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PREFACE 

West Asia i s  a l a rge  and very d iverse  region. It extends a c r o s s  16 

different countr ies  and contains a wide variety of both geography and cl imate .  

I t  i s  i n  this  region that the original domestication of all  our present-day t e m -  

pe ra t e  ce rea l  c rops  i s  presumed t o  have taken place and f rom this  region that 

tempera te  agr icul ture ,  a s  we know i t ,  blossomed and spread  throughout the 

world.  T o  this day c e r e a l  c rops ,  specifically wheat and bar ley,  remain a s  the 

major  agr icul tural  r e source  of West Asia and provide the principal soucre  

of carbohydrates  and protein in the d ie t s  of i t s  people. 

However this long and heavy dependence upon c e r e a l  culture has enabled 

the l a r g e  number of pathogenic organisms that paras i t i se  these c rops  to  f lour i sh .  

Both the magnitude of the production a r e a  and the climatic conditions which encom- 

p a s s  i t  has  led t o  the evolution of a range and diversity of c e r e a l  pathogens 

second t o  very  few other a r e a s  of the world.  Consequently c e r e a l  d i seases  

have collectively become one of the major  constraints  t o  wheat and barley pro-  

duction throughout the region. The  magnitude of this  problem, which i s  appre-  

ciated by producers  and scient is ts  alike but unfortunately not well documented, 

makes  the study of ce rea l  d i seases  and the investigation of methods designed to 

l imi t  their  e f fec ts  of vital importance to food production in West Asia .  

The  present  'Workshop on Cerea l  Disease Methodology' i s  the fifth in a 

s e r i e s  of workshops instigated ip 1976 under the sponsorship of the Royal Govern- 

ment  of the Netherlands in  collaboration initially wlth The International Maize 

and Wheat Improvement Center (C1MMYT)and m o r e  current ly  with both CIMMYT 



andThe International Center for Agricultural Research in the Dry Areqs 

(ICARDA) . Previous workshops were conducted in  India, Pakistan, Turkey 

and Kenya. Consequently this i s  the f i rs t  Cereal Disease Methodology Workshop 

to  be held in  Wes t  Asia, which i s  af ter  all the cradle of world wheat and barley 

production. The  purpose of the workshop i s  clearly defined as follows:- 

'The  Workshop aims t o  bring together cereal researchers f r o m  as 
many of the countries of the region as possible and, through their 
active participation in  theoretical work, field practical6 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 variet ies ' .  

Throughout the two-week workshop the participants will be involved i n  an 

intensive and practically-orientated study course in  very close association with 

instructors f r o m  The  Netherlands Research Institute of Plant Pathology ( IPO),  

f r o m  ICARDA and f r o m  CIMMYT 

A manual, setting out relevant background material i n  a logical, illustrated 

and practical style, i s  provided. Th i s  text forms  the basis for continual additions 

and modifications as the state of knowledge on methodologies for various d i f f e -  

rent cereal diseases steadily expands. These  additions will be forwarded t o  

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 o f  the workshop each participating country will receive 

two sets o f  basic equipment - one for the collection of pathogenic inoculum and 

the other for i t s  storage - i n  support of their national-level pathology programs. 

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

In this way i t  i s  hoped that the workshop will provide the national research 

programs of the countries of Wes t  Asia both with researchers well-versed in  

the modern practical and theoretical aspects o f  cereal disease methodologies 

and with the basic equipment neccessary for such trained personnel t o  put these 

methodologies into practice as part of their co-ordinated research e f for t s  
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INTRODUCTION 



SECTION 1 .  

CEREALS : AN INTRODUCTION 

The  bulk of the nutrition of the wor ld7s  population i s  provided by food 

gra ins ,  96% of which a r e  produced by the eight major  c e r e a l  c rops ,  namely: 

Wheat, Bar ley ,  Oats ,  Rye, Sorghum, Millet, Maize and Rice ,  f r o m  53% of 

the world a rab le  a r e a .  Wheat and Rice are,without doubt, the most  important  

of the c e r e a l  grains  in t e r m s  of the a r e a  devoted t o  the i r  production (51% of 

the total  annual c e r e a l  a r e a )  and the i r  overall  contribution to  world c e r e a l  

gra in  production (5270 of the total  annual production). Consideration of 

t empera t e  agr icul ture  however l imi t s  us to  an a lmost  total  re l iance upon the 

wheat crop,  which produces about 28% of the annual world c e r e a l  grain output 

f r o m  about 32% of the world c e r e a l  ac reage  ( s e e  below). 

The  World C e r e a l  Area  and Product ion,  1976, by Crop .  

Crop  Area  Product ion 

Ha ( x  1000) 70 of Tota l  Mt ( x  1000) 70 of Total  

Wheat 

Rice  
Maize 

Bar ley  
Millet 
Sorghum 
Oats 

RY e 

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

Source : F A 0  Production Yearbook 1977 



Wheat 

The  world 's  wheat acreage  and productioh'are clear ly concentrated 

in  the northern hemisphere.  The  USSR (which harvests  the grea tes t  annual 

acreage) ,  together with Europe and the USA (haking together a s i r n ~ l a r  a c -  

reage  as Russia) and the Asian countries (which a s  a region grow more  

wheat than either two regions) contain a full 90% of the total world wheat 

production acreage .  Durum wheats a r e  principally grown in North Africa,  

the Middle East ,  the USSR, India, Italy, France ,  northern USA and some 

a r e a s  of Canada, in  contrast  to breadwheats which a r e ' h u c h  more  cosmo- 

politan in  their  distribution. 

As one of the world's most  important staple foods wheat i s  consumed 

i n  a variety of different ways.  I ts  moat important u s e  i s  however in  the 

manufacture of flour,  the bas is  of a l l  bread, biscuit  and pastry products.  

In  addition wheats a r e  used extensively a s  breakfast  ce rea l s ,  and bulgar, 

and through processing a s  kouskous and macaroni  products.  Wheat i s  a l so  

a commercial  source of s ta rch  and thus finds use  in a wide range of industr ies  

f r o m  food processing to  paper manufacturing and f r o m  laundering to oil well 

dril l ing. 

The  continued reliance upon the wheat c rop  as one of the mainstays of 

world nutrition demands that both the stability and levels  of i t s  production 

a r e  continually increased in  order  to  minimise,  a s  much a s  is possible, the 

s ta te  of world malnutrition. 

Wheat Classification 

The  wheat species  of importance to  agricul ture  a;e pr imari ly  Tr i t i cum 

aest ivum 5 2 .  vulgare (breadwheat) and - T .  turgidum s g .  durum(durum wheat). 



Table 1 ..1. gives complete details of other species in the genus Triticum, 

which is part  of the tribe Hordeae of the overall family Graminae 

(the grasses) ,  Other members of this tribe a r e  listed below:- 

Tribe Sub-Tribe Genus 

Hordeae 

T riticum (wheats) 
Aegilops 
Agropyron 
Haynaldia 
Secale (rye) 

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 f irst  

cultivated form of wheat appears to have been Triticum monococcum 

(einkorn), which i s  particularly close to the believed wild ancestor 2. 
boeoticum. This species possesses seven pairs,  or 14 chromosomes 

(thus being termed diploid - twice the basic set of seven). Pure  stands of 

einkorn have been observed growing in close association with other members 

of their sub-tribe, namely Aegilops speltoides, in a reas  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) a r e  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 



c r o s s  betweeen cultivated e m m e r  and wild Aegilops squa r rosa  i s  believed 

t o  have been responsible for the evolution of the hexaploid wheats (with 

s ix  t imes  the basic  chromosome set ,  o r  42 chromosomes)  by the same  

procedure of chromosome doubling. Th i s  evolutionary sequence i s  

represented  diagramatically below: - 

Diploid T etraploid Hexaploid 

( 14 Chromosomes) ( 2 8  Chromosomes) (42  Chromosomes)  

T . monococcum (A)-  
' T . dicoccum (AB) 

A e ,  speltoides ------- T . aestivum(ABD) 

Ae. squa r rosa  

- - 

Fig 1 1  T h e  N a t u r a l  O ~ s t r ~ b u f ~ o n  of A n c e s t r a l  W h e a t  and  B a r l e y  

1 f r o m  G e o g t a p h y  of D o m e s l ~ c a t ~ o n  by  E I s a a c  11970) P r e n t ~ c e  H a l l  N  J ) 



Tab le  1.1. Subclassification of the  Genus T r i t i cum 

N a m e  of Species  Common Chroma Genome Seed 
type** 

P robab le  region of or igin  
- name No.(n =) 
Diploids 
T . monococcum Einkorn 7 A A H Armenia ,  Georgia ,  T u r k e y  

T et raploids  
T . turgidum 
s s p .  dicoccum E m m e r  14 AABB H Georgia ,  Abyssinia 
s s p .  du rum Durum 14 AABB N Abyssinia,  Medi terranean 
s s p .  turgidum Rivet 14 AABB N Abyssinia,  S. Europe 
s s p .  polonicum Pol i sh  14 AABB N Abyssinia,  Medi terranean 
s s p .  car thl icum P e r s i a n  14 AABB N Georgia ,  Armenia ,  N . E. Turkey 
s s p .  turanicum Khorasan 14 AABB N Medi terranean,  N r .  E a s t  
T .  timopheevil - 14 AAGG H W .Georgia  Abyssinia 

Hexaploid 
T . aest ivum 
s s p .  spePta SpeYta 2 1 AABBDD H Aus t r ia ,  Germany 
s s p .  macha Macha 2 1 AABBDD H W .  Georgia 
s s p .  vavilovi V avilovi 2 1 AABBDD H T u r k i s h  Armenia  
s s p .  vulgare  Common wheat 21 AABBDD N S .  W .Asia ,  Cent ra l  Europe 
s s p .  compactum Club 2 1 AABBDD N Afghanistan, Armenia  
s sp .  sphaexocuccum Shot 2 P AABBDD N N O W .  India 

** Seed Type: N = Naked; H = Hulled 

Source : Pr inc ip l e s  of Fie ld  Crop  Production,  Martin,  Leonard  and Stamp( 1976) 



Barley 

Although of l e s s  importance than wheat when considered in  the context 

of world c e r e a l  production position, bar ley i s  a par t icular ly  important  grain 

c r o p  i n  many a r e a s  of the wor ld .  Especially s o  where the production condi- 

t ions a r e  poor and the rainfall  low and  erratic^. Under these  conditions ba r l ey ,  

with i t s  superior  production p e r  unit of moisture ,  i s  often the only c rop  that 

it is feasible o r  economic to  produce,:. 

The  USSR, Europe and Asia  together  produce some 84% of the world 

bar ley  gra ins  f r o m  about 8070 of the total  ac rea8e .  The  majori ty  of this  

production is used  for animal.feed, especially in  the m o r e  affluent countr ies .  

However many of the countr ies  of South and Eas t  Asia  and North and Eas t  

Africa use  a substantial  proportion of their  bar ley production a s  a human food. 

I t  i s  therefore  in these  countr ies  i n  c articular fha t  barley a s sumes  a par t icu-  

l a r l y  c r i t i ca l  nutri t ional importance.  

Bar ley  Classification 

The  classification of ba r l ey  i s  considerably s impler  than that of wheat 

as t h e r e  is only a single cultivated species ,  Hordeum vulgare .  As  with wheat 

the genus Hordeum belongs t o  the t r i be  Hordeae of the family Graminae .  

H. vulgare i s  only recagnised a s  containing t h r e e  sub-species:-  - 
-. hexastichum six-rowed 

*. distichurn two-rowed 

9. i r r e g u l a r e  i r r e g u l a r  

These  a r e  distinguished by the  number of spikelets i n  each node of the e a r  

that  produce grains:  i n  two-rowed types only one of the th ree  spikelets a r e  

f e r t i l e  whereas  in six-row var ie t ies  a l l  t h ree  spikelets produce grains .  



T h e  Origin of Barley 

The  only t ruely wild f o r m s  of Hordeurn are two-rowed. Although 

the re  has  been much debate i t  i s  now generally agreed  that the presently 

cultivated barleys were  domelticated, like wheats, in  the West Asian 

region: mass ive  rrpontaneou~ stands of the wild two-rowed presumed ancestor  

s t i l l  being found over much of this  a r e a  today. F igure  1.l.  showing the natu- 

ral distribution of ances t ra l  bar leys  and wheats, provides a good indication 

of the a r e a  i n  which they presumably evolved into the cultivated f o r m s .  

The  ear l ies t  indications of cultivated two-rowed bar leys  have been 

found i n  the foothills of the Zagros m o u n t a i n ~  of I r aq  and date back to about 

7000 B . C . Six-rowed var ie t ies  apparently developed at a l a t e r  stage and 

cyto-genetical studies have shown that such a development could be the product 

of a single recess ive  mutation. After about 5000 B .C .  both types appear to 

have spread extensively throughout the  Old World and thence to Europe a t  a 

much l a t e r  date.  



Wheat and Barley Morphology and Growth 

T h e  c e r e a l  seed ( o r  kernel) consis ts  of t h r e e  major  ?ar t s  ( F i g u r e l .  2 . )  

the P e r i c a r p  o r  protective covering, which surrounds and encloses the 

whole seed;  the Embryo o r  germ,  which i s  the young dormant piant; and the 

Endosperm, which i s  a source  of s tored food that the embryo u t i l i s e s f o r  

growth af te r  germination and until the young plant h a s  sufficient photosyn- 

thesising t i s sue  t o  support i t se l f .  

In  the process  of germination the embryo, which was dormant  within 

the  d r y  seed,  r e s u m e s  its growth given a suitable supply of water and oxygen 

and sufficient tempera tures  and an absence of germination inhibitors.  During 

germination the embryo swells and ruptures  the peri.carp. F r o m  this rupture  

grow the radicle  ( roots )  and pumule (shoot)( n g u r e  1 .  ) )Fac tors  which influence 

germination include: - 
Water  availability; oxygen concentration; soil t empera ture ;  light, seed viability; 

seed s ize ;  degree of embryo maturi ty;  infections by micr.0-organisms; damage 

t o  the per icarp ;  and inherent seed dormacy (ref lected in  the presence of germi-  

nation-inhibitory chemicals  i n  the per icarp)  

F r o m  the emergence of the young seedling a t  the soil  surface to the 

production of ma tu re  seeds,  the development of a wheat o r  bar ley plant may be 

seen  a s  falling into a number of growth s tages  . A  

1.  - Seedling - f rom emergence to  3 leaf s tage.  

2 .  - Ti l le r ing  - additional secondary shoots a r i s e  f rom the plant crown. 

3 . -  Jointing - s t em nodes c a n  be fell on the lower pa r t s  of the p1ant;no 

head i s  prominent i n  the upper leaf sheath.  



4 . -  Boot - The head i s  prominent in the sheath of the upper or 

flag leaf. 

5. - Heading - The head i s  emerging f rom the leaf sheath(f1owering 

will commence in 1-2 days). 

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

7 .  - Filling - The fertilised ovary i s  enlarging into the seed and 

gradually attaining full size. 

A more detailed breakdown of these stages i s  given i n ( ~ i ~ u r e  1.4) and i ts  b y .  

The head of a wheat or barley plant i s  composed of a number of flowers 

arranged along a stalk (rachis) and i s  referred to a s  a spike. The rachis 

supports a s e r i t s  of spikelets along both i ts  sides, each of which i s  composed 

of a number of individual flowers (florets). Each floret i s  composed of female 

organs (the pistil) and male organs (the stamens) enclosed within an outer 

protective covering, the lemma and palea, (Figure 1 .'5) .At the flowering stage 

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 i s  more common in cereals,  fallonto 

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 

i t ,  leading 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 a r e  grown under a very wide range of different envi- 

ronmental conditions. This i s  made poasible by the considerable diversity 

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



Both c rops  a r e  i n  general  considered to have one of t h ree  different growth 

habits,  namely; winter,  spr ing o r  intermediate  ( a l s o  known a s  facultative).  

Var ie t ies  with a winter growth habit a r e  planted i n  the autumnlwinter .  

The  seeds  germinate  and the young seedlings e m e r g e  and develop vegeta- 

tively. Because these var ie t ies  requi re  vernaiisation (exposure  to cold con- 

dit ions,  usually for  1-2  months) to  init iate the format ion and growth of the i r  

reproductive organs,  they remain  i n  a vegetative s ta te  throughout the winter 

per iod.  They a r e  thus,  t o  a cer ta in  extent tolerant  to f ro s t  and low t empera -  

t u r e s .  In the  spr ing when growth r e s u m e s  i t  i s  p r imar i ly  vegetative, but r e p -  

roductive growth, involving rapid s t e m  extension and the emergence  of the  

reproductive organs,  rapidly over takes  and inhibits vegetative growth, which 

pr imar i ly  involves the i n c r e a s e  in  leaf a r e a .  

In  contras t  var ie t ies  with a spr ing growth habit do not r equ i r e  verna-  

l isa t ion to  init iate reproductive growth and a r e ,  in  general ,  much l e s s  tolerant  

to  winter conditions than the winter habit types .  In a r e a s  where the winter 

conditions a r e  s eve re  these var ie t ies  can only be planted a f t e r  the th rea t  of 

f r o s t  i s  over ,  but under mi lder  climatic conditions may be autumn o r  winter 

planted when t h e r e  i s  l i t t le  o r  no f ro s t  danger .  

Wheats and bar leys  with facultative growth habits fa l l  between the winter 

and spr ing types in  charac te r i s t ics  and may thus  be autumn o r  winter planted 

i n  a r e a s  where winter t empera tu re s  can be a s  low a s  a few deg rees  below z e r o .  

They a r e  i n  general ,  m o r e  widely adapted than ei ther  of the other two types .  

A l l  t h r e e  growth habits a r e  found i n  commerc ia l  var ie t ies  of breadwheat 

and bar ley  but durum var ie t ies  grown commercial ly  only include spr ing and 

facultative types .  

Apar t  f r o m  the i r  adaptation to different t empera tu re  conditions, wheat 

and bar ley a r e  a l s o  adapted to  var ious  conditions of day-length, requir ing 



different 'photo-periods' for the onset flowering and optimum seed set.  

F o r  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:- 

1. - Long-day varieties - which flower readily when the photoperiod 

exceeds 14 hours. 

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

i s  less  than 14 hours. 

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

range of day-lengths and do not appear 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 i ts  basic genetic make-up. These characters (such a s  plant height, 

growth habit, photoperiod response, yield potential and disease resistance) 

a r e  controlled by units of inheritance, o r  genes, which a r e  located upon the 

chromosomes of the plant. These genes differ widely and a r e  inherited in 

various different combinations through the splitting of chromosomes in formation 

of gametes at  meiosis and their recombination when the eggs (female gametes) 

a r e  fertilised by the pollen grains (male gametes). Some characters a r e  

controlled by either one or few genes and a r e  termed qualitative, because the 

inheritance of individuals genes immediately confers certain characters upon 

the plant. Examples include growth habit and disease resistance.  Other charac- 

t e r s  a r e  however controlled by a number of genes and a r e  referred to a s  quan- 

titatively inherited, a s  the affect of the indivudual genes i s  relatively minor, 

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



Examples  of quantitatively inherited cha rac t e r s  lnclude plant height and 

yield. The  expression of this inherited genetic make-up o r  potential depends 

i n  t u rn  upon the resu l t  of the interact ion between these cha rac t e r s  with the 

environment in  which the plant grows.  

The  c r o p  environment ,  which includes physical f ea tu re s  ( e . g .  sunlight, 

t empera ture ,  topography, so i l s  etc . . ) and biological components (o ther  plants, 

pe s t s  and d i seases )  thus imposes  numerous constra ints  upon the way in  which 

c e r e a l s  c rops  grow and yield.  The  biological components of the  environment 

have become par t icular ly  important  a s  a resu l t  of the  environmental disrupt ions  

caused by the expansion of monoculture and the progress ive  reduction of genetic 

divers i ty  i n  both the wheat and bar ley c rops .  Diseases  caused by pathogenic 

organisms  now constitute perh&ps the grea tes t  single environmental  constra int  

to  increased  c e r e a l  production and to  the increasingly widespread cultivation 

of ce rea l  c rops  throughout the  world.  
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FIG 1.4: GROWTH STAGES IN CEREALS 
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F I C  1.5 : Structure of Floret and Spikelet : 
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SECTION 2 .  

RECOGNITION AND IDENTIFICATION OF WHEAT DISEASES 

Diseases  represent  one of the most  s eve re  constraints  t o  increased  

and s tab le  wheat production throughout the world.  It i s  thus of fundamental 

importance that any program aimed a t  improving the production and stability 

of this c r o p  has  a s t rong pathology input. In turn  a relevant and functional 

pathology input must  be  based upon a quick and accura te  recognition and 

identification of d i seases  in  the field t o  enable appropriate  r e s e a r c h  ac t i -  

vit ies t o  be init iated.  



Fungal Diseases  

Stem Rust 

Stem rus t  of wheat, a l so  known a s  black rus t ,  is cosmopolitan in  

distribution; being found in  all ecological locations occupied by wheat, 

i t s  closely related species  and other g r a s s  hosts .  Of the many d i seases  

infecting wheat, s t e m  r u s t  is without doubt the most  potentially devestating 

in any given y e a r .  

The  disease,  caused by the pathogen Puccinia graminis  f .  s p  t-, 

is  charac te r i sed  by the appearance of red/brown pustules,  developing f i r s t  

a s  sma l l  chlorotic spots, on al l  the above ground par t s  of the plant; leaves,  

leaf sheaths,  s t e m s  and spikes 

Severe infections resu l t  i n  considerable yield reductions mainly through 

a reduction in kerne l  number and ser ious  grain shrivell ing.  

Leaf R u s t  

Th i s  d i sease  i s  a l s o  commonly known a s  brown o r  orange rus t  and l ike 

stem' rus t  b s  a worldwide distribution. It i s  caused by Puccinia recondita 

f .  sp .  t r i t ic i  and i s  charac te r i sed  by smal l ,  round t o  oval, brownlred,  

isolated pustules occurr ing mainly on the leaves .  However, under cer ta in  

environmental conditions these pustules may a l so  be found on the awns, glumea 

and leaf sheaths.  Some r a c e s  have fur ther  been found t o  attack bar ley c r o p s .  

Although l i t t le  grain shrivell ing i s  evident, yield reduction through 

reductions in ke rne l  number and s ize ,  may be very ser ious .  



Yellow Rus t  

Often known a s  s t r i pe  ru s t ,  th i s  d i sease  i s  caused by the fungus 

Puccinia  s t r i i fo rmis  f .  sp.  t r i t i c i  and occu r s  i n  many regions of the  

world.  However unlike the other r u s t  d i s eases  it is generally confined 

to  the  cooler  higher elevation and higher latitude a r e a s .  The  charac-  

t e r i s t i c  symptom of yellow r u s t  i s  the l lnear  a r rangement  ( i n  s t r ipes )  

of the yellow pustules on the leaves  of the  host plant. A l l  above ground 

plant pa r t s ,  with the possible exception of s t ems ,  a r e  subject  t o  infection. 

Infection affects the  yield and quality of wheat by a reduction i n  the 

number of spikeslplant ,  the number of kerne ls  formedlsp ike*  and the s i z e  

and weight of the kerne ls  . Heavy infection r e su l t s  in  s e v e r e  kerne l  

shrivell ing and reduced root development. 

Speckled Leaf Blotch 

Caused by the fungus Septoria t&i, this d i sease  i s  found infecting 

wheat c rops  periodically throughout the  world. Initial infections a r e  normlrlly 

confined to  the lower  leaves  and appear  a s  light green,  slightly chlorotic spots,  

usually between the leaf veins.  As  the d i sease  develops these  les ions  become 

light brown i n  colour and necrot ic ,  and take  on a speckled appearance a s  the 

black res t ing  bodies [pycnidia) a r e  formed within the les ions .  In par t icular ly  

s eve re  infections these les ions  coalesce,  completely kil l ing the l ea f ,  

Severe  a t tacks  cause  a reduction i n  both the number  and the s i ze  of 

kerne ls  which may a l s o  be associated with seed shrivell ing.  

GPume Blotch 

Th i s  disease,  bet ter  known by i t s  imper fec t  f o r m  a s  Septoria aodorum, 

is associated wlth the fungus M o s p h a e r l a  nodorum, Di sease  symptoms a r e  

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



occasionally on the s t ems  and a r e  s imi la r  but somewhat da rke r  i n  colour 

than the les ions caused by Septoria t m .  

Yield reductions f r o m  infections of glurne blotch a r e  caused pr imar i ly  

through a reduction in the s i ze  and weight of kerne ls  which may be accom-  

panied by shrivelling. 

