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S u m m a r y .  Based  on r e s u l t s  of mutat ion s tud ies  in the fungus Schizophyllum con~nune, a new m e c h a n i s m  of 
the o r ig in  of gene t ic  p o l y m o r p h i s m  is  p roposed .  This may expla in  the i n t r ac t ab l e  p r o b l e m s  of the r i s e  of 
mul t ip le  a l l e l i s m  con t ro l l ing  incompa t ib i l i ty  in plants  and the wide a r r a y  of antibody d i v e r s i t y  con t ro l l ing  
immuni ty  r eac t i on  in a n i m a l s .  

In t roduct ion  

There  a r e  two in t r ac t ab l e  p r o b l e m s  in modern  gene t -  

i c s  which have a t t r a c t e d  wide a t tent ion in r ecen t  

y e a r s ,  one conce rn ing  p iants ,  the o the r  a n i m a l s .  The 

gene con t ro l i ing  incompa t ib i l i ty  in p lants  has l i t e r a l l y  

hundreds  of highly spec i f i c  a l l e l e s  in na tu re  but p a r a -  

doxica l ly ,  all  a t t empts  to p roduce  new a l l e l e s  through 

m u t a g e n e s i s  have fa i led  (Lewis 1954; Pandey  1956, 

1965; Rape r ,  J . R .  and R a p e r ,  C . A .  1973; S t a m b e r g  

a n d K o l t i n  1973; Ockendon 1974; d e N e t t a n c o u r t  e t  a l .  

1975).  V e r t e b r a t e  an ima l s  appea r  to be capable  of 

syn thes i z ing  an amaz ing  d i v e r s i t y  of antibody s e -  

quences ,  each  p r e s u m a b l y  d e t e r m i n e d  by a d i f ferent  

antibody gene,  but an unders tanding  of how these  genes  

a r i s e  i s  s t i l l  unce r t a in  ( D r e y e r  and Bennet t  1965; 

Burne t  1969; Smi th ies  1973; Smith 1973).  Mutation 

and i n t r a - l o c u s  r ecombina t ion ,  the two wel l -known 

m e c h a n i s m s  by which new a l l e l e s  a r i s e ,  can not e x -  

plain these  p r o b l e m s .  H e r e  I p ropose  a mode of o r i -  

gin of gene t ic  p o l y m o r p h i s m  which may expla in  both 

of these  phenomena .  

Se l f - Incompa t ib i l i t y  Genes  in P lan t s  

Complex  s e l f - i n c o m p a t i b i l i t y  genes  con t ro l l ing  b r e e d -  

ing behav iour  o c c u r  widely in the plant kingdom inc lud-  

ing f lower ing  plants  and fungi .  Commonly ,  t hese  genes  

have e x t e n s i v e  s e r i e s  of a l l e l e s  (Table 1) .  The con-  

s i s t en t  f a i l u re  of a t t empt s  to p roduce  new a l l e l e s  

e x p e r i m e n t a l l y ,  by mu tagenes i s  and by in t r a locus  

r e c o m b i n a t i o n ,  in both h ighe r  and l ower  plants  

gave r i s e  to a c rop  of t h e o r i e s  to expla in  th is  phe-  

nomenon (Denward  1963; Pandey  1967, 1970, 1972; 

de Net tancour t  1972; de Ne t t ancour t  e t  a l .  1975; 

Stamberg and Koltin 1973; Raper, J.R. and Raper, 

C . A .  1973). None of them,  however ,  were  suppor ted  

by any d i r ec t  ev idence  f rom incompat ib i l i ty  s tud ies .  

The o b s e r v a t i o n s  sugges t  that incompat ib i l i ty  a l l e l i s m  

may depend on a th i rd  a l t e rna t i ve  m e c h a n i s m  for  p r o -  

ducing gene t ic  p o l y m o r p h i s m .  Clues  to the na tu re  of 

such a m e c h a n i s m  have r ecen t l y  e m e r g e d  f r o m  m u t a -  

tion s tud ies  in Schizophyllum co.wune (Rape r ,  J . R .  and 

Rape r ,  C . A .  1973; Rape r ,  C . A .  and Rape r  J . R .  

1973). In th is  b a s i d i o m y c e t e  fungus compa t ib i l i ty  be -  

tween haploid p a r t n e r s  is  con t ro l l ed  by 4 loc i  l inked 

in two independent ly  a s s o r t i n g  pa i r s  des igna ted  the A 

and B f a c t o r s .  Within each  fac to r  the two l inked loc i ,  

and 6, each  p o s s e s  a s e r i e s  of a l l e l e s ,  and any 

given combina t ion  of ~ and 6 a l l e l e s  d e t e r m i n e s  a 

unique f a c t o r  phenotype.  Both f ac to r  phenotypes  must  

be d i f ferent  for  full  compa t ib i l i t y .  With only one f a c -  

t o t  in c o m m o n  between the p a r t n e r s  ( e . g .  B common ,  

incompat ib le ,  and A d i f fe ren t ,  compa t ib l e )  f a c t o r -  

spec i f i c  incomple te  morphogene t i c  deve lopmen t s  o c -  

cu r  ( F i g .  1) .  

