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Multiline Varieties and Disease Control 
I. The "Dirty Crop" Approach with Each Component Carrying a 
Unique Single Resistance Gene 

D.R. Marshall and A.J. Pryor 
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Summary. The effects of the widespread use of "dirty crop" or "partially resistant" multilines on the racial 
composition of a pathogen population were investigated using simple theoretical models. It was found that the 
evolutionary changes in the pathogen attacking multiline varieties depend critically on two factors - the level 
of selection against unnecessary genes for virulence(s) and the number of lines in the multiline (n) : 

(i) If s > 0.5, then multilines will stabilize the racial composition of the pathogen population and simple 
races, carrying a single gene for virulence, will be the predominant biotypes. 

(ii) If s < 1/2 (n - I) when unnecessary genes for virulence are additive in their effects in reducing patho- 
gen fitness, or s < I/n when unnecessary virulence genes act multiplicatively to reduce pathogen fitness, then 
the use of a multiline will lead to the development of a superrace which can simultaneously attack all the com- 
ponent lines. 

(iii) If I/2 > s > 1/2 (n- i) for the additive model, or 1/2 > s > I/n for the multiplicative model, the use 
of multiline varieties will stabilize the pathogen population, but with complex races, carrying two or more 
virulence genes, predominant. 

These findings are discussed in relation to the potential of multiline varieties as a means of achieving 
stable, long-term control of plant diseases. It is concluded that "dirty crop" and "partially resistant" multi- 
lines will provide stable disease control in crop plants only in limited and relatively rare circumstances. 
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I n t r o d u c t i o n  

The use of multiline varieties in self-pollinating crops 

has been advocated repeatedly in the literature since 

the late nineteenth century, in part, because of their 

potential in disease control (Simmonds 1962; Brown- 

ing and Frey 1969). However only three groups are 

actively developing multiline varieties and their pro- 

grams are based on two radically different philoso- 

phies for the achievement of disease control (Jensen 

1952; Borlaug 1958; Browning and Frey 1969). 

In one approach, designated the "clean crop" ap- 

proach (Marshall 1977), all component lines of the 

mixture would be resistant to all prevalent races of 

the disease(s) to be controlled (Jensen 1952; Bor- 

laug 1958). The aim of this scheme is to keep the crop 

as free of disease as possible, and at the same time, 

to reduce the threat of catastrophic disease losses 

following shifts in the racial composition of the patho- 

gen population. 

In the second approach, designated the "dirty crop" 

approach (Marshall 1977), each line in the mixture 

a l s o  c a r r i e s  a d i f f e r e n t  s i n g  l e  g e n e  r e s i s t a n c e ;  h o w -  

e v e r ,  n o n e  of  t h e  l i n e s  a r e  r e s i s t a n t  to  a l l  k n o w n  

r a c e s  of  t h e  p a t h o g e n .  T h e r e f o r e ,  s u c h  m u l t i l i n e s  wi l l  

be regularly attacked by the pathogen. Frey et al. 

(1973, 1975) have argued that such multilines should 

protect the crop in two ways: 

(i) They should stabilize the race structure of the 

pathogen population. This argument is based on the 

premise that stabilizing selection against races car- 

rying multiple genes for virulence (van der Plank 

1963, 1968) will ensure that "simple" races, carry- 

ing a single virulence gene, dominate the pathogen 

population. 

(ii) Since each component of the multiline would 

be attacked by only one race of the stabilized pathogen 

population, the remaining lines would act as spore 

traps reducing the rate of spread of the disease. In 

t h i s  w a y ,  m u l t i l i n e  c u l t i v a r s  wou ld  h a v e  a n  e f f e c t  s i m -  

i l a r  to  p o l y g e n i c  n o n s p e c i f i c  o r  h o r i z o n t a l  ( v a n  d e r  

P l a n k  1963)  r e s i s t a n c e  in  d e l a y i n g  t h e  i n t r a c r o p  b u i l d -  

up  of  t h e  p a t h o g e n .  
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The "d i r ty  c rop"  approach  us ing pa r t i a l l y  r e s i s t a n t  

mu l t i l i ne s ,  i f  it should p r o v e  va l id ,  has a s igni f icant  

potent ia l  advantage ove r  the " c l ean  c rop"  approach  us -  

ing comple t e ly  r e s i s t a n t  mu l t i l i ne s .  It would indef in i -  

te ly  extend the useful  l i fe  of " s t rong"  r e s i s t a n c e  genes 

(van der  Plank 1963) including those  that have  b r o k e n  

down in the pas t .  Hence ,  i t  would f r e e  the b r e e d e r  

f rom the onerous  task of cont inual ly  i so la t ing  and 

eva lua t ing  new s o u r c e s  of r e s i s t a n c e .  

