of their
discovery, using an arithmetic series of numbers (i.e., 1, 2, 3, 4, etc.). The Habgood (1970) nomenclature uses the
numbers of the binomial expansion (i.e., 20 , 21 , 22 , 23 , etc., with arithmetic values of 1, 2, 4, 8, etc.). Each binomial
number has an arithmetic value that is double that of its predecessor. An advantage of the Habgood nomenclature is
that the sum of any combination of binomial numbers is unique. For example, the sum 21 can be obtained only by
adding 16 + 4 + 1, and no other combination of binomial numbers can add up to this sum. Habgood recognised the
value of this uniqueness, which is essential to any system of naming.
Habgood originally applied his nomenclature to the host and parasite differentials, but Robinson (1976)
applied it to matching pairs of vertical genes. Each pair of matching genes is then labelled with the binomial numbers
1, 2, 4, 8, etc., in order of discovery. The name of each pair of genes is the primary Habgood name, and it is a single
binomial number. Any combination of genes is named with the sum of their several binomial numbers (Fig. 4.3), and
this is a secondary Habgood name. It will be seen that any combination of genes, in either the host or the parasite, is
named with a single number, and that exactly matching vertical resistances and vertical parasitic abilities have the
same name (Fig. 4.4).
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Figure 4.3 Nomenclature in the gene-for-gene relationship of coffee leaf rust (Hemileia
vastatrix)
In the original nomenclature, host differentials were labelled with letters of the
alphabet, and rust differentials were labelled with Roman numerals (red in the diagram).
With this system, it was extremely difficult to determine how many genes, and which
genes, were present in each differential. (Continued)
In the system used by Black et al (1953), each gene (green in the diagram) is
labelled with a numeral in an arithmetic series (i.e., 1, 2, 3, 4, etc.). Matching genes are
given the same number, and it is immediately apparent whether or not a particular
vertical pathotype matches a particular vertical pathodeme, regardless of how many
genes may be present.
In the (modified) Habgood (1970) nomenclature, the genes (blue in the diagram)
are labelled with the numbers of the binomial expansion (i.e., 20, 21, 22, 23, etc.) which
have arithmetic values of 1, 2, 4, 8, etc., each value being double that of its predecessor.
These single gene names are the primary Habgood names. Secondary Habgood names
label combinations of genes, and they are the sum of the arithmetic values of all the
genes present. Thus Habgood 21 labels the combination of genes 1, 4, and 16. The
advantage of this system is that the sum of any combination of gene values is unique.
However, the main value of the Habgood nomenclature is that it led to the discovery of
the Person/Habgood differential interaction (see Fig. 4.4).
The composition of a secondary Habgood name is easily determined. Suppose the secondary name was 29.
The largest possible binomial number is subtracted from it. In this case, this would be binomial 16. This means that
gene 16 is present. The remainder is 13, from which 8 can be subtracted, indicating that gene 8 is present. The
remainder is now 5, showing that genes 4 and 1 are also present. These gene names 16 + 8 + 4 + 1 add up to 29, and
no other combination of binomial numbers can add up to this sum.
The Habgood nomenclature is useful for small numbers of pairs of genes. However, in any gene-for-gene
relationship that has more than a few pairs of genes, the system becomes cumbersome because the Habgood numbers
are so large. In wheat stem rust (Puccinia graminis tritici) for example, there are some thirty pairs of genes resulting
from inter-specific hybridisation. This means that there are 23 0 (i.e., 1,073,741,824) possible gene combinations and
the binomial numbers become impracticably large. There is then no useful alternative to the Black nomenclature.

- 50 -

4.5 The Person/Habgood Differential Interaction
Having applied the Habgood (1970) nomenclature for the host and parasite differentials to the pairs of
genes in a gene-for-gene relationship, Robinson (1976) rearranged the Person (1959) differential interaction on the
basis of the Habgood nomenclature. There was then a greatly increased simplicity, and he called this the
Person/Habgood differential interaction (Fig. 4.4). Intriguingly, the patterns within the differential interaction are
reproducible with the techniques of cellular automata (see 2.2) described by W olfram (2002).
The importance of both the Person differential interaction, and the Person/Habgood differential
interaction, is that they provide a phenotypic demonstration of a gene-for-gene relationship. They also reveal that
every combination of vertical resistance genes can be matched by the parasite. In this sense, they predict new
vertical gene combinations in the same way that the periodic table predicts new elements. They also indicate that
the so-called
pyramiding of genes will not normally enhance the durability of the vertical resistance to any significant extent.
However, there is some evidence that this durability can be enhanced by mixing vertical resistance genes from
several different species, as has been done, for example, with the vertical resistances of wild wheat species to
Puccinia graminis tritici.
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Figure 4.4 The Person/Habgood differential interaction.
Think of this diagram as a map of a field trial. The vertical pathodemes (green) are
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planted in columns, down the matrix of the diagram, and in the numerical order of their
Habgood names (see Fig. 4.3). The vertical pathotypes (red) are used to inoculate these
pathodemes, and are applied in rows across the matrix of the diagram, and in the
numerical order of their Habgood names. Each vertical pathodeme is thus tested with
each vertical pathotype. A blue dot represents a matching interaction (susceptibility) and
a blank represents a non-matching interaction (resistance). The importance of this
diagram is that it illustrates all the important characteristics of the gene-for-gene
relationship.

4.6 Other Differential Interactions
Robinson (1987) also showed that there were other categories of differential interaction that were not due
to a gene-for-gene relationship, and which should not be confused with vertical resistance. Nor should the term
‘vertical’ be applied to these alternative differential interactions. They all have genetic differences between the
differentials that are greater than those of the gene-for-gene relationship. Ten such differential interactions have
been recognised but, no doubt, there are others. In general, they are not important in plant breeding, but their
occurrence should be noted, as they can occasionally give a false appearance of vertical resistance. Anyone
requiring additional information should consult the original description.
Perhaps the only important consideration here concerns inter-specific hybridisation. Hybridisation in the
parasite leads to a loss of parasitic ability. Hybridisation in the host leads to a gain in resistance. But this gain is lost
when there is a corresponding degree of hybridisation in the parasite. These changes can be misleading during
studies of inter-specific hybrids.

4.7 Demonstration of a Gene-for-Gene Relationship
A gene-for-gene relationship can be demonstrated genotypically or phenotypically.
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4.7.1 Genotypic demonstration
A genotypic demonstration of a gene-for-gene relationship requires genetic studies in both the host and the
parasite. Such studies can be a lengthy business, often requiring many years of painstaking work. Genetic studies in
the parasite are often extremely difficult, as with aphids or rusts, for example. In many other parasites, genetic studies
are impossible because the reproduction is entirely asexual. A genotypic demonstration is sometimes assumed from
genetic studies in only the host. For example, Black, et all (1953) assumed a gene-for-gene relationship in potato
blight (Phytophthora infestans) before the A2 mating type (see 7.20.4) was either known or available.
Genotypic demonstrations were necessary when gene-for-gene relationships were largely unknown, and were
a subject of academic study. Today, however, a phenotypic demonstration is entirely adequate for all practical
purposes.

4.7.2 Phenotypic demonstration
Loegering and Powers (1962) designed the ‘quadratic check’ and suggested that it provided a demonstration
of a gene-for-gene relationship. However, Day (1974) pointed out that other situations, such as the presence or
absence of an antibiotic, can also produce a quadratic check. F.E. W illiams (Private Communication, 1984)
determined the minimum requirements for a phenotypic demonstration of a gene-for-gene relationship. These require
at least two pairs of matching genes. The minimum matrix consists of two host differentials and three parasite
differentials, or vice versa. This matrix must fit into a Person/Habgood differential interaction, and it must include the
two by two matrix produced when the two genes are tested, each with the other two (Fig. 4.5).
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Figure 4.5 Phenotypic demonstration of a gene-for-gene relationship.
In this diagram, which is derived from the Person/Habgood differential interaction
(see fig. 4.4), the Habgood nomenclature is used throughout (i.e., Habgood ‘3’ consists
of genes 1 & 2). A red spot is a matching interaction, and a white spot is a non-matching
interaction. Note the central matrix obtained from the interaction of genes 1 & 2; this is
known as the ‘transagonal’ matrix.
The minimum requirements for a phenotypic demonstration of a gene-for-gene relationship are a transagonal
matrix plus the pair of interactions that occurs either above or below, or to the right or left of it. In other words, the
minimum differential interaction must involve (3 x 2) or (2 x 3) genes that include a transagonal differential
interaction.

4.8 Matching and Non-Matching Infection
In the context of this book, infection is defined as the contact made by one parasite individual with one host
individual for the purposes of parasitism. In terms of a gene-for-gene relationship, any infection is either a matching,
or a non-matching, infection.

4.9 Allo-infection and Auto-infection
There are two further kinds of infection, just as there are two kinds of pollination. Cross pollination
(allogamy) means that the pollen came from a different parent. Self-pollination (autogamy) means that the pollen
came from the same parent, and usually the same flower. By the same token, allo-infection is infection in which the
parasite originates away from the host that it is infecting. The parasite had to travel to its host. Auto-infection is
infection in which the parasite originated on the same host that it infects. The parasite had no need to travel.

4.9.1 Allo-infection
Allo-infection means that the two individuals of host and parasite have to come together. Usually, it is the
parasite that must find the host, but other arrangements occur. Vertical resistance operates against various
categories of allo-infection as follows.
Airborne parasites: Typical air-borne parasites are the aphids and rusts. In a discontinuous pathosystem,
these parasites have to allo-infect newly emerged
seedlings, or the newly emerged leaves of a deciduous tree. In a wild pathosystem, the host population is
heterogeneous. A wide variety of different vertical resistances will provide a system of locking (see 4.14) that
ensures that most of these allo-infections are non-matching.
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Figure 4.6 Allo-infection: The parasite has to travel to its host, having
originated on a different host, or from a dormant state.
Soil-borne parasites: Typical soil-borne parasites are the wilt fungi, and root-infesting nematodes. These
parasites are effectively immobile, and it is normally the host roots that find the parasite. However, this is still alloinfection, and a wide range of vertical resistances in the host population will ensure that most of these alloinfections are non-matching.
Seed-borne parasites: There are two categories of seed-borne parasite, depending on whether the seed is
contaminated or infected.
Contaminated seed occurs typically with the covered smuts of the small grain cereals, in which the smut
spores are carried on the outside of the seed, or in the soil, and the actual allo-infection occurs at the time of seed
germination. The frequency of matching can be greatly reduced by the system of locking produced by vertical
resistances.
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Infected seed occurs typically with the loose smuts of small grain cereals, in which the smut spores alloinfect the stigma in order to penetrate the seed. Once again, the system of locking produced by vertical resistances can
greatly reduce the frequency of matching. It is in these loose smut diseases that the analogy between vertical
resistance and pollen self-incompatibility is at its closest.

4.9.2 Auto-infection
Auto-infection is infection in which the parasite originates on, or in, the host that it infects. The parasite
has no need to travel.

Figure 4.7 Auto-infection: The parasite has no need to find its host.
W ith asexual reproduction, the auto-infecting parasite is a member of a clone, and it is descended from an
allo-infecting parasite that matched the vertical resistance of the host. It follows that all auto-infection is matching
infection. Even when the allo-infecting parasite has sexual reproduction only, the non-matching segregants will be
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lost, and the auto-infecting parasite population will quickly achieve homogeneity of the matching vertical
pathotype.
The individual host has been usefully compared to an island, with the parasite being compared to
immigrants and colonisers. Allo-infection is the equivalent of an immigrant arriving, by boat or plane, on that
island. Auto-infection is the equivalent of the descendants of that immigrant colonising the island.

4.10 Infection and Resistance
W ith asexually reproducing parasites, there is a direct, and very important, correlation between the two
kinds of resistance, and the two kinds of infection. Consider the first infection of any individual plant host. It can
only be an allo-infection. There are no other possibilities. In terms of the gene-for-gene relationship, this alloinfection is either a matching or a non-matching infection. Vertical resistance thus controls allo-infection.
Now consider the consequences of a matching allo-infection. The parasite reproduces asexually, and all of
its progeny constitute a clone. All members of this clone have a vertical parasitic ability that matches the vertical
resistance of the host. And all parts of the one host have the same vertical resistance. It follows that all of this autoinfection is matching infection.
Vertical resistance cannot control auto-infection. It can control allo-infection only. And it does this by
reducing the frequency of allo-infections that are matching infections. Auto-infection, and all the consequences of a
matching infection, can be controlled by horizontal resistance only.
Some pathosystems lack a vertical subsystem (see 4.11). In these, both allo-infection and auto-infection
are controlled by the horizontal subsystem.

Some parasites, particularly insects, lack an asexual reproduction and,
again, these rules concerning resistance and infection do not apply. However,
vertical resistances are rare against plant parasites that lack an asexual
reproduction. Examples include Hessian fly (Mayetiola destructor) of wheat, and
golden nematode of potato (Heterodera rostokiensis), and auto-infection is not a
significant factor in the population increase of these parasites.
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4.11 Continuous and Discontinuous Epidemics
An epidemic (or a pathosystem) may be either continuous or discontinuous, depending on the availability
of host tissue for parasitism. The tissues of an annual species, or the leaves of a deciduous species, suffer
discontinuous epidemics. This is because there are regular seasons in which there is no host tissue available to the
parasite. If there is a discontinuous pathosystem, the parasite has the problem of surviving that adverse season. It
has a second problem of finding new host tissue at the start of a new season. And this second problem is
compounded if there is a vertical subsystem, because the parasite must then find a host with a matching vertical
resistance.
The parasite does not have this problem with continuous epidemics, in which host tissue is continuously
available to the parasite. All the tissues of an evergreen tree, or a rain forest herb, for example, suffer continuous
epidemics. W ith only one matching allo-infection, such a host can remain parasitised, by auto-infection, for the rest
of its life. There may be seasonal fluctuations in both the intensity of the parasitism, and the frequency of the
auto-infection, but the parasitism never stops completely. Many evergreen trees live for centuries, if not millennia,
and they need be successfully allo-infected only once.

4.12 The Importance of Discontinuity
A gene-for-gene relationship can function and, consequently, can evolve, only in a discontinuous
pathosystem. There must be both sequential discontinuity and spatial discontinuity.

4.12.1 Sequential discontinuity
Vertical resistance occurs only in seasonal tissues, and in discontinuous epidemics. This is because it
functions as a system of locking (see 4.14). Consider a parasite of the leaves of a deciduous tree. W ith leaf-fall, the
leaves die, and the parasite survives usually as a sexually produced dormant form. In the spring, the new leaves are
parasite-free, and the only possible infection is allo-infection. The vertical resistance of the tree, which was
matched (i.e., ‘broken down’) in the previous season, is now unmatched and functioning. This is the converse of a
‘breakdown’ and it represents the ‘recovery’ of the vertical resistance. In terms of a system of locking, a
‘breakdown’ is equivalent to unlocking, and ‘recovery’ is equivalent to re-locking. Note also that new parasite
individuals in the spring are the result of sexual recombination, and they are segregating genetically with respect to
their vertical parasitic abilities. Their chances of matching the host individual in whose leaves they survived the
winter are no different from those of any other parasite individual in the n/2 model (see 4.15).
Occasionally, an agro-ecotype of a deciduous species, produced by artificial selection, is so susceptible
that a leaf parasite can survive an adverse season in the bark. For example, the apple cultivar ‘Cox’s Orange
Pippen’ can harbour over-wintering mycelium of apple scab (Ventura inaequalis). The pathosystem is then
functionally continuous.
Now consider an evergreen tree in which host tissue is continuously available to the parasite. Vertical
resistance will not evolve in such a species because it can protect the host only until the first matching allo-
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infection occurs. From then on, the parasitism can be continuously maintained by auto-infection. And all autoinfection is matching infection. W e are forced to conclude that vertical resistance can evolve only in discontinuous
pathosystems. This conclusion is supported by all the established examples of vertical resistance, although there are
a few misinterpretations in the scientific literature. As noted above (see 4.6), it is easy to mistake some differential
interactions for a gene-for-gene relationship.
Because every epidemic, whether continuous or discontinuous, has matching infections, we are forced to
conclude that every host has horizontal resistance to every one of its parasites. The available evidence supports this
conclusion, even if the level of horizontal resistance in some modern cultivars is at a very low level. To postulate
any other conclusion would be to postulate an absolute susceptibility, and this possibility has never been
demonstrated.
There are some apparent exceptions to this conclusion that vertical resistance occurs only in discontinuous
pathosystems. These exceptions could be misleading if their real discontinuity was not understood.
Coffee leaf rust: Coffea arabica is an evergreen perennial and its leaf parasites apparently have a continuous
epidemics. Coffee leaf rust (Hemileia vastatrix) requires free water on the leaf surface in order to infect. During the
dry season, all rust-infected leaves are shed, and rust dies with them. Coffee is thus functionally deciduous with
respect to rusted leaves only, and the epidemic is discontinuous (see 8.11). Coffea arabica is an allo-tetraploid that
survives only in cultivation, and it presumably obtained this functional deciduousness from one of its wild, diploid
ancestors.
Barley rust: W inter barley germinates in the fall and can be infected with rust (Puccinia hordei), in an
apparently continuous epidemic. However, the barley grows slowly throughout the winter, but the rust does not
grow at all, and it cannot infect the new leaves. In the spring, all rusted leaves have died, and the rust has died with
them (Parlevleit & Van Ommeren, 1976).
South American Leaf Blight of Rubber (SALB): It seems that a vertical subsystem has not been
conclusively demonstrated in SALB (Microcyclus ulei) of rubber (Hevea brasiliensis), but hypersensitivity
mechanisms occur, and both oligogenic and polygenic resistances are known (Holliday, 1970). The Amazon Valley
is permanently warm and wet and its pathosystems are apparently continuous. However, the rubber tree is
deciduous, in spite of its growing in these conditions of continuous epidemics. Its pathosystem is consequently
discontinuous.
Potato blight in Mexico: The wild potatoes (Solanum demissum, and other spp.) of Mexico are perennials
but they have vertical resistances to blight (Phytophthora infestans). Their aerial parts are annual, however, dying
out entirely during the winter. The tubers never get diseased because the blight fungus is apparently unable to
survive in the soil. The epidemic is thus discontinuous, and the fungus survives the winter as oospores which are
the result of sexual recombination, and which have variable vertical pathogenicities.
W hite pine blister rust: Rust (Cronartium ribicola) of the five-needle pines (Pinus spp.) of North America
is believed to be a new-encounter disease, apparently introduced from Eurasia. There is a gene-for-gene
relationship in the white pines and it is thought that this vertical subsystem is ancient. It may have evolved to
function with a local pathotype of the rust, and it is possible that the local pine ecotypes have little horizontal
resistance to a new-encounter allopatric ecotype introduced from Eurasia (see 8.15).
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Taro blight: This tropical crop (Colocasia esculenta) is also known as cocoyam, dasheen, or eddoe. It is an
evergreen perennial and it was domesticated from a wild progenitor that had a continuous pathosystem. In many of
the islands of the South Pacific, a newly introduced blight (Phytophthora colocasiae) is causing severe damage. It
is thought that vertical resistance to blight occurs in a wild relative of taro in the Himalayas, where this wild
relative has discontinuous epidemics. These vertical resistance genes have apparently been introduced into the
tropical taro of the South Pacific in the course of plant breeding.

4.12.2 Spatial discontinuity
The vertical subsystem operates as a system of locking and this means that every host individual within a
defined area must have a biochemical lock that is different from that of every other host individual. These differences
constitute spatial discontinuity (i.e., genetic diversity within a population). The n/2 model (see 4.15) also reveals the
need for spatial discontinuity. Indeed, every n/2 pathotype and pathodeme must occur with both an equal frequency,
and a random distribution, if this model is to function.
In a discontinuous wild pathosystem, allo-infection from one host individual to another is usually nonmatching infection, because of the system of locking of the vertical subsystem. In most crop pathosystems there is
no spatial discontinuity. Host population uniformity means that every allo-infection within a cultivar is a matching
infection. It is the equivalent of an auto-infection. This provides at least a partial explanation of why a vertical
resistance can fail so dramatically in a crop pathosystem, but not in a wild plant pathosystems. (A further reason is
the major difference in the levels of horizontal resistance).

4.13 The Annual and Deciduous Habits
It is generally accepted that deciduous trees and shrubs shed their leaves in order to escape either the
rigours of winter in the temperate zones, or the desiccation of a dry season in the tropics. And that, for the same
reasons, annual plants die off completely, except for their well protected, dormant seeds. Many perennial herbs also
die off above ground, and survive an adverse season solely as underground organs, such as tubers, corms, or bulbs,
that are capable of regenerating new plants with a return to favourable growing conditions. These various dormant
organs are also capable of surviving fire.
It is much less generally appreciated that these deciduous and annual habits also have an important
survival advantage in terms of parasitism, and that they provide a plant pathosystem with sequential discontinuity.
In its turn, this sequential discontinuity permits both the evolution, and the functioning, of a gene-for-gene
relationship, and the stabilising effects of a system of locking.
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4.14 Systems of Locking
There is little doubt that the gene-for-gene relationship functions as a system of locking. Each individual
plant host has a biochemical ‘lock’, consisting of several vertical resistance genes. And each individual parasite has
a biochemical ‘key’, consisting of several vertical parasitism genes. Each resistance gene in the host is the
biochemical equivalent of a tumbler in a mechanical lock. And each parasitism gene in the parasite is the
biochemical equivalent of a notch in a mechanical key. At the time of allo-infection, the parasite’s key either fits
the host’s lock, or it does not fit. If the key fits, the infection is described as a matching infection, the ‘door’ of host
resistance is opened, and the parasite is able to enter. If the key does not fit, the infection is described as a nonmatching infection, the ‘door’ of host resistance remains closed, and the parasite is denied entry.

- 63 -

Figure 4.8 In this model there are six pairs of genes in the gene-for-gene relationship
and each host and parasite individual has three genes. There are then twenty locks
and twenty keys. This diagram shows the matching lock and key with genes 1, 3, & 5.
___________________________________________________________

The penetration of a stigma by a pollen germ tube is very similar to the penetration of a host by a fungal
pathogen germ tube. And the system of pollen self-incompatibility, which prevents self-pollination, is genetically
and operationally very similar to the gene-for-gene relationship. However, this analogy must not be pressed too far.
For ease of discussion, it should be remembered that the resistance and parasitic ability based on the genefor-gene relationship are described as vertical. The ‘lock’ described here is vertical resistance, and the ‘key’ is
vertical parasitic ability.
Robinson (1976) suggested that the epidemic could be subdivided into the esodemic and the exodemic. He
defined the esodemic as that part of the epidemic that involves auto-infection only. The exodemic is that part of the
epidemic that involves allo-infection only. Clearly, vertical resistance controls the exodemic by reducing the
proportion of allo-infections that are matching infections. But not all exodemics are controlled by vertical
resistance. That is, a vertical subsystem may occur in a discontinuous pathosystem, but it need not necessarily do
so. The esodemic can be controlled by horizontal resistance only and, because every epidemic has an esodemic,
horizontal resistance is universal. Equally, because some pathosystems do not have a gene-for-gene relationship, it
follows that horizontal resistance can also control the exodemic.

4.15 The n/2 model
It is clear that the gene-for-gene relationship evolved to control allo-infection, and that it does so as a
system of locking. Mathematically, the most efficient system of locking occurs when:
·

Every individual in both the host and the parasite populations has n/2 genes, where n is the number of
pairs of genes in the gene-for-gene relationship.

·

All the n/2 combinations of genes occur with an equal frequency in both the host and the parasite
populations.

·

All the n/2 combinations of genes occur with a random distribution in both populations.
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Figure 4.9 The n/2 model. This figure shows a gene-for-gene relationship that has six
pairs of matching genes. Twenty different three-gene ‘locks’ of resistance in the host
(green), and twenty different three-gene ‘keys’ of parasitism in the parasite (red), are
possible. Given a random distribution, as well as an equal frequency, of both locks and
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keys, only one allo-infection in twenty will be a matching infection. In this disagrm, it is
third down in the the third column (coloured).
__________________________________________________________________

Such a system of locking is both efficient and economical. W ith only twelve pairs of genes, the frequency
of matching allo-infections is reduced to 1/924. W ith twenty pairs of genes, it is reduced to 1/184,756. These
frequencies are revealed (Robinson, 1987) by the binomial coefficients of Pascal’s triangle (Fig. 4.10).
This postulation of a system of locking is supported by a reductio ad absurdum. Assume that every
possible combination of vertical subsystem genes occurs (i.e., 2 n combinations, where n is the number of pairs of
genes), ranging from an individual with no genes, to an individual with all of the genes. Some combinations of
genes would obviously have a survival advantage over others. In particular, the host that possessed every available
resistance gene would be matched with the lowest frequency, and would have the highest survival advantage. The
host with no resistance genes would be matched with the highest frequency, and would have the lowest survival
advantage. Equally, the parasite that possessed every available parasitism gene would be able to match with the
highest frequency, and it too would have the highest survival advantage. And the parasite with no genes would
have the lowest survival advantage.
These survival advantages would lead both the host and the parasite populations to uniformity. Every
individual in each population would possess all of the available vertical genes. But, when this uniformity was
reached in both populations, every allo-infection would be a matching infection, and the gene-for-gene relationship
would cease to function. “W hich is absurd”, as Euclid would have said.

- 66 -

Figure 4.10 Pascal’s Triangle.
Pascal’s triangle reveals the binomial coefficients for small samples, such as the
number of locks and keys obtained from a given number of vertical resistance or
parasitism genes, or the possibilities of boy or girl in single-birth children. For example,
when n = 2, in a gene-for-gene relationship, there is one possibility of no vertical
genes, two possiiblities of one gene, and one possibility of two genes. Alernatively, with
single child births, there is one possibility of two boys, two possiiblities of both sexes
(i.e., boy then girl, or girl then boy), and one possibility of two girls. These possibilities
are the binomial coefficients which are easily ascertained by adding the two numbers
above each, to the right and left. The figures in red show the number of n/2 locks and
keys for a given number of pairs of genes in a gene-for-gene relationship.
__________________________________________________________________

Consider three possible situations (Table 4.1). In the first situation, every individual in both populations
has no vertical genes at all. There is then no vertical subsystem. Every allo-infection is a matching infection.
Table 4.1

Number Of Vertical Genes

Frequency of
Matching Allo-infection

Host Population

Parasite Population

None

None

Maximum

n/2

n/2

Minimum

All

All

Maximum

The second situation has already been mentioned. Every individual in both populations has every available
vertical gene. There is complete uniformity of vertical genes within the vertical subsystem. Every allo-infection is
again a matching infection and the vertical subsystem does not function.
The third situation has already been postulated, and is the middle position. Every individual in both
populations has half of the available vertical genes (i.e., n/2, where n is the number of pairs of gene in the gene-forgene relationship). If we assume also that every combination of n/2 genes occurs with equal frequency, and with a
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random distribution, in both populations, there will be the maximum possible heterogeneity for that vertical
subsystem. The vertical subsystem will then function with its maximum possible efficiency.
It follows that maximum efficiency (i.e., the lowest frequency of matching allo-infection, for a given
number of pairs of genes) is obtained with the maximum heterogeneity in both populations. The maximum possible
heterogeneity in both populations is achieved with the n/2 model (Fig. 4.11).
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Figure 4.11 The n/2 model.
In this model, there are six pairs of matching genes in the gene-for-gene
relationship, with primary Habgood names 1, 2, 4, 8, 16, and 32. Only three-gene
pathodemes (green) and pathotypes (red) occur, and they are given their secondary
Habgood names (Fig. 4.3). It will be seen that each pathodeme can be matched by only
one pathotype, and vice versa. Matching is indicated by a blue dot, and non-matching by
a blank. There are 20 matches and 380 non-matches. The n/2 model provides the
highest possible heterogeneity, and the maximum efficiency, for a given number of pairs
of genes in a gene-for-gene relationship.
_______________________________________________________________________

Note that, as the number of pairs of genes increases arithmetically, the number of n/2 locks and keys
increases geometrically. W e can also conclude that the number of pairs of genes in the gene-for-gene relationship is
probably related to host population density. Clearly, if the host is a large area of natural grassland, more locks and
keys will be necessary than if the host is a tree growing in a mixed forest with a host population density of, say, one
tree in ten acres. The number of propagules produced by the parasite will also be related to the number of pairs of
genes in the gene-for-gene relationship. These delicate pathosystem balances are maintained by genetic homeostasis
(4.16) and, it should be added, they are easily destroyed in the crop pathosystem.

4.16 Genetic Homeostasis
The concept of genetic homeostasis was first formulated by Lerner (1954) and it concerns the ability of a
population to maintain an optimum genetic constitution. This, of course, is another example of self-organisation
(see 2.4). It is clear that the vertical subsystem must have genetic homeostatic mechanisms that ensure three things:
·

The presence of n/2 vertical genes in all the host and parasite individuals at all times. Any swing
away from n/2 represents a loss of effectiveness in the system of locking, and genetic homeostasis
will restore that effectiveness.

·

An equal frequency of all the n/2 vertical resistances and vertical parasitic abilities. Any swing away
from this equal frequency represents a loss of effectiveness in the system of locking, and genetic
homeostasis will restore that equal frequency.

·

A random distribution of all the combinations of n/2 genes. Any swing away from this random
distribution represents a loss of effectiveness in the system of locking, and genetic homeostasis will
restore that random distribution.

It is not difficult to postulate mechanisms for such a genetic homeostasis, the most simple being density
dependent selection. For example, a particular n/2 vertical pathodeme might occur with a low frequency. This
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would give it a survival advantage, and it would be matched infrequently, because the matching vertical pathotype
would be rare. This survival advantage would lead to an increased reproduction, and this vertical pathodeme would
then become common. It would now have a survival disadvantage, and it would be matched frequently, because the
matching vertical pathotype would also be common. This survival disadvantage would lead to a reduced
reproduction, which would restore the vertical subsystem balance. Similar arguments can be made for the parasite
population.
This density dependent selection would doubtless permit continuing minor fluctuations in the frequency of
vertical pathodemes and vertical pathotypes. These fluctuations are what engineers call ‘hunting’, as seen in the
automatic steering of a ship (see 1.7). This might also mean that individuals of either population could occur with
(n + 1) or (n – 1) vertical genes. However, this need not seriously affect the overall stability of the vertical
subsystem.
Other genetic mechanisms can be postulated, and they may be even more effective. However, this is a
matter that has apparently never been investigated, and we have little factual knowledge about the functioning of a
gene-for-gene relationship in a wild plant pathosystem.

4.17 Evolutionary Function of the Gene-for-Gene Relationship
It appears that the sole evolutionary function of the gene-for-gene relationship is to confer stability on the
pathosystem. It does this by reducing the massive population explosion of an asexually reproducing r-strategist
parasite (see 4.21). This stabilisation is particularly important during an abnormal season, which greatly favours that
parasite. If it were uncontrolled, such an epidemic could devastate the host population, and this would threaten the
survival of both host and parasite.
Most often, this stability is conferred by the prevention of infection. That is, the proportion of allo-infections
that are matching infections is greatly reduced. In some instances, however, the vertical resistance is quantitative (see
10.18), and the effect of the resistance is then to allow infection but to prevent, or greatly reduce, parasite
reproduction.

4.18 The Person Model
The n/2 model provides heterogeneity in space. The Person model (Person, 1966) provides heterogeneity
in time (Fig. 4.12). These two models make sense only in terms of controlling allo-infection, and reducing the
population explosion of an r-strategist parasite.
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Figure 4.12 The Person Model
This model concerns an annual host such as wild wheat. Each host individual has
only one R-gene, and because there are five R-genes, there are five vertical
pathodemes. The outer circle shows the predominant vertical pathodemes in each of five
consecutive seasons. The frequency of any one vertical pathodeme depends on survival
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advantage and disadvantage. Survival advantage leads to commonness; it is
self-defeating because of more frequent matching, increased parasitism, and a
reproductive disadvantage. Survival disadvantage leads to rarity; it is self-correcting
because of a reduced matching, reduced parasitism, and a reproductive advantage.
The pathodeme listed first (i.e., R1 in Season 1) is common because its rarity in
the previous season gave it a reproductive advantage. The pathodeme listed second
(i.e., R5 in Season 1) is second most common because of its rarity in the second
previous season (continued).
The inner circles show the frequency of the single-gene vertical pathotypes, with
commonness in the outer circle, and rarity in the inner circle. Commonness of a vertical
pathodeme leads to commonness of the matching vertical pathotype. Similarly,
increasing rarity of a pathodeme leads to a corresponding rarity of the matching vertical
pathotype.
During the course of five seasons, each vertical pathodeme and vertical pathotype
alternates between extreme rarity and extreme commonness. However, the changes in
the parasite population lag behind the changes in the host population. The overall effect
is high resistance, and minimum parasitism, at the beginning of each season, with
maximum susceptibility, and maximum parasitism, only at the end of each season. (After
Person, 1966).
The Person model provides heterogeneity in time by changing the frequency of each vertical resistance
from one season to the next. This model assumes that each host and parasite individual has only one vertical gene.
The frequency of a pair of matching genes is autonomously controlled by negative feedback. A low frequency, or
rarity, of a vertical resistance gene is a survival advantage to the host. Such host individuals are parasitised least
and they reproduce most. They then become common in the next generation and, because the parasite population
mirrors the host population, these hosts are now parasitised most and they reproduce least. The model depends on
an alternation of survival advantage and disadvantage for each vertical gene. Survival advantage is due to rarity of
a resistance gene, and survival disadvantage is due to commonness of a resistance gene. Survival advantage leads
to commonness, and it is self-defeating. Survival disadvantage leads to rarity, and it is self-correcting.
The Person model depends on the host population changes occurring ahead of those of the parasite. This
time advantage is assisted if the host has dominant R-genes in a multiple-allelic series at one locus, while the
matching genes in the parasite are recessive and non-allelic. J.M. McDermott (Private Communication, 1984)
programmed a computer simulation of the Person model and found that stability can be maintained quite effectively
with only three pairs of genes.
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4.19 Annual and Perennial Hosts
The n/2 model will function with both annual hosts and the leaves of deciduous perennials. The Person
model will function with annual hosts only. This is because heterogeneity in time requires major changes in the
frequency of individual vertical resistance genes in the host population, on a season-to-season basis. Such changes are
possible in an annual species, but not in a perennial species.

4.20 Group Selection
As we have just seen, were the vertical subsystem to operate on a basis of unfettered individual selection,
the entire system will move rapidly to uniformity. Every host individual would possess all the resistance genes, and
every parasite individual would possess all the parasitism genes. The moment this happens, the vertical subsystem
ceases to function because every allo-infection is a matching infection. Furthermore, in terms of genetic
homeostasis, this loss of functionality would be irreversible, because genetic changes could involve only a
reduction in the maximum number of vertical genes, and this would not contribute to survival value.
It follows that the vertical subsystem can have evolved only by group selection. And the group must have
included the two taxonomically remote species of the host and the parasite. It is impossible to explain this evolution
on the basis of natural selection operating on random mutations (see 2.10). That mechanism can allow selection at
the level of the individual only. It would invariably lead the vertical subsystem towards homogeneity and
non-functionality.
This topic requires a major emphasising of complexity theory, and of complex, adaptive, non-linear
systems. Group selection would be impossible if the only mechanism of evolution were natural selection operating
on random mutations. Group selection becomes possible when the mechanism of evolution is natural selection
operating on the emergents that originate at every systems level. The system of locking that emerges from the
vertical subsystem (see 4.15) is possibly the most important emergent to occur in discontinuous (see 4.11) plant
pathosystems. This group selection cannot occur at any systems level lower than that of the pathosystem.
It is now postulated that the chief mechanism of evolution is natural selection operating on emergents.
Group selection is then possible by natural selection operating on emergents at the higher systems levels.
Individual selection is totally inimical to both the functioning and the evolution of the vertical subsystem.
Nevertheless, vertical subsystems have evolved, repeatedly, in many different host-parasite associations. These
associations involve species as evolutionarily remote from each other as host plants that are Angiosperms and
Gymnosperms, and species of parasite that are as evolutionarily remote from each other as Angiosperms, insects,
mites, nematodes, fungi, bacteria, and viruses. Plant pathosystem evidence compels us to conclude that natural
selection operating on random mutations is not the sole, or even the main mechanism of evolution.
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4.21 r-strategist Parasites
The function of r-strategist reproduction is to exploit an ephemeral food supply as efficiently as possible
by producing a very rapid population explosion of biologically cheap, small individuals. W ith plant parasites, these
population explosions usually involve parasites of seasonal host tissue, and they are stabilised by the gene-for-gene
relationship.
Among fungal parasites of plants, asexual reproduction is common. It occurs typically after a matching
allo-infection has occurred. Asexual reproduction produces microscopic spores in really huge numbers. If the
system of locking ensures that only an infrequent allo-infection is a matching infection, the positive feedback in the
population explosion is reduced, and the epidemic is stabilised. Sexual reproduction occurs at the end of the
epidemic, and in association with dormancy. At this point, the asexual spores are no longer propagules, and they
become gametes. W ith the start of a new epidemic, sexual recombination will have ensured that there will be many
different vertical pathotypes. This variability is necessary if each vertical pathotype is to become established in
each epidemic.
Among insects, r-strategist reproduction is achieved by asexual reproduction, by viviparous reproduction,
and by reproduction in immature, larval stages of development. Sexual reproduction, and sexual recombination in
final instars, occur only at the end of the r-strategist phase of reproduction. This combination of two methods of
reproduction is clearly very similar to that of the fungi. The aphids typically have asexual, viviparous reproduction,
leading to rapid population explosions.
Gould (1978) has discussed the cecidomyian gall midges (Cecidomyiidae), which feed on mushroom
populations that are of short duration. The r-strategist reproduction is asexual and viviparous, and it occurs in
immature female larvae, which produce females only. These reproducing larvae undergo only one moult, and each
produces up to 38 offspring in five days. The progeny devour the mother from inside and, within two days, their
own offspring are beginning to devour them. W ith crowding, and a shortage of food, the reproduction returns to
normal, with a sexual production of eggs and mixed broods by adults of both sexes. The normal sexual adults
require two weeks to develop. However, it is not known whether a gene-for-gene relationship occurs in this hostparasite association.
Plant parasites as unrelated as fungi, aphids, gall midges, and beetles, have asexual r-strategist
reproduction, and many of them have gene-for-gene relationships. Other plant parasites, such as the bacteria and
viruses, have only asexual, r-strategist reproduction. Many of these also have gene-for-gene relationships. All of
these r-strategist parasites, that have a gene-for-gene relationship, exploit seasonal host tissue in discontinuous
pathosystems. This is a remarkable example of the parallel evolution of a complex phenomenon being repeated
many times.
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4.21 The agricultural situation
The agricultural situation is the very opposite of the n/2 model (Figure 4.13). The host population now
consists of a genetically uniform clone, pure line, or hybrid variety. Every host individual now has the same lock.
This uniformity exerts selection pressure on the parasite population. Every parasite individual now has the same
key which fits that lock. Every allo-infection is now a matching infection, and the vertical resistance is said to have
‘broken down’. It is obvious, of course, that the system of locking has been ruined by uniformity. Our mis-use of
vertical resistance in agriculture has been the equivalent of every door in the town having the same lock, and every
householder having the same key which fits every lock.
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Figure 4.13 The agricultural situation. The host population consists of a
genetically uniform clone, pure line, or hybrid variety, in which every individual has the
same lock (green). This uniformity exerts selection pressure on the parasite population
until every individual has the same key (red) which fits that lock. Every allo-infection is
then a matching infection.
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Chapter Five

5. The Vertical Subsystem
5.1 Historical
W ith the recognition of Mendel’s work on inheritance, in 1900, a foolish scientific dispute arose between
the older biometricians, and the new Mendelians. The biometricians dealt with the inheritance of quantitative
characters, while the Mendelians dealt with qualitative characters. The biometricians had practical agriculture on
their side. All agriculturally valuable traits, in both plants and animals, appeared to be inherited quantitatively.
There seemed to be no valuable characters that were inherited qualitatively.
The Mendelians had science on their side. Mendel’s experiments were repeatable, and the discovery of
chromosomes gave them powerful supporting evidence. The biometricians were not able to explain their
quantitative inheritance in such scientific terms.
The dispute became acrimonious, with both sides assuming that, if one side was right, the other must be
wrong. However, the dispute was resolved a couple of decades later, when it was shown that the inheritance of
some characters could be controlled by more than one gene. In other words, quantitative inheritance was controlled
by many genes, called polygenes, which individually obeyed Mendel’s laws.
However, in the meanwhile, Biffin (1905) had shown that the inheritance of resistance to wheat rust
(Puccinia striiformis) was qualitative and Mendelian. The Mendelian school of genetics now had a qualitative
character of economic importance. It was soon shown the inheritance of resistance to various other plant diseases
was also controlled qualitatively. The Mendelians pursued this advantage with such vigour that they soon
dominated plant breeding. And they have dominated it ever since.
For most of the past century, plant breeders have chosen to work with single-gene resistances, and to use
gene-transfer breeding techniques in order to incorporate resistance genes into crops, usually from wild host plants.
This method would normally result in a new crop variety that consisted of a homogeneous population that was a
pure line, a clone, or a hybrid variety. Every plant in such a population would carry the same single gene for
resistance. However, several resistance genes would sometimes be used in combination, in a so-called pyramid, to
provide a more complex resistance that was common to all the individuals in the homogenous population.
This qualitative resistance of the Mendelians was controlled by single genes derived from a gene-for-gene
relationship, and it was the kind of resistance that is now called ‘vertical resistance’. This resistance provided either
a complete protection or no protection at all.
The so-called ‘gene-transfer’ breeding techniques were developed to enable plant breeders to transfer a
resistance gene from a wild plant to a cultivar by repeated back-crossing. This became the classic breeding method
of the twentieth century, and it was known as ‘pedigree breeding’. Unfortunately, vertical resistance operates
against some strains of the parasite but not others. These strains were known as a physiologic races, pathologic
races, biotypes, or vertical pathotypes. W hen a matching vertical pathotype appeared in the agro-ecosystem in
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question, the vertical resistance stopped functioning and, in common usage, it was said to have ‘broken down’. In
fact, the resistance remained unaltered, and it was the parasite population that had changed.
The quantitative resistance of the biometricians was inherited polygenically. It was the resistance that is
now called ‘horizontal resistance’. The level of this kind of resistance can exhibit every degree of difference
between a minimum and a maximum. In crops, the minimum level of horizontal resistance is characterised by a
complete loss of crop in the absence of crop protection chemicals. The maximum level is characterised by a
negligible loss of crop in the absence of crop protection chemicals. Horizontal resistance has the advantage that it is
durable. Indeed, for all practical purposes, it is permanent resistance.
Although the scientific dispute between the biometricians and the Mendelians was resolved within a
couple of decades, the dispute between the two schools of practical plant breeders continued and, indeed, it
continues still. W hen Vanderplank (1963) published his classic work on plant pathology, defining and clarifying
this situation, most plant breeders vehemently denied the very existence of horizontal resistance. They had strong,
if false, grounds for their conclusion (see 7.16) and, being Mendelians, they had no wish to give way to quantitative
breeding methods.
Sadly, a comparable dispute is now reigning between the molecular biologists and the traditional plant
breeders. It really is essential that the genetic engineers undertake some fundamental studies concerning the
durability of their transgenic resistances, before claiming that they can solve crop parasite problems.

