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Evolution of Incompatibility Systems in Plants: 
Complementarity and the Mating Locus in Flowering Plants and Fungi 
K. K. P andey 
Genetics Unit, Grasslands Division, D.S.I.R., Palmerston North (New Zealand) 

Summary. The restriction of sexual pairing by a specificity gene is considered to be an ancient development 
in the plant kingdom. The diversity and general parallelism of incompatibility systems seen amongst the phyla 
at the present time can be rationalized in terms of the association of various derived forms of the ancestral 
specificity unit with differing spectra of accessory factors controlling sexual physiology in the different phyla. 
Sexual morphogenesis has become divided into distinct phases under the control of complementary genes. These 
phases are initiated by a regulatory system of "Co-ordinator genes" which control the order in which groups of 
morphogenetic genes are expressed during development. The entire sexual cycle will be completed only if all 
the complementary groups are activated in the appropriate sequence. The present article discusses essential 
features of the evolution of the breeding locus in different phyla. These features are consistent in themselves 
with the present data and are not dependent on the proposed ancient origin of the specificity gene. 

The above hypothesis throws light on the (I) evolution of the complex mating loci in flowering plants and 
fungi ; (2) evolution of complementary incompatibility and heteromorphic incompatibility in flowering plants; 
(3) anomalous cross-compatibility behaviour of mutants in the fungus Schizophyll~ co~ne; (4) nature of 
homothallism in higher fungi; (5) mode of origin of new functional self-incompatibility alleles ; and (6) "homo- 
genic" and "heterogenic" incompatibility. 
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In t roduc t ion  

There are two basic components to the sexual cycle 

of eukaryotes: meiosis, giving rise to haploid cells ; 

and karyogamy, recreating the diploid state by fusion 

of haploid sexual nuclei. To achieve karyogamy the 

haploid participants must be brought into effective 

contact, and this has been facilitated in evolution by 

the development of "Donor" and "Recipient" physio- 

fogies, usually leading to sexual morphogenesis. The 

completion of the sexual process including pre- and 

post-conjugation phases is based on physiological 

complementarity of the donor and recipient. This 

complementarity involves not only the two combining 

haploid gametes but also all cells of the vegetative 

phase whose function is connected with the sexual pro- 

cess. For example, in higher plants there is a physio- 

logical interaction between the diploid somatic cells of 

the style and the haploid male gametophyte bearing the 

actual gametes. The requirement for vegetative as well 

as sexual complementarity is even more marked in the 

fungi where vegetative fusion occurs in addition to un- 

ion of g a m e t e s .  

The widely occurring "homogenic" incompatibility 

(Esser 1959) prevents the fusion of gametes carry- 

ing identical alleles at a particular genetic locus, 

such as the S locus in higher plants and the A and B 

factors in higher fungi. This system has evolved to 

prevent unsuitably matched individuals from complet- 

ing the sexual cycle, and has become thoroughly in- 

tegrated with the genes controlling other aspects of 

donor and recipient sexuality. 

The following discussion will develop the theme 

that the evolution of a specificity gene to restrict 

sexual pairing is an ancient development in the plant 

kingdom. The diversity of incompatibility systems 

seen amongst the phyla of the present day can be ra- 

tionalised in terms of primary, secondary or tertiary 

developments based ultimately on the association of 

one ancestral specificity gene with differing spectra 

of accessory factors governing the various aspects of 

sexual reproduction in the different phyla. The second 

major theme of the discussion, not necessarily de- 

pendent upon the first, will be the concept of comple- 

mentation - genetic, physiological and morphological- 

necessitated by the harmonizing requirements of the 
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Table 1. Comparative incompatibility s y s t e m s  in angiosperms and fungi 

Genetic systems Angiosperms Fungi 

(1) One locus with two a l l e l e s  Primula, Linum, Pulmonaria, 
Fagopyrum, Forsythia. 

A l a r g e  number  of gametophy t i c  
and sporophyt ic  s p e c i e s .  

So lanum pinnatisectum, 
S. ehrenbergii. 

(2) One locus with multiple 
alleles 

(3) One locus with multiple 
alleles and second locus with 
two alleles 

(4) Two loci with two alleles each 

(5) Two loci  each with mul t ip le  
a l l e l e s  

(6) Two loci  each with mul t ip le  
a l l e l e s  and i n t e r l ocus  
c o m p l e m e n t a t i o n  

(7) Three  o r  m o r e  loci  each with 
mul t ip le  a l l e l e s  and i n t e r l o -  
cus  complemen ta t i on  

Lythrum, Oxalis. 

Physalis ixocarpa. 

Gramineae. 

Ranunculus acris, 
Beta vulgaris. 

Ust i l ag ina l e s  and Ured ina l e s  
( " C o n i o m y c e t e s "  - Whitehouse 1951). 
H y m e n o m y c e t e s  (Rape r  1960).  

Ustilago seae ( Ustilaginales ) (Rowell 
and De Vay 1954; Rowell 1955). 

( C o n s i d e r e d  unl ikely  on t h e o r e t i c a l  
grounds  - Mathe r  1942; Whitehouse 
1949, 1951).  

B a s i d i o m y c e t e s  ( E s s e r  1967).  

Psathyrella coprobia ( B a s i d i o m y c e t e s )  
( Ju r and  and Kemp 1973).  

Donor and Recipient components of the system. Sexual 

morphogenesis has become divided into distinct phas- 

es under the control of complementary genes. The en- 

tire sexual cycle can only be completed if all of these 

complementary groups are activated in the appropriate 

sequence. It will be shown that the specificity elements 

themselves may have a part to play in the regulation of 

this complementary activation process. 

C o m p a r a t i v e  Incompat ib i l i ty  S y s t e m s  

There  is a gene ra l  p a r a l l e l i s m  among homogen ic  in -  

compa t ib i l i t y  s y s t e m s  w h e r e v e r  they a r e  found in the 

plant  k ingdom.  F o r  example ,  many s i m i l a r  s y s t e m s  

o c c u r  among the a n g i o s p e r m s  and fungi (Table 1 ). 

This gene ra l  p a r a l l e l i s m  has led to the sugges t ion  

that  all  such s y s t e m s  a r e  man i f e s t a t i ons  of a s ing le  

p r i m e v a l  spec i f i c i t y  e l emen t  which has grown in c o m -  

p lexi ty  and has b e c o m e  in t eg ra t ed  with a g r e a t  v a r i e -  

ty of genes  con t ro l l i ng  d i f fe ren t  a s p e c t s  of sexua l  phys -  

io logy but which r e t a i n s  c e r t a i n  bas i c  p r o p e r t i e s  by 

which it can be ident i f ied  in the v a r i o u s  phyla  ( P a n -  

dey 1969c) .  In addi t ion to this  p a r a l l e l i s m  in g r o s s  o r -  

ganisation, flowering plants and fungi show certain 

other parallel features which may represent the in- 

trinsic properties of a common ancestral specificity 

gene. For example, mutations from one functional al- 

l e l e  to ano ther  have not been o b s e r v e d  in e i t h e r  group,  

and a r t i f i c i a l  mu tagenes i s  r e s u l t s  only in lo s s  of func-  

t ion.  In addit ion c e r t a i n  of these  s y s t e m s ,  such as the 

h o m o m o r p h i c  s ing le  locus  gametophyt ic  s y s t e m  in 

h igher  plants  and the b i f ac to r i a l  s y s t e m  of the h igher  

b a s i d i o m y c e t e s ,  show a s i m i l a r i t y  in t he i r  potent ia l  

d i v e r s i t y  of incompat ib i l i ty  phenotypes .  In both phyla 

the spec i f i c i t y  uni ts  a r e  be l i eved  to act  as  " s w i t c h e s "  

fo r  l inked groups  of genes  con t ro l l ing  a spec t s  of s e x -  

ual phys io logy .  Also  in both g roups  spec i f i c i t y  units  

within a complex  fac to r  a r e  a lways c o m p l e m e n t a r y  in 

funct ion.  