However ,  the val id i ty  of the p roposa l  put fo rward  

by F r e y  and his co l l eagues  r e s t s  heavi ly  on the a s -  

sumpt ion  that s i m p l e  r a c e s  will domina te  the pathogen 

populat ion and this a s sumpt ion  is open to ques t ion  on 

two grounds .  These a r e ,  f i r s t ,  whether  van der  Plank 's  

(1963) axiom that complex  pathogen biotypes  a r e  l e s s  

fit than s i m p l e  biotypes  on suscep t ib l e  host  genotypes 

is  gene ra l l y  val id ,  and f u r t h e r ,  whether  this  loss  of 

f i tness  can be d i r ec t ly  a t t r ibu ted  to the v i r u l e n c e  

genes pe r  s e .  Second,  given that s t ab i l i z ing  s e l ec t i on  

is  a gene ra l ,  i f  not u n i v e r s a l  phenomenon,  whether  

it is s t rong  enough to p reven t  the deve lopment  of c o m -  

plex r a c e s  on mu l t i l i ne s ;  that i s ,  whether  s t ab i l i z ing  

s e l ec t i on  agains t  r a c e s  c a r r y i n g  addit ional  v i r u l e n c e  

genes  will  outweigh the s e l ec t i on  p r e s s u r e  towards  

g r e a t e r  v i r u l e n c e  which a r i s e s  f rom the fact that m o r e  

complex  r a c e s  can grow on m o r e  l ines  and, hence ,  

s p r e a d  m o r e  rap id ly  through the host  populat ion.  

In this paper  we a t tempt  to (i) def ine,  us ing the 

s i m p l e  mode ls  f i r s t  developed by Groth (1976) and 

Groth and P e r s o n  (1977),  the l eve l  of s t ab i l i z ing  s e -  

l ec t ion  r e q u i r e d  to p reven t  the deve lopment  of complex  

pathogen r a c e s  on mul t i l ine  v a r i e t i e s ,  and ( i i )  a s s e s s  

f rom publ ished expe r imen ta l  r e s u l t s  how often the r e -  

qu i r ed  l eve l s  of s e l ec t i on  a r e  l ike ly  to be met  in p r a c -  

t i ce .  Obviously,  i f  it can be d e m o n s t r a t e d  that s t ab i l i z -  

ing s e l ec t i on ,  where  it ex i s t s ,  is  too weak to p reven t  

the deve lopment  of a s u p e r r a c e  on a mul t i l ine ,  then 

the ques t ions  of  i ts  gene ra l i ty  and u l t ima te  cause  be-  

c o m e  a c a d e m i c .  

The Models  

Addit ive Selec t ion  Models  

Two l ine m i x t u r e s .  Cons ider  an equ ipropor t iona l  mix -  

t u re  of two diploid host  genotypes  which a r e  ident ica l  

except  for  the fact  that each is  homozygous  for  a dif-  

f e ren t  dominant  r e s i s t a n c e  to a spec i f i ed  hap lo idpa tho-  

gen.  The r e s i s t a n c e  genes  in the host  may be a l l e l i c  

or  nona l le l i c ,  and for s imp l i c i t y  we will a s s u m e  that 

each r e s i s t a n c e  gene r e c o g n i z e s  a s ing le  unique 

a v i r u l e n c e  gene in the pathogen,  i . e . ,  the hos t -pa tho -  

gen s y s t e m  under  d i scuss ion  con fo rms  to the gene-  

f o r - g e n e  concept  o r ig ina l ly  developed by F l o r  (1956) .  

Table 1. Re l a t i ve  f i t ne s se s  of pathogen biotypes  on a two- l ine  mul t i l ine  a s s u m i n g  an addi t ive  
f i tness  ef fec ts  model  

Host Genotype 
Pa thogen  Biotype Mean F i t n e s s  

C l a s s  Desc r ip t ion  Genotype R__IR__ 1 R_2R__ 2 on Mix ture  

Single e f fec t ive  
gene for  v i r u l e n c e  

Single e f fec t ive  
gene and s ing le  
u n n e c e s s a r y  gene for  
v i r u l e n c e  

Two ef fec t ive  genes  
for v i r u l e n c e  

Two e f fec t ive  genes  
and one u n n e c e s s a r y  
gene for v i r u l e n c e  