5.2 The Mechanisms of Vertical Resistance
Against foliar pathogens (i.e., fungi, bacteria, viruses), the mechanism of vertical resistance is
hypersensitivity in all known cases. This mechanism involves the rapid death of all host cells adjacent to the point
of the non-matching allo-infection, and the pathogen then dies with them. The result is a small ‘hypersensitive
fleck’ which is just visible to the naked eye. However, in more general terms, not all hypersensitive reactions are
the result of vertical resistance. Such reactions can be induced by non-parasites. Equally, not all vertical resistances
are due to hypersensitivity. The mechanism of vertical resistance to the wilt pathogens Verticillium, and Fusarium
is not hypersensitivity, but it is otherwise poorly understood. This is true also of leaf-parastising aphids. The
mechanism of vertical resistance to Hessian fly (Mayetiola destructor) of wheat is apparently antibiosis, which so
reduces the growth rate of the parasite that its reproduction is delayed or even prevented.
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5.3 The Agricultural Situation
In teaching, I often use the rhetorical question “W hat happens when every door in the town has the same
lock, and every householder has the same key, that fits every lock?” Obviously, a system of locking is ruined by
uniformity. But this uniformity of locks is exactly what we have achieved with single-gene resistances in our
genetically uniform crops. These uniform crops are normally pure lines, hybrid varieties, or clones, in which all
individuals have the same vertical resistance.
The system of biochemical locking, resulting from a gene-for-gene relationship (see 4.14), is an emergent
property (see 2.3). It is a phenomenon that cannot exist, or be discerned, at any systems level below that of the
population. More accurately, it cannot be discerned below the systems level of the two interacting populations of
host and parasite, which is the level that defines the pathosystem (Fig. 1.1).
Research in plant parasitism, during most of the twentieth century, has been excessively merological (see
1.10). It has been confined to systems levels that are lower than the level of the pathosystem. It has often involved
individuals, such as the single detached leaf, inoculated with a single fungal spore. Considerable effort has been
spent on the genetics of single-gene resistances, and the identification of these genes, as well as the identification of
new strains of the parasite. Of necessity, these studies were based on homogeneous populations of both host and
parasite. The physiology and biochemistry of individual resistance mechanisms represents an even lower systems
level, and this too has attracted much attention. The current emphasis is on molecular biology, which is the lowest
systems level in biology. No one would deny that these studies of the lower systems levels are both important and
valuable. But they should not be conducted in isolation, or at the expense of the higher systems levels.
Suboptimisation occurs when a system is analysed or managed in terms of only some of its subsystems,
and it results from the fact that other subsystems have been overlooked. Even more important, the higher systems
levels, and their emergents, are also overlooked (see 2.3). In systems analysis, suboptimisation leads to false
conclusions while, in systems management, it leads to material damage to the system.
There are imperfections in modern agriculture, and a false concept in modern biology, that can be
attributed to this particular example of an over-looked emergent. It was the failure to recognise the emergent of the
gene-for-gene relationship, the system of biological locking, at the systems level of the two interacting populations,
that has been the cause of virtually all our crop parasite problems.
The failure to observe this emergent has led to grave suboptimisation. In fact, there has been
suboptimisation at three different levels. First was the attempt to control the crop pathosystem in terms of the
vertical subsystem only. Then, within the vertical subsystem, the system of locking was employed on the basis of
host population uniformity, with only one vertical resistance, one lock. And that single resistance was usually
conferred by only one vertical gene. The consequences of this suboptimisation have been little short of calamitous.
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5.3.1. First consequence; vertical resistance is ephemeral
The first effect of this suboptimisation is that a single-gene resistance is ephemeral, when it is extracted
from a gene-for-gene relationship, and is then employed on a basis of host population uniformity. To produce a
new cultivar on this basis is the equivalent of giving every door in the town the same lock. As soon as the parasite
produces a matching strain, the resistance stops functioning, and the system of locking has been wrecked by
uniformity. The entire cultivar is then ruined.
W hen matching occurs, the cultivar is abandoned, and it must be replaced with a new one that has a
different resistance gene (or genes). This procedure has produced a long repetition of expensive failures of
resistance that has been called the “boom and bust” cycle in plant breeding. There are some exceptions to this rule
that vertical resistance is ephemeral resistance (see 5.7), but too few to invalidate its general applicability.

5.3.2 Second consequence; a good source of resistance is not always
available
The second consequence is that much resistance breeding has never been attempted at all because it has
not always been possible to find single-gene resistances. There are no gene-for-gene relationships in continuous
wild plant pathosystems, in which there is no break in the parasitism (see 4.11). Such pathosystems are controlled
solely by their horizontal subsystems. Furthermore, not all discontinuous host-parasite associations have a genefor-gene relationship. Consequently, single-gene resistances cannot always be found, and breeding for vertical
resistance is then impossible. In the past, this has usually meant that no resistance breeding of any description
would be attempted.
Continuous pathosystems are common in the tropics and it has been in these less-developed regions of the
world that resistance breeding has been most neglected, on the spurious grounds that a source of resistance could
not be found. Similarly, vertical resistances are rare among the insect parasites of crops, and it is no accident that
there has been so little breeding for resistance to the insect pests of our crops. It is common knowledge that the
most frequently used crop protection chemicals are the insecticides.
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5.3.3 Third consequence; horizontal resistance ignored
The third consequence is that the very existence of horizontal resistance, to say nothing of its evolutionary
significance, and its agricultural importance, have been generally over-looked, and even denied outright. At the
systems level of the pathosystem, it is clear that the two kinds of resistance complement each other, and that
horizontal resistance is essential. It is the resistance that invariably remains after vertical resistance has been
matched. And most vertical resistances inevitably are matched, because their function is merely to reduce the
frequency of matching, rather than to eliminate the matching entirely. But, so long as research was confined to
single-gene, qualitative resistances, the much less obvious, quantitative effects of horizontal resistance remained
unobserved and unused. This bias was greatly strengthened by several sources of serious error (see 7.16).

5.3.4 Fourth consequence; horizontal resistance lost
W hen breeding is conducted under circumstances in which the level of parasitism cannot be observed, the
level of horizontal resistance tends to decline because of negative selection pressure. These circumstances include
screening in the presence of unmatched vertical resistances, and screening under the protection of crop protection
chemicals. This topic is discussed in detail below (see 6.6). The consequence of about a century of breeding in this
way is that the levels of horizontal resistance in our crops are now generally low. This situation is possibly at its
worst in potatoes (see 7.20.4), tomatoes, and cotton, but other crops spring to mind. The low level of horizontal
resistance is revealed by attempts to cultivate these crops without any crop protection chemicals at all. (In this
context, it should be mentioned that the relatively rare ‘organic’ farmer who does not spray his crops usually
succeeds for the simple reason that the crops all round him are protected with crop protection chemicals. This
means that the overall incidence of pests and diseases is low. Additionally, he may be using an heirloom cultivar
which has high levels of horizontal resistance).
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5.3.5 Fifth consequence; resistance breeding abandoned

The fifth consequence results from the first four, and it is that many plant
breeders have now abandoned vertical resistance breeding in favour of crop
protection chemicals. There can be no doubt that this dereliction has made other
breeding objectives (e.g., crop yield, quality of crop product, agronomic
suitability) very much easier to attain. However, this dangerously unbalanced
situation continues to deteriorate, and the need for crop protection chemicals
continues to increase, as the level of horizontal resistance continues to decline.
The use of transgenic resistances, produced by genetic engineering, will not help
this situation if they too provide an ephemeral resistance.
5.4 The Advantages of Vertical Resistance
Vertical resistance has several quite considerable advantages. It is so scientifically elegant, and so easy to
observe and manipulate in a breeding program, that it is immediately attractive to plant breeders. Indeed, this
elegance was largely responsible for the classic, gene-transfer breeding of the twentieth century.
Vertical resistance also has the very considerable practical advantage that it normally confers a complete
protection against the parasite in question. It confers an apparent immunity, and its ephemeral nature is not
immediately apparent.
This kind of resistance also has a wide climatic adaptation. This means that a vertical resistance is
relatively insensitive to climate, and it is ideally suited to a large central breeding institute that is required to
produce cultivars for a large area of cultivation. In this restricted sense, it was the perfect resistance for the ‘green
revolution’ in wheat and rice, as it allowed a single cultivar to be cultivated over a large area. Vertical resistance
has led to a major increase in the agro-ecological range of individual cultivars.

5.5 The Disadvantages of Vertical Resistance
At this point, it may be useful to summarise the disadvantages of vertical resistance, and relate them to the
very considerable advantages described above.
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5.5.1 Temporary resistance
First, as is now abundantly obvious, vertical resistance is temporary resistance when it is employed on a
basis of host population uniformity. It fails to operate on the appearance of a matching strain of the parasite. And,
because vertical resistance has been used whenever it could be found, this disadvantage has tormented most of
twentieth century crop science. A few vertical resistances have proved to be durable and are discussed below (see
5.7). However, they do not invalidate the general rule that vertical resistance is ephemeral when employed on a
basis of crop uniformity.

5.5.2 Genetic source of resistance essential
The second disadvantage of vertical resistance has already been mentioned. This is the need, indeed the
necessity, of first finding a genetic source of resistance. Vertical resistance does not occur universally. It is entirely
absent from crops derived from continuous wild pathosystems (see 4.11), and it occurs against only some of the
parasites of crops derived from discontinuous wild pathosystems. If a source of vertical resistance cannot be found,
for the simple reason that it does not exist, the breeding cannot begin. There are some famous crop parasites, such
as Colorado beetle (Leptinotarsa decemlineata) of potato, Take-All disease (Gäumannomyces graminis) of wheat,
and bacterial wilt (Pseudomonas solanacearum) of tobacco, tomatoes, and potatoes, for which a source of vertical
resistance has never been found, and Mendelian resistance breeding has apparently never been attempted.

5.5.3 The "Red Queen" situation
The third disadvantage of vertical resistance may be called the ‘Red Queen’ situation, a phrase taken from
Lewis Carroll’s Alice through the Looking Glass. It will be remembered that the Red Queen said to Alice “Now
here, you see, it takes all the running you can do to keep in the same place”. If a plant breeder is under continuous
pressure to produce new cultivars, in order to replace vertical resistances that have failed, it is difficult to make
progress in other directions. It will be remembered that resistance to crop parasites is only one of the four primary
objectives in plant breeding. The others are yield, quality of the crop product, and agronomic suitability.
A breeder may perhaps be forgiven if he concludes that these other objectives are collectively more
important than parasite resistance. He may also conclude that the control of crop pests and diseases is really the
responsibility of the entomologists and plant pathologists. So, the breeder abandons resistance breeding, and hands
this problem over to his parasitological colleagues. Sadly, almost the only weapons available to the entomologists
and pathologists are crop protection chemicals. This ‘Red Queen’ situation, and the consequent abandoning of the
resistance objective in plant breeding, is perhaps the chief reason why we now use these chemicals in such large
quantities.
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5.5.4 The vertifolia effect
The fourth disadvantage to breeding for vertical resistance has already been mentioned. It is insidious, and
largely unappreciated, but dangerous for this very reason. This is the decline in the level of horizontal resistance
that slowly but inexorably occurs during breeding for vertical resistance. Vanderplank (1963) first recognised this
phenomenon, and he called it the ‘vertifolia effect’ after a potato variety of this name. It was only after its vertical
resistance had broken down that it was discovered that the Vertifolia potato was quite unusually susceptible to
blight, because it had a remarkably low level of horizontal resistance.
The vertifolia effect can also occur when the screening population is protected with crop protection
chemicals. This is because horizontal resistance can only be observed and measured in terms of the level of
parasitism. If there is no parasitism during the breeding process, because of a functioning vertical resistance, or
because the screening population is protected with crop protection chemicals, the level of parasitism, and the level
of horizontal resistance, cannot be observed.
Individuals with high levels of horizontal resistance are relatively rare in a breeder’s genetically mixed,
screening population. They represent an extreme of a normal distribution. W hen the horizontal resistance cannot be
observed, this means that individuals with only low or moderate levels of horizontal resistance are more likely to be
selected, because of their other attributes. In the course of many breeding generations, the average level of
horizontal resistance in the breeding population decreases until it reaches dangerously low levels. This explains
why the breakdown of vertical resistance is so very damaging in most modern cultivars. The second line of
defence, the horizontal resistance, is largely lacking.
This cryptic loss of horizontal resistance also explains why many modern cultivars need such large
quantities of chemical pesticides if they are to be cultivated at all. Not a few breeders, who abandoned resistance
breeding years ago, have been protecting their screening populations with crop protection chemicals. This makes
the breeding work incomparably easier, but it also leads to this unappreciated decline in the level of horizontal
resistance. It leads to a progression of cultivars that are increasingly susceptible to a widening range of parasites,
and that require an escalating need for pesticide protection. W e have been losing horizontal resistance to crop
parasites for most of the twentieth century, and most modern cultivars have considerably less resistance than the
cultivars of 1900.
It is in this connection that the recognition of genetic flexibility and inflexibility (see 1.15) is important.
Being genetically inflexible, our crops cannot gain horizontal resistance during the cultivation process. Changes in
the level of horizontal resistance can occur only with the genetic flexibility of the breeding process. If there is a
vertifolia effect, all control over the level horizontal resistance is lost.
From these arguments, it is clear that screening for horizontal resistance can occur only after vertical
resistance, if it occurs, has been matched, and only in the absence of all crop protection chemicals.
The vertifolia effect has had an unexpected consequence in the seed trade. Traditionally, farmers kept
some of their own crop for seed, and they bought new seed only if they wanted a new cultivar. However, with a
gradually increasing susceptibility to both pests and diseases, this practice of using your own seed became risky.
Sustained advertising by seed producers and seed merchants persuaded commercial farmers of the need to buy new
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seed for every crop. Indeed, in some countries, they are required either by law, or by loan-giving banks, to do so.
But, given good levels of horizontal resistance, this wasteful practice would be unnecessary.
It need hardly be added that much of the hostility to horizontal resistance comes from the chemical
corporations and the seed trade, both of which positively require a degree of susceptibility. These commercial
organisations also provide much research funding, and they have considerable control over what kind of research is
being conducted.

5.5.5 Problems with comprehensive resistance
The ideal cultivar has an adequate level of resistance to all the locally important parasites. It will transpire
(see 7.2.13) that this is easier to achieve with horizontal resistance, than with vertical resistance.
Most crop species have dozens of pests, and dozens of diseases. Unfortunately, it is difficult to breed for
vertical resistance to more than one species of parasite at a time. The basic idea of pedigree breeding is to produce
one cultivar with vertical resistance to one species of parasite, a second cultivar with vertical resistance to a second
species of parasite, and so on. This results in a series of cultivars, each with one vertical resistance to a different
species of parasite. Using gene-transfer methods, these vertical resistances are then all combined in a single
cultivar, a ‘super-cultivar’ with resistance to everything. At least, that is the idea. And it is a neat idea.
Unfortunately, it is almost impossible to achieve in practice. The sheer volume of breeding work is so exorbitant
that one or more vertical resistances are likely to be matched before the breeding is completed. Furthermore, such a
super-cultivar is like a chain, in that it is only as strong as its weakest link. And, like the chain, the super-cultivar
would be ruined with the failure of only one weak link, one short-lived vertical resistance.

5.5.6 Crop vulnerability
Vertical resistance usually confers complete protection against a parasite, and this protection functions
over a very wide climatic range. This widespread uniformity of vertical resistance is a special case of crop
vulnerability (see 3.9).

5.5.7 Man-made problems
It is difficult to avoid the conclusion that most of our crop parasite problems are man-made. And that most
of these problems stem either directly or indirectly from our misuse of vertical resistance, and our neglect of
horizontal resistance.
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5.6 Unstable, Big Space, High Profile, Short life, Expensive, Few
Cultivars
W hen comparing vertical and horizontal resistance, it is useful to think in terms of stability, space,
spectacle, durability, cost, and breeding output. Vertical resistance is unstable (see 10.6). It has a wide climatic
adaptation and a vertically resistant cultivar can usually be cultivated over a very large area. In this sense, it is ‘big
space’. Its effects are also qualitative. It protects completely or not at all. It is very conspicuous, and it has a ‘high
profile'. But, being unstable resistance, it does not endure. In this sense, vertical resistance is ‘short life’. Breeding
for vertical resistance is also expensive, requiring teams of specialists in large institutes, and the total breeding
output is small. For this reason, vertical resistance breeding is ‘expensive’ and it produces ‘few cultivars’.
It will transpire that, in these respects, the properties of horizontal resistance are the exact converse, and
they are ‘stable, small space, low profile, long life, inexpensive, and many cultivars’ (see 6.5).

5.7 Durable Vertical Resistance
It was mentioned earlier that there are a few examples of vertical resistance that proved to be durable. These
examples include:
W art disease (Synchytrium endobioticum) of potato in W estern Europe has endured unmatched for many
decades. The vertical resistance is supported by strict legislation that precludes the cultivation of susceptible cultivars
in wart-contaminated fields.
Stem rust (Puccinia graminis tritici) of spring wheats in Canada. The combination of vertical resistance
genes Sr 6 and Sr 9d has proved durable. The matching race is common in Mexico and regularly spreads northwards
each summer but it apparently arrives in Canada too late to cause any damage. This pathogen cannot survive the
Canadian winter. It should also be remembered that most Canadian wheat cultivars are early-maturing and are
harvested before damaging epidemics can develop.
Fusarium wilt (Fusarium oxysporum f.sp. lycopersici) of tomato in North America. This vertical resistance
has proved durable in the United States but it fails quickly in other areas, such as North Africa.
Cabbage Yellows (Fusarium oxysporum f.sp. conglutinans) has a vertical resistance that has proved durable
in North America.
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5.8 Transgenic Resistance
The most recent suboptimisation in crop improvement concerns the attempts of molecular biologists to
control crop pests and diseases with genetic engineering and transgenic resistances. Molecular biology is an
incredibly important aspect of biological research, but this importance does not justify either reductionism or
suboptimisation. Before they recommend the use of single-gene resistances in transgenic plants, molecular
biologists would do well to study the higher systems levels of plant pathosystems.
Both Mendelian genetics and genetic engineering are restricted to the use of single genes. All transgenic
resistances are single-gene resistances, just as all vertical resistances are single-gene resistances. The key question
is whether or not a transgenic resistance is stable or unstable (see 10.6). In other words, is this single-gene
resistance within or beyond the capacity for micro-evolutionary change of the parasite?
Consider a hypothetical gene in tobacco that confers complete resistance to blight (Phytophthora
infestans) when it is transferred to potato. Tobacco, it will be remembered, is immune to potato blight. There are
three reasons for thinking that this transgenic resistance will not endure in potato any longer than a single-gene
vertical resistance.
First is the fact that this transgenic resistance is a single-gene resistance. W e know from past experience
that the blight fungus can mutate to overcome single-gene vertical resistances, and the variability of this pathogen
is now far greater because of the presence of the second mating type known as A2 (see 7.20.4). Even if the tobacco
gene is not part of a gene-for-gene relationship, it is still a single gene, conferring a simple mechanism that is
almost certainly within the capacity for micro-evolutionary change of the blight fungus. If the tobacco gene confers
a hypersensitivity mechanism, its eventual failure becomes even more probable.
Second, we must consider how the tobacco plant would behave if it lacked this one gene for resistance,
while retaining all other genes that contributed to its immunity. W ould it become susceptible to blight? W e can
have little hesitation in concluding that it would not become susceptible. It follows that, to attempt a control of
blight in potato with this one gene is an obvious suboptimisation which is most unlikely to provide a durable
resistance.
Third, we must consider the blight fungus itself. Plant disease, after all, is an interaction between host and
pathogen. Thinking solely in terms of the host, and its single resistance gene, is another form of suboptimisation.
The fact remains that the blight fungus cannot parasitise tobacco. This is true immunity, in the sense that wheat rust
cannot attack coffee. This immunity suggests that the tobacco resistance gene exists because it has pleiotropic
effects (i.e., the control by a single gene of more than one phenotypic character), of greater importance to the
tobacco plant, than the conferring of resistance to the non-pathogenic blight fungus.
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5.9 False Reports of Vertical Resistance
Failures of resistance have occasionally been falsely reported in the scientific literature as the breakdown
of vertical resistance. There are various reasons for this type of error.
First, it has often been assumed that vertical resistance is the only kind of resistance that exists.
Consequently, it was assumed that any apparent failure of resistance must be a failure of vertical resistance. The
most common reason for a false failure of resistance is an inadequate testing of a new cultivar. Believing it to be
resistant, the scientists release the new cultivar to farmers, and it later transpires that it is susceptible. It is then all
too easy (and very tempting) to blame nature rather than to admit to one’s own carelessness.
Alternatively, there may have been a differential interaction which, however, was not a Person/Habgood
differential interaction (see 4.5).

5.9.1 Grape rootstocks in California
Chiarappa & Buddenhagen (1994) have reported a false loss of resistance to Phylloxera (now renamed
Daktulosphaira vitifoliae, Fitch) in the hybrid grape rootstock “AxR#1” in the Napa and Sonoma Valleys of
California. It appears that Lider (1957) had discovered a considerable increase in yield from the use of this rootstock
and, as a consequence, some 20,000 hectares were planted with it in the Napa and Sonoma Valleys. Unfortunately, it
appears that Lider had not used a susceptible control in his experiments and that Phylloxera was absent from his test
plots. The hybrid rootstock was assumed to be resistant when, in fact, it was an escape from infection. It had about
half the level of resistance of the genuinely resistant rootstock Rupestris St George. During the course of about a
quarter of a century, this large area of vineyards has been showing increasing levels of Phylloxera damage, and it will
have to be replanted at an estimated cost of one billion dollars. It should be added that attempts to explain this
apparent loss of resistance in terms of new biotypes, and as a breakdown of vertical resistance are incorrect. This is
clearly a continuous pathosystem (see 4.12) and vertical resistances will not occur.

5.9.2 Sugarcane smut
Sugarcane smut is caused by Ustilago scitaminea. In India, Cultivar Co.419 is susceptible while Co.421 is
resistant. In Zimbabwe (then Southern Rhodesia), these reactions were reversed, and it was incorrectly assumed that
there was a differential interaction, and a vertical subsystem. It later transpired that, on being imported from India, the
labels of these two cultivars had been accidentally transposed and, in fact, the resistances were the same as in India.
In Kenya, a similar difference of susceptibilities was found, and this was believed to support the
Zimbabwean conclusions. However, it was soon shown that all the smutted plants in crops of Co.421 were rogues of
the susceptible Co.419, and that stands of pure Co.421 were resistant. (These data are based on personal recollection
and, to the best of my recollection, they have not been previously published).
In any event, sugarcane is derived from a continuous wild plant pathosystem, and no gene-for-gene
relationships have been conclusively demonstrated, although they have been incorrectly reported on occasion.
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5.9.3 Sugarcane rust
Sugarcane rust is caused by Puccinia erianthi and it should be of interest to wheat breeders. This is
because this rust is very similar to the wheat rusts, but horizontal resistance has controlled it completely,
effectively, and permanently. About one percent of cane seedlings are very susceptible to this disease, which is
important only on its first arrival as a re-encounter disease in areas where susceptible cultivars were being
cultivated. It was serious in Cuba, on its first arrival in the Caribbean, but other islands had anticipated its arrival
and had replaced all their susceptible cane with resistant cultivars in the course of routine replanting. Nevertheless,
some authors (who, in charity, need not be named) assumed that the resistance was vertical, and they reported
apparent failures of resistance in cultivars that had been inadequately tested.

5.10 Vertical Resistance to Insects
Gene-for-gene relationships are common among plant pathogens but they are relatively rare among the
insect parasites of crops. Indeed, the only well-known examples are the brown plant hopper (Nilaparvata lugens) of
rice, the Hessian (Mayetiola destructor) fly of wheat, and various species of aphid. It is thought that this
discrepancy occurs because asexual reproduction is so much more common among the plant pathogens than the
insects. For this reason, it is probable that many undiscovered gene-for-gene relationships exist in the alternating
aphid pathosystems (see 8) and, possibly other insect groups that have an asexual, r-strategist reproduction.
However, other explanations are possible. For example, plant breeders and plant pathologists are all
botanists, while entomologists are zoologists. It is possible that the co-operation between different disciplines
within botany was closer than between botanists and zoologists. The study of gene-for-gene relationships in the
insects would then be less frequent than in the plant pathogens. There are also technical reasons for the
discrepancy. Genetic studies in the aphids, for example, present extreme technical difficulties.
Singh (1986) has listed the following gene-for-gene relationships in insect pests of crops:
·

Apple woolly aphid (Eriosoma lanigerum)

·

Bean aphid (Aphis fabae)

·

Pea aphid (Acyrthosiphon pisum)

·

Raspberry aphid (Amphorophora rubi)

·

Corn aphid (Rhopalosiphum maidis)

·

W heat aphid (Schizaphis graminum)

·

Alfalfa aphid (Theriopaphis maculata)

·

Rice brown plant hopper (Nilaparvata lugens)

·

W heat Hessian fly (Mayetiola destructor)

In addition, Gallun & Khush (1980) have reviewed reports of apparent vertical resistance against the
following insect pests of crops:
·

Rice green leaf hopper (Nephotettix impicticeps).

·

Rice white-backed plant hopper (Sogatella furcifera).
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·

Rice gall midge (Pachydiplosis oryzae).
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Chapter Six

6. The Horizontal Subsystem
6.1 Variable Ranking and Constant Ranking
The differential interaction of the vertical subsystem and, more particularly, the Person/Habgood
differential interaction, may be described as variable ranking (Figs. 4.1 & 4.4). Variable ranking that is not a
Person/Habgood differential interaction can also occur in host-parasite associations (see 4.6). One of the definitive
characteristics of the horizontal subsystem is that there is no variable ranking. There is a constant ranking (Fig.
4.2).
This constant ranking is always a relative measurement. One cultivar is either more resistant or less
resistant than another, and one horizontal pathotype has more or less parasitic ability than another. The ranking
remains constant between seasons, and between localities. That is, the ranking is maintained regardless of the level
of parasitism, which can vary between seasons, and localities. Pope (1986) has made the useful distinction between
the theoretically ideal constant ranking and a practical constant ranking, which can be flawed by experimental
error. He argues that minor discrepancies in the constant ranking do not necessarily disprove a horizontal
subsystem.
Demonstration of a constant ranking is a useful method of confirming the horizontal nature of the
resistance in a new cultivar. Indeed, this provides the best commercial description of the level of horizontal
resistance. The resistance to each locally important parasite can be described as being equal to, superior to, or
inferior to the resistance of well-known cultivars.

6.2 Horizontal Resistance is Quantitative
Because it is normally polygenically controlled, horizontal resistance is quantitative in both its inheritance
and its effects. For the purpose of practical definition, we may say that the minimum level of horizontal resistance will
result in a complete loss of crop in the absence of crop protection chemicals. The maximum level of horizontal
resistance will result in a negligible loss of crop in the absence of crop protection chemicals. (However, there may be
exceptions to this rule). Every degree of difference between these two extremes of horizontal resistance can usually be
observed. Many modern cultivars cannot be cultivated economically without crop protection chemicals, and this is an
indication of their relatively low levels of horizontal resistance.

- 91 -

6.3 Horizontal Parasitic Ability
In theory, the parasite has a variability comparable to that of the host, and its horizontal parasitic ability
can also vary between a minimum and a maximum. However, among obligate parasites, at least, this variability
appears to be very limited and there must be an absolute limit to the parasitic ability of the parasite. This is because
any parasite that impairs the survival ability of its host impairs its own survival also. Equally, the parasite must not
impair its own survival because of a reduced level of parasitic ability. For these reasons, the variation in parasitic
ability appears to be very restricted.
However, epidemiological competence is closely related to parasitic ability. And the epidemiological
competence varies considerably (Figs. 6.1 & 6.2 and section 6.4). Provided that there is a strict limit to parasitic
ability, the considerable variation in horizontal resistance will ensure a balanced level of parasitism in a wild
pathosystem. Each locality within an ecosystem will have its own host ecotypes (i.e., horizontal pathodemes) with
an adequate level of horizontal resistance to all the locally competent parasites.
Facultative parasites present a somewhat different picture, particularly when they are soil inhabitants. For
example, the Fusarium wilts have populations that can vary between almost complete saprophytism, with a very
low parasitic ability, to almost complete parasitism, with a very low saprophytic ability. This is demonstrated when
a susceptible cultivar is first cultivated, with a relative freedom from wilt. W ith further cultivation in the same soil,
however, there is a steady increase in the frequency of wilt. This happened typically with Fusarium wilt of flax
(Linum usitatissimum) in North America. This species was recognised as a crop for pioneer farmers working on
newly cleared, virgin land. After a few years, the build-up of pathogenic forms of Fusarium made further flax
cultivation impossible. Flax cultivation accordingly moved steadily west with new settlement. Eventually, the flax
host accumulated enough horizontal resistance for this problem to disappear (see 7.20.14).

6.4 Quantitative Epidemiological Competence
The horizontal subsystem has two quantitative variables which eclipse all others in importance. These are
the level of horizontal resistance in the host, and the level of epidemiological competence in the parasite.
The horizontal resistance is a quantitative variable that is genetically controlled by polygenes. In a
genetically flexible population the level of horizontal resistance responds to selection pressures exerted by the
parasite. That is, if the epidemiological competence of the parasite increases, the horizontal resistance will increase
accordingly, and vice versa. But note that these selection pressures cannot operate in a genetically uniform crop
because it lacks genetic flexibility (see 1.15).
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Figure 6.1 The Level of Parasitism
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The two principle factors governing the level of parasitism in a matched host are
the level of horizontal resistance in the host, and the level of epidemiological competence
in the parasite. If the epidemiological competence is zero, there will be no parasitism,
regardless of the level of resistance. If the epidemiological competence is maximal, the
level of parasitism will be maximal if the resistance is minimal; and the parasitism will be
minimal if the resistance is maximal. These scales are quantitative, and the various
degrees of difference between the minimum and the maximum are shown.

The epidemiological competence of the parasite depends on the ecosystem in question, and it is controlled
by environmental factors such as water availability, temperature, and soil characteristics. The epidemiological
competence can vary between the minimum and the maximum and, in a wild plant pathosystem, its level governs
the level of horizontal resistance in the host.
This is an example of a self-organising system with networks of controls. The climate controls the
composition of the ecosystem and, hence, the epidemiological competence of the various species of parasite. The
epidemiological competence of the parasites control the levels of the various horizontal resistances in the host
which, in their turn, control the levels of parasitism. This is a resilient system that can tolerate occasional swings
away from the norm resulting from variable weather patterns.
In practice, it is difficult to measure either horizontal resistance or epidemiological competence.
Consequently, it is not normally feasible to give a cultivar a horizontal resistance rating. Nor is it possible to give a
parasite an epidemiological competence rating, for a particular agro-ecosystem. All we can do is to assign relative
assessments. For example, we can say cultivar ‘A’ is more resistant than cultivar ‘B’ to a particular parasite. Or that
a particular parasite has a greater epidemiological competence in agro-ecosystem ‘X’ than it does in
agro-ecosystem ‘Y’.
The purpose of this discussion is to emphasise two points. The first concerns the importance of on-site
screening during the breeding process. Suppose there are several species of parasite in each of two different
agro-ecosystems, but that the epidemiological competence of these parasites varies differentially between the two
agro-ecosystems. A cultivar that has horizontal resistances that are in perfect balance with the first agro-ecosystem,
will then have too much resistance to some parasites, and too little too others, when cultivated in the other agroecosystem. It follows that there must be on-site screening (see 7.2.11). This means that all screening must be
conducted in the agro-ecosystem of future cultivation. In detail, this means that the screening must be conducted (i)
in the area of future cultivation, (ii) in the time of year of future cultivation, and (iii) according to the farming
system of future cultivation.
The second point concerns the extremes of horizontal resistance in wild plant pathosystems. If a parasite
has a zero epidemiological competence in a given ecosystem, the local ecotype of its host will have a minimal
horizontal resistance. Conversely, if the parasite has the maximum epidemiological competence in that ecosystem,
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its host ecotype will have the maximum horizontal resistance. This means that horizontal resistance is a quantitative
variable that can occur at any level between two widely separated extremes.
Such ecological variation in epidemiological competence has been clearly established with Puccinia
polysora of maize in Africa (see 7.6.2), and with bean (Phaseolus vulgaris) pathogens in Mexico, where the wild
progenitor of this host is indigenous. In the Tepexi area of the Mexican State of Puebla, rust (Macrophomina
phaseoli) and anthracnose (Colletotrichum lindemuthianum) both have a low epidemiological competence, while
bacterial blight (Xanthomonas campestris phaseoli) and common bean mosaic virus (CBMV) have very high
epidemiological competence. Cultivars that have been bred and selected in this area have excellent horizontal
resistance to bacterial blight and CBMV, but they have little resistance to rust and anthracnose. They cannot be
cultivated in areas in which the latter pathogens have a high epidemiological competence (Garcia Espinosa, 1997).

6.5 Stable, Small Space, Low Profile, Long life, Inexpensive, Many
Cultivars
From these comments, it is clear that a horizontally resistant cultivar has stable resistance (see 10.6). It has
the disadvantage of being limited to a single agro-ecosystem it is thus ‘small space’. Its quantitative nature also
means that its effects are not immediately obvious. It is thus ‘low profile’. But it does have the advantage of
stability and durability. It is thus ‘long life’. And, because breeding for horizontal resistance is simple, it is cheap,
and there is no limit to the number of amateur breeders who can use it. Consequently, this approach will produce
‘many cultivars’. In these respects, the properties of horizontal resistance are the exact opposite of vertical
resistance, which is ‘unstable, big space, high profile, short life, expensive, few cultivars’ (see 5.6).

6.6 The Erosion of Horizontal Resistance
Although horizontal resistance is stable, in the sense that it does not break down to new strains of the
parasite, like vertical resistance (see 1.17), it can be eroded. In practice, this erosion is rarely important, but it is
necessary to be aware of it. There are four kinds of erosion of horizontal resistance.

6.6.1 Host erosion
Host erosion is due to genetic changes in the host. In cultivars, these changes normally occur only during
the breeding process. They cannot occur during the cultivation process because the host is genetically uniform, and
it lacks genetic flexibility (see 1.15). The host erosion of horizontal resistance during breeding for vertical
resistance is called the ‘vertifolia effect’ (see 6.6.1).
In crops that are both open-pollinated and seed-propagated, such as maize in tropical Africa (see 7.2), the
host erosion can occur during the cultivation process. This is why this maize was so susceptible to the re-encounter
Puccinia polysora. In such a genetically flexible population, horizontal resistance will normally erode or
accumulate to the level needed to match the epidemiological competence of the parasites in that ecosystem.
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6.6.2 Environmental erosion

Environmental erosion occurs when a cultivar that has adequate horizontal
resistance in one agro-ecosystem is taken to another agro-ecosystem where the
parasite has a higher epidemiological competence. Strictly speaking, this is only
an apparent erosion, because the resistance itself has not changed, and it remains
entirely adequate in the original agro-ecosystem. Environmental erosion
emphasises the need for on-site selection (see 7.2.11 & 7.6.2).
6.6.3 Parasite erosion
Parasite erosion is due to genetic changes in the parasite. It is sometimes argued that, however much
horizontal resistance there may be in a host, it will not remain effective because the parasite will increase its
parasitic ability. It is then postulated that this process can continue indefinitely in a form of arms race. This
postulation is false because, as we have seen (see 6.3), there is an absolute limit to the parasitic ability of a parasite.
W ere this not so, the self-regulation of a wild pathosystem would fail completely. However, the world is still green.
Some scientists refuse to employ horizontal resistance on the grounds that parasite erosion will nullify
their work, just as a breakdown of vertical resistance does. W ith obligate parasites, it can be safely assumed that the
parasitic ability of the parasite is at its maximum during screening work. However, the epidemiological competence
of the parasite may be below its maximum. Hence the necessity for on-site screening (see 7.2.11 & 7.6.2).
W ith facultative parasites, the apparent level of parasitic ability may increase. For example, the frequency
of some soil-borne diseases (e.g., Fusarium and Verticillium wilts) can increase with continuing cultivation. W ith
continued breeding, the horizontal resistance will increase also. But, if the same screening site is used repeatedly,
this may not be apparent because of the increasing levels of disease. The level of disease will then remain more or
less constant. This misleading situation can produce an entirely false impression, suggesting that no progress is
being made. Although it is a rather rare phenomenon, it is important to be aware of this possibility. It can be
resolved by growing a check cultivar of known susceptibility in the same site.
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6.6.4 False erosion
False erosion is due to error. The most frequent cause is an inadequate testing of a new cultivar, which is
mistakenly believed to be resistant to a parasite. W ith expanding cultivation, this parasite becomes seriously
damaging, and it is wrongly postulated that the resistance has broken down. It is so much easier to blame nature
than to admit to one’s own incompetence.
Good examples of false erosion have occurred with mosaic virus of sugarcane. This savage disease was
controlled so effectively with horizontal resistance that it all but disappeared. The cane scientists tended to forget
about it, and new cultivars would sometimes be released to farmers with an unrecognised susceptibility to mosaic.
Perhaps the best example of a false erosion was that of grape rootstocks to Phylloxera, already discussed
(see 5.9.1).
A false erosion can also occur when a susceptible cultivar is used as a standard during an extended
breeding program. As the breeding population as a whole gains resistance, the standard becomes relatively more
susceptible. This can give a false impression of a loss of horizontal resistance in the standard cultivar.

6.7 Integrated Pest Management
Integrated pest management (IPM) aims to make the maximum use of natural biological controls. It
depends entirely on the self-organisation that occurs within the agro-ecosystem when the use of crop protection
chemicals is reduced or stopped entirely.
Integrated pest management developed out of the insecticide overload, when it was observed that many
beneficial insects were being killed. These beneficial insects included predators and hyper-parasites of the crop
pests in question. The concept of integrated pest management was simply to reduce insecticide use to the minimum,
in order to encourage biological control to the maximum. This was achieved mainly by careful crop monitoring, so
that insecticides need not be applied until absolutely necessary.
IPM is very much a technique of the entomologists, and its importance in the control of other crop
parasites has been seriously neglected. In addition to predators and hyper-parasites, other biological control
organisms include competitors, antagonistic micro-organisms, and various organisms that trigger an induced
resistance response.
Biological anarchy is the loss of biological control, and it occurs when these various organisms
contributing to biological control are killed by crop protection chemicals.
One of the more extraordinary aspects of integrated pest management was the manner in which the role of
host resistance has been ignored. It seems that the practitioners of integrated pest management were aware of
vertical resistance, but were totally unaware of horizontal resistance.
Robinson (1997) commented on the use of host resistance in IPM as follows.
“In principle, host resistance is the most important tool in the practice of integrated pest
management (IPM) in crops. As a matter of historical fact, however, the co-operation between the
practitioners of IPM, and the plant breeders, has been minimal. Vertical resistance has proved of little
value to the practitioners of integrated pest management. Being qualitative, vertical resistance either
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provides a complete protection, in which case IPM is not required, or it provides no protection at all, in
which case it is of no use to IPM.”
“The role of horizontal resistance in IPM is entirely different from that of vertical resistance, and
its role is critically important. There is a direct correlation between the level of this quantitative resistance,
and the effectiveness of IPM. W ith low levels of resistance, IPM will be difficult, even impossible. W ith
high levels of resistance, IPM will be both easy and effective, and possibly unnecessary. It should perhaps
be emphasised that the differences between the extremes of low and high levels of horizontal resistance
are usually very great. In the absence of crop protection chemicals, these two extremes are commonly
represented by a total loss of crop, and no significant loss of crop.”
“A characteristic of horizontal resistance is that the breeding for it is cumulative and progressive.
Because the resistance is durable, a good cultivar need never be replaced except with a better cultivar.
Breeding for horizontal resistance thus makes all other aspects of IPM progressively easier, safer, cheaper,
and more effective. And, at its higher levels, horizontal resistance may eliminate the need for IPM
entirely.”
“It is now clear that, unlike vertical resistance, the role of horizontal resistance in IPM is crucial.
Indeed, this quantitative resistance must be regarded as fundamental to all IPM work. The first step in any
IPM investigation, therefore, should be a consideration of the level of the horizontal resistance of the crop
host in question. If there is too little horizontal resistance for IPM to be effective, breeding for an
increased level of horizontal resistance will be essential. And, however much horizontal resistance may be
present, breeding for more horizontal resistance will make all aspects of IPM more effective, until, finally,
there will be no further need for IPM at all. Consequently, breeding the crop host for horizontal resistance
should be the first consideration in all cases of IPM.”

Horizontal resistance restores biological control by reducing or eliminating the use of crop protection
chemicals. Biological control enhances horizontal resistance by reducing the reproductive capacity, and the
epidemiological competence, of the parasites. The two phenomena are mutually reinforcing. W hen horizontally
resistant cultivars are issued to farmers, the resistance may well be inadequate because there is considerable
biological anarchy. Provided the farmers use no crop protection chemicals, the levels of horizontal resistance will
apparently increase. More accurately, the levels of parasitism will decrease. This effect may be as dramatic as the
results of successful integrated pest management. This is also a clear example of self-organisation in a plant
pathosystem.
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6.8 Different Requirements in Breeding for Horizontal Resistance
The breeding of crops for resistance to their parasites during the twentieth century has involved vertical
resistance almost exclusively. The requirements of breeding for horizontal resistance are so different from those of
breeding for vertical resistance that some comment is necessary. The main differences are as follows:
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·

No source of resistance is required. It is possible to start the breeding with susceptible parents.

·

Both the inheritance and the measurement of horizontal resistance are quantitative.

·

Many crosses are necessary and male gametocides are useful in some of the cereals.

·

No transfer of resistance genes is possible. All horizontal resistances to all locally important
parasites must be accumulated simultaneously. Selection pressure must also be maintained for all
other agriculturally desirable characteristics. A balanced, holistic screening is essential.

·

Recurrent mass selection is used in place of pedigree breeding and back-crossing. This is a major
departure when breeding autogamous crops such as beans, wheat, and rice.

·

Large screening populations should be employed in order to allow high selection coefficients.

·

Vertical resistance is characterised by ‘big space, high profile, short life, high expense, few
cultivars’, while horizontal resistance is ‘small space, low profile, long life, low expense, many
cultivars’.

·

Horizontal resistance breeding is so easy that it can be undertaken by plant breeding clubs made
up of amateur breeders (see 11.17).

·

On-site screening is essential. That is, the screening should be conducted in the agro-ecosystem
of future cultivation. This means, (i) in the area of future cultivation, (ii) in the time of year of
future cultivation, and (iii) according to the agricultural system of future cultivation.

Breeding for horizontal resistance involves recurrent mass selection employed with three simple rules.
·

First, the sole selection criterion for resistance should be yield, on the grounds that susceptible
plants cannot yield well in the presence of parasites.

·

Second, the screening population should be inoculated appropriately to ensure that the high yields
are due to resistance and not to chance escape.

·

Third, the one-pathotype technique (see 7.5) should be employed when necessary to ensure that
the resistance is horizontal and not vertical.
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6.9 The Apparent Conflict between Resistance and both Yield and
Quality
There is a popular belief that there is an inversely proportional relationship between the resistance to
parasites and either the yield or the quality of crop product. Indeed, the argument that this is necessarily so is the one
most often quoted as a reason for not investigating horizontal resistance. However, it seems the only evidence to
support this belief is the fact that wild plants normally have high resistance but low yield and quality, while cultivated
plants normally have low resistance but high yield and quality. There are a number of refutations.
The first refutation is the general principle that correlation is not proof. W hen the correlation is imperfect, the
contention is even less convincing. There are plenty of examples of cultivars with both good yields and quality as well
as good resistances. Some wild plants have qualities that exceed those of cultivars. The taste of wild strawberries, for
example, is far superior to that of the high-yielding, large-fruited, cultivated varieties. Secondly, some cultivars have
both high quality and high resistance. The classic wine grapes have qualities that cannot be surpassed and they had
high levels of resistance to all their old-encounter parasites. It was not until the introduction of new-encounter
parasites from America to Europe, in the nineteenth century, that grape parasites became seriously damaging. Indeed,
the classic wine grapes were cultivated for centuries without any need for crop protection chemicals. The same can be
said for other antique clones, such as figs, dates, garlic, and olives (see 7.20.1).
A third argument comes from average yields. The world average yield of wheat, for example, is 1.5
tonnes/hectare. The average in North America is 2.2 t/ha. In W estern Europe, it 4.5 – 5.5 t/ha, but some farmers
routinely obtain 10.0 t/ha, through the use of crop protection chemicals. The experimental maximum (but
uneconomic) yield is 15.0 t/ha., which is ten times the world average. No one knows what the ultimate potential yield
of wheat may be, but it is possibly in the region of 20 t/ha. Many of the factors contributing to the low world average
cannot be controlled. These uncontrollable factors include poor soils, insufficient fertilsers, inadequate rainfall, and
other environmental variables. But one of the more important of the factors reducing yield is the damage caused by
parasites. If this damage were to be controlled by horizontal resistance, the resistance would be contributing to yield,
rather than conflicting with it.
The origins of this false belief concerning a conflict between resistance and yield probably lie in the
difficulty of breeding simultaneously for yield, quality, and resistance, while working with vertical resistance. These
difficulties disappear with the simultaneous screening for all desirable characteristics during recurrent mass selection.
Clearly, there is a ceiling to the combined characteristics of high yield, high quality of crop product, and high levels of
horizontal resistance to all locally important parasites. But this ultimate level can be determined only by the actual
experience of breeding for horizontal resistance. It may well prove to be higher than anyone suspects.
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6.10 Organic Farming
At this point, it might be useful to discuss the topic of organic farming, and the role of horizontal resistance
in promoting it. This is an emotional subject, and it is important to retain a scientific objectivity, free from any bias or
prejudice that is either for or against this concept.

6.10.1 The dislike of synthetic chemicals
Organic farmers are the people most likely to demonstrate the practicality of private plant breeding and of
self-organising agro-ecosystems (see 11). Organic farmers and consumers of organic food have a general dislike of
‘chemicals’. By this, they mean synthetic chemicals, produced in chemical factories. (W ater, oxygen, and common
salt are also chemicals but no one denies their essential role in living systems). These factory-produced chemicals
include all the synthetic crop protection chemicals, such as insecticides and fungicides, as well as herbicides, and
artificial fertilisers. In attempting to avoid these chemicals, organic farmers aim to produce food that is almost entirely
free of them. I say “almost” because chemists can now detect concentrations of less than one part in a billion, and it is
worth understanding exactly what this means. One part in a billion is one cubic millimetre in one cubic metre. A
person who drinks half a litre of water every day would require 2000 days to drink one cubic metre of water. In other
words, it would take nearly five and a half years to absorb one cubic millimetre of contaminant in that water. The
human body is remarkably efficient at removing most poisons, and it would normally have little difficulty in
eliminating one two thousandth part of one cubic millimetre of contaminant every day.
Another way of examining this question is to consider the old pharmacists’ terms dosis toxis and dosis
tolerata. Any medicine is toxic if taken in too large a dose. And any poison is tolerated if taken in a small enough
dose. And one two thousandth part of one cubic millimetre each day is a very small dose, by whatever standards one
may wish to use.
To aim at a zero concentration of synthetic chemicals is unrealistic. Even if, by remote chance, they were
below a concentration of one part per billion, they would still be present at one part per trillion, or whatever. Much the
same happens with radiation standards. W e are all of us exposed to background radiation for all of our lives. And this
has been true for the whole of evolution. That level of radiation is clearly harmless, and to aim at a nil exposure to
radiation is unrealistic. W e sensibly make sure that we are not exposed to hazardous levels of radiation. The same
should be true of synthetic chemicals. That is, tolerances are essential. After all, no organic farm is entirely free of
synthetic chemicals, if only because of the drift from sprayers in neighbouring farms, and the remnants of artificial
ferilisers used in the past.
However, some synthetic chemicals, including insecticides, can be dangerous at very small doses. This is
particularly true of chemicals that act as hormone mimics. And the danger is at its most acute for an unborn foetus.
There is some evidence that hormone mimics can damage the brain, the reproductive functions, and the immune
system of an unborn human foetus and, typically, this damage may not become apparent for years. Certified organic
food should be obligatory for expecting mothers. Similarly, young children eat 3-4 times as much food as adults, per
unit of body weight. And they drink 4-5 times as much water per unit of body weight. They consequently absorb
relatively higher doses of toxins, and they are more susceptible to them because of their very active growth processes.
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So, let us now look at various categories of synthetic chemicals in order to determine how hazardous they
may be.