Septoria Leaf Blotch 

The  fungus Leptosphaeria avenaria  f .  sp .  t r i t i cea ,  commonly known 

by i t s  imperfect  f o r m  Septoria a=e f .  s p .  t r i t i cea  is  the causal  organism 

of this  d i sease .  It appears  to  be  l imited in occurrence t o  North Amer ica  

and Northern Europe and produces s imi la r  symptoms a s  the other Septoria 

d i seases .  In common with these  d i seases  a microscopic  examination of the 

spores  i s  necessary  fo r  positive identification 

Powdery Mildew 

The  causal  agent of Powdery Mildew, Erysiphe  rami in is f .  sp .  t r i t i c i  -1 

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

the world and i s  favoured by mild winters  followed by cool cloudy spring and 

summer  weather .  Infections, which appear  a s  whitel grey cottony m a s s e s  on 

the plant surface,  a r e  commonly found on the leaves  and may a l s o  be observed 

on the leaf sheaths and spikes ,  As the season p rogres ses  smal l  black rest ing 

bodies (Per i thecia)  develop in the cottony m a s s .  

Heavy attacks of powdery mildew resu l t  i n  yield l o s s e s  through reduced 

kerne l  s ize ,  which may be par t icular ly  seve re  with ear ly  infections. 

Leaf Blotch 

Widespread amongst the wheat growing regions of the world, this  d i sease  

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

a l l  p a r t s  of the plant ( root  ro t ,  crown rot ,  leaf blotch, head blight o r  black point) 



T h e  main symptom of the d isease  (leaf blotch) i s  charac te r i sed  by da rk  brown 

spots each surrounded by a chlorotic (yellowj margin .  As the d isease  develops 

the leaves t u r n  completely brown and die .  Severe  infestations may thus resu l t  

i n  total  plant death. 

Numerous other species  of HePminthosporium have been reported attacking 

wheat c rops  throughout the world. Of these  _H. t r i t ic i - repent is  i s  the most  

widely distributed and important on a global bas i s .  The  d i seases  caused by 

these  pathogens a 3  have s imi la r  syrnptoxms and thus the identification of 

individuals requi res  microscopic  exam-ination.. 

Leaf Blight 

Th i s  d i sease ,  caused by tk pathogen Alternar ia  t r i t ic ina has  been 

reported only f r o m  the Indian sub-continent. I t  i s  charac te r i sed  by i r r e g u l a r  

green/  grey oval lesions on the leaves ,  These les ions have yellow/ green 

margins  and in  severe  infections coalesce and become necrotic,  causing the 

death of leaves  and eventually a l s o  the whole plant. 

F l a g  Smut 

Although only severe  on a local b a s ~ s ,  f lag smut,  caused by Urocystis 

t r i t ic i ,  has  a worldwide distribution. In contrast  to  the other smut  d iseases  

infections a r e  confined to  the leaves  and s tems,  where they appear a s  long 

greylblack s t r ipes ,  containing numerous black spores .  

Infections cause dwarfing and stunting of leaves,  s t e m s  and heads and 

finally plant death. Yield l o s s e s  resul t  f r o m  a fai lure  to  f o r m  heads,  o r  a 

fa i lure  to  produce grain i f  the  heads a r e  formed.  

Cephalosporium S t r k e  

Found only on winter wheat in  North Amer ica  and North-Western 

Europe, this  d i sease  i s  caused by the fungus Cephalosporium gramineum. 



Symptoms appear  i n  the spr ing a s  yellowing, which i s  resolved into chlorotic 

leaf s t r i pes  coupled with a brown discolouration of the vascular  t i s sue  a t  

about heading. Infected plants a r e  stunted and mos t  die  premature ly  with 

white heads o r  poorly filled grain .  

Loose Smut 

Th i s  d i sease  occurs  wherever  wheat i s  grown, but i s  m o r e  common 

i n  humid, sub-humid and i r r iga ted  a r e a s .  It i s  caused by the pathogen 

Ustilago t r i t i c i  and i s  confined to the heads.  Infected heads appear  e a r l i e r  - - 
than healthy heads;  the f lo re t s  being replaced to  a varying extent by black 

m a s s e s  of spo res .  Yield reduction i s  complete, a s  infected heads produce 

no grains  

Common o r  Stinking Bunt - 
Associated with two maln pathogens, namely Ti l le t ia  foetida and 

T .  - c a r i e s ,  this d i sease  i s  worldwide i n  i t s  d i s t r i bu t ion  Infection occurs 

a t  the seedling s tage and the fungus develops within the plant giving i t  a 

b lue igreen  to  da rk  green colour and a slightly stunted appearance ,  The  

d isease  becomes evident a t  the heading s tage a s  the seeds o r  kerne ls  a r e  

replaced by a fungal s t ruc tu re  resembling the kerne l  but containing a m a s s  

of black, odorous spo res  

Dwarf Bunt 

Th i s  d i sease  i s  r e s t r i c t ed  in  i t s  distr ibution to  the  colder a n d / o r  higher 

elevation, higher latitude wheat producing a r e a s .  I t  i s  caused by Ti l le t ia  

controversa  and in  common with common bunt, r e su l t s  in  the replacement  

of the seeds  i n  the head with fungal s t ruc tu re s  containing numerous black 

spo res .  I t  may be distinguished f r o m  the other bunt d i sease  by the s eve re  

dwarfing that i t  causes  in growing plants.  



Karnal  o r  P a r t i a l  Bunt 

Caused by the fungus Neovossia -a, this  d i sease  i s  found mainly 

i n  the  1nd:an sub-continent, but may a l so  occur infrequently in  other  major  

wheat growing a r e a s  throughout the world.  In cont ras t  to  the other smuts  

and bunts, infection occurs  during flowering o r  gra in  filling and is usually 

confined t o  only a few kerne ls  i n  each head, which a r e  partially o r  totally 

destroyed. 

Scab - 
This  d isease  is associated with severa l  species  of the  genus Fusa r ium 

and i s  found predominantly in  the w a r m  and humid wheat growing a r e a s  of 

the world. The species  - F.  praminearurn  (Gibberella &, - F. cuimenorum 

and - F. -- nivaie a r e  commonly associated with t h e  disease,  which causes  

individual spikehets, f lo re t s  o r  en t i re  heads t o  tu rn  white when immatu re  

Th i s  is often accompanied by the production of an external whitelpink fungal 

m a t  on the sur face  of the glumes and the development of c lus t e r s  of small  

black res t ing  bodies. 

Infections cause a grea t  reduction in  seed weight and a s e v e r e  shrivell ing 

of kerne ls ,  i f  they a r e  produced a t  a l l  . Gra in  quality may a l so  be ser i&sly 

affected. 

Although considered t o  be of minor importance,  ergot  caused by the 

fungus Claviceps purpurea i s  occasionally found in  the humid and sub-humid 

regions of the world.  T h e  infected f lore t s  produce a sweet,  colourless  and 

sticky exudate shortly a f te r  flowering. As the season  p r o g r e s s e s  bluelblack 

'ergot-odies (sclerot ia) ,  which a r e  l a r g e r  than the wheat kernel and thus 

protrude f r o m  the infected f loret ,  a r e  produced, These  e rgots  a r e  poisonous 

i f  consumed by animals .  



Common Root o r  Foot  Rot 

Associated with s eve ra l  different pathogens, namely Helminthos - 
por ium sativum (a l so  causing leaf blotch and black point) and F u s a r i u m  

culmorum and F_. graminearum ( a l s o  responsible  for  scab  d isease) ,  th is  

d i sease  i s  cosmopolitan i n  i t s  distr ibution although i t  i s  m o r e  wide-spread 

in  the d r i e r  a r e a s .  

Infected seedlings appear  blighted and have brown, rotted roots  and 

sub-crown internodes.  Infections i n  m o r e  ma tu re  plants a r e  evident a s  a 

brownish cor t ical  ro t  of roots,  basa l  s t em tis 'sues and lower leaf shea ths .  

In  addition infected plants may be stunted o r  possess  white, poorly-filled 

heads .  

The  protein content of the  grain  i s  reduced by infections of _H. sativum 

and together with the production of a toxin that i n t e r f e r s  with nitrogen 

t ranslocat ion th i s  may lead  t o  increased  incidence of 'yellow b e r r y ' .  

Take  All 

Th i s  d i sease ,  caused by Ophiobolus graminis ,  has a worldwide 

distribution and although it i s  p r imar i ly  a d i sease  of winter wheat may a l so  

b e  found infecting spr ing c rops .  Infected plants appear  stunted and bleached, 

with a black discolouration of the crown, crown roots  and often a l s o  the  lower 

s t e m s .  The  root sys t em i s  severely reduced and rotted and plants usually 

die  premature ly .  If they survive to matur i ty  infected plants usually produce 

heads which a r e  empty o r  contain badly shrivelled gra ins .  

Cercospore l la  Foo t  Rot 

Also  known a s  eye-spot o r  s t rawbreaker ,  th is  d i sease ,  caused by the 

fungus Cercosporel la  herpotrichoides i s  found in  mos t  winter wheat growing 

regions of the wor ld ,  i t  i s  charac te r i sed  by the appearance of ovalieEliptica1 

les ions ,  usually with dull brownlgreen marg ins  and often marked  by a dark 



coloured dot i n  the centre ,  on the leaf sheaths nea r  the soi l  sur face .  In 

seve re  infections these  les ions may coalesce and weaken the s t em t o  such 

a n  extent that  it col lapses .  In addition t o  causing premature  lodging, infec- 

t ions can resu l t  i n  reduced t ~ l l e r i n g ,  kernel  shrinkage and /o r  the production 

of empty and white heads.  

Sharp  Eye-spot 

Th i s  disease i s  widely distributed throughout the world, but i s  only 

real ly  important  tinder low-temperature conditions. It i s  generally con- 

s idered  t o  be  a relatively minor  d lsease  but may be  of locakised importance.  

In Austral ia ,  for example,  it causes  the seve re  stunting, stiffening and 

discolouration of wheat seedlings known a s  qpurpie  patch".  It i s  caused by 

the fungus Rhizoctonia solani and charac te r i sed  by light brown elliptical 

les ions with dark  brown margins  on the basal leaf sheaths .  

Browning o r  Pythium Root Rot - 

Caused by a group of pathogens of the genus Pythium, this d i sease  i s  

found i n  a lmost  a l l  the major  wheat producing regions of the world.  It 

causes  distinct brown, watersoaked les ions and rotted a r e a s  on the roots,  

which resu l t  ir. yel lowng,  stunting, reduced t i l ler lng and delayed maturi ty  

in  infected plants. 

Downy Mildew 

Downy Mildew i s  associated with the fungus N e r o s p o r a  macrospora  

and is widely distributed wherever wheat i s  grown. However it i s  only 

severe  on a very local bas i s ;  usually being prevalent where flooding has  

occurred  in  the ear ly  s tages  of c rop  development. Severely infected plants 

show excessive t i l lering, dwarfing and fai lure  to  produce heads.  They 

may a l so  develop s t r iped,  yellowed, thickened o r  distorted p a r t s .  As  the 

fungal mycelium is entirely internal ,  t he re  a r e  r a re ly  any visible "mildew' 

symptoms such a s  a r e  evident i n  powdery mildew infections. 



Snow Mould 

Th i s  d i sease  i s  caused by severa l  fungi, of which the mos t  important 

a r e  F u s a r i u m  nivale (pink mould) and Typhula idahoensis (speckled 

snow mould). Although i t  i s  found throughout the world the d isease  i s  

considered to be only of minor importance.  

Snow moulds a r e  more  prevalent i n  a r e a s  with ha r sh  winter conditions, 

where they become very distinct a s  the snow cover recedes .  The abundance 

of fungal growth on the sur faces  of rotting plant t i s sue  shows a s  a pink 

colouration i n  the ear ly  spr ing  i n  the c a s e  of pink mould.  Infections of 

speckled mould develop slightly l a t e r  in the season and a r e  charac te r i sed  by 

numerous black sclerot ia  in the mould t i s sue .  Damage f rom mould infections 

may be seve re  under cer ta in  conditions and ranges f r o m  complete yield l o s s  

t o  some meagre  grain yield i f  infected plants recover .  

Black Point 

Helminthosporium sativum together with severa l  species  of 

Al te rnar ia  especially ( A ~  tenuis) a r e  the main causal  agents of this d i sease ,  

which i s  worldwide in  i t s  distribution. Infections appear  a s  i r r egu la r  black 

o r  brown blotches in  the outer covering of the kerne l .  These  discolourations 

a r e  commonly concentrated nea r  the g e r m  end, but may be  found distributed 

over the whole seed coat. 

H. sativum infections resu l t  i n  poor germination of seed,  poor - 
stands,  reduced yields and increased  levels of root rotting; whereas  infections 

of Alternar ia  cause l i t t le o r  no lo s s  in seed viability. 



Bacter ia l  Diseases  

Black Chaff 

Although occurr ing widely on wheat plants, th is  d i sease ,  caused 

by the bac te r ia  Xanthomonas t ranslucens , usually only causes  slight 

damage.  Attacks a r e  cha rac t e r i s ed  by brown t o  purplelblack blotches 

on the glumes and on the s t ems  immediately below the head. Severe  

infections reduce the number of kerne ls  formed and may cause  kerne l  

shrivell ing.  

Yellow E a r  Rot 

This  d i sease  i s  a l so  commonly known a s  bacter ia l  spike blight and 

i s  caused by Corynebacterlum t r i t i c i .  It i s  often assoc ia ted  with the 

wheat nematode Anguina t r ~ t i c i  and has been reported f r o m  a number 

of different countr ies  ( e .  g. North Amer ica ,  India, and Pakis tan) .  

infections resu l t  in  the appearance of a yellow sl imy bac te r ia l  growth on 

the head a t  the  'boot'  s tage of growth and may ei ther  prevent the head f rom 

emerging o r  cause  seve re  head distort ion.  The  damage caused by this  

d i sease  i s  seldom widespread, but may resu l t  in  appreciable  yield reductions 

on a local  sca le .  

Basa l  Glume Rot - 

Caused by the bacter ia  Pseudomonas a t rofaciens  , th is  d i sease  occurs  

i n  wheat c rops  throughout the world, especially when high mois ture  conditions 

prevai l  a t  the t ime  of heading. The  germ-end t ips  of infected kerne ls  become 

blackened and water-soaked les ions appear  a t  the base  of the glvmes.  Yield 

l o s s e s  a r e  r a r e l y  severe .  



Vira l  Diseases  

Soil-Borne Wheat Mosaic Virus (SBWMV) 

Th i s  d i sease  appea r s  i n  N.America ,  Japan, Egypt, Braz i l ,  I taly and 

Argentina.  It i s  favoured by low t empera tu re  and shor t  day conditions and 

usually develops i n  the autumn, winter o r  spr ing.  The  symptoms vary  with 

the s t r a in  of v i rus ;  ranging f r o m  rose t ted  plants with blue/  green leaves  and 

white mottling t o  dwarfed plants with excessive t i l ler ing and light g reen  

leaves  mottled with yellow. 

If the infection i s  heavy and the prevalence high c r o p  l o s s e s  may exceed 

5070. 

Thi s  v i rus  i s  t ransmit ted by sap  and by a fungus (Polymyxa graminis)  

It a l so  infects wheat, bar ley,  rye  and other g r a s s e s .  

Wheat S t r ia te  Mosaic Vi rus  

Th i s  d i sease  i s  widely distributed i n  North Amer ica ,  Europe,  Ans t ra l ia  

and the Indian sub-continent and mainly infects winter wheats although spr ing 

sown crops  may a l s o  be attacked. It i s  t ransmit ted by seve ra l  species  of 

leaf hoppers  (E&a and Elymana s m . )  and causes  narrow,  threadl ike 

yellow / white s t r e a k s  along the leaf veins, leaf yellowing and necrot ic  blot-  

ching plant stunting, reduced head s i ze  and shrivell ing of ke rne l s .  Barley,  

oats and a number  of g r a s s e s  a r e  a l so  affected. 

Wheat S t reak  Mosaic Virus  (WSMV) 

Th i s  d i sease  i s  found on winter wheat and winter-planted spr ing wheat 

i n  North Amer ica ,  Europe and severa l  Middle Eas te rn  countr ies .  It i s  t r a n s -  

mitted by the mi te  Aceria tulipae and depending upon the v i ra l  s t ra in ,  the 



host variety and the environmental conditions causes a range of leaf 

symptoms f r o m  mild light green to  yellow chlorotic s t r eaks  and m o t t l i ~ g .  

Most diseased plants a r e  a l so  stunted and i f  seed  i s  produced i t  i s  usually 

shrivelled. The d isease  a l so  affects barley, oats,  rye,  maize  and several  

annual g ras ses .  

Enanismo (Dwarfing) Virus 

This  d isease  is important in  South America and i s  t ransmit ted by a 

t ropical  leaf hopper. Early infection causes seve re  plant dwarfing ( o r  even 

plant death), whereas l a t e r  infections a r e  i e s s  ser ious,  causing poor e a r  

development and chlorotic leaf blotching. 

Barley Yellow Dwarf Virus 

BYDV has  a worldwide distribution and i s  transmitted exclusively 

by aphids. Ear ly  infection causes stunting and dwarfing; reduced ti l lering; 

a variety of leaf discolourations, ranging f r o m  chlorotlc striping t o  total 

leaf chlorosis,  and reduced head s ize and emergence.  La te r  a t tacks however 

have l e s s  effect and cause only leaf yellowing and reddening together with 

slight stunting and comparably l e s s  reductions in  head and grain development. 

Most ce rea l s  and g r a s s e s  a r e  attacked by this disease.  



Diseases  Caused by Nematodes 

Root Cys ts  

Root cysts  a r e  caused by the feeding of nematodes of the genus 

Heterodera  , of which H. punctata a n d E .  avenae a r e  important  in  wheat. - 
These  plant pa ra s i t e s  have been reported infesting ce rea l  c rops  throughout 

the  world,  causing stunting and some  chlorosis  i n  attacked plants.  Exami-  

nation of the  roots  of such plants shows excessive branching and root defor -  

mation in  the f o r m  of numerous gall-like cys t s .  

E a r  Cockle 

Caused by Anguina t r i t i c i ,  which i s  known a s  the wheat nematode, 

th is  d i sease  a l so  has a worldwide distribution.  Infested plants a r e  stunted 

and the leaves  wrinkled, rolled,  twisted o r  cur led ( fol iar  symptoms a r e  

mos t  s eve re  in  young plants) .  Diseased heads appear  sho r t e r  and thicker  

than healthy ones and contain galls  (within which a r e  nematode la rvae)  in  

place of the ke rne l s .  In some c a s e s  the symptoms of wheat nematode at tack 

r e semble  those of Downy Mildew, bunt o r  2 , 4  D damage, but c loser  exami-  

nation revea ls  the t rue  cause .  



SECTION 3 .  

RECOGNITION AND IDENTIFICATION O F  BARLEY DISEASES 

Although d iseases  tend to be more  of a production problem in  the wheat 

crop,  they a l so  constitute an increasingly recognised threa t  t o  barley produc- 

tion in  a l l  but the d r i e s t  countries of the world.  A s t rong and well-developed 

pathology input, based upon rapid and accura te  d isease  identification is there-  

fore  a l so  of great  importance in  the improvement of world bar ley production . 



Fungal Diseases  

Str ipe Rust 

Caused by Puccinia s t r i i formis  f . s p .  e i ,  this d i sease  i s  of p a r -  

t icular  importance in  the countries of northern Europe, northern Asia and 

South America and in India, Pakis tan,  Nepal, Afghanistan and the P. D .R .  Y .  

Like yellow rus t  of wheat it tends t o  b e  confined t o  the  cooler ,  higher altitude 

a r e a s  of these  countr ies .  

Str ipe rus t  produces symptoms and effects s imi la r  to  those of wheat 

yellow r u s t .  

Leaf Rust  

Th i s  d i sease  i s  caused by the pathogen Puccinia horde i (=P - anomala) . 
It i s  widely distributed within the Mediterranean countries and i s  known to cause  

par t icular ly  ser ious  yield l o s s e s  i n  the countries of North Africa and in  Pakis tan .  

The  disease i s  charac te r i sed  by sma l l  round yellowl brown pustules occur-  

r ing mainly on the leaves.  L a t e r  i n  the season round/ oblong,dark brown telial  

pustules develop. 

A leaf rus t ,  with da rke r  brownlred pustules,  may a l s o  resu l t  f rom infec- 

tions of 2 .  recondita t r i t ic i .  

Yield reductions resu l t  p r imar i ly  f r o m  reductions in  kerne l  number and 

seed shrivell ing.  

Stem Rus t  

Bar ley  s t em rus t  may be caused by a number of barley-specific r aces  of 

e i ther  Puccinia graminis  t r i t i c i  (wheat s t e m  rust)  o r E .  graminis  seca l i s  

( r y e  s t e m  rus t ) .  Although present  throughout the humid and semi-humid a r e a s  

of the world, s t em rus t  i s  not of major  importance as bar leys ,  through their  

ear ly  maturity,  tend to effectively escape severe  lo s ses .  



Powdery Mildew 

In contrast  to s t em rust ,  this d isease ,  caused by infections of Erxsiphe 

g ramin i s  hordei, i s  of major  importance wherever  bar ley i s  produced. High 

humidities favour i t s  devdopmentbut powdery mildew precipitates ser ious 

l o s s e s  even under relatively low rainfall conditions, especially in  coal, cloudy 

weather.  

The disease symptoms a r e ,  in  general, s imi lar  to those caused by pow- 

dery mildew of wheat. However cer tain hostipathogen r a c e  combination# rewult 

i n  light to dark  brown discolourations, which may indicate a type of resis tance.  

If the d isease  develops ear ly  ( in  the seedling stage) i t  may seriously reduce 

the root sys tem and have consequently severe  effects  on seed yield, especially 

in  d r i e r  a r e a s .  Disease development before heading tenda to  reduce kernel  

number,  whereas infections occurring a f t e r  heading only affect kernel  weight. 

Downy Mildew 

Sclerospora macrospora  i s  the causal organism of this disease,  which 

i s  res t r ic ted  to a r e a s  where flooding occurs  in  the ear ly s tages of c rop  devel- 

lopment. I t  i s  thus only of very l imited importance, especially on barley 

which i s  grown ~ n d e r  predomnnantly d ry  conditions. 

Net Blotch 

Occurrnng widely throughout the temperate  and humid a r e a s  of the world 

net blotch, cadsed by Helminthosporiurn t e ses  and sometimes known by i t s  perfect 

stage a s  Pyrenophora tereg, may precipiatate ser ious yield losses ,  especially 

in  North Africa,  Mediterranean Europe and the Ca$pian a r e a s ,  

In fec t~ons  ir, the seedling stage cause brown reticulate blotches to  develop 

a t  or  near  the t ip of the leaf blade. These develop into the charac ter i s t ic  dark  



brown netted blotch which may finally cover  t he  whole of the leaf blade but 

never  extend to  the leaf sheath.  Fu r the r  les ions  may a l s o  be found on the 

ke rne l s ,  where they appear  a s  a light brown discolouration of the l emma 

ra ther  than the charac te r i s t ic  netting of leaf infections.  

Net  blotch causes  grain  shrivell ing which may be severe ,  especially i n  

ea r ly  infections.  In this  c a s e  both the number of t i l l e r s lp lan t  and the number  

of ke rne l s l t i l l e r  may a l so  be se r ious ly  reduced. 

Spot Blotch 

Th i s  d i sease  i s  caused by Helminthosporium sativum(=Cachllobelus 

sat ivus) .  It i s  widespread within the countr ies  of North Afr ica ,  West Asia  

and Mediterranean Europe where i t s  develpment and spread is favoured by 

w a r m  and moist  conditions 

Seedling infections cause a seedling blight which frequently resu l t s  in  

p re -o r  post-emergence seedling death.  Infections of ma tu re  plants appear  

a s  charac te r i s t ic  dark  brown, roundloblong les ions which may coalesce,  

covering the whole leaf blade.  The kernel  and f lo ra l  b r a c t s  may a l so  be 

affected by spot blotch, i n  which c a s e  i t  i s  m o r e  commonly known a s  black point. 

Str ipe Disease 

Str ipe d i sease ,  caused by Helminthosporium gramineum, i s  a lmos t  

invariably presen t  on bar ley c rops  throughout the world. However it only 

r e su l t s  i n  se r ious  c r o p  l o s s e s  i n  cer ta in  a r e a s  (especial ly  in  the low rainfall 

p a r t s  of I ran ,  Syria  and Turkey) .  In these a r e a s  it i s  recognised a s  one of 

the mos t  important  bar ley d i seases .  

Disease  symptoms appear  a t  about the  t i l ler ing s tage of c r o p  growth. 

A t f i r s t  they a r e  confined t o  the older leaves  and leaf sheaths a s  paral le l  yellow 

s t r i pes  but a s  the d i sease  develops the symptoms become brown and may extend 



over  a~l1 the leaves.  Infected plants tend to be stunted and m y  split,  f r a y  

out o r  collapse. In severe  iafectionls the spike fails to emerge  and in case* 

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

Scald - 
This  disease resu l t s  f r e m  infections of the pathogen Rhynchosporium 

seca l i s  and i s  of major  importance in cooker humid and sub-humid regions. 