In con t r a s t  to the above p a r a l l e l s  the h igher  

p lants  and fungi show a number  of d ive rgen t  p r o p e r -  

t i e s  which a r e  thought to r e su l t  f r o m  the combina t ion  

of the a n c e s t r a l  spec i f i c i t y  unit with d i f fe r ing  s p e c t r a  

of a u x i l i a r y  sexual  f a c t o r s ,  and the sub jec t ion  of the 

r e su l t i ng  gene c o m p l e x e s  to d i f ferent  evo lu t ionary  r e -  

s t r u c t u r i n g  and se l ec t i on  p r e s s u r e s .  In the fungi,  fo r  

example ,  p r i m i t i v e  incompat ib i l i ty  i s  be l i eved  to be 

r e p r e s e n t e d  by a s ing le  f ac to r  wi thtwo a l l e l e s  as s een  

in the l o w e r  fungi (Whi tehouse  1951) (Table 1; 1) .  In 

the h igher  p lan ts ,  howeve r ,  the h o m o m o r p h i c  ga in -  

e tophyt ic  s y s t e m  with a s ing le  m u l t i a l l e l i c  locus  i s  

c o n s i d e r e d  p r i m i t i v e .  A l so ,  r e l a t i onsh ip s  between 

s e p a r a t e  f a c t o r s  a r e  a lways  c o m p l e m e n t a r y  in the 

fungi but may be c o m p l e m e n t a r y  o r  independent  in 
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h igher  p l an t s .  This p rope r ty  and the g r e a t e r  p l a s t i c i -  

ty of fungal incompat ib i l i ty  s y s t e m s ,  i . e .  the g r e a t e r  

r e l a t i ve  ease  with which o n e - f a c t o r  and two- fac tor  

s y s t e m s  appear  to be i n t e r c o n v e r t i b l e  (Kolt in ,  S t a m-  

berg  and Lemke 1972), a r e  thought to r e su l t  f rom a 

ve ry  ea r l y  in t roduc t ion  of in t e run i t  functional  c omp l e -  

m e n t a r i t y  in the h igher  fungi .  In the evolut ion of g a m -  

etophytic incompat ib i l i ty  in f lower ing p lan ts ,  where  

the r eac t ion  o c c u r s  between haploid pollen and diploid 

s ty le ,  the r e q u i r e d  se lec t ion  for  independent  act ion of 

a l l e l e s  in the s ty le  meant  that c o m p l e m e n t a r i t y  be -  

tween s epa ra t e  fac to rs  was only i n t roduced  la te  as  a 

s econda ry  development  to r e s t o r e  s e l f - i n c o m p a t i b i l i -  

ty unde r  specia l  condi t ions  (Pandey  1976b). In the 

fungi,  however ,  where  haplo id-haplo id  i n t e r ac t i on  de-  

t e r m i n e s  incompat ib i l i ty ,  se l ec t ion  for independent  ac -  

t ion of a l l e l e s  has not been a bas ic  r e q u i r e m e n t ,  and 

the re fo re  c o m p l e m e n t a r y  s y s t e m s  could have evolved 

e a r l y .  Differ ing s p e c t r a  of aux i l i a ry  genes  a s soc ia t ed  

with the bas ic  spec i f i c i ty  uni ts  may also account  for  

d i f fe rences  in obse rved  mutat ion r a t e s  and types  of 

muta t ion  a s soc i a t ed  with incompat ib i l i ty  f ac to r s .  

As a unifying hypothesis  for  the de r iva t ion  of c o m -  

plex incompat ib i l i ty  s y s t e m s ,  the bas ic  evo lu t ionary  

changes  in a r c h i t e c t u r e  of the p r imeva l  sy s t em a r e  

v i s u a l i s e d  as : 

(1) Convergence  ( i n c r e a s i n g l y  tight l inkage)  with 

o ther  genes  con t ro l l ing  physiological  and morpholog i -  

cal a spec t s  of sex exp re s s ion  to give a complex locus 

(Mather  and De Winton 1941; Mather  1950; E s s e r  

and St raub 1956, 1958; Raper  and F l e x e r  1970). 

(2) P a r t i a l  or  full dupl icat ion of the complex e l s e -  

where  in  the genome often leading to funct ional  b r e a k -  

down of the s y s t e m .  

(3) R e s t r u c t u r i n g  of dupl icated complexes  to r e -  

s t o r e  eff icient  b reed ing  behaviour  ; e . g .  by se lec t ion  

for  independent  act ion and subsequen t ly  for  c o - o p e r a -  

t ive product ion  of a s ing le  funct ional  spec i f ic i ty  by 

the dupl icated loc i .  

(4) F u r t h e r  cyc les  of convergence ,  dupl icat ion 

and r e s t r u c t u r i n g .  

F i g u r e  1 i l l u s t r a t e s  the concepts  embodied in the 

above broad evolutionary hypothesis. Convergence of 

complementary factors would, in effect, produce a 

multi-unit, potentially multiallelic, complex locus 

with a single functional specificity. This locus in turn 

would be affected by further combinations of evolu- 

Accessory  Primeval 
sexual e lements specificity element 

~ V V V ~  0 , 

S~tia, conv~e ~ / 

| ~ V V V ~  ~ . . . . . . . . .  
Ex Situ duplication ~ 
and mutation 1 ~ 

i i I I 

Spatial convergence l t / /  

(~) / V V V V ~  (~ J} . ~ I "  In situ duplications 
' ' . . . . .  and mutations 

Ex situ duplications " ' ~  

l " and mutations ",, 
~ e e  13 ;, 6 , 

t V V V  ~ ~ , p , ~ ,~ , o , ~ c o n v e r g e n c e  I @ ' ,  , 

S p l i t  by ~ ~-~ / ~ A A A A _  ( ~  , 1~ i ~ , o t 
translocation ~ ~" " " " " " Partial or  full 

Two or  more complex loci 

Specificity elements 

~/VM Associated genes concerned with various sexual 
processes 

, Possible stages in evolution, particularly in 
fungal systems 

Alternative processes which may have occurred 
more frequently in specificity elements 

Fig. I. Diagrammatic representation of the concep- 
tual processes involved in evolution of complex in- 
compatibility systems (1) Breeding system gene 
complex with two or a few specificity alleles. (2) 
Duplication breaks down incompatibility and is fol- 
lowed by selection for independent action and finally 
for co-operation of c~ and _~_ to give a single specifi- 
city. Spatial convergence of separate co-operating 
units will be favoured. (3) Two-factor multiallelic 
complementary system. (4) One-factor multiallelic 
system with subunits co-operating to produce a single 
specificity. (5) Two or more complex loci 

tionary changes similar to those acting on the prime- 

val gene. Splitting of such a locus into two or three 

groups of linked complementary factors would pro- 

duce a multifactorial system of the type seen in higher 

Basidiomycetes. Similar basic processes are believed 

to be operating for both the higher plants and the fungi. 

The evolution of sex in eukaryotes also involved 

the development of a process of nuclear migration. 

Three major evolutionary phase s can be distinguished: 

(1) cell fusion accompanied by nuclear fusion (eukary- 

otic algae and lower fungi); (2) cell fusion accompa- 
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Specificity elements with intro-locus complementarity. 

Regulatory units tar activation of linked 
morphogenetic genes. 

Gene activation events. 

Transcription of linked morphogenetic genes. 

Complementarity interactions. 

F i g .  2. D i a g r a m m a t i c  r e p r e s e n t a t i o n  of s t r u c t u r a l  
o rgan i s a t i on  and a l t e rna t i ve  ac t iva t ion  at the c o m -  
plex S locus in h igher  p lants  with homomorphic  
g a m e ~ p h y t i c  incompa t ib i l i t y .  In the p r e - p o l l i n a -  
t ion morphogenes i s  of the sporophyte  and ca rpe l  
the S spec i f ic i ty  p ro t e ins  combine  with the female  
adaptor  p ro te in  to produce  the female  i ncompa t i -  
b i l i ty  de t e r mi n i ng  mo lecu l e s .  S i m i l a r l y  in the pol -  
len  the S speci f ic i ty  p ro te in  combines  with the 
male  adaptor  p ro te in  to produce  the male  i n c o m -  
pat ib i l i ty  de t e r mi n i ng  molecu le .  In the compa t i -  
ble  pol l ina t ion  where  the S speci f ic i ty  components  
of the two r eac t ing  molecu les  a re  di f ferent  ac t iva -  
t ion of the pos t -po l l ina t ion  physiology fac i l i t a tes  
pol len tube growth.  Also see  F i g . 3 .  

n i ed  by r ec ip roca l  n u c l e a r  mig ra t ion  (higher  fung i ) ;  

and (3) cel l  fusion accompanied  by un i l a t e r a l  n u c l e a r  

m ig ra t i on ,  t rue  d o n o r / r e c i p i e n t  physiology ( f lower-  

ing p l a n t s ) .  