6.10.2 Artificial fertilisers
There is a fundamental nutritional difference between plants and people. Plants absorb their nutrients as
inorganic chemicals (i.e., complex compounds that are not based on carbon). People absorb their nutrients as organic
(i.e., carbon-based) chemicals, apart from water, salt, and iron.
Plants obtain their main nutrient from the atmosphere, in the form of carbon dioxide (which is usually
regarded as an inorganic chemical in spite of its carbon), which they photosynthesise with water into carbohydrates. In
addition, they obtain dissolved nutrients from the soil, mainly as phosphates, nitrates, and other salts of calcium,
potassium, and magnesium, as well as various trace elements. These nutrients are in the form of inorganic chemicals.
Artificial fertilisers consist mainly of synthetically produced nitrate, sulphate, and phosphate compounds of
ammonia, calcium, potassium, and magnesium. These chemicals occur naturally in soil, and most abundantly in the
so-called ‘rich’ soils. But soil is like a bank account. W e cannot take money out of it indefinitely. And, if we want to
keep the account healthy, we must put money back into it. Any crop that is exported from a farm represents plant
nutrients removed from the soil of that farm. If this process continues for too long, without replenishment, the soil will
be depleted and it will eventually become unproductive.
Organic farmers argue that they can use farmyard manure and other biological waste, such as compost and
green manure, in place of artificial fertilisers. (Micro-organisms decompose this waste into the basic plant nutrients).
And if their own farms do not produce enough biological waste, they can obtain more from a neighbouring dairy,
chicken, or pig farm, or from a sewage works. This is the rub. There is never enough biological waste to provide all
the plant nutrients needed by all the crops necessary to feed everyone. On a global basis, biological wastes would
provide only a small fraction of the total plant nutrients required. If we suddenly depended exclusively on biological
wastes to nourish our crops, an estimated one billion people would die of starvation, and several billion more would
suffer severe malnutrition.
W e should also consider the nature of these artificial fertilisers. It is true that they are synthetically produced
in chemical factories. But this, in itself, does not make them dangerous. They are chemical compounds that occur
naturally in all fertile soils. And they represent absolutely normal plant nutrients, and the natural starting point for the
biological production of plant food for people.
The main arguments against artificial fertilisers are environmental and they concern the contamination of
ground water, lakes, and rivers from an excessive use of fertilisers. However, this is the fault of the farmer, not the
fertiliser. Similar contamination can occur with an excessive use of organic manure also. Too heavy a reliance on
artificial fertilisers can also damage the soil structure by reducing its organic content. This, again, is the fault of the
farmer who is deliberately following non-sustainable agricultural practices in order to make as much money as
possible in as short a time as possible. W ith good farming, the judicious use of artificial fertilisers is essential,
beneficial, and allowing of sustainable agriculture. Some artificial fertilisers contain undesirable concentrations of
toxic metals, such as cobalt. However, this should be a matter of government regulation.

- 103 -

There is also a palpable argument against the use of farmyard manure. This stems from the danger of
Escherichia coli, a bacterium existing as numerous strains, some of which are responsible for diarrheal diseases that
can occasionally be fatal if left untreated.
It follows that organic farmers have a weak case against artificial fertilisers. If we are to move towards
organic farming on a global scale, we shall have to allow the use of artificial fertilisers.

6.10.3 Crop protection chemicals
The synthetic insecticides, fungicides, and other anti-parasite chemicals are a very different story. I write as a
scientist who has spent his entire career trying to find satisfactory alternatives. However, it is still essential to retain
objectivity.
On the one hand, crop protection chemicals have been getting steadily safer and more effective. Before 1940,
the only available insecticides consisted of compounds of lead, arsenic, mercury, and cyanide. As soon as DDT
became available, the use of these very dangerous compounds was abandoned. Since then, the efficiency of
insecticides has increased and the application rates have been greatly reduced. A similar story is true of fungicides,
some of which used to be compounds of mercury. There has been a steady improvement in crop protection chemicals
and this improvement is likely to continue.
On the other hand, we now use crop protection chemicals costing billions of dollars a year and, in spite of
this, we lose more than twenty percent of our crops to pre-harvest parasites. And most of these chemicals are
‘unstable’, in the sense that they are within the capacity for micro-evolutionary change of the parasite, and their
effectiveness then breaks down to new strains of the parasite (see 10.6). These chemicals are also hazardous to both
people and the environment. However, if the use of crop protection chemicals were to stop tomorrow, most of the
people in the world would starve. W e must be realistic. Crop protection chemicals may be a bad thing, but they are
also essential, at least until we develop adequate levels of horizontal resistance in our crops.

6.10.4 Herbicides
The importance of synthetic weed-killers is largely one of economics. Any other method of weed control is
apt to be so expensive that the crop in question may be uneconomic to grow without herbicides. These alternative
methods consist of hand-weeding, mechanical cultivation, and weed-suppressing crops.
Hand weeding is feasible only in subsistence cultivation, which is labour-intensive anyway. This high labour
requirement results very largely from the need for weeding. Mechanical cultivation is much cheaper than hand labour,
but it is also much less efficient than herbicides.
Some species of crop are referred to as ‘cleaning crops’ because they do much to suppress weeds. Potatoes
are useful in the respect, and other crops, such as beans, can be useful if they are densely planted.
Herbicides are likely to remain an essential component of commercial agriculture, but we can take comfort
from the fact that they are much less hazardous to people than the insecticides and fungicides.
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A recent controversy has developed over the use of genetically modified crops that are immune to
glyphosate. Glyphosate-resistant soybeans grown with this herbicide can produce a major reduction in weeds. But a
crop such as canola (rapeseed) is open-pollinated and it tends to shed seed. Glyphosate-resistant canola can itself
become a weed, and it can lead to various environmental and legal problems.

6.10.5 Epidemiological isolation
It is worth noting that organic farmers benefit from an artificial epidemiological isolation. They are greatly
protected by their neighbours’ use of crop protection chemicals. If their neighbours were not spraying, say, their
potatoes against blight and Colorado beetle, the organic farmers would probably lose their potato crops entirely
because of the huge influx of parasites from those unsprayed crops. (Their neighbours would also lose their crops). In
this sense, many organic farmers depend rather heavily on crop protection chemicals, but they do so indirectly. And
this dependence will be effective only so long as organic farmers are in a very small minority. If they intend to
become a majority, we will be compelled to develop new cultivars with high levels of comprehensive horizontal
resistance to all locally important parasites.

6.10.6 A common misonceptiom
Many organic farmers believe that well-nourished plants have more resistance to crop parasites than poorly
nourished plants. However, this is a misconception. Plant nutrition is a physiological phenomenon, and plant
resistance to parasites is a genetic phenomenon. These two phenomena are largely independent of each other. W hile
well-nourished plants will grow better, and will probably both taste better, and provide better human nourishment,
they are not necessarily more resistant to their parasites, and physiological nourishment has little effect on genetic
resistance.
Organic farming can reduce the incidence of pests and diseases by restoring natural controls that were lost
with the advent of conventional farming. These include biological controls (see 6.7), an improved soil microbiological
activity, greater biodiversity, and a reduced host population density. But a reduced incidence of parasitism is not
necessarily due to an increased resistance to parasitism.
It must be appreciated that organic farmers are usually able to escape serious outbreaks of pests and diseases
only because their farmer neighbours are keeping parasite populations down by using crop protection chemicals. This
results in a decreased incidence of parasitism due to epidemiological isolation (see 6.10.5). If many conventional
farmers were to change to organic farming, the overall parasite populations would increase dramatically, and the
losses from crop parasites would become prohibitive. Crop parasites set an absolute ceiling to the amount of organic
farming that is possible with existing cultivars. Consequently, further increases in the amount of organic farming will
eventually require major increases in the levels of resistance to parasites. In their turn, these increases in resistance
require plant breeding for horizontal resistance.
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6.11 Horizontal Resistance to Insects
Stoner (1992) has reviewed 705 papers on plant host resistance to arthropods in vegetables, and she also
quotes reviews of this topic in grain crops, alfalfa, and cotton. She comments that, in most studies, the resistance is a
quantitative trait, but she adds that the current situation is little different from that described by Kennedy (1978) who
wrote “… at present, there are very few commercially available vegetable and fruit cultivars which have been
deliberately bred for insect resistance”.
A notable exception to this general rule of neglecting the breeding of crops for horizontal resistance to
insects is the work of David Fisher (1998) who is investigating the possibility of breeding potatoes for horizontal
resistance to Colorado beetle.
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Chapter Seven

7. Breeding Crops for Horizontal Resistance
7.1 Introduction
Breeding crops for horizontal resistance is easy. This is one of the more important messages of this book.
W ithout any scientific knowledge, ancient farmers were working with horizontal resistance since the dawn of
agriculture. It is possible that they unwittingly employed vertical resistance also, as mixtures of resistances in their
local landraces. However, the effects of these vertical resistances would have been relatively small. These farmers
cultivated their crops with few parasite control measures. At best, they practised either shifting cultivation or mixed
cropping, and they may have burned their crop residues.
The yields of these early farmers were not high by modern standards, mainly because they lacked
fertilisers, other than manure consisting of animal and human excrement. They also lacked crop protection
chemicals. The point here is that they could grow their crops without crop protection chemicals, because these
crops had adequate horizontal resistance to provide an economically effective control all locally important
parasites. Had this not been so, these crops could not have been cultivated.

7.2 The Example of Maize in Tropical Africa
Vanderplank (1968) first recognised that maize in tropical Africa had accumulated horizontal resistance
following the introduction of the re-encounter parasite Puccinia polysora, which causes a disease called ‘tropical
rust’. Robinson (1976, 1987) analysed this accumulation of resistance in order to provide the guidelines for
breeding crops for horizontal resistance. Briefly summarised, and brought up to date, these guidelines are as
follows.

7.2.1 The disease
The disease is caused by a re-encounter rust fungus that is indigenous in Central America but exotic to
Africa. W hen maize was taken by the Spanish to Europe, the disease may have been left behind but, in any event, it
lacked epidemiological competence in its new area of cultivation. W hen the Portuguese subsequently took maize
from Europe to Africa, it was free of tropical rust, and the maize of Africa remained free for rather more than four
centuries. Tropical rust reached W est Africa only in the late 1940s, with the development of trans-Atlantic air
transport.
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7.2.2 Extremes of epidemiological competence
The epidemiological competence of tropical rust is maximal at sea level on the equator. This
epidemiological competence declines with increasing latitude and altitude, being reduced to complete
incompetence at sea level at the Tropics of Cancer and Capricorn, and at 4000 feet in altitude at the equator (Fig.
7.1).

7.2.3 Extremes of horizontal resistance
W hen the disease first appeared in East Africa, in 1952, at sea level, near the equator, the epidemiological
competence was maximal, and the level of the horizontal resistance was minimal. Under these circumstances, the
loss of crop was total, except for a handful of seed sufficient to plant the next crop. Some 10-15 maize generations
later, the levels of both the epidemiological competence and the horizontal resistance were maximal, and the loss of
crop was negligible.
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Fig. 7.1 Epidemiological competence.
This diagram shows the extremes of epidemiological competence of Puccinia
polysora in East Africa. The level of epidemiological competence is measured on the
Y-axis, with maximum at the top, and minimum at the bottom. Altitude is shown on the
X-axis, with sea-level at the left, and 4000 feet at the right. Latitude is shown on the
Z-axis, with the equator at the right, and the Tropics of Cancer (23.5°N) and Capricorn
(23.5°S) on the left. The epidemiological competence is at its maximum at sea level on
the equator. In this area, the local agro-ecotypes have the maximum level of horizontal
resistance.
7.2.4 Erosion of horizontal resistance
The crop vulnerability in the African maizes was due to an erosion of horizontal resistance. During
cultivation for some four centuries, in the absence of the parasite, the level of horizontal resistance had declined to
the minimum. This decline was the result of negative selection pressures on the genetically flexible host, and the
erosion was a host-erosion of horizontal resistance (see 6.6.1).

7.2.5 Crop vulnerability
The susceptibility of the African maize was a classic example of crop vulnerability, which is defined as
susceptibility in the absence of an epidemiologically competent parasite. W hen the parasite arrives in the locality in
question, the vulnerability is revealed, and potential damage becomes actual damage.

7.2.6 Accumulation of horizontal resistance
The accumulation of horizontal resistance during some 10-15 host generations (with two generations each
year in tropical Africa) was a response to positive selection pressures for resistance. This accumulation of
resistance is the result of genetic changes in the host population, and it is the reverse of a host-erosion of resistance.
After some 10-15 maize generations, the level of horizontal resistance was maximal, and the losses from tropical
rust were negligible.
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7.2.7 No good source of resistance
This accumulation of horizontal resistance occurred without any good source of resistance. All the
polygenes for horizontal resistance must have been present in the maize populations, but they obviously occurred at
too low a frequency for the resistance to be expressed. If every individual host had only a few of the polygenes, the
population as a whole would be highly susceptible. But every individual could have had different polygenes, and
all the polygenes could then be present in the population. W ith each succeeding generation of recurrent mass
selection in the presence of the rust, the percentage of polygenes in each individual would increase as a result of
transgressive segregation. In this way, the resistance of the entire population would also increase.

7.2.8 Selection pressures
In the absence of the parasite, the selection pressures for horizontal resistance were negative, and the level
of resistance declined to the minimum. Once the parasite appeared, the selection pressures for horizontal resistance
were positive, and the level of horizontal resistance increased to the maximum, in areas where the parasite had the
maximum epidemiological competence.
The mechanism of these selection pressures is one of reproductive advantage. The horizontal resistance
has a genetic cost. In the absence of the parasite, individuals with a reduced genetic cost (i.e., a low resistance)
have a reproductive advantage, and the level of the resistance declines. Once the parasite appears, the resistant
individuals have a reproductive advantage. In the following generation, there is a higher proportion of resistant
individuals, and the levels of resistance have increased. This process can continue until the maximum levels of
horizontal resistance are reached for the entire population.
However, the law of diminishing returns operates. W hen the resistance is low, the selection pressures are
great, and the rate of accumulation of resistance is high. As resistance accumulates, the selection pressure
decreases, and the rate of accumulation of resistance also decreases. Eventually, a balance is reached, and it is
maintained at a level of resistance at which the positive and negative selection pressures cancel each other.

7.2.9 Population breeding
The maize of the subsistence farmers in tropical Africa consisted of open-pollinated landraces, or agroecotypes. They were one of the few categories of agricultural plant population that could respond to selection
pressures during the cultivation process. This is a genetically flexible crop (see 1.15). Its response was identical to
an imposed recurrent mass selection, and it follows that we should use recurrent mass selection, otherwise known
as population breeding, when breeding for horizontal resistance.
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7.2.10 Early selection
The accumulation of horizontal resistance in the African maizes clearly involved early selection (see 7.7),
and we conclude that early selection is effective in open-pollinated crops that are cultivated in a heterozygous
condition. This comment involves crops such as maize, rye, millets, and sorghum, and various crops of the onion,
cucumber, and cruciferous families. It also includes crops that are normally cultivated as clones. But self-pollinated
crops, cultivated as pure lines, should usually be subjected to late selection (i.e., selection in a near-homozygous
state).

7.2.11 On-site screening
On-site screening means that the screening is conducted (i) in the area, (ii) the time of year, and (iii)
according to the farming system, of future cultivation.
The principle reason for on-site screening is that agro-ecosystems vary so widely. In particular, the
epidemiological competence of most parasites varies from one agro-ecosystem to another. An agro-ecotype that is
in perfect balance in one agro-ecosystem will be out of balance in another. This is because it will have too much
resistance to some species of parasite, and too little to others.
W ithin the maize of tropical Africa, each farm constituted a separate screening population. So long as the
local agro-ecotypes were closely similar, an exchange of pollen between farms would mean little, because more
distant agro-ecotypes were out of pollination range. Agro-ecotypes taken from above 4000 ft at the equator, or
beyond the Tropics of Cancer and Capricorn at sea level, would suffer maximum crop loss when grown on the
equator at sea level.
This need for on-site selection, when working with horizontal resistance, is one of the main safeguards
against exploitation of subsistence farmers by the corporate plant breeders of the industrial world.

7.2.12 Number of screening generations
The maizes of tropical Africa provided us with a clear indication of the number of screening generations
(i.e., breeding cycles) needed to accumulate the maximum levels of horizontal resistance. It requires 10-15 host
generations to progress from the minimum to the maximum levels of horizontal resistance. The rate of genetic
advance is at its greatest in the early generations, and it declines steadily as resistance accumulates. However,
selection pressures can be artificially increased by inoculation of the screening population.
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7.2.13 Comprehensive horizontal resistance
The maizes of tropical Africa had good levels of horizontal resistance to all locally important parasites.
Once they had accumulated horizontal resistance to tropical rust, they had comprehensive horizontal resistance.
There was then no need for crop protection chemicals of any description. This should be the aim in any breeding
for horizontal resistance. It is the holistic approach.

7.2.14 Resistance mechanisms
There are two closely similar rusts of maize. These are Puccinia polysora and Puccinia sorghi. The latter
is climate-insensitive and occurs wherever maize is grown. W hen the tropical rust first arrived, the maizes of
tropical Africa had the minimum level of horizontal resistance to P. polysora, and the maximum level of horizontal
resistance to P. sorghi. Some 10-15 maize generations later, they had the maximum level of horizontal resistance to
both rusts. There were no obvious resistance mechanisms, and no detectable differences between the susceptible
and resistant maizes, other than their reaction to tropical rust.
W e have no idea what the resistance mechanisms to P. polysora may be. W e know that they are
polygenically controlled, and that they confer durable resistance. They are also quite distinct from the resistance
mechanisms to P. sorghi. That is all we need to know. W hen breeding crops for horizontal resistance, forget about
looking for resistance mechanisms. Just breed holistically.

7.2.15 The measurement of horizontal resistance
The measurement of the final level of horizontal resistance in the maizes of tropical Africa was perhaps
the most effective assessment that is possible. This was the behaviour of the maize in farmer’s fields. The crop loss
from tropical rust became, and remains, negligible.

7.2.16 Demonstration of the horizontal nature of the resistance
The horizontal nature of the resistance was determined from its quantitative effects, indicating a polygenic
inheritance, and its constant ranking. Its durability has been confirmed by a period of nearly half a century.
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7.2.17 The folly of vertical resistance
The experience with P. polysora gave us yet another lesson. Had institutional breeders attempted to solve
this problem they would have used vertical resistance. This would have provided a complete control with only one
cultivar, throughout all the agro-ecosystems just described. But that control would have been temporary. As a
matter of historical record, this is exactly what happened (Storey, H.H., et al, 1958). There was one breeding
program to cover the whole of East Africa. However, the vertical resistances failed so quickly that there was no
time to issue these new lines of maize to farmers. By the time the futility of this approach was appreciated, the
problem had solved itself by self-organisation, with horizontal resistance, in the manner already described. It is
worth noting that this self-organisation occurred without any external control imposed by people, other than the
fact that farmers kept the seed of the survivors.

7.3 The Example of Winter Cereals
W inter cereals are temperate cultivars that can be sown, and allowed to germinate, in the fall. They are
cold-tolerant, and they survive the winter, often under snow. In the spring thaw, they start growing, and they then
have an advantage of several weeks over the spring-sown cereals, mainly because they can start growing when the
ground is still too wet to allow tractors on the land.
W hen plant breeders want to produce new cultivars of a winter cereal, they sow a segregating mixture of
seeds in the fall, and wait for the winter to kill off all the cold-susceptible seedlings. The survivors are cold-tolerant
and the best of them can be screened for other characters. Obviously, the colder the winter, the fewer the survivors,
and the greater their cold tolerance. This cold tolerance can be further increased by transgressive segregation, in
which the best survivors are used as parents in a recurrent mass selection program.

7.4 Breeding for Horizontal Resistance
Breeding for horizontal resistance is a process almost identical to this screening of winter cereals, except
that crop parasites, rather than frost, are used to kill off the undesirable, susceptible seedlings. Breeding for
horizontal resistance involves recurrent mass selection and it must follow these simple rules:
·

Screen for high yield, on the grounds that only resistant plants yield well in the presence of parasites.

·

Use simple inoculation techniques to ensure that the high yield is due to resistance, and not to chance
escape from infection or infestation.

·

Use the one-pathotype technique (see 7.5) to ensure that the resistance is horizontal and not vertical.
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7.4.1 Screen for high yields
The main screening criterion must be high yield, for two reasons. First, high yield is an essential selection
criterion in its own right. Second, only resistant plants can yield well in the presence of parasites. This rule will
ensure that selection pressure for yield and resistance is maintained throughout the breeding program. Selection
pressures must also be maintained for all other agriculturally valuable characteristics, which might otherwise be
lost because of negative selection pressures. Screening exclusively for horizontal resistance is inadvisable, except
for research purposes, because it will lead to a loss of other attributes from negative selection pressures. In practice,
this holistic approach means screening for the best ‘all-rounders’.

7.4.2 Inoculate with parasites
Simple inoculation techniques must be used to ensure that the high yield is due to resistance, and not to
chance escape from infection or infestation. This refers to locally important parasites only, because there is usually
little point in screening for resistance to parasites that lack epidemiological competence in the area in question. The
inoculation techniques vary with the different kinds of parasite (see also Chance Escape, 7.16.4).
Wind-borne parasites. It is often sufficient to plant spreader-rows, or surround-rows of a susceptible
cultivar to act as a source of parasites. However, care must be taken to ensure that these susceptible cultivars do not
introduce undesirable pollen into the screening population. Depending on the crop, this can be prevented by
subjecting the spreader plants to decapitation, total destruction, or timed planting to ensure an out-of-phase
anthesis. Alternatively, various plant pathogens can be suspended in water and sprayed on to the screening
population. Insects and the vectors of viruses can be cultured on plants in portable insect cages. At the appropriate
time, the cages are carried to the field, and the insects are released to infest the screening population.
Soil-borne parasites. The major problem with soil-borne parasites is a patchy distribution, which can lead
to a frequent escape from parasitism, and a false indication of resistance. The best way to overcome a patchy
distribution is to inoculate either the young seedlings that are to be transplanted as the screening population, or to
inoculate the seed prior to planting. For example, the seed might be planted into small peat pots which contain soil
that has been inoculated with nematodes, wilt fungi, or whatever. Once the seedlings are growing, the entire pot is
planted in the screening field. Other techniques are possible, depending on the species of parasite in question. This
is an area in which amateur breeders are likely to need advice from specialists.
Seed-borne parasites. Seed-borne parasites may be carried inside the seed (infected seed) or externally on
the seed (contaminated seed). For example, inoculation of cereal or grass seed with a covered smut involves
dusting the seed with smut spores prior to sowing. Inoculation with a loose smut necessitates blowing smut spores
over the screening population at the time of anthesis. Many bacterial and fungal parasites can be uniformly
inoculated by soaking the seed in a spore suspension prior to sowing the screening population.
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7.5 The One-Pathotype Technique
The ‘one pathotype technique’ must usually be employed against all parasites in which a gene-for-gene
relationship occurs. This will ensure that the resistance that emerges from the breeding program is horizontal and not
vertical. There are a few occasions when the one-pathotype technique is not necessary. For example, if the on-site
selection is being conducted in the centre of origin of the crop, any vertical resistances that may occur are likely to
break down so quickly that they will not matter. Equally, now that the second mating type (A2) of Phytophthora
infestans has been spread all over the northern hemisphere, there is probably no need to use the one-pathotype
technique when screening for horizontal resistance to this disease. This is because functional oospores, which exhibit
great genetic variability, will be the main initial inoculum in blight epidemics.
It is impossible to see, measure, or screen for horizontal resistance if vertical resistances are present and
operating. For this reason, all vertical resistances must be matched, and thus inactivated, during screening. The
one-pathotype technique is the only effective method of ensuring this and, fortunately, it is an easy technique to
employ.
However, the one-pathotype technique is another aspect of breeding for horizontal resistance that is
somewhat specialised, and amateur breeders will probably need technical assistance. The first step is to find out
how many of the locally important parasites have a gene-for-gene relationship. The next step is to employ the onepathotype technique for each one of them. This will ensure that all vertical resistances are matched during the
screening process, regardless of how the vertical resistance genes may recombine during sexual reproduction in the
host population.
For each species of parasite in which a gene-for-gene relationship occurs, a single vertical pathotype is
chosen. This becomes the designated pathotype, and it must be cultured on its matching, designated host for the
entire duration of the breeding program. It is essential that only one pathotype be designated for each species of
parasite.
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7.5.1 How does it work?
The designated pathotype is used to identify the original parents in the recurrent mass selection program.
Each of these parents must be susceptible to the designated pathotype. This is one of the ways in which breeding
for horizontal resistance differs from breeding for vertical resistance. The breeding program starts with screening
for susceptibility. But is it vertical susceptibility. All the original parents must be susceptible to the designated
pathotype. In the each screening generation, the designated pathotype is used to inoculate the screening population.
In each breeding cycle, the selected parents are crossed, either randomly, or in a half-diallel cross (see
7.10). During this crossing, the various vertical resistance genes will recombine in combinations that are new to the
program. Provided that only one designated pathotype is used for each parasite, all of these new combinations will
be matched by that pathotype. However, if two or more designated pathotypes were used, as a mixed inoculant,
some of the new vertical resistance gene combinations will not be matched. The breeding program will then
produce vertically resistant cultivars. This problem is difficult to explain in words, and Fig. 7.1 offers an alternative
explanation, which may be more readily comprehended.

7.5,2 Designated host
A designated host must be chosen for each species of parasite in which a gene-for-gene relationship
occurs. Each designated host must be grown continuously for the entire duration of the breeding program, and it is
used to culture the designated pathotype (see next). The designated host must obviously be genetically stable (i.e., a
clone or pure line).
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7.5.3 Designated pathotype
A designated pathotype is one that matches the designated host. It is cultured on the designated host for
the entire duration of the breeding program, and it is used both to identify the original parents, and to inoculate
each screening generation.
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Figure 7.1 The ‘one-pathotype’ technique
These two diagrams illustrate why it is essential to use only one designated
vertical pathotype when screening for horizontal resistance. The circles are pathotypes
and the rectangles are pathodemes. Green and thin lines represent matching, which is
essential when screening for horizontal resistance, while red and thick lines represent
non-matching, which prevents screening for horizontal resistance.
In the top diagram, there is only one vertical pathotype, and it has the two genes 1
and 2. When it is used to identify vertically susceptible pathodemes for use as the
original parents, it will identify pathodemes 0, 1, 2, and (1 + 2). All other pathodemes
(i.e., those with genes, 3, 4, etc.) will be resistant and will be discarded. With subsequent
crossing among the hosts, all possible recombinations of the vertical resistance genes
will be matched by this one vertical pathotype.
In the bottom diagram, there are two vertical pathotypes, one with gene 1, and the
other with gene 2. When used together, these two pathotypes will identify vertical
pathodemes 0, 1, and 2. However, this mixture of two vertical pathotypes will not identify
pathodeme (1 + 2), which will be produced in subsequent generations by crossing
pathodeme 1 with pathodeme 2.
7.5.4 The designation process
Designation is a critically important aspect of a horizontal resistance breeding program in crops which
have vertical resistances. Negligence at this step can easily ruin the entire program. There are six steps in the
designation process, as follows:
·

List all the locally important parasites that occur in the breeding site, and identify each one that has a
gene-for-gene relationship. In most breeding programs, there will be only two or three such parasites.
(Note that a crop species that is derived from a continuous wild pathosystem will have no gene-forgene relationships, (but see taro blight at 4.12).

·

For each species of parasite with a gene-for-gene relationship, choose a once-popular cultivar in
which the vertical resistance has broken down. A pure line or a clone of the cultivar, as the case may
be, is chosen as the designated host. This designated host is continuously maintained in the form of
succeeding, over-lapping generations, for the entire duration of the breeding program.

·

Choose only one vertical pathotype of each species of parasite in which a gene-for-gene relationship
occurs. Each vertical pathotype must be chosen because it matches the designated host. It then
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becomes the designated vertical pathotype. Each designated pathotype will be cultured on its
designated host for the entire duration of the breeding program.
·

Each designated pathotype is inoculated on to a range of cultivars, which have been chosen as
potential parents in the breeding program. Only those cultivars that are susceptible to the designated
pathotype of every parasite with a gene-for-gene relationship may be used as parents. Cultivars which
are resistant to even one designated pathotype have a functioning vertical resistance and, for this
reason, cannot be used as parents.

·

The aim is to identify some 10-20 good cultivars that are susceptible to each of the designated
pathotypes. These cultivars become the original parents of the screening population.

·

A small seed stock of each of these original parents should be maintained for the duration of the
breeding program. These stocks will be required for testing purposes, if a designated pathotype is lost,
and must be replaced.

7.5.5 Identification of the vertical genes
It is not necessary to know which vertical resistance genes are present in the designated host and
pathotype. The only things that matter are (i) that there is only one designated pathotype of each species of parasite,
(ii) that all the original parents of the screening population are susceptible to every designated pathotype, and (iii)
that each designated pathotype is used to inoculate every screening population.
However, if the identity of the vertical genes is known, and this information is readily available, a
designated host with many vertical resistance genes is preferable to one with only a few genes. This is because a
designated host with many genes will permit a wider range of original parents.

7.5.6 Technical assistance
Technical assistance with the one-pathotype technique may be needed in one or more of the following:

·

Obtaining samples of the parasites concerned.

·

Confirming their identification.

·

Identifying, matching, and inoculating the designated host.

·

Maintaining the cultures of designated pathotypes.

· Identifying parent cultivars that are susceptible to every designated
pathotype.
·

Inoculating the screening population with the designated pathotypes.

Technical assistance is likely to be most readily available from a nearby university, particularly from a
professor who is in charge of a plant breeding club. This assistance may be minimal, consisting of no more than
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casual advice. Or it may range through practical training sessions to actually designating and supplying the pathotypes
in question. No doubt, this assistance will be given on a co-operative basis, and the amateur club will be expected to
reciprocate. The most likely form of reciprocation would be invitations to students who want to experience other crops
and other clubs.

7.5.7 Other methods of inactivating vertical resistance
Robinson (1987) listed other methods of either inactivating or eliminating vertical resistance. In general,
these alternative methods are not recommended, and anyone wishing to use them should consult the original
descriptions for full details.
A genetic elimination of vertical resistance is sometimes possible, and parents without vertical genes can be
identified either by using the universal avirulent (i.e., the vertical pathotype with no vertical genes) or by the ‘Slopek
technique’. The latter requires two simple pathotypes that do not have any vertical genes in common (e.g., vertical
pathotypes 1 and 2). Potential parents are tested with one of these pathotypes, and all the susceptible lines are then
tested with the other pathotype. Any that are susceptible to both vertical pathotypes obviously possess no vertical
genes at all.
An epidemiological elimination of vertical resistance is occasionally possible by the ‘saturation technique’ in
which the screening population is bombarded with a very wide range of vertical pathotypes. This is feasible, for
example, when testing potatoes for horizontal resistance to blight (Phytophthora infestans) in the Toluca Valley in
Mexico, which is the centre of origin of the blight fungus. Vertical resistances are matched very rapidly in this area.
However, in general, this technique is not reliable.
The ‘mechanism technique’ relies on the identification of unmatched vertical resistances by the presence of
hypersensitive flecks. Such material must be discarded. However, this approach may waste too much breeding
material to be practical.

7.6 Other Rules of Less Importance
There are other rules to be followed when breeding for horizontal resistance but they are less critical than the
three rules already described. These rules are as follows:
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7.6.1 No source of resistance required
The requirements of breeding for vertical resistance are so deeply ingrained that many people find them
difficult to abandon. Of these, the most persistent is the idea that a good source of resistance must be found before the
breeding can begin. This is absolutely true of vertical resistance. It is absolutely untrue of horizontal resistance.
Provided that the original parents embrace a reasonably wide genetic base, they can all be as susceptible as the maizes
of tropical Africa were to the first appearance of tropical rust. W hile it does no harm, and may save time, to use
parents with good levels of resistance, this is not a requirement.
A useful comparison can be made with subsistence cultivars. Subsistence farmers have cultivated their crops
without crop protection chemicals, usually for centuries, if not millennia. Their cultivars have high levels of horizontal
resistance to all locally important parasites, but the yield and quality is low when compared with commercial
cultivars. Commercial farmers are in the opposite situation. Their cultivars have high yields and quality, but they
generally have low levels of horizontal resistance.
The question then arises: Is it easier to increase the yield and quality of subsistence cultivars, while retaining
their resistance; or is it easier to raise the resistance of commercial cultivars, while retaining their high yields and
quality? There seems to be little doubt that it is easier to increase resistance than to increase yield and quality.
Therefore, it is normally preferable to start with high yielding, high quality commercial cultivars as parents. The high
yields and high qualities must be retained during the recurrent mass selection that increases horizontal resistance.

7.6.2 On-site Screening
As already mentioned, new cultivars with horizontal resistance must be in balance with the local agroecosystem. This means that there must be ‘on-site screening’, conducted in the agro-ecosystem of future
cultivation. In its turn, this means three things:
·

the screening must be done in the area of future cultivation,

·

in the time of year of future cultivation, and

·

according to the farming system of future cultivation.
Note that the future farming system need not necessarily be the same as the current system, and

adjustments can be made for improved agricultural practices, such as an increased manuring or irrigation.

7.6.3 Large screening population
Use as large a screening population as possible, particularly in the early screening generations. In the early
generations, the parasites will do most of the screening work anyway, killing all the susceptible individuals. It is
then both feasible and economic to screen very large populations. It should be remembered that the larger the
population, the greater the number of resistant individuals. In the early screening generations, the number of
resistant individuals will be low, and their level of resistance will also be low.
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7.6.4 Changing selection pressures
At the beginning of the breeding program, the selection pressures are so high that the death rate among
seedlings will be almost total. Three comments are relevant. First, the screening population may look so awful that
the club members conclude, wrongly, that there is no point in continuing. If a mere dozen seedlings survive, out of
many thousands, the program is working to perfection, and the parasites are doing all the work of screening for
you. These few survivors may look terrible, but they are very valuable and, because they become the parents of the
next screening generation, they represent a very significant genetic advance in resistance.
Second, there is a very real danger that no seedlings whatever will survive. If this danger is real, it is
entirely legitimate to treat the screening population with crop protection chemicals to enable the few survivors to
set seed. This requirement may discourage organic farmers from breeding for horizontal resistance, but they can
always rent a field on a conventional farm for the early breeding cycles that may require protection.
Third, as the breeding progresses, and more and more resistance accumulates, the survival rates will
increase dramatically. The death of susceptible seedlings is no longer the main selection criterion, and other criteria
must be used. The most useful of these is the yield of individual plants, provided that the screening population has
been inoculated, and the one-pathotype technique has been used (see 7.5).

7.6.5 Population size and selection pressures
W hen working with recurrent mass selection, the rate of progress (i.e., the rate of genetic advance)
depends very heavily on both the size of the screening population, and the selection pressures exerted on it. The
larger the population, and the stronger the selection pressures, the more rapid the breeding progress. Both the size
of the screening population, and the intensity of the selection pressures exerted on it, should be given top priority,
usually at the expense of many labour-intensive activities that are necessary in pedigree breeding but unnecessary
in recurrent mass selection.

7.6.6 Labour efficiency
Labour-saving procedures are important. This is not because of laziness, but is necessary to increase
labour efficiency. However much labour may be available, it is a fixed amount. The more efficient that labour is,
the more plants can be screened. Conversely, the less efficient that labour, the fewer the plants that can be
screened. The holistic approach is important here. Detailed work is labour-consuming, and it should be sacrificed to
the two broad objectives of a large screening population and strong selection pressures.
Two examples will illustrate this point. If, as happens with pedigree breeding, every cross-pollination is
made by hand, and every pollinated plant is labelled with a tie-on label that records many details, the number of
cross-pollinations that can be made is strictly limited. Conversely, if a male gametocide is used to achieve a
random cross-pollination, a virtually unlimited number of unrecorded crosses can be made with very little labour.
All that is lost is a detailed knowledge of the parentage, but this is unimportant in recurrent mass selection.
Second, it is possible to examine every plant in the screening population repeatedly, and to keep detailed
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records in field notebooks. This could be described as being methodical, thorough, and truly ‘scientific’. However,
it is much more labour-efficient to keep no field records, and to let the parasites kill all the susceptible plants. At
the appropriate time, a single screening operation is then made on the relatively few survivors in order to select the
parents of the next breeding cycle. In this way, a far larger screening population can be monitored.
If large numbers of plants must be screened a useful rule is to employ the most simple tests first (e.g., eyescores) when there are many plants to be examined, and the most elaborate tests (e.g., laboratory measurements)
last, when there are only a few plants remaining.

7.7 Late Selection and Early Selection
Late selection is used on self-pollinated crops. This term means that selection is delayed until several
generations of self-pollination have occurred. The selection is then made on lines that are close to being
homozygous. This has two advantages. First, the effects of heterosis (i.e., hybrid vigour) are eliminated. These
effects can be very misleading and can result in individuals being selected for the wrong reasons. Second, some of
the polygenes controlling horizontal resistance may be recessive. This means that they are expressed only in the
homozygous state. There would be no selection pressure for their accumulation if selection occurred on
heterozygous populations. This comment applies to other selection criteria also, such as yield and quality of crop
product.
The obvious advantage of late selection is that it is a very efficient screening process. The obvious
disadvantage of late selection is that it results in a long breeding cycle, usually of two years. This breeding cycle
can be shortened with techniques such as single seed descent and hydroponics.
Open-pollinated crops will tolerate early selection. That is, they will tolerate the selection of heterozygous
individuals. This is exactly what happened with the maizes of tropical Africa when exposed to Puccinia polysora.
The obvious advantage of early selection is that it results in a short breeding cycle, and a breeding program that
produces results quickly.
One of the advantages of dealing with vegetatively propagated crops is that this problem does not arise.
Vegetative propagation produces an instant cultivar that is heterozygous but ‘breeding true’.

7.8 The Four Categories of Crop
Crops can be classified into four categories defined by the techniques used in their breeding:

·

Clonal crops are vegetatively propagated, usually because seed propagation leads to an immediate
loss of valuable agricultural qualities. Examples include aroids, bananas, berry fruits, cassava, citrus,
dates, figs, ginger, grapes, hops, potatoes, rubber, stone and pome fruits, sugarcane, sweet potatoes,
turmeric, and yams.

·

Seed-propagated, open- pollinated crops are usually cultivated as hybrid varieties or improved
populations called ‘synthetic varieties’. Hybrid varieties are produced by crossing inbred lines in

- 123 -

order to exploit hybrid vigour. These crops include the cucumber family, maize, millets, the onion
family, rye, and sorghum.
·

Seed-propagated, self-pollinated crops are usually cultivated as pure lines. A pure line is the result of
four to six generations of self-pollination and selection. These crops require late selection. They
include barley, oats, many grain legumes, rice, and wheat.

·

Tree crops differ mainly in that their generation time is long. For example, Brazil nut trees
(Bertholletia excelsa) may not flower until they are twenty years old, and this makes their breeding a
very long-term affair. The most promising approach with many tree crops, including plantation forest
species, is to select within existing populations (see 7.14) but, generally, each species must be treated
on its own merits.

Because tree crops are so long-lived, as well as being expensive to breed and to replace, the danger of
clones should be noted. Clones are a wonderful way of propagating selections made within existing populations,
but it is dangerous to rely too heavily on a single clone, or even a few clones because a newly introduced parasite
could be devastating. This comment applies to most crops, including those cultivated as pure lines. W e must
always remember the ecological adage that diversity produces stability, and that uniformity produces instability. It
is acceptable to cultivate crops as homogeneous populations but, within a crop species, there should be as many
cultivars as possible. This is one of the advantages of a multiplicity of plant breeding clubs (see 11.9).

7.9 Cross-pollination
The parents of a screening population must be cross-pollinated in all combinations in order to produce a
sufficiently heterogeneous mixture for screening. There are two approaches. W ith open-pollinated crops, or when a
male gametocide (see 7.11) is used, it is usual to rely on random cross-pollination, often called a ‘random
polycross’. W ith some crops, which have only a low rate of cross-pollination, such as beans, a marker gene can be
used (see 7.12). Random cross-pollination has the advantage that it saves an enormous amount of work. Its chief
disadvantage is that it lacks precision, and geneticists who are doing genetic research, in addition to breeding new
cultivars, dislike it for this reason. However, this is not a problem for the members of a plant breeding club, who
are interested only in producing new cultivars.
Alternatively, when hand-crossing is used, precision is possible because the parents of each cross can be
recorded, and the seed of each cross can be labelled and sown separately. But this makes for a very heavy
workload. If the available person-hours of work are limited, it is usually preferable to devote that work to a large
screening population, than to a detailed recording of a small population.
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7.10 Diallel crosses
The purpose of diallel cross-pollination is to ensure that every parent is equally represented, genetically, in
a screening population. A diallel cross means that every parent within a group is cross-pollinated with every other
parent in that group. A full diallel cross means that every parent is represented twice in each cross, once as the male
parent and once as the female. A half-diallel cross means that each parent is represented only once in each cross,
being represented as either the male or the female parent, but not both. Normally, in recurrent mass selection, a
half-diallel is used and self-pollinations are omitted.

7.11 Male Gametocides
A male gametocide is a chemical that kills the pollen cells, but not the female ovules, of a plant. Plants
treated with a male gametocide become male-sterile. Male gametocides are normally used on self-pollinating
cereals to convert them into open-pollinated plants. Unfortunately, although effective male gametocides are known
for some monocotyledons, none are known for dicotyledons.
Beek (1988) was among the first to use male gametocides to achieve a random polycross in wheat. He
commented that it was possible to produce millions of crosses with one morning’s work. His male gametocide was
Ethrel (2-chloroethylphosphonic acid) used at a concentration of 2000 ppm of active ingredient in a water solution
sprayed to run-off, at the early boot stage, when the immature inflorescence is about one third the length of the
sheath. The solution also contained a wetting agent, and it was followed by a spray of 150 ppm of gibberellic acid
(GA3) that reduces the phytotoxic effects of Ethrel (see 7.20.8).
Normally, in wheat breeding, all the crosses are made by hand, every cross is labelled, and every progeny
is sown separately. W hen using male gametocides, the difference in workload is so huge that the loss of exact
knowledge of the parents is immaterial. A heavy workload allows only a small screening population, while a light
workload allows to a large screening population.

7.12 Marker Genes
W hen working with natural cross-pollination in autogamous crops, marker genes can be invaluable for
identifying the results of cross-pollination, which normally occurs at a low rate. Obviously, a dominant gene is
more useful than a recessive gene.
For example, in breeding white beans, black beans can be inter-planted with the white beans. Black seeds
harvested from white bean parents are the result of cross-pollination. These black beans are then grown and selfpollinated. Their progeny segregates into white and black beans, which are selfed for several generations for late
selection. The best of both the black and the white beans are then used as parents in the next breeding cycle.
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7.13 Single Seed Descent
Single seed descent is a technique to achieve homozygosity as quickly as possible when practising late
selection (see 7.7) with pure line crops. A large population of heterozygous plants is grown in the greenhouse,
preferably with hydroponics, or some similar aid to rapid growth. The plants are allowed to self-pollinate. One seed is
taken from each plant, and the process is repeated. After four generations of single seed descent, the entire population
will have approximately the same diversity as the original population, but each plant will be sufficiently homozygous
to permit late selection.
If some variation still occurs, family selection can also be used. This term means that the entire progeny of a
single plant are screened as a single family. Screening then involves selecting the best families first, and then selecting
the best individuals within the best families. This leads to a more effective genetic advance.

