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PREFACE

West Agia is a large and very diverse region. It extends across 16
different countries and contains a wide variety of both geography and climate,
It is in this region that the original domestication of all our present-day tem-
perate cereal crops is presumed to have taken place and from this region that
temperate agriculture, as we know it, blossomed and spread throughout the
world. To this day cereal crops, specifically wheat and barley, remain as the
major agricultural resource of West Asia and provide the principal soucre

of carbohydrates and protein in the diets of its people.

However this long and heavy dependence upon cereal culture has enabled
the large number of pathogenic organisms that parasitise these crops to flourish.
Both the magnitude of the production area and the climatic conditions which encom-
pass it has led to the evolution of a range and diversity of cereal pathogens
second to very few other areas of the world. Consequently cereal diseases
have collectively become one of the major constraints to wheat and barley pro-
duction throughout the region. The magnitude of this problem, which is appre-
ciated by producers and scientists alike but unfortunately not well documented,
.makes the study of cereal diseases and the investigation of methods designed to

limit their effects of vital importance to food production in West Asia.

The present "'Workshop on Cereal Disease Methodology' is the fifth in a
series of workshops instigated 1p 1976 under the sponsorship of the Royal Govern-
ment of the Netherlands in collaboration initially with The International Maize

and Wheat Improvement Center (CIMMYT)and more currently with both CIMMYT



and The International Center for Agricultural Research in the Dry Areas
(ICARDA). Previous workshops were conducted in India, Pakistan, Turkey
and Kenya. Consequently this is the first Cereal Disease Methodology Workshop
to be held in West Asia, which is after all the cradle of world wheat and barley
production. The purpose of the workshop is clearly defined as follows:-

'"The Workshop aims to bring together cereal researchers from as

many of the countries of the region as possible and, through their

active participation in theoretical work, field practicals and demons-

rations, to provide them with an enhanced knowledge of disease iden-

tification and assessment and of modern methodologies for the deve-
lopment of disease-resistant cereal varieties’.

Throughout the two-week workshop the participants will be involved in an
intensive and practically-orientated study course in very close association with
instructors from The Netherlands Research Institute of Plant Pathology (IPO},
from ICARDA and from CIMMYT.

A manual, setting out relevant background material in a logical, illustrated
and practical style, is provided. This text forms the basis for continual additions
and modifications as the state of knowledge on methodologies for various diffe-
rent cereal diseases steadily expands. These additions will be forwarded to
the participants as they become available in the future to ensure that they con-

tinue to possess the most relevant and up-to-date details obtainable.

After the completion of the workshop each participating country will receive
two sets of basic equipment - one for the collection of pathogenic inoculum and
the other for its storage - in support of their national-level pathology programs.

These have kindly been made available by the Royal Government of the Netherlands.

In this way it is hoped that the workshop will provide the national research
programs of the countries of West Asia both with researchers well-versed in
the modern practical and theoretical aspects of cereal disease methodologies
and with the basic equipment neccessary for such trained personnel to put these

methodologies into practice as part of their co-ordinated research efforts.
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SECTION 1.

CEREALS : AN INTRODUCTION

The bulk of the nutrition of the world's population is provided by food
grains, 96% of which are produced by the eight major cereal crops, namely:
Wheat, Barley, Oats, Rye, Sorghum, Millet, Maize and Rice, from 53% of
the world arable area. Wheat and Rice are,without doubt,the most important
of the cereal grains in terms of the area devoted to their production (51% of
the total annual cereal area) and their overall contribution to world cereal
grain production {52% of the total annual production). Consideration of
temperate agriculture however limits us to an almost total reliance upon the
wheat crop, which produces about 28% of the annual world cereal grain output

from about 32% of the world cereal acreage (see below).

The World Cereal Area and Productien, 1976, by Crop.

Crop Area Production
Ha (x 1000) % of Total Mt (x 1000) % of Total

Wheat 236,489 32% 418,001 28%
Rice 142, 807 19% 350, 171 24%
Maize 116,577 16%, 333, 079 23%
Barley 89, 943 12% 184, 434 13%
Millet 64, 329 9% 44, 489 3%
Sorghum 42,739 6% 51, 886 4%
Oats 28, 864 49, 49, 606 3%
Rye 16, 179 2% 29, 482 2%

Total 744,793 100% 1,469,877 100%

Source : FAO Production Yearbook 1977.



1.1
W heat

The world's wheat acreage and productioh'are clearly concentrated
in the nerthern hemisphere. The USSR (which harvests the greatest annual
acreage), together with Europe and the USA (ha!v’i‘ng together a similar ac-
reage as Russia) and the Asian countries (which as a region grow more
wheat than either two regions) containa full 90% of the total world wheat
production acreage. Durum wheats are principally grown in North Africa,
the Middle East, the USSR, India, Italy, France, northern USA and some
areas of Canada, in contrast to breadwkeats which are’fnuch more cosmo-

politan in their distribution.

As one of the world's most important staple foods wheat is ¢consumed
in a variety of different ways. Its most important use is however in the
manufacture of flour, the basis of all brela&, biscuit and pastry products.
In addition wheats are used extensively as breakfast cereals, and bulgar,
and through processing as kouskous and macaroni products. Wheat is also
a commercial source of starch and thus finds use in a wide range of industries
from food processing to paper manufacturing and from laundering to oil well

drilling.

The continued reliance upon the wheat crop as one of the mainstays of
world nutrition demands that both the stability and levels of its production
are continually increased in order to minimise, as much as is possible, the

state of world malnutrition.

Wheat Classification

The wheat species of importance to agriculture are primarily Triticum

aestivum ssp. vulgare {breadwheat) and T. turgidum ssp. durum(durum wheat).



Table l..l. gives complete details of other species in the genus Triticum,
which ig part of the tribe Hordeae of the overall family Graminae

(the grasses). Other members of this tribe are listed below: -
Tribe Sub-Tribe Genus

Triticum (wheats)
Aegilops
Agropyron
Haynaldia
Hordeae ‘{ Secale (rye)

(T riticinae

Elymus
_ Hordinae Hordeum (barley)
Sitanion

The Origin of Wheat

In common with all other crops, cultivated wheat has been derived
from wild ancestors through a process of domestication by man. This
probably commenced in the neolithic period of prehistory. The first

cultivated form of wheat appears to have been Triticum monococcum

(einkorn}, which is particularly close to the believed wild ancestor T.
boeoticum. This species possesses seven pairs, or 14 chromosomes

{thue being termed diploid - twice the basic set of seven). Pure stands of
eihkorn have been observed growing in close association with other members

of their sub-tribe, namely Aegilops speltoides, in areas of Western Asia

(Figure 1.1.) Cytological studies have revealed that the second primary

cultivated form of wheat, Triticum dicoccum (emmer) probably arose

through an inter-generic cross between these two individuals. As their two
sets of chromosomes (seven pairs) are different such a cross required chro-
mosome doubling in order to be fertile. This accounts for the fact that
emmer possesses 28 chromosomes (being termed a tetraploid - four times

the basic set of seven), double that of einkorn. A further inter-generic



cross betweeen cultivated emmer and wild Aegilops squarrosa is believed

to have been responsible for the evolution of the hexaploid wheats (with

This evolutionary sequence is

six times the basic chromosome set, or 42 chromosomes) by the same

procedure of chromosome doubling

represented diagramatically below:-
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Table 1.1. Subclassification of the Genus Triticum

Name of Species Common Chromo  Genome Seed Probable region of origin
L name No.(n =) type %%

Diploids _

T . monococcum Einkorn 7 AA H Armenia, Georgia, Turkey

Tetraploids
T .turgidum

ssp. dicoccum Emmer 14 AABB H Georgia, Abyssinia

ssp. durum Durum 14 AABB N Abyssinia, Mediterranean
ssp. turgidum Rivet 14 AABB N Abyssinia, S.Europe

ssp. polonicum Polish 14 AABB N Abyssinia, Mediterranean
ssp. carthlicum Persian 14 AABB N Georgia, Armenia, N.E.Turkey
ssp. turanicum Khorasan 14 AABB N Mediterranean, Nr. East
T . timopheevil - 14 AAGG H W.Georgia Abyssinia
Hexaploid

T .aestivum ‘

ssp. spelta Spelta 21 AABBDD H Austria, Germany

ssp. macha Macha 21 AABBDD H W. Georgia

ssp, vavilovi Vavilovi 21 AABBDD H Turkish Armenia

ssp. vulgare Common wheat 21 AABBDD N 5.W.Asgia, Central Europe
ssp. compactum Club 21 AABBDD N Afghanistan, Armenia

ssp. sphaexocuccum Shot 21 AABBDD N N.W. India

% Seed Type: N = Naked; H = Hulled

Source : Principles of Field Crop Production, Martin, Leonard and Stamp(1976)



Barley

Although of less importance than wheat when considered in the context
of world cereal production position, barley is a particularly important grain
¢rop in many areas of the world. Especizally so where the production condi-
tions are poor and the rainfall low and erratic. _Under these conditions barley,
with its superior production per unit of moisture, is often the only crop that

it is feasible or economic to produce,

The USSR, Europe and Asia together produce some 84% of the world
-barley grains from about 80% of the total acreage. The majority of this
production is used for animal.feed, especially in the more aff%uent countries.
However many of the countries of Seuth and Easf Asia and North and East
Africa use a substantial proportion of their barley production as a hufnan foed.
It is therefore in these couptries in particular that barley assumes a particu-

larly critical nutritional importance.

Barley Classification

The classification of barley is considerably simpler than that of wheat

as there is only 2 single cultivated species, Hordeum vulgare. As with wheat

the genus Hordeum belongs to the tribe Hordeae of the family Graminae.

H. vulgare is only recognised as containing three sub-species:-

5sp. hexastichum six-rowed
ssp. distichum two-rowed
ssp. irregulare irregular

These are distinguished by the number of spikelets in each node of the ear
that produce grains: in two-rowed.types only one of the three spikelets are

fertile whereas in six-row varieties all three spikelets produce grains.



;l;he Origin of Barley

The only truely wild forms of Hordeum are two-rowed. Altheugh
there has been much debate it is new generally agreed that the presently
cultivated barleys were domesticated, like wheats, in the West Asian
region: massive spontanecug stands of the wild two-rowed presumed ancestor
still being found over much of this area today. Figure l.l.showing the natu-
ral distribution of ancestral barleys and wheats, provides a good indication

of the area in which they presumably evolved into the cultivated forms,

The earliest indications of cultivated two-rowed barleys have been
found in the foothills of the Zagros mountaing of Iraq and date back to about
7000 B.C., Six-rowed varieties apparenﬂy developed at a later stage and
cyto-genetical studies have shown that suf;h a development could be the product
of a single recessive mutation. After abﬁut 5000 B.C. both types appear to
have spread extensively throughout the Old World and thence to Europe at a

much later date.



Wheat and Barley Morphology and Growth

The cereal seed {or kernel) consists of three major parts (Figurel.2.)
the Pericarp or protective covering, which surrounds and encloses the
whole seed; the Embryo or germ, which is the young dormant plant; and the
Endosperm,; which is 2 source of stored food that the embryo utilises-for
growth after germination and until the young plant has sufficient photosyn-

thesising tissue to support itself.

In the process of germihation the embryo, which was dormant within
the dry seed, resumes its growth given a suitable supply of water and oxygen
and sufficient temperatures and an absence of germination inhibitors. During
germination the embryo swells and ruptures the pericarp. From this rupture
grow the radicle (roots) and pumule (shoot)( Figure 1. 3)Factors which influence
germination include: -
Water availability; oxygen concentration; soil temperature; light, seed viability;
seed size; degree of embryo maturity; infections by micro-organisms; damage
to the pericarp; and inherent seed dormacy (reflected in the presence of germi-

nation-inhibitory chemicals in the pericarp).

From the emergence of the young seedling at the soil surface to the
production of mature seeds, the development of a wheat or barley plant may be

seen as falling into a number of growth stages :-

1.- Seedling - from emergence to 3 leaf stage.
2.~ Tillering - additional secondary shoots arise from the plant crown.
3. Jointing - stem nodes can be felt on the lower parts of the plant;no

head is prominent in the upper leaf sheath.



4.- DBoot - The head is prominent in the sheath of the upper or e _

flag leaf.

5.- Heading - The head is emerging from the leaf sheath(flowering
will commence in 1.2 days).

6.- Flowering - - The florets (flowers) open and pollen is shed.

7.- [Filling - The fertilised ovary is enlarging into the seed and

gradually attaining full size.
A more detailed breakdown of these stages is given in(Figure 1.4) and its key.

The head of a wheat or barley plant is composed of a number of flowers
arranged along a stalk {rachis) and is referred to as a spike. The rachis
supports a seri¢s of spikelets along both its sides, each of which is composed
of 2 number of individual flowers (florets). Each floret is composed of female
organs (the pigtil) and male organs (the stamens) enclosed within an outer
protective covering, the lemma and palea, (Figure 1.5).At the flowering gtage
the floret opens and the pollen-containing parts of the stamens (the anthers)
split to release their pollen. This may be transferred by the wind to other
flowers (cross-pollination) or, which is more common in cereals, fall onto
the stigma {receptive parts of the female organs) of their cwn flower (self«
pollination). The pollen grain produces a tube which grows down the style
(supporting the stigmas) and into the ovary {where the female reproductive
parts-the eggs-are located). The pollen nucleus penetrates an egg and fertilises
it, lea,ding to the production and development of the seed embryo, enclosed

within the remains of the ovary, the endosperm and pericarp.

Growth Habit

Wheat and barley are grown under a very wide range of different envi-
ronmental conditions. This is made poesible by the considerable diversity

of genetic material inherent in both the genera and their individual species.



Both crops are in general considered to have one of three different growth

habits, namely; winter, spring or intermediate (also known as facultative).

Varieties with a winter growth habit are planted in the autumn/winter.
The seeds germinate and the young seedlings emerge and develop vegeta-
tively. Because these varieties require vernalisation {exposure to cold con-
ditions, usually for 1-2 months) to initiate the formation and growth of their
reproductive organs, they remain in a vegetative state throughout the winter
period. They are thus, to a certain extent tolerant to frost and low tempera-
~tures. In the spring when growth resumes it is primarily vegetative, but rep-
roductive growth, involving rapid stem extension and the emergence of the
reproductive organs, rapidly overtakes and inhibits vegeté.tive growth, which

primarily involves the increase in leaf area.

In contrast varieties with a spring growth habit do not require verna-
lisation to initiate reproductive growth and are, in general, much less tolerant
to winter conditions than the winter habit types. In areas where the winter
conditions are severe these varieties can only be planted after the threat of
frost is over, but under milder climatic conditions may be autumn or winter

planted when there is little or no frost danger.

Wheats and barleys with facultative growth habits fall between the winter
and spring types in characteristics and may thus be autumn or winter planted
in areas where winter temperatures can be as low as a few degrees below zero.

They are in general, more widely adapted than either of the other two types.

All three growth habits are found in commercial varieties of breadwheat
and barley but durum varieties grown commercially only include spring and

facultative types.

Apart from their adaptation to different temperature conditions, wheat

and barley are also adapted to various conditions of day-length, requiring



different 'photo-periods' for the onset flowering and optimum seed set.
For practical purposes the 14 hour daylength (or photoperiod) has been
found to be a convenient yardstick for the classification of plant types in

terms of their reponse to light. Plants may either be:-

.

Long-day varieties - which flower readily when the photoperiod

exceeds 14 hours.

(3]
1

Short-day varieties - which only flower readily when the photoperiod

is less than 14 hours.

3.~ Day neutral or intermediate varieties - which flower readily over a wide

range of day-lengths and do not appeaf to have

a critical photoperiod.

The Genetic Determinants of Plant Growth

The basic constitution of any plant depends upon the characters that it
inherits in its basic genetic make-up. These characters (such as plant height,
growth habit, photoperiod response, vield potential and disease resistance)
are controlled by units of inheritance, or genes, which are located upon the
chromosomes of the plant, These genes differ widely and are inherited in
various different combinations through the splitting of chromosomes in formation
of gametes at meiosis and their recombination when the eggs (female gametes)
are fertilised by the pollen grains (male gametes). Some characters are
controlled by either one or few genes and are termed qualitative, because the
inheritance of individuals genes immediately confers certain characters upon
the plant. Examples include growth habit and disease resistance. Other charac-
ters are however controlled by a number of genes and are referred to as quan-
titatively inherited, as the affect of the indivudual genes is relatively minor,

but in combination they cause an increasing expression of the specific characters.



Examples of quantitatively inherited characters include plant height and
yield. The expression of this inherited genetic make-up or potential depends
in turn upon the result of the interaction between these characters with the

environment in which the plant grows.

The crop environment, which includes physical features (e.g. sunlight,
temperature, topography, soils etc..} and biological components (other plants,
pests and diseases} thus imposes numerous constraints upon the way in which
cereals crops grow and yield. The biological components of the environment
have become particularly important as a result of the environmental disruptions
caused by the expansion of monoculture and the progressive reduction of genetic
diversity in both the wheat and barley crops. Diseases caused by pathogenic
organisms now constitute perhaps the greatest single environmental constraint
to increased cereal production and to the increasingly widespread cultivation

of cereal crops throughout the world.
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FIG14: GROWTH STAGES iN CEREALS
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Key to Figure 1.4,

One shoot (number of leaves can be added) = ‘brairding’.
Beginning of tillering .

Tillers formed, leaves often twisted spirally. In some
varieties of winter wheats, plants may be ‘creeping' or -
prostrate. TILLERING

Beginning of the erection of the pseudo-stem, leaf-sheaths
beginning to lengthen,

Pseudo-stem (formed by sheaths of leaves) strongly erected

First node of stem visible at base of shoot

Second node of stem formed, next-to-last'leaf just visible. STEM

Last leaf visible, but still rolled up, ear beginning to swell, EXT ENSION

Ligule of last leaf just visible.

'Sheath of last leaf completely grown out, ear swollen but

not yet visible.
First ears just visible (awns just showing in barley, ear
escaping through split of sheath in wheat or oats)
Quarter of heading process completed. L
ADING
Half of heading process completed. HE N

Three-quarters of heading process completed.

All ears out of sheath.

.10.5.1. Beginning of flowering (wheat).

10.5.2. Flowering complete to top of ear. FLOWERING
10.5.3. Flowering over at base of ear. (W'HEAT)
10.5.4. Flowering over. kernel watery-ripe. J
Milky - ripe.
Mealy-ripe, contents of kernel soft but dry. RIPENING
Kernel hard {difficult to divide by thumb-nail)

Ripe for cutting. Straw dead.
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SECTION 2.

RECOGNITION AND IDENTIFICATION OF WHEAT DISEASES

Diseases represent one of the most severe constraints to increased
and stable wheat production throughout the world. It is thﬁs of fundamental
importance that any program aimed at improving the production and stability
of this crop has a strong pathology input. In turn a relevant and functional
pathology input must be based upon a quick and accurate recognition and
identification of diseases in the field to enable appropriate research acti-

vities to be initiated.



Fungal Diseases

Stem Rust

Stem rust of wheat, also known as black rust, is cosmopolitan in
distribution; being found in all ecological locations occupied by wheat,
its closely related species and other gré.ss hosts. Of the many diseases
infecting wheat, stem rust is without doubt the most potentially devestating

in any given year.

The disease, caused by the pathogen Puccinia graminis f. sp tritici,

is characterised by the appearance of red/brown pustules, developing first
as small chlorotic spots, on all the above ground parts of the plant; leaves,

leaf sheaths, stems and spikes.

Severe infections result in considerable yield reductions mainly through

a reduction in kernel number and serious grain shrivelling.