The S Locus of HiGher P l a n t s :  A Workin G Model 

In the homomorph ic  gametophyt ic  s y s t e m s  of h igher  

p lan ts  t he re  is a s ing le  S locus  with a s e r i e s  of up 

to s eve ra l  hundred  a l l e l e s  which act  au tonomous ly  in 

the pol len and independent ly  in the s ty l e .  Specif ic i ty  

is  thought to be con t ro l led  by a n u m b e r  of i n t r a - l o -  

cus ,  c o m p l e m e n t a r y ,  spec i f ic i ty  e l e m e n t s  which act  

together  to produce  a unique spec i f i c i ty .  Different  

combina t ions  or  o r d e r s  of these  e l e m e n t s  d e t e r m i n e  

di f ferent  a l l e l e s  (Pandey  1968). All diploid p lants  

a r e  morphologica l ly  a l ike ,  r e g a r d l e s s  of the i r  S 

genotype.  The locus  c o m p r i s e s  two m a j o r  funct ional  

s e g m e n t s :  a "pollen pa r t "  and a " s ty l a r  pa r t "  which 

can be indiv idual ly  affected by spontaneous  or  a r t i f i -  

c ia l  mu tagenes i s  (Lewis 1954; Pandey  1956a).  These 

two funct ions  have been r e spec t ive ly  in t eg ra t ed  into 

the donor and rec ip ien t  physio logies  and as a conse -  

quence have been subjec ted  to somewhat  di f ferent  s e -  

lec t ion  p r e s s u r e s ,  as r evea led ,  for example ,  by the 

p r e s e n c e  or  absence  of the capabi l i ty  for  a l l e l i c  in -  

t e r a c t i on  (Lewis 1947, 1954; Pandey  1956b).  Thepo l -  

l en  and s ty l a r  funct ions  a r e  thought to be a l t e rna t e ly  

ac t iva ted  dur ing  the haploid and diploid phases  of the 

l i fe  cycle  r e spec t ive ly  as i l l u s t r a t e d  d i a g r a m m a t i c a l -  

ly in F ig .  2. 
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The homomorph ic  sporophyt ic  s y s t e m  is  de r ived  

f rom the gametophyt ic  s y s t e m  p r inc ipa l l y  by a change 

in  the t ime  and s i t e  of ac t ion  of the pol len par t  of the 

S locus ,  so that the incompat ib i l i ty  spec i f i c i ty  of the 

haploid pol len i s  no longe r  d e t e r m i n e d  au tonomous ly  

by the s ing le  a l l e le  which it  c a r r i e s ,  but i s  con t ro l l ed  

by the S genotype of the diploid soma t i c  f lora l  t i s s u e  

of the ma le  plant  (Lewis 1949, 1956; Pandey  1960, 

1970a, 1974a).  

The he t e romorph ic  s y s t e m  (Table 1; 1) is  a lso  

thought to be s econda r i l y  de r ived  a f t e r  a t e m p o r a r y  

i n t e r v e n i n g  per iod  of s e l f - c o m p a t i b i l i t y .  The l a t t e r  

led to e ro s ion  of the S gene spec i f ic i ty  complex ,  

even tua l ly  to r e n d e r  it capable  of producing only two 

spec i f i c i ty  a l l e l e s  (Pandey  1969b, c, 1973).  However ,  

subsequen t  to the r e c u r r e n c e  of s t rong  se l ec t ion  for  

ou tb reed ing ,  these  two a l l e l e s  have become  t ight ly 

l inked to fac to rs  producing  f lora l  d i m o r p h i s m .  Thus 

in the he t e romorph ic  s y s t e m  the re  is  morphologica l  

as  well as  physiological  c o m p l e m e n t a r i t y  in the donor  

and r ec ip ien t  phys io log ies .  

An a l t e r n a t i v e  evo lu t iona ry  deve lopment  f rom the 

o r ig ina l  o n e - l o c u s ,  mu l t i a l l e l i c  s y s t e m  is the a ppe a r -  

ance  of " c o m p l e m e n t a r y  incompa t ib i l i t y"  based  on 

gene t ic  c o m p l e m e n t a r i t y  between any two a l l e l e s  of 

two (o r  m o r e ) s e p a r a t e  loci (Table 1; 5 and 6) (Lund- 

qvis t  1964; Lundqvist  et a l .  1973).  The types  of hy-  

b r i d i za t i on  and polyploidy events ,  and se lec t ion  

aga ins t  S a l l e l i c  i n t e r a c t i o n ,  which a r e  be l ieved  to 

have led to the fo rma t ion  of c o m p l e m e n t a r y  i n c o m -  

pa t ib i l i ty ,  have been  d i s c u s s e d  in ano the r  pape r  ( P a n -  

dey 1977b).  

The p r e s e n t  model is  a lso  r e l evan t  to an u n d e r -  

s tanding  of incompa t ib i l i t y  d e t e r m i n a t i o n .  Lewis (1960) 

p roposed  two bas ic  hypotheses  c o n c e r n i n g  S gene de -  

t e r m i n a t i o n  in  f lower ing  p l an t s .  In both an a l l e l e  

codes  for p ro t e in s  in  two di f ferent  s i t e s .  In the f i r s t ,  

the a l l e l e  codes for two d is t inc t  p r o t e i n s ,  one for  

the pol len  tube and one for  the s ty le .  The p ro t e in s  S --p 
and S t have c o m p l e m e n t a r y  conf igura t ions  analogous  

to an t i gen -an t i body  o r  e n z y m e - s u b s t r a t e  s y s t e m s .  In 

the second  hypothes i s ,  favoured  by Lewis,  the a l l e l e  

codes for (a) a spec i f ic  p ro te in  pa t t e rn  common  to 

both s i t e s  ; (b)  an ac t iva to r  for  p ro te in  product ion  in 

the po l len  tube,  and (c)  an ac t iva to r  for p ro t e in  p r o -  

duct ion in  the s ty l e .  These hypotheses  do not r e so l ve  

the p r o b l e m  of how a s ing l e  a l l e le  can produce  two 

I Specificity m Stylar part m I 
~----'X~[.:::::I~IW~/~ Pre-polIinotion �9 Post-potllnotion ~ , Pollen part 

i i l 
Tissue -specif(c [ ~  
complementary 

Allele - speclf{c proteins 

Compounded with 
allele-speclfic 

protein 

Interaction causing 
self-lncompatibiiity 

Fig .  3o Incompat ib i l i ty  d e t e r m i n a t i o n :  The use  of po l -  
len  and s ty l a r  "adaptor"  p ro t e ins  in the spec i f ic i ty  de-  
t e r m i n a t i o n  and in t e r ac t i on  of the two sexual  compo-  
nen t s  

mutua l ly  r eac t i ve  p ro t e in s  in the two r e l evan t  s i t e s  

(Burne t  1971 ) .  

The p r e se n t  model ( F i g s .  2 and 3) is  an ex tenmon 

of the second hypothes is  of Lewis and involves  c o m -  

pounding of the speci f ic  ident ica l  p ro t e ins  in the pol len 

and s ty le  with the i r  r e s p e c t i v e  p r e - p o l l i n a t i o n  c o m p l e -  

m e n t a r y  p roduc t s .  Such a p ro te in  r e t a i n s  the o r ig ina l  

spec i f i c i ty  but has gained the c o m p l e m e n t a r y  conf igu-  

ra t ion  for  the n e c e s s a r y  p o l l e n - s t y l e  i n t e r a c t i o n .  On 

contact  the pol len and s ty le  p ro t e ins  a r e  thought to 

uni te  to funct ion as an inh ib i to r  whose ac t ion  has the 

f inal  effect of r e p r e s s i n g  genes  involved in the p r o -  

duct ion of po l len  growth p romot ing  s u b s t a n c e s .  

Evolut ion of the Mating Locus in  F u n g i :  A Hypothesis  

I. Phycomycetes 

The lower  f o r ms  of fungi,  the P h y c o m y c e t e s ,  a r e  

p r edominan t ly  homothal l ic  ( s e l f - f e r t i l e ) ,  e achp l an t  

p o s s e s s i n g  dual donor  and r e c i p i e n t  physiology 

( h e r m a p h r o d i t e ) .  However ,  s e l f - f e r t i l i t y  r e s u l t i n g  

f rom this  genet ic  to t ipotency can be n a t u r a l l y  o r  ex-  
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F i g .  4. Separa t ion  of the "donor"  and " r e c i p i e n t "  func-  
t ions of the mat ing locus  in the P h y c o m y c e t e s  
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F i g .  5. P s e u d o a l l e l i s m  caused  by a l t e r n a t i v e  a c t i v a -  
t ion at the mating locus  in Saoeharomyees 

p e r i m e n t a l l y  d i s rup ted ,  with a consequent  approach  

to he t e ro tha l l i c  s e l f - s t e r i l i t y .  