-~1 A--2 A--3 1 0 0 . 5  

A_I _a 2 A 3 0 1 0 . 5  

_alA2_a3 1-s 0 ( 1 - s ) / 2  

A l a 2  a3 0 1-s  ( 1 - s ) / 2  

a I a_2 A 3 1-s  1-s  1-s  

a_.l a2 ~ 3 1-2s 1-2s 1-2s 
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E a c h  of  t h e  c o m p o n e n t s  i n  t h e  m i x t u r e  c a n  a n d  

wi l l  e v e n t u a l l y ,  b e  a t t a c k e d  by  f o u r  c l a s s e s  of  p a t h o -  

gen  b i o t y p e s ,  v i z . ,  t h o s e  t h a t  c a r r y  o n e  e f f e c t i v e  

v i r u l e n c e  g e n e ,  w i t h  a n d  w i t h o u t  a d d i t i o n a l  u n n e c e s s a -  

r y  v i r u l e n c e  g e n e s ,  a n d  t h o s e  t h a t  c a r r y  b o t h  e f f e c t i v e  

v i r u l e n c e  g e n e s ,  w i th  a n d  w i t h o u t  u n n e c e s s a r y  v i r u l -  

e n c e  g e n e s .  The  a s s u m e d  r e l a t i v e  f i t n e s s  of  e a c h  of  

t h e s e  f o u r  c l a s s e s  of  p a t h o g e n  b i o t y p e s  on  e a c h  h o s t  

g e n o t y p e ,  a n d  t h e i r  m e a n  r e l a t i v e  f i t n e s s  a s  o v e r  t h e  

p o p u l a t i o n  a s  a w h o l e ,  a r e  s h o w n  i n  T a b l e  1.  B a s i c a l l y  

we  a s s u m e  t h a t  ( i )  p a t h o g e n  b i o t y p e s  c a r r y i n g  on ly  

n e c e s s a r y  g e n e s  f o r  v i r u l e n c e  h a v e  e q u a l  f i t n e s s ,  ( i i )  

e a c h  u n n e c e s s a r y  g e n e  f o r  v i r u l e n c e  r e d u c e s  t h e i r  f i t -  

n e s s  by  a c o n s t a n t  a m o u n t ,  s ,  a n d  ( i i i )  two o r  m o r e  

u n n e c e s s a r y  g e n e s  f o r  v i r u l e n c e  a r e  a d d i t i v e  in  t h e i r  

e f f e c t s  in  r e d u c i n g  t h e  f i t n e s s  of  t h e  p a t h o g e n .  

The  a s s u m p t i o n  of  a n n u a l  r e c o n s t i t u t i o n  of t h e  m u l t i -  

l i n e  e n s u r e s  t h a t  i t s  c o m p o s i t i o n  i s  s t a b l e  w i th  t i m e .  

We a l s o  a s s u m e  t h a t  t h e  c r o p  i s  g r o w n  o v e r  a l a r g e  a r e a  

s o  th  a t  i t  i s  t h e  m a j o r  f a c t o r  i n f l u e n c i n g  t h e  e v o l u t i o n  

of  v i r u l e n c e  i n  t h e  l o c a l  p a t h o g e n  p o p u l a t i o n .  U n d e r  

t h e s e  a s s u m p t i o n s ,  t h e  m e a n  f i t n e s s e s  of  t h e  p a r t h o g e n  

b i o t y p e s  on  t h e  m i x t u r e  in  T a b l e  1 c a n  b e  u s e d  d i r e c t l y  

to  p r e d i c t  t h e  c o m p o s i t i o n  of  t h e  p a t h o g e n  p o p u l a t i o n .  

The  b i o t y p e ,  o r  c l a s s  of b i o t y p e s ,  w i th  h i g h e s t  m e a n  

f i t n e s s  wi l l  i n  t i m e  d o m i n a t e  t he  p a t h o g e n  p o p u l a t i o n ;  

t h e  r e m a i n d e r  wi l l  b e  a b s e n t  o r  a t  low f r e q u e n c y  i n  t h e  

p o p u l a t i o n .  U n d e r  t h i s  m o d e l ,  l i n e s  c a r r y i n g  u n n e c e s -  

s a r y  g e n e s  f o r  v i r u l e n c e  a r e  l e s s  f i t  t h a n  l i n e s  c a r r y i n g  

on ly  e f f e c t i v e  g e n e s  f o r  v i r u l e n c e .  F o r  e x a m p l e ,  t h e  r e -  

l a t i v e  f i t n e s s e s  of  c l a s s  I a n d  2 b i o t y p e s  a r e  0 . 5  a n d  

(1 - s ) / 2 ,  r e s p e c t i v e l y ,  w h i l e  t h o s e  f o r  c l a s s  3 a n d  4 

b i o t y p e s  1 - s a n d  1 - 2 s ,  r e s p e c t i v e l y .  T h e r e f o r e ,  c l a s s  

2 a n d  4 b i o t y p e s  wi l l  b e  s e l e c t i v e l y  l o s t  f r o m  t h e  p o p u -  

l a t i o n ,  p r o v i d e d  s > 0 ,  t h a t  i s ,  p r o v i d e d  t h e r e  i s  s t a b i l i z -  

i ng  s e l e c t i o n  a g a i n s t  u n n e c e s s a r y  v i r u l e n c e  g e n e s .  