Leaf Rust

This disease is also commonly known as brown or orange rust and like

-sterrr rust ‘has a worldwide distribution. It is caused by Puccinia recondita

f. sp. tritici and is characterised by small, round to oval, brown/red,
isolated pustules occurring mainly on the leaves. However, under certain
environmental conditions these pustules may also be found on the awns, glumes

and leaf sheaths. Some races have further been found to attack barley crops.

Although little grain shrivelling is evident, yield reduction through

reductions in kernel number and size, may be very serious.



Y elllt.)wl Rust

Often known as stripe rust, this disease is caused by the fungus

Puccinia striiformis f. sp. tritici and occurs in many regions of the

world. However unlike the other rust diseases it is generally confined
to the cooler higher elevation and higher latitude areas. The charac-
teristic symptom of yellow rust is the linear arrangement (in stripes)
of the yellow pustules on the leaves of the host plant. All above ground

plant parts, with the possible exception of stems, are subject to infection.

Infection affects the yield and quality of wheat by a reduction in the
number of spikes/plant, the number of kernels formed/ spike, and the size
and weight of the kernels . Heavy infection results in severe kernel

shrivelling and reduced root development.

Speckled IL.eaf Blotch

Caused by the fungus Septoria tritici, this disease is found infecting

wheat crops periodically throughout the world. Initial infections are normally
confined to the lower leaves and appear as light green, slightly chlorotic spots,
usually between the leaf veins. As the disease develops these lesions becorne
light brown in colour and necrotic, and take on 2 speckled appearance as the
black resting bodies (pycnidia) are formed within the lesions. In particularly

severe infections these lesions coalesce, completely killing the leaf.

Severe attacks cause a reduction in both the number and the size of

kernels which may also be associated with seed shrivelling.

Glume Blotch

This disease, better known by its imperfect form as Septoria nodorum,

is associated with the fungus Leptosphaeria nodorum. Disease symptoms are

typically found on the glumes, commonly on the leaves and leaf sheaths and



occasionally on the stems and are similar but somewhat darker in colour

than the lesions caused by Septoria tritici.

Yield reductions from infections of glume blotch are caused primarily
through a reduction in the size and weight of kernels which may be accom-

panied by shrivellingq

Septoria Leaf Blotch

The fungus Leptosphaeria avenaria f. sp. triticea, commonly known

by its imperfect form Septoria avenae f. sp. triticea is the causal organism

of this disease. It appears to be limited in occurrence to North America
and Northern Europe and produces similar symptoms as the other Septoria
diseases. In common with these diseases a microscopic examination of the

spores is necessary for positive identification.

Powdery Mildew

The causal'agent of Powdery Mildew, Erysiphe graminis f. sp. tritici,

is widely distributed in the humid and sub-humid wheat growing regions of

the world and is favoured by mild winters followed by cool cloudy spring and
Qﬁmmer weather. Infections, which appear as white/grey cottony masses on
the plant surface, are commonly found on the leaves and may also be observed
on the leaf sheaths and spikes. As the season progresses small black resting

bodies (Perithecia} develop in the cottony mass.

Heavy attacks of powdery mildew result in yield losses through reduced

kernel size, which may be particularly severe with early infections.

I.eaf Blotch

Widespread a.xhongst the wheat growing regions of the world, this disease

is caused by the fungus Helminthosporium sativum. Infections can be found on

all p}:\rts of the plant (root rof, crown rot, leaf blotch, head blight or black point).



The main symptom of the disease (leaf blotch) is characterised by dark brown
spots each surrounded by a chlorotic {yellowj margin. As the disease develops
the leaves turn completely brown and die. Severe infestations may thus result

in total piant death.

Numerous other species of Helminthosporium have been reported attacking

wheat crops throughout the world. Of these H. tritici-repentis is the most

widely distributed and important on a global basis. The diseases caused by
these pathogens all have similar symptoms and thus the identification of

individuals requires microscopic examination.

Leaf Blight

This disease, caused by the pathogen Alternaria triticina has been

reported only from the Indian sub-continent. It is characterised by irregular
green/grey oval lesions on the leaves. These lesions have yellow/green
margins and in severe infections coalesce and become necrotic, causing the

death of leaves and eventually also the whole plant.

Flag Smut

Although only severe on a local basis, flag smut, caused by Urocystis
tritici, has a worldwide distribution. In contrast to the other smut diseasges
infections are confined io the leaves and stermns, where they appear as long

grey/black stripes, containing numerous black spores.

Infections cause dwarfing and stunting of leaves, stems and heads and
finally plant death., Yield losses resgult irom a failure to form heads, or a

failure to produce grain if the heads are formed.

Cephalosporium Stripe

Found only on winter wheat in North America and North-Western

Europe, this disease is caused by the fungus Cephalosporium gramineum.




Symptoms appear in the spring as yellowing, which is resolved into chlorotic
leaf stripes coupled with a brown discolouration of the vascular tissue at
about heading. Infected plants are stunted and most die prematurely with

white heads or poorly filled grain.

Loose Smaut

This disease occurs wherever wheat is grown, but is more common
in humid, sub-humid and irrigated areas. It is caused by the pathogen

Ustilago tritici and is confined to the heads. Infected heads appear earlier

than healthy heads; the florets being replaced to a varyihg extent by black
masses of spores. Yield reduction is complete, as infected heads produce

no grains.

Common or Stinking Bunt

Associated with two main pathogens, namely Tilletia foetida and

T, caries, this disease is worldwide in its distribution. Infection occurs
at the seedling stage and the fungus develops within the plant giving it a
blue/green to dark green colour and a slightly stunted appearance. The
disease becomes evident at the heading stage as the seeds or kernels are
replaced by a fungal structure resembling the kernel but containing a mass

of black, odorous spores.

Dwarf Bunt

This disease is restricted in its distribution to the colder and/or higher
elevation, higher latitude wheat producing areas. It is caused by Tilletia

controversa and in common with common bunt, results in the replacement

of the seeds in the head with fungal structures containing numerous black
spores. It may be distinguished from the other bunt disease by the severe

dwarfing that it causes in growing plants.



Karnal or Partial Bunt

Caused by the fungus Neovossia indica, this disease is found mainly

in the Indian sub-continent; but may also occur infrequently in other major
wheat growing areas throughout the world. In contrast to the other smuts
and bunts, infection occurs during flowering or grain fillihg and ig usually
confined to only a few kernels in each head, which are partially or totally

destroyed.

Scab

This disease is associated with several species of the genus Fusarium
and is found predominantly in the warm and humid wheat growing areas of

the world. The species F. graminearum (Gibberella zeae), F. culmenorum

and F. nivale are commonly associated with the disease, which c7auseé
individual spikelets, florets or entire heads {o turn whife W’hen immature.
This is often accompanied by the production of an external white/pink fungal
mat on the surface of the glumes and the development of clusters of small

black resting bodies. -

Infections cause a great reduction in seed weight and a severe shrivelling
of kernels, if they are produced at all . Grain quality may also be seriﬁﬁ'sly

affected.

Ergot

Although considered to be of minor importance, ergot caused by the

fungus Claviceps purpurea is occasionally found in the humid and sub-humid

regions of the world. The infected florets produce a sweet, colourless and
sticky exudate shortly after flowering. As the season progresses blue/black
‘ergot’ bodies (sclerotia), which are larger than the wheat kernel and thus
protrude from the infected floret, are produced,. These ergots are poisonous

if consumed by animals.



Commmon Root or Foot Rot

Associated with several different pathogens, namely Helminthos -

porium sativum (also causing leaf blotch and black point) and Fusarium

culmorum and F. graminearum (also responsible for scab disease), this

digease is cosmopolitan in its distribution although it is more wide-spread

in the drier areas.

Infected seedlings appear blighted and have brown, rotted roots and
sub=-crown internodes. Infections in more mature plants are evident as a
brownish cortical rot of rc:ots, basgal stem tigsues and lower leaf sheaths.
In addition infected plants may be stunted or possess white, poorly-filled

heads.

The protein content of the grain is reduced by infections of H. sativum
and together with the production of a toxin that interfers with nitrogen

translocation this may lead to increased incidence of 'yellow berry’.

Take All

This disease, caused by Ophiobolus graminis, has a worldwide

distribution and although it is primarily a disease of winter wheat may also
be found infecting spring crops. Infected plants appear stunted and bleached,
with a black discoleuration of the crown, crown roots and often also the lower
stems. The root system is severely reduced and rotted and plants usually
die prematurely. If they survive to maturity infected plants usually produce

heads which are empty or contain badly shrivelled grains.

Cercosporella Foot Rot

Also known as eye-spot or strawbreaker, this disease, caused by the

fungus Cercosporella herpotrichoides 1is found in most winter wheat growing

regions of the world. 1t is characterised by"the appearance of oval/elliptical

lesions,; usually with dull brown/green margins and often marked by a dark



coloured dot in the centre, on the leaf sheaths near the soil surface. In
severe infections these lesions may coalesce and weaken the stem to such
an extent that it collapses. In addition to causing premature lodging, infec-
tions can resuit in reduced tillering, kernel shrinkage and/or the production

of empty and white heads.

Sharp Eve-spot

This digsease is widely distributed throughout the world, but is only
really important under low-temperature conditions. It is generally con-
sidered to be a relatively minor disease but may be of localised importance.
In Australia, for example, it causes the severe stunting, stifféning and
discolouration of wheat seedlings known as 'purpie patch’. It is caused by

the fungus Rhizoctonia solani and characterised by light brown elliptica,i

lesions with dark brown margins on the basal leaf sheaths.

Browning or Pythium Root Rot

Caused by a group of pathogens of the genus Pythium, this disease is
found in almost all the major wheat producing regions of the world. It
causes distinct brown, waterscaked lesions and rotted areas on the roots,
which result ir yellowing, stunting, reduced tillering and delayed fnaturity

in infected plants.

Downy Mildew

Downy Mildew is associated with the fungus Sclerospora macrospora

and is widely distributed wherever wheat is grown. However it is only
severe on a very local basis; usually being prevalent where flooding has
occurred in the early stages of ¢crop development. Severely infected plants
show excesgive tillering, dwarfing and failure to produce heads. They
may also develop striped, yellowed, thickened or distorted parts. As the
fungal mycelium is entirely internal, there are rarely any visible ‘mildew’

symptoms such as are evident in powdery mildew infections.



S..now Mould

This disease is caused by several fungi, of which the most important

are Fusarium nivale (pink mould) and Typhula idahoensis (speckled

snow mould). Although it is found throughout the world the disease is

congidered to be only of minor importance.

Snow moulds are more prevalent in areas with harsh winter conditions,
where they become very distinct as the snow cover recedes. The abundance
of fungal growth on the surfaces of rotting plant tissue shows as a pink
colouration in the early spring in the case of pink mould. Infections of
speckled mould develop slightly later in the gseason and are characterised by
numerous black sclerotia in the mould tissue. Damage from mould infections
may be severe under certain conditions and ré.nges from complete yield loss

to some meagre grain yield if infected plants recover.

Black Point

Helminthosporium sativum together with several species of

Alternaria especially (A. tenuis) are the main causal agents of this disease,
which is worldwide in its distribution. Infections appear as irregular black

or brown blotches in the outer covering of the kernel. These discolourations
are commonly concentrated near the germ end, but may be found distributed

over the whole seed coat.

H. sativum infections result in poor germination of seed, poor
stands, reduced vields and increased levels of root rotting; whereas infections

of Alternaria cause little or no loss in seed viability.



Bacterial Digseages

Black Chaff

Although occurring widely on wheat plants, this disease, caused

by the bacteria Xanthomonas translucens , usually only causes slight

damage. Attacks are characterised by brown to purple/black blotches
on the glumes and on the stems immediately below the head. Severe
infections reduce the number of kernels formed and may cause kernel

shrivelling.

Yellow Ear Rot

This disease is also commonly known as bacterial spike blight and

is caused by Corynebacterium tritici. It is often associated with the

- wheat nematode Anguina tritici  and has been reported from a number

of different countries (e.g. North America, India, and Pakistan).

Infections result in the appearance of a yellow slimy bacterial growth on

the head at the 'boot’ stage of growth and may either prevent the head from
emerging or cause severe head distortion. The damage caused by this
disease is seldom widespread, but may result in appreciable yield reductions

on a local scale.

Basal Glume Rot

Caused by the bacteria Pseudomonas atrofaciens , this disease occurs

in wheat crops throughout the world, especially when high moisture conditions
prevail at the time of heading. The germ-end tips of infected kernels become
blackened and water-soaked lesions appear at the base of the glumes. Yield

losses are rarely severe.



Viral Diseasges

Soil-Borne Wheat Mosaic Virus (SBWMV)

This disease appears in N.America, Japan, Egypt, Brazil, Italy and
Argentina. It is favoured by low temperature and short day conditions and
usually develops in the autumn, winter or spring. The symptoms vary with
the strain of virus; ranging from rosetted plants with blue/green leaves and
white mottling to dwarfed plants with excessive tillering and light green

leaves mottled with yellow.

If the infection is heavy and the prevalence high crop losses may exceed

50%.

This virus is transmitted by sap and by a fungus (Polymyxa graminis).

It also infects wheat, barley, rye and other grasses.

Wheat Striate Mosaic Virus

This disease is widely distributed in North America, Europe, Australia
and the Indian sub-continent and mainly i—nfects winter wheats although spring
sown crops may also be attacked. It is transmitted by several species of
leaf hoppers (Endria and Elymana spp.) and causes narrow, threadlike
yellow /| white streaks along the leaf veins, leaf yellowing and necrotic blot-
ching plant stunting, reduced head size and shrivelling of kernels. Barley,

oats and a number of grasses are also affected.

Wheat Streak Mosaic Virus (WSMV)

This disease is found on winter wheat and winter -planted spring wheat
in North America, Europe and several Middle Eastern countries. It is trans-

mitted by the mite Aceria tulipae and depending upon the viral strain,the




host variety and the environmental conditions causes a range of leaf
symptoms from mild light green to yellow chlorotic streaks and mottling.
Most diseased plants are also stunted and if seed is produced it is usually
shrivelled. The disease also affects barley, oats., rye, maize and several

annual grasses.

Enanismo (Dwarfing) Virus

This disease is imnportant in South America and ig transmitted by a
tropical leaf hopper. Early infection causes severe plant dwarfing (or even
plant death), whereas later infections are iess serious, causing poor ear

development and chlorotic leaf blotching,

Barley Yellow Dwarf Virus

BYDV has a worldwide distribution and is transmitted exclusively
by aphids. Early infection causes stunting and dwarfing; reduced tillering;
a variety of ieaf discolourations, ranging from chlorotic striping to total
leaf chlorosis, and reduced head size and emergehce. Later attacks however
have less effect and cause only leaf yellowing and reddening together with
slight stunting and comparably less reductions in head and grain development.

Most cereals and grasses are attacked by this disease.
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Diseases Caused by Nematodes

Root Cysts

Root cysts are caused by the feeding of nematodes of the genus
Heterodera , of whichﬁlﬂ. punctata and H. avenae are important in wheat.
These plant parasites have been reported infesting cereal crops throughout
the world, causing stunting and some chlorosis in attacked plants. Exami-
nation of the roots of such plants shows excessive branching and root defor-

mation in the form of numerous gall-like cysts.

Ear Cockle

Caused by Anguina tritici, which is known as the wheat nematode,
this disease also has a worldwide distribution. Infested plants are stunted
and the leaves wrinkled, rolled, twisted or curled (foliar symptoms are
most severe in young plants). Diseased heads appear shorter and thicker
than healthy ones and contain galls (within which are nematode larvae) in
place of the kernels. In some cases the symptoms of wheat nematode attack
resemble those of Downy Mildew, bunt or 2,4 D damage, but closer exami-

nation reveals the true cause.



SECTION 3.

RECOGNITION AND IDENTIFICATION OF BARLEY DISEASES

Although diseases tend to be more of a production problem in the wheat
crop, they also constitute an increasingly recognised threat to barley produc-
tion in all but the driest countries of the world. A strong and well-developed
pathology input, based upon rapid and accurate disease identification is there-

fore also of great importance in the improvement of world barley production ,



Fungal Diseases

Stripe Rust

Caused by Puccinia striiformis f.sp. hordei, this disease is of par-

ficular importance in the countries of northern Europe, northern Asia and
South America and in India, Pakistan, Nepal, Afghanistan and the P.D.R.Y.
Like yellow rust of wheat it tends to be confined to the cooler, higher altitude

areas of these countries.

Stripe rust produces symptoms and effects similar to those of wheat

yellow rust.

L.eaf Rust

This disease is caused by the pathogen Puccinia hordei(=P anomala).
It is widely distributed within the Mediterranean countries and is known to cause

particularly sériocus yield losses in the countries of North Africa and in Pakistan.

The disease is characterised by small round yellow/brown pustules occur-
ring mainly on the leaves. Later in the season round/oblong,dark brown telial

pustules develop.

A leaf rust, with darker brown/red pustules, may also result from infec-

tions of P. recondita tritici.

Yield reductions result primarily from reductions in kernel number and

geed shrivelling.

Stem Rust

Barley stermn rust may be caused by a number of barley-specific races of

either Puccinia graminis tritici (wheat stem rust) or P. graminis secalis

{rye stemn rust). Although present throughout the humid and semi-humid areas
of the world, stem rust is not of major importance as barleys, through their

early maturity, tend to effectively escape severe losses.



b owdery Mildew

In contrast to stem rust, this disease, caused by infections of Erysiphe

graminis hordei, is of major importance wherever barley is produced. High

humidities favour its deveopmenibut powdery mildew precipitates serious
losses even under relatively low rainfall conditions, especially in cosl, cloudy

weather.

The disease symptoms are, in general, similar to those caused by pow-
dery mildew of wheat. However certain host/pathogen race combinations result

in light to dark brown discolourations, which may indicate a type of resistance.

If the disease develops early (in the seedling stage) it may seriously reduce
the root system and have consequently severe effects on seed yield, especially
in drier areas. Disease development before heading tends to reduce kernel

number, whereas infections occurring after heading only affect kernel weight.

Downy Mildew

Sclerospora macrospora is the causal organism of thig digsease, which

is restricted to areas where flooding eccurs in the early stages of crop deve-
lopment. Itis thus only of very limited importance, especially on barley

which is grown under predominantly dry conditions.

Net Blotch

Occurring widely throughoéut the temperate and humid areas of the world

net blotch, caused by Helminthosporium teres and sometimes known by its perfect

stage as Pyrenophora teres, may precipiatate serious yield losses, especially

in North Africa, Mediterranean Europe and the Casgpian areas.

Infections in the seeédling stage cause brown reticulate blotches to develop

at or near the tip of the leaf blade. These develop into the characteristic dark



brown netted blotch which may finally cover the whole of the leaf blade but
never extend to the leaf sheath. Further lesions may alsc be found on the
kernels, where they appear as a light brown discolouration of the lemma

rather than the characteristic netting of leaf infections.

Net blotch causes grain shrivelling which may be severe, especially in
early infections. In this case both the number of tillers/plant and the number

of kernels/tiller may also be seriously reduced.

Spot Blotch

This disease is caused by Helminthosporium sativum{=Cachliobglus

sativus). It is widespread within the countries of North Africa, West Asgia
and Mediterranean Europe where its develpment and spread is favoured by

warm and moist conditions

Seedling infections cause a seedling blight which frequently results in
pre-or post-emergence seedling death. Infections of mature plants appear
as characteristic dark brown, round/ oblong lesions which may coalesce,
covering the whole leaf blade. The kernel and floral bracts may also be

affected by spot blotch, in which case it is more commonly known as black point.

Stripe Disease

Stripe disease, caused by Helminthosporium gramineum, 1s almost

invariably present on barley crops throughout the world. However it only
results in serious crop losses in certain areas (especially in the low rainfall
parts of Iran, Syria and Turkey). In these areas it is recognised as one of

the most important barley diseases.