7.14 Screening Existing Populations
It is possible to select the best plants in an existing mixed population, and to propagate them as improved
pure lines or clones. This provides a very rapid but somewhat limited improvement, which is often useful as a stopgap pending the results of a more sophisticated breeding program. This approach is most useful with subsistence
crops and forest trees.
John Chapman, who was known as “Johnny Appleseed”, travelled westward, in the early 1800s, into
Ohio, Indiana, and Illinois. As he went, he planted orchards containing hundreds of apple seeds that he had
obtained from cider presses in Pennsylvania. These seeds produced variable seedlings known as ‘pippins’, and the
fruit was good enough to make cider which was then fermented and frozen in the snow to produce ‘applejack’.
This was the only alcohol available to those early settlers and his trees were in great demand. Most of his seedlings
would have produced aberrant types, but some were undoubtedly useful. His activities helped to make the Ohio
Valley a major apple producing area.
In a similar fashion, there was an English aristocrat who always had a pocket full of acorns and, whenever
he saw a promising site for an oak tree, he would plant an acorn.
In Canada, many old railway tracks have been converted into hiking trails, often by an organisation called
“Rails to Trails”. Passengers in the old trains would often eat an apple, and then throw the core out of the window.
Some of the seeds in those cores would germinate and survive. These trails now have feral apple trees growing
along their boundaries, and these might make a useful screening population. This triviality is mentioned only to
demonstrate that screening populations can occur in the most unexpected places.
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7.14.1 Positive screening
Positive screening means that the best individuals within an existing, variable population are selected and
propagated as a new, improved line. Positive screening is at its most useful with the landraces of subsistence
farming.
Robinson (1996) initiated a coffee screening program in Ethiopia, with a view to controlling coffee berry
disease (CBD) caused by Colletotrichum coffeanum. The existing coffee crops were genetic mixtures cultivated
according to centuries old methods, and yielding only 10% of the commercial coffee yields in neighbouring Kenya.
The accidental introduction of CBD in 1970 threatened the Ethiopian coffee industry with ruin. This disease had a
continuous pathosystem, and the resistance was horizontal. Its level in individual trees ranged from the minimum to
the maximum. Minimum resistance resulted in a total loss of berries some three months before harvest. Maximum
resistance resulted in a zero loss of crop at the time of harvest. About one tree in a thousand had maximum
resistance, and 650 such trees were identified and propagated with about 1000 seeds of each. Further selection for
homozygosity (Coffea arabica is autogamous, and is usually cultivated as pure lines), yield, cup quality, etc.,
reduced these selections to about fifteen pure lines that could be cultivated without any crop protection chemicals
whatever. Virtually unlimited amounts of seed were available within eight years of initiating the project.

7.14.2 Negative screening
Negative screening removes the most susceptible individuals in order that the remaining, more resistant
population may be parasite-free.
This concept is derived from parasite interference in field trials. Consider a heterogeneous tree crop in
which each individual tree approximates to a single plot in a disease resistance field trial. The most susceptible
trees will be the equivalent of susceptible control plots, and they will generate parasite interference (see 7.16.2) in
neighbouring trees. The entire plantation will then suffer considerably increased levels of disease. If the most
susceptible trees are removed, this interference will stop, and the remaining trees may well have sufficient
horizontal resistance to produce population immunity (see 17.16.3). There are not many crops in which this
negative screening is possible but, in those in which it can be used, it is valuable.
The advantage of negative screening is that it saves the existing population. Positive screening results in a
new population, which necessitates replanting. This can be an expensive business with a tree crop.
Possibly the most promising example of negative screening is with cocoa and witch’s broom disease
(Crinipellis perniciosa). After the most susceptible trees have been removed, the brooms must be eradicated from
all the remaining trees. The best approach is to remove the most susceptible 1% of trees. If this is inadequate, the
process should be repeated until no further elimination is required. This negative screening emphasises the
importance of population immunity.
Other examples include plantation forest trees, seedling (as opposed to clonal) tea, and any tree crop
grown from genetically segregating seeds.
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7.15 Measurement of Horizontal Resistance
Absolute measurements of horizontal resistance are technically difficult for a number of reasons.
Horizontal resistance cannot be measured directly and, in fact, it can be measured only in terms of the level of
parasite damage. However, the level of parasite damage is itself difficult to assess, particularly when a number of
different parasites are involved. Furthermore, horizontal resistance is not the only factor controlling the level of
parasite damage. Epidemiological competence (see 7.2.2) is also an important factor, and it can vary widely from
season to season, from field to lab, and from locality to locality.

7.15.1 Field measurements
In practice, the best way to measure parasite damage and, hence, horizontal resistance, is by crop yield,
provided that this yield is produced (i) in the presence of parasites, and (ii) in the absence of crop protection
chemicals. Indeed, this is the only practical method of field measurement of horizontal resistance, and it is based on
the following considerations:

·

A susceptible line cannot yield well in the presence of parasites, however high its potential yield may
be.

·

A line that has both a high level of horizontal resistance, and a high yield potential, will yield well in
spite of the presence of parasites.

·

A highly resistant line with a low yield potential will give a false indication of susceptibility, but this
is unimportant as such a line has little practical value and it would be discarded anway.

However, these field measurements must be made under the conditions of on-site selection. That is, they
must be made in (i) the area, (ii) the time of year, and (iii) according to the farming system, of future cultivation.

7.15.2 Crop Loss Assessment Trials
The most accurate measurements of horizontal resistance are made with field trials designed to measure
the pre-harvest crop loss from parasites (Chiarappa, 1971). However, these trials can be cumbersome and
labour-intensive. They require large plots and these must be separated by an appropriate space planted to an
epidemiologically neutral crop, in order to eliminate both positive and negative parasite interference. Various trial
treatments involve the use of different crop protection chemicals to determine the damage being caused by the main
categories of parasite (e.g., insects, fungi, bacteria). These trials are both complex and difficult, and they are not
recommended for plant breeding clubs.
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7.15.3 Absolute measurements
A scale of absolute measurements of horizontal resistance does not exist and it is very doubtful if one can
be devised. This is because of the difficulty of defining fixed points similar to those of, say, the Celsius scale of
temperature, which has the two fixed points of the freezing and boiling of water.

7.15.4 Relative measurements
In practice, horizontal resistance can be satisfactorily measured only with relative measurements. That is,
the resistance of a line is described relative to other lines in the screening population, or to other commercial
cultivars. A separate comparison should be made for each locally important species of parasite. These comparisons
can be made in plant growth chambers, field trials, or even farmers’ fields.
This is an aspect of constant ranking (see 6.1). For example, we can say that Cultivar ‘A’ is more resistant
to a specified parasite than Cultivar ‘B’. And this will be true in all seasons, and in all localities. The resistance of
both cultivars may be inadequate in one season, or one locality, and excessive in another, but their ranking will not
change. Or, if the ranking does change, it will be by an amount that is not statistically significant.

7.16 Sources of Major Error
There are several sources of serious error, which add immensely to the problems of measuring horizontal
resistance. Indeed, these errors often suggest that the available levels of horizontal resistance are inadequate and,
further, they suggest that horizontal resistance never can be adequate. These errors are largely responsible for the
reluctance of plant breeders to work with horizontal resistance during the twentieth century. These breeders
concluded, excusably, but incorrectly, that horizontal resistance was of little use to them. Obviously, these errors
are of major importance, and a clear comprehension of them is essential.

7.16.1 Biological anarchy
Most of our crop parasites encounter various other organisms that keep their numbers down. These
include hyper-parasites, predators, competitors, antagonistic micro-organisms, and organisms that trigger host
resistance responses.
The overall effect that these biological reductions have on a parasite population is called biological
control, and this is an important component of the self-organisation of the pathosystem. However, in modern crop
husbandry, the opposite effect is far more common, and far more important. This opposite effect is the loss of
natural biological controls because of an excessive use of crop protection chemicals, which also kill hyperparasites, predators, competitors, and antagonists. Robinson (1996) proposed the term ‘biological anarchy’ for this
loss of biological control.
Biological anarchy occurs most commonly with the insect pests of crops, but the effect can probably be
detected, to a greater or lesser extent, with all categories of plant parasite that have been treated with chemical
pesticides. There is a clearly established case, for example, with coffee berry disease (Colletotrichum coffeanum).
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This microscopic fungus is parasitic only on coffee berries. Between berry-bearing seasons, it resides harmlessly in
the bark of the coffee tree, constituting about 5% of the innocuous, microscopic, bark inhabitants. W hen coffee
trees are sprayed with a fungicide to control other diseases, many of these competing bark inhabitants are killed,
and the coffee berry disease fungus population then increases to occupy much of the bark. In the next season, the
severity of the disease is increased accordingly.
A model of aphid asexual reproduction provides a useful illustration. Suppose that every aphid has ten
offspring, and that all the offspring survive to produce ten more offspring in each generation. After ten generations,
there will be 101 0 aphids (i.e., 10,000,000,000). Now suppose that ladybirds are eating half of the aphids, so that
only five of each aphid’s offspring survive to reproduce in each generation. After ten generations, there will be 5 1 0
aphids (i.e., 9,765,625), which is approximately one thousandth of the earlier total. And, if only one aphid survives
to reproduce in each generation, after ten generations there will be only one aphid. In practice, ladybirds really do
eat many aphids. But if an insecticide kills all the ladybirds, and all the aphids are resistant to that insecticide, there
will be many more aphids than if the insecticide had never been used in the first place.
There are thus two biological factors to be considered in any discussion of biological anarchy. The first
factor is the biological anarchy itself, induced by a pesticide chemical. The second is the fact that a crop parasite
may develop a new strain that is less affected, or even completely unaffected, by that pesticide. This is an effect
closely similar to the failure of vertical resistance and the pesticide is described as being ‘unstable’ (see 10.6). The
population explosion of a new pesticide-resistant strain of a major pest is damaging for two reasons. Firstly, there
may be no immediately available pesticide to control it and, second, biological anarchy will ensure that it behaves
with a ferocity that would be impossible if its natural enemies were keeping its numbers down.
Biological anarchy has two important consequences, which must be taken into account when breeding for
horizontal resistance. First, when we abandon the use of crop protection chemicals for the purposes of screening for
horizontal resistance, we shall have crop losses that are much higher than normal, until the natural biological
controls are fully restored. These crop losses can be so large that they provide a very misleading indication that
horizontal resistance is useless.
Second, if we want to measure the level of horizontal resistance in potential new cultivars, we must do this
under conditions in which there is no biological anarchy. If we measure horizontal resistance under field
conditions, in which the parasite has considerably increased numbers, because of biological anarchy, that level of
resistance will appear inadequate. But, once the biological controls are restored, that same level of resistance might
be high enough to control the parasite completely.
In practice, this means that field measurements should be made in quite a large area that has been free of
crop protection chemicals for several seasons. It may not always be possible to find such an area. The only
alternative would then be to use laboratory measurements, which can only be relative measurements. A closely
similar problem lies in attempting to assess how much horizontal resistance we are likely to need in a breeding
program. To do this, we must assess parasite damage when the biological controls are functioning fully.
The importance of biological anarchy can be assessed by the success of the practice known as integrated
pest management (IPM), which is designed to restore biological controls. The movement of agricultural pests
around the world provides a further indication of its importance. The prickly pear cactus and rabbits in Australia
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are classic examples of the damage that can be caused by biological anarchy. This damage was largely controlled
by the introduction of biological control agents.

7.16.2 Parasite interference
The statistical methodology used for analysing field trials is excellent for investigating various agronomic
variables, such as the effects of fertilisers, the spacing between the plants, or the yields of different cultivars. But it
has been a source of major error when it comes to assessing the importance and control of crop pests and diseases.
This was first recognised by Vanderplank (1963) who called it the ‘cryptic error’ in field trials. The error occurred
because crop parasites are mobile. They can move from one field plot to another, and this phenomenon is now
called inter-plot interference, or parasite interference (Fig. 7.1).
W hen measuring horizontal resistance, parasite interference can easily increase the levels of parasitism in
test plots by a hundred-fold, and sometimes by as much as a thousand-fold. This happens because the control plots,
included for
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Figure 7.2 Parasite interference
These rectangles represent small field plots in which parasites migrating from one
plot interfere with the level of parasitism in another plot. Red represents a very high level
of parasitism, yellow represents a moderately high level, and green represents freedom
from parasitism.
Plots A, C, and F have vertical resistance gene 1, and they have been matched.
They also have very low levels of horizontal resistance, and their levels of parasitism are
consequently very high (red).
Plot B also has vertical resistance gene 1, and it too is matched. It also has a very
high level of horizontal resistance but this is completely obscured by the intense
interference of parasites migrating into it from plots A and C. Consequently, it looks
terrible (yellow).
Plot E, on the other hand, has vertical resistance gene 2, and it is unmatched. It
accordingly has no parasitism whatever. However, it has a very low level of horizontal
resistance, but this defect is obscured by the functioning vertical resistance.
Consequently, this plot looks ideal, even though its vertical resistance is ephemeral, and
its horizontal resistance is negligible.
purposes of comparison, contain plants that are highly susceptible, and highly parasitised. These parasites then
move into neighbouring plots in large numbers.
Perhaps the most dramatic example of parasite interference is seen in the small plots used by wheat
breeders working with vertical resistance. These family-selection (i.e., ear-to-row) plots consist of a single row of
only a few plants taken from the seeds of one head of wheat. The available rust spores cannot match the vertically
resistant wheat. They can only produce the minute hypersensitive flecks that result from non-matching alloinfections. But these flecks may occur in millions. There can be so many of them that the resistant wheat appears
diseased, and the wheat breeders warn that this phenomenon must not be mistaken for true disease. This level of
allo-infection from outside indicates just how misleading parasite interference can be.
Parasite interference is responsible for three different kinds of error. The first error concerns the use of
crop protection chemicals. If test plots sprayed with a pesticide suffer parasite interference, they may need more
pesticide than if there were no interference. Recommendations to farmers, concerning pesticide use, may be based
on erroneous field trials. This error occurred so commonly during the 1950s and 1960s that no one can be quite
sure how excessive our use of crop protection chemicals was during that period. Indeed, no one is quite sure how
excessive our current use of crop protection chemicals may be, because of this error in field trials.
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The second error concerns vertical resistance. It will be observed that parasites moving from one field plot
to another are allo-infecting the new plot. If the receiving plot has an unmatched, and functioning, vertical
resistance, the interference will have no effect at all, other than the hypersensitive flecks mentioned above. The
function of vertical resistance, after all, is to control allo-infection. Consequently, under the conditions of
maximum interference, vertical resistance looks good, because there is no parasitism. As we have just seen, these
conditions occur typically in pedigree breeders’ small screening plots. But this excellence is an illusion, because
neither the temporary nature of the vertical resistance, nor a low level of horizontal resistance when it fails, is
apparent. This illusion has been deceiving members of the Mendelian school of plant breeders for most of the
twentieth century.
The third error concerns horizontal resistance. This kind of resistance can be seen and measured only after
vertical resistance has been matched. If the matched plot in question has the level of its parasitism increased by,
perhaps, one hundred-fold, or even one thousand-fold, because of parasite interference, the horizontal resistance
will be totally obscured. Under these circumstances, pedigree breeders can hardly be blamed if they conclude that
horizontal resistance is useless or, even, that it does not exist. Far more important is the fact that this level of
horizontal resistance may be entirely adequate to control the parasite completely, when it is employed in farmers'
fields that are free from interference.
Parasite interference is also important in recurrent mass selection. One resistant plant might be surrounded
by relatively susceptible plants. The resistant plant will then appear more susceptible than it really is, because of
parasite interference. This is why the screening must use relative assessments. Only the best plants are kept, even
though they may be quite severely parasitised.

7.16.3 Population immunity
Population immunity is a term coined by Vanderplank (1968) to describe the fact that a plant population
may be effectively immune to a crop parasite, even though the individuals in that population are less than immune.
This effect also suggests that, when breeding plants for horizontal resistance, we probably need considerably less
resistance than we may think.
Population immunity is a consequence of population growth. Unlike an individual’s growth, a
population’s growth can be positive or negative. If there are more births than deaths, the population size is
increasing, and its growth is described as positive. If the births and deaths cancel each other out exactly, the
population size is unchanging, and its population growth is zero. And if there are more deaths than births, the
population size is decreasing, and its population growth is negative.
If a parasite population growth is positive, this means that, on average, each parasite individual spawns
more than one new individual. In the case of an r-strategist parasite, each individual may spawn very many new
individuals, in a very short time, and the positive population growth is then so rapid that it becomes a population
explosion (see 1.7).
Now suppose that the crop in question has a level of horizontal resistance such that it severely restricts the
reproductive rate of the parasite. On average, each parasite individual spawns only one new individual before it
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dies. The parasite population growth is then zero. Finally, suppose a slightly higher level of horizontal resistance.
On average, each parasite individual now spawns less than one new individual (i.e., most individuals spawn one
new individual, while a few spawn none). The parasite population is now decreasing. Its population growth is
negative.
An epidemic can develop only when the parasite population growth is positive. And a damaging epidemic
can develop only when the population growth is strongly positive. If the parasite population growth is zero or
negative, there is no epidemic, and the host population is effectively immune, even though the individuals in it are
less than immune. This is population immunity.
One of the dangers of measuring horizontal resistance in the laboratory is that population immunity cannot
easily be taken into account. A level of horizontal resistance that looks like susceptibility in the laboratory may
prove to be population immunity in farmers’ fields. For this reason, laboratory measurements of horizontal
resistance should be relative measurements. That is, the level of resistance should be described as being either
higher or lower than that of other cultivars of known field performance.

7.16.4 Chance escape
Many plant parasites, and particularly the soil-borne parasites, exhibit an irregular dispersal known as a
‘patchy distribution’. Plants in the centre of a concentration of the parasite appear to be susceptible, even thought
they may be quite resistant. And plants that are entirely free of parasites appear to be resistant, even though they
may be very susceptible. This accidental freedom from parasites is called ‘chance escape’.
Accurate assessments of horizontal resistance can be made only if there is a uniform distribution of the
parasite. Unfortunately, a uniform distribution does not often occur. At the very least, there are usually parasite
gradients, with a gradual change of parasite population density from one part of a field to another.
There are two approaches to solving this problem of patchy distribution. The first is inoculation of the
screening population with populations of the various species of parasite. There are many different techniques,
which include spraying the screening population with suspensions of spores, inoculating the soil of seedlings to be
transplanted, and the planting of susceptible surrounds or separator rows (see 7.4.2). If the ‘one pathotype
technique’ (see 7.5) is being employed, the designated pathotype of each parasite with a gene-for-gene relationship
must obviously be used.
The second approach is to use a grid screening. The entire screening population is divided into a grid of
appropriately sized squares, and the least parasitised individuals in each square are selected, regardless of the level
of parasitism in that square. Any parasite-free individual, and any square that lacks parasites entirely, is rejected.
W ith a soil-born parasite that occurs in large patches, the screening should be conducted only within those patches.
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7.16.5 Increases in the level of parasitism
Both the inoculation of screening populations, and the grid screening techniques, are improved by using
the same field for each season of screening. This will lead to a build up of soil-borne parasites, and a reduction of
the patchy distribution problems. However, the build-up of parasites, and a possible increase in the parasitic ability
of facultative parasites (see 6.6.3), can obscure gains in horizontal resistance. Obviously, this effect can be very
misleading, and it can also be very demoralising. However, it can be easily revealed by comparison with a
susceptible cultivar that is used as a standard, and which will demonstrate a steadily increasing level of parasitism
during the course of the breeding program.

7.16.6 Quantitative vertical resistance
Occasionally, vertical resistance can be quantitative and it is then easily confused with horizontal
resistance. It occurs, for example, with Hessian fly (Mayetiola destructor) of wheat (Dent, 1991). Fortunately, this
situation is rare and need not worry the breeders of most crops. However, if it does occur, quantitative vertical
resistance must obviously be avoided or inactivated during breeding for horizontal resistance (See also: 10.18).

7.16.7 Durable vertical resistance
Very occasionally, single-gene vertical resistances may be durable. This happens, for example, with
cabbage yellows (Fusarium oxysporum f.sp conglutinans) in the USA, potato wart disease (Synchytrium
endobioticum) in Britain, and wheat stem rust (Puccinia graminis) in Canada (Vanderplank, 1978). The durability
is usually due to local circumstances that would not occur in the wild pathosystem of the host and parasite
progenitors. However, durable vertical resistance can be very useful, and there is no reason why it should not be
exploited. But durable vertical resistance is so rare that it should not be aimed at, or depended on, in most breeding
programs. It led many plant breeders astray in the twentieth century, as they continued to hope, over-optimistically,
that their single-gene resistances would also prove to be durable.

7.16.8 Suboptimisation
Suboptimisation means emphasising some subsystems at the expense of others, usually by working at too
low a systems level. There are many levels of subsystem in biological systems and suboptimisation can lead to two
kinds of error. First, by working at too low a systems level, other subsystems may be overlooked. Second, emergent
properties, which can be observed only at their own, higher systems levels, may also be overlooked.
An obvious example of suboptimisation in biology occurs with the ‘schooling’ of fish. This schooling is
an emergent property in which a population of fish swim as one individual. A scientist studying only one fish, or
even a pair of mating fish, in an aquarium, cannot possibly observe this emergent property of schooling. In order to
study schooling, the scientist must work at the higher systems level of the population.
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During the twentieth century, plant breeding for resistance to parasites suffered considerably from
suboptimisation. Research was conducted at the systems level of the individual host or parasite, or even the
individual resistance mechanism. It should have been conducted at the level of the two interacting populations of
host and parasite, which is a systems level now called the pathosystem.

7.17 Crops that are Difficult to Breed for Horizontal Resistance
Some crops are virtually impossible to breed, and others are very difficult to breed, and these crops are not
recommended for private plant breeding clubs. Fortunately, most of the important food crops are easy to breed for
horizontal resistance.

7.17.1 Crops that are virtually impossible to breed
Some crops never flower, or else they never form viable seed. These crops are all but impossible to breed,
and they include garlic, horseradish, ginger, turmeric, yams, saffron, and figs.

7.17.2 Crops that are difficult to breed
Crops that are difficult to breed should eventually become the responsibility of plant breeding institutes.
This is because all the other easy plant breeding will be in the hands of plant breeding clubs. Institutional plant
breeding should obviously concentrate on these difficult crops, leaving the easy crops to the plant breeding clubs.
Crops that are difficult to breed include the classic wine grapes (but the breeding of Phylloxera-resistant
rootstocks by plant breeding clubs is feasible), banana, pineapple, citrus, sisal, hops, olives, date palm, and black
pepper, but there are many others among the roughly 350 cultivated species of plants.

7.18 Demonstration of the Horizontal Nature of Resistance
The most valid demonstration of the horizontal nature of resistance is to prove its polygenic inheritance.
This can usually be assumed from the breeding method, and the breeding history, particularly if recurrent mass
selection and the one-pathotype technique (see 7.5) were used. Alternatively, an experimental cross can be made
between the test line and a susceptible host, and a progeny of about one hundred individuals is tested for
susceptibility. If the inheritance is quantitative, there will be a normal distribution of resistance.
Another demonstration involves constant ranking, over both time and space. However, it should be noted
that minor changes in ranking can occur without necessarily invalidating the demonstration (see 6.1). It should also
be noted that a variable ranking is not necessarily a demonstration of vertical resistance, for which a
Person/Habgood differential interaction is required (see 4.7.2).
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7.19 Horizontal Resistance and Crop Protection Chemicals Compared
It must be emphasised that, in this book, herbicides are excluded from the term ‘crop protection
chemicals’. Crop protection chemicals are taken to mean any substances used to kill or inactivate the parasites of
crops. W eeds are competitors, not parasites, and they are not part of this discussion. Equally, other agricultural
chemicals, such as artificial fertilisers, are not included in the term ‘crop protection chemicals’.
There is one overwhelming advantage, and there are seven quite serious disadvantages, to the use of crop
protection chemicals.

7.19.1 One advantage
The one important advantage of crop protection chemicals is that we still produce enough food to feed
everyone in the world. It must be clearly appreciated that, if we were to stop using all crop protection chemicals
tomorrow, hundreds of millions of people would soon die of starvation. It will require at least a decade to produce a
significant alleviation in pesticide use, and probably several decades to achieve the maximum replacement of crop
protection chemicals with horizontal resistance.
W e must recognise also that the efficiency and safety of crop protection chemicals has been improving
steadily. Gone are the days when we treated our crops with compounds of lead, mercury, arsenic, and cyanide.
After W orld W ar II, DDT became available and it had to be applied to crops at a rate of 2kg/ha. Later, the much
less hazardous synthetic pyrethroids were developed, and these need be used at only one twentieth of the DDT rate,
namely at 0.1kg/ha. A relatively new insecticide, aldicarb, need be applied at a rate of only 0.05kg/ha. In other
words, it is forty times more effective than DDT, and it has less hazardous side-effects. Much as we may dislike the
use of crop protection chemicals, we must recognise this general trend of improvement, which is likely to continue.
Readers who would like to know more about pesticide use are advised to study The Pesticide Question;
Environment, Economics, Ethics, edited by Pimental and Lehman (1993).
The seven principle disadvantages of crop protection chemicals should now be considered, and they can
be usefully compared with the use of horizontal resistance.
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7.19.2 Cost
Crop protection chemicals are expensive, both to buy, and to apply. But they are economic, and they pay
for themselves, usually 4-5 times over, in increased yields, and an increased quality of unblemished crop product.
However, the costs of these crop protection chemicals, and their application, are passed on to the consumer. In
comparison, the use of resistant cultivars costs nothing and, if the same effect could be achieved with resistance,
the costs of buying and applying the pesticide would be eliminated.
The use of a resistant cultivar is not necessarily cost-free, however. That resistant cultivar may have a
lower yield, or a lower quality of crop product, even when parasite-free, than the susceptible cultivar does when it
is treated with crop protection chemicals. Furthermore, in some crops (see 7.17), it may prove impossible to
achieve adequate levels of resistance. But, other things being equal, crop protection chemicals are expensive, while
the use of horizontal resistance costs nothing.

7.19.3 Repetition
The effect of a pesticide application is usually lost quite quickly, and the pesticide must then be applied
again. Most crop protection chemicals have to be re-applied every 10-20 days, but some have to be applied more
frequently. This is partly because the pesticide tends to be washed off in rain, partly because it is non-persistent
(i.e., it decomposes, preferably into harmless by-products and residues), and partly because the new parts of rapidly
growing plants require protection. In comparison, vertical resistance usually lasts for several years, and horizontal
resistance lasts for ever.

7.19.4 Stability
Many crop protection chemicals are unstable (see 10.6) in that they behave like vertical resistance. The
parasite is able to produce a new strain that is unaffected by that chemical. In other words, the protection
mechanism is within the capacity for micro-evolutionary change (see 10.5) of the parasite. DDT-resistant houseflies
are the classic example. The use of that vertical resistance, or that pesticide, must then be abandoned, and a new
one must be found. This has happened so frequently with modern cultivars, and with modern crop protection
chemicals, that many people now believe that there is no limit to the capacity for micro-evolutionary change of our
crop parasites.
It is clear that both horizontal resistances and some crop protection chemicals are beyond the capacity for
micro-evolutionary change of crop parasites. Examples of such chemicals include Bordeaux mixture and sulphur
fungicides and, among insecticides, both the natural pyrethrins (extracted from Chrysanthemum cineriifolium) and
rotenone (extracted from Derris elliptica). Insecticidal soaps and diatomaceous earth are also beyond the capacity
for change of insects. And mosquito larvae cannot change to overcome the effects of a film of oil on water.
In practice, this accumulation of pesticide resistance in crop parasites is often quantitative. This means that
the recommended rates of pesticide application become inadequate. These rates are then increased but, in their turn,
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these too become inadequate. This gradual increase in the use of a pesticide can continue until the rates of
application are absurd. This quantitative loss in effectiveness is a prime cause of the pesticide overload.
Most synthetic crop protection chemicals eventually succumb to new strains of the parasite, either
qualitatively or quantitatively. Vertical resistance also breaks down to new strains of the parasite, but horizontal
resistance does not.

7.19.5 Expertise
Most crop protection chemicals require considerable expertise in their use. This expertise is required first
of the person who decides which chemical should be used. All too often, this decision depends on a sales
representative, and pesticide use is then governed, at least in part, by irrelevant factors, such as advertising and
sales skills. The same criticism applies to the rates of application, which are often too high, or too frequent, because
of an over-zealous sales pitch. The farmer himself, and his employees, also require expertise, if the pesticide is to
be fully effective, and the safety precautions are to be properly implemented. All too often, this expertise is either
lacking or inadequate. It need scarcely be added that, at the farmer level, the control of parasites by the use of
horizontally resistant cultivars requires no expertise whatever.

7.19.6 Hazards
Many crop protection chemicals are hazardous, either to people, or to the environment, or both. The
hazards to the consumers of crop products are usually slight or insignificant, but they concern very large numbers
of people. However, it must be noted that some pesticides act as hormone mimics, and they may be very dangerous
to an unborn foetus, or a young child. The dangers are also great for the much smaller numbers of people who
actually work with these chemicals. These are mainly agricultural workers, and the dangers can become serious,
even acute, when safety precautions and supervision are inadequate.
The hazards to the environment are many and various. The best known dangers are the killing of nontarget species. Some of these non-target species are agriculturally valuable, such as pollinating insects, and the
agents of biological control. Occasionally, there is a risk of irreversible damage, when a rare species is threatened
with extinction. Some animals are particularly sensitive to the presence of crop protection chemicals. For example,
there is now a serious decline in the world population of frogs, and some species appear to have disappeared,
probably for ever. Other species suffer from the side-effects of crop protection chemicals. For this reason, there has
been a decline in the numbers of insect-eating birds. Usually, pesticide hazards are not discovered until
considerable environmental damage has been done. There is then, quite rightly, a public outcry, but the difficult
task of crop parasite control becomes even more difficult.
Sadly, many of these hazards are not due to the pesticide itself, so much as to its misuse. W hen compared
to the salts of lead, mercury, arsenic, and cyanide, for example, DDT is an excellent and relatively safe insecticide,
which is also incredibly cheap. Unfortunately, it was applied to agricultural crops with such abandon, and in such
enormous quantities that there was serious environmental damage. Nevertheless, in my opinion, the use of DDT
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should have been controlled, rather than banned. Had that control been present from the outset, it is likely that
many DDT-resistant insects would never have appeared, and those thin-shelled eagle eggs would never have
become a problem. (Interestingly, in 2006, the W orld Health Organisation (W HO) recommended the
re-introduction of DDT for the control of malaria). It must also be remembered that not all crop protection
chemicals are hazardous. To the best of our knowledge, a century of use of Bordeaux mixture, and perhaps a
millennium of use of natural pyrethrins and rotenone, have not harmed anyone.
One again, a comparison with horizontal resistance is illuminating. Horizontal resistance is absolutely
safe, both to people and to the environment.

7.19.7 Destruction of biological controls
The routine use of many crop protection chemicals has led to the debilitation, or even the local
elimination, of biological control agents. This has made many crop parasites more damaging, and more difficult to
control. This biological anarchy has already been discussed (see 7.16.1) and it is difficult to assess its overall
importance. The best indication comes from the fact that many successful examples of integrated pest management
(IPM) depend very heavily on a restoration of biological controls that were lost because of pesticide use. This
damage to biological control may turn out to be a much more important side effect of pesticide use than is currently
realised. It is needless to add that the use of horizontal resistance does not damage biological controls. Indeed, it is
the best means of restoring them.

7.19.8 Incomplete protection
The protection provided by crop protection chemicals is far from complete. As we saw earlier, we are still
losing more than 20% of pre-harvest crop production because of parasites, in spite of the massive use of crop
protection chemicals costing billions of dollars each year. In food crops alone, this pre-harvest loss is enough to
feed about one billion people.
Horizontal resistance also provides an incomplete protection and, in most crops, the maximum possible
levels of protection that can be provided by horizontal resistance are still unknown. However, in all the existing
examples, listed next, it is probably higher than the overall control achieved with crop protection chemicals.

7.20 Examples of Horizontal Resistance
The following examples have been selected for the purpose of illustration, and they should not be regarded
as comprehensive. The best review of recent work on horizontal resistance is by Simmonds (1991).
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7.20.1 Old clones
Clones that have been cultivated for centuries, even millennia, without crop protection chemicals, offer the
best indication of the durability of horizontal resistance.
The clones of the classic wine grapes have been cultivated for centuries without any crop protection
chemicals. It must be appreciated that all the serious parasites of grapes are new-encounter parasites that were
introduced relatively recently from the New W orld. These include phylloxera, Plasmopora, Uncinula, and
Guignardia. Before these parasites were taken to Europe, in the nineteenth century, the classic wine grapes had
adequate levels of horizontal resistance to all the locally important parasites. The classic wine grapes also have a
quality of crop product that is unsurpassed. This suggests that there need be no conflict between quality and high
levels of horizontal resistance. Grapes are deciduous and the leaf parasites have discontinuous pathosystems. If
vertical subsystems occur in the wild, they did not impose any limits to the level of horizontal resistance in these
ancient clones.
Clones of figs (Ficus carica) have been cultivated in the Mediterranean area since antiquity. Pliny the
Elder (23-79 AD) wrote of a clone called Dottato, which is still cultivated in Italy. In Turkey, an even older clone
called Sari Lop is still cultivated, and Verdone has been grown in the Balkans for many centuries. Like grapes, figs
are deciduous and the leaf parasites have discontinuous pathosystems, but there is no indication of a possible
limitation of horizontal resistance in the clones by the occurrence of vertical resistance in the wild.
The clones of dates (Phoenix dactylifera) are so ancient that it is thought some of them may date from
Neolithic times. Date breeding is singularly difficult because this palm is dioecious, and most seeds produce palms
with inedible fruit. Vegetative propagation is very slow. The fact that there are about one hundred million palms of
high quality fruit speaks wonders for the ancient selectors and cultivators of dates. Furthermore, there was no
conflict between the highest quality of fruit, and very high levels of horizontal resistance. Dates have no
old-encounter parasites of any significance. However, Bayoud disease (Fusarium oxysporum f.sp. albedinis),
which is apparently a new-encounter parasite, is now serious in the western Sahara.
A similar story can be told of olives (Olea europaea). These trees survive for many centuries and it is
thought that a few of the trees planted by the ancient Romans may be still alive. It is worth reiterating that the
oldest fungicide, Bordeaux mixture, was discovered in 1882, a little over a century ago. And that the first effective
insecticide was DDT, discovered in 1940, little more than half a century ago. Ancient clones are far older than
these crop protection chemicals. And any ancient clone that suffered unacceptable losses from parasites would not
have been cultivated, and would have quickly become extinct. There are hundreds of ancient clones of olive.
Other Mediterranean crops are the various species and clones of citrus, many of which are ancient. It
seems that the various modern problems with citrus parasites all result from graft incompatibilities, new-encounter
parasites, or from an environmental erosion of horizontal resistance (see 6.6.2).
Among temperate crops, garlic (Allium sativum) and horseradish (Armoracia rusticana) both have clones
of great antiquity, and neither crop is amenable to modern breeding because of the absence of flowers and seed.
Such modern problems as occur with parasites are apparently all due to an environmental erosion of horizontal
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resistance (see 6.6.2). Hops (Humulus lupulus) are also cultivated as clones, many of which are ancient. Modern
problems are due to new-encounter parasites.
Ancient clones in the tropics include black pepper (Piper nigrum); banana (Musa spp.); aroids (Colocasia,
Zanthosoma, etc.); ginger (Zingerber officinale) and its relatives such as turmeric (Curcuma longa); pineapple
(Ananas comosus); vanilla (Vanilla planifolia); and yams (Disocorea spp.). All of these represent centuries of
cultivation without crop protection chemicals, without serious damage or loss from parasites, and producing crop
products of extremely high quality.

7.20.2 Maize in tropical Africa
The behaviour of maize in tropical Africa, following the introduction of the re-encounter disease Puccinia
polysora, is now the classic example of horizontal resistance (Vanderplank, 1968; Robinson, 1976, 1987). On the
appearance of the disease, in the 1940s and 1950s, the horizontal resistance of local landraces was minimal and, in
areas of maximal epidemiological competence, the crop loss was total. Some ten to fifteen maize generations later,
the horizontal resistance was maximal, and the crop loss was negligible. This natural accumulation of horizontal
resistance occurred without any ‘good source’ of resistance, and without any assistance from plant pathologists or
plant breeders. It has also provided us with guidelines for the breeding of all other crops for horizontal resistance
(see 7.2).

7.20.3 Sugarcane in Hawaii
Sugarcane is related to wheat in that it a grass. The only pathosystem difference between sugarcane and
wheat is that sugarcane is a tropical perennial and it has continuous pathosystems, while wheat, being a temperate
annual, has discontinuous pathosystems. This means that there are no gene-for-gene relationships in sugarcane, and
the cane breeders had no choice but to breed for horizontal resistance. The wheat breeders, on the other hand, had
many gene-for-gene relationships, and they used pedigree breeding, back-crossing, and vertical resistances.
Apparently, the influence of the Mendelians, and the wheat breeders, was so great that all the cane
breeders, except those of Hawaii, used pedigree breeding methods also. The cane breeders in Hawaii used recurrent
mass selection which they called the ‘melting pot’ technique, in which some twenty cane parents were randomly
cross-pollinated. About three million true seeds were germinated in each breeding cycle. Only 20% of these had
stems like sugarcane, and these were tested for sucrose content. A small percentage of them, with the highest
sucrose content, were grown for further study, including yield, agronomic qualities, and parasite resistance. Hawaii
soon had the highest sugar yields in the world, with double the average of any other country. And these yields were
obtained without any use of crop protection chemicals, other than protection of the cut ends of the propagation setts
with fungicides. W hen a re-encounter disease, sugarcane smut (Ustilago scitaminea), arrived in Hawaii, adequate
levels of horizontal resistance were quickly found in the very large reserve of new cultivars.
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7.20.4 Potatoes in Europe
The history of blight (Phytophthora infestans) of potato (Solanum tuberosum) in Europe falls conveniently
into periods of approximately forty years, starting in 1845. This history reveals a remarkable fluctuation in the
levels of horizontal resistance.
Before 1845: The edible potato evolved in South America, and the blight fungus evolved in Mexico.
W hen the two were brought together, first in New York, and then in Europe, this was a new-encounter disease,
which revealed a serious crop vulnerability (see 3.9). The horizontal resistance of the cultivated potatoes was
minimal and, in the absence of fungicides, there was a near-total loss of crop.

1845-1885: The first blight epidemics were extremely severe and this was
the first historical occurrence of a devastating plant disease. The resulting famines
gave rise to the phrase ‘The Hungry Forties’, and they were responsible for the
birth of the science of plant pathology. Most of the potato clones in Europe had
minimal levels of horizontal resistance and they became extinct. Only the
somewhat less susceptible clones survived the blight and, as these slightly more
resistant clones began to predominate, the severity of the epidemics declined.
Potato breeding was common because propagation from true seed was an effective method of obtaining
virus-free plants. At that time, the cause of virus diseases was unknown and their effect was called ‘decline’. After
the appearance of blight, there was an extreme selection pressure for horizontal resistance during breeding, because
the blight killed all susceptible seedlings. Obviously, only resistant seedlings could survive, and horizontal
resistance accumulated by transgressive segregation. It must be appreciated also that there were no vertical
resistance genes in this potato material. Vertical resistance genes were found only decades later in wild potatoes
(Solanum demissum) in Mexico.
For most of this forty-year period, potatoes were a crop of major economic importance, and they were
cultivated without any use of fungicides. The level of horizontal resistance to blight was obviously substantial.
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1885-1925: In 1882, the discovery of Bordeaux mixture had two major
effects on potato blight. Routine spraying with this fungicide provided an
effective control of blight and it both improved commercial potato yields, and
reduced tuber rot in the store. Secondly, potato breeding became much easier,
because all the seedlings could be protected with this fungicide.
However, the levels of horizontal resistance in new cultivars began to decline because of negative
selection pressure during this process of easy breeding. The mechanism of this negative selection pressure was that
susceptible seedlings were in the majority. Their susceptibility could not be observed because of the fungicide.
Susceptible seedlings then tended to be selected more frequently because of their other attributes. This is the
vertifolia effect (see 5.54).
Many famous potato cultivars were produced during this period and they are still being cultivated with
expensive fungicidal protection. Their blight susceptibility was first revealed during W orld W ar I, when Germany
was critically short of copper, which was essential for the manufacture of armaments. Germany was unable to spray
her potato crops, and food shortages were a major factor leading to her defeat. These shortages were aggravated by
the shortage of nitrogenous fertilisers caused by the demand for explosives.
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1925-1965: First Germany, and then Britain, Holland, the United States,
and other countries decided that potato blight had military significance. Blight
resistance breeding was started in all these countries, and it involved the most
modern techniques of that time. These techniques used vertical resistance only.
The levels of horizontal resistance continued to decline due to the vertifolia effect
(see 5.54). The vertifolia effect is a decline in the level of horizontal resistance
that occurs during breeding for vertical resistance. Its cause is closely similar to
the decline of horizontal resistance that occurs when the screening population is
protected with insecticides or fungicides. The level of parasitism, and hence the
level of horizontal resistance, cannot be observed, and there is negative selection
pressure for this resistance.
Vertical resistance to blight is too short-lived to be of agricultural value. A
vertically resistant potato cultivar usually has a commercial life of 3-5 years
before its resistance is matched by the blight. Eight years are needed to breed a
new potato cultivar. By the end of this forty-year period, breeding for vertical
resistance blight was being abandoned. But, except in Mexico (see 7.20.5), Kenya
(see 7.20.6), and Scotland (see 7.20.7), there was no breeding for horizontal
resistance either.
1965-Present: During the 1960s, the futility of vertical resistance, followed
by the discovery of the systemic fungicide metalaxyl, led to an almost complete
abandonment of blight resistance breeding. New cultivars were selected on the
basis of yield and other qualities only. Horizontal resistance continued to decline
during the breeding of new cultivars, which were still being protected by
fungicides during the breeding process. This decline in horizontal resistance has
now continued for more than a century. We have regressed close to minimal
levels of horizontal resistance, in which potato cultivation without fungicides is
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likely to lead to a total loss of crop. This situation has been further aggravated by
the appearance of metalaxyl-resistant strains of blight.
The second mating type (A2) of the blight fungus was recently taken from Mexico and distributed all over
the Northern Hemisphere, mainly in certified seed tubers. It is perhaps too early to assess the final effects of this
development. The two mating types of the blight fungus are both hermaphrodite but self-sterile, and only one
mating type (called A1) was taken from Mexico to North America and Europe in the 1840s. Consequently, no
functional oospores occurred, and the only initial inoculum was in the relatively rare diseased tubers that had
survived the winter. W ith both mating types present, it is likely that there will be a greatly increased initial
inoculum in the form of functional oospores. The blight epidemics may then be very much more severe. New
strains of the blight fungus will appear far more quickly, and the effectiveness of both vertical resistances and
unstable new fungicides will fail correspondingly quickly. Furthermore, higher levels of horizontal resistance will
be required to control the disease.

7.20.5 Potatoes in Mexico
The highlands of Central Mexico are the centre of origin of the potato blight fungus, Phytophthora
infestans, which occurs on wild tuber-bearing species of Solanum. The Toluca Valley, in particular, has high
altitude cool summers, with a tendency for morning fog to sit over the potato crops until about midday. In Ireland,
this would be called “real blight weather”. Functional oospores are common, and the blight epidemics are
particularly severe. The popular Dutch cultivar Alpha, for example, must be sprayed up to twenty five times with
protective fungicides. W ithout spraying, the loss of crop is total.
Apparently, the Spanish took potatoes from South America to Mexico at an early date, but soon
discovered that it was impossible to cultivate them. The reason for this failure remained a mystery but, with
hindsight, it was clearly due to blight. The Spanish discovered that potatoes could be grown in Mexico, but only
under irrigation, during the dry season, and at low altitude. This agro-ecosystem provided the necessary warmth
and moisture under blight-free conditions.
W orking in Mexico for the Rockefeller Foundation, John S. Niederhauser tested vertically resistant potato
cultivars and discovered that their resistance ‘broke down’ with extreme rapidity. He also noticed that the levels of
susceptibility varied among cultivars whose vertical resistance had failed. These differences in susceptibility were
due to differences in the level of horizontal resistance. Although this alternative form of resistance had been known
for some time, Niederhauser was the first scientist who attempted to utilise it in preference to vertical resistance.
This made him the modern pioneer of horizontal resistance breeding. Niederhauser’s cultivars need be sprayed only
once or twice in Mexico, where Mexican breeders have continued his breeding. In 1991, Niederhauser was
awarded the W orld Food Prize for this work.
Sad to relate, however, the number of scientists who have followed Niederhauser’s lead in potato breeding
is small. And few have followed it in other crops.
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7.20.6 Potatoes in Kenya
Potatoes were introduced to the Highlands of Kenya in 1900 and, being free of blight, they were a very
productive and popular crop for the next forty years. However, blight was accidentally introduced during W orld
W ar II, and it proved devastating. Potato production all but ceased, particularly among subsistence farmers, who
had neither the cash nor the expertise for fungicidal spraying. One old Dutch cultivar, known locally as Dutch
Robijn (Robijn rhymes with ‘no pain’) had sufficient horizontal resistance to produce a reasonable yield without
spraying, and it is still being cultivated. The temperate viruses of potato lack epidemiological competence in the
highlands of equatorial Kenya, and the only important tuber-borne disease is bacterial blight, caused by
Pseudomonas solanacearum. A Scottish cultivar, bred for vertical resistance by W illiam Black, also proved to have
a reasonably high level of horizontal resistance to blight. This was named Roslyn Eburu in Kenya, where it is still
being cultivated.
My own potato breeding was aimed specifically at horizontal resistance to both blight and bacterial wilt,
with resistance to potato tuber moth as a secondary objective. Because potatoes can be cultivated throughout the
year, if irrigation is available, it was possible to breed on a ‘production line’ basis. One thousand true seedlings of
potato were introduced into the system each working day, with about 150,000 seedlings in each breeding cycle, and
with two breeding cycles per year. Month-old seedlings were flood-inoculated with bacterial wilt, and sprayed with
a spore suspension of blight. Less than 1% of the seedlings survived these diseases, and the survivors were
transplanted to the field where the majority succumbed. Survivors with acceptable tubers became the parents of the
next generation of recurrent mass selection.
As a result of this breeding, two cultivars called Kenya Akiba and Kenya Baraka, are largely responsible
for a greatly expanded potato acreage in Kenya and neighbouring high altitude, equatorial areas. These cultivars
have good yields of commercially acceptable tubers. Furthermore, these crops are grown by subsistence farmers
without any cash expenditure. Neither certified seed, nor crop spraying are required. At the time of writing, they
had been cultivated for some seventy vegetative generations without decline from tuber-borne diseases, and the
total potato production has increased greatly. However, it is feared that the inevitable arrival of the A2 mating type
will increase the epidemiological competence of the blight fungus, and that these levels of horizontal resistance will
then become inadequate. It is important that this ‘once-only’ situation must not be claimed as a ‘breakdown’ of
horizontal resistance, making it comparable to vertical resistance.
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7.20.7 The Simmonds experiments
More than thirty years ago, N.W . Simmonds, in Scotland, conducted a highly original experiment. He
wanted to prove that modern potatoes (Solanum tuberosum) really were derived from the Solanum andigena
potatoes of South America. He also wanted to show that horizontal resistance to blight could be accumulated in
these very blight-susceptible potatoes. Using recurrent mass selection on a S. andigena population, and selecting
for both the agronomic characteristics of modern potatoes, and quantitatively variable resistance to blight, he was
able to report very considerable progress after only four generations of breeding. This progress occurred in yield,
day-length neutrality, tuber qualities, and horizontal resistance to blight. Many of his selections compared quite
favourably with commercial cultivars, and Simmonds called this material ‘neo-tuberosum’.
Quite apart from making him one of the early pioneers of horizontal resistance, Simmonds’ work provides
an interesting illustration of what the members of a plant breeding club might attempt and accomplish.