I t  causes considerable yield loeses  i n  Afghanistan, Turkey, Ethiopia, Kenya, 

Tanzania and i n  many of the Mediterranean countr ies ,  

I t  occurs  mainly on winter barleys and appears  f i r s t  a s  i r r egu la r ,  blue/ 

green, water-soaked lesions on the leaf blades and sheatha. As the d isease  

develops these symptoms develap into bleached a r e a s  with brown margins .  

Infections cause a s imi lar  damage to  those of net blotch. 

Loose Smut 

Uetilago n d a  i s  the causal organiem of this d iseass ,  which i s  wideepread 

throughout a rea6  in  which humid, cool and ehowery conditiohs prevai l  during 

heading. 

The  symptoms, which resul t  f r o m  the replacement of the f loral  t i s sues  

by spores ,  appear a t  flowering when the covering fragi le  membrane ruptures  

revealing a da rk  brown spore m a s s .  Infected h e a b  usually emerge  f r o m  the 

sheath a few days ea r l i e r  than healthy ones but may be difficult to distinguish 

until flowering. 



Black o r  Semi-loose Smut 

Similar  to  loose smut,  t h i s  d i sease  i s  caused by the pathogen Ustilago 

nfgra. It i s  of importance in  Europe, Asia  and in  some pa r t s  of the Near  

and Middle Eas t .  The symptoms of infection resemble  those of loose smut ,  

except that the spore  m a s s  tends t o  be l e s s  compact. Infected heads tend t o  

emerge  la te r  than those infected with loose smut .  

Covered Smut 

Th i s  disease,  caused by Ustilago hordei,  is considered to be one of the 

most  ser ious and widespread d iseases  of bar ley throughout North Africa,  the 

Near  and Middle Eas t  and South and Southeast Asia.  

The  spore m a s s e s  produced completely replace the kernel  and a r e  covered 

by a membrane which pe r s i s t s  until the  spores  a r e  fully mature .  Unlike other 

wheat smut  d iseases ,  covered smut  of bar ley is readily identifyable a s  soon a s  the 

e a r  has  emerged f r o m  the sheath. 

Fungal  Root Rot 

As  with root rot  i n  wheat, th i s  d i sease  is pr imar i ly  caused by Pythium 

specles  and resu l t s  in root necros is ,  which in tu rn  causes  infected plants t o  

become chlorotic and stunted. I t  may be  very damaging if infection occurs  

during the seedling stage but i s  of l e s s  significance in  adult plants .  The  most  

common species  infecting barley i s  - P .  graminicale .  

Scale o r  Fusa r ium Blight 

The  causal  organisms,  symptoms and damage of this d i sease  a r e  identi-  

ca l  t o  those of the s imi la r  wheat d i sease .  

Ergot  

Here  again the charac te r i s t ics  of the d isease  a r e  the s a m e  a s  in wheat. 



Bacterial Diseases 

Bacterial Blight 

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

It i s  caused by Xanthomonas translucens and i s  more prevalent in northern 

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

Early infections appear a s  minute,linear, water -soaked lesions on 

both leaf blades and sheaths. These lesions elongate and may coalesce into 

narrow and irregular 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 a re ,  in general, only serious i f  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 v i ruses  discussed in  relation to  wheat d i seases ,  

two fur ther  spec ies  deserve  par t icular  mention:- 

Barley Str ipe Mosaic Vi rus  (BSMV) 

Th i s  d i sease  has been found i n  North Amer ica ,  Europe,  Japan,  Korea,  

Pakis tan,  the  USSR, Aus t ra l ia  and some West Asian countr ies .  

I t s  symptoms vary f r o m  yellow/brown striping t o  chlorotic spotting and 

general  mottling. Li t t le  i s  known about its affect upon the host plant. 

C e r e a l  Ti l ler ing Vi rus  (CTV) 

Th i s  d i sease  a t tacks  bar ley exclusively, result ing i n  a var ie ty  of mosa ic ,  

mottling, yellowing and stunting symptoms.  



Diseases  caused by Nematodes 

In general ,  bar ley i s  attacked by the s a m e  groups of nematodes that 

commonly infest wheat c rops .  Nematodes of the genus Heterodera a r e  

par t icular ly  important in th i s  respec t  and Anguina t r i t i c i  has  a l s o  be found 

t o  cause e a r  cockle in bar ley.  

As with wheat, the volume of work ca r r i ed  out to  date on nematodes 

in  par t icular ly  d r y  cl imates  i s  l imited.  Thei r  importance may thus be 

considerably g rea t e r  than i s  current ly  supposed. 





SECTION 4. 

THE MAJOR DISEASES OF WHEAT AND BARLEY 

Pathogenic fungi a r e  by f a r  the mos t  important  and yield-limiting 

of the many disease-causing organisms  which at tack ce rea l  c r o p s .  Of 

these the genera Puccinia  ( r u s t s ) ,  Ustilago ( smut s ) ,  Ti l le t ia  (bunts),  

Erysiphe (powdery mildews),  Septoria,  Al ternar ia ,  Helminthosporium, 

F u s a r i u m  and Pythium a r e  the  mos t  widespread, regular ly  occurr ing and 

potentially dangerous throughout the world.  

Studies of the distribution and ranked importance of these d i seases  

revea l  the tantamount importance of the ru s t s ,  especially on the wheat 

c r o p  (Tables  4. 1 and 4 . 2 ) .  Such studies a l s o  show the increasingly recog-  

nised importance of other pathogens such a s  H e l m i n t h o s p o r i u m ~  (causing 

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

Ustilago s q ~ e  (causing loose smuts)  and Ti l le t ia  spp. (caus ing  bunt d i seases ) .  



Table 4 .  1. Distribution and Importance of Wheat Diseages 

Area  . . Disease a ~ d  Rqnked f r n ~ r t a n c e  
6R YR LR Sm 13 P M  S A H RR * '  

Afghani btkn 2 1 5 4 7 6 3 -  - 8 
Turkey -Plateau 4 1 6 3 P -  - - - 5 

-Coast 1 1 6 5 7 4 3 1 0 9 B  
-S. Eas t  5 3 4 2 1 -  w - - 6 

Cyprus 1  3 2  T r  T r  5 4 T r  Tr Tr  
Syria 2 5 3 4 3 -  - .. - - 
I r aq  - 2 1 -  - - T r  - T r  - 
Lebanon 3 1 2 -  .. - + - - - 
Jordan 2  - - - 1 - .. e - - 
Saudi Arabia  1 4 3 2 -  - - m - .. 
E f 3 ~  pt 3 1 2 -  - - - - - - 
Libya 1 - 2 3 -  - - - - - 
Algeria 4 2 3 6 5 7 1 t V 9 8  
Tunisia 3 7 6 2 1 7 . 4 -  - 5 
Morocco 3 - 1 1 5 4 2 - 6 -  

Table  4 . 2 .  Distribution and Importance of Barley Diseases  

Disease and R a n k 4  Importance 
A r e a  

SR YR LR P M  H sc Sm * 
L 

Afghanistan 4 1 6 1 3 2  4 
Turkey 5 7 6 1 2 3 4 
Cyprus - - 1 3 2 - 4 
Syria  - - - 1 * - - 
I r aq  - - - - 1  - - 
Lebanon - - 2 1 4  - 3 
Jordan 6  7  3 2 4  - 1 
Saudi Arabia  - - - - - - a 

Egypt 4  * 2 3 1 * - 
Libya - - - 2  - 3 1  
Algeria  - 3  2  5 1  9 4 
Tunisia 7 6  4 3  1 5 2 
Morocco - - 3  4 1 - 2 

* 
SR = Stem Rust YR * Yellow Rust  
LR = Leaf Rust Sm = Smut 
B = Bunt P M  a Powdery Mildew 
S = Septoria A = A l t e r n a ~ f a  
H = Helminthosporium Sc = Scald 
RR = Root Rot and Fusa r ium 



The  Cerea l  Rus ts  

Puccinia  graminis  (causing s t em o r  black rus t ) ,  - P. r e c o n d i g  

(causing leaf o r  brown rus t ) ,  2 .  s t r i i formis  (causing yellow o r  s t r ipe  rus t ) ,  

P. hordei (causing dwarf o r  leaf rust)  and P .coronata  (causing crown o r  - - 
leaf rust)  regular ly  precipitate se r ious  lo s ses  of wheat bar ley,  oats and rye  

throughout the world.  Owing to their  p r ime importance in  limiting the pro-  

ductivity of these  c e r e a l  c rops  in a lmost  every major  ce rea l  -producing country 

the r u s t  d i seases  deserve  special and detailed attention in r e s e a r c h  designed 

t o  minimise ce rea l  d i sease  l o s s e s .  

Life Cycle 

The  r u s t  fungi a r e ,  in general ,  obligate paras i tes ;  being unable to  comp- 

le te  the i r  life cycle in the absence of a living plant host .  They have developed 

a very complex l ife cycle involving, in many cases ,  an alternation between two 

host species  and a number of different spore  types.  The full l ife cycl e i s  

i l lustrated in F igu re  4. 1. It should be s t r e s sed ,  however, that  the complete 

two-host, four-spore type cycle i s  not commonly found in ce rea l  r u s t s  except 

under ra ther  ex t reme environmental conditions . In most  a r e a s .  where envi- 

ronmental  conditions a r e  favourable, the fungi reproduce almost  exclusively 

through the asexual urediospore cycle on the c rop  i tself ,  on volunteer plants 

and on related,  and often weedy, plant spec ies .  The complete life cycle may 

be encountered in  a few a r e a s  where the p r imary  c rop  o r  g r a s s  host and the 

a l te rna te  host a r e  found in  close proximity t o  one another.  The following 

plant species  a r e  known t o  ac t  a s  alternate hosts for the principal cerea l  

r u s t  pathogens:- 



P.  g ramin ia  - %rber i s  Mahon* P E ~ .  

P . s t r i i formis  - Unknown 

P. racondita - Thalict rum -. Isopyrum 

P. hordei - OrnithogaLw'n SJJL- 

P. cor,onata - ____r 
Phamnus spp. 

In many regions the graminaceous hosd o r  h m t s  may be found 

throughout the y e a r .  In these instaac*s the  r u s t s  a r e  able to  survive locally 

and a r e  re fer red  t o  a s  endemic.. H ~ w e u e r  there  a r -e  a namber of a r e a s  

(especial ly  where hot and dry c.onditions prevail  fm some rnmnChs) where the  

host  species  and c@nsequ.ently .the fu,ngi rlr~ not survive f r o m  one season to 

another .  Where these condition6 .occul the rus t  inftctions in i t i d ly  a r i s e  f r o m  

inoculum re-intr.oduc.ed f r o m  s a m e  distant 8ourc.e and a r e  te rmed exodemic- 

Taxonomy 

The classification of rus t  fungi into family and  geaus i e  based u p n  the 

morphological features  af the ts l iospores ,  and the species  within geIKrO are 

distinguished on the basia of their  host  range and urediosporc cha rac t e r i s t i c s  

(F igu re  4.2.)  

In the genus Puccinia, however, specialisation i s  highly developed and 

a number of formae  speciales  b r sed  upon host range, may be distinguished 

within each spec ies .  F o r m a e  speeialies ( f .  s p . )  a r e  named with re ference  

to  the p r imary  host species  attacked; each f o r m a  s p e d a l , ~  in general ,  being 

able  t o  attack seve ra l  closely related g r a s s e s .  The major  recognised f ~ r m a e  

speciales  infecting c e r e a l  c rops  a r e  detailed below: - 



Pathogen P r i m a r y  Host 

Species 

P .  g ramin i s  P e r s  

P .  recondita Rob. ex Desm - 
P .  - s t r i i formis  Westend. 

F o r m a e  speciales  

t r i t i c i  - 
seca l i s  

avenae 

t r i t i c i  - 
t r i t i c i  - 
hordei 

P.  hordei Or th .  - 
P .  coronata Cda. - 

Wheat, Barley 

Rye, Barley 

Oats 

Wheat 

Wheat 

Barley 

Barley 

Oats 

Within each fo rma  speciale the pathogens may fur ther  be divided into 

physiological r a c e s  and biotypes. A biotype i s  defined a s  a population of 

individuals with identical genotypes and a physiological r ace  a s  a group of 

biotypes s imi la r  i n  morphology but differing in physiological, biochemical, 

pathological and other cha rac t e r s .  Physiological r aces  (designated by r a c e  

numbers)  a r e  identified on the basis  of differential responses  on selected host 

var ie t ies .  While this  sys t em of nomenclature s e r v e s  a very useful taxonomic 

purpose i t  should be s t r e s sed  that i t  cannot be used t o  completely identify any 

rus t  collection. 

The  identification of physiological r aces  of rus t s  may be made on the 

bas i s  of observations of the  infection response of different  wheat and bar ley 

var ie t ies  t o  a purified rus t  cul ture .  A fixed number of var ie t ies  i n  the seedling 

s tage a r e  used and infections will be fully developed a t  about 10-15 days a f t e r  

inoculation i f  conditions a r e  optimal. (The  procedures  and techniques of this 

p rocess  will be  elaborated in  the glasshouse pract ical  sess ions) .  

Based upon t h e  host response classification a r a c e  number can be either 

determined f rom published repor t s  o r  ass igned i f  a new r a c e  i s  isolated.  The 



method of coding infection types for  stem and leaf ru6ta i s  given in 

Table 4 .3 .  Although there i s  no unanimous agreement amongst rust workers 

on coding, the majority of the yellqw rus$ researchers now classify infection 

types according the general scheme given in Table 4 .4 .  E u r o p e a ~  yellow 

rust workers have further developed a binary notation ryrtem for race nomeqz- 

lature.  This allocates every differential host a fixcd value (decanery value). 

Race reaction* a r e  claarified a s  either resistant (binary scores 0) or suacepti$le 

(score = 1) gnd in this way a decanery value may be obtained for  each diffenen- 

tial. These a r e  then added to  give a deconery total which then becomer the 

race number ( s e t  belaw). Such a system allowa the susqeptible varieties t o  

be identified from the decanery total or  race number. 

The Use of Binary Notation in Naming a Physiological Race 

Differential host G F E D C B A  

Decanery Value 26 24 22 zo 

Race Reaction R R S R S S R  

Binary Score 0 0 1 0  1 1 0 

Race Decanery Value - - 16 - 4 2 -  

Decanery Total = 22 = Race Number 

Development of New Biotynes 

Rust fungi may evolve new variants or biotyper in a number of different 

ways. If the alternate host, full life-cycle occur6 new variants can a r i se  i n  

profusion through sexual hybridisation (the production af gametes at  meiosis 

and their recombination at  fertilisation). However the full sexual cycle i e  not 

a common feature in rust  fungi in many parts at the world ( there i a  for example 

no known alternate host for?.  striiformis). Mutation i s  a further mechanism 

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



frequencies the very high r a t e  of urediospora production observed i n  these 

pathogens would allow mutations ta be one of the major source of var iants .  

Other mechanisms rdcognised a s  being operative in rua t r  a r e  heterokaryosis 

and somatic hybridisation (Parrsexual i ty)  . Little evidence of the importance 

of these two mechanisms under field conditions i s ,  however, currently 

available. 

Studies of the genetics of rus t  pathogens have revealed the premence 

of a number of genes f o r  virulence (the inherent ability of a pathogen to  cause 

d i sea r s ) ,  many of which exist  is a heterozygous and recess ive  r ta to.  A single 

mutation of such a gene i n  this case  would allow the full expression of the v i ru-  

lence charac ter  in  a new bfotypc. It is thus not surpris ing that a number of 

investigations have indicated that many virulence genes may a r i s e  through 

mutation. Studies of host: pa ra r i t e  interactions in the wheat j rur t  syatam 

have fur ther  indicated a very close relationship between tho genetics of 

pathogen virulence and host resis tance.  A gene-for-gene aa sociation, implying 

a d i rec t  correspondence between host genes fo r  resis tance and parasi te  genes 

for  virulence on a one-to-one basis,  has thus been postulated and has gained 
8 

considerable acceptance . 

0 
See 9 . 1  : Implications of the Genetic Relationahip in the Tri t icum: 

Puccinia host; parasi te  sys tem'  - Mohammed Aslam - 
i n  additional reading. 
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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. 



. . 
Table 4.3. The Basic Infection Types for Classifying Cultures & 

Puccinia graminis tritici in the glasshouse: {Stakman st aL1 

0 - Immune 

No signs of disease at all .  

0;  - Practically Immune 
- 

No pustules but hypersensitive flecking(smal1 flecks of dead hoat 

tissue) observable. 

1 - Very.Resistant 

Rust pustules extremely small and isolated; often surrounded by 

sharp and continuous hypersensitive necking. 

2 - Moderatelv Resistant 

Pustules small to  medium in size: usually occurring in green isbndn 
U 

of host tissue surrounded by hands of Felfow,' ch'lvrotic 0r.d-d pissue. 
i 

3 - Moderately Susceptible 

Pustules medium in size; usually separate; no a r eas  of dead tiasme; 

yellowish (chlorotic) a reas  may be eGident. 

4 - Susceptible 

Pustules large, numerous and often united (confluent); no dead tiraua; 
< 

chlorosis may occur under unfavourable growing con&orue. 

X - Reaction Heterogeeous (Mesa*etick 

Pustules variable in size; all types of infection may he f ~ u n d  on a * 

single leaf blade - no mechanical separation poaaihle. On isabt ion 

and re-inoculation small pustules m y  produce large one. and vice-versa- 



Table  4 .4 ,  General  Claaaification of Infection Types f p r  Yellow R 2 t  

Description of 
Infection Type 

Code Symbol* Index Value 

No Data 

No Visible Infection 0 0 

Necrot ic /Chlorot ic  F lecks  VR 
No Sporulation 

Necrot ic /  Chlorotic Str ipes  R 2 
No Sporulation 

Necrotic/Chlorotic Str ipes  MR 
T r a c e  of Sporulation 

Necrotic/Chlorotic Stripe6 L M  4 
Light Sporulation 

Necrot ic /Chlorot ic  Str ipes  M 
Intermediate  Sporulation 

Necrotic/  Chlorotic S t r ipes  HM 
Moderate Sporulation 

Necrot ic iChlorot ic  Str ipes  MS 
Abundant Sporulation 

Chlorosis behind Sporulating S 8 
Area :  Abundant Sporulation 

No Necrosis1 Chlorosis VS 9 
Abundant Sporulation 

* 
R = Resis tant  

M = Moderate 

S = Susceptible 



SECTION 5. 

EPIDEMIC DEVELOPMENT 

The  cycle of pathogen and disease development - f r o m  p r imary  inoculum 

through p lan t  infection and back t o  p r imary  inoculum - var i e s  considerably 

between different pathogenic organisms,  P lan t  pathogenic fungi can be divided 

into two groups on this bas i s ;  viz .  single and multiple cycle types (F igu re  5 .  1).  

Single Cycle Diseases  

Fungal pathogens with a single cycle have no mechanisms for secondary 

spread  within their  host  c rop .  Thus al l  d i sease  expression r e su l t s  f r o m  infec- 

t ions caused by p r imary  inoculum; increased  levels  of d i sease  result ing f rom 

increased  p r imary  infections a s  the environment becomes m o r e  favourable.  

Diseases  wh:ch fall  into this  category include the bunts, smuts  and foot ro ts ,  

which a r e  pr imar i ly  soil  -borne.  

Multiple Cycle Diseases  

Pathogens with a multiple d isease  cycle a r e  able t o  spread withln a n  

infected c rop  through the continuous production of re-infective spores  (secondary 

inoculum). Thus even very low levels  of p r imary  infection can resul t  in severe  

c rop  damage. As  a resu l t ,  pathogens of th i s  type ( e . g . r u s t s ,  Helminthosporium 

and Saptoria] a r e  considered to  possess  an inherently higher disease-causing 

potential than those with a slngle cycle .  Discussions will therefore ,  a t  this  stage,  

be  confined t o  multiple cycle d iseases .  





Disease Establishment 

Inoculum 

The first  necessity in the establishment of a disease i s  for the inoculum 

(that part of the pathogen which carr ies  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 i s  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 ; i t  may come from the same 

location or have travelled over great distances from afa r ;  and i t  may be primary 

- resulting from infections in a previous season - or secondary - arising from 

earl ier  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 i s  perhaps the major way in which multipe disease cycle fungal 

spores a r e  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 

a r e  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 i s  able to infect i t .  This i s  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, a r e  well adapted to  survival;  being 

able  to t rave l  over long dis tances and through adverse  condltigns and still 

retain a fair ly  high viability. 

Once in  contact with the host surface and provided that enviropmental 

conditions a r e  favourable the pathogenic i n o c u l ~ m  enters  into a phase of 

rapid growth supported by i t s  own food r e s e r v e s .  This  growth phase, which 

resu l t s  in  the formation of a g e r m  tube responsible for  the actual penbtratipn 

of the host surface,  i s  te rmed 'germination'. It i s  during this t ime that the 

pathogen i s  most  vulnerable to  dessication f r o m  adverse  conditions and thue 

most  dependent upon the environment. After penetratiop has occurred the 

pathogen i s  once again protected f r o m  external conditiens. 

The  sequence of disease establishment, develepmsnt and s p r e r d  in 

relation to plant growth is i l lustrated in F igure  5 . 2 .  



5 . 2 .  - 

Disease Spread 

Traditionally the major  factors  affecting disease spread  and development 

have been linked together in a 'd isease t r iangle '  of interaction between the viru-  

lence of the pathogen, the susceptibility of the host and the favourability of the 

environment. T ime ,  however, i s  a fur ther  and very important consideration 

in  this  regard  ( e .g .  the t ime period during which the host and pathogen a r e  in  

contact, the  t ime and duration of optimal infection conditions, the t ime neces-  

s a ry  for  infection e t c . .  . . ) .  The inser t ion of a t ime-factor  into this  interaction 

equation resu l t s  i n  i t s  quantification a s  a 'd isease pyramid '  ra ther  than triangle.  

T ime 

Pathogen 

The  amount of d i sease  caused by any par t icular  pathogen on any par t icu-  

l a r  host, under any par t icular  environment and over any par t icular  t ime i s  thus 

represented by the volume of the par t icular  pyramid result ing f r o m  the in t e r -  

action of these fac tors .  The development of d i seases  which rely upon biological 

vec tors  for  their  t ransmiss ion  ( e .  g. viruses)  i s  fur ther  complicated by in t e r -  

actions involving these vec tors .  



Epidemic spread involves the continuous multiplication of idee t ibne  

a t  progressively grea ter  dis tances f r o m  the original foci of infection until 

the established infections a r e  s o  cloae tbgether and produce such a la rge  

amount of inoculum that no healthy susceptible plant within the  particulbr 

a r e a  can escape infection. The  multiplication of infections ref lects  the  

influence of a l l  the factors  of the disease pyramid and their  component par t s .  

Host F a c t o r s  

The  size,  distribution and genetic diversi ty  of host populatiana a r e  ~f 

grea t  importance in  determining the degree and r a t e  of epidemic development. 

La rge  a r e a s  of genetically uniform h ~ s t  plants cpnstitute an ideal medium fo r  

d isease  infections reaching epidemic propo+tions. The  r i sk  of major  c rop  los ses  

in  such a r e a s  ( e .g .  the wheat producing a r e a s  of the American Great  Plains)  

would be very  high were  i t  not for  the genetic diversity fo r  rus t  resis tance i n  

the cultivars gr0wn.A high degree of genetic diversity in  res i s tance  i a  impe-  

rat ive in order  to reduce the likelyhaod of the sudden appearance of new physio- 

logical d isease  r a c e s  capable of overcoming the res i s tance  and the  disar tsous 

los ses  that would thus resul t .  

In order  to  develop high yielding cul t ivars  with a braad-based r e s i s t aqcs  tp 

various d iseases  a l l  known sources  and types of res i s tance  must  be  utilised in  

breeding efforts.  Systems of multi-location testing a r e  a fur ther  a s s e t  in the 

selection of cul t ivars  with this type of r e s i s t ance .  

Pathogenic F a c t o r s  

The  pr imary  components of epidemic spread a r e  the abundiasce of inoculum, 

i t s  virulence and i t s  reproductive ability. Epidemics will, in  gcnerirl, occur when 

Large amounts of vigorously growing and rspidly reproducing pathogenic par t ic les  



come into contact with highly susceptible hos t s .  Assuming 1000Jo inoculum 
6 

viability and infection, 10 r u s t  pustules can  theoretically r e su l t  f r o m  one 

init ial  ru s t  urediospore infection a f te r  only th ree  generations:-  

1 spo re  --r 1 pustule 
3 3 

10 spores- 10 pustules 
6 6 

10 spores- 10 pustules 
9 

10 spo res  

F i r s t  Second Th i rd  
___PI 

Generation Generation Generation 

Although this  situation never  occurs  in  na ture ,  the  example s e r v e s  to  

i l lus t ra te  the enormous infection potential of some fungi, especially when the 

r a t e  of generation turn-over can  be a s  rapid a s  14 days .  With this r a t e  of 

reproduction the effective r a t e  of mutation may be very  high, fur ther  underl i -  

ning the danger inherent  i n  growing l a rge  a r e a s  of cul t lvars  with a s imi la r ly  

nar row base  of res i s tance .  