Disease syrmptoms appear at about the tillering stage of crop growth.
Atfirst they are confined to the older leaves and leaf sheaths as parallel yellow

stripes but as the disease develops the symptoms become brown and may extend



over all the leaves. Infected plants tend to be stunted and may split, fray
out or collapse. In gevere infections the spike fails to emerge and in cases

where it actually emerges tends to be blighted and brown in colour.

S-c a.ld

This disease results from infections of the pathogen Rhynchosporium

secalis and ig of major importance in coeler humid and sub-humid regions.
It causes considerable yield logses in Afghanistan, Turkey, Ethiopia, Kenya,

Tanzania and in many of the Mediterranean countries.

It occurs mainly on winter barleys and appears first as irregular, blue/
green, water-spaked lesions on the leaf blades and sheatha. As the disease

develops these symptoms developinto bleached aress with brown marginsg.

Infections cause a similar damage to those of net blotch.

Loose Smut

Ustilago nuda is the causal organigm of this disease, which is widespread

throughout areas in which humid, cool and showery conditions prevail duting

heading.

The symptoms, which result {rom the replacement of the floral tissues
by gspores, appear at flowering when the covering fragile membrane ruptures
revealing a dark brown spore mass. Infected heads usually emerge from the
sheath a few days earlier than healthy ones but may be difficult to distinguish

until flowering.



Black or Semi-loose Srmut

Similar to loose smut, this disease is caused by the pathogen Ustilago
mo It is of importance in Europe, Asia and in some parts of the Near
and Midt;ile East. The symptoms of infection resemble those of loose smut,
except that the spore mass tends to be less compact. Infected heads tend to

emerge later than those infected with loose smut.

Covered Smut

This disease, caused by Ustilago hordei, is considered to be one of the

most serious and widespread diseases of barley throughout North Africa, the

Near and Middle East and South and Southeast Asia.

The spore masses produced completely replace the kernel and are covered
by a membrane which persists until the spores are fully mature. Unlike other
wheat smut diseases, covered smut of barley _is readily identifyable as soon as the

ear has emerged from the sheath.

Fungal Root Rot

As with root rot in wheat, this disease is primarily caused by Pythium
species and results in root necrosis, which in turn causes infected plants to
become chlorotic and stunted. It may be very aa._hia:ging if infection occurs
during the seedling stage but is of less significance in adult plants. The most

common species infecting barley is P. graminicale.

Scale or Fusarium Blight

The causal organisms, symptoms and damage of this disease are identi-

cal to those of the similar wheat disease.

Ergot

Here again the characteristics of the disease are the same as in wheat.



Racterial Diseases

Bacterial Blight

This is the only bacterial disease of any importance occurring in barley.

It is caused by Xanthomonas translucens and is more prevalent in northern

Europe, Asia, North Africa and various countries of the Near East.

Early infections appear as minute linear, water-soaked lesions on
both leaf blades and shea.ths.. These iesions elongate and may coalesce into
narrow and irreguiar glassy-surfaced stripes, which may be light-yellow,
light brown or dark brown according to age. In the later stages of infection
the centres of the lesions become translucent and small drops of white exudate

may be seen.

Infections are, in general, only serious if they start at an early stage
of crop growth, in which case they can cause very severe and sometimes

complete crop loss,



Viral Diseases

In addition to the viruses discussed in relation to wheat diseases,

two further species deserve particular mention:-

Barley Stripe Mosaic Virus {BSMV)

This disease has been found in North America, Europe, Japan, Korea,

Pakistan, the USSR, Australia and some West Asian countries.

Its symptoms vary from yellow/brown striping to chlorotic spotting and

generai mottling. Little is known about its affect upon the host plant.

Cereal Tillering Virus (CTV)

This disease attacks barley exclusively, resulting in a variety of mosaic,

mottling, yellowing and stunting symptoms.



Digseases caused by Nematades

In general, barley is attacked by the same groups of nematodes that
commonly infest wheat crops. Nematodes of the genus Heterodera are

particularly important in this respect and Anguina tritici has also be found

to cause ear cockle in barley.

As with wheat, the volume of work carried out to date on nematodes
in particularly dry climates is limited. Their importance may thus be

considerably greater than is currently supposed.



DISEASES AND
DISEASE DEVELOPMENT




SECTION 4.

THE MAJOR DISEASES OF WHEAT AND BARLEY

Pathogenic fungi are by far the most important and yield-limiting
of the many disease-causing organisms which attack cereal crops. Of
these the genera Puccinia (rusts), Ustilago (smuts), Tilletia {(bunts),
Erysiphe (powdery mildews), Septoria, Alternaria, Helminthosporium,

Fusarium and Pythium are the most widespread, regularly occurring and

potentially dangerous throughout the world.

Studies of the distribution and ranked importance of these diseases
reveal the tantamount importance of the rusts, especially on the wheat
crop (Tables 4.1 and 4.2). Such studies also show the increasingly recog-

nised importance of other pathogens such as Helminthosporium spp. (causing

leaf blotch, foot rot and black point), Erysiphe spp.(causing powdery mildew),

Ustilago spp. (causing loose smuts) and Tilletia spp. (causing bunt diseases).
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Table 4. l. Distribution and Importance of Wheat Diseases

Disease and Ranked Impertance

Area.. SR YR LR Sm B PM S A H
Afghanistan 2 1 5 4 7 .6 3 - -
Turkey-Plateau 4 1 6 3 3 - - - -
~-Coast 1 1 ) 5 7 4 3 10 ¢
-S.FEast 5 3 4 2 1 - - - -
Cyprus 1 3 -2 Tr Tr 5 4 Ty Tr
Syria A 5 3 4 1 - ~ - "
Iraq - 2 1 - - - Tr - Tr
Liebanon 3 1 2 - - - - - -
Jordan 2 - - - . - - -
Saudi Arabia 1 4 3 2 - - - P -
Egypt 301 2 - e e e e e
Libya 1 - 2 3 - - - - - -
Algeria 4 2 3 6 5 7 1 o 9 8
Tunisia 3 7 6 2 1 1 -4 - . B
Morocco 3 - 1 1 5 4 2 - 6
Table 4.2, Digtribution &and Imporiance of Bariey Digeases
Area Disease and Ranked Impo;-tance
SR YR LR PM H Sc Sm
Afghanistan 4 1 6 1 3 2 4
Turkey 5 7 6 1 2 3 4
Cyprus - - 1 3 2 - 4
Syria - - - 1 - - -
Iraq - - - - 1 - -
Lebanon - - 2 1 4 - 3
Jordan 6 7 3 2 4 - 1
Saudi Arabia - - - - - - L.
Egypt - 2 3 1 - -
Libya - - - 2 - -3 1
Algeria - 3 2 5 1 5 4
Tunisia 7 6 4 3 1 5 2
Morocco - - 3 4 1 - pA
* SR = . Stem Rust YR = Yellow Rust
LR = Leaf Rust Sm = Smut
B = Bunt PM = Powdery Mildew
S = Septoria A - = Altarnaria
H = Helminthogporium . Sc = Scald
RR =  Root Rot and Fusarium ' '



The Cereal Rusts

Puccinia graminis {causing stem or black rust), P. recondita

(causing leaf or brown rust), P. striiformis (causing yellow or stripe rust),
P. hordei (causing dwarf or leaf rust) and P.coronata {causing crown or

leaf rust) regularly precipitate serious losses of wheat barley, oats and rye
throughout the world. Owing to their prime importance in limiting the pro-
ductivity of these cereal crops in almost every major cereal-producing country
the rust diseases deserve special and detailed attention in research designed

to minimise cereal diseage losses.

Life Cycle

The rust fungi are, in general, obligate parasites; being unable to comp-
lete their life cycle in the absence of a living plant host. They have developed
a very complex life cycle involving, in many cases, an alternation between two
host species and a number of different spore types. The full life cycle is
illustrated in Figure 4.1. It should be stressed, however, that the complete
two-host, four-spore type cycle is not commonly found in cereal rusts except
under rather extreme environmental conditions . In most areas, where envi-
ronmental conditions are favourable, the fungi reproduce almost exclusively
through the asexual urediospore cycle on the crop itself, on volunteer plants
and on related, and often weedy, plant species. The complete life cycle may
be encountered in a few areas where the primary crop or grass host and the
alternate host are found in close proximity to one another. The following
plant species are known to act as alternate hosts for the principal cereal

rust pathogens:-



P. graminis & DBerberis spp. Mahonia spp.
P, striiformis __ Udknown

P. _recondita . Thalictrum spp. Isopyrum spp,
P. hordei n . Ornithogalum spp.

P. coronata . Phamnus spp.

In rﬁany regions the graminaceous host or hosts fnay be found
throughout the year. In these instances the rusts are able to survive locally
and are referred toas endemic. However there are a number of areas
(especially where hot and dry conditions prevail for seme months) where the
host species and ¢consequently the fungi do not survive from one season to
another. Where these condjtions occur the rust infections initially arise from

inoculum re-introduced from some distant source and are termed exodemi'c.,

Taxonomy

The classification of rust fungi into family and genus i€ based upon the
morphological features of the teliospores, and the species within genera are
distinguished on the basis of their host range and urediospore characteristics

(figure 4.2.)

In the genus Puccinia, however, specialisation is highly developed and

a number of formae speciales based upon host range, may be distinguished

within each species. Formae specialies (f.sp.}) are named with reference

to the primary host species attacked; each forma speciale in general, being

able to attack several closely related grasses. The major recogniased formae

speciales infecting cereal crops are detailed below: -



Pathogen Primary Host

Species Formae speciales

P. graminis Pers. tritici Wheat, Barley
secalis Rye, Barley
avenae Oats

P. recondita Rob.ex Desm tritici Wheat

P. striiformig Westend. tritici Wheat
hordei Barley

P. hordei Orth. Barley

P. coronata Cda. Oats

Within each forma speciale the pathogens may further be divided into

physiological races and hiotypes. A biotype is defined as a population of
individuals with identical genotypes and a physiological race as a group of
biotypes similar in morphology but differing - in physiological, biochemical,
pathological and other characters. Physiological races (designated by race
numbers) are identified on the basis of differential responses on selected host
varieties., While this system of nomenclature serves a very useful taxonomic
purpose it should be stressed that it cannot be used to completely identify any

rust collection.

The identification of physiological races of rusts may be made on the
basis of observations of the infection response of different wheat and barley
varieties to a purified rust culture. A fixed number of varieties in the seedling
stage are used and infections will be fully developed at about 10-15 days after
inoculation if conditions are optimal. (The procedures and techniques of this

process will be elaborated in the glasshouse practical sessions).

Based upon the host response clagsification a race number can be either

determined from published reports or assigned if a new race is isolated. The



method of coding infection types for astem and leaf rusts is given in

Table 4.3. Although there i# no unanimous agreement amongst rust workers

on coding, the majority of the yellow rust researchers now classify infection
types according the ganeral sgcheme given in Table 4.4. European yeallow

rust workers have further developed a binary notation system for race nomenz-
lature. This allocates every differential host a fixed value {decanery value).
Race reactipns are claagified as either resistant (binary scorez U) or susceptihie
(score = 1) and in this way a decanery valuwe may be obtained for each differen-
tial. These are then added to give a decanery total which then becomes the

race number (see below), Such a system allows the susceptible varieties to

be identified from the decanery total or race number.

The Uge of Binary Notation in Naming a Physiological Race

Differential host G F E D G B A
Decanery Value 26 25 24 2.3 22 21 2°
Race Reaction R R 5 R, S K3 R
Binary Score 0 0 1 0 1 1 0
Race Decanery Value . - - 16 - 4 2 -

Decanery Total = 22 = Race Number

Development of New Biotypes

Rust fungi may evolve new variants or biotypes in a number of diffarent
ways. If the alternate host, full life-cycle occurs new variants can arise in
profusion through sexual hybridisation (the production of gametes at meiosis
and their recombination at fertilisation). However the full sexual cycle i8 not
a common feature in rust fungi in many parts of the world (there ig for example
no known alternate host for P. striiformis). Mutation is a further mechanism

through which pathogen variahility may be created. Even at low mutation



frequencies the very high rate of uradicapore production obgerved in these
pathogens would allow mutations ta be one of the major source of variants.
Other mechanisme recagnised as b.eing operative in rusts are heterokaryosis
and somatic hybridisation (Parasexuality). Littla evidence of the importance
of these two mechanisms under field conditions is, however, currently

avgilable.

Studies of the genetics of rust pathogens have revealed the presence
of a number of genes for virulence (the inherent ability of a pathogen to cause
digease), many of which exist in a heterozygous and recessive state. A single
mutation of such a gene in this case would allow the full expression of the viru-
lence character in a new biotype, It is thus not surprising that a number of
investigations have indicated that many virulence genes may arise through
mutation. Studies of host: paragite interactionsg in the wheat/ rugt system
have further indicated a very cloge relationship batween the genetics of
pathegen virulence and host resistance. A gene-for-gene aseociation, implying
a direct correspondence between host genes for resistance and parasite genes
for virulence on a one-to-one basis, has thus been postulated and has gained

&
congiderable acceptance

*
See 3.1 : Implications of the Genetic Relationahip in the Triticum:

Puccinia host; parasite system' - Mohammed Asglam -

in additional reading.
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Fig. 4.1.: Generalized life cycle of the wheat rust fungi

(Loegering, Johnston and Hendrix)



Fig.4.2.: Urediospores (top row) and teliospores (bottom row) of
stem (A), leaf (B), and stripe (C) rust fungi magnified about 875

times. The spores of the stem rust fungus are easily differentiated
from the other two when observed under the microscope. The spores

of the leaf and stripe rust fungi are difficult to distinguish.



‘I‘abie 4.3. The Basic Infection Types for Clas-sifyingﬁ(;ultpre; of

Puccinia graminis tritici in the glagshouse: _{Stakmm et.al)

D - Immune

No signs of disease at all,

0; - Practically Immune

No pustules but hypersensitive flecking(small flecks of dead hoat

tissue) observable.

1 - Very Resistant
Rust pustules ‘é;itz:emely small and isolated; often surrounded by

sharp and coﬁt';nuous hy'pgrsen‘sitivé 'ﬂecking”.

2 - Moderately Resistant
Pustules small to medium in size; usually occurring in green islands

of host tissue surrounded by bands of yelfow,’ chloretic ox dead tissue.

3 - Moderately Susceptible

Pustules medium in size; usually separaté; no areas of dead tisswe;

yellowish (chlorotic) areas may be evident. '’

4 - Susceptible

Pustules large, numei-ous and often united (con;fluent}; na d¢dead tigsue;

o .
chlorosis may occur under unfavourable growing conditions.

X - Reaction Heterggemun‘ﬁMe.Fothetic}
Pustules variable in size; all types of infection may be found ana
single leaf blade - no mechanical separatien possible. On iaalation

and re-inoculation small pustules may produce large ones and wice-versa.



Table 4.4. General Classification of Infection Types for Yellow Rust

Description of

Code Symbol* Index Value
Infection Type ) ¥
Na Data
No Visible Infection 0 0
Necrotic/Chlorstic Flecks VR 1
No Sporulation
Necrotic/Chlorotic Stripes R 2
No Sporulation
Necrotic/Chlorotic Stripes MR 3
Trace of Sporulation
Necrotic/Chlorotic Stripes LM 4
Light Sporulation
Necrotic/Chlorotic Stripesd M 5
Intermediate Sporulation
Necrotic/Chlorotic Stripes HM 6
Moderate Sporulation
Necrotice/Chlorotic Stripes MS 7
Abundant Sporulation
Chlorosis behind Sporulating S 8
Area: Abundant Sporulation
No Necrosis/Chlorosis VS 9

Abundant Sporulation

= Resistant

1

R
M Moderate
S

1"

Susceptible



SECTION 5.

EPIDEMIC DEVELOPMENT

The cycle of pathogen and disease development - from pl;_imary inoculum
through plant infection and back to primary inoculum - varies considerably
between different pathogenic organisms. Plant pathogenic fungi can be divided

into two groups on this basis; viz. single and multiple cycle types (Figure 5.1).

Single Cycle Diseases

Fungal pathogens with a single cycle have no mechanisms for secondary
spread within their host crop. Thus all disease expression results from infec-
tions caused by primary inoculum; increased levels of disease resulting from
increased primary infections as the environment becomes more favourable.
Diseases which fall into this category include the bunts, smuts and foot rots,

which are primarily soil-borne.

Multiple Cycle Diseases

Pathogens with a multiple disease cycle are able to spread within an
infected crop through the continucus production of re-infective spores {secondary
inoculum). Thus even very low levels of primary infection can result in severe

crop damage. As a result, pathogens of this type (e.g.rusts, Helminthosporium

and Septoria) are considered to possess an inherently higher disease-causing
potential than those with a single cycle. Discussions will therefore, at this stage,

be cenfined to multipnle cycle diseases.
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Disease Establishment

Inoculum

The first necessity in the establishment of a disease is for the inoculum
(that part of the pathogen which carries infection to a host) to come into contact
with the surfaces of a suitable host. Inoculum particles may be in a number
of different forms (e.g.spores, mycelial masses, bacterial cells or viral

particles).

Disease inoculum is generated by previous infections and liberated into
the environment, constituting a reservoir of potential infection. It may origi-
nate from a few infected plants or from many ; it may come from the same
location or have travelled over great distances from afar; and it may be primary
- resulting from infections in a previous season - or secondary - arising from
earlier infections in the same season. Rust infections, for example, may result
from spores produced or surviving locally or from spores carried over great

distances by the wind.

Wind is perhaps the major way in which multipe disease cycle fungal
spores are disseminated over greater or lesser distances. However water may
play a particularly important role in the dissemination of the spores of some
fungal pathogens (i.e. Septoria), especially over short distances. Other me-
chanisms of transferring pathogenic inoculum to host plants include, insects
and nematodes (especially with viruses), other pathogens (bacteria and viruses

are sometimes carried by fungi) and the activities of man and animals.

In general only a small percentage of inoculum survives, reaches a
suitable host plant at a suitable time and is able to infect it. This is perhaps
the primary reason for the large amount of inoculum (and consequent crop
damage) produced by most pathogenic organisms. Numerous factors affect
inoculum survival . These include : dormancy; spore structure; dispersal

mechanisms; and environmental conditions.



Rust urediospores, for example, are well adapted to survival; being
able to travel over long distances and through adverse conditians and still

retain a fairly high viability.

Once in contact with the host gurface and provided that enviropmental
conditions are favourable the pathogenic inoculum enters into a phase of
rapid growth supported by its own food reserves. This growth phage, which
results in the formation of 2 germ tube responsible for the actual penastratipn
of the host surface, is termed 'germination'. It is during thig time that the
pathogen is most vulnerable to desgication from adverse conditiong and thus
most dependent upon the environment. After penetration has oceurred the

pathogen is once again protected from external conditigns.

The sequence of disease establishment, develgpment and spread in

relation to plant growth is illustrated in Figure 5.2.



Disease Spread

Traditionally the major factors affecting disease spread and development
have been linked together in a 'disease triangle' of interaction between the viru-
lence of the pathogen, the susceptibility of the host and the favourability of the
environment. Time, however, is a further and very important consideration
in this regard (e.g. the time period during which the host and pathogen are in
contact, the time and duration of optimal infection conditions, the timne neces-
sary for infection etc....). The insertion of a time-factor into this interaction

equation results in its quantification as a 'disease pyramid' rather than triangle.

Time

Host \Z/ Environment

Pathogen

The amount of disease caused by any particular pathogen on any particu-
lar host, under any particular environment and over any particular time is thus
represented by the volume of the particular pyramid resulting from the inter-
action of these factors. The development of diseases which rely upon biological
vectors for their transmission (e.g. viruses) is further complicated by inter-

actions involving these vectors.