It i s  p roposed  that in these  fungi the genes  for  

donor  and r ec ip i en t  phys io logy,  each  l inked in a 

d i s c r e t e  gene t ic  s egmen t ,  a r e  usual ly  combined  into 

one l inked block.  Under c e r t a i n  condi t ions  the block 

may be spl i t  up into the two component  s e g m e n t s  

which may b e c o m e  s e p a r a t e d  in spec ia l  c i r c u m s t a n c e s  

to g ive  r i s e  to f o r m s  c o m p a r a b l e  to d i f ferent  s exes  

( F i g .  4) .  Such b reed ing  f o r m s  may be a s s o c i a t e d  

with s o m e  d e g r e e  of sexual  d i m o r p h i s m .  F o r  ex -  

ample ,  in the aquat ic  P h y c o m y c e t e  Allomyces, i n t e r -  

spec i f i c  hybr id iza t ion  r e s u l t s  in the s e g r e g a t i o n  of 

aneuploid  l i ne s ,  s o m e  of which a r e  a l m o s t  unisexual  

( E m e r s o n  and Wilson 1954; Maohl is  1958; Rape r  

1 9 6 0 ) .  

2. A s c o m y c e t e s  and lower  B a s i d i o m y c e t e s  

In the A s c o m y c e t e s  and l ower  B a s i d i o m y c e t e s  r e s t r i c -  

t ion of s e l f - f e r t i l i t y  i s  usua l ly  ach ieved  through in-  

compa t ib i l i t y ,  which g e n e r a t e s  two o r  m o r e  m o r p h o -  

log ica l ly  ind i s t ingu ishab le  c l a s s e s  that a r e  s e l f - s t e r i l e  

and c r o s s - f e r t i l e ,  and between which sexual  i n t e r a c -  

t ion is  typ ica l ly  r e c i p r o c a l .  In s e l f - i n c o m p a t i b i l i t y  it 

i s  p roposed  that  the d o n o r - r e c i p i e n t  gene t ic  block,  

with c o m p l e m e n t a r i t y  within and between the two s e g -  

men t s ,  i s  ma in ta ined  but the abi l i ty  to spl i t  the block 

into v iab le  component  s e g m e n t s  i s  l o s t .  F u r t h e r m o r e ,  

i ncompa t ib i l i t y  spec i f i c i t y  e l e m e n t s  a r e  thought to be 

funct ional ly  a s s o c i a t e d  with the r e g u l a t o r y  e l e m e n t s  

which in tu rn  con t ro l  the l inked block of m o r p h o g e n e t -  

ic  e l e m e n t s .  All indiv iduals  have dual sex  physio logy 

and t h e r e  a r e  no d i f f e r e n c e s  in r e c i p r o c a l  unions .  

In the s p e c i a l i s t e d  A s c o m y c e t e  genus,  Saooharo- 

Woes,  h e t e r o t h a l l i s m  is con t ro l l ed  by an " a l l e l i c "  

p a i r  of f ac to r s  a and ~__ which a r e  gene t i ca l ly  l ab i l e .  

"Muta t ions"  of one " a l l e l e "  to the o the r  o r  to a non-  

funct ional  s ta te  have been d e s c r i b e d  in n u m e r o u s  

s p e c i e s  (Lindegren and Lindegren  1944 ; Leupold 1950 ; 

Ahmad 1953).  In the p r e s e n t  hypothes is  .~a and ~ a r e  

p r e s e n t e d  as p seudoa l l e l e s  c o m p r i s i n g  the two main  

s e g m e n t s  of l inked gene t ic  e l e m e n t s  and act ing in a 

c o m p l e m e n t a r y  fashion to c o m p l e t e  the sexual  p r o -  

c e s s .  Each segmen t  has i ts  own a t tached  r e g u l a t o r y  

and spec i f i c i t y  e l e m e n t s  ( F i g .  5) .  

E a r l y  s teps  in the evolut ion of sexua l i ty ,  inc lud-  

ing the s tage  typif ied by Saacharomyces, a r e  b e t t e r  un-  

de r s tood  with r e f e r e n c e  to the concept  of c o m p l e m e n -  

tat ion r a t h e r  than in t e r m s  of t rue  d o n o r / r e c i p i e n t  

sexua l i ty  which evo lved  l a t e r .  Hence ,  in Saeeharomyees 

the s i tua t ion  should be v iewed as  "potent ia l ly  donor"  

and "potent ia l ly  r e c i p i e n t " ,  l a t e r  evolut ion chanel l ing  

t he se  c o m p l e m e n t a r y  i n t e r ac t i ons  into t r u e  sexua l i ty .  

A c r i t i c a l  f ea tu re  of the p r e sen t  hypothes i s  is  that 

in h e t e r o t h a l l i c  s p e c i e s  of Saoeharorr~ees the two 

b reed ing  f o r m s  a r e  c o n s i d e r e d  to be produced  not by 

mutat ion but by r e g u l a r  d i f fe ren t ia l  inac t iva t ion  of 

one o r  o the r  gene t ic  s e g m e n t ,  as  sugges t ed  p r e v i o u s -  

ly fo r  the two funct ional  s e g m e n t s  of the S locus  in 

h ighe r  p lan t s .  In both the Saoeharomyoes and h igher  

plant s y s t e m s  gene t ic  e l e m e n t s  con t ro l l ing  i n c o m p a t -  

ib i l i ty  s p e c i f i c i t i e s  and ac t ing  as " s w i t c h e s "  a r e  a s -  

soc i a t ed  with a gene  complex  containing muta t iona l ly  

d i s t inc t  r e g u l a t o r y  e l e m e n t s  govern ing  donor  and r e -  
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c ip ient  phys io log i e s .  Sexual d i f fe ren t i a t ion  is  p r e s u m -  

ably due to e x p r e s s i o n  of one segmen t  (donor  o r  r e -  

c ip ien t )  while the o the r  is  i nac t iva t ed .  A mutat ion ( in-  

c luding l o s s )  in a r e g u l a t o r y  e l e m e n t  may a l low a c t i -  

va t ion  of the a s s o c i a t e d  gene t ic  e l e m e n t s  independent -  

ly of con t ro l  by the spec i f i c i t y  " s w i t c h " .  This m a y l e a d  

to s e l f -  and u n i v e r s a l  c r o s s - c o m p a t i b i l i t y .  Such mu ta -  

t ions  have  apparen t ly  been r e c o v e r e d  both in f lower ing  

plants  and fungi (Lewis 1954; Pandey  1956a; J . R .  R a -  

p e r  and C . A .  Rape r  1973).  In Saccharvmyces i n a c t i v a -  

t ion,  o c c u r r i n g  dur ing o r  soon a f t e r  m e i o s i s ,  l eads  to 

product ion  of the two f o r m s  in which e i t h e r  a o r  ~ is  

ac t ive  but not both.  Af t e r  conjugat ion both a and 

a r e  ac t i ve  in the zygote  and the full sexua l  cyc l e  is  

c o m p l e t e d .  Inac t iva t ion  is  inf luenced by the p r e s e n c e  

of two spec i f i c  independent  r e g u l a t o r y  genes ,  H___O_0 and 

HMa, but o the r  independent  genes  modifying the ex -  

p r e s s i o n  of sexua l i ty  a r e  a l so  known (Takahashi  1958; 

Winge and R o b e r t s  1949; H a r a s h i m a  et a l .  1974; G e r -  

lach  1974).  

Mutat ional  o r  r ecombina t iona l  changes  may break  
down h e t e r o t h a l l i s m  by d i s loca t ing  the m a c h i n e r y  for  
s y s t e m a t i c  ac t iva t ion  and inac t iva t ion  of the dual s e g -  
ments  of the c o m p l e x .  Such d e r i v e d  s e c o n d a r i l y  ho-  
motha l l i c  s t r a i n s  may inc lude  an a r r a y  of condi t ions  
depending on the gene t i c  changes  involved  and may 
p o s s e s s  concea led  a l t e r n a t i v e  mat ing c a p a b i l i t i e s .  Hy- 
b r id s  be tween " m u t a n t s "  o r  between "mutant"  and 
" n o r m a l "  may s e g r e g a t e  new f o r m s  not r e p r e s e n t e d  
among the pa r en t s  (Takahashi  1961).  The four  types  
of l i fe  cycle described for  Saaaharomyces oerevisiae 
and r e l a t e d  s p e c i e s  ( H a r a s h i m a  et a l .  1974) may be 
v iewed  in this  l ight .  The p o s s i b i l i t i e s  fo r  va r i an t  s e x -  
ual f o r m s  a r e  i n c r e a s e d  by polyploidy (euploidy)  and 
aneuploidy (Takahashi  1961; Pandey  1965, 1969a).  