7.20.8 Wheat in Brazil
Beek (1988) was a member of the IPHR/FAO (International Program on Horizontal Resistance of the
Food & Agriculture Organisation of the United Nations), (Robinson & Chiarappa, 1977). He was working with
wheat in Passo Fundo, in Brazil, from 1975-1983. This was a period when the yield of wheat crops in that area was
trebled by protection with fungicides and insecticides. Beek attempted to accumulate horizontal resistance to all the
locally important wheat parasites, which involved aphids and some nine different pathogens.
Beek used a male gametocide to induce cross-pollination. He showed that the most effective gametocide
was a solution of Ethrel (2-chloro-ethyl-phosphoric acid) sprayed with a concentration of 2000ppm in water at a
rate of 1000 litres/ha, when the wheat was at the early boot stage. This was followed by a spray of gibberellic acid3, with a concentration of 150ppm, when the wheat was in the mid-boot stage. Agral (0.05% v/v) was used as a
wetting agent. One-metre wide rows were left unsprayed and were used as the male parents. Prior to anthesis, there
was a negative screening based on susceptibility, the majority of plants being decapitated, on the grounds of their
susceptibility, and their undesirable pollen. Two-metre wide rows, alternating with the male parent rows, were
sprayed and became the female parents. Beek showed that millions of crosses can be made in half a day’s work by
a small team of 3-4 people. 60-80% cross-pollination was achieved. The least parasitised plants in the female rows
were selected as seed parents, using yield as the main selection criterion.
Beek tested four different selection procedures and found that late selection (i.e., F 4 - F 6) was more
effective than early selection. This method gave an average yield increase of 18% in each selection cycle. Beek
used single seed descent with plants grown in hydroponics to accelerate the late selection process.
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7.20.9 Sweet potatoes in North Carolina
Jones (1965) and Jones et al (1976) were among the early pioneers of breeding for horizontal resistance.
They worked with sweet potato (Ipomea batatas) and accumulated good levels of horizontal resistance to several
species of parasite as well as increasing horticultural qualities. No gene-for-gene relationships are known in this
crop which has a continuous wild pathosystem.

7.20.10 Peppers in Texas
W orking in Texas, Benigno Villalon (Personal Communication, 1997) has been breeding red peppers
successfully for horizontal resistance to virus diseases.

7.20,11 Lupins in Australia
Cowling et al (1987, 1997) have been breeding narrow-leafed lupins (Lupinus angustifolius) for horizontal
resistance to Phomopsis stem blight (Diaporthe toxica), brown spot (Pleiochaeta setosa), and other parasites, with
considerable success, and Cowling (1997a, b) has recently registered two new cultivars.

7.20.12 Beans in Mexico
The International Development & Research Centre (IDRC) of Canada financed a Canada-Mexico cooperative teaching and research project at Colegio de Postgraduados in Montecillos, Mexico. At the end of the third
breeding cycle, working with black beans, and using late selection, Mexican scientists had obtained genetic
advances of 18% in each of the first three breeding cycles, without any use of protection chemicals (Garcia
Espinosa, et al, 2001). Unfortunately, in 1998, IDRC decided to stop funding this very promising project.

7.20.13 Coconut
Harries (1978) has suggested that the domesticated coconut is the dwarf type, with nuts that are close to the
ground and easy to open. This was the ancient equivalent of a modern drinks dispenser, and the domestication is
probably very old. The wild type of coconut is the tall palm with large nuts that are well protected with fibre, and that
are capable of surviving a high fall, and for many months when floating in sea water. The domesticated nuts do not
survive sea water immersion.
The centre of origin is in south-east Asia, probably in the Malay peninsular or the Philippines. The palms
were spread by natural dispersal on sea water to India, East Africa, and the many islands of the Indian Ocean and the
western Pacific. These were the limits of the natural dispersal, and coconuts could not penetrate the Atlantic, or reach
the western shores of South America. The Portuguese took East African coconuts to W est Africa, and then to the
Caribbean. The Spanish took western Pacific coconuts to the west coast of the Americas. The west and east coasts of
Central America thus have coconuts of different provenance and, it appears, of different disease resistance.
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Chiarappa (1979) has suggested that there are many crop vulnerabilities in coconuts because both the natural
and the human dispersal of coconuts left various parasites behind in the centre of origin. The East African palms
probably represent the oldest separation from the centre of origin, and are presumably the most susceptible. These are
the parents of the palms of W est Africa and the Caribbean, and the latter proved to be highly susceptible to the
phytoplasma that causes Lethal Yellowing disease. It seems that this parasite could not cross the Indian Ocean from
its centre of origin, where the local palms are highly resistant. The palms of the W est Coast of Central America are
also resistant, having been imported from an area that was in epidemiological contact with the centre of origin.

7.20.14 Flax in North America
Flax (Linum usitatissimum) was typically a cash crop of the early settlers of each newly settled region in
North America. It was well known that flax thrived best in virgin soils and that, after a few years of flax cultivation,
the soil was spoiled, and that it was no longer suitable for flax cultivation. The flax was in demand both for its fibre,
to produce linen, and its linseed oil, to make paint. Flax mills would be set up close to the newly settled farms, but
these mills were famous among insurance companies for they way in which they mysteriously burned down when the
local soils would no longer carry flax. Both the flax cultivation, and the flax mills, would then move west with the
next wave of settlers.
The cause of the flax decline was Fusarium oxysporum f.sp., lini. Kommedahl et al (1970) have reviewed the
history of this disease in North America. They comment that there has been a steady increase in the level of resistance
to flax wilt during a period of many decades, and that the disease is no longer a problem. It appears that this crop
accumulated horizontal resistance during cultivation, but that it did so only slowly, when compared with the maizes of
tropical Africa. This progress was slow because flax is self-pollinated and, although the crops of the nineteenth
century were genetically mixed landraces rather than pure lines, the amount of cross-pollination and segregation was
severely limited. The exposure to the disease was also limited by moving the cultivation to new soil. Nevertheless, in
spite of these hindrances, modern flax cultivars are resistant to wilt. However, this crop has now declined in
importance, as its fibre and paint products have been almost entirely replaced by plastics.

7.20.15 Parasitic Angiosperms

Soon-Kwon Kim (1996) has successfully bred maize in Nigeria for sufficient
horizontal resistance to control Striga spp. This is believed to be the first
demonstration of useful levels of horizontal resistance in a parasitic Angiosperm.
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7.20.16 Other examples of unconscious selection

In the United States, the curly top virus of sugar beet has undergone a decline
similar to that of flax wilt due to a gradual increase in the level of horizontal
resistance during both breeding and cultivation. Similarly, tobacco varieties showed
a gradually increasing horizontal resistance to bacterial wilt (Pseudomonas
solanacearum). The same is probably true of wheat cultivars and resistance to TakeAll disease caused by Gäumannomyces graminis. No doubt, other examples can be
found, particularly against parasites which lack a gene-for-gene relationship, and for
which no formal breeding was undertaken during the twentieth century.
7.20.17 Breeding by farmers
There are probably many examples, worldwide, of recent private plant breeding by farmers. However, most
of these examples remain unknown and are likely to remain unknown. Two examples are quoted here as an example
to amateur breeders who are contemplating the possibility of starting a plant breeding club.

Since the early 1970s, the late Gerrit and Evert Loo were breeding potatoes
for horizontal resistance to blight (Phytophthora infestans) on their farm in Prince
Edward Island, Canada. Motivated mainly by curiosity, they grew and tested true
seedlings of potato, with negligible costs, using recurrent mass selection in the
absence of fungicides. Gerrit’s son Raymond took over this work in 1997. Their
best clone was recently registered under the name of Island Sunshine.
The Polhill variety of pyrethrum (Chrysanthemum cineriifolium) was
produced by a farmer of that name in Kenya. This species is open-pollinated and,
like maize in tropical Africa (see 7.2), it responds to selection pressures during
cultivation. Consequently, it has no serious pests or diseases. Pyrethrum produces
flowers that contain a mixture of pyrethrins. These constitute a natural insecticide
that is completely non-toxic to mammals, and which leaves no residues. It also has a
powerful ‘knock-down’ effect, and it is stable (see 10.6.4) in the sense that it is
beyond the capacity for micro-evolutionary change of insects. The Polhill cultivar
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consisted of a mixture of four clones selected by this farmer on the basis of flower
yield and content of pyrethrins. It was superior to anything produced by the
Government pyrethrum breeders.

7.21 Horizontal Resistance against Insects
It must be remembered that relatively few plant breeders have worked with resistance to insect parasites, and
that even fewer have worked with horizontal resistance. A bibliographic review of resistance in vegetables by Stoner
(1992) is valuable, and Gallun and Khush (1980) have reported records of horizontal resistance to insects in the
following:
Sorghum shoot fly (Atherigona varia soccata).
Cereal leaf beetle (Oulema melanopus).
European maize borer (Ostrinia nubialis).
Maize earworm (Heliothes zea).
Fall army worm in maize (Spodoptera frugiferda).
Striped cucumber beetle (Acalymma vittatum).
Squash bug (Anasa tristis).
Spotted alfalfa aphid (Therioaphis maculata).
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Chapter Eight

8. Alternating Plant Pathosystems
8.1 Introduction
The plant parasites that are normally referred to as the heteroecious aphids and the heteroecious rust fungi
provide an example of parallel evolution that is little short of incredible. The term ‘heteroecious’ is derived from
the Greek, and it means ‘different houses’. Heteroecious plant pathosystems are those in which the parasite is
obliged to change its species of host in order to complete its life cycle. Each pathosystem thus involves two entirely
different host species, which are both parasitised by different stages of the one parasite species. The parasite has
various ‘forms’ whose functions depend on their position in the life cycle. The parallel evolution is revealed by the
virtually identical life cycles of the fungal and insect parasites (Fig. 8.1).

8.2 Terminology
There is a problem of terminological scope. Should a scientific term be common to all languages within
one discipline, or common to all disciplines within one language?
For example, Greek and Latin (i.e., dead language) terms can be understood internationally by scientists of
all languages within one discipline, such as botany. But these terms are usually incomprehensible to scientists of
other disciplines within a single language, such as English. Alternatively, living language terms can normally be
understood by people of all disciplines within that language. But such a term is likely to be incomprehensible to
scientists functioning within other languages.
In a tradition that goes back to Linnaeus, and beyond, scientists have found it more important to talk
internationally within one discipline, than to talk nationally between disciplines. In the present book, however, this
tradition is reversed. The present text involves both insect and fungal parasites of plants. Each of the disciplines of
entomology and mycology uses international, dead language terms that are largely incomprehensible to members of
the other discipline, to say nothing of other biologists, and of scientists in general.
For the purposes of this book, therefore, these esoteric, dead language terms have been discarded, and they
have been replaced with English terms that are readily comprehended by English-speaking members of all
disciplines. For example, entomologists are likely to be as perplexed by the term ‘aeciospores’ as mycologists are
by ‘alate fundatrigeniae’. But English-speaking members of both disciplines will have little difficulty with ‘spring
alternators’, which are the parasite individuals that are obliged to migrate from the winter host to the summer host.
A set of these English terms has been compiled, and it is to be hoped that they are equally intelligible to all
English-speaking scientists within the life sciences. Should this book ever be translated into another language, these
English terms can also be translated, along with the rest of the text. These English terms, with their entomological
and plant pathological equivalents, are summarised in Table 8.1.
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Table 8.1
APHID TERM

COMMON TERM

RUST TERM

heteroecious
monoecious
primary host
secondary host
primary infestation
secondary infestation
gynoparae or sexuparae
eggs
oviparae, males
sperm, ova
fundatracies
alate fundatrigeniae
virginoparae
apterous virginoparae
alate virginoparae
polyphagous
anholocyclic

alternating
non-alternating
winter host
summer host
winter subsystem
summer subsystem
autumn alternators
dormant stage
sexual parents
gametes
spring parents
spring alternators
coloniser parents
colonisers
summer migrants
wide host range
continuous summer
subsystem

heteroecious
autoecious
aecial host
uredial host
aecial epidemic
uredial epidemic
teliospores
teliospores
spermagonia
spermatia
aecia
aeciospores
uredia
uredospores
uredospores
plurivorus
no term known

8.3 The Term ‘Heteroecious’
The term ‘heteroecious’ is apparently the only one of the dead-language terms that is common to both
mycology and entomology and, for this reason, it is tempting to retain it in the present work. However, the
converse term in entomology is ‘monoecious’ while in mycology it is ‘autoecious’. Unfortunately, ‘monoecious’
has a different usage in botany, where it means that the two sexes occur in separate flowers on one plant. These
problems over different usage in botany and zoology suggest that plain English is preferable in a pathosystem
context and, throughout this work, the word ‘alternating’ is used in place of ‘heteroecious’, with ‘non-alternating’
as its converse (i.e., autoecious, monoecious).
The difference between ‘alternating’ and ‘alternative’ should be noted. The first term means that the
parasite is compelled to change its host species in order to complete its life cycle. The second term is often used to
mean that a different, or alternative, host species is available which the parasite can utilise with equal facility. To
prevent any possibility of ambiguity in a pathosystem context, the term ‘alternative host’ is best avoided, and the
term ‘optional host’ is recommended.
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8.4 Alternating Pathosystems
An alternating pathosystem has two subsystems which, in the present work, are called the winter
subsystem and the summer subsystem. It was necessary to find English terms that are (i) equally acceptable to
entomologists and mycologists, (ii) that are technically accurate, and (iii) that can be used in an adjectival sense to
categorise the many components of alternating pathosystems. Inevitably, it proved impossible to find a system of
names that was entirely free from defects.
It was concluded that ‘season’ names had the least objectionable flaws. These flaws are confined to
relatively unimportant problems associated with the comparison between tropical and temperate contexts. They are
unimportant mainly because alternating pathosystems are rather rare in the tropics. In the present work, temperate
season names are used throughout, and it is assumed that ‘winter’ also means a tropical dry season, ‘summer’ also
means a tropical wet season, ‘spring’ also means the start of the tropical rainy season, and that ‘autumn’ also means
the end of the tropical rainy season.

Figure 8.1 The alternating pathosystem.
The life cycles of alternating (i.e., heteroecious) aphids and rusts are so similar
that they can be represented by a single diagram, shown here, in which technical terms
are replaced by plain English (see Table 8.1). The parasites are shown in red, and the
hosts in green.
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Sexual recombination followed by dormancy, or else dormancy followed by sexual
recombination, occur during the winter, and the winter host is parasitised in order to
produce only spring alternators that that cannot auto-infect, and that must migrate to the
summer host. This migration necessitates allo-infection of the summer host, and vertical
resistances can function. (Continued).
When a matching allo-infection occurs on a summer host, the parasite starts
reproducing asexually and produces a clone. So long as the members of this clone (the
summer colonisers) are auto-infecting their host, the vertical resistance will be matched,
and the only host defence will be horizontal resistance. Other members of this clone (the
summer migrants) may migrate to other hosts but this will involve allo-infection. These
new hosts are likely to have a different vertical resistance, which will remain unmatched
and functioning. The summer host has a discontinuous pathosystem involving seasonal
tissue that disappears entirely during the winter. In the following spring, all these newly
emerged seasonal tissues could have vertical resistances that are unmatched and
functioning.
In the fall, the autumn alternators must migrate to the winter host, and this too will
involve allo-infection, implying that vertical resistances can function in the winter host
also. The spring alternators cannot infect the winter host (but see 8.15), and parasitism of
the winter host ceases during the summer. Consequently, all the winter host vertical
resistances are unmatched and functioning again in the fall.

8.5 The Wild Alternating Pathosystem
The alternating pathosystems of plants have a remarkable number of properties in common, in spite of the
fact that the parasite might be either a fungus or an insect. The following description can be applied equally to the
alternating pathosystem of a rust or an aphid, and it is not necessary to specify which category of parasite is being
discussed (Fig. 8.1). However, it should be emphasised that a wild pathosystem is being discussed, because some
crop pathosystems of alternating parasites have been misleadingly distorted by agricultural practices.

8.5.1 The winter subsystem
Sexual recombination in the parasite occurs on the winter host. There is some variation among species of
alternating parasites in the method of over-wintering. Dormancy often occurs during parasitism of the winter host,
either before or after sexual recombination. Alternatively, dormancy may occur in dead tissues of the summer host,
and the autumn alternators then allo-infect their winter host only in the spring. Reduction division and the production
of gametes of the parasite may thus occur either among the autumn alternators, or in the parasites of the winter host.
However, this variation does not detract from the remarkable similarity of this parallel evolution in plant parasitic
insects and fungi. The key feature is that, in the spring, the parasite produces segregating individuals which are the
product of sexual recombination, and which are obliged to parasitise the alternate, summer host.
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8.5.2 The spring alternation
The ‘spring alternators’ have to travel to the summer host. Note that the first infection of each summer host
individual must be an allo-infection. If there is a vertical subsystem, there must also be a matching allo-infection on
each summer host individual before the parasitism of that host can commence. The sexual recombination of the
parasite on its winter host ensures a wide diversity of vertical pathotypes among the spring alternators but,
nevertheless, the parasite faces formidable obstacles.
Sexual recombination during the winter ensures a great diversity of vertical pathotypes among the spring
alternators at a time when heterogeneity is needed most. This is because a wide diversity of summer hosts, with
different vertical resistances, must be matched at the onset of the summer epidemic. It is reasonable to speculate
that only vertical pathotypes with n/2 vertical parasitism genes will be produced on the winter host, and that they
will be produced with an equal frequency, and a random distribution, in accordance with the n/2 model (see 4.15).
It is also likely that only summer hosts with n/2 vertical resistance genes will occur, and that they too will occur
with equal frequency and a random distribution. On average, all vertical pathotypes should find matching hosts
with an equal frequency.
The majority of the initial summer host allo-infections will be non-matching infections. This proportion
will depend on n, the number of pairs of matching genes in the gene-for-gene relationship (Fig. 4.6). This means
that the majority of spring alternators will fail to find a matching host, and will be lost.

8.5.3 The summer subsystem
Once a matching allo-infection of a summer host occurs, the successful spring alternator begins asexual
reproduction, and it produces asexual individuals. Some of these individuals auto-infect the same host and they are
called ‘summer colonisers’. Others migrate in order to allo-infect another host, and they are called ‘summer
migrants’.
This asexual reproduction has two major effects. First, it permits very rapid reproduction, making the
parasite an r-strategist that is able to produce a population explosion. It can then exploit an ephemeral food supply
very effectively. Second, the asexual reproduction ensures that all the progeny are members of a single clone. This
enables the summer colonisers to auto-infect their summer host without any problems of matching. Obviously, this
auto-infection can be controlled only by the horizontal subsystem.
There is a major difference in the behaviour of colonisers and migrants. The colonisers auto-infect, and all
auto-infection is matching infection. The migrants, however, must allo-infect, and they have the problem of finding
a matching host. The probability of these allo-infections being matching infections will depend on the vertical
subsystem. If a vertical subsystem is present, the majority of the summer migrants will fail to find a matching host,
and they will be wasted. This wastage will be in the same proportion as the wastage of the spring alternators.
Consequently, the vertical subsystem continues to dampen the population explosion of this r-strategist parasite
throughout repeating cycles of allo-infection during the entire summer epidemic. The vertical subsystem will thus
reduce the frequency of parasitism (see 8.6), in the summer host. It will also ensure that most matching alloinfections occur late in the season, and that, consequently, the injury from parasitism (see 8.6), is low in the
majority of matched host individuals.

8.5.4 The autumn alternation
The summer colonisers produce ‘autumn alternators’ at the end of the summer, and these have the
function of allo-infecting the winter host. At some stage of the winter, these autumn alternators travel to the winter
host that can only be allo-infected. A vertical subsystem may occur in the winter host also, even if this host is an
evergreen perennial. Such a winter pathosystem is discontinuous because the parasite is unable to auto-infect its
winter host during the summer, provided that the parasitism of the previous winter stops completely once the spring
alternators have departed.
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8.5.5 Rate of recurrence of gene-for-gene relationships
The system of biological locking is an emergent of the vertical subsystem. Both the nature of alternating
parasitism, and the value of a system of locking, strongly suggest that gene-for-gene relationships occur in most
alternating pathosystems. However, it must be clearly recognised that a vertical subsystem does not necessarily
occur in every alternating host-parasite association. Gene-for-gene relationships have been demonstrated in only a
few of them, but this is an area of biology that has been very seriously neglected.

8.6 Frequency and Injury
The frequency of parasite damage is the proportion of individuals in the host population that are
parasitised. The injury from parasitism is the amount of parasite damage inflicted on each host individual, normally
expressed as an average. The total parasite damage is the product of frequency and injury.

8.7 Spatial Discontinuity
In plant pathosystems there may be discontinuity in either space (spatial discontinuity) or time (sequential
discontinuity). Spatial discontinuity generally refers to genetic diversity. Because a diversity of vertical resistances
in the host population usually compels a comparable diversity in the parasite population, the two populations of
host and parasite can usually be expected to have a similar degree of genetic diversity.
There are two relevant levels of genetic diversity. Mixing of the host among many other different species
of plant means that many parasite individuals will make contact with a non-host. Such a contact is usually fatal to
the parasite, or it is seriously debilitating. In a pathosystem context, diversity within a single species of host refers
to a diversity of vertical resistances. A parasite individual that makes contact with a non-matching host is either
killed, if a rust spore, or seriously debilitated, if an aphid.
In a pathosystem context, diversity in the host population leads to problems for the parasite. The parasite
may find a suitable host by employing relatively few but complex individuals, such as insects, which make use of
sense organs and tactical mobility. Or the parasite may employ very many, very cheap and very small, randomly
distributed individuals, such as fungal spores. These entirely lack any tactical mobility or control of direction, but
there are very many more of them.
To avoid confusion with the term ‘sequential discontinuity’, spatial discontinuity and continuity are
referred to as genetic diversity and uniformity respectively. Genetic diversity is the norm in wild plant
pathosystems. This is true even in host populations that exhibit a natural self-pollination, or an apomictic seed
production, or a vegetative reproduction, because natural pure lines and clones are usually small. The biomass of
such a genetically uniform plant population is unlikely to exceed that of a large tree. The population as a whole
would then have a diversity comparable to a forest of mature trees.
Genetic uniformity is the norm in crop pathosystems, where a host population (i.e., one crop in one field)
is normally a single pure line, clone, or hybrid variety. This genetic uniformity can extend to many crops in many
fields when a single cultivar is being cultivated over a large area.
It is probable that the landraces that were cultivated prior to the use of pure lines were protected in part by
a diversity of vertical resistances. It is likely, therefore, that the use of pure lines increased the severity of parasites
in which a gene-for-gene relationship occurs. Such an increase is perhaps at its most probable in the rusts and
aphids of the small grain cereals and the grain legumes.
One of the most important differences between commercial agriculture and subsistence farming is that
subsistence farmers usually plant mixtures of crop species, with mixtures of genetic lines within each species. This
genetic diversity is comparable to that of many wild ecosystems. However, the use of such mixtures is very labourintensive and it cannot be recommended for commercial agriculture.
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8.8 Sequential Discontinuity
Sequential discontinuity refers to host tissue, which may be continuously available, or only intermittently
available. Host tissue is continuously available to the parasites of evergreen trees and other perennials, particularly
in tropical rain forests that lack both a winter and a dry season. Host tissue is only intermittently available to the
parasites of annual hosts, to the aerial parasites of perennial herbs, which lose their above-ground parts during the
adverse season, and to the leaf and fruit parasites of deciduous trees and shrubs.
It has been argued (see 4.11) that a gene-for-gene relationship and, hence, a vertical subsystem, can evolve
only in a pathosystem that has both sequential discontinuity, and genetic diversity (spatial discontinuity). These
four possibilities of sequential continuity or discontinuity, and genetic uniformity or diversity, are highly relevant
to the study of alternating pathosystems. And they are doubly relevant because each alternating pathosystem has
two subsystems, the summer subsystem and the winter subsystem. There are thus eight possible configurations for
each alternating pathosystem.
One of the more arresting conclusions to emerge from the present study is that all alternating
pathosystems appear to conform to only one of these eight possible configurations, and that this involves sequential
discontinuity, and genetic diversity, in both subsystems. In other words, every alternating pathosystem apparently
meets the essential preconditions necessary for the evolution of a gene-for-gene relationship, in both its winter and
summer subsystems.

8.9 Alternating Pathosystem Discontinuity
An alternating pathosystem can have sequential discontinuity that may be real, functional, or
‘alternational’. These terms must now be defined.
The real discontinuity occurs with a genuinely discontinuous host population such as an annual herb, or
the leaves of a deciduous tree. During the winter, there is no host tissue available to the parasite. This is the typical
situation with the summer host of an alternating parasite.
The functional discontinuity occurs with special mechanisms that change an apparently continuous
pathosystem into a discontinuous pathosystem (see 8.11).
The alternational discontinuity results from the alternating parasite being obliged to change its host. Thus,
spring alternators cannot auto-infect the winter host, and this parasitism ceases during the summer.

8.10 Real Sequential Discontinuity
Real sequential discontinuity means that there is an actual, physical absence of host tissue, as occurs with
annual plants, or the leaves and fruits of deciduous trees, shrubs, and other perennials, during an unfavourable
season, such as a winter, or a tropical dry season. This absence of host tissue compels an obligate parasite either to
enter a dormant phase, or to migrate a considerable distance to another area where host tissue is available, or to find
a different species of host.

8.11 Functional Sequential Discontinuity
Functional sequential discontinuity means that an apparently continuous pathosystem behaves as a
discontinuous pathosystem. This may happen because the host has a greater tolerance to adverse weather
conditions than the parasite. Many evergreen, perennial herbs, for example, can survive a winter that is too harsh
for their more delicate parasites.
Parlevliet & Van Ommeren (1976) observed a functional discontinuity with winter barley and barley rust
(Puccinia hordei). In the autumn, the newly germinated seedlings carry rust, and this pathosystem is apparently
continuous. In fact, during the winter, the rust is unable to infect the barley, but the barley continues to grow, even
if only slowly. By the following spring, the rusted leaves have died, and the rust has died with them. The rusted
leaves have been entirely replaced with rust-free leaves, and the pathosystem is thus discontinuous.
This kind of functional discontinuity may occur in many other annual grasses, which germinate their seeds
in the fall, and, conceivably, it may occur in temperate, perennial grasses as well. Many perennial grasses in the
drier tropics have discontinuously available leaf tissue because of severe dry seasons that turn the entire landscape
brown, and which are often aggravated by grass fires that turn the landscape black.
Functional discontinuity can involve mechanisms that are quite complex, and it is very tempting to
conclude that they evolved because of their pathosystem survival value. For example, coffee leaf rust (Hemileia
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vastatrix) parasitises coffee (Coffea arabica) which is an evergreen perennial tree growing in the tropics, and the
pathosystem is apparently continuous. However, infection requires free water on the leaves and, consequently,
infection cannot occur during the dry season. The wild host apparently sheds all its rusted leaves during the dry
season, and the tree is functionally deciduous with respect to rusted leaves only. The pathosystem is thus
functionally discontinuous (Robinson, 1976; see also 4.12.1).

8.12 Alternational Discontinuity
There are two occasions in each life cycle of an alternating parasite when a change of host species is
obligatory. This is the definitive characteristic of the alternating aphids and rusts. Real and functional discontinuity
are possible in non-alternating pathosystems, but alternational discontinuity is possible only in alternating
pathosystems. The critically important fact is that no alternator can auto-infect or parasitise the species of host on
which it originated, even if host tissue is available. The alternator is compelled to infect a different species of host.
This means that, effectively, every alternating pathosystem has a sequential discontinuity in both its summer and
winter subsystems. (Note: some species of alternating aphid have one or two asexual reproduction cycles on the
winter host, before alternation. To this extent, limited auto-infection of the winter host can occur. But, strictly
speaking, it is not the spring alternators that auto-infect. Indeed, it is possible that a physiological inability to autoinfect is the mechanism that compels alternation.)

8.13 Parallel Evolution
As a general rule, evolution can be expected to find the best solution within the existing possibilities. Some
possibilities may not exist. For example, the evolution of a wheel was clearly outside the range of possibilities. But
electricity (electric eels), navigation (homing pigeons), sound radar (bats), sonar (fish), schooling (fish, insects, and
birds), light production (fireflies), to say nothing of human intelligence, indicate how wide the range of possibilities
really is. These phenomena are all emergents (see 1.9), and they become apparent only at their own systems level.
W hen we consider alternating plant pathosystems, it is obvious that alternation is within the range of
evolutionary possibilities. It is also obvious that the survival advantage of alternation must be considerable, because it
has evolved so many times, in such a wide range of plant hosts, and in plant parasites as disparate as fungi and insects.
Clearly, this alternation in both fungi and insects is analogous, not homologous evolution. That is, it corresponds to
wings having evolved analogously in birds, insects, and bats, without common descent, in contrast to the bone
structure of a bat wing, which is homologous to the mammalian forelimb, having evolved directly from it.
There seems to be little doubt that the survival advantage of an alternating pathosystem lies in the obligatory
allo-infection that occurs twice in each life cycle of the parasite. Two separate gene-for-gene relationships are then
possible, and the whole pathosystem is doubly stabilised. There can be little doubt also that the evolution of this
stabilisation is the result of group selection, occurring at the systems level of the pathosystem. That is, at the level of
the two interacting populations of host and parasite. There is also little doubt that the stabilisation can evolve only by
natural selection operating on emergents at this high systems level (see 2.10).

8.14 Anholocycly
The alternational discontinuity can be easily disrupted in a crop pathosystem when, for man-made reasons,
the summer subsystem is able to persist indefinitely. Aphids which exhibit this phenomenon are described as
anholocyclic. This term means that there is an unbroken progression of asexual reproduction, on the summer host,
throughout the entire year, and that the parasite reproduction continues in this fashion indefinitely.
Anholocycly (and its equivalent in the alternating rusts, for which there is apparently no mycological
term) can change a summer subsystem from being discontinuous to being continuous. This is important in the
present discussion because anholocycly means that alternating pathosystems are not necessarily discontinuous. The
summer hosts may persist, and they may continue to produce summer subsystem colonisers and migrants, in what
has now become a continuous pathosystem.
If the sexual phase has been entirely lost, this form of parasitism is clearly an evolutionary dead-end, and
it is unlikely to occur in wild pathosystems. In reality, it is most unlikely that the sexual phase would ever be lost
completely, and even a relatively rare sexual recombination will suffice for most evolutionary purposes. Even so,
anholocycly is apparently a phenomenon of either the man-made global redistribution of species, or of agriculture.
It may prove to be relatively rare, or even totally absent, in pathosystems that are both wild, and that involve oldencounter parasites.
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Anholocycly usually occurs when either the parasite, or its host, or both, have been moved to a new area
by agriculturists. Two modifications to the life cycle are then possible. First, a milder climate, or artificial practices,
such as irrigation, or greenhouse cultivation, permit continuity of summer host tissue. Second, the hypothetical
‘triggers’ that stimulate the production of the alternator form, or that prevent further reproduction of the summer
colonisers and migrants, may be either inadequate or lacking.
The phenomenon of anholocycly is known in some crop-rust pathosystems. For example, wheat stem rust
(Puccinia graminis) survives entirely as summer colonisers (uredospores) in the high altitude regions of equatorial
Kenya. W inter hosts do not occur, and commercial wheat crops are cultivated for ten months of each year. Rogue
wheat plants provide summer host tissue to bridge the remaining two months.
Coffee leaf rust (Hemileia vastatrix) also survives asexually on arabica coffee crops. Although autumn
migrants (teliospores) have been observed, their basidiospores apparently cannot infect coffee, and no sexual stage
has ever been observed on coffee. The rust is believed to be an alternating one, even though the alternate host has
yet to be identified. Nutman & Roberts (1963) showed that dry season survival of the rust can be greatly enhanced
by inappropriate fungicidal spraying which encourages the retention of rusted leaves during the dry season.
Normally, these leaves would be lost and, as infection cannot occur without free water, the pathosystem is
discontinuous.
Two points concerning anholocycly are important and should be noted. First, if the phenomenon of
anholocycly is an artificial one, recognition of its artificiality is important, because it could otherwise lead to
misconceptions concerning the functioning of wild alternating pathosystems.
Second, loss of the autumn alternation leads to anholocycly, while loss of the spring alternation leads to
autoecy. A non-alternating parasite (i.e., an autoecious rust or a monoecious aphid) is one that does not alternate,
having a single host species on which both sexual and asexual reproduction occurs. Non-alternation is more likely
than anholocycly in the wild pathosystem because of the necessity to retain sexual reproduction.

8.15 White Pine Blister Rust
There are two problems concerning the alternating rust (Cronartium ribicola) which was apparently
imported to North America from Eurasia at the beginning of the twentieth century. This rust parasitises white pines
(i.e. five-needled pines, Pinus spp.) as its winter host, and Ribes spp., as its summer host. It has destroyed most of
the five-needle pines of North America, and it has severely restricted the cultivation of domesticated Ribes.
The first problem is that several species of both the winter and the summer host are present in North
America. And there is a fully functional gene-for-gene relationship in both the winter and the summer subsystems
of North America. Gene-for-gene relationships almost certainly require geological time (see 10.5) for their
evolution. It is most unlikely that they can evolve in the few decades of historical time that elapsed between the
appearance of this rust in America, and the first demonstration of a gene-for-gene relationship.
The most plausible explanation of these gene-for-gene relationships is that there were two entirely
separate rust populations, located in North America and in Eurasia, respectively. These two populations had been
out of breeding and epidemiological contact since the development of the Atlantic Ocean some sixty five million
years ago. These two populations may be described as being different allopatric (i.e., different country) pathodemes
and pathotypes. The rust was presumably present in North America all the time, but it was in such good
pathosystems balance that it caused too little damage to be observed. (A search of pre-1900 herbarium specimens
in the Pacific Northwest by F. E. W illiams and myself failed to reveal any symptoms of this rust, but it seems that
taxonomic botanists preserve only good-looking specimens for their herbaria, and this negative evidence means
little).
In complete contrast, it is thought that the allopatric pathotype, imported from Eurasia, was very damaging
in North America because of an inadequate horizontal resistance in the local pines. The interesting implication is
that the gene-for-gene relationship, which apparently functions with both allopatric pathotypes, is older than the
separation of the two continents. A further implication is that the two vertical subsystems remained the same, but
that the horizontal subsystems became markedly different.
The pines were devastated because they had too little horizontal resistance to the allopatric rust. The bark
lesions continued to expand until ring-barking of major branches and trunks led to the death of the tree. These bark
lesions can also persist for years, and this converts the winter subsystem into a continuous pathosystem. It is to be
presumed that, in the balanced, wild pathosystem, the pine lesions die out each summer, and must be renewed each
fall. At the very least, the lesions would not seriously harm the pine host in a wild pathosystem. Such mild
symptoms are unlikely to have been observed, let alone recorded, by North American foresters in the later years of
the nineteenth century.
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The second problem is why the wild Ribes populations were apparently unharmed, while the pine
populations were devastated. It is thought that the wild Ribes populations may have been devastated in the early
epidemics, and that they accumulated horizontal resistance relatively quickly (c.f. maize in tropical Africa, see 7.2).
The devastated pine populations will presumably do the same, but this is likely to require a much longer period.
It is known that the Ribes seeds can remain dormant in the forest duff (i.e., natural mulch) for many
decades. A useful experiment might be to isolate Ribes seeds from near the bottom of the forest duff, in order to
grow them out and measure their susceptibility.
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Chapter Nine

9. Wild and Crop Pathosystems Compared
Pairs of Contrasts
This chapter is intended to emphasise that pairs of contrasting phenomena seem to dominate pathosystem
theory. Some of these contrasts are qualitative and are differences in kind, in which there are no intermediates,
while others are quantitative and represent the two extremes of a continuous variation. Many of the pairs of
contrasts reflect the difference between a wild ecosystem and an agro-ecosystem, or a wild pathosystem and a crop
pathosystem.

9.1 Single-Gene and Many-Gene Contrasts
There are nine pairs of contrasts based on the distinction between single-gene and many-gene genetics.

9.1.1. Two kinds of genetic inheritance
Until the recognition of Mendel’s laws of inheritance in 1900, only one kind of inheritance was
recognised. This was the many-gene, quantitative inheritance of the biometricians, exhibiting every degree of
difference between two extremes, usually with a normal distribution. Mendel’s laws revealed that a single-gene,
qualitative inheritance was also possible, in which a character was either present or absent, and there were no
intermediates.
In nature, quantitative inheritance is the rule, and qualitative inheritance occurs only occasionally, usually
in specialised systems such as the gene-for-gene relationship (see 4), the vertical subsystem (see 5), and genetic
systems of pollen self-incompatibility.

9.1,2 Two kinds of geneticist
The two kinds of inheritance produced two kinds of geneticist, the single-gene Mendelians, and the manygene biometricians. During the early 1900s, a bitter scientific dispute arose in which it was assumed that, if one
side was right, the other must be wrong. The Mendelians had science on their side, with Mendel’s laws, strongly
supported by the discovery of chromosomes, and the elucidation of their role in sexual recombination and
inheritance. The biometricians had practical experience on their side, because every known character of any
economic importance in domesticated plants and animals was inherited quantitatively.
The dispute continued until the discovery of polygenic inheritance a couple of decades later. In the
meanwhile, Biffin (1905) had published a seminal paper entitled Mendel’s Laws of Inheritance and Wheat
Breeding, showing that resistance to stripe rust (Puccinia striiformis) of wheat was controlled by single genes.
Suddenly, the Mendelians had single-gene characters of economic importance, and they pursued this advantage
with great vigour. Indeed, they pursued it with such vigour that they soon dominated plant breeding. (Interestingly,
there were no single-gene characters of any economic importance in farm animals, and the biometricians
maintained control of animal breeding during the twentieth century. Furthermore, farmers rather than geneticists
have made many of the recent improvements in animal breeds, and all of these improvements are quantitative.
However, these developments have been damaged by the mis-use of artificial insemination, which has often led to
very large herds being sired by very few males, with a corresponding loss of genetic diversity.)
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9.1.3 Two kinds of plant breeding
The two kinds of genetics quickly led to two different kinds of plant breeding. The Mendelians devised a
method of transferring a single resistance gene from a wild plant into a cultivar by back-crossing. This technique
was known as pedigree breeding, and it soon dominated the whole of plant breeding. The biometricians used
recurrent mass selection, which had been used by farmers since the dawn of agriculture. It is also the most common
form of genetic control in wild ecosystems and wild pathosystems. This breeding method, lnown as population
breeding, emphasises the many-gene, quantitatively inherited characters.

9.1.4 Two kinds of resistance
The two breeding methods revealed two kinds of resistance to crop parasites, which Vanderplank (1963)
called vertical resistance and horizontal resistance respectively. Vertical resistance is a component of the gene-forgene relationship, and its inheritance is controlled by single genes. It has two very considerable advantages in
agriculture, but several grave disadvantages (see 5.5) also. Its chief disadvantage is that it is unstable (see 10.6). It
does not endure, because it operates against some strains of the parasite but not others. Consequently, it fails to
function when a matching pathotype appears. Horizontal resistance is the resistance of the biometricians. Its
inheritance is controlled by polygenes, and it is durable resistance.
Vertical resistance is characterised by being ‘unstable, big space, high profile, short life, expensive, few
cultivars’ (see 5.6) while horizontal resistance is characterised by being ‘stable, small space, low profile, long life,
inexpensive, many cultivars’ (see 6.5). Vertical resistance is suited to large breeding institutes, while horizontal
resistance is suited to small breeding clubs (see 11.17).
Vertical resistance operates as a system of locking in a wild plant pathosystem (see 4.15), but it has been
employed in the crop pathosystem on a basis of uniformity. This is why it is ephemeral resistance in agriculture.
Horizontal resistance in a wild pathosystem is normally adequate to control all the consequences of a matching
infection. This is because the system responds to selection pressures. In the crop pathosystem, horizontal resistance
is usually inadequate, because it has been lost during the process of breeding for vertical resistance (see 6.6.1), or
because of treating the screening population with crop protection chemicals. This loss of horizontal resistance is
possibly the most important reason for our current dependence on crop protection chemicals.

9.1.5 Two kinds of infection
Infection is defined as the contact made by one parasite individual with one host individual for the
purposes of parasitism. Allo-infection is infection in which the parasite originates away from the host being
infected. The parasite has to travel to its host. Allo-infection is analogous to cross-pollination (allogamy). Autoinfection is infection in which the parasite originates on, or in, the host being infected. The parasite has no need to
travel. Auto-infection is analogous to self-pollination (autogamy).
The first infection of seasonal tissue (e.g., a seedling of an annual species, leaves of a deciduous perennial
species) is normally an allo-infection, and this is where the single-gene, vertical resistance is valuable as a system
of locking (see 4.14). Auto-infection is possible only after an allo-infection and, if there is a vertical subsystem, it is
possible only after a matching allo-infection. This is where the many-gene horizontal resistance is valuable. The
two kinds of infection define the primary functions of vertical resistance and horizontal resistance (see 9.1.6).

9.1.6 Two kinds of interaction
If there is a vertical subsystem (i.e., a gene-for-gene relationship), an allo-infection is either a matching or
a non-matching infection. A matching infection succeeds, while a non-matching infection fails. In a normally
functioning vertical subsystem, an allo-infection is usually a non-matching infection, while an auto-infection is a
matching infection. Auto-infection can thus be controlled only by horizontal resistance, and vertical resistance can
control allo-infection only. However, horizontal resistance can also control allo-infection in pathosystems that lack
a vertical subsystem.
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9.1.7 Two kinds of host tissue
Host tissue is either seasonal or long-term. Seasonal tissue occurs in an annual species in which all tissues,
except the seed, die at the end of the growing season. It also occurs in the leaves of a deciduous tree or shrub. The
significance of this in a pathosystem context is that the parasite is faced with the problem of a discontinuous
pathosystem (see 4.11), and of surviving a period without host tissue.
Long-term host tissue occurs in evergreen trees, many perennials, and the timber and roots of deciduous
trees. These are tissues that endure for several, possibly many, over-lapping seasons, and they are continuously
available to the parasite.

9.1.8 Two kinds of epidemic
Epidemics may be continuous or discontinuous (see 4.11). Single-gene resistances are suited to
discontinuous epidemics, while many-gene resistances are suited to continuous epidemics.
Plant pathosystem continuity is governed by the host species. Annual hosts, the leaf tissue of deciduous
trees, and the aerial parts of many perennial herbs, have discontinuous pathosystems. At regular intervals, during an
adverse season such as a winter, or a tropical dry season, the parasitism stops completely because there is no host
tissue available to the parasite. In order to survive, an obligate parasite must enter a dormant phase, find an
alternative host, or migrate to another region where host tissue is available. Alternating parasites (see 8) are obliged
to switch to their alternate host. A facultative parasite has the additional option of saprophytism.
Discontinuous pathosystems suffer epidemic parasitism. This kind of parasitism has two characteristics.
Firstly, there is discontinuity. Every epidemic is separated from the previous epidemic, and the next, by a period in
which there is no parasitism. Between epidemics, the host and parasite individuals are also separated from each
other, and this imposes special difficulties on the parasite because, at the start of every epidemic, each parasite
individual must find a host individual. In terms of the gene-for-gene relationship, it must also find a matching host
individual.
Secondly, the duration of a discontinuous epidemic is finite. In order to survive, the parasite must achieve
a minimum reproduction within a defined period. For this reason, most discontinuous, or epidemic, pathosystems
involve r-strategist parasites. These are ‘quantity breeders’ with a very cheap, often asexual reproduction, and they
exhibit a sigmoid growth curve with a population explosion during the log phase. Typically, there is also a parasite
population extinction when host tissue ceases to be available, and the parasite survives usually as a small
population of a specialised or dormant form.
In complete contrast, a continuous pathosystem occurs with an evergreen, perennial species of host. Some
perennial plants live for centuries, even millennia, and they provide continuously available host tissue for parasites.
Although the parasite growth rate may fluctuate with seasons, the parasitism does not stop between seasons.
Continuous pathosystems suffer endemic parasitism. They usually involve K-strategist hosts. The size of
the host population (i.e., its total biomass) is more or less constant and is governed by K, the carrying capacity of
the environment. The size of the parasite population is governed by the size of the host population, and it too is
more or less constant. (Note that the term ‘endemic’ has two quite distinct meanings in biology and, for this reason,
it is generally avoided in this book. In epidemiology, the term ‘endemic’ is often taken to mean that a disease is
continuously present, and it is the converse of ‘epidemic’, which is taken to mean that a disease is intermittently
present. In its ecological sense, the term ‘endemic’ is the converse of exotic, and it means that a species is
indigenous. It is often taken to mean that a species is uniquely indigenous; that is, its natural distribution is limited
to the area in question).