Epidemic spread involves the continuous multiplication of inﬁfeﬁiém-a
at progressively greater distances from the original foci of infection until
the established infections are so close together and produce such a large
amount of inoculum that no healthy '_susceﬁtible plant within the paf_ticulpr
area can escape infection. The ﬁxuitipli.'cation of infectionsg reflects the

influence of all the factors of the disease pyramid and their coi;np0nen,t parts.

Host Factors

The size, distribution and genetic diversity of hoét populationg are of -
great importance in determining the degree and rate of epidémic dévelqpt;nent.
Large areas of genetically uniform hast plants censtitute an ideal mﬁditim for
disease infections reaching epidemic propottions. The rigk of m_é.jar crop losses
in such areas (e.g. the wheat producing areas of the American Great Plains)
would be very high were it not for the genetic diversity for rust resi;tance in
the cultivars grown.A high degree of genetic diversity in resistance is impe-
rative in order to reduce the likelyhood of the su'ddeh appearance of new physio-
logical disease races capable of overcoming the resistance and the disastrous

losses that would thus result.

In order to develop high yielding ¢ultivars with a broad-based resistance to
various diseases all known sources and types of resistance must be utiliged in
breeding efforts. Systems of multi-location testing are a further agset in the

selection of cultivars with this type of resistance .

Pa_thogenic Factors

The primary components of epidemic spread are the abundance of inoculurm,
its virulence and its reproductive ability. EPidemicg'will, in general, gccur when

large amounts of vigorously grawing and rapidly fgproducing' pathogenic pa.r-ticl_e




come into contact with highly susceptible hosts. Assuming 100% inoculum
6 .
viability and infection, 10 rust pustules can theoretically result from one

initial rust urediospore infection after only three generations:-

! spore —=» 1 pustule
3 3
10° spores—w 10 pustules

6
106 spores —» 10 pustules

9
10 spores
First Second Third .
Generation Generation Generation

Although this situation never occurs in nature, the example serves to
illugstrate the enormous infection potential of some fungi, especially when the
rate of generation turn-over can be as rapid as 14 days. With this rate of -
reproduction the effective rate of mutation may be very high, further underli-
ning the danger inherent in growing large areas of cultivars with a similarly

narrow base of resistance,

Environmental Factors

Favourable environmental conditions are an essential prerequisit for
epidemic development. Of major importance in this regard are moisture and

temperature. Although pathogens differ in their environmental requirements

for optimal infection, leaf and stem infecting fungi, in general, and rust species,

in particular, require sufficient free moisture on the plant surfaces and adequate

temperatures before they wiil germinate and infect. (See Table 5.1.).




Time Factors

In the case of the cereal rusts, and indeed most foliar pathogens, infec-
tions may occur at any time during the crop growth period provided, of course,
that environmental conditions are favourable. This means that explosive epi-
demics may develop at any time during the grdwing season. In contrast the
bunt and loose smut fungi, amongst others, are only able to infect their hosté
at specific growth stages (i.e. the germinating seed and the developing flower
respectively). Epidemics of these pathogens thus build up slowly over & num-

ber of seasons rather than occurring explogively.

The Extent of Disease Spread

The distance over which infective inoculum can travel is of great impor-

tance in the spatial expansion of infection centres. Rust diseases, as already
mentioned, are able to spread over very considerable distances and are thus

particularly dangerous, as outbreaks are &ifficult to contain.

Epidemics begin with a localised disease spread around the primary foci

of infection and then diffuse rapidly outwards, producing secondary foci .

(N.B. - this holds true whether considering an individual field or a whole region).

The degree and rapidity of spread depends upon the pathogen (its rate of spore
production and growth) the environment, the availability 6f susceptible hosts and
time - the four factors of the disease pyramid. Under optitmum conditigns

of these factors the disease spreads until the primary and secondary foci
coalesce and the epidemic continues until there is no more susceptible tissue to

infect.




In an epidemic the following conditions are evident:-

- The rate of disease multiplication increases with increasing

numbers of infections.

- The amount of infection due to a single disease focus at any time

decreases with the distance from that focus.

- The chance that a given plant will be infected thus also decreases

with increasing distance from the inoculum focus.




Table 5.1.

Simple Relations between Environmental Conditions and the

Establishment of Rust Diseases.

Di Growth Free T ¢ , L
isease Stage Water emperature Light Humidity
Black Rust Germination Essential Minimum 10°C o Max. gntensity
2hr.dew period Optimum 15-24 C 11x107 Iux
P.graminis

gives high rate,

Germ-tube growth Essential
and Appressorium Optimal with
formation. 10 hrs dew

70% with 4hr.dew

Maximum 30 OC

Optimum 1627 °c

- Slow drying
in the dark
maintains -
viability of
appressorium.

Penetration & Dew necessary Minimum 15:C Min,In%cnsity
formation of Optimum 29 C 5.5x107 lux
sub-gtomatal Maximum 35 C
vesicle.
Brown Rust Germination Essential Minimum 2°C o May retard High humidity
P.recondita Optimum 15-20 C germination essential
under certain
conditions
Germ-tube growth Minimum 5°C o High humidity
and Appressorium Optimum 15-20 C egsential
formation Maximum 31°C
' o
Penetration and Optimum c¢.20 C No effect.
formation fo sub-
stomatal vesicle
Yellow Germination Essential Minimum 0°C
Rust Optimum 9 - 13°C
. o
P. graminis Maximum 23 C
. o
Germ-tube growth Optimum ¢.10-15 C
: Penetratidn and Minimum 20(_‘; o Little or 6hrs. high
formation of sub- Optimum 8-13 C no humidity
stomatal vesicle Maximum 23 C effect egsential

at opt. temps.
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Quantitative Characteristics of an Epidemic

Some 15 years ago investigations by Van der Plank helped to transform
plant pathology into a more quantitative science. Through these studies he
showed that many epidemics build-up in a similar way to money in a bank
- through compound interest. Thus the phrase "compound interest disease’
wasg coined for epidemics caused by the multiplication of a pathogen through
succeeding generations. The "compound interest formula™, derived by Van
der Plank, gives an estimate of the infection rate (r} per unit time and thus

a measure of the disease increase.

r = 1 { log *2 - log *) )
t. - t ¢ 1 x ¢ 1-x
2 1 2 1
where t1 and t2 are the dates at which disease measurements were made
and xl and x2 the amounts of disease recorded on these dates.

The observed infection rate (r) is a result of the interaction of all the
factors affecting disease development. As these factors become more optimum
so 'r'increases.

Loge (1__"._). is termed the logit of X. Logitistic increase implies
-x

that there is a limit to the amount of infection that a population can sustain
and that infection increases at a constant rate. The development of an epidemic
may thus be plotted as a straight line according to the equation y = mx + ¢

{(where m = slope = infection rate and ¢ = infection level at the first observation).



rEx.arn'BIe :

Date

Growth Stage

% rust on
flag leaves
(Cobb Scale)

Logg( x )

l-x

Calculation of the infection rate of the wheat rust
epidemic in Senora, Mexico 1976 - 1977.

Using the equation

18/11 10/111 18/111
Heading Flowering Kernels half
Complete formed
7.3 35 100
- 2.54 + 0.62 + 6.9
= _1 (6.9 +2.54) = 0.532 units/day

(See Figure 5.3. for graphical plotting of these values}
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Development of Rust Epidemies in the Field

The primary rust inoculum, which establishes the initial infections,
is carried to the host population by wind or water (rainfall). If the uredios-
pores arrive in a viable state they will germinate when the environmental
conditions become favourable. Only those races which possess the virulence
factors allowing the rust pathogen to establish a successful parasitic relation-
ship with the host can infect its tissues. The environmental conditions follow-
ing infection and the interaction between the genetic make-up of the pathogen
and the host then determine the time elapsed until the production of new
urediospores (the incubation time). Temperature is particularly important
in this regard and its relationship with the incubation time for primary infec-

tions of leaf, stem and yellow rusts ig illustrated below:-

281 -

21 -
é’ (1) \ (2) (3) 1 = Yellow Rust
[—cg . 141 - 2 = Lieaf Rust
e :% 3 = Stem Rust
g O
5 1-
0
5

ol -
0 10 20 30

o
Temperature C



As constantly optimum temperatures do not occur in nature the pro-
duction of hew pustules from initial infections will generally take between
12 and 14 days. If the spores produced by these pustules cause a re-infection
every day thereafter then secondary pustules will appear about 24 to 28 days
after the initial infection. From the 24th day onwards new uredia will be

developing every day.

Following the eruption of the first uredopustules on the host leaves or
stems, secondary infections can occur on the same or neighbouring plants
whenever environmental conditions are favourable. Uredopustules will, under

good conditions, continue to produce spores for a period of 16 -21 days.

The number of spores produced per uredium under field conditions
varies between rusi species and with ambient temperature. Data below indi-
cate the approximate scale of spore production and its relationship to tempe-

rature for a stemn rust infection.

The Production of Urediospores from a Single Rust Pustulgs over

an Eleven Day Period (from Prabhu and Wallinj.

Temperature Nos of Urediospores
°c (1,000}
13 40
18 83
24 206
29 218

A brief summary of simple reiations between environmentil conditions

and disease establishment is given for each of the major rusts in Table 5. 1.



5.5

Epidemics and Time

Theoretical Considerations

As outlined earlier, time is a fundamentally important factor governing
the scale and extent of disease development. In considering the relationship
between inoculum density and disease level, which is represented by a straight
line passing through the origin,time is one of the many undisclosed factors
determining the observed interaction.

D lacee e a

Disease
Level

Units of Inoculum

The disease/inoculum relationship curve forms an angle A with the
x axis . Thus the amount of disease (D)caused per unit of inoculum {i.e. the
slope of the line) is equal to the tangent of angle A. However,if the level of
disease increagseg with time then so too will the amount of inoculum. Thus
the disease D is the amount of disease produced per unit inoculum per unit
time. If time is treated as an independant variable than an average infection
rate (R) may be derived. R, the infection rate per unit of inoculum per unit
time, is the slope of the disease/time relationship curve and for incculum
of a given virulence in a host of a given susceptibility with given environmental
conditions will be directly proportional the amount of disease produced. This
can be written ags DeC R o% Tan A

) R P

Disease
Level

A et . e o

Units of Time




From the disease development point-of-view then Tan A is a preoduct
of all the factors (i-e.humidity, temperature, host susceptibility, pathogen
virulence etc..) that affect the ability of the pathogen to cause disease. It

thus represents the disease causing potential of the inoculum in questioh._

Experimental Study

In a study of Puccinia graminis tritici (Pgt) infections, Peterson

allowed urediospores to fall onto wheat leaves and after a fixed period of ti)rr:le
determined the level of disease caused. At concentrations of up to 2,810 ..
spores )*cm2 the digsease levels were. directly proportional to the number of
spores (330 infection points/cm ) and the number of infection p01nts stayed
roughly constant at about twelve per hundred spores. However, beyond this
level there was a more than proportional increase in infection points with
increasing inoculum density, until with 5, 400 spores/crnz there were twenty-
seven infection points per hundred spores. This relationship is illustrated
below. At high concentrations of spores it appears that the spores help or;e

another to cause infections. This is referred to as a synergistic interaction.

2000 -

1000 -
Digease
Leavel
{infection points)

500

~
s
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In his experiments Petersen only considered the relationship between
primary inoculum densgity and infection level. When studying the develop-
ment of Pgt epidemics on a field scale, however, a number of other consi-

derations must be borne in mind. These include:=

The infectious unit is the sporulating pustule, rather than simply

the urediospore.

- Field epidemics are dynamic and continuously change with changes
in the numbers of sporulating pustules, secondary urediospores and
new infections produced.

- Both infection by and production of urediospores are important.

- Environmental factors (such as moisture, temperature, vectors etc.)

assume a particular significance.

In studies of field epidemic development then, the infection rate (R) is
taken to be the rate of disease increase per unit of infectious tissue {usually
per_sporulating pustule) per unit time., R, it should be stressed, relates
solely to infectious, rather than infected, tissue. Amongst other factors,
the average proportion of spores that actually cause infections and the average
number of spores produced per pustule are important in determining the

value of R.

A further infection rate (r) is used in these studies to denote the rate
of increase of all infected tissue. As there will always be a considerable amount
of infected tissue not displaying external disease symptoms (i.e. in the incuba-
tion stage of disease establishment), it is essential that this be taken into account
in quantifying the value of r. If, for example,he incubation period is seven days,
then measurements based upon the symptoms visible on July 8th would in fact
relate to the infection level on July lst. Similarly July 12th measurements would

refer to July 5th infection levels. Thus estimates of r based upon the increase



in visible disease between July 8th and 12th would actually measure the true.

r value for the period July 1st to 5th.

The difference between R and r represents the difference between amounts.
of infectious and infected tissue. Thus, in the case of black rust infections R
relates to only those pustules actually sporulating, whereas r refers to all
pustules, including those that are immature and non-sporulating and those
that are past the sporulation stage, as well as to infections not visible on the

plant surface.



Long Distance Transport of Disease Organisms

The important role of long distance transport in establishing infections
in areas where the pathogen cannot survive from one season to the next is
self-evident. The distance over which pathogenic inoculum can travel varies
greatly between pathogens; the majority having only limited mobility.
However the spores of certain gspecies are capable of travelling over very
considerable distances through the action of specific vectors. Man and wind

play a particularly important role in long distance transport.

T-ransport by Man

Many plant pathagens, especially smuts,are disseminated in or on host
seed or together with contaminating plant or soil debris. The large volume of
plant material currently transported throughout the world thus constitutes a
serious danger of the simultaneous and widespread transport of pathogenic
inoculum. Indeed numerous examples may be cited of severe crop losses
arising from the introduction of diseases into areas where they were hitherto

unknown.

In order to minimise the risk of disease introduction on imported plant
material most countries have evolved detailed, and sometimes complex plant
introduction and quarantine regulations. These regulations are often over-
enforced on the exchange of scientific materials, whereas commercial channels,
through which the bulk of plant imports flow, often have few restrictions placed
upon them. In this way the free exchange of cereal germplasm and through it

the rapid dissemination of improved crop varieties may be seriously hindered.

The quarantine regulations of many countries, it would appear, would
benefit from considerable rationalisation, based upon realistic assessments of
the dangers and benefits of the facilitated exchange of the germplasm of a number

of important crops.



Wind Transport

Wind is without doubt the most important factor in the long distance
movement of the inoculum of many foliar diseases. As such it often negates
the consideration of quarantine regulations for the control of such diseasges.
The effects of wind transport have been particularly well illustrated in studies

of the cereal rusts,

The limits of dissemination are governed primarily by weathér patterns
and the resistance of the urediospores to adverse environmental conditions.
Movement usually takes place in a stepwise fashion, but single flights of over

1,000 kilometers have been reported for spores of Puccinia graminis tritici

and thus extensive travel can take place over a very short time period given
favourable conditions. In addition movements may take place either regularly
on a seasonal pattern or gradually over a period of y.ears, A number of well-
documented reports of migrations and migration routes throughout the world

should serve to illustrate the various patterns of movement.

Annual Migration

The best known and documented annual rust migration route stretches
from the southern United States of America to the northern states and southérn

Canada. Itis commonly known as the 'Puccinia Pathway' and covets more

than 3,000 kilometers. The migration usually involves a number of steps, but
with severe infections in the south and when strong winds prevail for two to
three days, the number of steps may be reduced and the area and distance
covered may be very extensive, Movement is primarily in a northward direc-
tion following the development of the wheat crop in the different states.
However as the wheat in the north'erh -most areas in Canada is maturing the
inoculum once again moves southwards to infect the early sown crops of the

Great Plains.



Other well documented pathways of cereal rust migration occur in
Europe, Australia, and the Indian subcontinent. In Europe P. graminis
regularly moves northwards each spring after surviving the winter period
in North Africa and Mediterranean Europe. A similar long distance move-
ment of stem rust can be seen in Australia, and there is also evidence of
dissemination from here to New Zealand, across some 2,500 kilometers
of ocean. In the case of India stem rust occurs all year round in the southern
hills where conditions allow the year-round production of wheat and barley.
These areas thus constitute the reservoirs of inoculum for the regular infection
of the newly sown crops in the plains. The occurrence of infections is closely
correlated with the time at which mean monthly minimum temperatures reach

o Lo . . .
14 C, the minimum temperature for the establishment of stem rust infections.

The situation in Egypt, although much less clearly understood than the
other migration pathways, is interesting in that all three major rust diseases
are commonly found attacking wheat. Each year the rusts die out after the
wheat harvest (May-June) and re-infection occurs after sowing in November.
This re-infection must be exodemic as the rusts cannot survive the hot Egyptian
summer conditions in the absence of their host. However in order to reach
the Nile Valley spores rmust travel very extensively either over vast areas of
desert or across the Mediterranean Sea. Such regular movement implies that
the spores have a considerably greater resistance to environmental conditions

than is usually assumed.

In general it appears that the stem rusts regularly travel over greater
distances than the leaf rusts and that the yellow rusts tend to be only short
distance travellers. However, as is illustrated by the Egyptian situation, yellow

rusts can move over considerable distances under certain conditions.



Gradual Introduction

In addition to the regular seasonal migrations outlined above, new
races of a disease may spread steadily over very great distances. For
example a new virulent race of yellow rust, capable of attacking hitherto
resistant varieties of wheat (e.g. Mexipak) appears to have migrated in a
stepwise way over three years from Turkey across to India. Similarly a new
and virulent race of barley yvellow rust first recorded in Columbia in 1976,
had spread to Ecuator in 1977 and to southern Peru by 1978. Such a rapid
spread of virulent strains creates particular problems for the widespread

used of genetically similar crop varieties.

The Mechanism of Wind Transport

The long distance movement of pathogenic spores by wind involves three
distinct stages, viz; uplift, transport, and deposition. First the spores must
be lifted from their source and carried to heights exceeding 1000 metres.
Thermal updraughts and a reasonable wind velocity are essential for this
process. Once they have achieved these altitudes the spores are carried by
the various moving air masses that comprise the atrmosphere. For example
the low pressure system which periodically builds-up over western Turkey
and moves eastwards, eventually breaking up in central Asia and northern
India appears to be the primary cause of the spread of new yellow rust races
detailed earlier. Finally as the air masses break-up or as periodic down-
draughts or rain storms occur the spores are re-deposited on the earth'’s
surface. The movement of disease spores is thus dependent on a number of
meteoroclogical factors and may be closely correlated with patterns of air
- movements. This immediately suggests the use of satellite weather photo-

graphy as a means of tracking long distance disease spread.



Rain sampling has indicated that precipitation is an effective and impor-
tant means of depositing pathogenic spores. As rainfall also provides the
free moisture essential for the infection process it is considered to be espe-

cially important in the establishment of exodemnic disease infections.

It should not be forgotten that in many areas both exodemic and endemic di-
sease infections occur, Such situations tend to confuse and confound accurate
recording of spore movements and thus in tracking the spread of diseases

the contribution of each system must be clearly distinguished,



SECTION 6.

SURVEYING PLANT DISEASES

Disease surveying is basic to-all effective disease control and research
programs. Surveys are essential in the development of such programs in
order to determine their emphasis and direction. They are equally important
throughout research work as a means of assessing the effectiveness of control

measures.