Regu l a to ry  a l t e r a t i o n s  imposed  on a gene t ic  back-  
ground of the Saecharomyees type may account  fo r  the 
b r eed ing  behav iour  of  the y e a s t - l i k e  B a s i d i o m y c e t e  
Ustilago violaeea d e s c r i b e d  by Cummins  and Day 
(1973) .  The gene t ic  s y s t e m  in this  spec i e s  unde r l i ne s  
the ce l l  c y c l e  phase  dependence  of the cont ro l  of  a c t i -  
va t ion  and inac t iva t ion  of gene t ic  e l e m e n t s  in the m a t -  
ing c o m p l e x .  

In mos t  A s c o m y c e t e s  o the r  than Saeeharomyees, 

and in the B a s i d i o m y c e t e  r u s t s ,  h e t e r o t h a l l i s m  is  

c h a r a c t e r i s e d  by: (1) r e g u l a r  s e g r e g a t i o n  of an a l l e l -  

ic  p a i r  of i ncompa t ib i l i t y  f a c t o r s ,  A and a ;  (2) equ i -  

va lent  r e c i p r o c a l  mat ing c o m p e t e n c e  of the two c l a s -  

s e s  of  ind iv idua ls  A and a ,  which a r e  b i sexua l  but 

s e l f - s t e r i l e ;  and (3) gene t i c  s t ab i l i ty  of  the i n c o m p a t -  

ib i l i ty  a l l e l e s .  These  f e a t u r e s  a r e  cons i s t en t  with the 

p roposed  mat ing  locus  s t r u c t u r e  shown in F i g .  6. 

In c o n t r a s t  to Saceharomyees the  two f o r m s  A and 

a a r e  s e p a r a t e l y - o c c u r r i n g  t rue  a l l e l e s  r a t h e r  than 

l inked p s e u d o a l l e l e s .  Each  a l l e l e  conta ins  only one 

I I ~ l  Donor I Recipient I 

Donor 

F i g .  6. Mono- f ac to r i a l  b i a l l e l i c  s y s t e m s  as  found in 
mos t  A s c o m y c e t e s  and in B a s i d i o m y c e t o u s  r u s t s  

swi tching  unit but two s e p a r a t e  r e g u l a t o r y  e l e m e n t s  

fo r  the donor  and r ec ip i en t  phys io log i e s .  Since  a l t e r -  

na t ive  ac t iva t ion  is not involved ,  swi tching  may p o s -  

s ibly not be open to r e l a t i v e l y  easy  modi f ica t ion  by in -  

dependent  genes  as it is in Saccharomyces. This a c -  

counts  for  the s tab i l i ty  of incompa t ib i l i ty  a l l e l e s  de -  

m o n s t r a t e d  by e x t e n s i v e  s tud ie s ,  p a r t i c u l a r l y  in 

Neurospora crassa. 

Although most  f i l amen tous  A s c o m y c e t e s  exhibi t  
this  bas i c  l - l o c u s ,  2 - a l l e l e  incompa t ib i l i ty  s y s t e m ,  
n u m e r o u s  v a r i a n t s  o c c u r  in na tu r e .  Ce r t a in  of these  
appea r  to b r idge  the gap between hom otha l l i s m  and 
h e t e r o t h a l l i s m  (Rape r  1960), while o t h e r s  s e e m  to 
show r e l i c  t r a c e s  of a Saaeharomyces-type s y s t e m  in 
t he i r  p o s s e s s i o n  of independent  genes  af fec t ing  sexual  
e x p r e s s i o n  ( E s s e r  1959; Ne lson  1960). In Chromveoea 
spinulosa (Math ieson  1952) and probably  in Ceratos- 
tomella fimbr4ata (Olson 1949) the h e t e r o z y g o s i t y  at 
a s ing le  ( incompa t ib i l i t y? )  locus ,  which is a p r e r e -  
qu i s i t e  for  mat ing ,  has been sugges t ed  to be ach ieved  
de novo by mutat ion at each sexual  gene ra t i on .  As p r o -  
posed for  Saecharomyces this  may be a c a s e  of a l t e r n a -  
t ive  inac t iva t ion  within the mat ing locus  r a t h e r  than 
muta t ion .  S i m i l a r l y  in Glomerella eingulata the c o n v e r -  
s ion of the wild s e l f - f e r t i l e  f o r m  to a s e r i e s  of  c l a s s e s  
d i f fe r ing  in d e g r e e  of s e l f - f e r t i l i t y  may invo lve  s e l e c -  
t ive  inac t iva t ion ,  r a t h e r  than mutat ion as p r e v i o u s l y  
sugges t ed  by Whee le r  (1950) .  Thus s o m e  d e g r e e  of 
s e l e c t i v e  inac t iva t ion ,  poss ib ly  a r e l i c  o f a  m o r e p r i m -  
i t ive  s y s t e m  of the Saecharomyces type ,  may s t i l l  inf lu-  
ence  the b reed ing  s y s t e m  in c e r t a i n  f i l amentous  A s -  
c o m y c e t e s .  

3. Higher Basidiomycetes 

The most  impor tan t  f e a tu r e  of b reed ing  behav iour  in 

the H y m e n o m y c e t e s  and G a s t e r o m y c e t e s  i s  the ex ten -  

s ive  s e r i e s  of a l t e r n a t i v e  and appa ren t ly  equiva len t  

a l l e l e s  at each  incompa t ib i l i ty  f a c t o r .  S y s t e m s  a r e  

typ ica l ly  con t ro l l ed  by one o r  two s e p a r a t e  f a c t o r s  

(Whitehouse  1949; Rape r  1960; Day 1960; P a r a g  

1962; Rape r  et a l .  1965; Kolt in 1968).  In a m a j o r i t y  

of the h igher  B a s i d i o m y c e t e s  (Table 1 ~ 6) c o m p a t i b i l -  

i ty be tween haploid p a r t n e r s  i s  c o n t r o l l e d  by 4 loci  

l inked in two i n d e p e n d e n t l y - a s s o r t i n g  p a i r s  des igna ted  
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Fig .  7. Levels  of complemen ta t ion  in b i fac tor ia l  i n c o m -  
pa t ib i l i ty  s y s t e m s  in the fungi :  (1) Cis c o m p l e m e n t a -  
t ion between l inked "a l l e l i c"  c i s t r o n s  within the A and 
B f ac to r s .  The ~ ~ combina t ions  a r e  n a t u r a l l y  s e l e c t -  
ed for  co rnp lementa t ion .  (2) T rans  complemen ta t i on  
between a l le l ic  fac tors  al lowing t r a n s c r i p t i o n  of those 
l inked e l e m e n t s  which a re  l a rge ly  s i m i l a r  o r  iden t i -  
cal in the di f ferent  f o rms  of each fac tor  (u in fac tor  
A ;  x in fac tor  B_). (3) T rans  complemen ta t i on  be -  
tween n o n - a l l e l i c  fac to rs  al lowing t r a n s c r i p t i o n  of the 
r e m a i n i n g  d i s s i m i l a r  genet ic  e l e m e n t s  (v, w, y,  z ) ,  
thus al lowing comple t ion  of the sexual  p r o c e s s  

the A and B f ac to r s .  Within each fac tor  the two 

l inked loc i ,  ~ and ~ ,  each p o s s e s s  a s e r i e s  of a l l e l e s ,  

and any given combina t ion  of ~ and _~ a l l e l e s  d e t e r -  

m ines  a unique fac tor  phenotype (Raper  and F l e x e r  

1970). Both fac tor  phenotypes must  be d i f ferent  for  

full compa t ib i l i ty ,  and both mus t  be matched for full 

i ncompa t ib i l i t y .  