T h e r e f o r e ,  e i t h e r  c l a s s  1, t h e  s i m p l e  r a c e s  c a r r y -  

i n g  o n e  e f f e c t i v e  v i r u l e n c e  g e n e ,  a n d / o r  c l a s s  3, t h e  

" s u p e r r a c e "  c a r r y i n g  b o t h  e f f e c t i v e  g e n e s ,  wi l l  d o m i -  

n a t e  t h e  p a t h o g e n  p o p u l a t i o n .  If t h e  m e a n  f i t n e s s  of  

c l a s s  3 b i o t y p e s  i s  g r e a t e r  t h a n  t h a t  of  c l a s s  1, t h a t  

i s ,  

(1 - s )  > 1 / 2  

o r  

s < 0 . 5  

t h e n  a s u p e r r a c e  wi l l  d e v e l o p .  A l t e r n a t i v e l y ,  i f  s > 

0 . 5 ,  t h e  p a t h o g e n  p o p u l a t i o n  wi l l  c o n s i s t  p r i n c i p a l l y  

of  s i m p l e  r a c e s .  F i n a l l y ,  i f  s = 0 . 5 ,  b o t h  c l a s s  1 

a n d  c l a s s  3 h a v e  a n  e q u a l  c h a n c e  of  s u r v i v a l .  In t h e  

l a t t e r  c a s e ,  t h e  p a t h o g e n  p o p u l a t i o n  wi l l  b e  p o l y m o r -  

p h i c ,  a n d  t h e  r e l a t i v e  p r o p o r t i o n s  of  e a c h  c l a s s  of  

b i o t y p e s  wi l l  v a r y  s t o c h a s t i c a l l y .  

n-line mixtures. Consider the same model as before 

for an n-line mixture. Here, 2n classes of pathogen 

biotypes may parasitize the host population - those 

with one, two, ..., k, ..., n effective virulence 

genes with and without one or more unnecessary genes 

for virulence. The relative fitnesses of the pathogen 

biotype are given in Tab le 2. 

As before, biotypes carrying unnecessary genes 

for virulence are invariably less fit than those with 

only effective genes for virulence and will b e eliminat- 

ed from the population. Simple races carrying a single 

effective gene for virulence will dominate the pathogen 

population, if 

1 / n  > 2 ( 1  - s ) / n  

o r  

s > I/2. 

Lines carrying two genes for virulence will dominate 

the pathogen population if 

I/n < 2(I - s)/n ~ 3(I - 2s)/n 

or 

1/2 >s >1/4 . 

Complex pathogen races carrying k effective genes for 

virulence will dominate the pathogen population if 

(k- 1) C1 - (k- 2)s]/n < k[l - (k- 1)s]/n 

(k§ I)(I- ks)/n 

or 

1/Z(k-1) >s>l/2k (k~n- 1) . 

Finally, a superrace which can attack all component 

lines of the mixture will develop if 

n [ 1 - ( n - 1 ) s ] / n  ~ ( n - 1 ) [ 1 -  ( n - 2 ) s ] / n  

o r  

s <  1 / 2 ( n - 1 ) .  
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Table 2. Rela t ive  f i tnesses  of pathogen biotypes on an n - l i n e  mul t i l ine  a s s u m i n g  an addit ive f i tness  
effects model 

Host Genotype 
Pathogen Biotype 

Class  Descr ip t ion  Genotype R1R 1 R2R 2 R R 
- - -n - - -n  

Mean F i t n e s s  
on Mixture 

2k-1 

2k 

Single effective a_l--A_k--Ar~A (n+ 1 ) 1 0 
gene for A1--~-k--AnA(n+ I 1 0 I 
v i ru lence  A l - - - ~ k - - ~ n A ( n +  1 ) 0 0 