Basic Survey Techniques

Organising Surveys

Surveys may be made for either regulatory or non-regualtory purposes.
Regulatory surveys usually aim to delimit known infestations and determine
the spread of new ones (often for plant quarantine purposes), whereas non-
regulatory surveys are primarily geared towards the assessment of actual
disease levels (frequently for the planning of control programs). In orga-
niging a survey it is essential to first identify its purpose. Definite objec-
tives can then be established based upon this purpose. Once the objectives
have been made clear the survey can be planned with regard to the known
characteristics of the pathogen (its reproductive rate, virulence, transport
etc...), the host (its stage of maturity, defence mechanisms, nutritional

status etc..) and the environment {both physical and chemical).

There are two basic systems of survey. These involve the use of either
mobile units (observers travelling between large numbers of sites) or static
units (e.g. trap nurseries - which may have a wide geographic distribution).
Each system has its disadvantages and a choice of system must be made in
order to minimise these disadvantages for a given set of objectives. Itis

usual to achieve this by adopting a combination of the two systems,

It should be noted that, in general, the broader the objectives of the
survey the more difficult it will be to carry out and the less reliable wiil be the
data collected. This underlines the need for firm and well-defined survey

objectives.



Sam_’eling

Whatever system of surveying is adopted it is physically impossible,
except in a few, specific instances, to survey every single unit (plant-part,
plant, field, area, country etc...) in a given population. Systems by which
the true disease levels can be estimated with as much accuracy and from
as few observations as possible are thus necessary. Such systems involve
sampling; taking samples from amongst a population and using them to estimate

its true mean level. The sampling procedures normally used include:-

Random sampling (i.e. appraising fields at every 10th kilometer as
indicated by the car speedometer)

Area Sampling (i.e. examining all fields in selected areas)

Stratified sampling (i.e. sampling ten wheat fields for éverjr field of
barley if the wheat area is 10 times that of barley)

Purposive sampling (i.e. appraising only the fields of growers produ-

cing certified seed).

Although the other methods may be used for rather specific cases, random
sampling is the most widely used procedure. This is primarily because plant |
diseases are rarely distributed uniformiy throughout a unit of c¢rop (field, area,
country, region) and thus any structuring of the sampling would tend to result
in inaccurate estimations. However random sampling must be carried out
intelligently so that obviously atypical areas and areas known to be subject
to biassed disease development are avoided. For example, samples should
not be taken from the edges of crop areas as these are subject to considerable
bias, commonly known as 'border effects'. Having deliniated obviously atypical
areas, random sampling based uponthe use of random number tables or other

methods of randomisation may then be undertaken.



In certain cases, especially when the emphasis is on disease discovery
rather than measurement, non-random sampling is degirable. This is parti-
cularly applicable when surveying for new pathogenic races in a field sown
to resistant varieties or in 2 nursery in which resistant varieties are incor-

porated.

When making estimates of disease occurence and/or severity it is usual
to employ aids, such as quadrates, or procedures, such as meter row counts.
Quadrates are square, rectangular U-shaped or round structures, usually
made from wire, which encompass a known area. They are dropped over
growing plants in randomly selected locations and all the plants within the
quadrate sampled. Measures of disease/unit area may thus be derived.
Meter row counts involve the sampling of measured lengths of crop rows, also at
locations in a plot selected at random. A knowledge of the number of crop
rows and row length in a given area will also enable disease/unit area to be

estimated by this procedure.

The sampling of individual plants within a selected area usually involves
making leaf collections. These collections may be total {of all the leaves) or
only partial (for example, of the flagleaf or the flagleaf and the first beneath

it only).

Disease assessment sampling thus combines a number of different levels
of sampling: sample locations within an area; sample plots within locations;
and sample plants within plots . Although these levels do not apply to all samp-
ling situations they serve to illustrate the complexity of making large scale

estimates.

The geography and varietal composition of an area to be sampled greatly
affect the number of samples that must be taken to give an accurate estimate

of the true disease situation. For example, there tends to be a rather low



variation inherent in crops grown in areas of homegenous ;geog-raphy

or where only a few different varieties are involved. Such areas will thus
require congiderably less sampling for accurate asses smént than will areas of
very varied geogfaphy- or varietal composition. The timing and frequency of
surveys are also major factors governing the intensity and accuracy of sampling
required and athieved. Single recordings may suffice if made at the time of
maximum disease expres a—io_n but, as this is difficult to judge,a number of obser-

vations over a period of tirne may result in greater accuracy.

In general, the cost of sampling increases with the accuracy and reliability
of data required. The most ecoriomic sample will thus be the smallest one

which gives the required level of accuracy and reliability.



Principles of Digsease Assessment

The interaction between plant host, pathogen and environment is
visibly expressed in characteristic symptoms and in the severity and preva-
lence of such symptoms. Disease symptoms {termed infection types) may
vary from non-existant(host immune) to a maximal expression of pathogen
reproduction (host highly susceptible). Together with disease severity (the
degree or number of infections on a given plant or plant part} and prevalence
(a measure of the number of diseased plants or plant parts in a given area)
disease symptoms may be used to quantify the level of plant/disease interac-
tions. Prevalence is frequently used as the major criterion for forecasting
epidemics, of particular importance in the correct and economic application
of chemical control measures. Overall levels of disease are, however, normally

measured by a combination of all three characteristics of disease expression.

A number of scales have been developed in order to quantify infection
types, diseage severity and prevalence. While these are basically descriptive
and rely upon subjective observations, they have in most cases been transformed

into coded scales for ease of use and time-saving.

Infection types for rust diseases are normally coded either in Roman
numerals (i, 0, I, II, III and IV) or in Arabic numbers (0, 1, 2, 3, 4, 5, 6,
7, 8, 9) . These scales, known as basic, may be expanded for more detailed

- +
evaluations. For example the value 0 may be expanded into 00, 0, 0 and 0 .

In contrast severity and prevalence are normally recorded in percentages
{0 to 100%). A distinction is made between observed and actual percentage of
the leaf surface affected by disease (e.g. a visual rating of 20% may in fact
represent an actual infection of 7.4%). Such a difference depends upon the

subdivision of the particular percentage scale and the infection levels to which



it refers. Percentage scales may also be transformed into coded linear
scales for ease of recording. An example of t-hi is the logarithmic inter-
national yellow rust scale (0.001, 0.01, 0.1, 1,5, 10, 25, 58, 75 and 100%),
where the prime importance is attached to the lower values. This is often

written as a 1-10 linear scale.

When assessing any plant material for disease it is essential that the
growth stage of the plant at which the measurements are made be’ i-eg:erd#d
--(using scales such as is illustrated in Figure 1.4) This will enable meaningful

comparisons to be made with other varieties and between locations and ye_ai‘a._



Recording Wheat and Barley Rust Diseases

The intensity of rust diseases on wheat and barley plants is commonly
measured by infection type and severity. Numerous, highly specific scales
have been developed as aids to rust assessment. The most generally useful

of these methods are outlined below.

Glasshouse studies

The uredial stage is commonly used for rust assessment in the green-
house. Infection types for use in the identification of resistance and suscep-

tibility to Puccinia graminis tritici in wheat seedlings were first described

by Stakman and Levine. These have been suitably adapted to form the basis
of assessments of other cereal rusgts. Infection types applicable to stem rust

in wheat are given in Table 4.3.

Varieties are considered resistant when the rust is unable to grow
extensively and sporulate well upon them. As is indicated in types 1 and 2 in
the table, the pustules will be small and may be surrounded by discoloured or
dead host tissue. The area actually killed always remains small so that the

actual damage to the plant is slight.

In contrast susceptible varieties (producing infection types 3 and 4) enable
extensive fungal growth and sporulation. Necrotic areas (areas of dead tissue)
are seldom produced as this tends to effectively limit fungal growth by cutting
off the source of nutrients. In general the production of necrotic flecks is cha-
racteristic of some level of resistance (usually known as typersensitivity),

A pictoral scale for determining infection types of Puccinia striiformis

is given in Figure 6.1.



Recording in the Field

Studies of seedlings under greenhouse conditions are relatively simple,
as the enviromment can be controlled to favour maximal diseagse expression
and the leaf area varies little between individuals. The measurement of rusts
in the field is, however, complicated by variations in the environment (which
affect disease expression) and by variations in the leaf area between individual
plants. Diagramatic scales are thus essential aids to field assessments of

rust intensities.

Perhaps the most widely used scales stem from the original concept of
N.A. Cobb in 1892, He published a scale representing five degrees of rustiness
-1, 5, 10, and 50 percent of the leaf area actually occupied by rust pustules.
In 1917 a modification of this original scale was adopted by the U.5. Department
of Agriculture., This modified Cobb's scale is now used widely as the basis for
the assessment of cereal rust intensities throughout the world. It classifies
rusted plants into six categories and takes an actual 37% of the leaf area covered
by pustules to represent 100% infection. This assumption is based upon the fact
that mycelial development is always more extensive than that of pustules and that
at this level of sporulation the development and destructiveness of the under-
lying mycelium is almost at its maximum. The remaining percentage classes
are also divided in this way and a new diagram (representing 65% infection)
added. Although this scale has proved of inestimable value to rust investi-
gators, it has several inadequacies. To overcome these inadequacies further
modifications were proposed by Peterson et al {1948). In order to take into
account the different sizes of pustules and their distribution this scale provides
four series of diagrams (each series containing twelve actual diagrams) covering
a wide range of pustule size/distribution combinations, (Figure 6.2). Such
a scale enables considerably greater objectivity and accuracy to be achieved in
assessment. A scale for field use in recording wheat yellow rust infections is

illustrated in Figure 6.3.



Detailed outlines for recording stem, leaf and crown rust intensities
in cereals, based upon severity (percentage of rust infection on the plants)

and response (type of disease reaction), have been developed by Loegering

{1959},

Severity is recorded as a percentage, according to the modified Cobb's
scale. As this relies upon observation it cannot be absolutely accurate.

Thue it is common to use the following intervals: -
Trace, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 Percent Infection.

Resgponse refers to the infection type and has been classified into the

following scale:-

0 - No visible infection

R - Resistant; necrotic areas with or without small pustules
MR - Moderately Resistant; small pustules surrounded by necrotic areas
MS - Moderately Susceptible; medium-sized pustules;no necrosis, but

some chlorosis possible.

S - Susceptible; large pustules; no necrosis or chlorosis

X = Intermediate; pustules of variable size; some necrosis and/or chlorosis.

Severity and Reaponse readings are usually combined together. For example:-

tR = Trace severity of a resistant type infection
5MR
60S

it

5% severity of a moderately resistant type

60% severity of a susceptible type.

It appears that there may occasionally be an obvious variability in disease

reaction between plants within a line. This may occur in several ways:-



- A clear-cut separation of plants into classes (5R, 408)
- A range of reaction without clear separation (15R -58)

- A range of reaction on each plant

The first two reactions may result either from segregation or from
a mixture of seed, whereas the third reaction is probably due either to a

race mixture or to an X reaction of the variety.

A further practical method of disease assessment is provided by a
manual prepared by Clive James {(1971). All the keys in this manual, which
covers a wide range of plant diseases, are based upon percentage scales.
Only a few degre.es of infection (representing the actual area covered) are

given and interpolations should be made between these levels in recording.



Figure 6.1 Pictorial scale for infection types of Puccinia striiformis Westend.
{A = code symbol, B = index valus, C = Gassner and Straib code)

Seedling leaf

Composed by R.W. Stubbs and H., Vech.
@ Institute of Phytopathological Pe carch, Wageningen, The Netherlands
* Printed by Pudoc Centraic Offserdru werij, Wageningen, The Netherlands.
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Recording Other Cereal Diseases

A number of pictoral/diagramatic scales have been developed for scoring

both foliar and ear diseases of cereals. Some of these are illustrated in Figures

6.4, 6.5 and 6.6.

Other scales, which are more detailed, have also been developed to
facilitate the scoring of a number of foliar diseases. One particularly useful
aid is the scale developed by Saari and Prescott for recording infections of

powdery mildew {(Erysiphe graminis), Helminthosporium and Alternaria

blights and Septoria leaf blotch. The basic scale, illustrated in Table 6.1
and Figure 6.7, is applied to the whole plant and hinges on the value of 5,
which has been defined as the mid-point of the plant. A scale specific to Septoria

is further illustrated in Table 6.2,
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Fig. 6.5 : Diagrammatic Scales for Assessing the Intensity of Various Cereal Diseases
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Table 6.2.

0 =
1 =
2 =
3 =
4 =
5 =

The Rosielle Scale for Determining the Infection Types
of Septoria Leaf Spot on Wheat and Barley.

Immune: No pycnidial formation, no symptoms or occasional

hypersensitive fleck.

‘Highly Resistant: No or only occasional isolated pycnidium féimed,

particularly in older leaf tissue, hypersensitive flecking in
younger leaf tissue.

Resistant: Very light pycnidial formation some coalescement of
lesions mainly towards the leaf tip and in older leaf tissue.

Intermediate; Light pycnidial formation coalescement of lesions

normally evident towards the leaf tip and elsewhere on the
leaf blade.

Susceptible: Moderate pycnidial formation, lesions much coalesced.

Very Susceptible: Large abundant pycnidia, lesions extensively

coalesced.



Fig 6.6 . Diagrammatic Scale’ for determming, the Intensity of - Saptemia ~Leat Spet
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Table 6.1,

0E =

Foliar Disease Scoring Scale (0-9) for Wheat and Barley

Free from infection.

Free from infection, but probably represents an escape.

Resistant: A few isolated lesions on only the lowest leaves.

Resistant: Scattered lesions on the second set of leaves with first
leaves lightly infected.

Resigtant: Light infection of lower third of plant, lower most leaves
infected at moderate to severe levels.

Moderately resistant: Moderate infection of lower leaves with sca-

ttered to light infection extending to the leaf immediately
below the mid-~point of the plant.

Moderately Susceptible: Severe infection of lower leaves. Moderate

to light infections extending to the mid point of the plant.

Infections do not extend beyond mid point of plant.

Moderately Susceptible: Severe infection an lower third of plant,

moderate degree on middle leaves and scattered lesions
beyond the mid point of the plant.

Susceptible: Lesions severe on lower and middle leaves with infections
extending to the leaf below the flag leaf, or with trace
infections on the flag leaf.

Susceptible: Lesions severe on lower and middle leaves. Moderate
to severe infection of upper third of plant, Flag leaf

infected in amounts more than a trace.

Highly Susceptible: Severe infection on all leaves; the spike may also

be infected to some degree. (Spike infections are scored
as a modified scale of the percentage of the total area
covered, The percentage figure follows the numerical :
leaf infection score and it is separated by a/).

Used to indicate no scoring possible due to necrosis as a result of

other disease factors.
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SECTION 7.

PRINCIPLES OF BREEDING FOR DISEASE RESISTANT CEREALS

Plant pathogens constitute a very major constraint to cereal production
in almost every part of the world. Agriculturalists have thus placed consi-
derable emphasis upon the development of 'disease control mechanisms' in
an attempt to minimise the serious crop losses that frequently result from

diseases caused by these pathogens.

Of the three main determinants of disease {pathogen, host and environ-
ment) only the characteristics of the host and the environment can, to a certain
extent, be altered. Disease control mechanisms can therefore be basically
divided into two categories, namely: those which involve a modification of the
environment, making it less suitable for the pathogen (i.e. the use of toxic
chemicals, modified agronomic practicies, etc.); and those that involve altera-
tions to the genetic make-up of the host, making it less suitable as a host
(through plant breeding). Undoubtedly the best control for any particular disease
will involve an integration of both these approaches, based upon an unders-

tanding of the host and pathogen and their interaction.

Studies of the interaction between cereal rusts and their hosts indicate
a very close relationship between the genetics of the pathogen and the host in the
expression of disease. In this case then there would appear to be a considerable
potential for minimising disease losses through plant breeding. In recognition
of this potential the development of cereal varieties resistant to the various rust
diseases constitutes perhaps the major focus of research into disease control.
Comprehensive integrated control strategies may then be built from this back-

ground of strong resistance.



Types of Resistance

Both the pathogen and the host differ in their ability to cause and to
withstand disease. Plants may respond to a given pathogen (one with a
given disease-~causing ability) in a number of ways: -

1) Susceptibility: Infection results in rapid disease development and spread

within the host tissue and appreciable yield reductions.

2) Tolerance : Of two plants with the same apparent levels of infection one

survives to produce a considerably higher yield than the other.

3) Resistance: The pathogen is unable to colonise the host or its growth and

development is restricted so that damage is reduced.

4} Immunity : No observable signs of disease are apparent. Care should be
taken that this is not taken to mean complete resistance when escape

(inadequate exposure to the pathogen) is the real cause.

Of the favourable plant reactions detailed above tolerance and resistance
are considered to be the most desirable and achievable. Immunity, which may
appear to be very desirable, is rarely encountered. In addition it exerts a
very strong selection pressure on the pathogenic population and thus often results
in the very rapid appearance of types able to overcome the frequently rather

specific resistance barriers.

Tolerance

Studies conducted on hybrid wheat families have indicated that under levels
of infection of between 65 and 100% some families suffered a yield reduction of

about 44.5%, whereas others only lost 9.5% of their yield. This example jllust-

rates the potential importance of tolerance as a mechanism for minimising



digease losses. To date however only limited research has been carried out

on the overall subject of tolerance and the mechanisms conferring tolerance
are very incompletely understood. For this reason varietal improvement
efforts have tended to focus upon the development of resistant cultivars.
Although it is not to say that tolerance is, or will prove to be, of lesser overall
importance the discussions of this section will be predominantly concerned with

disease resistance.

One of the major shortcomings of-tolerance as a mechanism for minimi-
sing disease losses is the. fact that tolerant cultivars are still able to produce
large amounts of disease inoculum. This may create considerable problems
of disease spread in other varieties grown in the same location and should he

seen 38 being of particular significance.

Resistance

Plant pathologist commonly divide resistance into two main categories:

viz. Vertical and Horizontal .

Vertical Resistance, variously also known as perpendicular, racial or
specific resistance, is said to occur when a cultivar is resistant to some physio-
logical races of the pathogen but susceptible to others. Vertical resistance thus
reduces the amount of initial inoculum able to infect the host. However, since
races or strains of the pathogen not limited by this resistance are still able to
colonise the cultivar, vertical resistance does not serve to reducé either the

infection or the spore production rates.

Horizontal resistance, on the other hand, involves a resistance which is
equally effective against all the races of a pathogen. A maultitude of terms,
including field resistance and generalised resistance, have also been used to

describe this type of resistance. By reducing the number of spores that cause



lesions, increasing the time lag between infection and sporulation and reducing
the number of secondary spores generated by each infection {(amongst other
effects }, horizontal resistance mechanisms serve to reduce the rates of

pathoge.: intection and reproduction.

Resistance Mechanisms

During their long evolution cereal plants have developed a multitude
of mechanisms which reduce the numbers of pathogens able to penetrate and
infect their tissues. Resistance to penetration is usually accomplished by
features of plant structure, such as a tough epidemis, narrow stomatal openings
and the presence of specialised protective layers. These are termed mechanical
or passive resistance mechanisms and, together with elements of functional
resistance (represented, for example, by the timing of stomatal closure) they
constitute broad-based, rather horizontal types of resistance. In general
however, such passive defense mechanisms develop only as plants grow and
mature. Thus at an early stage of crop development most varieties possessing
this type of resistance tend to be more susceptible to infection - a phenomenon
which has given rise to the designation of 'mature plant resistance'’ as a specific

resistance form.

In addition to these passive mechanisms, plants possess a number of active
resistance mechanisms which are initiated only in response to the presence of
certain pathogenic races. These mechanisms are very varied and are often
highly specific to particular races. Such mechanisms thus usually {but not

always) confer a vertical-type resistance.



1.2,

Modes of Inheritance

Resistance to plant pathogens may be conferred by 2 number of different
genes or gene combinations. Genetic studies have resulted in the inheritance
of resistance being classed into two main groups: Monogenic - or resistance
controlled by the inheritance of a single gene; and Polygenic - or resistance

controlled by the inheritance of more than one gene.