The bas ic  s t r u c t u r e  of the mat ing  locus  in  these  

mu l t i a l l e l i c  s y s t e m s  is  sugges ted  to be s i m i l a r  to that 

in F ig .  6, except that the spec i f ic i ty  component  c o m -  

p r i s e s  a n u m b e r  of genet ic  e l emen t s  which together  

d e t e r m i n e  the individual  spec i f i c i ty .  B i fac to r ia l  s y s -  

t e m s  have 3 l eve l s  of funct ional  complemen ta t ion  

shown d i a g r a m m a t i c a l l y  in  F i g . 7 .  F i r s t l y ,  the ~ and 

spec i f ic i ty  c i s t r o n s  within each fac tor  have been 

se lec ted  for  i n t r a - f a c t o r  complemen ta t i on ,  poss ib ly  

because  not al l  non - iden t i ca l  p roduc t s  of __~ and __~ a r e  

funct ional ly  v iab le .  This is  suppor ted  by the r e s u l t s  of 

r ecombina t ion  s tud ies  involving d i f fe rent  __~ and _~_ a l -  

l e l e s  of the B fac tor  de r ived  f rom geographica l ly  d i -  

v e r s e  s o u r c e s  (S tamberg  and Kolt in 1971).  Ce r t a in  

combina t ions  of speci f ic  a l l e l e s  could not be obta ined ,  

p r e s u m a b l y  because  they were  non - func t iona l .  Second-  

ly ,  if the spec i f ic i ty  products  of one fac tor  (A o r  B )  

a r e  d i s s i m i l a r  in the two conjugat ing ce l l s  ( e . g .  A1,  

A 2 or  B 1 ,  B 2) a feedback r eac t ion  r e s u l t s  in t r a n s -  

c r ip t ion  of those  l inked genet ic  e l e m e n t s  which a r e  

l a rge ly  s i m i l a r  o r  iden t ica l  in  the d i f fe rent  f o r m s  of 

the p a r t i c u l a r  fac to r  (A o r  B ) .  This independent  

cont ro l  of feedback at the A A and B fac to r s  has led 

to ident i f ica t ion  of d i s t inc t  phases  in  sexual  morpho-  

ge ne s i s  (Raper  and F l e x e r  1970). F i n a l l y ,  when both 

fac to rs  a r e  d i f ferent  in the conjugat ing ce l l s  ( e . g .  

A1,  A 2 and  . B_I, B 2 ) ,  complemen ta t ion  occu r s  be-  

tween di f ferent  fac to rs  (or  factor  p roduc ts )  p e r m i t t -  

ing t r a n s c r i p t i o n  of e l e m e n t s  which a r e  d i s s i m i l a r  

between fac to rs ,  and al lowing comple t ion  of the en -  

t i r e  sexual  p r o c e s s .  Identi ty at e i ther  o r  both of the 

two fac tors  in conjugat ing ce l l s  leads  to lack of c o m -  

p lemen ta t ion  d i s rup t ing  sexual  morphogenes i s .  Thus 

sexual  compat ib i l i ty  is  based ma in ly  on funct ional  

complemen ta t i on .  

In the b i fac tor ia l  s y s t e m ,  as in S.cvnvrn~e, each 
fac tor  is  thought to have at l eas t  two r egu la to ry  e l e -  
ments  conce rned  with the second  and th i rd  l eve l s  of 
complemen ta t i on .  Regula tory  e l emen t s  of the f i r s t  
level  of complemen ta t ion  between ~ and ~,  as  s ta ted  
e a r l i e r ,  a r e  usua l ly  na tu ra l l y  s e l ec t ed  to be c o m p l e -  
m e n t a r y .  Such se lec t ion  is  poss ib ly  also r e spons ib l e  
at l eas t  in par t  for the morphogenet ic  deve lopments  
typical  of all  no rma l  incompat ib le  r e a c t i o n s .  S i m i l a r -  
ly in the t r i f ac to r i a l  s y s t e m ,  as  in  Psathyrella ( Ju -  
r and  and Kemp 1973), t he re  is  p r e s u m a b l y  a m i n i -  
mum of th ree  r egu la to ry  e l emen t s  in  each fac to r .  

Regulat ion of the Incompat ib i l i ty  Complex in  the 

Higher Fungi  

The r e s u l t s  of muta t ion  s tud ies  in Schizophyllum com~e 

throw some  light on the na tu re  of r egu la to ry  e l emen t s  

and the i r  functional  r e l a t ionsh ip  with the o ther  genes  

of the complex .  Mutat ions in the B fac tor  have r e -  

vea led  two gene ra l  types  of muta t ion .  (1) P r i m a r y  

Muta t ions .  These lack spec i f ic i ty  but r egu la t ion  is  

p e r m a n e n t l y  switched "on" giving the physiology and 

phenotype of a n o r m a l  B compat ib le  r eac t ion  (the 

"B-on"  pheno type) .  The p r i m a r y  B B mutant  s t r a i n s  

a r e  u n i v e r s a l l y  compat ib le ,  i . e .  with se l f ,  with the 

p rogen i to r  B~ a l l e le  and with all o the r  a l l e l e s .  They 

a r e  thus cons t i tu t ive  for  the B - s e q u e n c e .  ( 2 ) S e c o n d -  

a ry  Muta t ions .  These a r o s e  f rom the p r i m a r y  m u -  

tan ts  but were  many t i me s  m o r e  f requent .  In these  

the "B-on"  phenotype of the p r i m a r y  mutan t s  is  sup -  

p r e s s e d ,  but they have va ry ing  "B-off"  phenotypes 

( J . R .  Raper  and C . A .  Raper  1973). 

Accord ing  to the p r e s e n t  hypothesis  the r egu la to ry  

component  c o m p r i s e s  phys io logica l ly  s ing le  but m u t a -  

t iona l ly  twin e l emen t s  con t ro l l ing  two-way c o m p l e -  

m e n t a r y  r e l a t i o n s h i p s :  ( i )  with the spec i f ic i ty  genes  
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d e t e r m i n i n g  compa t ib i l i t y  o r  incompa t ib i l i t y  ( "on"  

o r  "off"  phenotype) ,  and ( i i )  with the a s s o c i a t e d  

morphogene t i c  genes ,  con t ro l l ing  t he i r  p h y s i o l o g i c a l -  

ly compa t ib l e  sequent ia l  e x p r e s s i o n .  If the r e g u l a t o r y  

component  ac t s  through the produc t ion  of a p ro te in  

m o l e c u l e  the r e g u l a t o r y  and ca ta ly t i c  p r o p e r t i e s  of 

th is  p ro t e in  may,  in fact ,  be independent  of each  

o t h e r ,  as  has  been sugges t ed  for  the h i s t id ine  operon  

in Salmonella typhimurium (Kovach et a l .  1973 ; Voll 

1972; G o l d b e r g e r  1974).  Any change such as de le t ion  

o r  point mutat ion o c c u r r i n g  in e i t h e r  the spec i f i c i t y  

o r  the morphogene t i c  genes  might  be expec ted  to a l t e r  

o r  de s t roy  the c o m p l e m e n t a r i t y  of that se t  of e l e m e n t s  

with the r e g u l a t o r y  componen t .  Thus p r i m a r y  mu ta -  

t ions p r e s u m a b l y  affect  the spec i f i c i t y  genes  caus ing  

l o s s  of the f i r s t  r e l a t i onsh ip  ( i )  e n u m e r a t e d  above .  

This l eads  to p e r m a n e n t ,  n o n - s p e c i f i c ,  swi tch ing-on  

of the B s e q u e n c e ,  which is  a lwyas  c a r r i e d  through 

to comple t i on  because  the second r e l a t ionsh ip ,  ( i i )  

above ,  conce rn ing  the sequen t ia l  e x p r e s s i o n  of the 

morphogene t i c  genes ,  r e m a i n s  in tac t .  Seconda ry  mu-  

ta t ions  p r e s u m a b l y  affect  the morphogene t i c  genes  

and c a u s e  the l o s s  of the second  r e l a t i onsh ip ,  p r o d u c -  

ing " B - o f f "  phenotype and giving haphazard  m o r p h o -  

gene t ic  e x p r e s s i o n .  With one r a r e  except ion ,  all  s e c -  

ondary  mutants  a r e  s e l f -  and i n t e r - i n c o m p a t i b l e ,  d i s -  

p laying B-o f f  morpho logy .  A combina t ion  of the s e c -  

ondary  mutants  and the p r i m a r y  mutant ,  howeve r ,  

l eads  to c o m p l e m e n t a t i o n  produc ing  B-on  morphology  

of the p r i m a r y  mutant  (dominance  of p r i m a r y  mu ta -  

t i o n ) .  

than, as  i s  be l i eved  to o c c u r  under  no rma l  cont ro l  of 

the r e g u l a t o r y  e l e m e n t ,  a c c o r d i n g  to the r e q u i r e d  

phys io log ica l  s e q u e n c e .  The o c c u r r e n c e  of such a 

pa r t i a l  dominance  is  suppor ted  by i n t e r ac t i on  in a 

spec i f i c  combina t ion ,  that between a B - a l w a y s - o n  

p r i m a r y  mutat ion and B - a l w a y s - o f f  type of s econd -  

a r y  muta t ion .  In this  c a s e  the p r i m a r y  mutat ion is 

dominant  o v e r  the s e c o n d a r y  mutat ion only with r e -  

spec t  to fus ion of h o o k - c e l l s  ( C . A .  R a p e r  and J . R .  

Rape r  1973).  