Single effective ~l--A_k--A_.n~(n+t) ( l - s )  0 
gene and s ingle  
u n n e c e s s a r y  gene Al--~k--A--n~a(n+l) 0 ( l - s )  
for v i ru l ence  A l - - A _ k - - ~ n a ( n + l )  0 0 

k effective 
genes for a l - - ak - -A~_A (n§ 1 ) [ 1 - ( k - 1 ) s ]  [ 1 - ( k - 1 ) s ]  
v i ru l ence  

k effective 
genes and a 
s ingle  unnec-  
e s s a r y  gene 
for v i ru l ence  

~l- -akA_.n~(n. l )  (1-ks)  (1 -ks )  

n effect ive 
2n- 1 genes for a l - - ~ k - - a A ( n +  1 ) 

v i ru l ence  

n effective 
genes and a 

2n s ing le  unnec-  a l - - ~ k - - a n a ( n +  1 ) 
e s s a r y  gene 
for v i ru l ence  

o 1/n 
0 I/n 

1 1/n 

0 ( 1 - s ) / n  

0 ( 1 - s ) / n  

( l - s )  ( 1 - s ) / n  

0 k [ 1 - ( k - 1 ) s ] / n  

0 k ( 1 - k s ) / n  

[ 1 - ( n - 1 ) s ]  [ 1 - ( n - 1 ) s ]  [ 1 - ( n - 1 ) s ]  [ 1 - ( n - 1 ) s ]  

(1 -ns )  (1 -ns )  (1 -ns )  (1 -ns )  

As before ,  if s = 1/2k the pathogen populat ion will be 

polymorphic  for r a c e s  c a r r y i n g  ( k -  1) and k genes 

for v i ru l ence ,  with the r e l a t i ve  p ropor t ions  of the 

va r ious  biotypes vary ing  s tochas t i ca l ly .  

Mul t ip l ica t ive  Select ion Models 

n - l i n e  Mix tu res .  Fo r  this  model the r e l a t i ve  f i tnesses  

of the 2n c l a s s e s  of pathogen biotypes which can a t -  

tack an n - l i n e  mix tu re  a r e  given in Table 3. Again,  we 

see  that biotypes c a r r y i n g  u n n e c e s s a r y  genes for 

v i ru l ence  a r e  i nva r i ab ly  l e s s  fit than those with only 

effective v i ru l ence  genes and will be e l imina ted  from 

the populat ion.  We also see  s imp le  r a c e s  c a r r y i n g  a 

s ing le  effective v i ru l ence  gene will dominate  the patho- 

gen populat ion only if,  

1 / n  > 2 ( 1  - s ) / n  

o r  

s > I/2 

as in the case  of the addit ive f i tness  model .  Lines c a r -  

ry ing  two genes for v i ru l ence  will dominate  the patho-  

gen populat ion if 

1 /n  < 2(1 - s ) / n  > 3(1 - s ) 2 / n  

o r  

1/2 > s  > 1 / 3  . 

Complex pathogen races c a r r y i n g  k effect ive genes 

for v i ru l ence  will be the p redominan t  biotypes if 

( k -  1 ) ( 1 -  s)  ( k - 2 ) / n  < k(1 - s) ( k - 1 ) / n  > 

> ( k  + 1 ) ( 1  - s)k/n 
o r  

1/k > s  > 1 / ( k +  1) . 
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Table 3. R e l a t i v e  f i t n e s s e s  of pathogen biotypes  on an n - l i ne  mul t i l ine  under  a mu l t i p l i c a t i ve  f i tness  
e f fec t s  model  

Host Genotype 
Pa thogen  Biotype 

C la s s  D e s c r i p t i o n  Genotype l : t lR 1 _R..k.Rk R R ---n---n 

Mean Fitness 
on Mixture  

2k-1 

2k 

2n- I  

Single e f fec t ive  al---~-k--A---nA(n+ 1 ) 1 0 0 
gene for AI--~k--A~A(n+ 1 ) 0 1 0 
virulence 

Al--~-k---~nA (n+ 1 ) 0 0 I 

Single effective al---~--A---na(n+ 1 ) 1-s  0 0 
gene and s ing le  
u n n e c e s s a r y  gene Al---~k--A---na(n+ I ) 0 l - s  0 
for  v i r u l e n c e  Al---~-k----an~a(n+ 1 ) 0 0 1-s  

k e f fec t ive  genes  
for v i r u l e n c e  a l - - a k - - A n A ( n +  1 ) ( l - s )  k-1 ( l - s )  k-1 0 

k e f fec t ive  genes  
and a s ing le  
u n n e c e s s a r y  gene a l - - ~ - - A n a ( n +  1) ( 1 - s ) k  ( 1 - s ) k  
for  v i r u l e n c e  

n e f fec t ive  genes  ( l _ s )  n-1 ( l_s) n-1 
for  v i r u l e n c e  a l - -2k-- -~P~(n+l)~ - - ^  

n e f f ec t ive  genes 
and a s ing le  2n unnecessary gene ~ l - - ~ k - - ~ n ~ ( n + l )  
for v i r u l e n c e  