If disease resistance is controlled by a single gene it usually has a subs-
tantial effect and can be studied and designated with relative simplicity. However
the inheritance of polygenes is normally more vague and it is often impossible
to isolate the effects of particular genes or to estimate the number involved.

This arises from the fact that polygenes tend to be additive in character
producing an increasing level of resistance with increasing number. Plants
possessing polygenic resistance thus do not form discrete classes in segregating

populations but rather appear as a continuous range of variation.

As instances are known in which resistance is conferred by twe or three
identifyably separate genes, multi-gene resistance might, perhaps, be better
classified into: Oligogenic - resistance controlled by few genes; and Polygenic
- resistance determined by many. Oligogenic resistance is often termed
major-gene resistance, whereas polygenic resistance is referred to as minor-
gene resistance. This terminology, while in common usage, may be very
misleading as not all oligogenes are major genes, in the sense of having a
large effect and likewise a single identifyable gene, inherited in a Mendelian

fashion may in certain instances confer only slight disease resistance.



Vertical resistance is generally (but not always) conferred by major-
genes of a large effect and as a result tends to be relatively easy to select
and thus to breed for. In contrast, horizontal resistance, normally thought

to involve primérily minor-genes, is generally more difficult to identify.

The majority of crop improvement efforts have thus tended to focus on
the development of varieties with a vertical-type resistance. While such a
resistance is often very complete, it places an appreciable selection pressure-
upon pathogen populations and thus pathogenic races capable of overcoming
the rather specific resistance barriers usually involved rapidly become domi-
nant in these populations. This situation is particularly well -documented in-
the case of the cereal rusts and necessitates the continual development of
varieties with new resistance genes or gene combinations in order to keep
ahead of the appearance of newly virulent pathogenic races. Major-gene
resistance howevef remains of considerable importance in most crop imfjro-
vement programs and plant breeders are continaully on the look out for new

major-gene sources.

While polygenic resistance is generally much less dramatic in its effect
than major-gene resistance, it tends to confer a fairly broad-~based, horizontal
type of resistance. 'H.orizontal resistance places considerably less selection
pressure on pathogen populations, especially as it is rarely complete.

Varieties with this type of resistance cause much less disruption in pathogen
populations and therefore tend to possess an increased stability. An increasing
emphasis is thus currently being placed upon the development of methods for

identifying useful levels of polygenic resistance.



A Typical Scheme Illustrating Monogenic Inheritance

Parents AA aa
(Resistant)\ /Susceptible)
X Crossing
L 4
F Aa
1
Selfing
Segregants
Mazale gametes A a
F2 A AA Aa
Female
gametes
a Aa aa

Assuming that resistance is inherited as a dominant character all the
F1 individuals, although heterozygous, will appear resistant. However on

segregation in the F_ generation three plants out of every four will be resistant:-

FA
1 AA Resistant (Homozygous)
2 Aa Resistant (Heterozygous)

1 aa Susceptible (Homozygous)

If however resistance is inherited as a recessive character all the Fl indi-

viduals will be susceptible and only one plant (AA) out of every four F2

segregants will exhibit resistance.



A Typical Scheme Illugtrating Digenic Inheritance

Parents

Gametes

AABB

asbh

N

X

AaBb

v

Male Gametes AB Ab . AR . &b
AB AABB AABDb AiBB  AaBb

Female Ab AABDB AAbDb AaBb Aabb

Gametes aB AaBB AaBb aaBBb asiBhb .
ab AaBb Aabb aaBb aabb

Cros sing

Assuming the gene A confers redistance to one disease attl is inherited

dominantly and gene B confers resistancs to a secornd diseass, 31596 being itthe.

rited as a dominant character, all the F'I indiviluals will Be Fesistant to Both

diseases. However upon segregatisdh it the Fz gefikratich the following pheno-

typic ratio will be observed:-

AABB
AABDL
AaBB
AABb

AAbb
Aabb

aaBB
aaBb

1 aabb

Y-S FLR F

No— N =

Resistant to both dineases

Resiwtant to first disease ohly
Resistanit to sevond disedase only

Susceptiblé to both dlseases

(9}

(3)
(3)

(1)

Resistant to

first or seedhd

diseases of beth
(19)

A similar situation will hald if the gehes A ahfl B confer residgtaicé to

two races of the same disease.



As increasing numbers of genes are involved the number of possible
genotypes increases and so too does the phenotypic ratio (the ratio between
the number of resistant plants and the number of susceptible ones). For

example one gene gives a ration of 3:1, two genes 15:1, three genes 63:1 etc.

Gene/Resgistance Interactions

If there are four different resistance genes (A, B, C and D) and six preva-
lent pathogenic strains (1,2,3,4,5 and 6) a number of possible gene combinations

may result:-

Genes for Strains of Pathogen Outcome

Resistance 1 2 3 4 5 6

1.
A S R S R S R
B R R 5 S R R Gene C confers
C R R R R R R resistance to all strains
D S S S R R R of the pathogen
T otal R R R R R R ( Horizontal)

2.
A S R S R S R
B R 5 S 5 5 R Genes A and D combined
C R S R R S R confer resistance to all
D R § R S R 8§ strains of the pathogen.
T otal R R R R R R

3.
A S R S R s R
B R R S R R S No single gene or gene
C R S S S R S combination gives
D 5 s S R S S resistance to all patho-
T otal R R s R R R genic strains.




Resgistance Breeding Strategies

The majority of digease resistance breeding programs are based
upon a simple procedurs,; viz. the identification of 2 source of resistance
followed by the incorporation of that source into a2 genetic background which
is suitably adapted and high yielding. This procedure may be accomplished
by breeding strategies involving either single plants (i.e. Pedigree breeding,
Backcross breeding) er populations of plants (i.e¢. Mass selection, Bulk

Population breeding).

As the cereals in general and wheat in particular are predominantly self-
pollinated crops, single-plant breeding strategies are almost exclusively used.
These involve the exposure of a large number of individual lines to pathegenic
races in order to identify specific individuals with resistance. Suitably resis-
tant sources are then crossed with plants exhibiting other desirabie characte-
rigtics and the segregating generations tested for resistance, all the susceptible
individuals being discarded. In this way a large number of sources of resistance
may be combined into spectific ind.ividuals and the individuals stabilised by
repeated cycles of selfing and selection for the desired characters {leading

to a rapid increase in homozygosity - uniformity).

Single-plant screening for disease resistance may be carried out at the
scedling stage in a greenhouse, but the complex and involved testing proce-
dures necessary when large volumes of material are being screened against

numerous pathogenic races necessitate field-screening.



Pedigree Breeding Strategies

‘.Pedigreeﬂ breeding involves simplg_' single, double or triple crosses
followed by repeatéd selection éycles to eliminaﬁg_undesirable individuals.
The use of different rust races in suc.ceésive teéﬁh_g will enable the seléction
of varieties with a rather wider resistance. A t?pica} pedigree breeding '

scheme is illustrated below: -

A Scheme for a Pedigree Breeding Program

/

" Parents

\ Cross |
v
Fl - Selfing o
F 5 ‘Belection for good plant
S types shawing resistance
_ ~and :
Discards v ’ . Selfing.
F3 ' Seiecticm- and
/ ' Selfing.
Discards S
s -
F4 : _ Selection and
/ Selfing
Discards
v L
F High
7 Homozygosity

As each cycle of selection and selfing progresses the degree uf

homozygosity rapidly increases and this is illustrated by the following



simple example : -

Generation Genotype % Homozygosity
F, 0
) I \ / \\ 0
F3 4AM AA Aa Aa aa AA Aa Aa aa 4aa 75

If A is considered tc be the resistant gene and is dominant over a the
percentage of resistant homozygous plants increases from 33% to 60% if all

susceptible types (i.e. aa) are discarded.

Backcross Breeding Strategies

When it is desired to trasfer a character, such as disease resistance,
to an otherwise good genotype a backcross strategy is commonly used. This
involves making the original cross, growing out the segregating FZ population
(by selfing in the Fl) and then crossing all those segregants showing disease
resistance again with the good genotype. This cycle of selection and back-
crossing may be carried out for several generations, after which the population
is selected for a2 combination of the characters desired in the normal way.
The mechanics of this breeding strategy will vary considerably, depending upon

the character(s) involved.



Multi-line Varieties

~ Also known as composite or artificial varieties, multi -lines may be
successiully used to produce a commercial ‘:varietﬁ‘ in c_aé,es where indivi-
dual lines possess no genes or gene combinations conferring resistance to
all the prevalent pathogenic races of a disease. Such 'vaf"iétiés‘_are'artifi-
cially produced from a combination of different lines, each with its o;avn i-éé'is_-
tance genes. Thus each individual is not itself resistant to the whole dis:é’aj.se, .
spectrum. However, when attacked by a given ’pathogenic r‘ace only those

-lines without specific resistance to that race will be affected - the others will

remain undamaged. In this way although the variety as a whole is invariably

- ~ infected, the pathogen is unable to infect more than a few individuals and thus,

the overall damage is slight.

The development of effective multi-line -variétie-s demands considerable
skill and a very good knowledge of the prevalent pathogemc races. The com-
‘ponents of such varieties require continual as sessment and replacement to *-

keep pace with the changing pathogenic spectrum.

It must be emphasised that in practice E'breg_dihg programé-“u'sgally involve
a multiplicity of objectives, a large volume of plant material and the considera-
tion of numerous characters. The discussions of this ségtic}n have thus beeﬁ
considerably over-simplified in order tjo.yundex;line the basic featﬁféé of breeding

strategy.

However these considerations have served to illustrate the critical impdf-
tance of selection throughout all breeding programs. In ‘selecting desirable types
from a population plant breeders must rely upon 6bser\'rat’i_ons of plé;rit growth .
in the field (3‘, product of the interaction between plant aggﬂotype 'and'einvi!:b:nn}t;ﬁt)- -«

as indicators of the actual plant genetic rhake-up. Differences in.environmental



conditions affect the expression of genetic characters considerably. For
example, if no rust pathogens are present then all plants will appear resistant
(i.e. they will not be affected by rust). Equally if the concentration of rust
pathogens varies appreciably across a nursery some varieties (not exposed

to high concentrations) will appear resistant when in fact they are not.

These simple examples highlight the importance of achieving uniform environ-
mental conditions designed to favour maximum disease expression throughout
nurseries from which selections are made. Only in this way will selections
made on the basis of plant phenotype accurately reflect the actual characteris-

tics of the pl ant and only in this way will breeding programs be successful.

A strong pathology input in disease resistance breeding programs is
therefore of tantamount importance . The components and practicalities of

this input will be discussed in the following section.



SECTION 8.

PLANT PATHOLOGY IN CEREAL BREEDING

A good pathological input is fundamental to the whole aspect of disease
loss minimisation and the development and operation of research programs
aimed at achieving this. Such an input can be conceived as falling into a

number of distinct but closely interrelated areas.

Extensive Disease Survey

The emphasis and direction of disease control research programs relies,
in the first instance, upon accurate assessment of the importance and occur-
rence of specific pathogens in specific locations. In addition plotting of the
long distance movement of specific diseases provides an effective 'early warning'
system, so that susceptible varieties may be exploited to their maximum without
the danger of falling victim to disease. Surveys are also vital in order to identify
new virulent races as soon-as they arise and to keep track of the fluctuations in

pathogen populations that occur from vear to year and place to place.

Without the continuous input of survey data disease breeding programs
would fast become obsolete - developing varieties which may be resistant to
rust races no longer prevalent. Extensive survey systems, such as the Regional
Disease Trap Nurseries, are of great importance in providing up-to-date infpr-
mation on the state of pathogen populations over a wide area and thus in keeping

breeding programs focussed on the real problems.



Intensive Pathogenic Studies

- The identification of physiological races and the factors affecting their
interaction with cereal hosts is another important area of pathological studies.
A developing understanding of host: pathogen relationships and specificities
will enable strategies designed to minimise the effects of such parasitic rela-
tionships to be put on an increasingly more solid physiological basis. Such
studies will thus make a significant contribution to the evolution of breeding

strategies in the future.

MNursery Management

Perhaps one of the most important roles of plant pathology in developing
disease-resistant varieties involves ensuring adequate and uniform disease
development in screening nurseries. In many cases, with the careful selection
of site and control of environmental conditions, it may prove sufficient simply
to rely upon natural infection. However where environmental conditions do
not favour disease development the creation of artificial epiphytotics will be
necessary. In this regard the various aspects of inoculum collection, multip~
lication, storage and inoculation assume particular importance alongside the

direct considerations of nursery design, locatien and management.

Disease Assessment

Closely allied to the aspects of nursery management outlined above is the
whole sphere of disease assessment. As outlined earlier accurate assessment
(based of course on adequate and uniform nursery conditions) is vital to all bree-
ding efforts. Disease assessments are very subjective, relying exclusively upon
field observations and the skill of assessors in making these observations.
Pathology thus has an important role to play in the development of more objective,

accurate and rapid scoring and screening techniques.



Establishing Disease Nurseries

There is considerable scope for flexibility in the design and planning
of disease nurseries. Plot size can be varied. depending upon the availability
of seed and sowing equipment and plots of one or two rows, one or two meters
in length are adequate. It is essential, however. that agronimic practices
(fertiliser applications, weeding, irrigation etc...) which ensure optimum
plant growth and development are followed. In addition planting date and pl ant
density should be regulated to favour maximum disease development. These
conditions are necessary to ensure that, on the one hand the plants express
their genetic resistance potential to the maximum (this cannot occur when plant
growth is suboptimal) and on the other that the selection pressure applied is
also maximal (selections made under a very light selection pressure tend to be

highly unreliable).

In general, disease nurseries should include susceptible check cultivars,
often as frequently as every twentieth row. Such check rows act as 'spreaders’
- for the build-up and dispersal of inoculum within the nursery; as indicators
of the uniformity of disease development throughout the nursery; and as yard-
sticks against which a relative scoring of disease severity can be made in cases
of low disease incidence. The use of locali, - grown susceptible cultivars as
checks ishighly recommended since agronomic characteristics can be simulta-

neously compared using this standard.

However, it should be recognised that the inclusion of susceptible check
cultivars has the disadvantage of causing interplot interference (i.e. the inocu-
lum produced on the susceptible row will increase the amount of disease on
adjacent entries being tested). The non-uniform disease conditions created by
this interference may be of little consequence in testing for specific, major-gene
resistance, but can cause severe problems in nurseries where the emphasis is

placed upon the identification of moderate levels of resistance.



Techniques for Enhancing and Creating Epidemics

Techniques designed to ensure the adequate and uniform development of
disease epidemics so essential in screening nurseries are primarily based
upon ensuring sufficient levels of pathogenic inoculum together with favourable
environmental conditions. There are a number of methods, both simple and
more complex, by which a rapid inoculum build-up may be achieved in the field.
The choice of method depends, to a large extent upon the characteristics of the
individual pathogen involved, the prevailing environmental conditions and the

objectives of the particular nurseries.

Enhancing Natural Epidemics

The simplest disease screening method available is the exposure of plant
material to natural infection. Adequate and uniform infection levels can, however,
rarely be achieved in most locations and years. Thus some degree of enhance-

ment is almost inevitable.

The first consideration in this respect is the location of nurseries. By
locating screening nurseries in areas where the disease incidence is known fo
be consistantly high every year {e.g. Lattakia in northern Syria and Sakha in
the Nile delta of Egypt} regularly high disease levels can often be obtained.

In order to ensure that the material is exposed to the widest possible pathogenic
population it will be necessary to establish a number of nurseries at such sites
over as large a geographic area as possible. This consideration forms the
rationale for the wide distribution of Disease Screening Nurseries throughout

the region.

Within the nursery itself naturally occurring disease almost invariably
appears at a few isolated foci within the susceptible check rows in the first
instance. Tissue from these isolated initial injections may be used to spread

the disease more widely and evenly within the spreader rows.With the rust dise: -



ses this may be accomplished simply by shaking the infected plant parts over
‘the healthy rows. Such a procedure should be repeated several times early
in the season in order to be effective. It should also be accompanied by
adequate watering (preferrably sprinkler irrigation if necessary) to keep the

plant surfaces moist.

Perhaps the major advantage of natural infection testing (especially if
carried out at.a number of different locations) is that the plant material is
exposed to the full variability of the pathogenic population (i.e. all the prevalent

races).

Creating Artificial Epidemics

Environmental conditions favourable for optimal disease development
rarely occur every year even at the most suitable locations. Furthermore
there may be a great variation in the severity of individual diseases between
locations and within one location in each year. Under these conditions of
uncertainty, and especially when the season is drier than normal, the only way

of ensuring adequate epidemic development is to create epidemics artificially.

This may be achieved through the use of inoculum collected from locations
where disease occurs earlier in the season or inoculum preserved from infec-
tions of the previous season. Technigues for inoculum collection, storage,
multiplication and inoculation will be considered in detail in later sections.
Suffice it to say at this stage that it will be essential to provide adequate moisture

conditions in the nurseries and to inoculate several times early in the season.

Although artificial inoculation often results in good disease development
if carried out correctly, there is a considerable danger inherent in this method

in exposing the material to pnly a limited range of the prevalent pathogenic races.



Justifying the Creation of Artificial Disease Epidemics

The whole concept of artificially creating disease epidemics has been,
and continues to be, subject to continuous and often unfairly harsh criticiam
from a large number of people. Such criticism is, in general, based upon
an over-estimation of the dangers involved and very little appreciation of the
benefits that may accrue. It is thus worth considering both these aspects

at this stage, before embarking upon a study of the topic in greater depth.

Benefits of Epidemic Creation

It is generally agreed that one of the most effective ways of minimising
the losses resulting from infections of plant pathogens is to build into crop
varieties some form of inherent resistance. This is especially true in deve-
loping countries, where factors related to rural incomes and infrastructure
effectively prevent the use of the more costly chemical control measures also

available.

Due to the immense capacity of some pathogens (i.e. the cereal rusts)

to mutate and produce new virulent strains, the average life-span of a disease-
resistant variety (the time between widespread introduction and the widespread
appearance of pathogenic races capable of overcoming this resistance) is often
short (for rustsresistant cereals about 5 years). Some varieties have, however,
survived considerably longer,although this is not very common. Indeed many
rust-resistant varieties have proven to be commercially useful for only one or
two seasons - maybe as a result of ineffective screening. This problem means
that breeding efforts must continually be developing new resistant varieties and

varieties with an increasingly broader and more stable level of resistance.



From previous considerations we have seen that the only way to ensure
effective screening with a high and broad selection pressure on a regular basis
is through the use of artificially created epidemics. The importance of such
practices, especially in developing countries, where '"genetic insurance'' cons-
titutes such a vital part of agricultural production improvement, thus becomes

particuiarly clear.

Dangers of Epidemic Creation

The main danger of creating artificial epidemics and the basis of all the
recurrent criticism is that inoculum produced in the nurseries will be dispersed
into surrounding crops and lead to severe epidernics in thelocality. This is
considered by the critics to be of particular importance in testing for resistance
against newly virulent races, which &re not,as yet,of widespread prevalence.

So much so that there is often appreciable reluctance to use new pathogenic
races in screening programs. And yet the whole point of resistance screening
is to identify sources of resistance to such races before they become widespread

enough to constitute a major production threat.