Environmental  F a c t o r s  

Favourable  environmental  conditions a r e  an  essen t ia l  p re requis i t  f o r  

epidemic development. Of major  importance in  this r ega rd  a r e  mois ture  and 

t empera tu re ,  Although pathogens differ in their  environmental requi rements  

for  optimal infection, leaf and s t e m  infecting fungi, i n  general ,  and rus t  species ,  

in  par t icular ,  requi re  sufficient f r e e  mois ture  on the plant sur faces  and adequate 

t empera tu re s  before they will germinate  and infect .  (See Table  5 .  l . ) ,  



Time  F a c t o r s  

In the case  of the c e r e a l  rus ts ,  and indeed moot fol iar  pathogens, infec- 

tions may occur a t  any t ime during the c rop  growth period provided, of course,  

that environmental conditions a r e  favourable. This means that explosive epi- 

demics may develop a t  any t ime durlng the grQwing season.  In contrast  the 

bunt and loose smut  fungi, amongst others ,  a r e  only able to  infect the i r  haste 

a t  specific growth stages ( i .  e .  the germinating seed and the developing flower 

respectivelyj.  Epidemics of these pathogens thus build up slowly over a num- 

b e r  of seasons ra ther  than occurring explosively. 

The  Extent of Disease Spread 

The  distance over which infective inoculum can t rave l  i s  of great  impor- 

tance in  the spatial expansion of infection cent res .  Rust  d iseases ,  a s  a lready 

mentioned, a r e  able to spread over very considerable distances and a r e  thus 

particularly dangerous, a s  outbreaks a r e  difficult t o  contain. 

Epidemics begin with a localised d isease  spread  around the  p r imary  foci 

of infection and then diffuse rapidly autwards, p ~ o d u c i n g  secondary foci . 
( N .  B. - this holds t rue  whether considering an individual field o r  a whole region) 

The  degree and rapidity of spread depends apon the pathogen ( i t s  r a t& of spore 

production and growth) the environment, the availability 61 susceptible holrts and 

t ime - the four fac tors  of the d isease  pyramid. Under optimum conditians 

of these  f ac to r s  the disease spreads until the p r imary  and secondary foci 

coalesce and the epidemic continues until t he re  i s  no m o r e  susceptible t issue to  

infect,  



In an epidemic the following conditions a r e  evident:- 

- The ra t e  of disease multiplication increases  with increasing 

numbers  of infections. 

- The amount of infection due to  a single disease focus a t  any t ime 

dec reases  with the distance f rom that focus.  

- The chance that a given plant will be infected thus a l so  dec reases  

with increasing distance f r o m  the  inoculum focus.  



Table 5.  1. -- Simple Relations between Environmental  Conditions and the - 
Ektablishment of Rus t  Diseases .  

-- - .- - .- - 
Growth F r e e  

Disease 'Temperature 
Stage Water Light Humidity 

0 
Black Rust  Germination Essent ia l  Minimum 10 C Max. ntensity 

0 
2hr.  dew period 

0 

4 
Optimum 15 -24 C 11x10 lux 

P .g raminis  gives high r a t e .  Maximum 30 C 
0 

Germ-tube growth Essent ia l  Optimum 16-27 C 
and Appressor ium Optimal with 
format ion.  10 h r s  dew 

70% with 4 h r .  dew 

Penetrat ion & Dew neces sa ry  Minimum 1 5 ' ~  Min. In ensity 
0 

formation of Optimum 29 C 
5. 

5 . 5 ~ 1 0  lux 
0 

sub- stomata1 Maximum 35 C 
vesicle .  

- Slow drying 
in  the dark  
maintains - 
viability of 
appressor ium.  

0 
Brown Rust  Germination Essent ia l  Minimum 2 C May r e t a r d  High humidity 

0 
P .  recondita - Optimum 15 -20 C germination essent ia l  

under cer ta in  
conditions 

Germ-tube growth 
and Appressor ium 
formation 

0 
Minimum 5 C 
Optimum 15 -20 C 
Maximum 3 1 OC 

High humidity 
essent ia l  

0 
Penetrat ion and Optimum c . 20  C No effect. 
formation fo  sub- 
stomatal  vesicle 

Yellow Germination Essent ia l  0 Minimum 0 C 
Rust  0 

Optimum 9 - 13 C 
0 

P. graminis  - Maximum 23 C 
0 

Germ-tube growth Optimum c .  10-15 C 
0 

Penetrat ion and Minimum 2 C Li t t le  o r  b h r s .  high 
0 

formation of sub- Optimum 8 - 12 C no humidity 
stomata1 vesicle Maximum 23 C effect essent ia l  

a t  opt. t emps .  





Quantitative Charac te r i s t ics  of a n  Epidemic 

Some 15 y e a r s  ago investigations by Van de r  Plank helped to t r ans fo rm 

plant pathology into a m o r e  quantitative sc ience ,  Through these studies he 

showed that  many epidemics build-up in a s imi la r  way t o  money in a bank 

- through compound in te res t .  Thus the phrase  "compound in te res t  disease" 

was  coined for  epidemics caused by the multiplication of a pathogen through 

succeeding generations,  The  "compound in t e re s t  formula",  derived by Van 

d e r  Plank,  gives an est imate  of the infection r a t e  ( r )  pe r  unit t ime and thus 

a m e a s u r e  of the d isease  inc rease .  

where t and t a r e  the da tes  a t  which d isease  measurements  were  made 
1 2 

and x and x the amounts of dlsease recorded on these da tes .  
1 2 

The  observed infection r a t e  ( r )  i s  a resu l t  of the interaction of a l l  the 

fac tors  affecting d isease  development. As these fac tors  become m o r e  optimum 

s o  ' r '  i nc reases .  

(X) i s  t e rmed  the logit of X ,  i o g ~ t ~ s t i c  i nc rease  ~ m p l i e s  
1 - x 

that t he re  i s  a l imit  to  the amount of infecvion that a populahon can sustain 

and that infection inc reases  a t  a constant ra te . .  The development of an epidemic 

may thus be plotted a s  a s t ra ight  line according to  the equation y = m x  t c 

(where  m = slope = infection r a t e  and c = infection level a t  the f i r s t  observation). 



Example : Calculation of the  infection r a t e  of the wheat rus t  
epidemic i n  Senora, Mexico 1976 - 1977. 

Date 18/11 lO/III 18.1 I11 

Growth Stage Heading Flowering Kernels  calf 
Complete formed 

% rus t  on 
f lag leaves 7 .3  
(Cobb Scale) 

Using the equation 

r =  1 ( 6.9  + 2 . 5 4 )  = 0.52 unitslday 
18 

(See Figure  5 . 3 .  fo r  graphical plotting of these values) 





Development of Rust Epidemies i n  the Field 

The  p r imary  rus t  inoculum, which es tabl ishes  the init ial  infections, 

i s  c a r r i e d  to  the host population by wind o r  water ( ra infal l ) .  If the ured ios-  

pores  a r r i v e  in  a viable s ta te  they will germinate  when the environmental  

conditions become favourable.  Only those r a c e s  which possess  the virulence 

fac tors  allowing the rus t  pathogen to  es tabl ish a successful  paras i t i c  relation- 

ship with the host can infect  i t s  t i s s u e s .  T h e  environmental conditions follow- 

ing infection and the interact ion between the genetic make-up of the pathogen 

and the host then de te rmine  the t ime  elapsed until the production of new 

urediospores  ( the  incubation t ime) .  Tempera tu re  i s  par t icular ly  important  

i n  this r ega rd  and i t s  relationship with the incubation t ime  for  p r imary  infec- 

t ions of leaf,  s t e m  and yellow rus t s  i.s i l lus t ra ted below:- 

0 
Tempera tu re  C 

21 

; 
.A 

W - 14 
2 :  
.+ 
2 a" 
0 ,  

2 7 
c 

C( 

- 
1 = Yellow Rust  

2 = Leaf Rust  - 
3 = Stem Rust  

- 



As constantly optimum tempera tures  do not occur in  nature  the pro-  

duction of new pustules f rom init ial  infections will generally take between 

12 and 14 days,  i f  the spores  produced by these  pustules cause a re-infection 

every  day thereaf ter  then secondary pustules will appear  about 24 t o  28 daya 

a f te r  the initial infection. F r o m  the 24th day onwards new uredia  will be 

developing every day. 

Following the eruption of the f i r s t  uredopustules on the host leaves o r  

s tems.  secondary infections can occur on the s a m e  o r  neighboufing plants 

whenever environmental conditions a r e  favourable.  Uredopustules will, under 

good conditions, continue to produce spores  for a period of 16 -2 1 days.  

The  number of spores  produced per  uredium under field conditions 

va r i e s  between rus t  species and with aanblent tempera ture .  Data below irAdi- 

cate  the approximate sca le  of spore  production and i t s  relationship to  t smpe-  

r a t u r e  for  a s t e m  rus t  infection. 

The  Production of Urediospores f r o m  a Single Rust Pus tu le  over 

an Eleven Day Pe r iod  ( f r o m  Prabhu  and W a .  

Tempera ture  
0 

C 

13 

Nos of Urediospores  

( 1 * 000) 

40 

8 3 

206 

218 

A brief summary  of s imple relations between e n v i r o n m ~ n t a l  conditions 

and d isease  establrshment i s  glven f o r  each of the major  r u s t s  i n  Table 5 . 1 .  



Epidemics  and T i m e  

Theoret ical  Considerations 

As outlined e a r l i e r ,  t i m e  i s  a fundamentally important  factor  governing 

the sca le  and extent of d i sease  development. In considering the relationship 

between inoculum density and d isease  level,  which is represen ted  by a s t ra ight  

l ine passing through the or igin , t ime i s  one of the many undisclosed fac tors  

determining the observed interact ion.  

Disease  
Level  

I 

I 

I 
I 

0 I Units of Inoculum 

The  disease/ inoculum relationship curve  f o r m s  an  angle A with the 

x axis . Thus the amount of d i sease  (D)caused per  unit of inoculum (i . e .  the 

slope of the line) i s  equal t o  the tangent of angle A.  However,if the level of 

d i sease  i nc reases  with t ime  then s o  too will the  amount of inoculum. Thus 

the d i sease  D i s  the amount of d i sease  produced per  unit inoculum p e r  unit 

t ime .  If t ime  is t rea ted  a s  a n  independant var iable  than an average  infection 

r a t e  (R)  may b e  der ived.  R ,  the infection r a t e  p e r  unit of inoculum p e r  unit 

t ime,  is the slope of the d i sease j t ime  rela t ionship curve  and for  inoculum 

of a given virulence in  a host  of a given susceptibility with given environmental 

conditions will b e  direct ly  proportional the amount of d i sease  produced. This  

can be writ ten a s  D ot R a; T a n  A. 



F r o m  the  d isease  development point-of-view then Tan A is a product 

of a l l  the factors  (i. e .  humidity, temperature,  host susceptibility, pathogen 

virulence etc .  .) that affect the ability of the pathogen to  cause d isease .  It 

thus represents  the disease causing potential of the inoculum in question. 

Experimental Study 

In a study of Puccinia praminis t- (Pgt)  infections, Pe terson  

allowed urediospores  to fall onto wheat leaves and af ter  a fixed period of t ime 

determined the level of disease caused. At concentrations of up to 2, 810 
2 

spores  / c m  the disease levels were  direct ly  proportional to  the number of 
2 

spores  (330 infection points/ c m  ) and the number of infection points stayed 

roughly constant a t  about twelve per  hundred spores .  However, beyond this 

level there  was a m o r e  than proportional inc rease  in  infection points with 
2 

increasing inoculum density, until with 5,400 s p o r e s l c m  there  were  twenty- 

seven infection points per  hundred spores .  This  relationship i s  i l lustrated 

below. At high concentrations of spores  it appears  that the spores  help one 

another to  cause infections. This  i s  re fer red  to  as a synergistic interaction. 

2 
Inoculum Density (Uredio s p o r e s l c m  ) 



In his  experiments P e t e r s e n  only considered the  relationship between 

p r imary  inoculum density and infection level.  When studying the develop- 

ment of Pg t  epidemics on a field scale ,  however, a number of other consi - 
derat ions must  be  borne i n  mind.  These  include:- 

- The infectious unit i s  the sporulating pustule, ra ther  than simply 

the urediospore.  

- Field epidemics a r e  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  a r e  important.  

- Environmental fac tors  (such a s  moisture ,  t empera ture ,  vec tors  e tc . )  

a s sume  a par t icular  significance. 

In studies of field epidemic development then, the infection r a t e  (R) i s  

taken to  be  the r a t e  of d i sease  inc rease  per  unit of infectious t i s sue  (usually 

p e r  sporulating pustulej pe r  unit t i m e .  R, i t  should be s t r e s sed ,  re la tes  

solely t o  infectious, r a the r  than infected, t i s sue .  Amongst other factors ,  

the average  proportion of spores  that actually cause  infections and the average 

namber  of spores  produced per  pustule a r e  important i n  determining the 

value of R. 

A further  infection r a t e  ( r )  i s  used in  these studies t o  denote the r a t e  

of i nc rease  of a l l  infected t ~ s s u e .  As the re  wlll always be  a considerable amount 

of infected t issue not displaying external d i sease  symptoms ( I  . e .  i n  the incuba- 

tion stage of d i sease  establishment),  it i s  essent ia l  that th i s  be  taken into account 

i n  quantifying the value of r .  If, fo r  example,the incubation period i s  seven days,  

then measurements  based upon the symptoms visible on July 8th would in  fac t  

re la te  t o  the infection level on July 1st .  Similarly July 12th measurements  would 

r e fe r  t o  July 5th infection levels .  Thus est imates  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 ipfections R 

relates to only those pustules actually sporulating, whereas r ref-ers to all 

pustules, including those that a r e  immature and non-sporulating and those 

that a r e  past the sporulation stage, a s  well a s  to infections not visible on the 

plant surface. 



Long Distance Transpor t  of Disease Organisms 

The  important  ro le  of long distance t ranspor t  in establishing infections 

in  a r e a s  where the pathogen cannot survive f rom one season t o  the next i s  

self-evident. The distance over which pathogenic inoculum can t rave l  var ies  

greatly between pathogens; the majority having only l imited mobility. 

However the spores  of cer ta in  species  a r e  capable of travell ing over very 

considerable distances through the action of specific vectors .  Man and wind 

play a par t icular ly  important ro le  in  long distance t ranspor t .  

Transpor t  by Man 

Many plant pathogens, especially smuts, a r e  disseminated in  o r  on host 

seed o r  together with contaminating plant o r  soil  deb r i s .  The l a r g e  volume of 

plant mater ia l  current ly  t ransported throughout the world thus constitutes a 

se r ious  danger of the simultaneous and widespread t ranspor t  of pathogenic 

inoculum. Indeed numerous examples may be cited of s eve re  c r o p  lo s ses  

a r i s ing  f rom the introduction of d i seases  into a r e a s  where they were  hitherto 

unknown. 

In order  to  minimise the r i sk  of d i sease  introduction on imported plant 

mater ia l  mos t  countries have evolved detailed, and sometimes complex plant 

introduction and quarantine regulations. These  regulations a r e  often over-  

enforced on the exchange of scientific mater ia l s ,  whereas  commerc ia l  channels, 

through which the bulk of plant impor ts  flow, often have few restr ic t ions placed 

upon them.  In this way the f r e e  exchange of ce rea l  germplasm and through i t  

the rapid dissemination of improved c rop  var ie t ies  may be seriously hindered. 

The  quarantine regulations of many countries,  it would appear ,  would 

benefit f r o m  considerable rationalisation, based upon real is t ic  a s ses smen t s  of 

the dangers  and benefits of the facilitated exchange of the germplasm of a number 

of important  c rops .  



Wind Transport 

Wind i s  without doubt the most important factor in the long distance 

movement of the inoculum of many foliar diseases.  As such it often negatea 

the consideration of quarantine regulations for the control of such diseases. 

The effects of wind transport have been particularly well illustrated in studies 

of the cereal rus ts .  

The limits of dissemination a r e  governed primarily by weather patterns 

and the resistance of the urediospores to adverse environmenthl 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 -i 

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 years .  A number of well- 

documented reports of migrations and migration routes throughout the world 

should serve to illustrate the various patterns of movement. 

hnnual Migration 

The best known and documented annual rust migration route stretches 

from the southern United States of America to the northern states and southern 

Canada. It i s  commonly known as  the 'Puccinia Pathway' and covers more 

than 3 , 0 0 0  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 a rea  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 a s  the wheat in the northern -most a reas  in Canada i s  maturing the 

inoculum once again moves southwards to infect the early sown crops of the 

Great Plains. 



Other well documented pathways of c e r e a l  rus t  migrat ion occur in  

Europe, Austral ia ,  and the Indian subcontinent. In Europe - P. graminis  

regular ly  moves northwards each spring a f te r  surviving the winter period 

in  North Afr ica  and Mediterranean Europe. A s imilar  long distance move- 

ment  of s t e m  r u s t  can be seen  in  Australia, and there  i s  a l s o  evidence of 

dissemination f r o m  he re  t o  New Zealand, a c r o s s  some 2 , 5 0 0  k i lometers  

of ocean. In the c a s e  of India s t e m  rus t  occurs  a l l  y e a r  round in  the southern 

hil ls  where conditions allow the year-round production of wheat and bar ley.  

These  a r e a s  thus constitute the r e se rvo i r s  of inoculum for  the regular  infection 

of the newly sown c rops  in  the  plains.  The  occurrence of infections is closely 

cor re la ted  with the t ime a t  which mean monthly minimum tempera tures  reach  
0 

14 C, the  minimum tempera ture  for the establishment of s t e m  rus t  infections. 

The  situation in Egypt, although much l e s s  c lear ly  understood than the 

other migration pathways, i s  interest ing in that a l l  t h ree  major  rus t  d i seases  

a r e  commonly found attacking wheat. Each  yea r  the rus t s  die out af ter  the 

wheat harvest  (May-June) and re-infection occurs  af ter  sowing in  November.  

This  re-infection must  be exodemic a s  the r u s t s  cannot survive the hot Egyptian 

summer  conditions in the absence of the i r  h o s t .  However in o rde r  to  r each  

the Nile Valley spores  mus t  t rave l  very extensively ei ther  over vast  a r e a s  of 

d e s e r t  o r  a c r o s s  the Mediterranean Sea. Such regular  movement implies  that  

the spo res  have a considerably g rea t e r  res i s tance  t o  environmental conditions 

than i s  usually assumed.  

In  general  it appears  that  the s t e m  r u s t s  regular ly  t rave l  over g rea t e r  

dis tances  than the leaf r u s t s  and that the yellow r u s t s  tend to be only sho r t  

distance t r a v e l l e r s .  However, a s  is i l lustrated by the Egyptian situation, yellow 

r u s t s  can move over considerable dis tances  under cer ta in  conditions. 



Gradual Introduction 

In addition to the regular  seasonal migrations outlined above, new 

r a c e s  of a d i sease  may spread  steadily over  very  great  dis tances .  F o r  

example a new virulent r ace  of yellow rus t ,  capable of attacking hitherto 

res i s tan t  var ie t ies  of wheat ( e . g .  Mexipak) appears  to  have migrated in a 

stepwise way over th ree  y e a r s  f r o m  Turkey a c r o s s  to  India. Similar ly  a new 

and virulent r a c e  of bar ley yellow rus t  f i r s t  recorded in  Columbia in  1976. 

had spread  t o  Ecuator i n  1977 and to  southern P e r u  by 1978. Such a rapid 

spread  of virulent s t ra ins  c rea t e s  par t icular  problems for  the widespread 

used of genetically s imi l a r  c r o p  var ie t ies .  

The  Mechanism of Wind Transpor t  

The long distance movement of pathogenic spores  by wind involves th ree  

distinct s tages ,  viz; uplift, t ranspor t ,  and deposition. F i r s t  the spores  most 

be lifted f r o m  their  source  and c a r r i e d  to  heights exceeding 1000 m e t r e s .  

The rma l  updraughts and a reasonable wlnd velocity a r e  essent ia l  fo r  this  

p r o c e s s .  Once they have achieved these alt i tudes the spo res  a r e  c a r r i e d  by 

the various moving a i r  mass-es that compr ise  the  atmosphere.  F o r  example 

the low p r e s s u r e  sys t em which periodically builds up over  western Turkey 

and moves eastwards,  eventually breaking up in  cent ra l  Asia and northern 

India appears  to be the p r imary  cause of the spread  of new yellow rus t  race8  

detailed e a r l i e r .  Finally a s  the a i r  m a s s e s  break-up o r  a s  periodic down- 

draughts o r  ra in  s t o r m s  occur the spores  a r e  re-deposited on the ear th ' s  

sur face .  The movement of d i sease  spores  i s  thus dependent on a number of 

meteorological fac tors  and m a y  be closely cor re la ted  with pat terns  of a i r  

movements.  This  immediately suggests the use  of satel l i te  weather photo- 

graphy a s  a means  of tracking long distance d isease  spread .  



Rain sampling has  indicated that precipitation i s  a n  effective and impor -  

tant means  of depositing pathogenic s p o r e s .  As  rainfall a l so  provides the 

f r e e  mois ture  essent ia l  for  the infection process  i t  i s  considered t o  be espe-  

cially important i n  the establishment of exodemic d isease  infections.  

It should not be forgotten that i n  many a r e a s  both exodemic and endemic di-  

s e a s e  infections occur. Such situations tend to  confuse and confound accura te  

recording of spore  movements and thus in  tracking the spread  of d i seases  

the contribution of each sys tem must  be c lear ly  distinguished. 



SECTION 6 .  

SURVEYING PLANT DISEASES 

Disease surveying i s  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 a s  a means of assessing the effectiveness of control 

measures.  



Basic  Survey Techniques 

Organising Surveys 

Surveys may be made for either regulatory o r  non-regualtory purposes .  

Regulatory surveys usually a i m  to delimit  known infestations and determine 

the spread  of new ones (often fo r  plant quarantine purposes),  whereas  non- 

regulatory surveys a r e  pr imar i ly  geared towards the a s s e s s m e n t  of actual 

d i sease  levels  (frequently for  the planning of control programs) .  In orga-  

nising a survey it i s  essent ia l  t o  f i r s t  identify i t s  purpose.  Definite objec- 

t ives  can then be established based upon th is  purpose.  Once the objectives 

have been made c l ea r  the survey can be planned with r ega rd  t o  the known 

charac te r i s t ics  of the pathogen ( i t s  reproductive r a t e ,  virulence,  t ranspor t  

e t c . .  .) , the host ( i t s  s tage of maturity,  defence mechanisms,  nutritional 

s ta tus  etc . .) and the environment (both physical and chemical) .  

The re  a r e  two basic  sys t ems  of survey.  These  involve the use  of e i ther  

mobile units (obse rve r s  travell ing between l a rge  numbers  of s i tes)  o r  static 

units ( e .  g .  t r a p  nu r se r i e s  - which may have a wide geographic distribution). 

Each sys t em has its disadvantages and a choice of sys t em must  be made in 

o rde r  to minimise these disadvantages for  a given s e t  of objectives.  I t  i s  

usual t o  achieve this  by adopting a combination of the two sys t ems .  

It should be noted that,  i n  general ,  the  broader  the objectives of the 

survey the m o r e  difficult i t  will be to  c a r r y  out and the l e s s  re l iable  will be the 

data collected.  This  underlines the need for  f i r m  and well-defined survey 

objectives.  



Sampling 

Whatever sys tem of surveying i s  adopted i t  i s  physically impossible,  

except in  a few, specific instances,  t o  survey every single unit (plant-part ,  

plant, field, a r e a ,  country e t c . .  .) in a given population. Systems by which 

the t r u e  d isease  levels can be estimated with a s  much accuracy and f r o m  

a s  few observations a s  possible a r e  thus necessary .  Such sys tems involve 

sampling; taking samples  f r o m  amongst a population and using them to  est imate 

its t r u e  mean level.  The  sampling procedures  normally used include:- 

Random sampling ( i .  e.  appraising fields at every 10th kilometer a s  

indicated by the c a r  speedometer) 

Area  Sampling ( i . e .  examining al l  fields in selected a r e a s )  

Stratified sampling ( i . e .  sampling ten wheat fields f o r  every field of 

barley if the wheat a r e a  i s  10 t imes  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 ra ther  specific cases ,  random 

sampling i s  the most  widely used procedure.  This  i s  pr imari ly  because plant 

d i seases  a r e  r a re ly  distributed uniformly throughout a unit of c rop  (field, a r e a ,  

country, region) and thus any structuring of the sampling would tend to  resul t  

in  inaccurate  est imations.  Hpwever random sampling must  be ca r r i ed  out 

intelligently s o  that obviously atypical a r e a s  and a r e a s  known t o  be subject 

to biassed disease development a r e  avoided. F o r  example, samples  should 

not be taken f r o m  the edges of c rop  a r e a s  a s  these  a r e  subject t o  considerable 

bias ,  commonly known a s  "order effects ' .  Having deliniated obviously atypical 

a r e a s ,  random sampling based upon the use  of random number tables o r  other 

methods of randomisation may then be undertaken. 