1/n 
1/n  

1/n 

( i-s)/n 
(1-s)/n 
(1-s)/n 

k ( 1 - s ) k - 1 / n  

0 k ( 1 - s ) k / n  

( l _ s )  n-1 ( l _ s )  n-1 

( l - s )  n ( l - s )  n ( l - s )  n ( l - s )  n 

F ina l ly ,  a s u p e r r a c e  which is  v i ru len t  on al l  l ines  in 

the m i x t u r e  will  develop if  

( 1  - s) > ( n -  1)(1 - s ) ( n - 2 ) / n  

o r  

s < 1 /n  . 

Impl ica t ions  of the Model 

The r e s u l t s  ind ica te  that the use  of "pa r t i a l l y  r e s i s -  

tant"  or  "d i r ty  c rop"  mul t i l i nes  may:  

(i)  S tab i l i ze  the r a c i a l  compos i t i on  of the patho-  

gen populat ion with s i m p l e  r a c e s ,  c a r r y i n g  a s ing le  

gene for v i r u l e n c e ,  as  the p redominan t  b iotypes  

(Browning  and F r e y  1969), o r  

( i i )  S tab i l i ze  the r a c i a l  compos i t i on  of the patho-  

gen populat ion but with complex  r a c e s ,  c a r r y i n g  a 

number  of v i r u l e n c e  genes ,  p r edomina t ing  (Marsha l l  

1977), or  

( i i i )  Lead to the deve lopment  of a " s u p e r r a c e "  

which can a t tack  all  components  of  the m i x t u r e  (Ca ld-  

well 1966).  

Thus, they c o n f i r m ,  in at l ea s t  s o m e  c i r c u m s t a n c e s ,  

all  the p rev ious  in tu i t ive  p r ed i c t i ons  conce rn ing  the 

evolu t ionary  behav ior  of pathogens on p a r t i a l l y  r e s i s -  

tant m u l t i l i n e s .  The ou tcome  in any p a r t i c u l a r  c i r c u m -  

s tance  (c rop  and pathogen) depends c r i t i c a l l y  on two 

f ac to r s  v i z .  the l eve l  of s e l e c t i o n  aga ins t  u n n e c e s s a r y  

genes  for v i r u l e n c e ,  s ,  and the number  of l ines  in the 

mul t i l i ne ,  n. Groth (1976) and Groth and P e r s o n  (1977) 

r e a c h e d  the s a m e  conc lus ions  us ing d i f fe ren t  p r o c e -  

d u r e s .  

S imple  r a c e s  will  domina te  the pathogen populat ion 

only if  s > 1 /2 .  This conc lus ion  holds r e g a r d l e s s  of 

the f i tness  model  involved  or  the number  o f  l ines  in 

the mul t i l ine ,  and i s  t h e r e f o r e  a " r o b u s t "  p r ed i c t i on  

in the s e n s e  of Lev ins '  (1968) .  A " s u p e r r a c e "  will  de-  

velop on the mul t i l ine  only if  s < 1 / 2 ( n -  1) ,  when the 

individual  v i r u l e n c e  genes  in the pathogen a r e  addi t ive  

in the i r  e f fec t s  in r educ ing  f i t nes s ,  and s < 1 /n  when 
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the virulence genes are multiplicative in their effects 

on the fitness of the pathogen. Therefore, a superrace 

is less likely to develop on a multiline if unnecessary 

genes for virulence are additive rather than multipli- 

cative in reducing pathogen fitness. If I/(2n - I) < 

<s < I/2 for the additive model, or I/n <s < 1/2 

for the multiplicative model, then multilines will sta- 

bilize the racial composition of the pathogen popula- 

tion, but with complex biotypes predominant. 

The Cost of Virulence 

Obviously, if we are to make accurate predictions of 

the influence of the use of multiline varieties on 

pathogen evolution, we need accurate estimates of s, 

the cost of unnecessary virulence genes. Unfortunate- 

ly, such estimates are generally not available. In- 

deed, the whole concept of a cost of unnecessary virul- 

ence genes, and hence "stabilizing selection" as defin- 

ed by van der Plank (1968, 1975), remains controver- 

sial (Browning and Frey 1969; Watson 1970; Pryor 

1 9 7 7 ) .  