In this context it is worth considering a number of past experiences in
epidemic development. Studies have shown that the majority of rust inoculum
produced in an inoculated crop remains within the boundary of that crop (90%
of the inoculum never moves more than 100 meters from the inoculation site
during the early stages of an epidemic). It'is only when epidemic development
nears its maximmmum 'th;‘at the urediospores are present in sufficient quantity
to be effectively” Ii'ft'e@dw-‘ﬁfém't'he' crop for longer digtancetransport. On certain
occasions neighbouring crops have been found to'be infected, but as epidemic
development only reaches the ‘stage at which wide dispersal of inoculum occurs
when the crops are reaching maturity, the damage is negligable and the likelyhood

of pathogenic build-up and further spread extremely low.



Even given the exceedingly low risk of contamination from disease nurseries,
what harm can contamination actually do? Knowing how widely and rapidly
new races of rust can spread it will not be long before such races are well
established in all but a few areas anyway. When these considerations are
taken into account it appears that concern over the danger of the very low levels
of contamination that could be caused by artificially created epidemics is rather

greater than is actually warranted.

When the benefits of such practices are analysed alongside the dangers
inherent in them it becomes obvious that the criticisms voiced should in no
way be allowed to prevent the widespread use of artificial epidemics in cereal
breeding. The potential for serious crop losses and consequently widespread
social and economic problems is extremelly high if we are unable to produce
effectively resistant varieties. Undoubtably much higher than the potential losses
which may arise from contamination. It would thus be criminal to restrict
the use of such practices on the basis of the dangers involved. It should be
emphasised, however, that every care must be taken in disease screening work
to prevent contamination and perhaps more importantly every care should be

seen to be being taken.



Some Important Technical Considerations in Creating Epidemics

Virulence Spectrum

All pathogens are populations of many physiologically different races.
As already mentioned, when using artificially created epidemics as a basis
for selection the danger of exposing the plant material to only a very narrow
range of the pathogen population is considerable. In ensuring that the nursery
is exposed to the broadest possible spectrum o races, collection and inoculation

techniques deserve particular attention.

Collection Methods

Each host variety tends to favour the development of a single specific race
of a disease. This fact is well illustrated by rust surveys which show that 85%
of collections from a single variety represent only one race, only 10% represent
two races and three races are only found in 5% of the samples. In addition

the pathogenic population tends to vary between locations.

Thus inoculum collections should be made from the largest possible
number of different host varieties (including commercial ones) and from the
widest possible range of locations in a given area in an attempt to combine a

large number of different races into one bulk population for inoculation purposes.

If glasshouse and laboratory facilities are available the virulence
spectrum of a population may be broadened further by the multiplication of
races with a low natural frequency of occurrence. This will guard against
the possibility of an inade quate screening resulting from these particular races

being unable to build up to sufficiently high levels during the screening period.



Inoculation Procedures

The method by which a nursery is inoculated may also influence the

virulence spectrum to which plant material is exposed.

If epidemics are created primarily by ineculating the spreader rows
the varietal composition of these rows can have a strong selective effect upon
the race spectrum. Experiments, for ex&nple , have shown that if a mixture
of rust races is inoculated onto a single variety, one race will come to dominate
after only a few generations and many other races may be almost eliminated.
For this reason it is essential that spreader rows be composed of a mixture of
different varieties. This mixture should be reviewed regularly so that varie-

ties of known importance in relation to certain virulent races are always included.

FPerhaps a better way of ensuring that every opportunity is given for each
race to find a compatible host is by inoculating the entire nursery with a large
inoculum bulk using a sprayer or duster. This method exposges all the geno-
types in a nursery to the same infection conditions and is thus likely to result in
a more uniform selection pressure than may be achieved through spreader
row inoculatione. Itis, however, more time-consuming- appreciably so when
large nurseries are concerned - and therefore often conflicts with the time con-

siderations outlined below.

Timing of Inoculation

The early establishment of primary infections will considerably enhance
the development of epidemics and thus the selection pressure exerted.
Inoculations made early in the season increase the number of disease generations
occuring prior to screening {provided, of course that environmental conditions
are favourable) . When it is considered that one rust infection can produce
between 50,000 and 250, 000 new spores it is obvious that one extra generation

will allow a considerable increase in disease severity.



It is also essential that inoculations coincide with environmental
conditions favourable for infection. The first inoculation should thus be under-
taken when environmental conditions first become favourable. Once the pathogen
is well established it will be able to generate its own far-superior, secondary
inoculations. The cycle from infection to spore production is also affected
by the environment. At constant optimum temperatures new rust spores may be
produced in one week. However, under field conditions 10-14 days will be
required under averagely favourable conditions and the generation time
may exceed three weeks if sub-optimal temperatures prevail. If reactions
are to be scored at the mid-dough stage of cereal development the primary infec-
tions must be established at least five weeks in advance of this stage and pre-
ferably earlier. In the case of yellow rust the rapidly increasing spring tem-
perature conditions of much of the region necessitate the establishment of
infections even earlier than this. The question of when to start inoculating will
be determined by the requirements of the fungus concerned, the weather con-
ditions and the stage of plant development in relation to the time remaining for
epidemic development. In some instances it may be desirable to establish
initial infections prior to the first optimal weather conditions in order to maximise
secondary disease spread. Such a practice will provide a continuous supply
of inoculum for each favourable infection period and sufficient time for epidemics

to develop to a level which will allow adequate and accurate screening.

Another important consideration is the number of times that a nursery
should be inoculated. Many environmental factors affect the dispersal of
inoculum and disease establishment. For example, winds may remove spores
from the vicinity of the nursery, or sudden reductions in free moisture avail-
ability may cause the death of spores which have started to germinate. These
and other factors make the chances of establishing good infections from one
initial inoculation slight. For this reason at least five inoculations are usually

considered to be essential for rust diseases.



Amount of Inoculum

The quantity of spores required to inoculate a given area is not fixed.
In general the motto 'excess helps to guarantee success’ is a good rule of
thumb, To quantify this in broad terms, each hectare of wheat or barley
contains approximately 2.5 million plants (of course the number of actual
culms is considerably more as each plant has several). A good coverage
of plant surfaces will require about 1000 rust spores per plant. A gram of
spores contains an estimated 500 million individual cells. Thus a simple
calculation tells us that about 2, 5000 million spores will be needed for every
hectare of nursery. However this simple calculation ignores several impor-
tant points: many spores fall on bare ground and thus never reach the plant;
many spores may be non-viable; many spores are unable to germinate on the
plant surfaces due to micro-environmental differences; of the spores that do
germinate many are unable to find stomata through which to penetrate; the
chances of a given viable spore actually penetrating the plant and proving com-
patible are also low. These considerations make it obvious that no firm
recommendation can be made to cavér evaery situation. Experience, however,
suggests the use of about 5 gm of spores per hectare {diluted in talc or oil/
water) as the minimum level, given reasenably favourable conditions and five

inoculations.



Techniques for Rust Urediospore Collection

There are a number of ways by which spores of Yellow Rust, Leaf Rust
and Stem Rust may be collected for use in artificial inoculation work. The

most effective of these are outlined below.

Dried Leaf Collection

Rusted leaves are removed from plants, placed in glassine envelopes,
pressed and left to dry. No more than 6-8 leaves should be placed in each
envelope so that drying is rapid and effective. Twenty-four hours will usually
be sufficient for adequate drying at room temperature. This collection method

is particularly useful in making field collections.

Leaf Tap Collection

This method involves tapping heavily rusted leaves while they are held over
a suitable container. Urediospores collected in this way can then be stored in
vials. Leaf tap collection is used almost exclusively for collecting spores from

glasshouse raised plants.

Cyclone Collection

By using special cyclone collectors { different sizes are available) rust
spores from both the glasshouse and the field may be collected and inoculated
with the greatest of ease. Large collections of urediospores will require drying

before storage.

When making collections by whatever method it is essential that the material
be adequately indexed and catalogued so that it is readily identifyable when re-

quired for inoculation.



Storing Rust Urediospores

As referred to earlier, the viability of rust spores is a very important
factor determining the quantity of inoculum required for the adequate establish-
ment of disease epidemics. Freshly collected urediospores generally have a high
germination percentage. This decreases with time, irrespiective of environ-
mental conditions. However the rate of loss of viability varies appreciably
with conditions;spores remaining viable for periods of up to one year given

suitable environments.

In storing urediospores between seasons so that they may be used in the
initiation of artificial epidemics it is essential to ensure optimal storage con-
ditions. In this way the loss of viability may be kept to 2 minimum and the
chances of effective artificial inoculation enhanced. Of the four main factors
affecting urediospore viability - temperature, moisture, light and atmospheric
oxygen - the first two are, without doubt, the most important. The maintenance
of adequately low temperature and moisture levels are thus vital considerations in
spore storage, especially as, being single-celled, the spores are extremely

sensitive to environmental conditions.

Examples of the effect of temperature and moisture content on length of

viable storage of yellow and stem rust spores are given in Tables 8.1 and 8.2,

Storage Methods

Perhaps the simplest method of storing urediospores is to lower their
moisture content by about 10% and maintain them at 2 temperature of between
Z and 40C . This allows viability to be retained for between three and twelve
months. The spores may be air dried for 24 to 36 hours to lower their moisture
content. While this may be particularly successful in dry climates, a dessi-
cator (with either calcium chloride or silica gel as dessicants) may be required

in more humid areas. Freshly collected spores will not dry adequately en-mass



and so they should be spread thinly on a plate, sheet of aluminium paper or
petridish for drying. Itis also preferable that drying be carried out in the
laboratory and away from direct sunlight. After drying, the spores should

be placed in a sealed vial or bottle (dark containers appear to be best in many
cases) and stored at the correct temperature and under dark conditions ina
refrigerator. Care should be taken to prevent excessive drying as this tends to

be detrimental to spore viability (Table 8.2.)

If the equipment is available a more effective method of storage involves
the evacuation of the storage environment in order to remove atmospheric
oxygen and thus lower spore respiration. Both partial and high vacuum - stoerage
systems are possible. Under a partial vaccuum system the spofes should
be spread evenly and fairly thinly on a petridish which is then placed in a
dessicator with facilities for evacuation and sealing. A small air pump is used
to create the partial vaccuum and the dessicator sealed and pléced in a darkened
refrigerator at 2-4 °C. Under these conditions the period of viable storage

can be doubled.

If a high vaccuum system is used the spores rust be stored in narrow
pyrex tubes (5-22mm diameter). About five milligrams of inoculum can be
stored in each container. The atmospheric pressure should be lowered to 1 mm
of mercury (Mcleoad Guage) or 0.1 ton { Edwards Speeclivar Guage) and the
tubes sealed using a gas burner. The spores will remain viable for several.

o
years under these conditions if stored at 2-4 C,

Dried or vaccuum dehydrated spores will usually germinate poorly
unless rehydrated before inoculation. It is thus normal practice to leave
spores in a moist chamber for between 12 and 24 hours immediately prior

to inoculation ‘te enable adequate rehydration.



The effects of rehydration are illustrated by the following example: -

Type of gtorage Duration of
storage Perce‘ntage
(weeks) Germination
Before a
efore Dehydrated Atfter ;4 k}ours
Storage Rehydration
Air Dried 42 72 4 21
Vaccuum 62 72 4 60
Summary of Important Steps in Spore Storage
1) Use freshly collected spores
2) Establish germination percentage by experimentation
3) a.- Air dry for 24-48 hours, place in sealed vial and refrigerate at 2-4 c’C.
b.- Place in dessicator with calcium chloride or silica gel in petri-dishes

: - A ; . 0
or open vials if air dried. Seal dessicator and store at 2-4 C.

c¢.- Place in dessicator with a vacuum petcock as abdve. Evacuate
partially with small air purmnp or water aspirator, seal and store at

2-4 °c.

d.- Place 5mg of spores in pyrex tube and plug opening with cotton.
attach manifold and vacuum pump. Draw vacuum for one to two
hours. Seal tube using a gas-air torch, taking care not to heat

. . o
spores. Store under reirigeration between 2-4 C.

4) Rehyd‘rate before use.



Table 8,1. The Effect of Temperature on the Viability of Yellow Rust-
Spores Maintained at 40% Relative Humidity.

Tempearature °c Days of Viable Storage
0 433
5 ' 179
15 50
Table 8.2. The Effect of Relative Humidity and Temperature on

the Days that Stem Rust Spores can be Viably Stored.

Relative Humidity Temperature °c

5 10 15 20
90% 7 7 7 T
81% 14 14 7 7
70% 112 112 14 7
61% o 112 98 98 7
49% 112 112 105 7
38% 105 98 98 7
30% 28 21 7 7
22% 28 14 7 7
11% 7 7 7 7




Techniques for Multiplying Rust Ingculum

Field collections of rust spores may not always be sufficient, either in
volume or in composition (the relative proportion of different virulent strains),
for reliable nursery screening. Perhaps the best way of ensuring both the
guantity and quality of collections is to supplement the inoculum gathered from

the field with artificially multiplied spores.

Various techniques have been developed to enable thig to be carried out

on a sufficiently large scale:

Seedling Methods

Traditionally rust inoculum has been multiplied on seedlings raised in
10 em clay pots in glasshouses., Between 15 and 20 plants are raised in each
pot. They are inoculated at the first leaf stage and the inoculum is collected
when sporulation reaches a maximum. This method is, however, very wasteful

of glagshousge space and rarely generates sufficient inoculum for field-scale use.

Perhaps a more efficient multiplication method involves multiplying
seedlings in rectangular pans instead of clay pots. Over 150 seedlings can be
raigsed in each 25 x 10cm pan. It is thus possible to grow about four times the
number of plants per unit area of glasshouse. In addition sowing and inoculum
collecting operations are considerably facilitated. However thigs method is

still only applicable when small quantities of inoculum are required.

Using Maleic Hydrazide

Maleic hydrazide can be effectively used for the enhanced multiplication

of Puccinia graminis, P. recondita, P. .striiformis and P. hordei. It has

been shown that the growth response of varieties to applications of the chemical



(suppression of secondary and tertiary leaves and darker leaf pigmentation)

ig very closely connected to the degree of pathogen sporulation. So much so
that treated plants will yield between three and five times as much inoculum

as non-treated ones. By preventing the growth of other leaves maleic hydrazide
provides a longer base life for the primary leaf (and thus the rust infections as

well) and also simplifies collection procedures.

This method has been found particularly useful for the multiplication of

nucleus inoculum or for the maintenance of single spore cultures of a race.

Detached Leaf Culture

Considerable savings in glasshouse space can be achieved using this method,
but laboratory facilities are also required. The procedure bhasically involves
inoculating plants as above and then removing leaves as they show the first gign
of infection (flecking). The cut ends of these leaves are then immediately placed
in a solution of sucrose (100%), kinetin (40 ppm) and benzimidazole {50 i;::pm)
or either kinetin or benzimidazole alone. The cultures are kept in the labora-
tory or in a growth chamber, if available, during hot weather. After a few
days sporulation hegins and several spore crops may be taken from each set

of leaves if the cultures are carefully maintained.

Using this method it is possible to maintain and culture different races

with more certain isolation.

Adult Plant Methods

Raising inoculum on susceptible adult plants has been found to be consi-
derably more rapid and efficient than seedling methods. Adult plants are raised
in 25cm pots (each pot can support 9 plants - approximately 30 tillers) and
inoculated at either the tillering or the boot leaf stage. Thae inoculated potg
are kept in a glasshouse and inoculum is collected perieodically using a large
collector. In this way one or two grams of spores may be obtained from each

well-maintained pot.



Glasshouse space is frequently the limiting factor in the production
of the large quantities of inoculum required for screening nurseries. It
is especially limiting due to the high capital and maintenance costs involved.
Studies have shown that considerably cheaper plastic-houses can effectively
be used in place of glasshouses if ventilation is adequate. Thus the multipli-
cation of rust inoculum is possible even where research facilities are parti-

culariy lacking.



8.8.

Collecting, Storing and Multiplying the Inoculum of Other Cereal Diseases

Powdery Mildew of Wheat and Barley

Infected plants should be collected late in the season after the small
black resting-bodies have developed in the surface mycelium. The e¢olected
plant material should then be dried well and stored at a low temperature
(2-4 OC) in the laboratory. Under these conditions inoculum can be preserved

in a viable state for use in the following season.

Inoculum of powdery mildew may also be multiplied in culture in the
laboratory using the detached leaf method. This enables identification of patho-

genic races and the bulking of small amounts of inoculum.

Helminthosporium and Rhynchosporium Diseases

Plants infected with net bletch, spot blotch, leaf blotch, stripe disease
or scald should be collected, dried for 24-48 hours and stored-at tow tempera-

tures to provide inoculum for the following season.

As these fungi are saphrophytic in nature they can also be preserved and
multiplied on natural and artificial media. In this way the inoculum can be

considerably purified and increased if necessary.

Septoria Diseases

All Septorial diseases of wheat and barley (including speckled leaf blotch,
glume blotch and Septorial leaf blotch) are collected on infected plant:material

and stored dry under cold conditions as with powdery mildews.

Pathogens of the genus Septoria can also be successfully cultured and

thus preserved and increased on artificial media (e.g. Potato Dextrose Agar).



Bunts of Wheat, Covered Smut of Barley and Flag Smut

All these diseases are characterised by pathogenic spores which are very
long-lived. Collected plant material can thus be kept without refrigeration for

up to a year. Storage for longer periods, however, demands refrigeration.

Loose Smut of Wheat and Barley

In contrast to the other smut and bunt diseases, loose smut spores remain
viable for only short periods of time under normal temperatures. Refrigeration

or vacuum storage methods are thus necessary to preserve this inoculum.

Bacterial Blight of Barley

The same collection, storage and multiplicatipn procedures used for

powdery mildews are successful for this disease,

Foot and Root Rots

Similarly to the other diseases, inoculum is collected by removing infected
material. However the pathogens involved in these diseases are almost exclu-
sively saprophytic and must therefore be preserved and propogated on artifi~

cial media.



Inoculation Techniques for Kust Diseases

Under Greanhouse Conditions

Plants to be inoculated should be grown in good soil, under good light
conditions, at suitable temperatures and in a rust iree environment. It is
advisable to use both treated seed and soi1l to reduce the danger of root rots.

Inoculation can be carried out when the plants are between 5 and 10 cm tall.

All surface inoculations should be preceeded by a gentle rubbing of the
leaf surfaces with moistened fingers or a spraying with a wetting agent
{e.g. Tween 20). This helps to remove the outer waxy coating of the leaves
and thereby increases the number of spores able to adhere to them. In addition
the le;aves should be atomised with disiiiled water both before and after inocu-

lation in order to produce favourable moisture conditions for infection.

The inoculum may be applied in one of the following ways: -

By Spatula or Lancet Needle

Spores are removed from individual pustules or storage containers on a
wet spatula or needle, which is then run gently across the surface of recipient
plants so that the inoculum is distributed evenly. This method is particularly
suitable when the initial inoculum 18 scarce or when inoculations are to be made

with spores from different pustule types in a mixed infection .

By Toothpick

Another precise inoculation method also suitable if inoculum is scare
involves the use of a toothpick with a small piece of cotion attached to one end.
The spores are picked up on the dry cotton. A smail drop of water or light
mineral oil is added and the cotton then rolled gently across the surface of the

recipient seedling,



By Finger Rubbing

Similarly clean fingers may also be used to transfer inoculum.

Using a Fine-Hair Brush

Spores alone or in a mixture with talcum powder (if only small amounts
of inoculum are available) are picked up on a fine camel-hair brush and dusted

over dry recipient seedlings or brushed directly onto the leaves.

Pot Brushing

This method is convenient for inoculating large numbers of plants when
inoculum is abundant. A rusted plant is held close to a group of recipient
plants and shaken gently to produce a uniform shower of spores. Itis then
brushed gently over the plant surfaces several times to ensure adequate in-

oculation.