In certain cases, especially when the emphasis i s  on disease discovery 

rather than measurement, non-random sampling i s  desirable. This i s  parti- 

cularly applicable when surveying for new pathogenic races in a field sown 

to resistant varieties or in a nursery in which resistant varieties a r e  incor- 

porated. 

When making eatimates of disease occurence and/or severity it i s  usual 

to employ aids, such a s  quadrates, or procedures, such a s  meter row counts. 

Quadrates a r e  square, rectangular U-shaped or round structures, usually 

made from wire, which encompass a known area .  They a r e  dropped over 

growing plants in randomly selected locations and al l  the plants within the 

quadrate sampled. Measures of diseaselunit 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 a rea  will also enable diseaselunit 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 al l  the leaves) or 

only paptial (for example, of the flagleaf or the flagleaf and the f i rs t  beneath 

i t  only). 

Di sease 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 homogenous geography 

or where only a few different varieties a r e  involved. Such a reas  will thus 

require coneiderably less  sampling for accurate assessment than will a reas  of 

very varied geography or varietal composition. The timing and frequency of 

surveys a r e  also major factors governing the intensity and accuracy of sampling 

required and achieved. Single recordings may suffice i f  made a t  the time of 

maximum disease expression but, a s  this i s  difficult to judge,a number of obser- 

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

In general, the cost of sampling increases with the accuracy ahd reliability 

bf data required. The most economic sample will thus be the smallest one 

which gives the required level of accuracy and reliability. 



Pr inc ip les  of Disease Assessment  

The  interaction between plant host, pathogen and environment i s  

visibly expressed in  charac ter i s t ic  symptoms and i n  the severi ty  and preva-  

lence of such symptom*. Disease symptoms ( t e rmed  infection types) may 

vary f r o m  non-existant(host immune) to a maximal  expression of pathogen 

reproduction (host  highly susceptible).  Together with d isease  severity (the 

degree or  number of infections on a given plant o r  plant par t)  and prevalence 

( a  measure  of the number of diseased plants o r  plant pa r t s  in  a given a rea )  

disease symptoms may be used to quantify the level of plant ldisease in te rac-  

tions. Prevalence i s  frequently used a s  the major  c r i te r ion  for  forecasting 

epidemics,  of par t icular  importance in  the co r rec t  and economic application 

of chemical control measures .  Overall levels of d isease  a r e ,  however, normally 

measured  by a combination of a l l  t h ree  charac ter i s t ics  of disease expression. 

A number of sca les  have been developed in  order  to quantify infection 

types, disease severi ty  and prevalence. While these a r e  basically descriptive 

and re ly  upon subjective observations, they have i n  most  cases  been t ransformed 

into coded sca les  for  ease  of use  and time-saving. 

Infection types for  r u s t  d iseases  a r e  normally coded either in  Roman 

numera ls  (i ,  0, I, 11, 111 and IV)  o r  in  Arabic numbers  (0, 1, 2,  3, 4, 5, 6, 

7, 8, 9 j  . These  scales ,  known a s  basic ,  may be expanded fo r  m o r e  detailed 
+ 

evaluations. F o r  example the value 0 may be expanded into 00, 0, 0- and 0 . 

In contrast  severi ty  and prevalence a r e  normally recorded in  percentages 

(0 to 100%). A distinction is made between observed and actual percentage of 

the leaf sur face  affected by disease ( e . g .  a visual ra t ing of 207'0 may in  fact 

represent  an  actual infection of 7.4%). Such a difference depends upon the 

subdivision of the par t icular  percentage scale  and the infection levels  to  which 



i t  refers .  Percentage scales may also be transformed into coded linear 

scales for ease of recording. An example of this i s  the logarithmic inter-  

national yellow rust scale (0.001, 0.01, 0.1, 1, 5, 10, 25, 50, 75 and loo%), 

where the prime importance i s  attached to the lower values. This i s  often 

written a s  a 1 - 10 linear scale. 

When assessing any plant material for disease i t  i s  essential that the 

growth stage of the plant at  which the measurements a r e  made be recorded 

(using scales such a s  i s  illustrated in Figure 1.4)  This will enable meaningful 

comparisons to be made with other varieties and between locations and yeara. 



Recording Wheat and Barley Rust  Diseases  

The  intensity of rus t  d i seases  on wheat and barley plants i s  commonly 

measured  by infection type and severi ty .  Numerous,  highly specific sca les  

have been developed a s  a ids  to  rus t  a s ses smen t .  The  most  generally useful 

of these  methods a r e  outlined below. 

Glasshouse studies 

The  uredial  stage i s  commonly used for rus t  a s ses smen t  i n  the green-  

house,  Infection types for u s e  in  the identification of res i s tance  and suscep-  

tibility to Puccinia graminis  t r i t ic i  in wheat seedlings were  f i r s t  descr ibed 

by Stakman and Levine. These  have been suitably adapted to  fo rm the bas i s  

of a s ses smen t s  of other c e r e a l  r u s t s .  Infection types applicable t o  s t e m  rus t  

i n  wheat a r e  given in Table  4 . 3 .  

V a r ~ e t i e s  a r e  considered resis tant  when the rus t  i s  unable to  grow 

extensively and sporulate well  upon them.  As is indicated in types 1 and 2 in  

the table, the pustules will be sma l l  and may be surrounded by discoloured o r  

dead host t i s sue .  The a r e a  actually killed always remains  sma l l  s o  that the 

actual damage to  the plant i s  slight. 

In contrast  susceptible var ie t ies  (producing infection types 3 and 4) enable 

extensive fungal growth and sporulation. Necrotic a r e a s  ( a r e a s  of dead t issue)  

a r e  seldom produced a s  th i s  tends to effectively l imit  fungal growth by cutting 

off the source of nutr ients .  In  general  the production of necrot ic  f lecks  is cha- 

rac te r i s t ic  of some level of res i s tance  (usually known a s  typersensit ivity).  

A pictoral  sca le  for determining infection types of Puccinia s t r i i formis  

i s  given in F igure  6 . 1 .  



Recording in  the Field 

Studies of seedlings under greenhouse conditions a r e  relatively simple,  

a s  the envirolrment can be controlled to  favour maximal d isease  expression 

and the leaf a r e a  var ies  little between individuals. The measurement  of rus t s  

in the field i s ,  however, complicated by variations in  the environment (which 

affect disease expression) and by variations in  the leaf a r e a  between individual 

plants.  Diagramatic scales  a r e  thus essent ial  aids t o  field assessments  of 

rus t  intensit ies.  

Pe rhaps  the most  widely used sca les  s t em f r o m  the original concept of 

N . A ,  Cobb in 1892. He published a scale  representing five degrees  of rus t iners  

- 1, 5, 10, and 50 percent  of the  leaf a r e a  actually occupied by r u s t  pustules.  

In 1917 a modification of this original scale  was adopted by the U.S. Department 

of Agriculture.  This  modified Gobb's scale  i s  now used widely a s  the basis  for  

the a s ses smen t  of ce rea l  rus t  intensit ies throughout the world.  It c lassif ies  

rusted plants into six categories  and takes a n  actual 37% of the leaf a r e a  covered 

by pustules to  represent  100% infection. This  assumption i s  based upon the fact 

that mycelial  development i s  always m o r e  extensive than that of pustules and that 

a t  this level  of sporulation the development and destructiveness of the under- 

lying mycelium i s  almost a t  i t s  maximum. The  remaining percentage c l a s ses  

a r e  a l so  divided in this way and a new diagram (represent ing 65% infection) 

added. Although this scale  has  proved of inestimable value to  rus t  investi- 

gators ,  i t  has  severa l  inadequacies.  To  overcome these inadequacies fur ther  

modifications were proposed by Peterson  e t  a1 (1948). In order  to take into 

account the different s izes  of pustules and their  distribution this scale  p r o v i h s  

four s e r i e s  of diagrams (each s e r i e s  containing twelve actual diagrams) covering 

a wide range of pustule s ize/  distribution combinations. ( F i g u r e  6 .2 ) .  Such 

a scale  enables considerably grea ter  objectivity and accuracy to  be achieved in  

a s ses smen t .  A scale  for  field u s e  in recording wheat yellow r u s t  infections i d  

i l lustrated in  F igure  6 .3 .  



Detailed outlines fo r  recording s tem, leaf and crown rus t  intensit ies 

i n  cerea ls ,  based upon severity (percentage of rus t  infection on the plants) 

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

( 1959). 

Severity i s  recorded a s  a percentage, according t o  the modified Cobb's 

sca le .  As this r e l i e s  upon observation i t  cannot be  absolutely accurate .  

Thus it i s  common to use the following intervals:-  

T r a c e ,  2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 Pe rcen t  Infection, 

Response r e fe r s  to  the infection type and has been classified into the 

following scale:  - 

0 - No visible infection 

R - Resistant;  necrotic a r e a s  with or  without small  pustules 

MR - Moderately Resistant;  small  pustules surrounded by necrotic a r e a s  

MS - Moderately Sueceptible; medium-sized pustu1es;no necros is ,  but 
some chlorosis  possible. 

S - Susceptible; l a rge  pustules; no necrosis  or  chlorosis 

X - Intermediate;  pustules of var iable  s ize;  some necros is  and/or  chlorosis  

Severity and Response readings a r e  usually combined together.  F o r  example:- 

tR = T r a c e  s e v e r i v  of a resis tant  type infection 

5MR = 5% severi ty  of a moderately res i s tan t  type 

60s = 60% severity of a susceptible type. 

It appears  that t he re  may occasionally be an  obvious variability in  d isease  

reaction between plants within a l ine.  This  may occur i n  severa l  ways:- 



- A clear-cut  separation of plants into c l a s ses  (5R, 40s) 

- A range of reaction without c lear  separation (15R-5s) 

- A range of reaction on each plant 

The  f i r s t  two reactions may resu l t  either f r o m  segregation or  f r o m  

a mixture of seed, whereas the third reaction i s  probably due ei ther  t o  a 

r a c e  mixture o r  to an  X reaction of the var iety.  

A fur ther  pract ical  method of d isease  assessment  i s  provided by a 

manual prepared by Clive J a m e s  (1971). All the keys in  this manual, which 

covers  a wide range of plant diseases ,  a r e  based upon percentage sca les .  

Only a few degrees of infection ( represent ing  the actual a r e a  covered) a r e  

given and interpolations shouldbe made between these levels  in  recording. 
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Recording Other Cerea l  Diseases  

A number of pictoral /diagramatic  sca les  have been developed for  scoring 

both foliar and e a r  diseases  of c e r e a l s .  Some of these a r e  i l lustrated in F igures  

6 .4 ,  6 . 5  and 6 . 6 .  

Other sca les ,  which a r e  m o r e  detailed, have a l so  been developed t o  

facil i tate the scoring of a number of foliar d i seases .  One par t icular ly  useful 

aid i s  the sca le  developed by Saari  and P resco t t  for recording infections of 

powdery mildew (Erysiphe graminis ) ,  Helminthosporium and AlternarLa 

blights and Septoria leaf blotch. The basic  scale ,  i l lust rated in  Table  6 . 1 

and Figure  6 . 7 ,  i s  applied to  the whole plant and hinges on the value of 5 ,  

which has been defined a s  the mid-point of the plant. A sca le  specific to Septoria 

i s  fur ther  i l lustrated in  Table 6 . 2 .  
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Fig. 6.5 : Diagrammatic Scales for Assessing the Intensity of Various Cereal Diseases 

RHYNCHOSPORIUM 
LEAF BLOTCH OR SCALD 

EACH DIVISION REPRESENTS 
OF BARLEY 

10% OF THE AREA OF EACH LEAF 
10% 

THE BLACK AREAS REPRESENT 
1. 2. L 5% OF EACH LEAF 

BACTERIAL BLACK CHAFF SPINDLE STREAK MOSAIC 
OF WHEAT OF WHEAT 

PERCENTAGE LEAF AREA COVERED PERCENTAGE LEAF AREA COVERED 



Table 6 . 2 .  The Rosielle Scale for  Determining the Infection Types 
of Septoria Leaf Spot on Wheat and Barley.  

0 - - Immune: No pycnidial formation, no symptoms o r  occasional 

hypersensit ive fleck. 

1 - - Highly Resistant:  No o r  only occasional isolated pycnidium fortned, 

par t icular ly  in  older leaf t i s sue ,  hypersensit ive fleeking in  

younger leaf t i s sue .  

2 - - Resis tant :  Very light pycnidial formation s o m e  coalescement of 

lesions mainly towards the leaf tip and in  older leaf t i s sue  

3 - - Intermediate:  Light pycnidial formation coalescement of lesions 

normally evident towards the leaf t ip  and elsewhere a n  the 

leaf blade. 

4 - - Susceptible: Moderate pycnidiai formation, les ions much coalesce&. 

5 - - Very Susceptible: La rge  abundant pycnidia, les ions extensively 

coalesced. 



F i g  6.6 : D i a ~ r a m m a l i c  Scale' f o ~  detsrmiqing, the lmtensitv mf Sa~tmnia Leaf S V t  

Infrctions on Wheat i n d  Barlev ( K . Harrowmr t 

VO LEAF AREA AFFECTED 



Table  6 .1 .  Fol ia r  Disease  Scoring Scale (0-9)for Wheat and Barley 

0 - - F r e e  f r o m  infection. 

OE = F r e e  f r o m  infection, but probably r ep resen t s  an escape .  

1 - - Resis tant :  A few isolated lesions on only the lowest leaves .  

2 - - Resis tant :  Scattered lesions on the second se t  of leaves with f i r s t  

leaves lightly infected. 

3 - - Resistant:  Light infection of lower third of plant, lower most  leaves 

infected at  moderate  to  seve re  leve ls .  

4 - - Moderately resis tant :  Moderate infection of lower leaves with sca -  

t tered t o  light infection extending t o  the leaf immediately 

below the mid-point of the plant. 

5 - - Moderately Susceptible: Severe infection of lower leaves .  Moderate 

t o  light infections extending t o  the mid point of the plant. 

Infections do not extend beyond mid point of plant. 

6 - - Moderately Susceptible: Severe infection on lower third of plant, 

moderate  degree on middle leaves and scat tered les ions 

beyond the mid point of the plant. 

7 - - Susceptible: Lesions seve re  on lower and middle leaves  with infections 

extending t o  the leaf below the flag leaf ,  o r  with t r a c e  

infections on the f lag l ea f .  

8 - - Susceptible: Lesions severe  on lower and middle leaves .  Moderate 

t o  seve re  infection of upper third of plant. F l ag  leaf 

infected in amounts m o r e  than a t r ace .  

9 - - Highly Susceptible* Severe infection on a l l  l eaves ;  the spike may a l so  

be infected to  some degree.  (Spike infections a r e  scored  

a s  a modified sca le  of the percentage of the total a r e a  

covered. The percentage figure follows the numerical  

leaf infection s c o r e  and i t  i s  separated by a / ) .  

N - - Used t o  indicate no scoring possible due to necros is  a s  a resu l t  of 

other d i sease  fac tors .  
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SECTION 7 .  

PRINCIPLES OF BREEDING FOR DISEASE RESISTANT CEREALS 

Plant  pathogens constitute a very  major  constraint  t o  ce rea l  production 

in a lmost  every pa r t  of the world.  Agricul tural is ts  have thus placed consi-  

derable  emphasis  upon the development of 'd isease control mechanisms '  i n  

an attempt to  minimise the ser ious  c rop  lo s ses  that frequently resu l t  f r o m  

diseases  caused by these pathogens. 

Of the three  main determinants  of d i sease  (pathogen, host and environ- 

ment) only the charac te r i s t ics  of the host and the environment can,  to a cer ta in  

extent, be a l te red .  Disease  control mechanisms can therefore  be basically 

divided into two categories ,  namely. those which involve a modification of the 

environment, making i t  l e s s  suitable for the pathogen ( i . e .  the use  of toxic 

chemicals ,  modified agronomic pract ic ies ,  e tc . ) ;  and those that involve a l t e r a -  

tions to  the genetic make-up of the host, making i t  l e s s  suitable a s  a host  

(through plant breeding) Undoubtedly the best  control for  any par t icular  d i sease  

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 ce rea l  ru s t s  and their  hosts  indicate 

a very c lose  relationship between the genetics of the pathogen and the host i n  the 

expression of d i sease .  In th i s  c a s e  then there  would appear  to  be a considerable 

potential fo r  minimising d isease  l o s s e s  through plant breeding. In recognition 

of this potential the development of c e r e a l  var ie t ies  res i s tan t  to  the var ious rus t  

d i seases  constitutes perhaps the major  focus of r e s e a r c h  into d isease  control .  

Comprehensive integrated control s t ra teg ies  may then be  built f r o m  this back- 

ground of strong res i s tance .  



Types of Resis tance 

Both the pathogen and the host differ i n  their  ability t o  cause  and t o  

withstand d isease .  P lan ts  may respond t o  a given pathogen (one with a 

given disease-causing ability) i n  a number of ways: - 
1) Susceptibility: rnfection resu l t s  i n  rapid disease development and spread 

within the host t i s sue  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) Resis tance:  The pathogen i s  unable to  colonise the host o r  i t s  growth and 

development i s  res t r ic ted  so  that damage i s  reduced.  

4 )  Immunity : No observable signs of d i sease  a r e  apparent .  C a r e  should be 

taken that this  i s  not taken to mean complete res i s tance  when escape 

(inadequate exposure to  the pathogen) is the r ea l  cause .  

Of the favourable plant reactions detailed above tolerance and res i s tance  

a r e  considered t o  be the most  desirable  and achievable. Immunity, which may 

appear  to  be very desirable ,  i s  r a r e ly  encountered. In addition i t  exer t s  a 

very s t rong selection p r e s s u r e  on the pathogenic population and thus often resu l t s  

i n  the very rapid appearance of types able  to  overcome the frequently ra ther  

specific res i s tance  b a r r i e r s .  

Tolerance 

Studies conducted on hybrid wheat famil ies  have indicated that  under  levels  

of infection of between 65 and lOOqo some famil ies  suffered a yield reduction of 

about 44.570 ,  whereas  o thers  only lost  9 .570  of their  yield. This  example i l lust-  

r a t e s  the potential importance of tolerance a s  a mechanism for  minimising 



disease  los ses ,  T o  date however only l imited r e sea rch  has  been ca r r i ed  out 

on the  overall  subject of tolerance and the mechanisms conferring tolerance 

a r e  very incompletely understood. F o r  this reason varietal  improvement 

efforts have tended to  focus upon the development of res i s tan t  cul t ivars .  

Although i t  i s  not to  say that tolerance is, o r  will prove to  be, of l e s s e r  overall  

importance the discussions of this section will be predominantly concerned with 

d isease  res i s tance .  

One of the major  shortcomings of tolerance a s  a mechanism for minimi- 

sing disease losses  i s  the fact  that tolerant cultivars a r e  s t i l l  able to  produce 

l a rge  amounts of disease inoculum. This  may c rea te  considerable problems 

of disease spread in  other var iet ies  grown in  the same location and should be  

seen a s  being of par t icular  significance. 

Resis tance 

Plant  pathologist commonly divide res i s tance  into two main categories:  

viz. Vert ical  and Horizontal 

Vertical Resistance, variously also known a s  perpendicular. rac ia l  o r  

specific resis tance,  i s  said to occur when a cultivar i s  resis tant  t o  some physio- 

logical r aces  of the pathogen but susceptible to others  Vert ical  resis tance thus 

reduces the amount of initial inoculum able to infect the host .  However, since 

r a c e s  or  s t r a ins  of the pathogen not l imited by this res i s tance  a r e  s t i l l  able to 

colonise the cultivar,  ver t ical  resis tance does not se rve  to  reduce either the 

infection o r  the spore production r a t e s .  

Horizontal resis tance,  on the other hand, lnvolves a resis tance which i s  

equally effective against  a l l  the r aces  of a pathogen. A multitude of t e r m s ,  

including field res i s tance  and generalised rests tance,  have a lso  been used to  

descr ibe  this type of res i s tance .  By reducing the number of spores  that cause 



les ions,  increasing the t ime  lag between infection and sporulation and reducing 

the number of secondary spores  generated by each infection (amongst other 

effects j i  horizontal res i s tance  mechanisms se rve  to  reduce the r a t e s  of 

pathoge.~ i i~iect ion and reproduction. 

Resis tance Mechanisms 

During their  long evolution ce rea l  plants have developed a multitude 

of mechanisms which reduce the numbers  of pathogens able  to  penetrate and 

infect their  t i s sues .  Resis tance t o  penetration is usually accomplished by 

f ea tu res  of plant s t ruc ture ,  such a s  a tough epidemis,  nar row stomatal  openings 

and the presence of specialised protective l aye r s .  These  a r e  t e rmed  mechanical 

o r  passive res i s tance  mechanisms and, together with elements of functional 

res i s tance  (represented,  for  example, by the timing of s tomatal  c losure)  they 

constitute broad-based, ra ther  horizontal types of res i s tance .  In general  

however, such passive defeneemechanisms develop only a s  plants grow and 

m a t u r e .  Thus a t  an ear ly  s tage of c rop  development mos t  var ie t ies  possessing 

this  type of res i s tance  tend to  be m o r e  susceptible t o  infection - a phenomenon 

which has  given r i s e  t o  the designation of 'mature  plant res i s tance '  a s  a specific 

res i s tance  form.. 

In addition to  these passive mechanisms,  plants possess  a number of active 

resrs tance mechanisms which a r e  initiated only in response to  the presence of 

cer ta in  pathogenic r aces .  These  mechanisms a r e  very varied and a r e  often 

highly specific to  par t icular  r aces .  Such mechanisms thus usually (but not 

always) confer a vertical-type resis tance.  



Modes of Inheritance 

Resistance to plant pathogens may be conferred by a number of different  

genes o r  gene combinations. Genetic studies have resulted in  the inheritance 

of res i s tance  being classed into two main g r o u p s  Monogenic - or  resis tance 

controlled by the inheritance of a single gene; and Polygenic - o r  resis tance 

controlled by the inheritance of more  than one gene. 

If d i sease  resis tance i s  controlled by a single gene i t  usually has a subs - 

tantial effect and can be studied and designated with relative simplicity.  However 

the inheritance of polygenes is  normally m o r e  vague and i t  i s  often impossible 

to isolate the effects of particular genes o r  to estimate the number involved. 

This a r i s e s  f r o m  the fact that polygenes tend to  be additive i n  charac ter  

producing an increasing level of resis tance with increasing number.  Plants  

possessing polygenic resis tance thus do not f o r m  discre te  c l a s ses  in  segregating 

populations but rather  appear a s  a continuous range of variation. 

As instances a r e  known in which res i s tance  i s  conferred by two or three  

identifyably separa te  genes, multi-gene resis tance might, perhaps,  be bet ter  

classified into: Oligogenic - resis tance controlled by few genes; and Polygenic 

- res i s tance  determined by many. Oligogenic resis tance i s  often termed 

major-gene resis tance,  whereas polygenic resis tance i s  r e f e r r e d  to a s  minor-  - res i s tance .  This  terminology, while in common usage, may be very 

misleading a s  not a l l  oligogenes a r e  major genes, in the sense  of having a 

la rge  effect and likewise a single identifyable gene, inherited in  a Mendelian 

fashion may in  cer tain instances confer only slight d isease  res i s tance .  



Vert ica l  resistance i s  generally (but not always) conferred by  major-  

genes o f  a  large e f f e c t  and as a result  tends t o  be relatively easy t o  select 

and thus t o  breed f o r .  In contrast,  horizontal resis tance,  normally thought 

t o  involve primarily minor-genes,  i s  generally m o r e  d i f f icu l t  t o  ident i fy .  

T h e  majority of crop improvement  e f f o r t s  have thus tended t o  focus on 

the development of  varieties with a vertical-type resis tance.  While  such a 

resistance i s  of ten very  complete,  i t  places an appreciable selection pressure 

upon pathogen populations and thus pathogenic races capable of overcoming 

the rather specific resistance barr iers  usually involved rapidly become domi-  

nant in these populations. T h i s  situation i s  particularly well-documented i n  

the case o f  the cereal rusts  and necessitates the continual development of  

variet ies  with new resistance genes or gene combinations i n  order t o  keep  

ahead of the appearance of  newly virulent pathogenic races .  Major-gene 

resistance however remains of considerable importance i n  m o s t  crop impro-  

vement  programs and plant breeders  are continaully on the look out for  new 

major-gene sources.  

Whi le  polygenic resistance i s  generally much l e s s  dramatic i n  i t s  e f f e c t  

than major-gene resis tance,  it tends t o  confer  a fair ly  broad-based, horizontal 

type of  resis tance.  Horizontal resistance places considerably l e s s  selection 

pressure on pathogen populations, especially as  i t  i s  rarely  complete.  