Numerous studies of competition between individ- 

ual isolates of different pathogenic races have been 

reported in the literature. However, as several au- 

thors (van der Plank 19751 Leonard 19771 Pryor 

1977) have stressed, such studies are seldom of any 

value in estimating the intensity of stabilizing selec- 

tion, because the effects of genes for virulence are 

confounded with the effects of other genetic differences 

among the isolates. Using the best available data, Leo- 

nard (1977) estimated that 0.12 < s < 0.42 for sever- 

al different pathogens. 

Taken at face value, Leonard's (1977) estimates 

of the cost of unnecessary virulence genes argue that 

the level of stabilizing selection will seldom be of suf- 

ficient intensity (s > 0.5) to ensure the stabilization 

of the pathogen population with simple races, carry- 

ing a single gene for resistance as the predominant 

biotypes. However, in theory, it would still be possi- 

ble, by manipulation of the number of lines in the mix- 

ture to (i) prevent the development of a superrace 

and (ii) to stabilize the racial composition of the 

pathogen population with biotypes of intermediate com- 

plexity predominant and have the multiline provide 

adequate protection against disease loss. The critical 

questions in this case is how large should the number 

of lines n, be to achieve these objectives. 

Number of Lines Required in a Multiline 

( i )  To p r e v e n t  t h e  d e v e l o p m e n t  of  a s u p e r r a c e  

It is shown earlier that a superrace will develop on 

a multiline only if s > I/2(n - I) for the additive 

model, and s > I/n for the multiplicative model. We 

can calculate from these expressions the minimum 

number of lines required in a multiline in terms of 

the level of stabilizing selection against unnecessary 

virulence genes, to prevent the development of a 

pathogen "superrace." These are, n > (I + 2s)/2s for 

the additive model, and n > I/s for the multiplica- 

rive model, respectively. The values of n which satis- 

fy these relationships for each model, calculated in 

the light of Leonard's (1977) estimates of s indicate 

that at least 9 components would be required in a 

multiline for a breeder to be reasonably sure that a 

pathogen superrace would not develop. 

T a b l e  4.  N u m b e r  of  l i n e s  r e q u i r e d  in  a m u l t i l i n e  to 
p r e v e n t  t h e  d e v e l o p m e n t  of  a p a t h o g e n  s u p e r r a c e  

Mode l  Leve l  of  S t a b i l i z i n g  S e l e c t i o n  ( s )  

0 . 1 2  0 . 4 2  

A d d i t i v e  6 3 
M u l t i p l i c a t i v e  9 3 

(ii) To stabilize pathogen population with adequate 

disease control 

A c r i t i c a l  q u e s t i o n  h e r e  i s  - w h a t  p r o p o r t i o n  of  a 

m i x e d  h o s t  p o p u l a t i o n  c a n  b e  s u s c e p t i b l e  to  e a c h  p a t h -  

o g e n  b i o t y p e ,  a n d  t h e  p o p u l a t i o n  s t i l l  e s c a p e  s i g n i f i -  

c a n t  d i s e a s e  d a m a g e ?  E s t i m a t e s  of  t h e  a l l o w a b l e  p r o -  

p o r t i o n  of  s u s c e p t i b l e s  in  a m u l t i l i n e  r a n g e  f r o m  6 

to 40 p e r c e n t  ( B r o w n i n g  a n d  F r e y  1 9 6 9 ) .  The  a c c e p t -  

a b l e  p r o p o r t i o n  of  s u s c e p t i b l e s  wi l l  v a r y  w i th  t h e  

c r o p  a n d  d i s e a s e  in  q u e s t i o n ,  a s  we l l  a s  w i t h  e n v i r o n -  

m e n t a l  c o n d i t i o n s .  F o r  t h e  p u r p o s e s  of  t h e  p r e s e n t  

d i s c u s s i o n ,  we wi l l  c o n s i d e r  a r a n g e  of  v a l u e s  5 to 
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Table 5. Number  of l ines  r e q u i r e d  in a mul t i l ine  to p rov ide  adequate  d i s e a s e  
p ro tec t ion  for  va ry ing  l e v e l s  of s tab i l i z ing  se l ec t ion  (s )  and accep tab le  p r o -  
por t ion  of suscep t ib l e  plants  (p) in the host  populat ion 

Level  of Stabi l iz ing No.  V i ru l ence  Accep tab le  P r o p o r t i o n  of 
Se lec t ion  Genes  in Pa thogen Suscept ib le  Host  P lan t s  (p) 

(s) (k) 0.05 0.10 0.20 0.40 

Addi t ive  model  

0 .12 5 100 50 25 13 
0 .42 2 40 20 10 5 

Mul t ip l i ca t ive  model  

0 .12 8 160 80 40 20 
0 .42 2 40 20 10 5 

40 p e r c e n t  encompass ing  al l  the e s t i m a t e s  r e p o r t e d  

in the l i t e r a t u r e .  