Using a Multiple Inoculator

The multiple inoculator was developed by M.B.Moore at the University
of Minnesota. It consists of a large paper clamp fastened to a metal sheet
with fingers to which small pieces of foam rubber are attached. Spore suspen-
sions (in water or mineral oil} are placed upon the sponges, which are then
carefully pressed against the leaf surface. In this way it is possible to simul-
taneously inoculate single leaves with several different races or species of

pathogen fairly rapidly.



With a Cyclone Duster

Small cyclone seperators have proved valuable in making inoculations
when inoculum is scarce. A glass cyclone {(about 8cm in length and 2cm in
diameter) is filled with 0.5 gm of talc. Spores are sucked from the source
into the cyclone. A further 0.5 gm of talc is. added and the contents throughly
mixed. This mixture is then dusted onto the recipient plants by reversing

the air flow through the cyclone.

With an Atomiser

The spores are suspended either in water (with a small amount of sur-
factant) or in a light mineral oil. They can then be sprayed onto plants using
an atomiser. Care should be taken when using oil as a suspension medium as
excess oil on the leaf surface tends to interfere with spore germination. In
addition some seedlings (i.e. Barley) are rather sensitive to damage from

mineral oils.

Following inoculation, by whatever procedure, the inoculated plants

should be placed in a moist atmosphere for 24 to 48 hours.

In the Field

Inoculation methods on a field scale are rat her different to those detailed
above, as the objective is to create epidemic conditions in thousands of plants
over a large area. Furthermore there is no control over environmental

conditions.

Dusting

One of the simplest and most effective ways of inoculating large numbers
of plants in the field is through the use of a spore/talc mixture. The ratio of

spores to talc will depend upon considerations of effective cover, the gquantity



of inoculum available and the area to be inoculated. There are many different
types and sizes of dusters available for applying inoculum in this way. Small
hand dusters may be sufficient if it is only necessary to inoculate border rows

but power-operated units are more suitable if the area to be inoculated is lé.r_ge.

Dusting should always be carried out in the late evening, preferrably
just prior to dew formation, and when the air is still. This gives the best

possible chance of achieving high levels of infection.

Injection

This is perhaps the most reliable inoculation method in drier climates
where the chances of surface spore dessication due to adverse environmental
conditions are high. Spore suspensions in water should be injected into the leaf
sheaths, using a hypodermic syringe, at either the late tillerihg or the stem
extension stage of plant growth. Such a procedure has been found to result in
good disease establishment. However it is very time-consuming and is usually
confined to border-row inoculation, as it may prove impossible to inoculate
large numbers of plants in the limited time available . The development of
automatic syringes has done much to make this rmethod more popular and of

more widespread application.

Qil Inoculation

The feasibility of inoculating field plots with rust spores carried in non-
phytotoxic oils was illustrated by Rowell and Hayden in 1956. They used Mobilsol
100, an isoparaffinic spray oil, and a spore concentration of 6gm/ gallon/ aére.
The application was made with a two gallon capacity knapsack sprayer with a
low volume nozzle (Teejet no. 730039). In this way the inoculation of a 1/3
acre plot could be completed in just 30 minutes. As the spores disperse readily
and uniformly in oil a relatively small spore concentration could be used and a
good cover still obtained. This method has been found to be effective and its

simplicity recommends it where large scale inoculations are necessary.



Planting Infected Material

When border/spreader row inoculation is used rather than whole nursery
methods it is possible to transplant material previously infected in a greenhouse
between these rows. It is essential to provide adequate watering following
transplanting in order {o ensure good establishment of the plants. Good results
have been obtained using this method as the infection sources produce spores

rapidly and survive for three to four weeks, supplying inoculum continuously.



Inoculation Techniques for Other Cereal Diseases

Foliar Diseases

Epidemic conditions of most foliar diseases may be successfully created
by the simple expedient of chopping previously collected plant material and
spreading it throughout the nursery. Inoculations of this type must be timed
to coincide with environmental conditions favouring infection (which vary with
each pathogen) and carried out on several occassions if a high success rate is

to be achieved.

However, rather more specific inoculation techniques are required for
a number of diseases. This is particularly true with those diseases that are

soil-borne and those which require artificial multiplication prior to inoculation.

Flag Smut

This is a soil-borne disease., Epidemics are thus created through the
development of a 'sick plot'. This may be achieved by growing a susceptible
variety in the same plot for several years and continually burying infected
Plants in order to allow a natural inoculum build up. Varieties to be tested

may then be sown in the plot.

Artificial disease conditions may be created by spraying the soil of a
test plot with a spore suspension at the rate of 2gm/litre of water per five
metre row. The varieties to be tested are then sown and the soil turned over

to mix seed and spores.

Helminthosporium Diseases

Considerable difficulties are experienced in increasing Helminthosporium

inoculum in the laboratory. However a technique involving multiplication on

sterilised wheat seed has now been developed. Inoculum produced in this way



can be successfully i'noculated in spray suspension with water, a wetting agent

and a surfactant.

Diseases of the Spike

These diseases demand considerably more specific infection conditions
than those that affect the leaves. Thus a number of specific inoculation tech-
niques have had to be evolved for the successful creation of epidemics of

these diseases.

Loose Smut

A number of inoculation methods have been developed since Maddox
(1895) first demonstrated that the disease could be produced by dusting wheat

florates with spores of Ustilago nuda tritici. The most common of these are

detailed below:-

Partial Vacuum Method: An apparatus was devised by Moore in 1936, by which

individual cereal heads could be subjected to a partial vacuum while completely
submerged in an aqueous suspension of loose smut spores. Using this appa;
ratus as many as 30 heads can be inoculated per hour. The basic operation of
the device involves the creation of an altergating par-fial Qacuuminormal préssure
regime around the enclosed head, causing the air within the florates to be ref)-
laced with the spore suspension. Such a method may also be used for inocula-

ting partial bunt disease.

Injection : A spore suspension made by dissolving ohe smutted ear head in
100 ml of water with 1 gm of dextrose can be injected into the two main florets
of each spikelet with a hypodermic syringe. Great care should be taken that the

developing ovary is not injured during injection.



Needle Method: Dry spores may also be puffed onto the stigmas of the deve-

loping ovaries using a hypodermic needle attached to a rubber bulb reservoir.
When using this inoculation technique the spores must first be well sieved to
remove material likely to block the needle. Again care is necessary to pre-

vent ovary damage.

Using Forceps : A further inoculation method involves the use of sharp forceps

to collect spores and then pierce the developing floret and deposit them on the

stigma.

Of these techniques the dry spore methods have generally proved supe-
rior to those involving spore suspensions. The needle method is perhaps the
easiest to handle and thus the most efficient. However the partial vacuum method

has also been reported as giving very good results.

Karnal or Partial Bunt

Moore's vacuum method has traditionally been used to inoculate wheat
plants with this disease. Howewer boot leaf inoculations with spore suspensions

using a hypodermic syringe may also be used.

Stinking Smut or Bunt

Bunt pathogens are carried naturally on the outer seed coat and infect
cereal plants at germination. Thus inoculation is achieved by mixing spores

with seed prior to planting at a rate of about 0.5 to 1% of the seed weight.
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Implications of the Genetic Relationship in the

Triticam : Puccinia Host : Parasite system

by

Mohammad Aslam

Despite the fact that as early as 1767 Fontana (7) had considered rust of
wheat as the 'eggs' of a plant different from wheat, the common belief, even at
" the beginning of the nineteenth century, was that plant disease originated from
within the plant itself. It fell to De Bari (4) to prove in 1853, that plant disease
wasthe result of an interaction arising from a 'close association between two

taxonomically different organisms', i.e. the host, and the parasite. Biffen(2)
later in 1905, showed that resistance of wheat to stripe rust was dué to simple
Mencie'lian factors. Similarly Margaret Newton and 'Thor{zﬂdur Johnson (11)

in 1930, demonstrated that pathogenicity in Puccinia graminis Pers. f.sp.

tritici Erikes. and Henn. was inherited in simple Mendelian ratios. These
findings formed the basis for breeding new rust resistant varieties through.

incorporation, in the host, of new genes for resistance.

Eriksson and Hemmings' Puccinia graminis provided the first evidence

of host: parasite specialization at the species level. Further evidence for
pathogenic specialization at the sub-specific level was provided by Stakman
and Piemeisal's (14) discovery, in 1917, of parasite specificity at the host cultivar

level. All this, however, did not explain the genetic basis of host:parasite relations.

* Plant Pathologist, Agric. Research Institute, Tarnab, Peshawar.



Flor's {5) data of 1942, indicated a gene-for-gene relationship for the

Linum usitatissimum L.: Melampsora lini (Ehrenb.) Lev. host: parasite

systermn, but he did not describe it as such at the time. The genetic basis

of host: parasite interaction as a gene-for-gene relationship was first described
by Flor (6) in 1959. Person (12) provided a mathematical model for such rela-
tions and stated that this was applicable to host: paragite systems in general.
Similar gene-for-gene relations were, later, experimentally demonstrated in
several other host: parasite systems (12, 13, 17), including the Triticum:
Puccinia complex. Flor's hypothesis has provided a basis for better unders-
tanding, at the molecular level, of the process of disease development and of

the role that the host and the parasite play in the development of disease.

In simple terms the gene-for-gene hypothesis implies a one for -
one correspondence between host genes for reaction and parasite genes for
pathogenicity. It further states that the phenotypic expression of the host:
parasite interactions, the infection fype, is determined by corresponding gene
pairs. Thus in the basic model of host: parasite genetic relations (Fig. 1)
a low infection type results only from reaction: low pathogenicity (LR:LP)
combination, while all other host; parasite gene-for-gene combinations result

in a high infection type. Thus resistance can be selected against low pathoge-

nicity only.

Fig. 1 Basic Model of Host: Parasite Gene-for -Gene Relations.

HOST RHBACTION

LOW HIGH

R-. rr
PARASITE LOW LOW HIGH
PATHOGENICITY P- I,T. I.T.
HIGH HIGH HIGH

PD I.T." I.T.




In classical terminology the terms 'resistant' and 'susceptible' have
been used to designate the low and the high infection types, respectively. This
creates some confusion regarding the real meaning of these terms. Resistance
is not a character in itself, but is the expression of another character; the reaction.
Similarly an infection type is not a character in itself, but is the phenotypic
manifestion . of the interaction of two distinct, but corresponding, genoctypes;
that of the host for reaction, and that of the parasite for pathogenicity. The
reaction and the infection type are neither 'resistant’, nor 'susceptible' to
anything. Thus in studies based on the gene-for-gene model distinction is made

between reaction against parasite and resistance against disease.

Following the basic model of gene-for-gene interaction in host: parasite
relationships, certain hypotheses regarding the host and the parasite genotypes
can be formed. Browder (3) described a model which can yield information
regarding host: parasite genotypes for reaction and pathogenicity involving,
at least, one pair of corresponding loci. More recently Loegering and Burton
(8) developed 2 computer based programme to determine, from infection type

data, the number of corresponding gene loci in the Triticum aestivum L. em Thell.:

P. graminis host: parasite system.

Loegering and Powers {9) placed the host: parasite interactions resulting
in an infection lesion in four categories. Their category II interaction involves
an interaction between complementary genes, or genes, located at two or more
loci in the same organism. However, there is no clear evidence that comple-
mentary genes interact. Further, Loegering and Sears (10) disproved that
complementary genes were involved in the reaction of wheat variety Timstein
to P. graminis. But in cases where either organism carries more than one
gene at different loci, the one effecting a 'low' phenotype is expressed as domi-
nant over the one effecting 2 'high' phenotype. The characterization of the

infection type resulting from an interaction between two or more corresponding



gene pairs is the result of an interaction between interaction products of indi-
vidual corresponding gene pairs. Thus as a consequence of the interaction
between a low and a high infection type, the low infection type behaves as

epistatic over the high infection type and is finally expresses.

The infection type for any given host: parasite: environment combination
is constant. But, depending upon the genetic make-up of the host and the para-

site, may have, for one pair of corresponding gene loci, any one of nine possible

genotypes. (Fig. 2).

ORGANISM : HOST INFECTION LESION PARASITE
CHARACTER - REACTION INFECTION TYPE PATHOGENICITY
PHENOTYPE : LOW  HIGH LOW HIGH LOW HIGH
. H L L H H 1. L H
GENOTYPE : L, Lgp H H LRLRf’ .LRLR/ orp Hp .
L HH
LR Hr L L / PHP LRHr/ o' LPHP
L.H /L L HH/L L
Rr pop rr pp
L L /L H HH/LH
Rr pep rr PP
HH/HH
r r PP
Figure 2. Genotypes of the Infection Types Resulting

From An Interaction Between One Corres-

ponding Gene Pair.




The phenotypic expression of these genotypes depends on whether the
dominance of low reaction and low pathogenicity is complete or otherwise.
Thus if low reaction and low pathogenicity are completely dominant over high
reaction and high pathogenicity, respectively, then the phenotypic expression
of the heterozygotes LRHr/LpLP: LRLR/ LPHP: and LRHr/LpHp would be
a low infection type. But, if either low reaction, or low pathogenicity, or both
are incompletely dominant, the phenotype would be intermediate between a low
and a high infection type. A typical low infection type corresponding to 'O’
on the Stakman, Stewart, and Loegering (15) scale results only if there is
complete incompatibility in the host: parasite system. Similarly a high infection
type representing 'type 4' on the same scale denotes full compatibility in the host:
parasite system. Depending upon the particular host: parasite gene combination

involved in the interaction, gradations in "lowness', and ‘highness' of the infec-

tion type are also possible.

The two aspects of the host character reaction are the specific reaction
and the non-specific reaction. Low reaction of the host is expressed as resistance.
But this is manifest only when the parasite exhibits low pathogenicity. Specific
low reaction has traditionally been termed as specific resistance, race specific
resistance, seedling resistance (because it is generally measured in the seedling
stage) or in Van der Plank's (16) terms as ‘vertical resistance'. Similarly the
non -specific reaction has been variously designated as non-specific resistance,
generalized resistance, field resistance, adult plant resistance {(because it is
commonly observed in the adult plants) or according to Van der Plank {16) as
‘horizontal' resistance', Genetically specific reaction is monogenic in inheri-

tance and non-specific polygenic.

Of these two types of reaction, specific reaction, being qualitative, is

easier to measure. It is measured by the infection type - either low or high.



Being oligogenic it fits the gene-for-gene model nicely. Non-specific reaction
on the other hand, because of the polygenic nature of its inheritance, is quanti-
tative in character. It is, therefore, more difficult to mmeasure as compared
with the specific reaction. It is the cumulative expression of each of its indi-
vidual component characters. The component characters of non-specific reac-
tion have been defined as the infectibility of the host, the host effect on parasite
incubation period and the host effect on parasite sporulation {1). Corresponding
to these, the component characters of non-specific pathogenicity, or aggressi-
veness are defined as infectivity, incubation period, and sporulation. Whereas
specific reaction is measured by the phenotype of the infection lesion alone,
non-specific reaction is measured by both the number, and type of the infection
legions. Just as in the specific reaction the infection type is determined by the
reaction: pathogenicity gene combination, the number and type of infection lesions
depends upon the particular combination of the respective host: parasite charac-
ters for non-specific reaction, or the aggressiveness. Thus the analysis of
either the non-specific reaction, or the aggressiveness requires a study of

their respective component characters individually.

Specificity between component characters of non-specific reaction and
aggressiveness, of the same order as exists between specific reaction, and
specific pathogenicity, has not been proved conclusively. However, on the basis
of some available evidence, specificity between component characters of non-
specific reaction, and non-specific pathogenicity has been suggested (1). For
example, when the wheat cultivar Morocco, which does not carry any gene
for specific low reaction, was inoculated with two cultures of P. recondita,
the number of infection lesions produced was different for each culture
(author's unpublished data). But the number of resulting infection lesions was
the same when the cultivar Bison was inoculated with the same cultures. This
indicates host: parasite specificity for at least one component character of

non-specific reaction, and non-specific pathogenicity, It would be strange if .



similar specificity did not exist between other component characters of non-
specific reaction, and non-specific pathogenicity. Until such specificities,
between all the component characters of non-specific reaction, and non-specific
pathogenicity are proved, non-specific resistance remains an interim concept
only. The difference between a specific reaction: specific pathogenicity relation
and a non-specific reaction: non-specific pathogenicity relation, therefore, is
not one of difference in specificity, but that of qualitativeness in measurement,

or of discreteness of unit differences or changes.

Van der Plank (16) suggested that presence in the host of specific or 'vertical'
resistance would delay an epidemic, while presence of non-specific or 'hori-
zontal' resistance would slow an epidemic. But, in his argument, he did not
consider the parasite effect on the development of the epidemic. Disease is
the result of an interaction between the host, the parasite, and the environment.
It is a time related process. It starts with the initial infection at the time when
the host, and the parasite come into contact with one another. Fig. 3 represents
this graphically, with time on the abscissa and disease severity on the ordinate.
A line B then represents the process of disease development. The slope of
this line depends upon the genotype of the host for non-specific reaction, that of
the parasite for non-specific pathogenicity, and upon at environment. Therefore,
at any point t in time, a point y on line B is the measure of the development
of disease. The severity of the disease at this time is given by a point x on the
ordinate. We consider that in a given environment this line represents an un-
impeded epidemic. However, if there is full incompatibility, of a degree inhi-
biting sporulation, in a portion of the host: parasite population, then the progress
of the epidemic would be delayed. This is represented by line BZ . In this
case disease development starts at t' which is later than t (. Consequently
the disease reaches severity x at time t 3 instead of time t. The delay
in the development of the epidemic, represented by the difference between t and

t_ 3, is proportional to the extent of incompatibility in the host: parasite system.
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But if, in the sarne environment, there is increased non-specific resistance
in the host, or decreased non-specific pathogenicity or aggressiveness in

the parasite, or both, the progress of the epidemic would be slowed rather
than delayed. This is represented by line B 3 . Disease starts at the same
time as in the case of an un-impeded epidemic represented by line B, but

it developes at a slower pace. In this case it attains severity x at time t 5.
This slowing effect which is proportional to the difference between the slopes
of line B and B 3. and represented by the difference between t and t 2
is due to decreased aggressiveness of the parasite, or increased non-specific

resistance in the host, or both.

However, if incompatibility in the host: parasite population is not complete,
or is such that does not inhibit sporulation, then the epidemic would be also
slowed, as represented by line B 3. Thus, even specific resistance, of a degree
which does not bring about complete incompatibility in the host: parasite popu-
lation, slows rather than delays the epidemic . The difference in the effect of
specific and non-specific reaction on the course of development of an epidemic

is, therefore, qualitative rather than quantitative.

The relationship between the host and the parasite is that of mutual co-exis-
tance. The parasite needs the host for its survival and the host needs the para-
site to keep its population within proper limits. Elimination of one by the other
is not possible. Whenever a gene for low reaction is added to the host the para~
site ig subjected to a negative selection pressure. To overcome this it acquires
new high pathogenicity. In nature the genetic equilibrium with regard to low
reaction/high pathogenicity is maintained in the host: parasite population. Man
changes the host population to his own end, thus upsetting the equilibrium,

This leads to a change in the parasite population. Thus every change in the host
population prompts a corresponding change in the parasite population. We believe

that the host, and the parasite evolved together. In the early stages of their



co-evolution, neither the host, nor the parasite carried any geneé for high
pathogenicity. Both populations were, then, in a state of equilibrium. As
the host acquired new genes for low reaction, the parasite also reacted to this
change, and acquired new high pathogenicity. The main objective in breeding
for disease resistance, therefore, should not be to prevent the parasite from
acquiring new pathogenicity combinations, but to remain a step ahead of it.
The parésite population can not be manipulated directly. But in breeding

for disease resistance the host population should be manipulated such that

the equilibrium between reaction and pathogenicity in the host: parasite popu-

lation is disturbed the least,
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