9.1.9 Two kinds of ranking
There are two kinds of ranking known as variable ranking (Fig. 4.1) and constant ranking (Fig. 4.2), and
these are related to single-gene and many-gene resistances.
Variable ranking is often called a differential interaction in which more than one host differential is
required to identify one parasitic ability, and more than one parasite differential is required to identify one
resistance. Variable ranking normally involves qualitative differences such as single-gene resistances. A special
differential interaction called the Person/Habgood differential interaction (Fig. 4.4) is the definitive characteristic of
a gene-for-gene relationship, and the vertical subsystem (Robinson 1976). However, other differential interactions
are possible (see 6.1).
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Constant ranking normally involves many-gene, quantitative differences. Once a constant ranking is
established, a single host individual will measure any level of parasitic ability, and a single parasite individual will
measure any level of resistance.

9.2 Two Kinds of Population
A plant pathosystem involves the two populations of host and parasite, and either of these populations
may be genetically uniform, or genetically diverse. Generally, the host population controls the parasite population
in this respect, and a parasite population will be heterogeneous only under the compulsion of host population
heterogeneity. If the host population is genetically uniform, the parasite population will usually acquire a
comparable uniformity.
A wild host population is genetically diverse. It exhibits variation for every genetically controlled,
quantitative variable and, usually, this variation has a normal distribution. It may also possess a mixture of
Mendelian characters such as vertical resistances.
A cultivated plant population is usually genetically uniform. A clone is genetically uniform because all the
individuals within it are descended by vegetative propagation from a single individual. A pure line is uniform
because the population is both homogeneous and homozygous. And a hybrid variety is uniform because it is the
result of crossing inbred lines.
Some crops are genetically diverse. Alfalfa (Medicago sativa), for example, is cultivated as an ‘improved’
but genetically diverse population because of the exigencies of seed production. Most subsistence crops in the
tropics are also genetically diverse.
It should be noted that genetic uniformity and diversity can also occur over periods of time. For example,
it is possible to achieve diversity over time by cultivating a genetically uniform crop, but by using a different
cultivar, with a different vertical resistance, each season (see also: Person model, 4.18, and Fig. 4.7).
Heterogeneous and homogeneous populations should not be confused with heterozygous and homozygous
individuals. This is a difference of systems level. Both involve the difference between genetic mixture and genetic
uniformity, but the one involves populations, while the other involves the genetic constitution of the individual.
Note the difference between homogeneous (uniform descent, as with a clone or pure line) and
homogenous (uniform composition, as with homogenised milk). The prefix ‘homo-’ is Greek and should be
pronounced with a short ‘o’. It should not be confused with the Latin Homo (= man), which is pronounced with a
long ‘o’.
In the context of plant populations, the term ‘multiline’ should be noted. This is a mixture of several
closely similar, homozygous lines which differ in their vertical resistances. It is thus a heterogeneous population of
several different homozygous vertical pathodemes. A multiline is an attempt to produce a system of locking (see
4.15) with vertical resistances in agriculture. However, severe practical difficulties limit this approach.

9.2.1 Two kinds of pollination
Plants may be open-pollinated (allogamous) or self-pollinated (autogamous). In wild ecosystems, openpollination is the norm and it ensures genetic recombination and variation. Self-pollination is apparently a survival
mechanism for annual species that are totally dependent on seeds for their survival from one season to the next, and
which lack an effective mechanism of seed dormancy. Should there be adverse seasons, in which natural
cross-pollination was severely restricted, autogamous species survive because they are able to produce seed by selfpollination. However, even self-pollinating species invariably have a small percentage of cross-pollination to
provide the heterozygosity and heterogeneity that are essential for a response to ecological and evolutionary
selection pressures. (An alternative survival mechanism for such species involves dormant seeds, which remain in
the soil but do not germinate for several seasons).
It transpired that the Mendelian, single-gene, pedigree breeding was ideally suited to self-pollinated
species, in which relatively few crosses are necessary. The biometricians’ many-gene, recurrent mass selection was
more suited to breeding open-pollinated species, in which many crosses are necessary. The early success of the
Mendelians persuaded plant breeders to use this pedigree breeding in most of the important crops, even in openpollinated species (e.g., sugarcane) and vegetatively propagated species (e.g., potatoes), in which recurrent mass
selection would have been more suitable.
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9.2.2 Two kinds of zygosity
Open-pollination leads to heterozygosity, and self-pollination leads to homozygosity. Johannsen’s (1903)
discovery of pure lines showed the importance of this difference, and this gave further support to the Mendelian
breeding method. A self-pollinated species can be made into a pure line by selfing for about six generations, and by
selecting the best individual in each generation as the parent for the next generation. A pure line has a high degree
of homozygosity, and it has the valuable agricultural character of ‘breeding true’. Many of the most important food
crops, such as wheat, rice, and beans, are self-pollinated, and they are now cultivated as pure lines. Open-pollinated
species are usually cultivated as clones or hybrid varieties in order to preserve their agricultural qualities.
Homozygosity in cultivars prevents any response to selection pressures during the cultivation process. W e
positively require this protection if valuable agricultural characters are not to be lost. W hen breeding pure line
crops, responses to selection pressures can occur only during the breeding process. The same is true of vegetatively
propagated crops.

9.2.3 Two kinds of population flexibility
Being genetically diverse, wild plant populations can respond to selection pressures. Such populations are
described as being genetically flexible. The mechanism of this flexibility is reproductive fitness. For example, if a
population has too little horizontal resistance, there will be selection pressure for resistance. The most resistant
individuals will have a reproductive advantage, and the least resistant will have a reproductive disadvantage.
W ithin a few generations, the population as a whole will gain resistance.
Cultivated plant populations, on the other hand, are usually genetically uniform, being grown as pure
lines, clones, or hybrid varieties. Consequently, they are genetically inflexible because they cannot respond to
selection pressures. This is a considerable agricultural advantage because it means that valuable characters, such as
yield and quality of crop product, are not lost during the cultivation process. Furthermore, there is uniformity of
crop product, and this too has commercial advantages. The majority of cultivars can respond to selection pressures
during the breeding process only. This means that we can increase levels of horizontal resistance only during the
breeding process, and, if we are to do this, our breeding methods must be designed accordingly.
Ecologists are well familiar with the concept of genetic flexibility, and the production of different
ecotypes, because of different selection pressures in different parts of the wild ecosystem. An identical process
produces different wild pathodemes, because of differing levels of epidemiological competence, in various parts of
the wild ecosystem. Crop scientists are much less familiar with these concepts because of the genetic inflexibility
in the agro-ecosystem. Plant breeders should perhaps begin to think ecologically.

9.2.4 Two kinds of host propagation
W hen the host is propagated as a pure line, clone, or hybrid variety, it ‘breeds true’, without any
significant variation. This can be referred to as non-diverging propagation, and it is essential in commercial
agriculture if the desirable qualities of the cultivar are to be maintained. Non-diverging propagation means that the
host population is genetically uniform, genetically inflexible, and that it cannot respond to selection pressures
during the cultivation process. It can respond to selection pressures only during the breeding process.
W ild hosts, and many subsistence crop hosts, have diverging reproduction. These hosts do not ‘breed
true’. They are heterozygous and heterogeneous. They are also genetically flexible, and they respond to selection
pressures. In wild host populations, diverging propagation produces different ecotypes. In subsistence crops,
diverging propagation produces different local landraces, which can equally be called agro-ecotypes. And these
changes result from selection pressures that operate during the cultivation process. This is what happened with the
maizes in tropical Africa (see 7.2.6).
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9.2.5 Two kinds of ecosystem
The wild ecosystem is a complex adaptive system. It represents one of the higher levels of living systems,
and it is incredibly complicated, particularly at the microscopic level. Having developed over hundreds of millions
of years of macro-evolution (see 10.5), the wild ecosystem is a perfectly balanced system with highly effective selforganisation. This self-organisation provides resilience, stability, homeostasis, and all the other characteristics of a
complex adaptive system.
Of necessity, the agro-ecosystem has considerable external control imposed on it by people. This control
must be maintained at all times, and its importance is seen when a farm is abandoned. Abandoned cultivars quickly
become extinct, and neglected farmers’ fields soon revert to being a wild ecosystem. It may take several centuries
for the original ecosystem to be restored, particularly if it was a climax forest. But self-restoration is obviously one
of the many characteristics of a complex adaptive system, and it is an indication of the resilience of a wild
ecosystem. It is also an indication of the fragility of an agro-ecosystem.

9.2.6 Two kinds of plant pathosystem
Plant pathosystems can be divided into the two categories of wild pathosystems and crop pathosystems.
Perhaps the essential difference between the wild plant pathosystem and the crop pathosystem is a question of
control. The wild plant pathosystem is self-organised and self-regulated. It is an incredibly complex adaptive
system. Indeed, it is so complex that we cannot begin to understand it in terms of conventional analytical science.
W e can only recognise, and accept, its complexity, its resilience, its overall stability, and its adaptability. And, in
terms of complexity theory, we can recognise a few of the many mechanisms, such as negative feedback, which
contribute to that complexity.
The crop pathosystem, on the other hand, has been over-controlled to the point of considerable hazard to
both the human population and the environment as a whole. Much of this artificial control is clearly necessary, and
it is not inevitably hazardous. For example, we need the agricultural properties of cultivars, such as high yield and
high quality of crop product. W e also need host population uniformity in our crops. However, these features can
lead to pathosystem imbalance, and a loss of resilience.
Much of the current imbalance and instability in our crop pathosystems is unnecessary. This shows, for
example, in the loss of horizontal resistance in most modern cultivars, and the consequent necessity for crop
protection chemicals. The message of this book is that much of the balance, stability, and resilience of the crop
pathosystem can be restored if we allow a healthy gobbet of self-organisation to operate (see 2.4 & 11).

9.2.7 Two kinds of parasitism
The parasites of plants may be either necrotrophic or biotrophic. A necrotrophic parasite consumes dead
tissue only, but that tissue died because of toxins produced by the parasite. A biotrophic parasite consumes living
tissue. All the really important crop parasites are biotrophic.

9.2.8 Two kinds of parasite
A parasite may be either obligate or facultative. An obligate parasite can obtain nutrients from parasitism,
and in no other way. A facultative parasite has the option of saprophytism; that is of obtaining nutrients from dead
tissues. As a general rule, facultative parasites have a wider host range, and they are able to change their horizontal
parasitic ability more readily than obligate parasites.
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9.3 Two Kinds of Stability
A host protection mechanism is either within or beyond the capacity for micro-evolutionary change of the
parasite (see 10.6). If it is within the capacity for micro-evolutionary change of the parasite, it is liable to stop
functioning on the appearance of a new strain of the parasite. It thus provides a temporary protection. The obvious
examples are the breakdown of vertical resistance, and the appearance of DDT-resistant houseflies. Such protection
mechanisms are described as 'unstable'.
However, if the protection mechanism is beyond the capacity for micro-evolutionary change of the
parasite, it will not fail in this way and it will provide a durable protection. The obvious examples are horizontal
resistance, and crop protection chemicals such as Bordeaux mixture, natural pyrethrins, and rotenone. Such
mechanisms are described as 'stable'.

9.4 Two Kinds of Parasite Reproduction
The reproduction of most crop parasites is either sexual or asexual. The majority of insect parasites of
crops have sexual reproduction only, while the fungi imperfecti, bacteria, and viruses have asexual reproduction
only. However, most fungi, and some insects (e.g., aphids), have both kinds of reproduction.
Parasites that have both kinds of reproduction are typically those of discontinuous pathosystems, and the
different functions of the two kinds of reproduction are clear. The function of the asexual reproduction is to
produce a very rapid r-strategist population explosion, in order to exploit the ephemeral food supply of a
discontinuous pathosystem. The function of the sexual reproduction is genetic recombination and the maintenance
of variability. Typically, this sexual reproduction occurs before the start of a discontinuous epidemic. This ensures
maximum heterogeneity in the parasite population at the start of the epidemic. This heterogeneity is needed when
each parasite individual has the problem of finding a matching host individual in a vertical subsystem (see 4.14 &
4.15).

9.5 Two Kinds of Host Damage
The frequency of parasite damage is the proportion of the host population that is parasitised. The injury
from parasites is the amount of damage inflicted on each host individual, normally expressed as an average. The
total parasite damage is the product of frequency and injury.
In a wild plant pathosystem, the total parasite damage is controlled very effectively. This control ensures
that the parasite does not impair either the ecological or the evolutionary ability of the host to compete. This control
is fundamental to the entire concept of parasitism, which is neither competition nor co-operation between host and
parasite. This pathosystem control is the result of self-organisation, which produces biological order.
In the crop pathosystem, this balance has been damaged. Indeed, in many crop pathosystems, it has been
lost entirely. This is demonstrated by the fact that, without crop protection chemicals, the crop loss from parasitism
can often be total. The principle message of this book, and the main function of self-organised crop improvement,
is to restore the balance in our crop pathosystems, without damaging their essential agricultural functions.

9.6 Two Kinds of Parasite Control
In terms of complexity theory (see 2), the control of crop parasites may be linear or non-linear. Blanketing a
crop with protection chemicals is a linear control. It is a simple, linear solution applied to a complex, non-linear
system. These simple solutions can often be very effective in the short-term. But, in the long-term, they are unstable,
and liable to produce endless complications.
The self-organisation of a natural ecosystem, or a wild plant pathosystem, is a non-linear control. It results in
a dynamic stability that is an emergent property of a complex, non-linear system. This dynamic stability is very
effective, and very secure, over both historical and geological time.
So long as agriculture was ‘close to nature’ and ‘primitive’, yields and crop quality were relatively low, and
the control of crop parasites was non-linear and stable. W ith the advent of modern commercial agriculture, yields and
crop quality improved dramatically, but the control of crop parasites became linear, and unstable. W e must now return
to a non-linear control of crop parasites, while retaining the high yields and crop quality of modern agriculture. W e
can do this with self-organising agro-ecosystems (see 11.21).
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9.7 Two Kinds of Parasite Reduction
Parasites can be controlled either by increasing their death rate, or by decreasing their birth rate. Crop
protection chemicals, and vertical resistance, achieve an increased death rate. Obviously, a secondary effect of an
increased death rate is a reduced birth rate, but the primary purpose of these protection mechanisms is to kill existing
parasites.
Horizontal resistance produces a directly decreased birth rate. All the mechanisms of horizontal resistance
tend to decrease both the growth rate, and the fecundity, of an individual parasite. In principle, a decreased birth rate
is superior to an increased death rate, because the dead parasites obviously consumed host tissue before they died.

9.8 Two Kinds of Parasite Life Cycle
The parasite life cycle may be either alternating or non-alternating (see 8). The alternating life cycle is
commonly called a heteroecious life cycle, and it is a property of many rust fungi and aphid insects. The alternating
life cycle is of considerable theoretical interest because (i) it demonstrates the necessity for group selection during
evolution, (ii) it provides an extraordinary example of parallel, analogous evolution in many different categories of
parasite, and (iii) it indicates the importance of the discontinuous pathosystem in the functioning of the gene-forgene relationship.
The non-alternating life cycle is less specialised, and it is the most common among crop parasites.

9.9 Two Kinds of Biological Control
W e must make a distinction between biological control and biological anarchy. Biological control is the
reduction of the parasite population by hyper-parasites, predators, antagonistic micro-organisms, competitors, and
organisms that trigger a resistance response in the host. Biological anarchy is the loss of biological control that
results from the use of crop protection chemicals that unintentionally kill the agents of that biological control.
Biological anarchy can also occur when a parasite is moved to a new continent and the agents of its biological
control are left behind in the centre of origin. The classic examples of this latter category involved the introduction
of rabbits and cactus to Australia.
Biological control may be natural or applied. Applied biological control is a deliberate attempt to
overcome biological anarchy.
There are three categories of applied biological control. The first involves a new-encounter parasite or
weed that has been introduced from abroad, such as rabbits and cactus in Australia. This category of biological
control involves the import of control agents from the place of origin of that parasite or weed. The second category
is the deliberate propagation of biological control agents, and their introduction into an infested crop. This form of
biological control is at its most effective in glasshouses, and against insect parasites. The third is integrated pest
management (IPM) in which the natural biological control is encouraged by reducing the use of crop protection
chemicals as much as possible. IPM is at its most effective when there has been a serious pesticide overload, and
when the crop in question has relatively high levels of horizontal resistance.
Biological anarchy (Robinson, 1996) occurs when biological control is severely diminished, or is absent,
because the agents of biological control have been reduced or eliminated by crop protection chemicals. Biological
anarchy has remained largely unrecognised and it is important in three ways.
First, biological anarchy means that the damage from parasites is considerably increased. The importance
of this increase is indicated by the widespread effectiveness of IPM.
Second, it is clear that horizontal resistance is the most important tool in the practice of IPM. The greater
the horizontal resistance, the less is the need for crop protection chemicals, and the more effective is the biological
control. Horizontal resistance leads to an increase in biological control. Equally, biological control makes
horizontal resistance more effective, in the sense that less resistance is required when the biological control is fully
functional. Horizontal resistance and biological control are mutually reinforcing.
Third, it is impossible to make accurate measurements of horizontal resistance when there is biological
anarchy. This is a serious problem when breeding for horizontal resistance, because it is impossible to imitate
biological control in a plant growth chamber, and considerable biological anarchy reigns in most agro-ecosystems.
In practice, this difficulty can be resolved only by a combination of relative measurements of horizontal resistance
among cultivars, and long-term experience of cultivar behaviour in farmers’ fields, in the absence of crop
protection chemicals, and in the absence of all biological anarchy.
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9.10 Two Kinds of Selection
Darwin recognised the important differences between natural and artificial selection. W e can now
recognise that the complexity and adaptability of the wild plant pathosystem is the result of self-organisation, and
of natural selection operating on emergents. Many of these emergents appear, and can be discerned and selected,
only at the higher systems levels.
Artificial selection of plants began with the first farmers, some nine thousand years ago. Although
undoubtedly intelligent, these farmers were scientifically ignorant. They probably exerted selection pressures
unconsciously, simply by keeping the best-looking plants for propagation. Some of their selections involved
qualitative changes. One of the more important of these was the loss of the seed-shedding character. All crops, in
which the harvestable product is the seed, retain their seed in the ear, pod, or fruit. This is also true of most crops
that are merely propagated by seed, such as tobacco. Other qualitative changes included the free-threshing wheats
and barleys, the adoption of entirely new allopolyploids, such as arabica coffee (Coffea arabica), and the loss of
undesirable physiologic sinks, such as flower formation or seed production, as with garlic (Allium sativum) and
yam (Dioscorea rotundata).
However, most of the changes in plant domestication were quantitative, including such variables as yield
potential, quality of crop product, and day-length sensitivity. For example, the development of temperate cultivars
of rice permitted the civilisations of both China and Japan, and changes in the day-length characteristics of soya
produced an entirely new agricultural industry in the United States. And all potatoes in industrial countries are dayneutral.
Early agriculture was close to a wild ecosystem in the sense that the human controls were minimal, and
the self-organisation was maximal. It was only during the twentieth century that the human controls became
excessive, and inappropriate. However, it must be clearly understood that this happened under the enormous
pressure of a burgeoning human population. Food production has increased correspondingly during the same
period, and this is no mean achievement. But it was made at considerable cost, including that of a lost pathosystem
balance. This loss of balance must now be corrected.
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Chapter Ten

10. Self-Organisation and Biological Order
10.1 Introduction
Parasitism is often regarded as being competition between host and parasite. This view is probably an
error, and it is highly doubtful that parasitism is ever competition between host and parasite, at any systems level,
and on any time scale. It would be equally misleading to think of parasitism being co-operation between host and
parasite, although much pathosystem behaviour might suggest this. Parasitism should be regarded as biological
order, resulting from a remarkably effective self-organisation. This is self-evident from the successful co-existence
of host and parasite over periods of geological time. That is, the parasite never impairs the evolutionary or
ecological survival of the host. And the host never impairs the evolutionary or ecological survival of the parasite.
The evolution of a functioning gene-for-gene relationship, and a system of biological locks and keys,
cannot be explained on the basis of natural selection operating on random mutations (see 2.10). Indeed, any attempt
at such an explanation leads to a reductio ad absurdum. But the evolution of such a system is easily explained on a
basis of Kauffman’s (1993) concept of natural selection operating on self-organisation within a complex, adaptive
system. Indeed, the system of locking produced by the gene-for-gene relationship is itself an elegant example of
biological self-organisation. It is also an elegant example of biological order, and it is an excellent example of an
emergent. Its evolution can perhaps be explained best in terms of natural selection operating on emergents.

10.2 The Crop Pathosystem
The crop pathosystem differs from a wild plant pathosystem in all those aspects of agriculture that might be
described as artificial, or man-made.

10.2.1 Historical
In 1840, there were no devastating pests or diseases of crops. And there were few insecticides or
fungicides, because there was no real need for them. The only known crop fungicide was flowers of sulphur, used
as a dust, to control powdery mildews. The only known crop insecticide was soft soap (i.e., potassium soap) used to
control aphids. In those days, it was normal to find a codling moth grub in the core of an apple, a caterpillar in the
heart of a lettuce or cabbage, or weevils in stored cereal products. But these were about the limits of the problem.
W e have to ask the inevitable question “W hat has changed in a century and a half?” Crop parasites are now a major
problem, taking about 25% of pre-harvest crop yields world-wide, in spite of pesticides that cost billions of dollars
a year, and which cause endless pollution problems. There appear to be three basic reasons.
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10.2.2 Species redistribution
Trouble began with the relatively recent movement of plant and parasite species from one continent to
another (see 3.8). The first major disaster was potato blight (Phytophthora infestans), introduced to Europe from
Mexico and the United States in the1840s. Next was the grape Phylloxera, introduced to Europe from the United
States in the mid-nineteenth century, and which soon threatened to destroy the wine and table grape industries of
Europe. This problem was solved by grafting the classic wine grapes on to rootstocks of wild, resistant, North
American grapes. However, downy mildew was imported with these rootstocks and the wine industry was
threatened with ruin for a second time. This second problem was solved by the discovery of Bordeaux mixture in
1882.
Sometimes, it was a new host that was introduced to an indigenous parasite. The classic example of this was
the introduction of potatoes to the State of Colorado, where they newly encountered a parasite of the wild buffalo bur
(Solanum rostratum). This parasite became the one of the worst crop pests ever known, and it is still famous as the
Colorado beetle (Leptinotarsa decemlineata) of potatoes. Other examples include the introduction of bananas to the
Caribbean, where they newly encountered Panama disease (Fusarium oxysporum f.sp. cubense) and Moko disease
(Pseudomonas solanacearum).
These were all new-encounter parasites, in which the host and parasite had evolved separately in different
parts of the world. Equally damaging were the re-encounter parasites, in which the host was moved to a new area, and
some of its parasites were left behind. At a later date, these parasites were inadvertently introduced to the new area
where the host had inevitably lost resistance to them. Some of the sugarcane and coffee diseases are the most
notorious of the re-encounter parasites in the New W orld. Tropical rust of maize in Africa is one of the most
important and is described above (see 7.2).
Finally, some of the old-encounter parasites became more damaging in new areas, or with new cultivation
methods. W heat diseases in North America are an example.

10.2.3 Human population increase
During the nineteenth century, the world population of people roughly doubled to one and a half billion.
During the twentieth century, it increased to six billion. This exponential increase was due primarily to an improved
medical science, which reduced the human death rate. The highest death frequency was the infant mortality rate,
which was typically 50% before 1800. However, the reduced death rate, including a greatly reduced infant mortality,
was not balanced by a corresponding decrease in the birth rate. It is not sufficiently appreciated that all of our modern
environmental problems, without exception, are the result of our own over-population.
Crop scientists have had to increase food production in line with the population increases. In general, they
have succeeded. Much of the increase came from putting more land under the plough, and there were some
spectacular increases from plant breeding. These increases included remarkable breeding successes in sugar beet,
sugarcane, hybrid maize, soybean, and the dwarf wheats and rices of the green revolution. But, in general, there were
significant increases in the yields and quality of most crops.

10.2.4 Inappropriate plant breeding
The conflict between the two schools of genetics, the Mendelians and the biometricians, smouldered for
decades following the scientific resolution of this dispute in the 1920s. During this period of conflict, the members of
the Mendelian school of genetics exhibited an adamantine refusal to even recognise, let alone investigate, horizontal
resistance. This represents the main failure of twentieth century plant breeding, to be set against its many successes.
The pressure to meet the ever-increasing demand for food may have contributed to the insistence on the use
of single-gene resistances during the twentieth century. However, as we have seen, this type of resistance provided a
short-term solution only. In the long-term, it was severely damaging because its use resulted in serious losses of
horizontal resistance. The problems that this insistence on the use of vertical resistance has caused have already been
listed (see 5.5), and need not be repeated here.
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10.2.5 The development of crop protection chemicals
As we have seen, there were no effective fungicides until 1882, apart from the dusting of powdery
mildews with flowers of sulphur. And, until 1940, and the discovery of DDT, there were no effective insecticides,
and farmers were using some very dangerous poisons, such as compounds of lead, arsenic, mercury, and cyanide to
control Colorado beetle of potatoes, codling moth of apples, and other major pests.
The discovery of the fungicide Bordeaux mixture, by Millardet, in 1882, initiated the age of crop
protection chemicals. A surge of developments in both chemistry and application methods followed. As a
consequence, there was a steady decline in the use of host plant resistance, and a steadily increasing reliance on
crop protection chemicals. This situation was aggravated by the tendency to screen breeding populations of plants
under the protection of either vertical resistance or of crop protection chemicals. These techniques led to a serious
decline in the levels of horizontal resistance (see 5.3.4).
One of the more tragic aspects of this reliance on crop protection chemicals was their instability (see 10.6)
resulting from the appearance of new strains of the crop parasites that were resistant to the chemical in question.
This was a situation little different from the ‘boom and bust’ cycle of vertical resistance breeding.

10.3 Self-Organisation
The message of this book is that the crop pathosystem has been over-controlled. Indeed, it has been quite
grossly over-controlled. The time is now ripe to relax this control, and to allow self-organisation (see 2.4) to
operate. At the higher systems levels, this self-organisation will be essentially human, and it will closely resemble
the self-organisation of the food production and distribution systems. That is, as many individuals as possible
should be actively engaged in crop improvement, and they should have complete freedom to breed any crop they
choose, using any technique they choose. Their efforts will be rewarded exclusively by results.
At the lower systems levels, this self-organisation will involve the response of genetically diverse plant
populations to various selection pressures in a process of recurrent mass selection. There will then be progressive
improvements in numerous cultivars of many important crops, with increasingly high levels of horizontal resistance
to all locally important parasites. Because horizontal resistance is durable, a good cultivar need never be replaced
expect by a better cultivar. After some decades of self-organisation, there will be near-perfect cultivars of most
crops in most agro-ecosystems.

10.4 Pathosystem Balance and Pathosystem Evolution
The world is still green. This assertion can mean only that every wild plant pathosystem has very effective
autonomous controls, which prevent either the parasite or the host from causing excessive damage, each to the
other. It is clear that these controls can have evolved only by group selection. It is also clear that this group
selection occurs at almost the highest of taxonomic levels because the ‘group’ consists of at least two different
species, usually as evolutionarily remote from each other as plant hosts and either insect or fungal parasites. This is
systems evolution. It represents natural selection operating on emergents, at the highest systems levels, in complex
adaptive systems. It is in this context that the parallel evolution of the alternating parasites of plants (see 8)
becomes so interesting. It is remarkable that parasites as evolutionarily remote from each other as insects and fungi
should have evolved such complex yet fundamentally similar life cycles.
W hen discussing the evolution of plant pathosystems, it is perhaps useful to think of the pathosystem as a
single entity, in the sense that a species can be regarded as a single entity. But the single entity of the pathosystem
is at a higher system level than that of a species. In this sense, one pathosystem can compete with another, both
ecologically and evolutionarily, within one ecosystem. And the evolution of a pathosystem must obviously involve
group selection, with the ‘group’ consisting of both the host and the parasite.

10.5 Macro-evolution and Micro-evolution
There are six differences between macro-evolution and micro-evolution.
Macro-evolution is often called Darwinian evolution. Its definitive characters are:
·
It normally requires periods of geological time (i.e. millions of years).
·
It is evolution above the species level.
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·
·
·
·
·

It
It
It
It
It

produces changes that are new.
is irreversible; macro-evolution never goes backwards.
produces new species.
leads to an increase in complexity.
produces new genetic code.

Micro-evolution is the converse in all of these attributes:
·
It operates during periods of historical time.
·
It is evolution below the species level
·
It produces changes that are not intrinsically new.
·
It is reversible.
·
It produces ecotypes, agro-ecotypes, pathodemes, and pathotypes, but not new species.
·
It does not lead to an increase in complexity; it merely rearranges existing complexity.
·
It does not produce new genetic code.
The term ‘evolutionary competition’ usually refers to macro-evolution, while the term ‘ecological
competition’ usually refers to micro-evolution. All day-to-day pathosystem considerations concern ecology and
micro-evolution. W hen Johnston (1979) coined the much-quoted term ‘man-made evolution’, in connection with
the breakdown of vertical resistance, he was, of course, referring to micro-evolution.
Because of agricultural misconceptions, it is often thought that the evolution of entirely new vertical genes
can occur in historical time. This is believed to be true of vertical parasitism genes that ruin an otherwise valuable
cultivar. It is often believed to be true of vertical resistance genes also. However, because these genes may be new
to science does not mean that they are new to nature.
In fact, it is clear that the evolution of a gene-for-gene relationship requires macro-evolution. This is because
the natural selection is operating on emergents, not on the effects of single genes. This macro-evolution can result
only from group selection operating on emergents such as the n/2 model (see 4.15). Emergents such as these occur
only at the higher systems levels and they involve the mutual survival advantage of groups of such distantly related
organisms as plants and insects, or plants and fungi.
W hen discussing evolution, it is perhaps helpful to think of each systems level as an ‘entity’ in its own right.
For example, a species is an entity and, in the course of time, it can change and evolve, while remaining an entity. A
pathosystem is also an entity that can change and evolve, while remaining an entity. It should be remembered also that
each entity has its own emergent properties, and that group selection is the result of selection pressures operating on
these emergents. The agro-ecosystem is also an entity and all aspects of plant breeding should aim at producing a
balanced agro-ecosystem.
However, the functioning of a gene-for-gene relationship requires micro-evolution. It employs ecological
mechanisms of genetic homeostasis, such as density dependent selection, for the maintenance of pathosystem
balance.

10.6 Stable and Unstable Protection Mechanisms
Any mechanism that protects a host against a parasite is either within or beyond the capacity for microevolutionary change of the parasite. There is no recognised term for this phenomenon and, in the present work, the
two categories of protection mechanism are labelled ‘unstable’ and ‘stable’ respectively. (However, it must be
clearly recognised that these terms are also used in a wider context, and with a less restricted meaning, throughout
this book, e.g., “ecological diversity confers stability”).
In other words, a mechanism that is within the capacity for micro-evolutionary change of the parasite is
described as ‘unstable’, because it is liable to stop functioning when a new strain of the parasite appears. An
unstable mechanism is thus temporary in its effects. These unstable mechanisms include both vertical resistance
and many crop protection chemicals. There is every reason to believe that the single-gene resistances of genetically
engineered, transgenic plants will also be unstable (see 10.6.2).
Conversely, a stable mechanism is beyond the capacity for micro-evolutionary change of the parasite, and
its effectiveness is permanent. Stable mechanisms include both horizontal resistance and various crop protection
chemicals.
The corresponding nouns are ‘stability’ and ‘instability’.
Unstable mechanisms exhibit a differential interaction (variable ranking) between the protection
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differentials and the parasite differentials. Stable protection mechanisms exhibit a constant ranking (see 6.1). The
various categories of differential interaction (Robinson, 1987) indicate the mechanisms of instability, which range
from a simple dietary preference in insects to inter-specific host hybridisation. These categories are:
·
The Person/Habgood differential interaction, (the vertical subsystem).
·
The false differential interaction.
·
The simple change differential interaction.
·
The toxin sensitivity differential interaction.
·
The environmental differential interaction (site-specificity).
·
The qualitative polyphyletic differential interaction.
·
The quantitative polyphyletic differential interaction.
·
The hybridising parasite differential interaction.
·
The hybridising host differential interaction.
·
The immunity differential interaction.
These differential interactions are beyond the scope of the present book and specialists requiring greater
detail should consult the original. Generally, the less the genetic difference between host differentials, the greater
the instability. For example, a host resistance based on dietary preferences in an insect is likely to be unstable, even
though there is no gene-for-gene relationship.
Some comment concerning Vanderplank’s (1963) terms ‘vertical’ and ‘horizontal’ may be useful.
‘Vertical’ means that a gene-for-gene relationship is present, while ‘horizontal’ means that there is no gene-forgene relationship. These terms can be used to describe resistance in the host, parasitic ability in the parasite,
populations of both host and parasite, subsystems of a pathosystem, and so on. But they are not synonymous with
‘unstable’ and ‘stable’ respectively. Vertical resistance is usually (but not invariably, see 5.7) unstable, but not all
unstable resistances are vertical. Equally, horizontal resistance is stable, but not all stable resistances are horizontal
(see 5.7).
Vanderplank’s terms have never been popular, probably because abstract terms are somewhat
unfashionable. Their use should perhaps be restricted to technical discussion concerning the presence or absence of
a gene-for-gene relationship. It is to be hoped that the terms ‘stable’ and unstable’ become common usage in the
wider context of protection mechanisms, if only to refute the popular belief that all protection mechanisms are
unstable.
Finally, it should be noted that the term ‘unstable’ describes the protection mechanism when, in fact, the
mechanism itself remains unchanged, and it is the parasite that undergoes micro-evolutionary change. Ideally, this
term should describe the parasite, but no suitable words seem to exist.
The following examples illustrate the importance of this phenomenon of stability and instability.

10.6.1 Plant host resistance
In agriculture, horizontal resistance is stable host resistance, and vertical resistance is unstable resistance.
The importance of this distinction does not need to be stressed.
Vertical resistance is unstable only under agricultural conditions, because it is employed on a basis of host
population uniformity. However, in a wild pathosystem, where it operates as a system of locking, probably as the
n/2 model (see 4.15), vertical resistance provides a stable protection at the systems level of the pathosystem.
There are three levels of suboptimisation involved the agricultural use of vertical resistance. First is the
attempt to control a crop parasite with only one subsystem, the vertical subsystem. Second is the use of a single
vertical resistance throughout the entire population of a cultivar. Third is the tendency to use a single vertical
resistance, conferred by a single gene, because the wild hosts had their many, single-gene vertical resistances
broken up during the breeding process.
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10.6.2 Transgenic resistance
About a century after the Mendelian-biometrician conflict started, the molecular biologists give every
appearance of following a similar route. W ith great scientific excitement on their side, but with rather few
opportunities for practical application, the molecular biologists are pursuing the idea of transgenic resistance in
crops with great vigour. There is a very real danger that most of these single-gene resistances will prove as
ephemeral as vertical resistance, when they are employed in farmers’ crops on a basis of uniformity. Many
irresponsible claims have been made for newly discovered resistance genes, and it is of the utmost importance that
this matter be properly assessed.
There can be no doubt that a large area of crop, uniformly protected by a single-gene resistance, will exert
very strong selection pressure on the parasite. Clearly, the crucial question is whether these transgenic resistances
are within, or beyond, the capacity for micro-evolutionary change of the parasite. And this is not an easy question
to answer with any degree of confidence. However, there can be no doubt that great uncertainty exists, and that the
molecular biologists should be much more cautious at claiming to have found the answer to crop parasites.
One possible argument is to examine the nature of immunity. The maximum level of horizontal resistance
may confer an apparent immunity but it is not true immunity. This is because the horizontal resistance can be
host-eroded (see 6.6.1), and the apparent immunity will then be revealed as mere resistance. But it is polygenically
inherited resistance, which is beyond the capacity for micro-evolutionary change of the parasite, and it is stable.
Similarly, vertical resistance confers an apparent immunity, but only to non-matching vertical pathotypes. This is
not true immunity because it is within the capacity for micro-evolutionary change of the parasite, and it is unstable.
Immunity means that wheat is immune to coffee rust, and coffee is immune to wheat rust. W e must
enquire whether this true immunity can be genetically controlled by a single gene. And we are compelled to
conclude that this is most unlikely. It follows that a transgenic resistance conferred by a single gene will not be true
immunity. And, because it is conferred by a single gene, this resistance is likely to result from a simple resistance
mechanism, such as hypersensitivity. And a simple resistance mechanism is likely to be within the capacity for
micro-evolutionary change of the parasite. Such a mechanism will thus confer a temporary resistance. It will be
unstable.
An alternative argument is that a transgenic resistance could involve many genes, and be stable.
Unfortunately, the transfer of a sufficient number of genes to confer such stability is beyond the capacity of genetic
engineering, which is concerned with single genes. Such a transfer of many genes is also likely to alter the target
host, beyond acceptable limits.

10.6.3 Fungicides
The copper fungicides are clearly stable, as more than a century of use has demonstrated. So too are the
dithiocarbamate fungicides. But a systemic fungicide such as metalaxyl is clearly unstable, as resistant strains of
Phytophthora infestans and other pathogenic fungi have demonstrated.

10.6.4 Insecticides
Inert compounds such as insecticidal soaps, oil films on water, and diatomaceous dusts constitute stable
insecticides. Active insecticides, such as rotenone, extracted from the roots of derris (Derris elliptica), and natural
pyrethrins extracted from the flowers of pyrethrum (Chrysanthemum cineriifolium), are stable insecticides.
Rotenone has been used for centuries in the Far East to control body lice, without any suggestion of resistant lice
appearing. And pyrethrum flowers have been added to bedding in Dalmatia, for a comparable period, to control
fleas and bed bugs, without any suggestion of resistant strains of these parasites appearing.
An extract of natural pyrethrum apparently contains many different pyrethrins, whereas synthetic
pyrethroids each consist of a single active ingredient. It is possible that the stability of natural pyrethrins is due to
this mixture, this ‘cocktail effect’. It may well be the complexity of the mixture that is beyond the capacity for
micro-evolution of the parasite. It is not yet clear whether the mixture of pyrethrins occurs within one pyrethrum
plant (or clone), or whether it derives from the fact that most pyrethrum crops are genetic mixtures. Both
possibilities merit investigation.
Most synthetic insecticides, including the synthetic pyrethroids, however, are unstable. The classic
example is DDT, and the appearance of DDT-resistant houseflies and malarial mosquitoes.
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10.6.5 Antibiotics
Following Flemming’s discovery of penicillin, it soon became obvious that antibiotics are unstable. This
instability appears to be true of all antibiotics. If we compare antibiotics with pyrethrins, however, the problem
presumably emerged from the excessively widespread use of a single antibiotic, which continued until a resistant
strain of the parasite appeared. Possibly a cocktail of several different antibiotics, used only in life-threatening and
otherwise dangerous situations, would be stable.

10.6.6 Mammalian antibodies
It seems that all acquired immunities, due to antibodies, are unstable. This protection mechanism, like
vertical resistance in plants, appears to function primarily at the systems level of the population, and the possible
loss of a few individuals, mainly in infancy, is of minor evolutionary significance.
The importance of this population protection was dramatically demonstrated when the Spaniards and their
African slaves introduced many re-encounter human diseases to the New W orld. The Amerindians lacked
antibodies to these diseases, having been free of them for many millennia. The effects were disastrous, with
Amerindian mortalities that occasionally reached ninety percent. But the Europeans and Africans survived, and
largely re-populated the depopulated areas. The extinction of indigenous populations occurred mainly among the
people who had small populations because they lacked agriculture. The highly civilised agricultural people, such as
the Aztecs, survived best because they had large populations resulting from an efficient agriculture based on maize,
beans, and squash.

10.6.7 Herbicides
Some modern herbicides are unstable, and herbicide-resistant weeds have appeared. Dandelions in urban
lawns are one of the more prominent.

10.6.8 Rodenticicdes
W arfarin, the anti-coagulant rodenticide, is unstable. W arfarin-resistant rats and mice are now common in
many areas.

10.6.9 Anti-malarial drugs
The synthetic anti-malarial drugs are all unstable in the sense of this book. However, quinine, extracted
from several species of Cinchona, appears to be stable. These instability effects should not be confused with the
therapeutic effects of these drugs. Thus, quinine provides a less effective control of malaria than the synthetic
drugs, but only the latter are liable to fail in the presence of new strains of the parasite.

10.7 The Fundamentals of Pathosystem Balance
Pathosystems balance must be considered in terms of both macro-evolution and micro-evolution. Let us
consider macro-evolution first.
For any existing wild plant pathosystem, it can be irrefutably asserted that the host has survived macroevolutionary competition, in spite of the damage caused by the parasite. Furthermore, it can be asserted equally
forcefully that the parasite has survived macro-evolutionary competition, in spite of the resistance of the host. This
is a core argument, and it is, perhaps, the most fundamental aspect of any theoretical study of parasitism.
At the micro-evolutionary level, it can be asserted that any existing wild plant pathosystem must have
survived the many vagaries and fluctuations of ecological (i.e. micro-evolutionary) competition, throughout its long
macro-evolutionary history. Possibly the most important aspect of ecological competition is the occasional freak
season which so favours the parasite that the host population is devastated. Pathosystem survival means that neither
the host nor the parasite has at any time seriously impaired the ecological competitive ability of the other.
From these assertions, we can reach a conclusion that is, perhaps, self-evident. W ild plant pathosystems
are balanced, stable systems. This conclusion enables us to identify the components of pathosystem balance with
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some confidence.
Pathosystem balance is a dynamic equilibrium between the survival requirements of the host species, and
the survival requirements of the parasite species. Neither species threatens the survival of the other. This
equilibrium is both ecologically stable, and evolutionarily stable. That is, neither organism threatens the
competitive ability of the other, in either short-term ecological periods (historical time), or in long-term
evolutionary periods (geological time).

10.8 Parasitic Devastation
There are various ways in which a host population can cope with an
occasional abnormal season. Such a season might greatly favour the parasite and
could lead to the devastation of the host population. Similar arguments can be
applied to the devastation of plant populations by fire, following an unusually
severe drought.

10.8.1 Discontinuous pathosystems
It is now clear that the gene-for-gene relationship has evolved in many different kinds of parasites of
plants, including Angiosperms (e.g., Orobanche), insects, nematodes, fungi, bacteria, and viruses. That it should
have evolved analogously in so many, and in such diverse groups of parasites is a powerful argument for evolution
operating by group selection on emergents at the higher systems levels. The system of locking of the gene-for-gene
relationship is clearly an emergent, and it is a stabilising mechanism of immense value in plant pathosystems. It is
clear also that the gene-for-gene relationship evolved to stabilise mainly r-strategist parasites that are capable of
major population explosions because of their asexual reproduction.
K-strategist plant hosts, such as large trees, have massive nutrient reserves and they easily survive an
occasional lean season when parasites destroy seasonal tissue, such as leaves, fruit, and seeds. Many mature trees
are also fire-resistant.
Many plants have recovery mechanisms that enable them to restore their population after a parasite
devastation, or a major fire. These mechanisms include the nutrient reserves in the buried, dormant seeds of
annuals, and the subterranean storage organs of perennial herbs, such as tubers, rhizomes, or bulbs.