Once we have  def ined the accep t ab l e  p ropo r t i on  of 

su scep t i b l e s  in a mul t i l i ne ,  we can ca l cu la t e  for  a 

given leve l  of s t ab i l i z ing  s e l e c t i o n  (which def ines  the 

number  of v i r u l e n c e  genes c a r r i e d  by each pathogen 

b io type ) ,  the number  of l ines  r e q u i r e d  in a mul t i l ine  

to p rov ide  adequate  d i s e a s e  p ro tec t ion  (Table 5) .  This 

number  turns  out to be r e l a t i v e l y  l a r g e .  F o r  mos t  

c r o p s  and d i s e a s e s  the r e q u i r e d  number  of s ingle  

r e s i s t a n c e  genes  i s  unl ikely  to be ava i l ab le  to b r e e d e r s  

at any one t i m e .  Mul t i l ines  will  only be f eas ib l e  in 

p r a c t i c e  where  i s  s t rong  s tab i l i z ing  se l ec t ion  agains t  

u n n e c e s s a r y  v i r u l e n c e  genes  in the pathogen (s  >/0 .42)  

and where  the p ropor t ion  of host  plants  suscep t ib l e  to 

each  pathogen biotype is  l a rge  (p = 20-40 p e r c e n t ) .  

Hence ,  " p a r t i a l l y  r e s i s t a n t "  or  "d i r t y  c rop"  mu l t i -  

l ines  appear  to offer  an e f fec t ive  solut ion to the p rob -  

l em of ach iev ing  m o r e  pe rmanen t  f o r m s  of d i s e a s e  

con t ro l  in c rop  plants  in r e l a t i v e l y  l imi ted  c i r c u m -  

stances. 

Def i c i enc i e s  of the Models  

As pointed out by Levins  (1968) ,  t h e r e  is  no s ing le ,  

bes t  a l l - p u r p o s e  model  of a p a r t i c u l a r  evo lu t ionary  

p r o c e s s .  In p a r t i c u l a r ,  it is not pos s ib l e  to m a x i m i z e  

s imu l t aneous ly  in a model  g e n e r a l i t y ,  r e a l i s m  and 

p r e c i s i o n .  The mode l s  used  h e r e  s a c r i f i c e  gene ra l i t y  

and r e a l i s m  for  p r e c i s i o n .  Thus we can define v e r y  

p r e c i s e l y  the leve l  of s t ab i l i z ing  s e l e c t i o n  r e q u i r e d  

to p r even t  the deve lopment  of a s u p e r r a c e  on a mul t i -  

l ine  under  the a s sumpt ions  of our  m ode l s .  Howeve r ,  

many of these  a s sumpt ions  a r e  b io log ica l ly  u n r e a l i s -  

t i c .  

We have a s s u m e d  that the l e v e l s  of s t ab i l i z ing  s e -  

l ec t ion  agains t  u n n e c e s s a r y  v i r u l e n c e  genes  is  (i)  the 

s a m e  for  al l  such genes ,  ( i i )  constant  ove r  t i m e  (gen-  

e ra t ions  of the pathogen) r e g a r d l e s s  of c l i m a t i c  con-  

d i t ions ,  and ( i i i )  inva r i an t  with changes  in the gene t ic  

background of the v i r u l e n c e  genes  in the pathogen and 

r e s i s t a n c e  genes  in the hos t .  All of t hese  a s sumpt ions  

a r e  l ike ly  to be inva l id  in p r a c t i c e .  Indeed,  subs tant ia l  

ev idence  a l r eady  ex i s t s  to ind ica te  that the l eve l  of 

s t ab i l i z ing  s e l ec t i on  v a r i e s  f rom locus  to locus ,  with 

env i ronmen ta l  condi t ions  and with the background gen- 

otype of both the host  and pathogen (van der  Plank 

1963, 1968, 1975; Leonard  1977).  

F u t u r e  s tud ies  will  be c o n c e r n e d  with the e f fec t s  of 

r e m o v i n g  these  a s sumpt ions  and the deve lopment  of  

m o r e  r e a l i s t i c  mode ls  of pathogen evolut ion on mixed  

host  popula t ions .  
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