Var ie t ies  with this  type of  resis tance cause much l e s s  disruption i n  pathogen 

populations and there fore  tend t o  possess an increased stability. An increasing 

emphasis  i s  thus currently being placed upon the development o f  methods for  

identifying useful  levels  of  polygenic resis tance.  



A Typical  Scheme I l lus t ra t ing Monogenic Inheritance 

P a r e n t s  A A a a  

\ /i ,usceptible) (Resis tant)  

Male gametes  

A 
F e m a l e  
gametes 

a 

Crossing 

Selfing 

Segregants 

Assuming that  res i s tance  i s  inherited a s  a dominant cha rac t e r  a l l  the 

F individuals, although heterozygous,  will appear  r e s i s t an t .  However on 
1 

segregation in  the F generation t h r e e  plants out of every four will be res i s tan t : -  
2 

1 AA Resis tant  (Homozygous) 

2 Aa Resis tant  ( H e t e r ~ z ~ g o u s )  

1 a a  Susceptible (Homozygous) 

If however res i s tance  i s  inherited a s  a recess ive  cha rac t e r  a l l  the F indi- 
1 

viduals will be  susceptible and only one plant (AA) out of every  four  F 
2 

segregants  will exhibit res i s tance .  



A Typical Scheme Illustrating Dahn ic  Inheritance- 

P a r e n t s  

Gametes  

AABB as&b 

Male Gametes  AB Ab ~ kB ab - 
AB AABB AABb AaBB A a ~ b  

F e m a l e  Ab AABb AAbb AaBb Aabb 

Gametes  aB AaBB AaBb aaBB aaBb 

ab AaBb Aabb aaBb aabb 

Assuming the gene A confers rebistancc to one d i s e a i e  and 19 inheri t tP 

dominantly and gene B confers  resis tanca ha a second  diEeasa, &ls:d bding inhr- 
r i ted a s  a dominant character,  a l l  the F intkivl&luals wili bt res i s tan t  t o  Both 

I 
d i seases .  However upon segregatidn ih the gahCt&tl& the fdilbwfng pheno- 

.2 
typic ra t io  will be observed:- 

1 AABB ] 7 
2 AABb 
3 AaBB 

Reaistaht t b  both diheaabg 

4 AABb (9) Resistanf t o  

1 AAbb ) 
) f i r s t  or se,c&d 

2 Aabb f Resis tant  t o  f i r s t  disease only ) alise;:;; 0. bbth 

3 
( 3 )  

Resistant t o  serbiia diseaae a d y  
2 aaBb f 3 f  
1 aabb Susceptible to bath d i s e d s ~ d  

( 1) 
A s imi lar  situation will hdla i f  the $the& A ahd B confer re#i$Qtice to 

two r a c e s  of the same  d i s e a & t .  



As increasing numbers  of genes a r e  involved the number of possible 

genotypes increases  and s o  too does the phenotypic r a t io  ( the ra t io  between 

the number of res i s tan t  plants and the number of susceptible ones).  F o r  

example one gene gives a ration of 3: 1, two genes 1 5  1 th ree  genes 63: 1 e tc .  

Gene/Resistance Interactions 

If there  a r e  four different resis tance genes ( A ,  B,  C and D) and s ix  preva-  

lent pathogenic s t r a ins  (1, 2,3,4,5 and 6) a number of possible gene combinations 

may result:-  

Genes for  Strains  of Pathogen Outcome 
Resis tance 1 2 3 4 5 6  

1. 
A S R S R S R  
B R R S S R R  Gene C confers 
C R R R R R R  resis tance to  a l l  s t ra ins  
D S S S R R R  of the pathogen 

T o t a l  R R R R R R  ( Morizontal) 

2 .  
A S R S R S R  
B R S S S S R  Genes A and D combined 
C R S R R S R  confer resis tance to  al l  
D R S R S R S  s t ra ins  of the pathogen. 

Total  R R R R R R  

3.  
A S R S R S R  
B R R S R R S  No single gene o r  gene 
C R S S S  R S  combination gives 
D S S S R S S  resis tance to  al l  patho- 

Total R R S R R R  genic s t r a ins .  



The majority of dietaee resistance breeding pragrams a l e  based 

upon a aimple procadure; v i z .  the h3entlfication of a source of resistance 

followed by the incorporation of that source into a genetic background which 

i s  suitably adapted and high yielding. This procedure may be accomplished 

by breeding strategies involving either single glants ( I .  e .  Pedigree breeding, 

Backcrose breeding) ar populations of plants (i .  e. Mass selection, Bulk 

Population breeding) . 

As th.e cereals  in general m d  wheat in particular a r e  predominantly s t l f -  

pollinated crops. s ingle-pla t  breeding strategier  a r e  almost exclusively used. 

These involve the exposure d r. large number of individual lines to pathogenic 

races in order to  identify specific individuals with resistan.ce. Sultably r e s i s -  

tant sources a r e  then crossed with plants exhibiting other desirable characte- 

ristica and the segregating generatioas tested for resistance, a i l  the susceptible 

individuals being discarded. In this way a large number of sources of resistance 

may be combined into specific individuals and the individuals stabilised by 

repeated cycles of selfing and selection for the desired characters {leading 

to a rapid increase in homozygorlty - uniformxty). 

Single-plant screening for disease resistance may be carried out at  the 

seedling stage in a gremhouee, but the complex and involved testing proce- 

dures necessary when large volumes of material a r e  being screened against 

numerous pathogenic races neceesitate field-screening . 



Pedigree  Breeding Strategies 

Pedigree  breeding involves simple single, double or  t r iple  c rqenes  

followed by repeated selection cycles to eliminate undesirable individuals. 

The  use of different rus t  r a c e s  in  successive testing will enable the selectiop 

of var iet ies  with a ra ther  wider res i s tance .  A typical pedigree breedidg 

scheme i s  i l lustrated below: - 

A Scheme fo r  a Pedigree  Breeding ~ r d g r a m  

Selfing 

..%election for  good @ant 
types shqnnring rss idtance 

r a n d  . 
Selfing ., 

Selection and 
Selfing . 

Selection and 
Selfing 

Discards 

F High 
7 Homozygosity 

As each cycle of selection and saifing p rogresses  the  degree bf 

homozygosity rapidly inc reases  and this i s  i l lustrated by the following 



simple example :- 

Generation 

F ,  

Genotype 

Aa 

70 Homozygosity 

0 

If A i s  considered to be the res i s tan t  gene and i s  dominant over a the 

percentage of res i s tan t  homozygous plants increases  f r o m  33% to  60% if a l l  

susceptible types ( i .  e .  aa)  a r e  discarded.  

Backcross  Breeding Strategies  

When it is des i red  t o  t r a s f e r  a charac te r ,  such a s  d isease  resis tance,  

to  an otherwise good genotype a backcross  s t ra tegy i s  commonly used .  This  

involves making the original c r o s s ,  growing out the segregating F population 
2 

(by selfing in the F ) and then cross ing  a l l  those segregants  showing d isease  
1 

res i s tance  again with the good genotype. This  cycle of selection and back- 

c ross ing  may be ca r r i ed  out for  severa l  generations, af ter  which the population 

i s  selected for a combination of the cha rac t e r s  desired in the normal  way. 

The  mechanics of this breeding s t ra tegy will vary considerably, depending upon 

the charac te r (s )  involved. 



Multi -line Var ie t ies  

Also known a s  composite o r  a r t i f i c ia l  var ie t ies ,  mult i - l ines  may b e  

successiully used to produce a commerc ia l  'variety '  i n  cas,es where indivi- 

dual l ines  posses s  no genes o r  gene combinations c ~ n f e r r i p g  res i s tance  to  

a l l  the prevalent pathogenic r a c e s  of a d i sease .  Such 'var ie t ies '  a r c a r t i f i -  
' . ,  

cially produced f r o m  a combination of different l ines ,  each with i t s  own r e s i s -  

tance genes .  Thus each ind<vidual is not i tse l f  resistant '  to  the whole dis&ag.c 

spec t rum.  However, when attacked by a given pathogenic r a c e  oniy t h o s e  

l ines  without specific res i s tance  t o  that rack  will be  affected - the  others will 

remain  undamaged. In this  way although the var ie ty  a s  a whple is invariably 

infected, the  pathogen i s  unable to infect m o r e  than a few individuals and thus, 

the overal l  damage i s  sl ight.  

The  development of effective multi- l ine var ikt ies  demands c ~ ~ i i d e r a b l e  

ski l l  and a very  good knowledge of t hep reva len t  pathogenic r a c g s  . The com-  

ponents of such var ie t ies  requi re  continual a s se s smen t  and rep lacemen t  'to ' ~ .  

keep  pace with the changing pathogenic spec t rum.  

It mus t  be emphasised that i n  prac t ice  breeding program8'usually involve 

a multiplicity of objectives, a l a rge  volume of plant ma te r i a l  and the considera-  

t ion of numerous cha rac t e r s .  The discussions of this  section have thus been 

considerably over-simplified in  order  to. underline the basic  fea tures  of &eeding 

s t ra tegy .  

However these considerations have se rved  t o  i l lus t ra te  the c r i t i ca l  i m p o r -  
, . .  

t ance  of selection throughout a l l  breeding p r o g r a p s .  In  selecting des i rab le  typ,es 
, . ,  

f r o m  a population plant b reede r s  m u s t  re ly  upon o b s e r v a ~ i o n s  of plant gro.nith ' '  ' 

i n  the field ( a  product of the interaction between plant .genotype and envirbnment). 

a s  indicators  of the actual  plant genetic rhake-up. Differences inenvi ronmenta l  .. 



conditions affect the  expression of genetic cha rac t e r s  considerably.  F o r  

example, if no rus t  pathogens a r e  present  then al l  plants will appear  res i s tan t  

( i .e .  they will not be affected by rus t ) .  Equally if the concentration of rus t  

pathogens va r i e s  appreciably a c r o s s  a nu r se ry  some var ie t ies  (not exposed 

t o  high concentrations) will appear res i s tan t  when in  fact  they a r e  not. 

These  s imple examples highlight the importance of achieving uniform environ- 

mental conditions designed t o  favour maximum disease  expression throughout 

nu r se r i e s  f r o m  which selections a r t  made.  Only in this way will selections 

made on the bas i s  of plant phenotype accurately reflect  the actual cha rac t e r i s -  

t i c s  of the p l an t  and only in this way will breeding programs be successful.  

A strong pathology input i n  d isease  res i s tance  breeding programs is 

therefore  of tantamount importance . The components and practicali t ies of 

this  input will be discussed in the following section. 



SECTION 8 .  

PLANT PATHOLOGY IN CEREAL BREEDING --- 

A good pathological input i s  fundamental to  the whole a spec t  of d i sease  

l o s s  minimisation and the development and operation of r e s e a r c h  p rog rams  

aimed a t  achieving th i s .  Such an input can be conceived a s  fa l l ing into a 

number  of dist inct  but closely in te r re la ted  a r e a s ,  

Extensive Disease  Survey 

The  emphas is  and direct ion of d i sease  control  r e s e a r c h  p rog rams  r e l i e s ,  

i n  t he  first ins tance ,  upon accura te  a s se s smen t  of the  impor tance  and occur -  

rence  of specific pathogens i n  specific locat ions;  In addition plotting of the 

long dis tance movement of specif ic  d i seases  provides a n  effective 'ear ly  warning' 

sy s t em,  s o  that  susceptible var ie t ies  may be exploited to  the i r  maximum without 

the danger of falling victim to  d i sease  Surveys a r e  a l s o  v ~ t a l  in o rde r  to  identify 

new virulent r a c e s  a s s o o n - a s  they a r i s e  and to keep t r ack  of the fluctuations in  

pathogen populations that  occur f rom yea r  t o  yea r  and place t o  p lace .  

Without the continuous input of survey data d i sease  breeding programs 

w ~ u l d  f a s t  become obsolete - developing var ie t ies  which may be res i s tan t  t o  

r u s t  r a c e s  no longer  prevalent .  Extensive survey sys t ems ,  such a s  the Regional 

D i sease  T r a p  Nurse r i ee ,  a r e  of g rea t  impor tance  in providing up-to-date infpr-  

mation on the s ta te  of pathogen populations over a wide a r e a  and thus in keeping 

breeding p r o g r a m s  focussed on the r e a l  p rob lems .  



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 re la-  

tionships t o  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. 

K ~ s s e r y  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, i t  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, multig- 

lication, storage and inoculation assume particular importance alongside the 

direct considerations of nursery design, location and management. 

Disease Assessment 

Closely allied to the aspects of nursery management outlined above i s  the 

whole sphere of disease assessment. As outlined earl ier  accurate assessment 

(based of course on adequate and uniform nursery conditions) i s  vital to all bree- 

ding efforts. Disease assessments a r e  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  N u r s e r i e s  

T h e r e  i s  considerable  scope for  flexibility in the design and planning 

of d i sease  nu r se r i e s .  P lo t  s i z e  can  be var ied,  depending upon the availability 

of seed and sowing equipment and plots of one o r  two rows,  one or  two m e t e r s  

i n  length a r e  adequate.  I t  is essent ia l ,  however. that  agronimic prac t ices  

( f e r t i l i s e r  applications, weeding, i r r iga t ion  e t c .  . ) which ensu re  optimum 

plant growth and development a r e  followed. In addition planting date and p lan t  

density should be regulated to  favour maximum disease  development. These  

conditions a r e  neces sa ry  to  ensure  that ,  on the one hand the plants exp res s  

the i r  genetic res i s tance  potential t o  the  maximum ( th i s  cannot occur when plant 

growth is suboptimal) and on the other that the selection p r e s s u r e  applied is 

a l so  maximal  (select ions  made under a very  light selection p r e s s u r e  tend to be 

highly unreliable).  

In  general ,  d i sease  n u r s e r i e s  should include susceptible check cul t ivars ,  

often as  frequently a s  every twentieth row. Such check rows ac t  a s  ' s p r e a d e r s '  

- for  the build-up and d i spe r sa l  of inoculum within the nu r se ry ;  a s  indicators  

of the uniformity of d i sease  development throughout the nu r se ry ;  and a s  ya rd -  

s t icks  against  which a re la t ive scor ing of d i sease  sever i ty  can be made i n  c a s e s  

of low d isease  incidence.  The  use  of locall., grown susceptible cultivars a s  

checks ishighly recommended s ince agronomic cha rac t e r i s t i c s  can be s imulta-  

neously compared using this s tandard.  

However, i t  should be r e c o g n ~ s e d  that the ~ n c l u s ~ o n  of susceptible check 

cul t ivars  has  the disadvantage of causing Interplot  In te r fe rence  j i .  e .  the inocu- 

l u m  produced on the susceptible row will i nc rease  the amount of d i sease  on 

adjacent en t r ies  being tes ted) .  The non-uniform d isease  conditions c rea ted  by 

this  in te r fe rence  may be of l i t t le  consequence in  testing f o r  specific,  major-gene 

res i s tance ,  but can cause  seve re  problems in n u r s e r i e s  where the emphasis  i s  

placed upon the identification of modera te  levels of r e s i s t a n c e .  



Techniques for  Enhancing and Creating Epidemics 

Techniques designed to  ensure  the adequate and uniform development of 

d i sease  epidemics s o  essent ia l  in screening n u r s e r i e s  a r e  pr imar i ly  based 

upon ensuring sufficient levels  of pathogenic inoculx~m together with favourable 

environmental conditions. T h e r e  a r e  a number of methods,  both s imple and 

m o r e  complex, by which a rapid inoculum build-up may be achieved in  the field.  

The  choice of method depends, to  a l a r g e  extent upon the charac te r i s t ics  of the 

individual pathogen involved, the prevail ing environmental conditions and the 

objectives of the par t icular  nu r se r i e s .  

Enhancing Natural  Epidemics 

The  s implest  d i sease  screening method available 1s the exposure of plant 

ma te r i a l  t o  natural  infection. Adequate and uniform Infection leve ls  can, however, 

r a r e l y  be  achieved in most  locations and y e a r s .  Thus  some degree  of enhance- 

ment i s  a lmost  inevitable. 

The f i r s t  consideration in this respec t  i s  the location of n u r s e r i e s .  By 

locating screening nu r se r i e s  in a r e a s  where the d isease  incidence i s  known to 

be consistantly high every yea r  ( e . g .  Lattakia in northern Syrla  and Sakha in  

the Nile delta of Egypt) regular ly  high d isease  levels can often be obtained. 

In o rde r  to  ensure  that the ma te r i a l  i s  exposed to  the widest possible pathogenic 

population i t  will be necessary  to  e s t ab l i sh  a number of nu r se r i e s  a t  such s i tes  

over a s  l a rge  a geographic a r e a  a s  possible .  Th i s  consideration f o r m s  the 

rationale for  the wide distribution of Disease  Screening N u r s e r i e s  throughout 

the region. 

Within the nu r se ry  i tself  naturally occurr ing d isease  almost  invariably 

appears  a t  a few isolated foci within the susceptible check rows in the f i r s t  

instance.  T i s sue  f r o m  these  isolated init ial  injections may be used to  spread  

the d isease  m o r e  widely and evenly within the spreader  rows .With the rus t  disc:.- 



s e s  this  may  be accomplished aimply by shaking the infected plant pa r t s  over  

the healthy ~ o w s .  Such a procedure should be repeated severa l  t imes  ear ly  

in  the season in  o r d e r  t o  be effective. It should a l s o  be accompanied by 

adequate watering (prefer rab ly  spr inkler  i r r iga t ion  i f  necessary)  to  keep  the 

plant sur faces  mois t .  

P e r h a p s  the major  advantage of natural  infection testing (especial ly  i f  

c a r r i e d  out a t  a number of different locations) i s  that the plant mater ia l  is 

exposed to  the full variability of the pathogenic population ( i .  e .  a l l  the prevalent 

r a c e s ) ,  

Creating Artificial  Epidemics 

Environmental conditions favourable for optimal d i sease  development 

r a re ly  occur every year  even a t  the most  suitable locations.  F u r t h e r m o r e  

there  may be a great  variation in the severi ty  of individual diseases 'between 

locations and within one location in  each yea r .  Under these  conditions of 

uncertainty,  and especially when the season i s  d r i e r  than normal ,  the only way 

of ensuring adequate epidemic development i s  t o  c rea t e  epidemics art if icially.  

Th i s  may be achieved through the use  of inoculum collected f r o m  locations 

where d isease  occurs  e a r l i e r  i n  the season o r  inoculum preserved  f r o m  infec- 

t ions of the previous season.  Techniques for inoculum collection, s torage,  

multiplication and inoculation will be considered in  detail in l a t e r  sections.  

Suffice i t  t o  say  a t  this  stage that i t  will be essent ia l  to  provide adequate mois ture  

conditions in the nu r se r i e s  and t o  inoculate severa l  t imes  ear ly  in  the season.  

Although ar t i f ic ia l  inoculation often r e su l t s  i n  good d isease  development 

i f  c a r r i e d  out correct ly ,  there  is a considerable danger inherent  in this  method 

in  exposing the mater ia l  to  w l y  a l imited range of the prevalent pathogenic r a c e s .  



8 . 3 .  

Justifying the Creation of Artificial  Disease E p i d e m i ~ s  

The  whole concept of art if icially creat ing d isease  epidemics has been. 

and continues t o  be, subject to  continuous and often unfairly ha r sh  c r i t i c i sm 

f r o m  a l a r g e  number of people. Such cr i t i c i sm i s ,  i n  general ,  based upon 

an over-estimation of the dangers  involved and very l i t t le appreciation of the 

benefits that may acc rue .  I t  i s  thus worth considering both these  aspec ts  

a t  this stage,  before embarking upon a study of the topic in grea te r  depth. 

Benefits of Epidemic Creation 

I t  is generally agreed  that one of the most  effective ways of minimising 

the l o s s e s  result ing f r o m  infections of plant pathogens i s  t o  build into c rop  

var ie t ies  some f o r m  of inherent res i s tance .  This  i s  especially t r u e  in deve- 

loping countr ies ,  where fac tors  re la ted t o  r u r a l  incomes and inf ras t ruc ture  

effectively prevent the use  of the m o r e  costly chemical control measu res  a l so  

available. 

Due t o  the immense  capacity of some pathogens ( i .  e .  the ce rea l  rus t s )  

to  mutate and produce new virulent s t ra ins ,  the average l i fe-span of a d isease-  

res i s tan t  variety ( the t ime between widespread introduction and the widespread 

appearance of pathogenic r a c e s  capable of overcoming this res i s tance)  i s  often 

sho r t  ( for  rust-resis tant  ce rea l s  about 5 y e a r s ) .  Some varlet les  have, however, 

survived considerably longer,although this  i s  not very common. Indeed many 

rus t - res i s tan t  var ie t ies  have proven to  be commercial ly  useful for  only one o r  

two seasons  - maybe a s  a resu l t  of ineffective screening.  This  problem means  

that breeding efforts must  continually be developing new res i s tan t  var ie t ies  and 

var ie t ies  with a n  increasingly broader  and m o r e  stable level of res i s tance .  



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 

i s  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 

particularly clear.  

Dangers of Epidemic Creation 

The main danger of creating artificial epidemics and the basis of all the 

recurrent criticism i s  that inoculum produced in the nurseries will be dispersed 

into surrounding crops and lead to severe epidemics in the locality. This i s  

considered by the critics to be of particular importance in testing for resistance 

against newly virulent races, which a r e  not,as yet,of widespread prevalence. 

So much so that there i s  often appreciable reluctance to use new pathogenic 

races in screening programs. And yet the whole p i n t  of resistance screening 

i s  to identify sources of resistance to such races before they become widespread 

enough to constitute a major production threat.  

In this context i t  i s  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 mpves more than 100 meters from the inoculation site 

during the early stages of an epidemic). It  i s  only when epidemic-development 

nears  i ts  m a x i m m  that the ured iosporar ra reprscn t  i n  sufficient quantity 

to b e  effectively. lifted %romthe crop for longer digtame-transport. On certain 

occasions neighbouring crops'have been found-to-be infected, but a s  epidemic 

development only rsache.s the -stage a t  which wicte disperaalof inoculum occurs 

when the c r o p s a r e  rrachingmaturity, the damage i s  negligablt and the likelyhood 

of pathogenic build-up and further spread extremely low. 



Even given the exceedingly low r i sk  of contamination f r o m  disease  nu r se r i e s ,  

what h a r m  can contamination actually do? Knowing how widely and rapidly 

new r a c e s  of rus t  can spread  i t  will not be long before such r a c e s  a r e  well 

established in a l l  but a few a r e a s  anyway. When these considerations a r e  

taken into account i t  appears  that concern over the danger of the very low levels  

of contamination that could be caused by artif icially c rea ted  epidemics i s  ra ther  

grea te r  than i s  actually warranted.  

When the benefits of such prac t ices  a r e  analysed alongside the dangers  

inherent  in them i t  becomes obvious that the c r i t i c i sms  voiced should in  no 

way be allowed t o  prevent the widespread use  of ar t i f ic ia l  epidemics in ce rea l  

breeding. The potential for se r ious  c rop  lo s ses  and consequently widespread 

social  and economic problems i s  extremelly high i f  we a r e  unable to produce 

effectively res i s tan t  var ie t ies .  Undoubtably much higher than the potential l o s ses  

which may a r i s e  f r o m  contamination, It would thus be cr iminal  to r e s t r i c t  

the use  of such pract ices  on the basis  of the dangers  involved. It should be 

ernphasised, however, that  every c a r e  must  be taken in d isease  screening work 

to  prevent contamination and perhaps m o r e  importantly every c a r e  should be 

seen  to be being taken. 



8 . 4 .  

Some Important Technical  Considerations in Creat ing Epidemics 

Virulence Spectrum 

All pathogens a r e  populations of many physiologically different r a c e s .  

As a l ready  mentioned, when using ar t i f ic ia l ly  c rea ted  epidemics a s  a basis  

for  selection the danger of exposing the plant ma te r i a l  t o  only a very nar row 

range  of the pathogen population i s  considerable .  In ensuring that the nu r se ry  

i s  exposed to the broadest  possible spec t rum d r aces ,  collection and inoculation 

techniques deserve  par t icular  at tention.  

Collection Methods 

Each host variety tends t o  favour the development of a single specific r a c e  

of a d i sease .  Th i s  fact  i s  well i l lus t ra ted by r u s t  surveys  which show that 85% 

of collections f r o m  a single var ie ty  represen t  only one r ace ,  only 10% represen t  

two r a c e s  and th ree  r a c e s  a r e  only found in  570 of the s amples .  In addition 

the pathogenic population tends to  va ry  between locat ions .  