In wild type a l l e l e s  d i f fe ren t  morphogene t i c  e l e -  

ments  may be v a r i o u s l y  l inked,  but s ince  n o r m a l l y  

the r e g u l a t o r y  gene con t ro l s  t he i r  c o m p l e m e n t a r y  s e -  

quent ial  e x p r e s s i o n ,  the phys ica l  o r d e r  of l inkage  is  

inconsequen t i a l ,  and as  such ,  n o n - c o m p l e m e n t a r y  

l inkage  s e q u e n c e s  may a c c u m u l a t e  in na tu r e .  In c o m -  

pa t ib le  B combina t ions  where  one of the pa r en t s  is  a 

s e c o n d a r y  mutant  of the B complex  and t h e r e f o r e  has 

i ts  r e l e v a n t  r egu la t ions  non-func t iona l ,  the e x p r e s s i o n  

of the morphogene t i c  e l e m e n t s  of the wild type a l l e l e  

a c c o r d i n g  to the phys ica l  o r d e r  of t he i r  l inkage may 

r e s u l t  in the breakdown of c o m p l e m e n t a t i o n  at any one 

of the d i f fe ren t  s t a g e s .  Thus v a r i o u s  pa t t e rns  and de -  

g r e e s  of pa r t i a l  c r o s s - c o m p a t i b i l i t y  behav iour  ob-  

s e r v e d  in d i f fe ren t  combina t ions  of B~ mutants  and 

the _~  wild type a l l e l e s  r e f l e c t  the d i f fe ren t  l inkage 

r e l a t i onsh ip s  of the cons t i tuent  morphogene t i c  e l e -  

ments  in the wild type _ ~  a l l e l e s .  

H o m o t h a l l i s m  

A v e r y  in t r igu ing  f e a t u r e  of s e c o n d a r y  B_ fac to r  

mutants  c o n c e r n s  t h e i r  behav iour  in r e a c t i o n  with 

the d i f fe ren t  wild type a l l e l e s  ( J . R .  R a p e r  and C . A .  

Rape r  1973).  The s a m e  mutant  f o r m  shows a d i f f e r -  

ent type of i n t e r c o m p a t i b i l i t y  pa t t e rn  in t e r m s  of 

morphogene t i c  e x p r e s s i o n  in i n t e r ac t i on  with d i f f e r -  

ent wild B~ a l l e l e s .  In v iew of the fact  that all  n o r -  

mal  a l l e l e s  a r e  c o n s i d e r e d  equiva len t  in t e r m s  of 

phys io logy  of incompa t ib i l i t y ,  th is  i s  indeed s u r p r i s -  

ing.  It is  sugges t ed  h e r e  that in t he se  combina t ions  

the p r e s e n c e  of  the n o r m a l  B~ a i e l e  a l lows  c o m p l e -  

men ta t ion  so that e x p r e s s i o n  of the morphogene t i c  

e l e m e n t s  is  r e s t o r e d .  H o w e v e r ,  such  a r e s t o r a t i o n  

is  p robably  p a r t i a l ,  r e s u l t i n g  in the e x p r e s s i o n  of the 

m orphogeue t i c  e l e m e n t s  acco rd ing  to the phys ica l  

o r d e r  of l inkage  r e l a t i o n s h i p  in the complex ,  r a t h e r  

Homotha l l i c  f o r m s  r e p r e s e n t  a minor i ty  among the 

h igher  fungi .  Most s tud ies  have shown that  many 

homotha l l i c  f o r m s  a r e  b a s i c a l l y  h e t e r o t h a l l i c  but 

appa ren t ly  d i sp lay  d e r i v e d  hom otha l l i sm  (Whi te-  

house  1949; Lemke  1966, 1969, 1973).  Although s o m e  

c r i t i c a l  s tud ies  have been made of " s e c o n d a r y "  homo-  

t h a l l i s m ,  the gene t ic  d e t e r m i n a t i o n  of " p r i m a r y "  

hom otha l l i sm  and i ts  r e l a t i onsh ip  to h e t e r o t h a l l i s m  

have not been adequa te ly  expla ined  (U l l r i ch  and R a -  

p e r  1975).  Recen t  mutat ion s tud ies  appea r  to th row 

s o m e  light on this  p r o b l e m .  F o r  example ,  the " p r i -  

m a r y "  hom otha l l i sm  in c e r t a i n  f o r m s  of the h igher  

fungus Sistotrema brinkmannii may have been de r i ved  

f r o m  monofac to r i a l  h e t e r o t h a l l i s m  through muta t ions  

( including l o s s )  in the incompat ib i l i ty  f ac to r  i nvo lv -  

ing both r e g u l a t o r y  e l e m e n t s .  In such mutants  m o r -  
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phogenet ic  e l emen t s  of both donor  and rec ip ien t  s eg -  

ments  of the complex  will be p e r m a n e n t l y  switched 

on ( comparab l e  to comple te ,  pol len + s t y l a r  pa r t ,  

muta t ion  in the h igher  p lan t s ,  Pandey  1956a).  Such 

an i n t e r p r e t a t i o n ,  favour ing the cons t i tu t ive  model ,  

i s  a lso in a g r e e m e n t  with the recen t  o b s e r v a t i o n s  of 

Ul l r ich  and Raper  (1975) .  

Many o ther  r e p o r t s  of " p r i m a r y "  homotha l l i sm 

among higher  fungi involve spec ies  with incomple te  

sexual  p r o g r e s s i o n  (Boidin 1958; Boidin and Lanque-  

t in  1965; Lange 1952; McKenzie  et a l .  1969; Raper  

1959) and probably  c a r r y  muta t ions  affect ing only 

ce r t a i n  of the r egu la to ry  e l emen t s  ( compa rab l e  to 

incomple te ,  po l l en -  or  s t y l a r - p a r t ,  muta t ions  of the 

h igher  p lan t s ,  Lewis 1954; Pandey  1956a).  A m a j o r i -  

ty of so ca l led  "homothal l ic"  Homobas id iomyce tes  

(Biggs 1938) a r e  probably  der ived  s imply  by forfei t  

of d ika ryos i s  as a p r e r e q u i s i t e  to f ru i t ing  ( c o m p a r -  

able  to apomixis  in higher  p l a n t s ) ,  and may have a 

s i m i l a r ,  ' m u t a t i o n a l '  o r ig in .  A l t e rna t i ve ly ,  some  of 

these  condi t ions  may have a r i s e n  by muta t ions  or  a 

s ign i f ican t  shift in the genes  c o m p r i s i n g  the e s sen t i a l  

polygenic  background of the mat ing  s y s t e m  (Mather  

1943, 1955; Pandey  1970c, 1974b; J . R .  Raper  and 

C . A .  Raper  1973), as  ev idenced  by s tudies  in 

Schizophyllum conTsune d i s cus sed  e a r l i e r .  

Origin of New Self-lncompatibility Alleles 

If the above hypothesis  to explain the c r o s s - c o m p a t i -  

b i l i ty  behaviour  between a mutant  B[~ a l l e le  and n o r -  

mal  B~ a l l e l e s  is  t rue ,  then it a lso sugges ts  a pos -  

s ib i l i ty  for  the solut ion of the most  i n t r a c t a b l e  p rob -  

l em  in the gene t ics  of incompa t ib i l i t y  in p lan ts  - the 

mode of o r ig in  of new funct ional  S a l l e l e s .  If the re  

a r e  r egu la to ry  e l e m e n t s  con t ro l l ing  which morpho-  

genet ic  e l emen t s  will be e x p r e s s e d  at a p a r t i c u l a r  

t i me ,  and in what p r e c i s e  physiological  sequence  they 

will be ac t iva ted ,  then the poss ib i l i ty  ex is t s  that t he re  

a r e  s i m i l a r  r egu la to ry  e l emen t s  which cont ro l  the ex-  

p r e s s i o n  of the s t r u c t u r a l  genes  d e t e r m i n i n g  a l l e l i c  

spec i f i c i ty .  F r o m  a r e l a t i ve ly  sma l l  n u m b e r  of s t r u c -  

tu ra l  genes ,  poss ib ly  fewer  than ten (Pandey  1967, 

1970b), hundreds  of d i f ferent  S a l l e l e s  could be gen-  

e ra t ed  through regula ted  sequent ia l  exp res s ion  of a 

c e r t a i n  speci f ic  set  of c o m p l e m e n t a r y  c i s t r o n s .  

The s tab i l i ty  r e q u i r e m e n t s  of such a s y s t e m ,  and 

the condi t ions  favour ing the spontaneous  appea rance  

of new a l l e l e s  have been d i s cus sed  e l sewhere  ( P a n -  

dey 1977a).  

"Homogenic"  and "Hete rogenic"  Incompat ib i l i ty  

In addition to being a basic ingredient in the evolu- 

tion of primary sexual mechanisms, the phenome- 

non of complementation also offers an explanation 

for the occurrence of so-called heterogenic incom- 

patibility as seen  in the Ascomyce te  Podospora anserina 

de sc r i be d  by E s s e r  (1959, 1971).  