10.9 The Parasitic Optimum
In order to ensure its own survival, the parasite must produce a minimum biomass each season. If it is an
obligate parasite, it can do this only at the expense of the biomass of its living host. But any damage to the
ecological or evolutionary competitive ability of its host impairs the survival of that host. If the survival of the host
is impaired, the survival of the parasite is also impaired. Consequently, any parasite that damages its host, beyond
its own minimum survival requirements, jeopardises it own survival.
It follows that, in a balanced pathosystem, there must be a limit to the production of parasite biomass. Any
excess of parasite growth, beyond the minimum required to guarantee its own survival, will threaten the parasite’s
own survival, simply by threatening its host’s survival. Consequently, any mechanism that prevents an excessive
parasitic drain on the host biomass, is an evolutionary survival value for the parasite. This argument applies to any
mechanism that limits parasitism, whether it occurs in the host, the parasite, or both. And this must surely be the
ultimate function of the gene-for-gene relationship, when it functions as a system of locking.
The parasitic optimum may be defined as a level of parasitism such that the parasite does not exploit the
host biomass beyond its own survival requirements.
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10.10 The Resistance Optimum
From the fact that parasitism still occurs, it follows that there must be a resistance optimum in the host,
corresponding in general terms to the parasitic optimum in the parasite. In other words, the parasite survives in
spite of the resistance in the host. Obviously, the host was never able to accumulate sufficient resistance to kill off
the parasite completely. There appear to be three general reasons for this limit to the level of resistance in the host.
First, we must consider a basic requirement of evolution, which is the necessity for all species to
reproduce beyond the carrying capacity of their environment. This is because any species that consistently
reproduces below the carrying capacity of its environment will become extinct. The carrying capacity of the
environment also varies from season to season. The only way a species can guarantee survival is to reproduce with
a safety margin that is well in excess of the average carrying capacity of the environment.
This means that there is always a surplus of individuals, and the least fit fail to survive. It is perhaps more
accurate to think of evolution being the elimination of the least fit, rather than the survival of the most fit.
Consequently, a basic principle of evolution is that every species produces an excess of biomass. W ithin plant
ecosystems and plant pathosystems, the excess biomass of the host may occur as an excess of host individuals, or
an excess of host tissue (e.g., grasses that are grazed), beyond the absolute requirements of survival.
Before the evolution of consumer species (i.e., herbivores, carnivores, and parasites), there were only
producer species (i.e., green plants, and cyano-bacteria), which converted solar energy into biological energy, and
reducer species (i.e., fungi and bacteria), which recycled the nutrients in dead tissues. W ith the evolution of
consumer species, the reducers were partly replaced. That is, the consumers utilised excess individuals and excess
tissues before they died of over-crowding or senescence.
Consequently, with parasitism, the loss of excess host tissue, which the host produces anyway, would not
affect the survival ability of that host. In other words, a limited parasitism can occur without impairing the survival
ability of the host. But both the resistance optimum and the parasitic optimum must obviously ensure that this loss
of host tissue does not exceed the unwanted surplus. The loss of tissue must not impair the host’s ability to compete
and to survive, either micro- or macro-evolutionarily.
The second reason why the host cannot kill off the parasite entirely is that the level of resistance depends
on selection pressure from the parasite. As the level of resistance increases, the level of parasitism decreases, and
the selection pressure for resistance also decreases. There is little doubt that the selection pressure for resistance
stops at a low level of parasitism. Once that level of parasitism is reached, the host cannot accumulate any more
resistance. In other words, there is a maximum level of resistance, and this level allows some parasitism to occur.
(It is worth noting that this natural maximum is not necessarily the absolute maximum, and that the natural
maximum can be increased by artificial selection; that is, horizontal resistance can be domesticated to levels above
those of the wild plant pathosystem; see 10.11).
The third reason why the host cannot kill off the parasite entirely is that evolution cannot anticipate. If it
could, there would be a considerable survival advantage for the host to maintain enough resistance to prevent
parasitism completely, until the parasite became extinct. The level of resistance, and the genetic cost of that
resistance, could subsequently be reduced to zero. This would be an important evolutionary gain that would pay off
handsomely in the long run. But evolution operates on the basis of current survival, not future survival, and it
cannot anticipate such a future survival advantage, however great its potential may be.
There are additional arguments why this particular evolutionary anticipation could not work. First is the
question of facultative parasites, which can survive saprophytically for considerable periods without parasitism.
Even if the host could exhibit evolutionary anticipation, it would have to eliminate parasitism until the facultative
parasite had lost parasitic ability entirely. This would presumably require geological time. Second, many parasites
have a host range that embraces more than one host species. Evolutionary anticipation would have to occur
simultaneously in all those other host species if the parasite were to become extinct. Third, there is the problem of
geographic distribution. The evolutionary anticipation would have to occur simultaneously over the entire
geographic range of the parasitism, if the parasite were to be eliminated.
It seems that the evolution of the host is quite unable to prevent a low level of parasitism. This parasitism
is a level that does not impair the host’s ecological and evolutionary survival ability, just as the grazing of wild
grasses by wild herbivores does not normally impair their survival. The host can obviously restrict parasitism when
it does threaten its ecological and evolutionary competitive ability. But, so long as the parasite is taking only host
tissue that is surplus to these competitive requirements, there will be no selection pressure for resistance.
This limit to resistance in the host defines the resistance optimum. It allows parasitism to occur, and to
continue at the level of the parasitic optimum, but no higher.
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10.11 The Normal Level of Horizontal Resistance
A wild host species would presumably exhibit a normal distribution of horizontal resistance. Each ecotype
would possess the level of resistance necessary to balance the epidemiological competence of the parasite in that
part of the ecosystem (see 6.4).
This assumption has important agricultural implications. W ild plants are consistently more resistant that
cultivars, and yet we must assume that most wild plants have only the modal level of horizontal resistance. Given a
normal distribution, this modal level is about half of the available resistance. The implication is that horizontal
resistance can be domesticated, in the same way that both the yield, and the quality of product, of cultivars were
domesticated far beyond their original levels in wild plants. If this assumption is correct, it is clear that there would
be little difficulty in accumulating enough horizontal resistance to provide a virtually complete control of parasites
in crops.
The evidence available for this assumption is mainly theoretical. Factual evidence is almost entirely
lacking because there has been so little study of wild plant pathosystems, and so little study of horizontal
resistance. Clearly, such studies are urgently required, and they would make excellent research projects for
graduate students.
However, there is some factual evidence from agriculture. Before the industrial revolution, draught
animals, such as horses or oxen, were used for ploughing and drawing carts. But all other work was done by hand.
Furthermore, fertilisers were limited to farmyard manure, and there was never enough. These various factors meant
that yields were generally rather low. The control of crop parasites was limited to crop rotation and, perhaps, the
burning of crop residues. However, centuries, indeed, millennia, of selection by farmers had produced local
landraces that must have had adequate resistance to all the locally important parasites. These crops were grown
successfully and economically, without any crop protection chemicals. These cultivars are now known as ‘heritage’
or ‘heirloom’ seeds, and they are in demand among organic farmers. Had these heritage seeds been as susceptible
as many modern cultivars, for which crop protection chemicals are essential, the world would have starved.
W ith the advent of modern agriculture, yields have been increased very considerably by mechanisation, by
the use of artificial fertilisers and synthetic herbicides, insecticides, and fungicides, as well as by the development
of modern high-yielding cultivars. Tragically, these increases have also led to a loss of horizontal resistance to crop
parasites, because of inappropriate plant breeding in which there was negative selection pressure for horizontal
resistance (see 5.5.4).

10.12 The Parasitism Arms Race
Parasitism is often regarded as an ‘arms race’, and as a competitive situation in which mutual antagonism
between the host and the parasite leads to an unending struggle for supremacy. This argument postulates that the
parasite constantly increases its parasitic ability, while the host constantly increases its resistance, each in
competition with the other. This competition is often referred to as an ‘arms race’, with a clear derivation from the
nuclear arms race during the cold war between the U.S.A. and the Soviet Union. However, there are cogent
arguments that refute this ridiculous idea.
The case for an arms race postulates that the host species would evolve a gene for resistance, and the
parasite species would then evolve a gene that overcame that resistance, and that this process was repeated ad
infinitum, during periods of geological time. W hile the term ‘arms race’ was obviously borrowed from the
competing industrial-military complexes of the two super-powers, the concept itself had its roots in both the singlegene vertical resistances of modern plant breeding, and the mammalian system of antigens and antibodies.
The first refuting argument concerns the sheer weight of genetic code that would accumulate in the course
of extended periods of evolution. There is no evidence of such an accumulation. It must be remembered also that an
arms race does not allow the host to discard a single gene for resistance, at any time, without a loss of fitness. And
a corresponding observation applies to the parasite.
The second argument concerns the evolutionary instability of such an arms race. If we assume that the
host has no resistance at all, following the appearance of a new gene in the parasite, we must also assume a very
real danger of extinction of the host before it is able to evolve a new gene for resistance. Equally, if that new host
gene confers a complete resistance, there is then a very real danger of extinction of the parasite before it too is able
to evolve a new gene for parasitism. Such an evolutionary yo-yo would be an unstable system and precarious to the
point of self-destruction.
Alternatively, it can be argued that stability could be achieved if the resistance and parasitism were
quantitative, by virtue of being controlled by polygenes, but the arms race itself would then disappear. Suppose that
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the resistance (or parasitism) was controlled by one hundred genes of equal effect. The evolution of a new gene
would alter that resistance (or parasitism) by only one percent. The effect of each new gene that evolved would be
progressively less, until any suggestion of an arms race would disappear entirely. Such an absence of an arms race
apparently exists with every known example of a polygenically inherited, horizontal subsystem.
The third argument stems from the remarkable stability, and economy, of the vertical subsystem, when it
operates as a system of locks and keys in accordance with the n/2 model (see 4.15). This system is the very
antithesis of an arms race. A similar case can be made for the Person model (see 4.18), which could be mistaken for
an arms race. In fact, this model provides remarkable stability without any suggestion of a true arms race.
Finally, the classic Lotka-Volterra cycle describes fluctuations in the relative population sizes of predator
and prey, and it is tempting to assume that a similar fluctuation occurs in the Darwinian evolution of parasitism in
plants. However, the Lotka-Volterra fluctuation is concerned with population numbers, in which each prey
individual is liable to be killed, and each predator individual is liable to die from starvation. The fluctuation is not
concerned with parasitism and resistance, in which neither the host nor the parasite threatens the survival of the
other. Furthermore, the Lotka-Volterra cycle is an ecological fluctuation, not an evolutionary fluctuation. It is a
micro-evolutionary rather than a macro-evolutionary (see 10.5) fluctuation. . The primary function of the system of
locking, the emergent of the vertical subsystem, appears to be a stabilisation of the pathosystem and, as such, it
provides the converse of Lotka-Volterra fluctuations.
It is probably safe to conclude that parasitism is not competition between the host and the parasite.
However, it is clearly not co-operation either. It should perhaps be regarded as controlled exploitation. The
limitation and control of this exploitation is the autonomous control of a wild pathosystem, and this control is an
emergent from self-organisation. The control leads to stability. It is biological ‘order’. Pathosystems are selforganising, complex, adaptive systems. Their evolution has involved natural selection operating on emergents. This
natural selection must have occurred at all systems levels, but most particularly at the higher levels of the
pathosystem and ecosystem.
W e must view the evolution of parasitism in terms of the pathosystem itself, rather than in terms of the
separate evolution of either the host or the parasite, as independent species. W ithin an ecosystem, each pathosystem
is competing with other pathosystems, both ecologically and evolutionarily. This competition depends on an
effective pathosystem balance. If the pathosystem balance is inadequate, the pathosystem survival is impaired.
On this basis alone, it follows that each pathosystem must have both a parasitic optimum, and a resistance
optimum, each with negative feedback mechanisms to ensure homeostasis of these optima. Any failure of
homeostasis will lead to instability, and a reduction in ecological and evolutionary competitive ability.
It follows also that pathosystem evolution involves group selection, operating at the systems level of the
pathosystem. That is, the group selection operates on the interaction between a population of the plant host and a
population of the taxonomically distant parasite. The selection cannot in any sense be regarded as competition
between host and parasite. Still less can it be regarded as an arms race. It is a beautiful example of biological selforganisation, and biological ‘order’.

10.13 Pathosystem Stability
W ild plant pathosystems cannot afford wide fluctuations in the level of parasitism. Such fluctuations
would severely impair the competitive ability of the host species, both ecologically and evolutionarily. Impairment
of the host survival is an impairment to the parasite survival also. It follows that wild pathosystems must have both
resilience and stability. The resilience would cope with such fluctuations in parasitism that do occur, and the
stability would ensure that these fluctuations remained small.
The most obvious mechanism of stability is the system of locking of the gene-for-gene relationship. It can
be argued (see 10.16) that the primary function of the gene-for-gene relationship is to reduce the positive feedback
in the reproduction of the parasite. This positive feedback occurs with the very rapid asexual reproduction of an
r-strategist parasite, and it results in a population explosion. This asexual reproduction increases exponentially and,
given an abnormal summer that favours the parasite, it could lead to an enormous population increase that would be
extremely destructive if it remained unstabilised.
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10.14 Frequency and Injury
The frequency of parasitism is the proportion of host individuals that are parasitised. The injury from
parasitism is the damage suffered by those host individuals that are parasitised, usually expressed as an average. It
is a fundamental feature of pathosystem balance that frequency and injury are inversely proportional. This is
because the total theft of nutrients by the parasite from the host is fixed according to the parasitic and resistance
optima. This total is consequently large enough to ensure the survival of the parasite, but small enough not to
impair the survival of the host. A balanced pathosystem will have powers of recovery from the occasional, small
transgression of these optima.
It follows that the greater the frequency of host individuals that are parasitised, the less the average
parasite injury to each individual, and vice versa. The total host tissue consumed by the parasite is a constant,
defined by the limit of acceptable loss to the host population. This loss of host tissue must not impair the survival
of the host, by being too great, or the survival of the parasite, by being too small.
Obviously, frequency and injury are continuously variable. W hen comparing a wide range of different
plant pathosystems, there is continuous variation between an extremely low frequency and an extremely high
frequency of parasitism.
The extreme of low frequency and high injury is often called the predator-prey relationship. At this
extreme, a small minority of host individuals are totally consumed by the parasite, while the majority of host
individuals escape unscathed. For example, a pride of lion will entirely consume one zebra while leaving the
remainder of the herd untouched. In ecological terms, this represents the extreme of a patchy distribution of
parasitism.
The opposite extreme of high frequency and low injury is often called the host-parasite relationship. At
this extreme, all host individuals are injured equally, but they are injured only slightly. For example, ticks will
parasitise every zebra individual in the herd but will cause negligible injury. In ecological terms, this represents the
extreme of a uniform distribution of parasitism.
In plant pathosystems, the extreme of low frequency and high injury possibly occurs with downy mildew
(Sclerospora gramininicola) of pearl millet (Pennisetum typhoides). Here, a complex vertical subsystem apparently
reduces frequency to the minimum. But, when a matching allo-infection does occur, the host is invaded
systemically, and all its living tissue is utilised by the parasite, which produces spores on every aerial surface of the
host. Similar patchy distributions can occur with insect parasites that are gregarious, such as tent-caterpillars. Such
parasites are likely to damage a few host individuals severely, even to the point of total destruction, while leaving
most of the host population untouched.
The extreme of high frequency but low injury occurs in continuous plant pathosystems that have no
vertical subsystem. These pathosystems are likely to have very high levels of horizontal resistance.
This inverse correlation between frequency and injury is also true with a low frequency in time. A low
frequency in time occurs typically with swarming locusts, such as the desert locust (Schistocera gregaria) which
swarms only once in several years. Between swarms, the host populations are unharmed. But, at the time of a
swarm, the host populations are totally consumed over quite large areas, and they survive only by virtue of buried,
dormant seeds, or other underground organs of regeneration. The affected area is likely to be different during each
infestation, and a particular host population is likely to be devastated rather rarely. One effect of this patchy
distribution in both time and space is that the locust does not exert any selection pressure for resistance on its many
species of host.
In the converse situation, when there is a very high frequency of the parasite, every host individual is
injured equally but the injury is very slight. This is seen typically with savannah grasses in which every individual
in a huge host population is likely to carry one or two rust pustules, but no more.
In other words, the total damage (i.e., frequency multiplied by injury) caused by parasitism, in a wild plant
pathosystem, is a constant, within the limits of a modest seasonal fluctuation. It is also a level of damage that is
controlled by both the resistance optimum and the parasitic optimum, which jointly ensure that the survival of
neither the host nor the parasite is impaired by this strictly limited damage. Under these circumstances, the
frequency of parasitism can increase only at the expense of the average injury, and the average injury can increase
only at the expense of the frequency. Frequent parasitism is not injurious; and injurious parasitism is not frequent.
More complex situations are possible. For example, the level of injury may vary widely within a host
population, depending on when the vertical resistance of the host individual in question was matched during the
period of the epidemic. Here the inverse relationship between frequency and injury is maintained, but only at
particular time intervals during the epidemic. The frequency of parasitism in individuals that are matched at the
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start of the epidemic will be minimal, but their injury will be maximal. The frequency of parasitism in individuals
that are matched at the end of the epidemic will be maximal, but their injury will be minimal.
The total number of vertical genes in the subsystem governs the complexity of the vertical subsystem. W e
may assume the mathematically most efficient system of n/2 genes per individual. The complexity then determines
the probability of an allo-infection being a matching infection. High complexity means both a low frequency of an
early matching allo-infection, and a correspondingly high injury of parasitism.

10.15 The Person Model; Diversity in Time
The Person (1966) model (Fig. 4.7) provides a classic example of population genetics, the movement of
single genes within a population. It is also an example of genetic heterogeneity and genetic flexibility over time.
J.M. McDermott (Personal Communication, 1983) used a computer simulation to show that stability is quickly
reached with as few as three pairs of genes.
The Person model can function only with an annual species of host in which the population is replaced
entirely each season. Each new population has a predominant vertical resistance that is quite different from that of
the previous season. Such rapid changes are clearly impossible with a perennial species of host.
This model is still a system of locking. Most of the locks are the same, but the standard lock changes each
season. As with the n/2 model, the vertical resistance controls allo-infection, and there is a reduction in the
frequency of matching infection. Person (1966) pointed out that the effectiveness of his model is enhanced when
the host has dominant R-genes in a multiple-allelic series in one locus, and the matching genes in the parasite are
recessive and non-allelic.

10.16 Control of the Parasite Population Explosion
W hen there is no vertical subsystem, both the frequency of parasitism, and the injury from parasitism, are
controlled exclusively by horizontal resistance. This horizontal resistance will be at a fairly high level. However,
during a rare, abnormal season which greatly favours the parasite, this level of horizontal resistance could be
inadequate. Both the frequency and the injury of parasitism will then be high, and the host population might be
devastated.
A rare but devastating population explosion of an r-strategist parasite is a serious loss of pathosystem
balance that threatens the survival of both the host and the parasite. In other words, the survival of the pathosystem
itself is threatened, because of its reduced competitive ability compared with other pathosystems. The vertical
subsystem effectively prevents such a loss of balance, and such a threat to survival. It is probable, therefore, that
the main function of the gene-for-gene relationship is to stabilise the pathosystem by dampening the population
explosions of r-strategist parasites.
W hen there is pathosystem continuity, and no vertical subsystem, the host species must have alternative
mechanisms of recovery from an occasional devastation. Perennial evergreen trees can usually survive the loss of
much of a single growing season, just as they would survive an occasional drought. This growth loss would be
revealed as a narrow growth ring in the timber. A devastated annual species usually recovers from the devastation
by a stock of dormant seeds in the soil. Biennial and perennial herbs have underground tubers and rhizomes, which
serve a similar recovery function. Many of these survival mechanisms are also necessary for recovery from other
kinds of population devastation, such as fire or drought. Nevertheless, discontinuous pathosystems appear to have a
powerful evolutionary advantage over continuous pathosystems.

10.17 The n/2 Balance
There are two aspects of the balance of vertical genes in the n/2 model. First, all gene combinations must
have n/2 genes, in both populations, and, second, all the n/2 gene combinations must occur with equal frequency, in
both populations. These are both aspects of genetic homeostasis. There are various possible mechanisms of this
homeostasis.
Density dependant selection is the most likely mechanism ensuring that all gene combinations are n/2. Let
us suppose that the vertical subsystem has twelve pairs of matching genes. Every individual in the host and parasite
population then has six genes, and there are 942 different combinations of six genes, which occur with equal
frequency in both populations.
The six-gene frequency is maintained in the host population by the opposing factors of susceptibility and
vulnerability. Any resistance gene combination that has less than six genes will be matched by an above average
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frequency, and it will suffer a reduced reproduction. Conversely, any combination that has more than six genes will
be matched with a reduced frequency, and it will have an enhanced reproduction. However, this will lead to
vulnerability because this combination will soon be matched with an enhanced frequency.
The six-gene frequency is maintained in the parasite population by the opposing factors of resistance and
scarcity. Any gene combination that has less than six genes will match with a reduced frequency and will suffer a
reduced reproduction. Any gene combination with more than six genes will match with an enhanced frequency.
However, this will lead to a scarcity of matching hosts, and a reduced reproduction.
Density dependent selection will also control the equal frequency of all the n/2 gene combinations. If a
single n/2 combination becomes common in the host population, it will suffer an increased parasitism because the
matching pathotype will also become common. Its reproduction will then decline until vertical subsystem balance
is restored. Conversely, if any resistance combination becomes rare, it will suffer a reduced parasitism because the
matching vertical pathotype will also become rare. It will then have a reproductive advantage, and its numbers will
increase.

10.18 Quantitative Vertical Resistance
Quantitative vertical resistance has always been something of an enigma. It occurs in the some of the
small grain cereals (e.g., Hessian fly, Mayetiola destructor, of wheat), and it is known in wild plant pathosystems
such as the powdery mildew (Erysphe fischeri) of groundsel (Senecio vulgaris) in Britain (Clarke, et al, 1987).
Quantitative vertical resistance is qualitative in its inheritance, which is controlled by single genes. But it is
quantitative in its effects, in that it provides incomplete protection against non-matching allo-infections, and no
protection whatever against matching allo-infections.
So long as we assume that the function of vertical resistance is to control allo-infection, it is difficult to
explain quantitative vertical resistance, because its control of allo-infection and parasitism is incomplete. In fact,
this apparent enigma possibly reveals the true function of the vertical subsystem. This function is to control the
population explosion of an r-strategist parasite. Quantitative vertical resistance does this by controlling the
reproduction of the parasite. It does not prevent the parasitism of a non-matching allo-infection, but it does prevent,
or greatly reduce, the reproduction of the non-matching parasite. In this respect, its function is similar to that of
horizontal resistance. However, unlike horizontal resistance, it cannot control matching allo-infection.
Qualitative vertical resistance, which is much more common, also controls the population explosion of an
extreme r-strategist parasite. It prevents parasite reproduction by killing the parasite that makes a non-matching
allo-infection. This method has the added benefit of controlling some of the parasitism as well. This may explain
why qualitative vertical resistance is so much more common than quantitative vertical resistance.
W hen breeding crops for horizontal resistance, quantitative vertical resistance can be both dangerous and
confusing. However, quantitative vertical resistance can be inactivated during the breeding process by using the
one-pathotype technique (see 7.5).

10.19 The Primary Role of the Horizontal Subsystem
The horizontal subsystem has two somewhat different functions, depending on whether or not a vertical
subsystem is present. If no vertical subsystem is present, all aspects of the parasitism must be controlled by the
horizontal subsystem. That is, both allo-infection and auto-infection, as well as both frequency and injury, must be
controlled by horizontal resistance. If a vertical subsystem is present, however, the function of the horizontal
subsystem becomes mainly the control of auto-infection, and the reduction of injury.

10.19.1 The inverse relationship between vertical resistance and horizontal
resistance
There is an inverse relationship between vertical resistance and horizontal resistance that is essentially the
inverse relationship between frequency and injury (see 10.14).
If there is a vertical subsystem with a complex system of locking, the frequency of matching allo-infection
is low, and the frequency of parasitism is also low. There is then very little selection pressure for horizontal
resistance, which will also be at a low level, and this will result in a relatively high rate of injury.
If, however, there is a vertical subsystem with a simple system of locking (or no vertical subsystem at all),
the frequency of matching allo-infection will be relatively high, and the frequency of parasitism will also be high.
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There will then be a strong selection pressure for horizontal resistance, which will also be high, resulting in a low
rate of injury. The vertical subsystem thus determines the frequency of parasitism which, in its turn, determines the
selection pressure for horizontal resistance.

10.19.2 Variable levels of horizontal resistance
In discontinuous pathosystems that have both a vertical subsystem and a horizontal subsystem, the level of
horizontal resistance often changes during the course of the epidemic. The level is low in the young seedlings, but
it increases with increasing age of the host. For this reason, the breeders of small grain cereals have often called
horizontal resistance ‘adult plant resistance’. This is because their traditional breeding method involved the testing
of young seedlings, in which the effects of vertical resistance are prominent. If cereal breeders want to measure the
level of horizontal resistance, they must use mature (i.e., adult) plants.
This phenomenon means that, in the wild pathosystem, the level of horizontal resistance increases as the
intensity of the parasitism increases, and it reaches its maximum at the climax of the epidemic. This emphasises the
different roles of the two kinds of resistance. W hen the first matching allo-infections occur, at the start of the
epidemic, with the n/2 model, the frequency of parasitism is low, but the injury from parasitism is eventually high.
The high injury results from two factors. The first is the fact of being matched so early in the epidemic. This
ensures the maximum period of parasitism. The second is the low level of horizontal resistance in the young
seedlings.
Similarly, the end of the epidemic is characterised by a high frequency of parasitism, but a low injury from
parasitism. The high frequency results from the repeated cycles of allo-infection, with an increased amount of alloinfection in each cycle, and an increased rate of matching in each cycle. The decreased injury from the parasitism
results from two factors. The first is the fact of being matched so late in the epidemic. This ensures a short period
of parasitism. The second is the high level of horizontal resistance in the adult plant.

10.20 Sustainable Agriculture
All thinking people are concerned about the world food supply. Quite apart from the risk of interruptions in
the production of food (see 1.20), we are becoming increasingly dependent on agricultural methods that are not
sustainable. By definition, an unsustainable agriculture will eventually cease to function. The misuse of vertical
resistance (see 5.5) is a clear component of unsustainability, while the use of horizontal resistance is obviously a
contribution to sustainability.
The replacement of relatively small farms and individual farmers by so-called ‘agri-business’ in which many
small farms are consolidated into large commercial operations, not unlike the Soviet collective farms, may also be
unsustainable. Businessmen do not make good farmers. Biological systems that are left to the ignorant care of an
MBA (Master of Business Administration) tend to degenerate. Major losses in soil structure and soil microbiological
activity in agribusiness farms have already occurred and are there for all to see.
Similarly, the Soviet system of large collective farms collapsed spectacularly because they were not
economically sustainable. However, this does not imply that these collectives were agriculturally sustainable.
Bureaucrats do not make good farmers. The best motive for sustainable agriculture comes from the individual farmer
who wants his son to inherit a farm that is in ‘good heart’. But such farmers are being driven out of production by the
economic pressure of big business.
Similar comments can be made about genetic engineering. This is something of a Pandora’s box of unknown
troubles. W e are putting transgenic plants (known as ‘GMOs’ or genetically modified organisms) into the farming
system while knowing little or nothing of the long-term consequences. These consequences could be comparable to
killer bees in Latin America, Colorado beetles in Europe, or rabbits in Australia, in the sense that they are
unforeseeable and irreversible. If we consider only transgenic resistances, the use of this method of parasite control
promises a repeat of the consequences of the use of vertical resistance (see 5.5). All the other imponderables of
genetic engineering suggest a reduction rather than a gain in sustainability, if only because of obvious suboptimisation
(see 1.11).
In the long run, the sustainability of agriculture is possibly the most important argument favouring the use of
horizontal resistance.
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Chapter Eleven

11. Self-Organising Agro-Ecosystems
11.1 The Self-Organising Food Supply
If we consider the food production of a country, we find a self-organising system. Numerous farmers,
acting individually, decide what crops to grow, and which cultivars of those crops to grow. Their decisions are
based mainly on their environment, and on market demand. Merchants and manufacturers buy their crops. Selforganising commodity markets determine prices. Systems of transport and food processing convert raw materials
into commercial products such as bread, corn flakes, and chocolate. Retailers make these products available to
consumers through stores and super-markets. These consumers choose what they buy, usually on a basis of either
cost or quality. The stores prefer to stock items that ‘move’ the most quickly, according to customer preferences.
There is some government control to ensure purity and hygiene, to prevent cartels, and to stabilise prices. But, in
general, too much control is damaging. This was seen in the failure of agriculture in communist countries.
Government control must be kept to the essential minimum, and the entire system should be self-organising.
In any human system, the more individuals who contribute inputs to that system, the more stable that
system becomes. This is democracy. Its converse is autocracy, in which only one, or a few, individuals control the
entire system. Autocracy often has an initial gloss of success, particularly when it follows chaos. But it is inherently
unstable, and it never endures.
A perfect example of a self-organising system is the Internet. Obviously, certain ground rules have to
formulated and obeyed but, once it is functioning, it is almost totally self-organising. And its fantastic rate of
growth indicates the very large number of people contributing inputs to it. In a wide sense, it represents a new form
of global democracy.

11.2 Democracy in Plant Breeding
The theme of this book is that crop science in general, and plant breeding in particular, have been overcontrolled during the twentieth century. It is now proposed that we should allow self-organisation to operate in our
agro-ecosystems, making them into self-organising systems comparable to the existing food production and
distribution systems. And comparable also to Adam Smith’s recommendation of allowing markets to self-organise.
There will have to be some government control to prevent abuse, and to provide incentives, such as plant breeder’s
royalties. But, apart from this, a widespread individual freedom, and individual initiative, leading to selforganisation, are the only requirements.
Twentieth century plant breeding has been over-controlled. A very small minority of scientists would
decide what plant characteristics the farmers and consumers must accept. The farmers have been at the bottom of
the pecking order. They were given little choice in which cultivars they could cultivate, mainly because so few
cultivars were available. And they were given no choice at all concerning the resistance of those cultivars.
Obviously, the breeders preferred cultivars that became famous, and were widely cultivated. For this reason, they
preferred the ‘big space, high profile, short life, few cultivars’ characteristics of vertical resistance. They insisted
that institutional breeding was necessary, but they overlooked the fact that this kind of breeding was extremely
limited in its scope, because it was largely limited to single-gene characters, because of its cost, and because it
produced ephemeral resistance. These scientists had the knowledge and authority to investigate horizontal
resistance, but they chose to ignore it. This neglect of horizontal resistance is difficult to explain, and even more
difficult to excuse.
Monopolies established by multinational corporations are even more authoritarian. These corporations
have great wealth and considerable political clout, and their tendency to take over plant breeding institutes, and to
replace host resistance with crop protection chemicals, or patented single-gene resistances, is clearly self-serving. It
seems that the only way to counteract these monopolies is by an overwhelming democracy in plant breeding. The
basic concept of democracy in plant breeding is to encourage as many individuals as possible to organise their own
breeding clubs. W hen there are thousands of breeding clubs world-wide, no amount of wealth, advertising, or
political clout can stop crop improvement from being self-organising. It will become as free and as effective as the
self-organising food supply. It will also be as free and as effective as authorship, possibly with its own equivalent
of the Nobel Prize for literature.
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It is in this sense that twentieth century plant breeding has been over-controlled, and resembles autocracy.
And it is in this sense also that a wealth of plant breeding clubs resembles self-organisation and democracy.

11.3 Four Kinds of Plant Breeding Organisation
There are four organisational approaches to plant breeding.

11.3.1 Institutional plant breeding
Institutional plant breeding has dominated twentieth century crop improvement. It developed as a
consequence of the difficulties associated with Mendelian genetics, pedigree breeding and vertical resistance. This
kind of plant breeding requires teams of highly specialised scientists working in large and expensive institutes. The
total breeding output was limited. As a rule, only governments could afford to run such institutes, and many of
these plant breeders were either civil servants or government-financed university scientists. They tended to defend
their turf with a fierce loyalty to their policies and techniques, and a fierce hostility to possible alternatives. This
was one of the reasons for the long-standing opposition to horizontal resistance. Eventually, however, plant
breeders’ rights suggested that these institutes might become self-financing, and many of them were privatised.
This introduced the concept of corporate plant breeding.
In the future, institutional plant breeding should remain a government responsibility, and a government
expense. It should concentrate on those crops that are beyond the technical capabilities of plant breeding clubs,
such as the classic wine grapes, hops, figs, olives, bananas, coconuts, pineapples, and date palms (see 11.19).

11.3.2 Corporate plant breeding
Since the 1960s, professional plant breeders have increasingly abandoned breeding for resistance to crop
parasites, arguing that the control of these parasites is the function of the plant pathologists and crop entomologists.
So long as vertical resistance was the only option available to them, this decision was possibly a sensible one.
However, vertical resistance was not the only option, and it was wrong of these scientists to ignore horizontal
resistance, which had been clearly recognised at that time. In the meanwhile, a new philosophy developed in which
it was assumed that crop protection chemicals were an acceptable alternative to host resistance in our crops.
Unfortunately, most of these crop protection chemicals have proved to be just as unstable (i.e., ephemeral; see
10.6) as vertical resistance. They also have other grave disadvantages (see 7.19).
Large chemical corporations have been buying plant breeding institutes and seed production and
distribution organisations. Some of this was by commercial take-overs, and some by purchase of government
organisations and institutes following the widespread privatisation that has occurred in many industrial countries.
Ironically, this privatisation by governments was intended to encourage competition, laissez faire, and selforganisation. But, so long as plant breeding is confined to large institutes, this privatisation is having the opposite
effect, in that it gives control of plant breeding policy to the chemical corporations. These corporations can hardly
be blamed if they adopt the breeding philosophy of relying on crop protection chemicals in place of host resistance.
This, after all, is the best way to guarantee, and enlarge, the market for such chemicals.
If the chemical corporations decide to remain in the plant breeding business, that is their affair. But, if they
do remain, competition from democratic plant breeding will eventually compel them to breed for horizontal
resistance, and to aim for the minimum use of crop protection chemicals. They will then probably abandon plant
breeding, and return to their true function, which is the manufacture of other chemicals, such as paint and plastics.
However, they have several decades of advance notice, and this is a long lead-time in industry.
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11.3.3 Democratic plant breeding
Democratic or private plant breeding is the breeding undertaken either by individual entrepreneurs, or by
small groups of amateur breeders working together in some form of plant breeding club. The entrepreneurs would
be professionals who incorporate themselves as a private company, and they would raise development funds from
appropriate foundations and donor agencies. The amateurs might be farmers, hobby gardeners, green activists,
environmentalists, or university students. A steady increase in the amount of democratic plant breeding is
inevitable as the knowledge of horizontal resistance spreads. Democratic plant breeding will be decentralised. Its
essential feature is that it will involve large numbers of individuals who will be acting independently. This
multiplicity of independent initiatives will establish a self-organising system. As the success and importance of
these clubs becomes apparent, funding will become increasingly available from both foundations and governments.
Democratic plant breeding will ensure that there will be continuing improvement, that there will be a wide
range of cultivars, and that there will be very real and effective competition among cultivars. The farmer’s choice is
based on yield, quality of crop product, resistance to locally important parasites, and both the ease and the cost of
cultivation. His choice of cultivar in his cash crops (as opposed to crops for on-farm use, such as pastures and
fodder) is also influenced by market demand and consumer preferences. The merchants, processors, and consumers
are all part of the democracy, and they too contribute to the self-organisation of the system with their individual
freedom of choice.

11.3.4 Genetic Engineering
Genetic engineering is the practical implementation of molecular biology. W hile the scientific and academic
importance of molecular biology is beyond question, there is grave doubt concerning its immediate practical value,
particularly in crop improvement. Commercial firms that are responsible for both the research, and the genetic
engineering in plants, have to attract venture capital. These firms inevitably tend to be somewhat over-optimistic
concerning the prospects of their genetic engineering. Similar work is being conducted in universities but, here too,
there is a tendency to over-optimism, because research grants have to be obtained and renewed.
The possibility of transgenic resistance has some tempting features. Theoretically, for example, a gene for
resistance can be put into an existing, susceptible, but high quality, cultivar without significantly altering the qualities
of that cultivar. This is a kind of ‘instant’ resistance without any classic plant breeding. Unfortunately, this kind of
resistance is almost certain to be unstable, and to be temporary resistance. Any resistance mechanism that is
genetically controlled by a single gene is likely to be within the capacity for micro-evolution of the parasite (see 10.6).
And any transgenic resistance that involved more than one gene would significantly alter the characteristics of the
recipient cultivar. In practice, it is found that transgenic plants can be significantly altered, even spoiled, by this
treatment.

11.3.5 Apomixis
Apomixis (Gk = without mixing) means that seeds are produced asexually from maternal tissue, and this
topic merits a minor digression. Apomictic seed is produced naturally in certain grasses, and in the nucellar seeds of
some fruit trees, such as mangoes and citrus. The genetic significance of apomixis is that apomictic seedlings are
genetically identical to their maternal parent and to each other. They are thus the equivalent of vegetative propagation,
with the added advantage that they do not transmit the various diseases that are so commonly carried by conventional
vegetative propagating material, such as tubers, cuttings, grafts, corms and bulbs. A genetically engineered apomixis
in seed-propagated crops would introduce the many advantages of vegetative propagation, while retaining the many
advantages of propagation by seed.
These advantages are worth noting. An artificially induced apomixis would produce an instant genetic
stabilisation of any individual plant that is heterozygous. This would preserve the hybrid vigour and other valuable
traits of heterozygous plants. These traits are normally lost during the process of seed propagation. Most crops that are
propagated by seed must first be made into pure lines, if they are autogamous, or hybrid varieties, if they are
allogamous. At the very least, an induced apomixis would save a lot of work for the breeders.
Hybrid vigour (heterosis) is lost in pure lines which, obviously, are homozygous. It is also lost in the second
generation of hybrid varieties, in which the seed begins segregating. Apomixis would eliminate these problems. It
would also permit true seed propagation of vegetatively propagated crops such as potatoes. (This would save the large
quantities of potatoes currently used for vegetative propagation, although we should note that potato crops produced
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from true seedlings are likely to have a considerably reduced yield). Apomixis would also facilitate the bulk
production of seed of hybrid varieties of open-pollinated crops such as maize, by the stabilisation of the inbred parent
lines.
There is a very real possibility that molecular biology will develop transgenic lines of crops carrying an
apomictic gene. This is apparently the most promising aspect of genetic engineering seen so far in crop improvement.
However, the widespread reservations about the use of GMOs will have to be answered before this use of apomixis
can be implemented.

11.3.6 Glyphosate resistance
Genetic engineering has also produced crops with resistance to the glyphosate herbicide. This can result in a
very effective weed control in autogamous crops such as soybean. However, problems arise with allogamous crops
such as canola, as the glyphosate resistance can spread into other canola crops, leading to legal problems and
difficulties in controlling self-sown canola plants that can themselves become weeds that are not easy to control.
There are also marketing problems among people who distrust molecular biology and want food certified free of it.
This marketing consideration has prevented the use of glyphosate resistance in wheat in Canada, which is a major
exporter of that crop.

11.4 Motives
W hile it is perhaps unwise to generalise about motivation, it is clear that the people involved in these four
categories of plant breeding have very different incentives, and very different motives.
A special aspect of institutional plant breeding is the importance of the new cultivars. If a cultivar can be
profitably cultivated over a wide geographical range, it becomes important, both economically, and in terms of the
prestige of the institute and its scientists. It also justifies the high expense of the institute. This is where the ‘big
space, high profile, short life’ (see 5.6) aspect of vertical resistance breeding becomes so attractive. It tempts
institutional breeders to favour vertical resistance, and they are inclined to play down the ‘short life’, ‘expense’,
and ‘few cultivars’ aspects of this kind of resistance.
Democratic plant breeders may also be influenced by this ‘big space’ consideration, but to a much smaller
degree. Obviously, to an entrepreneurial private breeder, the ‘big space’ aspect has a strong appeal, but the ‘short
life’ aspect is daunting. Most democratic breeders will be motivated far more by considerations of community,
environment, pure food, and freedom from pesticides. These concerns will mean that horizontal resistance is the
more attractive alternative for them, particularly as the permanence of this resistance permits cumulative crop
improvement. These considerations are quite separate from the fact that vertical resistance is technically difficult to
use in a breeding program, while horizontal resistance is easy to use.
The motives of the corporate plant breeders are obviously those of profits for their shareholders. This,
after all, is what corporations are all about. However, corporate plant breeding is a classic example of the old
fallacy that says, “W hat is good for business is good for the country”. So long as chemical manufacturers
monopolise plant breeding, there will be a powerful motive to replace host resistance with crop protection
chemicals.
Molecular biologists probably have very different motives again. Some molecular biologists believe, not
without reason, that twentieth century crop scientists have made a mess of things. They hope, somewhat
optimistically, that their own discipline will put things right. Other molecular biologists are keen to advertise their
new discipline, mainly to attract venture capital, new investors, or research grants. To this end, they are inclined to
make claims that are perhaps exaggerated. None of the claims concerning transgenic resistance to crop parasites are
realistic, unless the molecular biologists can demonstrate the durability (i.e., stability; see 10.6) of that resistance.

11.5 Promotion
If democratic plant breeding is to expand into a rapidly growing movement, it will require active
promotion, particularly in the early stages. Eventually, the movement is likely to gain a momentum of its own, and
it will then be self-organising and unstoppable. This would become an attractive example of positive feedback.
Club members should make a point of encouraging the formation of new clubs by their friends and
acquaintances. These club members would have the advantage of experience, and could give advice that was both
sound and accurate. This comment is particularly true of the members of university breeding clubs.
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11.6 Four Categories of Plant Breeding
The techniques of plant breeding vary with the crop and, more particularly, with the method of
propagation of that crop. In this respect, there are four different categories of crop, which require somewhat
different techniques of breeding.

11.6.1 Vegetative propagation
This category of crop is the easiest to work with because vegetative propagation produces clones that are
instant cultivars. A new clone must obviously be multiplied to provide propagating material and, during this
multiplication process, the clone can also be tested for yield, quality of crop product, and other characters. It can
also be submitted for registration for purposes of plant breeders’ royalties.
The first breeding clubs, particularly in non-industrial countries, should usually start with clonal crops.
The clones that are easiest to breed include potatoes, cassava, and sweet potato, but there are many others,
particularly among horticultural crops.

11.6.2 Seed propagated pure lines
Inbreeding (i.e., self-pollinating) seed-propagated crops are usually cultivated as pure lines. Pure lines are
somewhat more difficult to breed because they require late selection (see 7.7). These crops include some of the
most important foods, such as wheat, rice, and beans, and, for this reason, they are a good choice for the intrepid
individuals of the somewhat more ambitious clubs.

11.6.3 Seed propagated open-pollinated crops
Allogamous crops are easy to improve on a population basis, but rather difficult to breed as hybrid
varieties. To produce horizontally resistant hybrid varieties it is necessary first to breed the inbred lines for
horizontal resistance, and only then to produce the hybrid varieties.
This category of crops includes maize, sorghum, and millets, as well as many crops of the onion,
cruciferous, and cucumber families.

11.6.4 Tree crops
Each tree crop should be considered on it own merits. Usually, the biggest problem is a long breeding
cycle. Coffee, for example, has a minimum breeding cycle of three years. The stone and pome fruits, and citrus, are
rather difficult to breed, and are not generally recommended for breeding clubs. Palms, such as date palm, and oil
palm, are very difficult indeed. However, the production of hybrid coconut palms (i.e., hybrids between dwarf and
tall palms), for resistance to lethal yellowing in the New W orld, or to Cadang-Cadang disease in the Philippines, is
within the capacity of plant breeding clubs. So too is the selection of fast growing Eucalyptus trees for firewood in
countries that have no cheap source of fuel. Many plantation forest species are amenable to selection within
existing populations (see 7.14). The important tropical tree crops, other than palms, are tea, coffee, cocoa, rubber,
avocado, cashew, cloves, nutmeg, and mango.
Many tree crops can be propagated vegetatively and selection within existing, genetically diverse
populations can produce improved new clones very quickly. In this context, it should be noted that the techniques
of vegetative propagation have improved very considerably during the past few decades. This includes use of a
mist propagator with a rooting medium that is both biologically and nutritionally inert, while retaining the
maximum leaf area of single node cuttings exposed to full sunlight. Rooting hormones may also help.
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11.7 A Multiplicity of Agro-Ecosystems
An agro-ecosystem is usually quite large, and is defined first by the crops that can be grown within it. For
example, a relatively large area of a region may be suitable for cultivating wheat. But, within that crop area, there
may be subsystems based on wheat types, such as spring and winter wheats, or bread and pasta wheats. Each of
these subsystems might be further reduced in size by the epidemiological competence of various parasites.
For the purposes of plant breeding clubs, an agro-ecosystem may be defined as the area in which one
horizontally resistant cultivar of a crop species can be satisfactorily cultivated (see 6.4). That is, all the horizontal
resistances of the cultivar are in balance with the epidemiological competence of each of the locally important
parasites. Unfortunately, we have very little experience of the behaviour of horizontally resistant cultivars, and the
determination of most of these agro-ecosystem boundaries belongs in the future.
Many agro-ecosystems might approximate to the size of individual states within the United States of
America although, obviously, there would be no correlation between State boundaries and agro-ecosystem
boundaries. A couple of plant breeding clubs per agro-ecosystem, for each crop grown in that agro-ecosystem,
would provide all the competition needed for an effective self-organising crop improvement. This would not be an
exorbitant number of clubs for a country the size of the USA.
Terminological note: The definitions of an agro-ecosystem, and its supersystem and subsystems, are likely
to vary with context. In the present book, the wheat belt of North America is a supersystem, and the agroecosystem is defined by the epidemiological competence of all the locally important wheat parasites. That is, it is
the area in which one horizontally resistant cultivar can be successfully cultivated. Each of these agro-ecosystems
has subsystems called pathosystems, and these pathosystems have subsystems called the vertical subsystems and
horizontal subsystems.
An applied ecologist, however, might regard the wheat belt itself as the agro-ecosystem, and its
parasitological subdivisions as subsystems. And a biosphere scientist might regard all the wheat lands of the world
as a single agro-ecosystem. This is ‘different usage’ (as opposed to ‘wrong usage’) and it is entirely legitimate,
provided that the intended meaning is made clear.