Thus inoculum collections should be made f r o m  the l a rges t  possible 

number of different host var ie t ies  (inciuding commerc ia l  ones) and f r o m  the 

widest  possible range of locations i n  a given a r e a  in an attempt t o  combine a 

l a r g e  number  of different r a c e s  into  one bulk population f o r  inoculation purposes  

If glasshouse and laboratory f a c i l ~ t i e s  a r e  available the virulence 

spec t rum of a population may be broadened fur ther  by the multiplication of 

r a c e s  with a Iow natural  frequency of occur rence .  This  will guard against  

the possibility of an  made quate sc reen ing  resul t ing f r o m  these par t icular  r a c e s  

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



Inoculation P rocedures  

The  method by which a nu r se ry  i s  inoculated may a l s o  influence the 

virulence spec t rum to  which plant ma te r i a l  is exposed. 

If epidemics a r e  c rea ted  pr imar i ly  by inoculating the sp reade r  rows 

t h e  var ie ta l  compos i t im of these rows can  have a s t rong selecbive effect upon 

the r a c e  spec t rum.  Experiments ,  fo r  example , have shown that if a mix ture  

of ru s t  r a c e s  i s  inoculated onto a single var ie ty ,  one r a c e  will come to  dominate 

af ter  only a few generations and many other  r a c e s  may be a lmos t  el iminated.  

F o r  this r ea son  it is essen t ia l  that  spreader  rows  be composed of a mix ture  of 

different var le t  i e s .  This  mix ture  should be reviewed regular ly  s o  that var ie -  

t i e s  of known importance in  relation to  cer ta in  virulent r a c e s  a r e  always included. 

P e r h a p s  a bet ter  way of ensur ing that  every  opportunity i s  given for  each 

r a c e  t o  find a compatible host i s  by inoculating the en t i re  n u r s e r y  with a l a rge  

inoculum bulk using a sp raye r  or d u s t e r .  This method exposes a l l  the geno- 

types in  a nu r se ry  t o  the s a m e  infection conditions and i s  thus likely to  r e s t ~ l t  in  

a m o r e  uniform selection p r e s s u r e  than may be achieved through spreader  

row inoculations. It is,  however, m o r e  t ime-consuming- appreciably s o  when 

l a r g e  n u r s e r i e s  a r e  concerned - and therefore  often conflicts with the t ime  con- 

s iderat ions  outlined below. 

Timing of Inoculation 

The  ea r ly  establishment of p r imary  infections will considerably enhance 

the development of epidemics and thus the selection p r e s s u r e  exer ted .  

Inoculations made ea r ly  in  the season inc rease  the number of d i sease  generations 

occurlng p r io r  to  screening (provided, of cou r se  that environmental conditions 

a r e  favourable) . When i t  i s  considered that one r u s t  infection can produce 

between 50,000 and 250,000 new spores  i t  i s  obvious that one ex t ra  generation 

will allow a considerable i nc rease  in d i sease  sever i ty .  



It is  a l so  essent ia l  that inoculations coincide with environmental 

conditions favourable for infection. The f i r s t  inoculation should thus be under-  

taken when environmental conditions f i r s t  become favourable.  Once the pathogen 

is well established i t  will be able  t o  generate i t s  own fa r - supe r io r ,  secondary 

inoculations. The  cycle f rom infection to spore  production i s  a l so  affected 

by the environment.  At constant optimum tempera tures  new rus t  spores  may be 

produced in  one week. However, under field conditions 10-14 days will be 

requi red  under averagely favourable conditions and the generation t ime 

may exceed th ree  weeks if sub-optimal tempera tures  prevai l .  If react ions 

a r e  to  be scored  a t  the mid-dough s tage of c e r e a l  development the p r imary  infec-  

t ions must  be established a t  l ea s t  f ive weeks in  advance of th i s  stage and p r e -  

ferably e a r l i e r .  In the c a s e  of yellow rus t  the rapidly increasing spr ing  t e m -  

pe ra tu re  conditions of much of the region necessi ta te  the establishment of 

infections even ea r l i e r  than th i s .  T h e  question of when to s t a r t  inoculating will 

be determined by the requirements  of the fungus concerned, the weather con- 

ditions and the stage of plant development in  relation t o  the t ime remaining for 

epidemic development. In some instances i t  may be desirable  to  es tabl ish 

initial infections p r io r  to the f i r s t  optimal weather conditions in o rde r  to  maximise 

secondary d isease  spread .  Such a prac t ice  will provide a continuous supply 

of inoculum f o r  each favourable infection period and sufficient t ime for  epidemics 

t o  develop to  a level which will allow adequate and accura te  screening.  

Another important consideration i s ' t he  number of t imes  that a nu r se ry  

should be inoculated. Many environmental fac tors  affect  the d ispersa l  of 

inoculum and d isease  establishment.  F o r  example,  winds may remove spores  

f r o m  the vicinity of the nu r se ry ,  o r  sudden reductions in  f r e e  mois ture  avai l -  

ability may cause  the death of spo res  which have s ta r ted  t o  germinate .  These  

and other f ac to r s  make  the chances of establishing good infections f r o m  one 

init ial  inoculation slight.  F o r  this reason  a t  l ea s t  five inoculations a r e  usually 

considered to  be essent ia l  for  rus t  d i seases .  



Amount of Inoculum - 
The  quantity of spores  required to  inoculate a given a r e a  1s not fixed. 

In general  the motto 'excess  helps to  guarantee successs  is a good rule  of 

thumb. T o  quantify th i s  in broad t e r m s ,  each hec tare  of wheat o r  bar ley 

contains approximately 2 .5  million plants (of course  the number of actual 

cu lms  i s  considerably m o r e  a s  each plant has severa l ) .  A good coverage 

of plant sur faces  will requi re  about 1000 rus t  spores  pe r  plant. A g ram of 

s p o r e s  contains an est imated 500 million individual cel ls .  Thus  a s imple 

calculation te l ls  u s  that about 2,5000 million spores  will be needed for  every  

hec tare  of nu r se ry .  However this  aimple calculation ignores  severa l  impor-  

tant points: many spores  fall on b a r e  ground and thus never  r each  the plant; 

many spores  may be  non-viable; many spores  a r e  unable to  germinate on the 

pIant sur faces  due t o  micro-environmental  differences; of the spo res  that do 

germinate  many a r e  unable t o  find stomata through which to  penetrate;  the 

chances of a given viable spore  actually penetrating the plant and proving com-  

patible a r e  a l s o  low. These  considerations make it obvious that no f i r m  

recommendation can be made t o  cover  every situation. Experience,  however, 

suggests  the use  of about 5 g m  of spores  pe r  hec ta re  (diluted in  ta lc  o r  oil/ 

water) as the  minimum level,  given reasonably favourable conditions and five 

inoculations. 



Techniques for Rust Uredioepore Collection 

T h e r e  a r e  a number of ways by which spores  of Yellow Rust ,  Leaf Rust  

and Stem Rust  may be collected fo r  u se  in ar t i f ic ia l  inoculation work. The  

mos t  effective of these a r e  outlined below. 

Dried Leaf Collection 

Rusted leaves a r e  removed f rom plants,  placed in glassine envelopes, 

p re s sed  and left to  d ry .  No more  than 6-8 leaves should be placed in each 

envelope s o  that drying i s  rapid and effective. Twenty-four hours will usually 

be  sufficient for adequate drying a t  room tempera ture .  This  collection method 

i s  par t icular ly  useful in making field collections. 

Leaf T a p  Collection 

This  method involves tapping heavily rusted leaves while they a r e  held over 

a suitable container.  Urediospores collected in this way can then be s tored  in 

v ia l s .  Leaf t ap  collection i s  used a lmost  exclusively f o r  collecting spores  f rom 

glasshouse ra i sed  plants .  

Cyclone Collection 

By using special  cyclone col lectors  ( different s izes  a r e  available) ru s t  

spores  f rom both the glasshouse and the field may be collected and inoculated 

with the grea tes t  of ea se .  La rge  collections of urediospores  will requi re  drying 

before  s torage .  

When making collections by whatever method i t  i s  essent ia l  that the ma te r i a l  

be  adequately indexed and catalogued so  that it i s  readily identifyable when r e -  

quired for  inoculation. 



Storing Rust  Urediospores  

As r e f e r r e d  to  ea r l i e r ,  the viability of rus t  spores  i s  a very important  

fac tor  determining the quantity of inoculum required for the adequate es tabl ish-  

ment of d i sease  epidemics .  F resh ly  collected urediospores  generally have a high 

germination percentage.  This  dec reases  with t ime,  i r resp iec t ive  of environ- 

mental  conditions. However the r a t e  of l o s s  of viability va r i e s  appreciably 

with conditionsspores remaining viable for periods of up to  one yea r  given 

suitable environments.  

In storing uredioapores between seasons  s o  that they may be used in the 

initiation of ar t i f ic ia l  epidemics it i s  essent ia l  to  ensure  optimal s torage  con- 

dit ions.  In this  way the l o s s  of viability may be kept t o  a minimum and the 

chances of effective ar t i f ic ia l  inoculation enhanced. Of the four main fac tors  

affecting urediospore viability - t empera ture ,  mois ture ,  light and atmospheric  

oxygen - the  first two a r e ,  without doubt, the  mos t  important .  The  maintenance 

of adequately low tempera ture  and moisture  levels  a r e  thus vital considerations in 

spo re  s torage,  especially a s ,  being single-celled,  the spo res  a r e  extremely 

sensi t ive to  environmental conditions. 

Examples  of the effect of tempera ture  and moisture  content on length of 

viable s torage  of yellow and s t e m  rus t  spores  a r e  given in Tables  8 . 1  and 8 .2 .  

Storage Methods 

Pe rhaps  the s implest  method of s tor ing urediospores  i s  t o  lower their  

mois ture  content by about 10% and maintain them at a t empera tu re  of between 
0 

2 and 4 C .  This  allows viability t o  be retained for  between th ree  and twelve 

months.  The  spores  may be a i r  dr ied fo r  24 to  36 hours  t o  lower their  mo i s tu re  

content. While this may be par t icular ly  successful in dry cl imates ,  a d e s s i -  

cator  (with either calcium chloride o r  s i l ica  gel a s  dessicants)  may be required 

in  m o r e  humid a r e a s .  F re sh ly  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. It i s  also preferable that drying be carried out i n  the 

laboratory and away f r o m  direct sunlight. Af ter  drying, the spores should 

be placed in  a sealed vial or bottle (dark containers appear to  be best i n  many 

cases)  and stored at the correct temperature and under dark conditions i n  a 

refrigerator.  Care should be taken t o  prevent excessive drying as this tends t o  

be detrimental to  spore viability (Table  8 2 . )  

I f  the equipment i s  available a more  e f fec t ive  method of storage involves 

the evacuation of the storage environment in  order t o  remove atmospheric 

oxygen and thus lower spore respiration. Both partial and high vacuum storage 

sys tems are possible. Under a partial vaccuum system the spores should 

be spread evenly and fairly thinly on a petridish which i s  then placed in  a 

dessicator with facilities for evacuation and sealing. A small air pump i s  used 

t o  create the partial vaccuum and the dessicator sealed and placed i n  a darkened 
0 

refrigerator at 2 - 4  C. Under these conditions the period of viable storage 

can be doubled. 

I f  a high vaccuum sys tem i s  used the spores must  be stored i n  narrow 

pyrex tubes (5-22mm diameter) .  About f ive milligrams of inoculum can be 

stored in  each container. The  atmospheric pressure should be lowered t o  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 
0 

years under these conditions i f  stored at 2 - 4  C. 

Dried or vaccuum dehydrated spores will usually germinate poorly 

unless rehydrated before inoculation. It i s  thus normal practice t o  leave 

spores i n  a moist chamber for between 12 and 24 hours immediately prior 

t o  inoculation ' t o  enable adequate rehydration. 



T h e  effects of rehydration a r e  i l lus t ra ted by the following example:-  

ype of s to rage  Duration of 
s to rage  Percentage  
(weeks) Germination 

Before  
Dehydrated 

After 24 hours  
Storage Rehydration 

Air  Dried 

Vaccuum 

Summary  of Important Steps in Spore Storage 

1) Use f resh ly  collected spores  

2) Establ ish germination percentage by experimentation 
0 

3 )  a .  - Air  dry  for  24-48 hours ,  place in  sealed vial and re f r igera te  a t  2 - 4  C .  

b. - P l a c e  in  dess ica tor  with calcium chloride o r  s i l ica  gel i n  petr i -dishes  
0 

o r  open vials if a i r  d r ied .  Seal dess ica tor  and s t o r e  a t  2-4  C .  

c .  - P l a c e  i n  dess ica tor  with a vacuum petcock a s  abave .  Evacuate 

partial ly with smal l  a i r  pump o r  water  a sp i r a to r ,  s ea l  and s t o r e  a t  

2 - 4  OC.  

d .  - P l a c e  5mg of spo res  i n  pyrex tube aria plug opening with cotton. 

a t tach manifold and vacuum pump. Draw vacuum for  one to two 

hour s .  Seal tube using a gas -a i r  to rch ,  taking c a r e  not to  heat 
0 

s p o r e s .  S tore  under refr igerat ion between 2 - 4  C .  

4) Rehydrate before  u s e .  



Table  8 .  1. The  Effect of Tempera tu re  on the Viability of Yellow Rust 
Spores  Maintained a t  40% Relative Humidity. 

0 
Tempera tu re  C Days of Viable Storage 

4 3  3  
179 
50 

Table  8.2.  The  Effect of Relative Humidity and Tempera tu re  on 
the  Days that Stem Rust Spores  can be Viably Stored.  

Relative Humidity 
0 

Tempera tu re  C 

5 10 15 2 0 



Techniques fo r  Multiplying Rust Inoculum 

Field collections of rus t  spores  may not always be  sufficient, e i ther  i n  

volume or in  composition (the relative proportion of different virulent s t raine) ,  

for rel iable  nursery  screening.  P e r h a p s  the bes t  way of ensuring both the 

quantity and quality of collections is to supplement the inoculum gathered f r o m  

the field with artif icially multiplied spores .  

Various techniques have been developed to enable this to be ca r r i ed  out 

on a sufficiently l a rge  scale:  

Seedling Methods 

Traditionally rus t  inoculum has  been multiplied on seedlings ra i sed  in  

10 c m  clay pots in glasshouses.  Between 15 and 20 plants a r e  raised in  each 

pot. They a r e  inoculated at the f i r s t  leaf s tage and the inoculum i s  collected 

when sporulation reaches a maximum. This  method i s ,  however, very wasteful 

of glasshouse space and r a re ly  generates sufficient inoculum for  f ie ld-scale  use .  

Pe rhaps  a m o r e  efficient multiplication method involves multiplying 

seedlings in rectangular pans instead of clay pots. Over 150 seedlings can be 

ra i sed  in  each 25 x lOcm pan. I t  i s  thus possible to grow about four t imes  the 

number of plants per  unit a r e a  of glasshouse. In addition sowing and inoculum 

collecting operations a r e  considerably facil i tated. However this method is 

s t i l l  only applicable when small  quantities of inoculum a r e  required.  

Using Maleic Hydrazide 

Maleic hydrazide can be effectively used for the enhanced multiplication 

of Puccinia graminis,  _P. recondita, _P. s t r i i fo rmis  and - P .  hordei.  It has  

been shown that the growth response of var iet ies  to  applications of the chemical 



(suppression of secondary and t e r t i a ry  leaves and da rke r  leaf pigmentation) 

is very closely connected to the degree of pathogen sporulation. So much s o  

that t reated plants will yield between three  and f ive t imes  a s  much inoculum 

a s  non-treated ones.  By preventing the growth of other leaves  rnaleic hydrazide 

provides a longer base life fo r  the pr imary  leaf (and tkus the r u s t  infections a s  

well) and a lso  simplifies collection procedures .  

This method has been found particularly useful f o r  the multiplication of 

nucleus inoculum or  for  the maintenance of single spore cy.1ture.s of a r ace .  

Detached Leaf Culture 

Considerable savings in glasshouse space can be achieved using this method, 

but laboratory facil i t ies a r e  a l so  required.  The  procedure basically involvea 

inoculating plants a s  above and then removing leaves a s  they show the f i r s t  sign 

of infection (flecking). The  cut ends of these leaves a r e  then immediately placed 

in  a solution of sucrose  ( loo%), kinetin (40 ppm) and benzimidazole (50 ppm) 

o r  either kinetin or  benzimidazole alone. The cultures a r e  kept in the labora-  

tory or  in  a growth chamber,  i f  available, during hot weather .  After a few 

days sporulation begins and severa l  spore c rops  may be  taken f r o m  each se t  

of leaves if the cultures a r e  carefully maintained. 

Using this  method i t  is  possible to  maintain and culture different r aces  

with m o r e  cer ta in  isolation. 

Adult Plant  Methods 

Raising inoculum on susceptible adult plants has  been found to  be consi-  

derably m o r e  rapid and efficient than seedling methods.  Adult plants a r e  ra i sed  

in  25crn pots (each pot can support 9 plants - approximately 30 t i l le rs )  and 

inoculated a t  either the t i l ler ing or  the boot leaf stage. The inoculated pots 

a r e  kept in a glasshouse and inoculum is collected periodically using a la rge  

collector.  In this way one o r  two g rams  of spores  may be obtained f r o m  each 

well -maintained pot. 



Glasshouse space i s  frequently the limiting factor  in  the production 

of the la rge  quantities of inoculum required for screening n u r s e r i e s .  I t  

i s  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 i s  adequate. Thus the multipli- 

cation of rus t  inoculum i s  possible even where r e sea rch  facil i t ies a r e  par t i -  

cularly lacking. 



8 . 8 .  - 
Collecting, Storing and Multiplying the Inoculum of Other Cereal 'Diseases  

Powdery Mildew of Wheat and Barley 

Infected plants should be collected la te  i n  the season af ter  the sma l l  

black resting-bodies have developed in the surface mycel ium. T h e  c.ollected 

plant ma te r i a l  should then be dr ied  well and s tored  a t  a low tempera ture  
0 

(2-4 C) 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 a l so  be multiplied in  culture in  the 

laboratory using the detached leaf method. This  enables identification of patho- 

genic r a c e s  and the bulking of sma l l  amounts of inoculum. 

Helminthosporium and Rhynchosporium Diseases  

P lan ts  infected with net blotch, spot blotch, leaf blotch, s t r ipe  d isease  

o r  scald should be collected, dr ied for  24-48 hours  and s tored  a t  ,low t empera -  

t u r e s  t o  provide inoculum f o r  the  following season .  

As these  fungi a r e  saphrophytic in nature they can a l so  be preserved  and 

multiplied on natural  and ar t i f ic ia l  media In this way the inocuium can be 

considerabiy purified and increased  if necessa ry .  

Septoria Diseases  

All Septorial  d i seases  of wheat and bar ley (including speckled leaf blotch, 

glume blotch and Septorial leaf blotch) a r e  collected on infected plant.materia1 

and s tored  dry under cold conditions a s  with powdery mildews.  

Pathogens of the genus Septoria can a l so  be successfully cultured and 

thus preserved  and increased  on ar t i f ic ia l  media ( e .  g. Potato Dextrose Agar) .  



Bunts of Wheat, Covered Smut of Barley and F l a g  Smut_ 

All these  d iseases  a r e  charac te r i sed  by pathogenic spo res  which a r e  very 

long-lived. Collected plant ma te r i a l  can thus be  kept without refr igerat ion for  

up t o  a y e a r .  Storage for  longer per iods,  however, demands refr igerat ion.  

Loose Smut of Wheat and Barley 

In contrast  to the other smut  and bunt d i seases ,  loose smut  spores  remain  

viable for only shor t  periods of t ime under normal  t empera tu res .  Refrigeration 

o r  vacuum storage methods a r e  thus necessary  t o  p r e s e r v e  this inoculum. 

Bacter ia l  Blightt of B a r l w  

The  s a m e  collection, s torage  and multiplication procedures  used f o r  

powdery mildews a r e  successful  for  this  d i sease ,  

Foot  and Root Rots 

Similar ly  t o  the other d i seases ,  inoculum i s  collected by removing infected 

mater ia l .  However the pathogens involved in  these  d iseases  a r e  a lmost  exclu- 

sively saprophytic and must  therefore  be preserved  and propogated on ar t i f i -  

c ia l  media.  



Inoculation Techniques for  Rust D i s e a s e s  

Under Greenhouse Conditions 

P lan ts  to  be inoculated should b e  grown i n  good soil.  under good light 

conditions, a t  suitable t empera tu re s  and in  a r u s t  f r e e  environment.  I t  i s  

advisable to  u s e  both t rea ted  seed and so11 to  reduce the danger of root r o t s .  

Inoculation can be c a r r i e d  out when the plants a r e  between 5 and 10 c m  ta l l .  

All sur face  inoculations should be preceeded by a gentle rubbing of the 

leaf su r f aces  with moistened f inge r s  o r  a spraying with a wetting agent 

( e .  g. Tween 20) .  Th i s  helps l o  remove  the outer waxy coating of the leaves  

and thereby i n c r e a s e s  the number of spo res  able to adhere  t o  them.  In addition 

the leaves  should be a tomlsed wlth disnl led water both before  and a f te r  inocu- 

lation in  o r d e r  t o  produce favourable mo i s t a r e  conditions f o r  infection. 

The  inoculum may be applled in  one of the foiiowlr~g ways:-  

By Spatula o r  Lancet Needle 

Spores  a r e  removed f r o m  lndivldaal pustLlles o r  s to rage  containers  on a 

wet spatula o r  needle, whlch i s  then run gently a c r o s s  the sur face  of recipient 

plants s o  that  the inoculum IS  distributed evenly T h i s  method is par t icular ly  

suitable when the initial inoculum 1s s c a r c e  or  when inoculations a r e  to  be made 

with spo res  f r o m  different pustuie types in  a mixed Infection 

By Toothpick 

Another p rec i se  inoculation method also sultabie if lnoculum IS s c a r e  

involves the u se  of a toothpick with a smal l  plece of cotton attached to one end.  

The  spo res  a r e  picked up on the d ry  cotton A smal l  d r o p  of water  o r  light 

mine ra l  oil is added and the cotton then ro i l ed  gently a c r o s s  the su r f ace  of the 

recipient seedling.  



By Finger  Rubbing 

Similar ly  clean f ingers  may a l s o  be  used t o  t ransfer  inoculum 

Using a Fine-Hair  Brush  

Spores  alone o r  i n  a mixture  with talcum powder (if only sma l l  amounts 

of inoculum a r e  available) a r e  picked up on a fine camel-hair  brush and dueted 

over  dry  recipient seedlings o r  brushed direct ly  onto the leaves .  

P o t  Brushing 

This  method i s  convenient for  inoculating l a r g e  numbers  of pLants when 

inoculum i s  abundant. A rusted plant is held c lose  t o  a group of recipieng 

plants and shaken gently to  produce a uniform shower of spo res .  I t  i s  then 

brushed gently over the plant sur faces  seve ra l  t imes  t o  ensu re  adequate in-  

oculation. 

Using a Multiple Inoculator 

T h e  multiple inoculator was developed by M. B .Moore a t  the U n i v e r s i t ~  

of Minnesota. It consis ts  of a l a rge  paper c lamp fastened to  a meta l  sheet 

with f ingers  t o  which smal l  pieces of foam rubber  a r e  attached. Spore suspen- 

s ions ( in  water o r  minera l  oil) a r e  placed upon the sponges, which a r e  then 

carefully p re s sed  against  the leaf sur face .  In this way i t  i s  possible to  s imul-  

taneously inoculate single leaves  with severa l  different r a c e s  o r  species  of 

pathogen f a i r ly  rapidly.  



With a Cyclone Duster  

Small  cyclone sepera tors  have proved valuable in  making inoculations 

when inoculum i s  s c a r c e .  A glass cyclone (about 8cm in  length and 2cm i n  

diameter)  is filled with 0 .5  g m  of ta lc .  Spores  a r e  sucked f r o m  the source  

into the cyclone. A fur ther  0 .5  gm of ta lc  is. added and the contents throughly 

mixed.  This  mixture  i s  then dusted onto the recipient plants by revers ing  

the a i r  flow through the cyclone. 

With an Atomiser 

The  spores  a r e  suspended ei ther  i n  water (with a sma l l  amount of s u r -  

factant) o r  in a light minera l  oil. They can then be sprayed onto plants using 

an a tomise r .  Ca re  should be taken when using oil a s  a suspension medium a s  

excess  oil on the leaf sur face  tends to in te r fe re  with spore  germination. In 

addition some seedlings ( i  . e .  Barley) a r e  ra ther  sensit ive t o  damage f r o m  

minera l  oi ls .  

Following inoculation, by whatever procedure,  the inoculated plants 

should be placed in a moist  a tmosphere fo r  24 to 48 hours .  

In  the F ie ld  

Inoculation methods on a field sca l e  a r e  r a t  her  different t o  those detailed 

above, a s  the objective i s  to  c rea t e  epidemic conditions in  thousands of plants 

over a l a r g e  a r e a .  Fu r the rmore  there  i s  no control over environmental 

conditions. 