The most  common  type of incompa t ib i l i t y ,  homo-  

genio incompa t ib i l i t y ,  to which belong all the s y s t e m s  

de sc r i be d  above,  is  the bas i s  for all  p r i m a r y  i n c o m -  

pa t ib i l i ty  s y s t e m s  throughout the plant  k ingdom.  Here ,  

compat ib i l i ty  is  con fe r r ed  by he te rozygos i ty  of i n c o m -  

pa t ib i l i ty  a l l e l e s  and has the following r e l a t ionsh ip  to 

complemen ta t i on :  

Comple t ion  
D i s s i m i l a r i t y  ~ Complemen ta t ion  ~ of sexual  ~ Compat ib i l i ty  

p r o c e s s  

Lack of Sexual 
S i m i l a r i t y  ~ complemen ta t i on  ~ p r o c e s s  not ~ Incompat ib i l i ty  

comple ted  

In he te rogen ic  incompat ib i l i ty ,  on the o ther  hand,  

compat ib i l i ty  is  r e s t r i c t e d  by d i s s i m i l a r i t y  of ma t -  

ing genotypes .  Complemen ta t ion  r e q u i r e m e n t s  a r e  ap-  

pa r en t l y  r e v e r s e d :  

Lack of Sexual 
D i s s i m i l a r i t y  ~ complemen ta t ion  ~ p r o c e s s  not ~ Incompat ib i l i ty  

comple ted  

Comple t ion  
S i m i l a r i t y  ~ Complementa t ion  ~ of sexual  ~ Compat ib i l i ty  

p r o c e s s  
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He te rogen ic  incompa t ib i l i t y  is  gene ra l l y  a secondary  

development  a f te r  the p r i m a r y  homogenic  i n c o m p a t i -  

b i l i ty  has broken  down to give s e l f - f e r t i l i t y  (Homo-  

t h a l l i s m ) .  Such a breakdown may be caused  by nu-  

m e r o u s  fo rms  of genet ic  change which may d is rupt  

complemen ta t i on  at d i f ferent  l eve l s  to produce  a b a r -  

r i e r  at any of the many phases  in the sexual  p r o c e s s .  

In such c a s e s  funct ional  sexua l i ty ,  but not n e c e s s a r i -  

ly s e l f - i n c o m p a t i b i l i t y ,  might be r e s t o r e d  by s e l e c -  

t ion for any genes ,  s ca t t e r ed  throughout the genome,  

with the ab i l i ty  to compensa t e  for  speci f ic  d i s t u r b a n c e s ,  

and thus r e s t o r e  e s sen t i a l  complemen ta t i on .  These 

c o m p e n s a t o r y  changes  would al low comple t ion  of s ex -  

ual morphogenes i s  for  c lose ly  r e l a t ed  indiv iduals  

where  these  genes  would be in the homozygous condi -  

t ion .  C r o s s e s  between un re l a t ed  ind iv idua ls  would 

produce  combina t ions  with non- iden t i ca l  genes  at the 

speci f ic  c o m p e n s a t o r y  loci ,  r e su l t i ng  in f a i lu re  to 

comple te  the sexual  sequence .  Independent  r e c e s s i v e  

genes  r e s t o r i n g  fe r t i l i ty  or  mat ing  competence  have 

been r eco rded  in  f lower ing plants  (Edwardson  1970), 

Saccharomyces (Ger lach  1974), Schizophyllum con~m~ne 

( C . A .  Raper  and J . R .  Raper  1973) and Sordaria 

fimicola ( C a r r  and Olive 1959). 

The Bas id iomyce te  Sistotrema brinkmc~nii e x e m -  

p l i f ies  the p r e sen t  concept  of homogenic  and he t e r o -  

genic  incompa t ib i l i t y .  This spec ies  complex  ex is t s  as  

an aggrega t ion  of morphologica l ly  ind i s t ingu i shab le  

f o rms  p o s s e s s i n g  di f ferent  m e c h a n i s m s  con t ro l l ing  

sexual  m o r p h o g e n e s i s .  These inc lude  homotha l l i sm 

( s e l f - f e r t i l i t y )  and b ipo la r  and t e t r a p o l a r  he t e ro tha l -  

l i s m  (homogenic  i n c o m p a t i b i l i t y ) .  I n t e r s t e r i l i t y  (he t -  

e rogen ic  incompa t ib i l i t y )  groups  have been de l inea ted  

within both he te ro tha l l i c  pa t t e rn s  of sexua l i ty  (Lemke 

1969).  M e m b e r s  of any one group a r e  i n t e r s t e r i l e  with 

m e m b e r s  of o ther  groups ,  but a r e  i n t e r f e r t i l e  with 

m e m b e r s  of the s a m e  group provided mates  p o s s e s s  

di f fer ing mat ing  types  (Ul l r i ch  1973; Ul l r ich  and Ra-  

pe r  1974).  The o c c u r r e n c e  of d i f ferent  f o r m s  of b r e e d -  

ing s y s t e m  in the s a m e  spec ies  sugges t s  not only d e r i -  

vat ion of homotha l l i sm f rom he t e ro tha l l i sm  but a lso  

the pos s ib l e  breakdown of homogenic  incompat ib i l i ty  

and r e s t r u c t u r i n g  to give r i s e  to he te rogen ic  i n c o m -  

pa t ib i l i ty .  

Conclus ion  

The above hypothesis  for  the funct ional  o rgan i s a t i on  

and a l t e rna t i ve  ac t iva t ion  in the mat ing  locus of h igher  

p lants  and fungi is  based on the bel ief  that ,  s ince  all 

spec i f ic i ty  uni ts  a r e  der ived  f rom a s ing le  ance s t r a l  

uni t ,  it i s  not s u r p r i s i n g ,  under  s i m i l a r  se lec t ion  

p r e s s u r e s  and consequent  channe l l ing  effect (Pandey  

1969c),  to find pa ra l l e l  p rope r t i e s  amongs t  the i n -  

compa t ib i l i ty  s y s t e m s  of d i v e r s e  p lan t s .  Logic sug-  

ges t s  that the mo l e c u l a r  funct ions  of these  spec i f ic i ty  

uni ts  should r e m a i n  analogous and,  ex t rapola t ing  f rom 

this  concept ,  that gene complexes  con t ro l l ed  by spec i -  

f ic i ty  genes  a r e  a lso l ikely  to show p a r a l l e l i s m  in 

s t r u c t u r a l  and funct ional  o rgan i sa t ion ,  even though 

speci f ic  aux i l a ry  fac tors  may di f fer .  

Under ly ing  this  bas ic  theme,  but not n e c e s s a r i l y  

dependent  upon it ,  is  a p a r t i c u l a r  genet ic  r egu la to ry  

m e c h a n i s m ,  probably  of a wider  evo lu t ionary  s ign i f i -  

cance  (Pandey  1977a), which con t ro l s  p r e c i s e l y  which 

e l emen t s  and in what sequence  they will be exp re s sed  

at a speci f ic  phase of deve lopment .  Indeed,  the evolu-  

t ion of a r egu la to ry  me c ha n i sm  to control  the s e q u e n -  

t ial  exp re s s ion  of the c o m p l e m e n t a r y  e l e m e n t s  in the 

mat ing complex ,  i r r e s p e c t i v e  of the i r  physica l  l ink-  

age,  is cons ide red  fundamenta l  to the evolut ion of the 

mat ing  loci in p lan t s .  On it depended not only the 

comple t ion  of the compl ica ted  sexual  p r o c e s s  but 

a lso  the genera t ion  of the l a rge  n u m b e r  of a l l e l i c  

spec i f i c i t i e s  e s sen t i a l  for the eff ic iency of the b r e e d -  

ing s y s t e m .  

The spec i f ic i ty  unit  i t se l f  has become  in tegra ted  

in a "switching" ro le  in the complex ,  govern ing ,  

through regula t ing  e l e m e n t ( s ) ,  the ac t iva t ion  of some 

p a r t i c u l a r  phase  in sexual  morphogenes i s .  If spec i f i -  

c i ty  r e q u i r e m e n t s  a re  not fulf i l led the sexual  p roce s s  

hal ts  at a speci f ic  point and the r e m a i n i n g  comple -  

me n t a r y  p r o c e s s e s  cannot  take p lace .  

The hypothesis  is  cons i s t en t  with a l a rge  body of 

data ,  and throws light on a n u m b e r  of p r o b l e m s  con-  

c e r n i n g  incompat ib i l i ty  in both h igher  p lan ts  and fungi .  
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