11.8 A Multiplicity of Pathosystems
In this book, an agro-ecosystem is defined by the epidemiological competence of the various crop
parasites. Each of these subsystems may have to be further subdivided on the basis of rainfall, soil acidity, and
other ecological factors, which may further determine the suitability of cultivars. W ithin reasonable limits, a
separate breeding program will be necessary for each subsystem. In other words, each breeding program will have
biological boundaries determined mainly by the epidemiological competence of all the locally important parasites.
Puccinia polysora, which causes tropical rust of maize, exhibits marked variation in epidemiological
competence, linked to agro-ecosystems (see 7.2.2). As we have seen, this parasite loses epidemiological
competence with increasing altitude and latitude. At the equator, it loses epidemiological competence entirely at an
altitude of 4000 feet. At sea level, it loses epidemiological competence entirely at the tropics of Cancer and
Capricorn. Between each of these extremes of altitude and latitude, there is every degree of difference in
epidemiological competence between zero and the maximum (Fig. 6.2). For example, in Kenya, the disease was at
its most damaging at sea level near the equator. It lacked epidemiological competence entirely in the Highlands,
which are above 4000 feet in altitude.
It is important not to confuse epidemiological competence and resistance. For example, maize from close
to the Tropic of Capricorn in Malawi was reported to be highly resistant to P. polysora. But, when taken to sea
level areas in equatorial Kenya, it was highly susceptible. The low level of disease in Malawi was due to a low
epidemiological competence in the parasite, and it was not due to a high resistance in the host.
The susceptible maize crops of subsistence farmers in low altitude equatorial Kenya were open-pollinated
and genetically flexible (see 1.15). Consequently, they responded to these many differing degrees of selection
pressure for resistance during the cultivation process. Most crops can show such a response only during the
breeding process.
This adjustment of subsistence farmers’ maize to the local epidemiological competence of tropical rust is
an elegant example of self-organisation. In each agro-ecosystem, the maize accumulated enough horizontal
resistance to control the disease, but no more. Obviously, once there was enough resistance to stop the disease from
affecting the reproductive capacity of the maize, the selection pressure for resistance disappeared.
If plant breeding clubs are to produce a similar effect with other crops, there will have to be at least one
plant breeding club for each crop in each of its agro-ecosystems. Ideally, there should be more than one club in
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order to provide constructive competition. However, farmers who have clubs for breeding their own crops do not
need the spur of competition from other clubs.
In practice, some reduction in the multiplicity of clubs is possible. This is because cultivars with too much
resistance may be acceptable outside their own agro-ecosystems. For example, maize with adequate resistance to P.
polysora at sea level on the equator, would have too much resistance at higher altitude or latitude. But, if all other
things are equal, this need not matter. The final test will rest with the self-organising system itself.
Given the continuous variation between zero and maximum epidemiological competence, for many
different species of parasite, it is difficult to determine how many breeding clubs will be required. This requirement
can probably be determined only by practical experience.

11.9 A Multiplicity of Breeding Programs
A cultivar that is in perfect balance with one agro-ecosystem will be out of balance in another agroecosystem. This is because the epidemiological competence of various parasites differs markedly from one agroecosystem to another. In another agro-ecosystem, the previously balanced cultivar will become unbalanced. It will
have too much horizontal resistance to some parasites, and too little to others. It follows that there should be a
separate breeding program for each crop in each agro-ecosystem. Clearly, this will mean a multiplicity of breeding
programs. It will also emphasise the importance of people in self-organisation. A multiplicity of breeding programs
is possible only when there are many amateur breeding clubs made up of highly motivated individuals.
For our purposes, an agro-ecosystem is defined by the levels of epidemiological competence of the
various crop parasites of economic significance. In practice, no attempt is made to measure these levels of
epidemiological competence. All that is necessary is that the crop is bred and selected, using on-site selection, until
it has an adequate level of horizontal resistance to all locally important parasites. No attempt need be made to
measure these levels of horizontal resistance. All that matters is that the crop loss from parasitism is negligible in
the absence of crop protection chemicals. And this resistance should be determined in farmer’s fields, where there
is no parasite interference and, eventually, no biological anarchy (see 7.16.1). It is the farmers themselves who will
determine the boundaries of the agro-ecosystem, and the limits to the area of cultivation of a particular cultivar.
Some agro-ecosystems will prove to be quite large. One can envisage a single potato cultivar, for example,
being valuable across a wide area of both Europe and North America, to say nothing of parts of South America,
and Australia. But it will be of little value in areas where tropical parasites, such as bacterial wilt (Pseudomonas
solanacearum), are epidemiologically competent. Equally, short-day tropical potato cultivars are useless in the
long-day temperate regions.
In addition to environmental and pathosystem requirements, other factors must be taken into account.
These might include the quality criteria of an export market, or the dietary preferences and/or cooking methods of
the local people. In Mexico, for example, every region has its own dietary preference for the colour of beans
(Phaseolus vulgaris), ranging from black, through the various colours of brown, red, pink, and yellow, to white.
Furthermore, each agro-ecosystem is likely to need a range of cultivars of each species of crop, with each
cultivar providing special commercial or culinary properties. For example, potato cultivars can be classified into
those that are best for salads, baking, boiling, roasting, mashing, and fries. There is plenty of work to be done.
However, a single breeding club can easily operate several screening populations of one species of crop, covering
several different agro-ecosystems and/or several different market requirements.
In practice, this multiplicity of breeding programs cannot possibly be achieved with institutional or
corporate plant breeding. But is can be achieved very readily with myriads of plant breeding clubs. Most agroecosystems are likely to embrace some thousands of farmers, and such an agro-ecosystem can easily justify a fair
number of breeding clubs.
A multiplicity of breeding programs will provide the enormous diversity needed for agro-evolution within
each agro-ecosystem. But, because horizontal resistance is durable, a good cultivar need never be replaced, except
with a better cultivar. So the progress will be irreversible.
Farmer selection and consumer selection will substitute for natural selection. This artificial selection will
ensure a steady improvement in the balanced horizontal resistance, yield, quality of crop product, and agronomic
suitability of new cultivars. Eventually, near-perfect cultivars will occur in every agro-ecosystem. This process
might be termed ‘agro-evolution’. It is, of course, micro-evolution, based on artificial selection, and the cultivars
are agro-ecotypes (see 10.5).
After a few decades of intensive club activity, many cultivars will be available in each agro-ecosystem,
with each cultivar being the best in its class. This agro-evolution cannot occur with the ‘big space, high profile,
short life’ philosophy of institutional breeding based on vertical resistance and pedigree breeding. Indeed, it can be
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argued that the failure of twentieth century crop science has been a neglect of agro-evolution in favour of the overcontrol, over-simplification, and suboptimisation within institutional plant breeding.
One of the fundamental differences between pedigree breeding and agro-evolution is that pedigree
breeding tends to look backwards to the parents. Evolution, on the other hand, is the exact opposite in that it looks
forwards to the progeny. In natural evolution, the past is dead and gone forever, and the parents of the current
generation are largely irrelevant. Evolution looks forwards. It is the fittest among the progeny that become the
parents of the next generation, or that become new cultivars. In plant breeding, this forward-looking process is
called recurrent mass selection.
The diversity of cultivars produced by this agro-evolution will also provide agro-ecosystem stability. An
abnormal season, or the accidental introduction of a foreign parasite, might ruin a few cultivars, but it is unlikely to
ruin all of them. This was seen, for example, when sugarcane smut (Ustilago scitaminea) reached Hawaii, where
the ‘melting pot’ breeding had produced a wealth of alternative cane cultivars, many of which had high levels of
horizontal resistance to this disease.

11.10 Local Optimisation
W ith self-organising crop improvement, each cultivar is locally optimised for its own agro-ecosystem.
Cultivars survive competition within an agro-ecosystem by virtue of their domestication. This means that certain
variables, which were at their optimum for a wild ecosystem, have been maximised to suit the very different
requirements of the agro-ecosystem. These requirements involve characteristics of yield, quality of crop product,
resistance to parasites, and agronomic suitability. Their maximisation is achieved by competitive replacement
within the agro-ecosystem. That is, with agro-evolution.
Each agro-ecosystem has its own criteria of artificial selection, and will have its own cultivars that are in
balance with those criteria. Each agro-ecosystem must consequently have its own plant breeding clubs, with their
own selection criteria, and their own on-site screening. This local optimisation can be achieved only gradually, and
with diminishing returns, by continuing competition between clubs and between cultivars. Eventually, a ceiling of
near-perfection will be achieved, and little further progress will be possible.

11.11 Degrees of Farmer-Participation
There are various degrees of farmer-participation. At its most simple, individual subsistence farmers (or
farmers’ clubs) are encouraged to keep their best plants for propagation, identified by selecting within local
landraces.
Next in complexity are the clubs that undertake actual breeding in a non-industrial country. They produce
innumerable new lines that are simply added to the existing gene pool, without records, registration, or any
scientific or government interference. The farmers choose, and multiply, and cultivate, accordingly. There is then a
gradual improvement in yield and quality throughout the agro-ecosystem in question. This is true self-organisation,
without any external interference whatever.
Somewhat more complex are the university and farmers’ clubs that register new cultivars and collect
royalties (or not, as the choice may be). Registered cultivars can be officially recommended, multiplied, and issued
to farmers. Some control is necessary in the sense of keeping records of seed sales, farmers’ yields, and other
responses.
Finally, there are the plant breeding clubs of industrial countries, with government involvement, scientific
sophistication, entrepreneurs, official testing, registered cultivars, royalties, official recommendations, and similar
complexities. But this would still be self-organisation.
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11.12 ‘Long life, Small Space’ Reconsidered
The general rule for horizontal resistance is ‘small space, low profile, long life, many cultivars’ (see 6.5).
The durability and ‘long life’ of horizontal resistance are not in dispute. But a horizontally resistant cultivar that is
in perfect balance with one agro-ecosystem will be out of balance in another agro-ecosystem. This is mainly
because of differing levels of epidemiological competence among the parasites. In the new agro-ecosystem, the
cultivar will have too much resistance to some parasites, and too little to others. Hence the phrase ‘small space’.
However, it is theoretically possible to develop cultivars that have the maximum level of horizontal
resistance to all the known parasites. Such a cultivar would have a cultivation range limited only by the climatic
requirements of the host itself (e.g., day-length, rainfall, temperature). It would be free of any constraints
concerning epidemiological competence that varies from one agro-ecosystem to another. This would be a difficult
breeding program, because there is a possibility that these high levels of resistance would cause conflicts with other
selection criteria, such as yield and the quality of crop product. The centre of origin of the crop is likely to be the
most suitable screening site for such work.
Nevertheless, the possibility exists. ‘Long life, small space’ could become ‘long life, big space’, at least in
some crops, in some regions. Even an incomplete realisation would be an improvement. But these possibilities can
be determined only by practical experiment.

11.13 Genetic Conservation
The genetic conservation movement was initiated by Otto Frankel, who was a wheat breeder concerned
exclusively with vertical resistance. Frankel feared that the local landraces of wheat in the Middle East would be lost,
as the Green Revolution produced an explosion of wheat production, and imposed an incredible genetic uniformity on
that production. It must be appreciated that these Middle East landraces were the source of vertical resistance genes to
wheat parasites. In those days, it was believed that a good source of resistance was essential in any breeding for
resistance. If that source of resistance were lost, the breeding would become difficult, even impossible.
Many scientists and environmentalists followed up Frankel’s initiative, and genetic conservation is now a
major activity in most crop research establishments. It is also a very expensive and time-consuming activity that
involves many thousands of seed accessions stored in so-called ‘gene banks’. Even though the seed is stored with a
very low moisture content, and kept at low temperature, to prolong its viability, each accession must be periodically
grown in order to supply fresh seed. This is a costly business. After all, there are several hundred species of cultivated
plant, and many of them have cultivars numbered in the thousands. The gene bank of a tree crop is generally
preserved as an arboretum. There are now many scientists and technicians employed full-time in this work of genetic
conservation.
Frankel did not recognise the possibility of horizontal resistance. His case for genetic conservation was
correct only so long as vertical resistance was the sole resistance available to plant breeders. This concern over genetic
conservation is a concept of the Mendelian school of genetics, because it applies only to single-gene characters that
are amenable to gene-transfer breeding techniques. However, as we have seen, Mendelian characters of agricultural
significance are rather rare in cultivated plants. They include vertical resistances and short straw in the dwarf wheats
and rices. Breeders who employ horizontal resistance do not work with single-gene characters. Nor do they need a
source of resistance (see 7.2.7). They can obtain all the quantitative resistance they need from a population of
susceptible plants, provided a reasonably wide genetic base is present. Obviously, as the use of horizontal resistance
increases, so the importance of genetic conservation will decline.
If the postulations made in this book are correct, there will be a multiplicity of breeding programs in a
multiplicity of agro-ecosystems, producing thousands of progressively improved cultivars. There will then be little
need for formal genetic conservation, as it is recognised at present. This is because the genetic conservation, like the
crop improvement itself, will become self-organising. The farmers themselves will conserve the best cultivars and, on
a global basis, the genetic diversity will be extremely wide.
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11.14 Agro-Evolution
Self-organising genetic conservation and genetic diversity will constitute a true agro-evolution, in the sense
of the survival of the fittest. Or, more accurately, it will be agro-evolution in the sense of the elimination of the less
fit.
On a global basis, this agro-evolution will be comparable to that of wild plant populations. The cultivated
populations will differ from wild populations in two main respects. First, they will be locally optimised (see 1.12) in
terms of their horizontal resistance to all locally important parasites, their yield, their quality of crop product, and their
agronomic suitability. Second, they will be cultivated as homogeneous populations. This means that the genetic
diversity will occur between crops rather then within crops. But, in most crop species, the overall bio-diversity is
likely to be as wide as that of any wild plant species. Genetic conservation, bio-diversity, and stability will be assured.
The concept of agro-evolution being a self-organising system is important. And it is the notion of selforganisation that matters. Clearly, there will have to be some external controls imposed by governments, but these
should be minimal. This self-organisation in agro-evolution will be the equivalent of democracy in politics, free trade
in economics, freedom of expression on the Internet, and the unfettered self-organisation of any complex adaptive
system. It will be micro-evolution operating by artificial selection on emergents (see 2.10). These emergents will be
the locally important qualities of potential new agro-ecotypes.
If we investigate the history of plant breeding at the most fundamental level, during the twentieth century, the
root problem appears to have been an excessive human control. Control is the very converse of self-organisation, and
it positively prevents self-organisation. A certain minimum of control is obviously essential. But control of plant
breeding during the twentieth century has been excessive. At its extreme this control would involve a central breeding
institute, offering a succession of single homogeneous cultivars, each cultivated over a very large area. The resistances
to parasites would be vertical resistances, each controlled by a single gene. And other protection mechanisms might
involve a single, unstable insecticide, and a single, unstable fungicide. Under these circumstances, any possibility of
agro-evolution is remote. This over-control was obviously exerted in ignorance of complexity theory. Nevertheless, it
gives an extraordinary impression of the deliberate suppression of self-organisation.
Soviet Russia and its satellites have shown us the damage that can be caused by over-control in politics,
economics, and agriculture. Now that the over-control has been relaxed, these countries are beginning to recover
politically, economically, and agriculturally. It is not unreasonable to claim that plant breeding in the W est has been
over-controlled to a comparable extent during the twentieth century. W hile it would clearly be a mistake to swing to
the opposite extreme of no control, it is obvious that self-organisation should be allowed to operate to the maximum
advantage in this complex adaptive system.

11.15 Selection within Farmers’ Crops
Most subsistence farmers cultivate landraces. A landrace is a mixture of many different lines of one crop
species. These lines tend to be similar in most respects, but there is usually sufficient variation to allow selection
within the landrace. This raises the possibility of selection by farmers within their own crops.
Subsistence farmers could be encouraged to select within their own landraces. This is simply a process of
keeping the best individual plants for propagation. There is then an overall gain in yield and quality of crop
product. If the crop is either autogamous or vegetatively propagated, these gains will be at the expense of some
genetic variation. This trade-off is generally justified but it should not be taken to the point of producing a single
pure line or clone. There should still be considerable diversity within the region.
A second possibility is that subsistence farmers might be given variable propagating material produced by
professional plant breeders, or by plant breeding clubs. Much of this material would be worthless, but the farmers
would understand that they were co-operating in research. Any particularly good plant that a farmer selected would
be his to keep. He could then give propagating material of it to his friends and neighbours, and to the plant
breeders, for use as parent material in further breeding.
All antique domestication was the result of selection by farmers. This is a practice that has continued since
the dawn of agriculture, and which deserves to continue. Plant breeding clubs would ensure that it does continue.
Only two examples of modern farmer-selection need be quoted here.
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11.15.1 Sweet potatoes in the Solomon Islands
I once proposed a scheme for farmer selection of sweet potatoes (Ipomea batatas) in the Solomon Islands.
This clonal crop sets true seeds freely and the self-sown seedlings are often sufficiently productive to be useful.
Farmers rely on the best of these seedlings as a source of renewal of older clones, which gradually decline in
usefulness. This decline is thought to be due to an accumulation of various parasites, such as viruses, that are
transmitted in the propagating material. However, in addition to this clone replacement, most farmers possess one
or two ‘old’ clones. These are clones that were known to their fathers, and which continue to yield well. They are
believed to be resistant to the parasites that cause decline.
The suggestion was that a central breeding program should collect old clones from all over the islands,
and conduct recurrent mass selection with them. True seed from promising individuals, or cuttings from the best
clones, would be given to farmers for screening. Farmers’ choices could be used as parents in the next breeding
cycle. Grafting the new selections on to plants severely affected with decline would test for resistance to the decline
parasites.

11.15.2 Cassava in West Africa
In W est Africa, S.K. Hahn, A.K. Howland and E.R. Terry (1974; & Personal Communication) of the
International Institute for Tropical Agriculture (IITA) were breeding cassava (Manihot esculenta) for resistance to
both mosaic virus and bacterial blight. These workers initiated a highly imaginative scheme of sending true seed
from promising crosses to schools. The children were taught how to nick the seeds with a file in order to overcome
dormancy, and how to germinate them before transplanting them in the school garden. The children did their own
taste tests on the leaves for use as a pot herb, and their own yield and taste tests on the tubers. Finally, each child
was given stem cuttings of his or her favourites for taking home to observe resistance, and to propagate and
multiply them if they so wished.
This scheme was doubly effective. First, it was an excellent education for children who would be much
more inclined to do their own selection work, when they became farmers themselves. And, second, it was a
wonderful form of farmer-participation in cassava breeding. It also indicates that student breeding clubs need not
be confined to universities. Indeed, there could be useful co-operation, with university clubs assisting their
‘daughter’ clubs in secondary schools.

11.16 Private Plant Breeding
The best example of private plant breeding undoubtedly comes from hybrid maize in the United States (see
2.12.2). This private plant breeding in maize led to one of the greatest of all agricultural advances, first in the United
States, and later in most other parts of the world. It was this success that persuaded the United States Government to
enact the first plant breeders’ rights legislation, in the 1930s, and most other industrial countries have followed this
example. The idea was to make plant breeding as free, as financially rewarding, and as competitive, as other activities
protected by intellectual property rights legislation, such as inventions, writing, photography, music, and other forms
of art.
However, in most crops, private plant breeding did not develop as had been hoped. Institutional plant
breeding was apparently essential, because of the technical difficulties of working with vertical resistance. It is only
recently that a solution to the problem of this expensive, specialised, restricted, and very conservative, institutional
plant breeding has appeared. This solution is the use of horizontal resistance which, as already mentioned, is so easy
to employ that plant breeding can be undertaken by any group of determined amateurs, who organise themselves into
a plant breeding club.
It is probable that there will soon be very many of these plant breeding clubs around the world, linked
through the Internet, and exchanging germplasm, co-operation, information and assistance. These clubs will be
characterised by individual initiative, rather than institutional conservatism. And they are likely to transform plant
breeding.
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11.17 Plant Breeding Clubs
Learning how to breed plants for horizontal resistance is similar to acquiring computer literacy. Initially, for
older people at least, it is somewhat intimidating, and it requires ‘hands-on’ experience. But, as this experience is
gained, the new activity is quickly discovered to be easy, enjoyable, and useful. Plant breeding clubs will require a
modicum of technical assistance from scientists, and they might even include scientists among their members. But, in
general, these clubs would be made up of amateur breeders, and they would be totally free to breed any crop they
choose, using any techniques they choose, to achieve any objectives they choose.
W e can recognise two kinds of plant breeding club designed to promote horizontal resistance. A private club
consists of a group of amateur breeders, such as farmers, hobby gardeners, environmentalists, or green activists. The
second kind of club is primarily educational, and is the university club, which differs only in that it is made up of
students, who are supported by their university. The possibility of secondary school clubs should also be considered.
Perhaps the most important feature of university clubs is that graduates can be given life-membership in their
club, or clubs. Once they had returned to their family farms, or become agricultural scientists, these graduates should
be entitled to propagating material of the potential new cultivars coming out of the club, for the rest of their lives.
After one or two decades, there would be hundreds, perhaps thousands, of club alumni, organising new clubs, and
testing and exchanging new lines with their university clubs, in the appropriate agro-ecosystems. These alumni would
also be entitled to technical assistance from their old university club. These privileges would permit widespread
farmer-participation in research. And a number of competing universities would provide farmers with the widest
possible choice of cultivars.

11.17.1 University plant breeding clubs
A special feature of university clubs is the university ambience. Students are far more likely than amateurs to
overcome the intimidation, and the initial hesitation about breeding crops for horizontal resistance. The students
would do all the work of breeding, supervised and guided by a professor. This would provide them with the initial
‘ice-breaking’ and the essential ‘hands-on’ experience. The students would earn course credits from their club
membership, and their teacher would earn teaching credits.
The main function of university breeding clubs is to teach. This teaching will promote a widespread
proliferation of breeding clubs. Graduates, with life membership in their clubs, will most likely return to their
family farms, or become agricultural scientists. If they become farmers, they might initiate one or more farmers’
breeding clubs in their own locality. If they become scientists, they might initiate one or more private breeding
clubs among concerned amateurs in the vicinity of their work. Or they may become entrepreneurs themselves,
relying on breeder’s royalties to earn a living.
In any event, both the concept and the practice of plant breeding clubs will begin to spread. As increasing
proofs of the viability of horizontal resistance, and the ease and usefulness of amateur breeding, begin to
accumulate, the proliferation of clubs will increase. The public interest in pure food, and a clean environment, to
say nothing of the farmer interest in high yields and cheap production, is so strong that the process of growth and
proliferation will increase exponentially.
That these developments have not occurred before now is due to a lack of knowledge. No member of the
public was even aware of this possibility. The professional plant breeders, in their breeding institutes, have had no
interest in promoting either amateur breeding or horizontal resistance. Indeed, they genuinely believed both to be
impractical, if not impossible. And the chemical corporations, with their concept of crop protection chemicals
substituting for host resistance, have also had no interest in promoting horizontal resistance.

11.18 The Advantages of University Breeding Clubs
The advantages of plant breeding clubs, particularly university clubs, over institutional and corporate plant
breeding, are so marked that they merit emphasis.
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11.18.1 Advantages for the students
·

·

·

·
·

·

Overcome the initial intimidation. For anyone who has not tried it before, the very thought of plant
breeding is somewhat intimidating, in the same way that the first use of a computer, or the first dive into
deep water, is intimidating. Once this intimidation is overcome, plant breeding for horizontal resistance
turns out to be very easy, and very rewarding. The ambience of a university breeding club is undoubtedly
the best way of overcoming this intimidation, but this comment should not discourage other amateurs from
starting their own clubs.
Learning to breed for horizontal resistance. The use of computers cannot be learned from manuals, and
‘hands-on’ experience is essential. The techniques of breeding for horizontal resistance also require
‘hands-on’ experience and a breeding club is the best means of providing such experience. The students
themselves would do all the work of breeding and they would gain practical experience in every aspect of
the breeding process.
Improved participation and interest. Many agricultural students, who grew up on a farm, find there is a
gap between their own farming experience and the somewhat academic teaching within the university. A
breeding club closes this gap very effectively, and it demonstrates the practical utility of scientific
concepts. The club also provides students with active participation, and a sense of achievement, as
alternatives to passive learning.
Earn course credits. As one of the inducements to join, students should earn course credits from their
breeding club membership and participation.
Life-membership. On graduation, students should be given life membership in their club or clubs. This
would entitle them to consult the university experts, and to receive, test, report on, and utilise new lines
coming out of their club(s) for the rest of their lives. They would also be encouraged to donate some of
their best lines to the university club, and to attend club meetings.
Start new breeding clubs. Having returned to their family farm, or arrived at their new place of work,
graduates would be encouraged to start one or more new breeding clubs among farmers and other
interested parties. This would lead to a proliferation of breeding activity. Their knowledge of breeding for
horizontal resistance, as well as their life memberships in their university club(s) would be valuable assets
in these activities.

11.18.2 Advantages for the professors
·

·
·

A new approach to teaching. Plant breeding clubs would provide a new kind of teaching in which the
students themselves are involved in the actual achievements of both demonstrating the value of horizontal
resistance, and of producing new resistant cultivars.
Teaching credits. Each club would have a professor in charge of it and the professor would earn teaching
credits for this activity.
Long-term research. Short-term research grants have no guarantee of renewal and our system of financing
agricultural research discourages long-term research projects, such as breeding for horizontal resistance.
Because the breeding club work would be a teaching activity, its continuation would be secure, and the
professor in charge could undertake long-term research in this topic. It need hardly be added that this is an
area that has been seriously neglected, and that such research is urgently needed. In no small measure, this
neglect has been due to the long-term nature of the research, and the insecurity of the research grant
system.

11.18.3 Advantages for the amateur breeding clubs
·

·

A scientific basis for amateur breeders. Amateur breeding clubs that were initiated by a graduate with
membership in his university club(s) would have the advantage of doing breeding that was technically
sound. Their members could proceed with confidence.
Overcome intimidation. Such a club would be the best method of over-coming the intimidation that
discourages an inexperienced amateur.
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·

Rewards. The club could provide very considerable rewards for its members. These include a sense of
achievement, improved new cultivars for farmer-members, breeders’ royalties, and the satisfaction of
participating in a successful communal activity.

11.18.4 Advantages for the university
·

·

·
·

A new approach to teaching. In addition to the learning process, plant breeding clubs would provide
advantages that the students would not obtain from the more conventional lab and field classes. These
advantages include the actual participation in the production of new cultivars, and life membership in the
club. Members of existing clubs have also discovered that their clubs provide a useful link between their
practical experience on their family farm, and the relatively academic teaching of the university.
A new approach to research. Most universities have abandoned research that involves plant breeding
designed to produce new cultivars. Plant breeding clubs would provide new opportunities for providing
farmers with the practical assistance that emerges from successful research.
Prestige from successful new cultivars. The production of an assortment of valuable new cultivars in a
range of locally important crops could provide valuable prestige for a university.
A renewal of the land-grant college concept. The kudos earned from new cultivars would represent a
return to the esteem that existed when the land grant colleges were first formed in the United States, with a
really close co-operation between agricultural scientists and farmers.

11.18.5 Advantages for the local farmers
·

·

·

·

·
·

·
·

·

Farmer-participation in research. Institutional plant breeding has become so esoteric that farmers cannot
understand it. Nor can they participate in it. Farmers should be encouraged to form their own clubs,
assisted, no doubt, by some of their children who have graduated from a university that had plant breeding
clubs. Equally, a university club might do well to instruct a few farmer-members who would themselves
provide practical input.
Greatly increased breeding activity. One of the chief criticisms of institutional and corporate plant
breeding is that their work is so expensive, and that they are so specialised, and so technical, that their
total breeding output is severely limited. Hence the need for the ‘big space and high profile’ of vertical
resistance breeding. A multiplicity of plant breeding clubs would provide a greatly increased amount of
plant breeding.
Constructive competition between many breeding clubs. If there were many plant breeding clubs, operated
both by universities and farmers themselves, there would be constructive competition that would lead to
an abundance of competing cultivars with gradually improving horizontal resistance to all locally
important pests and diseases, as well as improving yield, quality of crop product, and agronomic
suitability. This competition would continue until a ceiling was reached, when little further progress would
be possible.
Cultivars suited to local agro-ecosystem. These competing cultivars would all be the result of on-site
selection in the local agro-ecosystem. They would be well balanced with all the variables in that agroecosystem.
Wide choice of new cultivars. An abundance of good cultivars would give both farmers and consumers a
wide choice of cultivars.
Freedom from the hazards, labour, and cost of pesticides. Once adequate horizontal resistance had been
accumulated, farmers would be freed from the environmental and human hazards, as well as the labour
and costs of applying crop protection chemicals.
Reduction of crop losses. As horizontal resistance accumulated, the crop losses from pests and diseases
would decline.
Reduction of biological anarchy. As horizontal resistance accumulated, the biological anarchy that was
induced by crop protection chemicals would decline, as biological control agents returned and increased in
numbers.
Cumulative crop improvement. Because a good horizontally resistant cultivar need never be replaced,
except with a better cultivar, breeding for horizontal resistance is cumulative and progressive. The overall
effect of plant breeding clubs, therefore, would be a cumulative crop improvement.
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11.18.6 Advantages for the environment
·
·

·
·

A return to resistance breeding. Plant breeding clubs would lead to a return to the resistance breeding that
was taken for granted before 1900.
Exponential increase in plant breeding expertise and activity. Plant breeding clubs would lead to an
exponential increase in the total plant breeding expertise and activity. This increase would be comparable
to the exponential increase that we are witnessing now in both computer literacy and the use of the
Internet.
Widespread reduction in pesticide use. There would also be a widespread reduction in the use of crop
protection chemicals, with a corresponding reduction in health and environmental hazards.
Improved bio-diversity. An abundance of competing cultivars would provide a greatly improved biodiversity. This diversity would occur between crops rather than within crops. Nevertheless, it is
fundamental ecological principle that diversity provides stability (see 1.14).

11.18.7 Economic benefits

· Cost of pesticides reduced. The cost of crop protection chemicals, now running
into billions of dollars annually, would be greatly reduced and, in some corps,
largely eliminated.
· Cost of pesticide application reduced. The same is true of the costs of
application of crop protection chemicals.
· Crop losses reduced. The pre-harvest crop losses from parasites average more
than 20%, worldwide, in spite of the use of crop protection chemicals. These
loses could be greatly reduced by the proper use of horizontal resistance.
· Increased yields of a cheaper and healthier product. The overall effect of a
multiplicity of plant breeding clubs would be improved yields of crop products
that were both cheaper to produce and healthier for the consumers.
11.18.8 Advantages for overseas aid organisations
·

·

New assistance technique. Plant breeding clubs could provide an entirely new technique for overseas aid
in agriculture. Overseas aid organisations could initiate these clubs in Third W orld universities, and
support them with technical and financial assistance until they could stand on their own feet. If successful,
these clubs could eventually prove to be the most effective agricultural assistance technique of them all.
Overseas aid is often sub-divided into ‘soft’and ‘hard’ aid. Soft aid consists or studies and research that
result in advice and reports that are soon neglected and forgotten. Hard aid results in new physical entities
that make a very real contribution to welfare, such as new roads, schools, or systems of communication.
New, improved cultivars constitute hard aid.
Cheap technique. These clubs could also prove to be one of the cheapest techniques of overseas aid.
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11.19 Crops that are Difficult to Breed
Some species of crop are difficult to breed, even for specialists. If plant breeding clubs prove successful, it
is obvious that the research of professional plant breeders, working in expensive and complex plant breeding
institutes, should eventually be confined to the improvement of crops that are too difficult for plant breeding clubs
to handle. The following crops are very difficult to breed for various technical reasons, and they are not
recommended for plant breeding clubs.

11.19.1 Banana
The edible banana differs from its wild relatives in three important fundamentals. First, it is
parthenocarpic, and it produces fruits without pollination, and without sexual fertilisation. Second, it has both
female and male sterility, in the sense that both the ovules and the pollen may be present but they are
non-functional. However, a gametic sterility often occurs also, meaning that the ovules and pollen are never formed
at all. Third, most banana cultivars are triploids. This alone would make the breeding very difficult, even if bananas
did set seed.
Incredible though it may seem, banana breeding is possible, and the experts think that there is room for
cautious optimism. But this is definitely a task for specialists.

11.19.2 Citrus
Citrus is unusual in that it produces nucellar seeds. An ordinary seed is produced by the fusion of a pollen
cell with an ovule, and this leads to genetic recombination. A nucellar seed is produced asexually, from maternal
tissue only. Nucellar seeds are valuable because they do not differ genetically, either among themselves, or from
their maternal parent. This means, in effect, that a citrus clone can be produced with nucellar seedlings, but without
all the diseases, particularly the virus diseases, that are transmitted by grafts and cuttings, but which are not seedtransmitted (see 11.3.5).
Nucellar seeds can cause confusion because they can give an entirely false indication that a citrus cultivar
is homozygous and breeding true to type. They can also be a nuisance in a breeding progeny, because they have to
be detected (they are morphologically identical) and removed. In some citrus species, such as oranges, grapefruit,
and mandarins, nucellar seedlings often dominate the breeding progeny almost entirely.
Otherwise, citrus breeding is rather like grape breeding (see 11.19.6). There are usually plenty of fertile,
non-nucellar seeds, but the variation among them is enormous, and it is difficult to find a new seedling that equals
an existing cultivar, let alone surpasses it. Improvements in quality are thus likely to be difficult. However, like
grapes, citrus has been plagued by new encounter parasites. A breeding program might be justified on the grounds
of attempting to accumulate horizontal resistance in order to reduce or eliminate the use of crop protection
chemicals. But such a program will be difficult, and it is a task for specialists. A rootstock resistance breeding
program could be very useful, and would be within the capacity of a plant breeding club made up of experienced
members, such as citrus farmers who do their own grafting.

11.19.3 Date palm
Seedlings of the date palm normally produce fruit that is fit only for feeding camels. Furthermore, this
palm has a breeding cycle of six years, and its vegetative propagation is very slow. The palm is also dioecious,
meaning that each palm is either male or female, but not both. Choosing a male parent on the basis of fruit quality
is possible but very difficult. Date palms also occupy a lot of space. Amateurs could be involved in the screening of
existing populations of seedling date palms but, in general, this is work for specialists.

11.19.4 Garlic
The wild progenitors of garlic are extinct, and this crop never sets seeds. The only breeding possibilities
are by mutations induced with mutagenic chemicals or radioactivity, or by genetic engineering. Garlic breeding is
definitely a task for specialists.
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11.19.5 Ginger
Ginger rarely sets seed, and its wild progenitors are extinct. It thus resembles garlic in the difficulties it
presents to the breeder.

11.19.6 Grapes
Most grape varieties set seed profusely, and breeding grapes is theoretically a straightforward process.
Nevertheless, to produce a wine grape superior to the Cabernet Sauvignon of Bordeaux, or the Pinot Noir of
Burgundy, is possibly the most difficult plant breeding task in the world. Undoubtedly, much of the quality of wine
depends on post-harvest processes such as fermenting, aging, and bottling. But it is impossible to produce a good
wine from bad grapes. And it is equally impossible to envisage wines superior to the best clarets and Burgundies.
The only remotely realistic possibility would be to replace Cabernet Sauvignon or Pinot Noir with new varieties of
equal quality, but with high levels of horizontal resistance to their various new-encounter parasites, so that the need
for chemical pesticides is reduced or eliminated. But the difficulties are enormous.
The chances of breeding a new white wine grape may be slightly better, but only slightly. The chances of
breeding a new table grape are better yet, but are still remote. There are, after all, many excellent varieties of table
grapes, and it will be difficult to compete with existing varieties. Once again, the most realistic objective would be
to produce new varieties with equal fruit quality but superior horizontal resistance.
Another possibility in grape breeding is to produce a rootstock of pure Vitis vinifera that is highly resistant
to Phylloxera and which does not depress the yield of grafted grapes. This possibility is within the scope of
amateur plant breeding clubs.

11.19.7 Olives
Every olive contains a seed and, in theory, there are no inherent difficulties in olive breeding. In modern
attempts at olive breeding, however, trees grown from true seed have never equalled existing cultivars, although it
must be admitted that this possibility has not been adequately tested. But there are grave logistic difficulties
associated with the screening of trees by the tens or hundreds of thousands. If breeding were to be attempted, the
most important selection criteria, other than horizontal resistance, would be new characters that would permit
mechanical harvesting. This would require dehiscing fruits that are easily harvested by a shaking machine, and
fruits that ripen simultaneously.

11.19.6 Pineapple
The two most important crops in Hawaii are sugarcane and pineapple. The breeders in Hawaii have been
breeding these two crops for decades, the sugarcane breeders with immense success, and the pineapples breeders
with little success. This is only partly because pineapples require four years from seed to fruiting, and the
vegetative propagation of a successful new seedling is slow. Like wine grapes, pineapples tend to lose quality
dramatically with propagation by true seed.

11.19.9 Turmeric
Turmeric is a triploid, like banana. It is sterile, and it does not set fruit. Its wild progenitors are extinct. It
compares with garlic in that its breeding verges on the impossible.

11.20 Plant Breeder’s Rights
Plant breeders’ rights are the equivalent of copyrights. Their function is to encourage private enterprise
in plant breeding by providing intellectual property protection. They are highly relevant to the proliferation of
plant breeding clubs because they provide a financial incentive that is additional to other more laudable
incentives, such as the desire for improved cultivars, pure food, and a clean environment.
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11.20.1 Origins
American plant breeders first tackled the problem of breeding seed-propagated crops that are openpollinated. Self-pollinated crops, such as wheat, rice, and beans, can be genetically manipulated into pure lines
which breed true. But open-pollinated crops cannot be treated in this way, because the process of self-pollination
produces ‘inbreeding depression’ in which the vigour and yield are severely reduced. Charles Darwin first
observed this phenomenon in plants, in England, in 1876.
Darwin also observed the converse of inbreeding depression, which is called ‘hybrid vigour’ or
heterosis. If two strongly inbred, and severely depressed, maize lines are crossed, the progeny exhibits hybrid
vigour, and it yields about twenty percent more than the best open-pollinated maize crop. Such a progeny is
called a ‘hybrid variety’ and, in maize, the crop is known as ‘hybrid corn’ or ‘hybrid maize’. A brief history of
this development was given at 2.12.2 and need not be repeated here.
The production of hybrid corn seed led to a surge of private enterprise in maize breeding in the United
States. Most companies, which grew wealthy on the proceeds of hybrid corn seed, re-invested much of this
wealth in research designed to produce even better hybrids. This private enterprise prompted an entirely new idea
called plant breeders’ rights that was first translated into legislation in the United States in the 1930s.
Many countries now have legislation designed to protect a new crop variety, in the same way that an
author’s copyright protects his writing. A registered crop variety can then earn royalties, just as a book earns
royalties. And a plant breeder can hope to produce a ‘best seller’, just as an author can hope to write a best selling
book. Try to imagine the condition of world literature if there were no author’s copyrights, and no authors outside
of a few institutions. That condition is approximately the state of modern plant breeding.
Plant breeders’ rights are not necessary in hybrid varieties of open-pollinated crops. These include the
open-pollinated cereals such as maize, sorghum, and millets, as well as many members of the cucumber, beet,
cruciferous, and onion families. But they are very necessary in all other crops, where they are as necessary to
private enterprise in plant breeding, as copyrights are to private enterprise in writing, painting, sculpting,
photography, and music.
Until now, plant breeders’ rights have failed to stimulate private plant breeding. But this is only because
of the widespread conviction that plant breeding must be conducted by highly trained scientists working in very
large and expensive institutes. W ith the realisation that breeding crops for horizontal resistance is both easy and
rewarding, private plant breeding should escalate and, finally, the plant breeder’s rights legislation will be
justified.

11.20.2 Royalties in non-industrial countries
Plant breeders’ rights have been much misunderstood by the general public. Because of the public
perception of plant breeding being confined to large and expensive institutes owned by commercial corporations,
breeders’ rights legislation is often seen as a ‘big business’ plot. There is a fear of big corporations dominating
agriculture, and of multinational corporations dominating the non-industrial world. These fears probably originate
in the practice of vertical resistance breeding, with cultivars that are 'big space, high profile, short life' (see 5.6).
But these fears should be groundless for two reasons.
First, most temperate crops are not grown in the tropics. In general, the crops of temperate commercial
farming are of no use to subtropical and tropical farmers. There are a few exceptions, such as tobacco and tomato.
But the industrial country cultivars of these crops are usually of little use to the non-industrial countries, which
require their own local cultivars that are in balance with their own local agro-ecosystems and pathosystems. W hen
the world moves to plant breeding clubs and horizontal resistance, the ‘long life, small space’ characteristic of
horizontal resistance will necessitate the use of on-site selection and, hence, of local cultivars.
Second, tropical small-holders and subsistence farmers never pay royalties and, even if they were willing
to do so, the mechanisms for collecting royalties generally do not exist in non-industrial countries. I was once told
that thousands of photocopies of my books existed in the non-industrial world. These were mostly photocopies of
photocopies, “unto the tenth generation” (beyond which, legibility is lost). And, obviously, I did not collect a
penny of royalties on any of them. This left me with only two options. W ould I prefer my books to be photocopied
and studied, or not photocopied and not studied? The prospect of my books being sold, and earning significant
royalties, was not a valid possibility in these cash-starved countries. The same is true of patented temperate
cultivars, assuming they were of any use to tropical farmers, which is unlikely.
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However, some aspects of genetic engineering may be important to non-industrial countries, and these
provide the possibility of undesirable coercion. Non-industrial countries are keen to join the free-trade agreements
of the industrial world, but the rich country governments apparently want to make the recognition of intellectual
property rights a condition of membership. This could give the owners of plant patents control of important
aspects of the agriculture of non-industrial countries. Nowadays, these owners are almost invariably large
commercial corporations whose activities are legitimately geared to the profits of their shareholders.
It is obviously important that non-industrial countries are assisted rather than exploited by any
membership of free-trade agreements. Indeed, this can be one of the more effective forms of overseas assistance.
A rich-country tax on tea or coffee, for example, should be considered unethical.
There is a difference between a cultivar copyright and a cultivar patent. The United States allows
cultivars and even single genes to be patented using legislation that is a direct copy of the laws concerning patents
on inventions.
There should also be a clear recognition of the ‘public domain’ in plant breeding. Obviously, wild plants
are public domain. So too are ancient cultivars. And plant breeding legislation must allow patented cultivars to be
used as parents in a breeding program. There is also the ‘farmer’s privilege’ which allows a farmer to propagate a
patented cultivar for his own use, although he may not sell of give away such propagating material. This is
comparable to making photocopies of copyrighted scientific papers for private study.

11.20.3 Incentive to plant breeding clubs
The importance of breeders’ royalties in self-organising crop improvement cannot be over-emphasised. This
was the original intention of the legislators, but vertical resistance, and the need for institutional plant breeding
defeated their objectives. Now that we have the prospect of horizontal resistance, and democratic plant breeding, these
original objectives can be realised, and plant breeders’ royalties become very important.
One example will suffice. The seed tubers of a registered cultivar of potato, sufficient to plant one hectare
(2.4 acres) of crop, provide royalties of about thirty five United States dollars. There are eighteen million hectares of
potato crops in the world. One good cultivar, grown on only ten thousand hectares, would earn a club about $350,000
each year. Even a trickle of royalties could relieve a club of many financial difficulties.
The value of royalties as an incentive to plant breeding clubs will depend on the motives of the club in
question. At one extreme, some clubs will be primarily interested in the environment, or in pure food, and will have
little or no interest in royalties. They may, if they wish, put their new cultivars straight into the public domain. (But
they should register them first to ensure that no one else can grab the copyright). At the opposite extreme, some
clubs may exist solely for the money, and royalties will be of the utmost interest to them. Most clubs will have
motives other than the making of money, but they will no doubt be delighted to receive royalties, if only as a public
recognition of their success, and as an aid to further success.
As a rule, the amount of the royalty is inversely proportional to the ease of breeding. There are likely to be
many patented cultivars, and few royalties, for cultivars of crops that are very easy to breed. At the other extreme,
some major crops might consist of only a few cultivars. The royalties on such a major cultivar would be enormous,
but very difficult to win.

11.21 Self-Organising Agro-Ecosystems
If we are to achieve self-organisation in crop improvement, we must imitate the self-organising food
production and distribution system that everyone seems to take completely for granted. There must be a minimum
of government control but, otherwise, there should be decentralisation, with as many individuals as possible
contributing to the system. W e need a virtually unlimited individual response to social need and market demand.
These individuals should have complete liberty to breed any crop they choose, using any techniques they please. At
their most incompetent, they can do no harm, other than wasting their own time and money. At their potential best,
many thousands of individuals contributing effectively to crop improvement can transform our agriculture, our food
supply, and our environment. These thousands of amateur plant breeders, to say nothing of the farmers themselves,
would become an integral component of self-organising agro-ecosystems, and of a global self-organising system of
food production and distribution.
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11.22 Adam Smith
The last word belongs to Adam Smith, the solitary genius who first recognised the importance of selforganisation, and who warned both against abusing it, and against damaging it by over-control.
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