Dusting 

One of the s implest  and most  effective ways of inoculating l a rge  numbers  

of plants in the field i s  through the use  of a spo re / t a l c  mixture .  T h e  ra t io  of 

spo res  to  ta lc  will depend upon considerations of effective cover ,  the quantity 



of inoculum available and the a r e a  to be inoculated. T h e r e  a r e  many different 

types and s i ze s  of dus t e r s  available f o r  applying inoculum in this  way. Small  

hand dus t e r s  may  be sufficient if it i s  only neces sa ry  to  inoculate border  rows 

but power-operated units a r e  m o r e  suitable i f  the a r e a  t o  b e  inoculated i s  l a r g e .  

Dusting should always be c a r r i e d  out in  the la te  evening, p re fe r rab ly  

just p r io r  to  dew formation,  and when the a i r  i s  s t i l l .  This  gives the best  

possible  chance of achieving high levels  of infection. 

Injection 

Th i s  i s  perhaps  the mos t  reliable inoculation method i n  d r i e r  c l imates  

where the chances  of su r f ace  spo re  dessicat ion due t o  adve r se  environmental 

conditions a r e  high. Spore suspensions i n  water  should be injected into the 1-f 

sheaths ,  using a hypodermic syringe,  a t  e i ther  the  la te  t i l ler ing o r  the s t em 

extension s tage  of plant growth. Such a procedure has been found to  resu l t  in  

good d i sease  es tabl ishment .  However i t  i s  very time-consuming and i s  usually 

confined t o  border - row inoculation, a s  i t  may prove impossible  to  inoculate 

l a r g e  numbers  of plants i n  t he  l imited t i m e  available . The  development of 

automatic syr inges  has  done much to make this  method m o r e  popular and of 

m o r e  widespread application. 

Oil Inoculation 

The  feasibil i ty of inoculating field plots with r u s t  s p o r e s  c a r r i e d  i n  non- 

phytotoxic oils  was i l lus t ra ted by Rowel1 and Hayden in  1956. They  used Mobilsol 

100, an isoparaffinic sp ray  oil ,  and a spo re  concentration of 6gm/ gallon/ a c r e .  

The  application was made with a two gallon capacity knapsack s p r a y e r  with a 

low volume nozzle (Tee je t  no ,  730039), In this way the inoculation of a 113 

a c r e  plot could b e  completed in  just 30 minutes .  As the spo res  d i spe r se  readily 

and uniformly i n  oil a relatively sma l l  spo re  concentration could be used and a 

good cover  s t i l l  obtained. Th i s  method has  been found t o  b e  effective and its 

simplicity recommends i t  where l a rge  sca le  inoculations a r e  neces sa ry .  



Plant ing Infected Mater ia l  

When border /  spreader  row inoculation is used r a t h e r  than whole nu r se ry  

methods i t  i s  possible to  t ransplant  ma te r i a l  previously infected in a greenhouse 

between these  rows .  I t  i s  essent ia l  to  provide adequate watering following 

transplanting in  order  t o  ensure  good establishment of the plants .  Good resu l t s  

have been obtained using this  method a s  the infection sources  produce spores  

rapidly and survive for t h ree  t o  four weeks, supplying inoculurn continuously. 



Inoculation Techniques for  Other Ce rea l  D i seases  

Fo l i a r  Diseases  

Epidemic conditions of mos t  fol iar  d i seases  may be successful ly  c rea ted  

by the s imple  expedient of chopping previously collected plant ma te r i a l  and 

spreading i t  throughout the nu r se ry .  Inoculations of this type m u s t  be t imed 

t o  coincide with environmental conditions favouring infection (which vary  with 

each pathogen) and c a r r i e d  out on seve ra l  occassions i f  a high succes s  r a t e  i s  

to be achieved. 

However, r a the r  m o r e  specific inoculation techniques a r e  required for  

a number of d i seases .  This  i s  par t icular ly  t r u e  with those d i seases  that a r e  

soi l -borne and those which requi re  ar t i f ic ia l  multiplication p r io r  to  inoculation. 

F l ag  Smut 

Th i s  i s  a soil-borne d i sease .  Epidemics a r e  thus c rea ted  through the 

development of a ' s ick plot ' .  Th i s  may be achieved by growing a susceptible 

var ie ty  i n  the s a m e  plot f o r  s eve ra l  y e a r s  and continually burying infected 

plants in  o rde r  t o  allow a natural  inoculum build up.  Var ie t ies  to  be tes ted 

may then be sown in  the plot. 

Art i f ic ia l  d i s ease  conditions may be c rea ted  by spraying the soil  of a 

t e s t  plot with a spo re  suspension a t  the  r a t e  of 2gmIl i t re  of water  per  five 

m e t r e  row. The  var ie t ies  t o  be tes ted a r e  then sown and the soi l  turned over 

t o  mix seed and s p o r e s .  

Helminthosporium Diseases  

Considerable difficulties a r e  experienced in increas ing  Helminthosporium 

inoculum in the labora tory .  However a technique involving multiplication on 

s te r i l i sed  wheat seed has  now been developed. Inoculum produced in this  way 



can be  successfully inoculated in spray  suspension with water,  a wetting agent 

and a surfactant.  

Diseases  of the Spike 

These  d iseases  demand considerably m o r e  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 d i seases .  

Loose Smut 

A number of inoculation methods have been developed since Maddox 

(1895) f i r s t  demonstrated that the disease could be produced by dusting wheat 

f lorates  with spores  of Ustilago nuda t r i t ic i .  The  most  common of these are 

detailed below: - 

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

individual ce rea l  heads could be subjected to a par t ia l  vacuum while completely 

submerged in an aqueous suspension of loose smut  spores .  Using this appa- 

ra tus  a s  many a s  30 heads can be inoculated p e r  hour. The  basic operation of 

the  device involves the creation of an  alternating part ia l  vacuum/normal p res su re  

regime around the enclosed head, causing the a i r  within the f lorates  to be rep-  

laced with the spore  suspension. Such a method may a l so  be used for inocula- 

ting partial  bunt disease.  

Injection : A spore suspension made by dissolving one $illuttsd e a r  head in 

100 ml of water with 1 gm of dextrose can  be injected into the two main f lorets  

of each spikelet with a hypodermic syringe. Grea t  c a r e  bhould be taken that the 

developing ovary is not injured during injection. 



Needle Method: Dry spo res  may a l so  be puffed onto the s t igmas  of the deve-  

loping ovar ies  using a hypodermic needle attached to  a rubber  bulb r e s e r v o i r .  

When using this  inoculation technique the s p o r e s  mus t  f i r s t  be  well sieved t o  

remove  ma te r i a l  likely to  block the needle.  Again c a r e  is necessary  t o  p r e -  

vent ovary damage. 

Using F0rcep.s-: A fur ther  inoculation method involves the u s e  of sha rp  forceps  

to  collect  spo res  and then p ie rce  the developing f lo re t  and deposit them on the 

s t igma.  

Of these  techniques the d r y  spo re  methods have generally proved supe-  

r i o r  to those involving spo re  suspensions.  The  needle method i s  perhaps the 

ea s i e s t  t o  handle and thus the mos t  efficient. However the par t ia l  vacuum method 

has  a l s o  been reported a s  giving very  good r e su l t s .  

Karnal  o r  P a r t i a l  Bunt 

Moore 's  vacuum method has traditionally been used to  inoculate wheat 

plants with this d i sease .  However boot leaf inoculations with spore  suspensions 

using a hypodermic syr inge may  a l so  be used.  

Stinking Smut o r  Bunt 

Bunt pathogens a r e  c a r r i e d  naturally on the outer seed coat and infect 

c e r e a l  plants a t  germination.  Thus inoculation i s  achieved by mixing spores  

with seed  p r i o r  t o  planting a t  a ra te  of about 0 . 5  to  1% of the seed weight. 
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Implications of the Genetic Relationship in  the 

Tr i t icum : Puccinia Host : P a r a s i t e  sys t em 

* 
Mohammad Aslam 

Despite the fac t  that a s  ear ly  a s  1767 Fontana (7) had considered rus t  of 

wheat a s  the 'eggs' of a plant different f rom wheat, the common belief, even a t  

the beginning of the nineteenth century,  was that plant d i sease  originated f r o m  

within the plant i tself .  It fell t o  De Bar i  (4) t o  prove in 1853, that plant d i sease  

was-the r e su l t  of a n  interaction a r i s ing  f r o m  a 'c lose association betweeh two 

taxonomically different organisms ' ,  i . e .  the host,  and the paras i te .  Biffen(2) 

l a t e r  in 1905, showed that res i s tance  of wheat to  s t r ipe  rus t  was  due t o  s imple 

Mendelian fac tors .  Similarly Margaret  Newton and Thomaldur  Johnson ( 11) 

in  1930, demonstrated that pathogenicity in Puccinia graminis  P e r s .  f .  sp .  

t r i t i c i  E r i h s .  and Henn. was inherited in s imple Mendelian r a t io s .  These  

findings formed the basis  for breeding new rus t  res is tant  var ie t ies  through 

incorporation, in the host, of new genes for  res i s tance .  

Eriksson and Hemmings'  Puccinia graminis  provided the f i r s t  evidence 

of host: pa ra s i t e  specialization a t  the species  level .  F u r t h e r  evidence f o r  

pathogenic specialization a t  the sub-specific level was provided by Stakman 

and P ieme i sa l ' s  (14) discovery,  i n  1917, of paras i te  specificity a t  the host cultivar 

leve l .  All this ,  however, did not explain the genetic bas i s  of host :parasi te  re la t ions.  

- 
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F l o r ' s  (5)  data of 1942, indicated a gene-for-gene relationship fo r  the 

Linum usi ta t iss imum L . :  Melampsora lini (Ehrenb . )  Lev .  host: paras i te  

sys tem,  but he did not descr ibe i t  a s  such a t  the t ime.  The genetic bas i s  

of host: paras i te  interaction a s  a gene-for-gene relationship was f i r s t  described 

by F l o r  (6) in 1959. P e r s o n  (12) provided a mathematical  model fo r  such r e l a -  

tions and stated that this  was applicable t o  host: paras i te  sys tems in  general .  

Similar  gene-for-gene relations were ,  l a t e r ,  experimentally demonstrated in  

severa l  other host: paras i te  sys tems (12, 13, 17), including the Tr i t icum:  

Puccinia  complex. F l o r ' s  hypothesis has  provided a bas is  fo r  better unders-  

tanding, a t  the molecular level, of the p rocess  of d i sease  development and of 

the ro le  that the host and the paras i te  play in the development of d i sease .  

In s imple t e r m s  the gene-for-gene hypothesis implies  a one for - 

one correspondence between host genes for reaction and paras i te  genes for  

pathogenicity. It fur ther  s ta tes  that the phenotypic expression of the host: 

paras i te  interactions,  the infection type, i s  determined by corresponding gene 

p a i r s .  Thus in  the basic model of host: paras i te  genetic re la t ions ( F i g .  1) 

a low infection type resu l t s  only f r o m  reaction: low pathogenicity (LR:LP)  

combination, while a l l  other host;  paras i te  gene-for-gene combinations resu l t  

i n  a high infection type.  Thus res i s tance  can be selected against  low pathoge- 

nicity only. 

F i g  1 Basic  Model of Host: P a r a s i t e  Gene-for-Gene Relations.  

HOST RQACTION - 

LOW HIGH 

PARASITE LOW LOW HIGH 

PATHOGENICITY P-  I . T .  I . T .  

HIGH HIGH HIGH 

PP I . T .  I . T .  



In c lass ica l  terminology the t e r m s  ' res i s tan t '  and 'susceptible '  have 

been used to  designate the  low and the high infection types, respect ively.  Th i s  

c r ea t e s  some  confusion regarding the r e a l  meaning of these t e r m s .  Resis tance 

i s  not a charac te r  i n  i t se l f ,  but is the expression of another cha rac t e r ;  the  react ion.  

Similar ly  an infection type i s  not a charac te r  in  i tse l f ,  but i s  the phenotypic 

manifestion of the interaction of two dist inct ,  but corresponding, genotypes; 

that  of the host f o r  reaction, and that of the paras i te  for  pathogenicity. The 

react ion and the infection type a r e  neither ' r es i s tan t ' ,  nor  'susceptible '  to  

anything. Thus in  studies based on the gene-for-gene model distinction i s  made 

between reaction against paras i te  and res i s tance  against  d i s ease .  

Following the basic  model of gene-for-gene interaction in host: paras i te  

relationships,  ce r ta in  hypotheses regarding the host and the paras i te  genotypes 

can be formed.  Browder ( 3 )  descr ibed a model which can yield information 

regarding host: paras i te  genotypes for  react ion and pathogenicity involving, 

a t  l e a s t ,  one pair  of corresponding loc i .  More  recently Loegering and Burton 

(8) developed a computer based programme to  determine,  f r o m  infection type 

data,  the  number of corresponding gene loci  i n  the  T r i t i cum aest ivum L .  e m  Thel l . :  

P .  graminis  host: paras i te  sys tem.  - 

Loegering and P o w e r s  (9 )  placed the host: paras i te  interactions resul t ing 

in  an infection les ion in  four ca tegor ies .  The i r  category I1 interaction involves 

an interact ion between complementary genes, o r  genes, located a t  two o r  m o r e  

loci  in the  s ame  organism.  However, t h e r e  is no c l ea r  evidence that  comple- 

mentary  genes in te rac t .  Fu r the r .  Loegering and Sea r s  (10)  disproved that 

complementary genes were  involved in  the react ion of wheat var ie ty  Timste in  

t o  - P. graminis .  But i n  c a s e s  where e i ther  organism c a r r i e s  m o r e  than one 

gene a t  different loci, the one effecting a ' low' phenotype i s  expressed  a s  domi- 

nant over  the one effecting a 'high' phenotype. The  character izat ion of the 

infection type result ing f r o m  an  interaction between two o r  m o r e  corresponding 



gene p a i r s  i s  the resu l t  of a n  interaction between interaction products of indi- 

vidual corresponding gene pa i r s .  Thus a s  a consequence of the interaction 

between a low and a high infection type, the low infection type behaves a s  

epistatic over the high infection type and is finally expres ses .  

T h e  infection type for  any given host: parasi te :  environment combination 

i s  constant. But, depending upon the genetic make-up of the host and the pa ra -  

s i te ,  may have, for  one pair  of corresponding gene loci, any one of nine possible 

genotypes. (F ig .  2 ) .  

ORGANISM HOST INFECTION LESION PARASITE 

CHARACTER * REACTION INFECTION TYPE PAT H O G E N I C m  

PHENOTYPE : LOW HIGH LOW HIGH LOW HIGH 

GENOTYPE ! LR LR H H 
r r  

L L  J L L  L L  / H H  L L  H H  
R R  P P  R R  P P  P P  P P  

H 
L~ r L ~ L ~ / L ~ ~  L ~ H ~ ~ H  P P  H L P P  H 

L ~ H r ' L p L p  H H / L L  r r  P P  

LRL / L  H H H / L  H 
r P P  r =  P P  

H H I H H  
r r  P P  

F igure  2 .  Genotypes of the Infection Types Resulting 

F r o m  An Interaction Between One C o r r e s -  

ponding Gene P a i r .  



The  phenotypic express ion  of these  genotypes depends on whether the  

dominance of low react ion and low pathogenicity i s  complete o r  otherwise .  

Thus if low react ion and low pathogenicity a r e  completely dominant over high 

react ion and high pathogenicity, respectively,  then the phenotypic expression 

of the heterozygotes L H / L  L : L L / L H : and L H / L  H would be 
R r  P P  R R  P P  R r  P P  

a low infection type.  But, if e i ther  low reaction,  or  low pathogenicity, o r  both 

a r e  incompletely dominant, the  phenotype would be intermediate  between a low 

and a high infection type. A typical  low infection type corresponding to  '0 '  

on the Stakman, Stewart ,  and Loegering ( 15) sca le  r e su l t s  only i f  t h e r e  i s  

complete incompatibility in the  host:  pa ra s i t e  s y s t e m  Similar ly  a high infection 

type represent ing 'type 4 '  on the s a m e  sca l e  denotes full compatibility i n  the host:  

pa ra s i t e  sys t em.  Depending upon the par t icu la r  host:  pa ra s i t e  gene combination 

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

tion type a r e  a l so  possible .  

The  two aspec ts  of the host charac te r  reaction a r e  the  specific react ion 

and the non-specific reaction.  Low react ion of the host i s  expressed  a s  r e s i s t ance .  

But this  is manifest  only when the pa ra s i t e  exhibits low pathogenicity. Specific 

low react ion has tradit ionally been t e rmed  a s  specific res i s tance ,  r a c e  specific 

res i s tance ,  seedling r e s i s t ance  (because i t  i s  generally measu red  i n  the seedling 

s tage)  o r  in  Van d e r  P lank ' s  (16) t e r m s  a s  'ver t ical  res i s tance ' .  Similar ly  the 

non -specific reaction has been variously designated a s  non-specific res i s tance ,  

generalized res i s tance ,  field res i s tance ,  adult plant res i s tance  (because i t  i s  

commonly observed in the adult  plants) o r  according to  Van d e r  Plank (16) a s  

'horizontal '  r e s i s t ance ' .  Genetically specific reaction i s  monogenic in  inher i -  

tance and non-specific polygenic 

Of these  two types of reaction,  specific react ion,  being qualitative, i s  

e a s i e r  t o  m e a s u r e .  It i s  measu red  by the infection type - ei ther  low o r  high 



Being oligogenic it f i t s  the gene-for-gene model nicely. Non-specific reaction 

on the other hand, because of the polygenic nature of i t s  inheritance,  i s  quanti- 

tat ive in cha rac t e r .  I t  is, therefore ,  m o r e  difficult to  measu re  a s  compared 

with the specific reaction. I t  i s  the cumulative expression of each of i t s  indi- 

vidual component cha rac t e r s .  The component cha rac t e r s  of non-specific r e a c -  

tion have been defined a s  the infectibility of the host,  the host effect  on paras i te  

incubation period and the host effect on paras i te  sporulation ( 1). Corresponding 

t o  these,  the component cha rac t e r s  of non-specific pathogenicity, o r  aggress i -  

veness  a r e  defined a s  infectivity, incubation period, and sporulation . Whereas 

specific reaction is measured  by the phenotype of the infection les ion alone, 

non-specific reaction is measured  by both the number,  and type of the infection 

les ions.  J u s t  a s  in the specific reaction the infection type is determined by the 

reaction: pathogenicity gene combination, the number and type of infection les ions 

depends upon the par t icular  combination of the respect ive host: paras i te  charac-  

t e r s  for  non-specific reaction, o r  the aggressiveness .  Thus the analysis  of 

e i ther  the non-specific reaction, o r  the aggressiveness  r equ i r e s  a study of 

the i r  respect ive component cha rac t e r s  individually. 

Specificity between component cha rac t e r s  of non-specific react ion and 

aggressiveness ,  of the same  order  a s  exis ts  between specific reaction, and 

specific pathogenicity, has  not been proved conclusively. However, on the bas i s  

of some available evidence, specificity between component cha rac t e r s  of non- 

specific reaction, and non-specific pathogenicity has been suggested ( 1). F o r  

example, when the wheat cult ivar Morocco, which does not c a r r y  any gene 

i o r  specific low reaction, was inoculated with two cul tures  of P. recondita, 

the number of infection lesions produced was different for  each culture 

(author 's  unpublished data).  But the number of result ing infection lesions was  

the same  when the cult ivar Bison was inoculated with the s a m e  cul tures .  Th i s  

indicates host: paras i te  specificity for  a t  l eas t  one component charac te r  of 

non-specific reaction, and non-specific pathogenicity. It would be s t range i f  



s imi l a r  specificity did not exist  between other component cha rac t e r s  of non- 

specific reaction, and non-specific pathogenicity. Until such specificities, 

between a l l  the component cha rac t e r s  of non-specific reaction, and non-specific 

pathogenicity a r e  proved, non-specific res i s tance  remains  an in t e r im  concept 

only. The difference between a specific reaction: specific pathogenicity re la t ion 

and a non-specific reaction: non-specific pathogenicity relation, therefore ,  i s  

not one of difference in specificity, but that of qualitativeness in  measurement ,  

o r  of d i scre teness  of unit differences o r  changes.  

Van der  plank (16) suggested that presence  in the host of specific o r  'ver t ica l '  

res i s tance  would delay an epidemic,  while presence of non-specific o r  'hor i -  

zontal' res i s tance  would slow an epidemic.  But, in his  argument,  he did not 

consider the paras i te  effect on the deve1op;ment of the epidemic Disease i s  

the resu l t  of an interaction between the host,  the paras i te ,  and the environment.  

I t  i s  a t ime related p rocess .  It s t a r t s  with the init ial  infection a t  the t ime when 

the host, and the parasi te  come into contact with one another .  F i g .  3 represents  

this  graphically, with t ime on the absc issa  and disease severi ty  on the ordinate .  

A l ine - B then represents  the process  of d i sease  development. The  slope of 

this  l ine depends upon the genotype of the host f o r  non-specific reaction, that  of 

the paras i te  fo r  non-specific pathogenicity, and upon a t  environment.  Therefore ,  

at any point t i n  t ime ,  a point y on l ine _B i s  the m e a s u r e  of the development 

of d i sease .  The severi ty  of the disease a t  this t ime i s  given by a point if on the 

ordinate .  We consider that in a given environment this  l ine r ep resen t s  an un- 

impeded epidemic.  However, if there  i s  full  incompatibility, of a degree  inhi-  

biting sporulation, in a portion of the host: paras i te  population, then the p rogres s  

of the epidemic would be delayed. This  i s  represented by line - B2 . In this 

c a s e  d isease  development s t a r t s  a t  t '  which i s  l a t e r  than t-0 . Consequently - 
the d isease  reaches  severi ty  - x a t  t ime t 3 instead of t ime t ,  The  delay - - 

i n  the development of the epidemic, represented by the difference between t and 

t - 39 i s  proportional to  the extent of incompatibility in the host:  paras i te  sys t em.  



Fig.  3 .  Effect of Resistance on the Development of An Epidemic. 

TIME 



But i f ,  in  the s ame  environment, t he re  i s  increased  non-specific res i s tance  

in  the host ,  o r  decreased non-specific pathogenicity o r  aggress iveness  i n  

the  paras i te ,  o r  both, the p rog res s  of the epidemic would be slowed r a the r  

than delayed. Th i s  i s  represented by line - B 3 . Disease  s t a r t s  a t  the s a m e  

t ime a s  in  the case  of an un-impeded epidemic represented by l ine - B, but 

i t  developes a t  a slower pace.  In this  ca se  i t  a t ta ins  sever i ty  - x a t  t ime  t2. 
Thi s  slowing effect which i s  proportional to  the difference between the s lopes  

of l ine _B and B 3 .  and represented by the difference between t and - t 2 

i s  due to  decreased  aggressiveness  of the paras i te ,  or  increased  non-specific 

res i s tance  in  the  host, o r  both. 

However, if incompatibility in  the host: paras i te  population i s  not complete,  

o r  i s  such that does not inhibit sporulation, then the epidemic would be a l s o  

slowed, a s  represented by l ine  - B 3 .  Thus,  even specific res is tance,  of a degree  

which does not br ing about complete incompatibility i n  the  host: paras i te  popu- 

lation, slows r a the r  than delays the epidemic . The difference in the effect of 

specific and non-specific reaction on the cou r se  of development of an epidemic 

i s ,  therefore ,  qualitative ra ther  than quantitative. 

The  relationship between the host and the paras i te  i s  that of mutual co-exis-  

tance.  The  paras i te  needs the host for  i t s  survival and the host needs the p a r a -  

s i t e  to  keep i t s  population within proper  l imi t s .  Elimination of one by the other 

i s  not possible.  Whenever a gene for  low reaction i s  added t o  the host the p a r a -  

s i t e  is subjected t o  a negative selection p r e s s u r e .  T o  overcome this  i t  acqui res  

new high pathogenicity. In nature  the genetic equil ibrium with r ega rd  to low 

react ionlhigh pathogenicity i s  maintained in  the host:  paras i te  population. Man 

changes the host population t o  his  own end, thus upsetting the equil ibrium. 

Th i s  leads  to  a change in the paras i te  population. Thus every  change in  the host 

population prompts  a corresponding change in the paras i te  population. We believe 

that the host, and the paras i te  evolved together .  In the ear ly  s tages  of the i r  



co-evolution, neither the host, nor  the paras i te  ca r r i ed  any genes for  high 

pathogenicity. Both populations were ,  then, i n  a state of equilibrium. As 

the host acquired new genes for  low reaction, the paras i te  a l s o  reacted to this 

change, and acquired new high pathogenicity. The  main objective in  breeding 

fo r  d i sease  res i s tance ,  therefore ,  should not be t o  prevent the paras i te  f r o m  

acquiring new pathogenicity combinations, but to remain  a s t ep  ahead of it. 

The  paras i te  population can not be manipulated direct ly .  But in breeding 

fo r  d i sease  res i s tance  the host population should be manipulated such that 

the equilibrium between reaction and pathogenicity i n  the host: paras i te  popu- 

lation i s  disturbed the l ea s t .  
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