In the study by J . R .  Rape r  and C . A .  Raper  (1973) 

muta t ions  in the ~ locus  of the B f ac to r  w e r e  of two 

types  : (1) P r i m a r y - u n i v e r s a l l y  compa t ib l e ,  lacking 

spec i f i c i ty ,  with B f ac to r  d e t e rm in a t i o n  p e r m a n e n t l y  

swi tched  on - i . e .  cons t i tu t ive  fo r  B morphogene t i c  

genes  ( " B - o n "  phenotype) .  (2) Secondary  - a r i s i n g  

f r o m  p r i m a r y  mutants  but 1000 t i m e s  m o r e  f r equen t ;  

howeve r  only 10 % of these  involved  the B~ locus ,  

o t h e r s  o c c u r r e d  in genes  not connec ted  with the in -  

compa t ib i l i t y  loci  and s c a t t e r e d  in the genome .  P h e -  

notypic c h a r a c t e r s  d e t e r m i n e d  by " B - o n "  ac t iv i ty  sup -  

p r e s s e d  but giving r i s e  to va ry ing  " B -o f f "  phenotypes .  

All  mutants  s e l f -  and i n t e r - i n c o m p a t i b l e .  

Combina t ions  of p r i m a r y  with s e c o n d a r y  mu ta -  

t ions gave  the " B - o n "  phenotype,  i .  e .  full c o m p l e m  en-  
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Tab le  I .  N u m b e r  of  o b s e r v e d  o r  e s t i m a t e d  a l l e l e s  in p o p u l a t i o n s  of  d i f f e r e n t  s p e c i e s  of  f l o w e r i n g  p l a n t s  

S A l l e l e s  

P o p u l a t i o n  O b s e r v e d  E s t i m a t e d  
S p e c i e s  s i z e  n u m b e r  to t a l  A u t h o r  

Trifolium pratense 24 41 171 
20 37 308 

T.pratense 150 - 175 
T. repens 75 - 175 

Oenothera organensis < 500 45 

Raphanus raphanistrum 45 9 25 - 34 
Iberis amara 52 at least 22 

Brassica oleracea 
v a r .  ge~fera ~ 5 0 0  19 } 41 - 70 
v a r .  acephala 34 

W i l l i a m s  1947 
B a t e m a n  1947 

} W h i t e h o u s e  1950 

E m e r s o n  1939 
W r i g h t  1964 

S a m p s o n  1967 
B a t e m a n  1954 

Ockendon  19"/4 
T h o m p s o n  1968 

A IC~ll/J1] Fully incompatible 

| 

B ~ . ~  partial morphogenesis 
A ~ II A ~ ~ Factor specific 

B ~  ,J 
F i g .  1. G e n e t i c  c o n t r o l  of  i n c o m p a t i b i l i t y  r e a c t i o n  in 
Sohizophyllum ao.~une. C i r c l e s  r e p r e s e n t  f a c t o r  p h e -  
n o t y p e s  e a c h  d e t e r m i n e d  by two c o m p o n e n t  l o c u s  g e n -  
o t y p e s  

B- off 

Secondary mutant B ] - ~ - ~  

//\\ 
Combined in heterokoryon 

/ / \\ 
Different B ~  ~ ~ 

I DIFFERENT moPphogenetic patterns ] 

Fig. 2. Heterokaryotic interactions of a secondary B B 
mutant in combination with different wild type allele~ 

tation by the p r i m a r y  mutant, but occasionally partial 

complernentation was also observed, as in combina- 

tion with B-always off type of secondary mutation. In 

the latter case the cornplementation by the primary 

mutant was only with respect to fusion of hook-cells 

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

of secondary mutants with wild-type alleles produced 

varying rnorphogenetic incompatibility patterns indi- 

cative of partial complernentation. Significantly, how- 

ever, each wild-type allele combined with the same 

secondary mutant produced a distinctive developmen- 

tal pattern (Fig. 2). This was surprising since all 

normal wild-type alleles are considered equivalent in 

terms of incompatibility physiology and sexual rnor- 

phogenesJ.s. 

All  p r e v i o u s  m o d e l s  f o r  c o n t r o l  of  s e x u a l  i n t e r a c -  

t ion  a r e  i n a d e q u a t e  to a ccoun t  f o r  the  r a n g e  and b e -  

h a v i o u r  of  t h e s e  B f a c t o r  m u t a t i o n s  ( S t a r n b e r g  and 

Ko l t i n  1973; R a p e r ,  J . R .  and R a p e r ,  C . A .  1 9 7 3 ) . A n  

a l t e r n a t i v e  m o d e l  i s  p r o p o s e d  b e l o w  which  not  on ly  a c -  

c o u n t s  f o r  the  b e h a v i o u r  of  t h e s e  m u t a n t s  but a l s o  s u g -  

g e s t s  a p o s s i b l e  m e c h a n i s m  f o r  the  o r i g i n  of  new a l -  

l e l e s  at a c o m p l e x  l o c u s  s u c h  a s  the  i n c o m p a t i b i l i t y  

' 'gone ' '. 

P r o p o s e d  Mode l  f o r  t h e  Mat ing  C o m p l e x  in S. commune 

(Fig. 3) 

(1) The r e g u l a t o r y  c o m p o n e n t ( s ) ,  t e r m e d  h e r e  ' C o -  

o r d i n a t o r  G e n e ' ,  c o n t a i n s  at l e a s t  two f u n c t i o n a l l y  and 
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Fig. 3. A proposed genetic model for control of sexual interactions in Schizophyllum cor~ne, elucidating behav- 
iour of mutants (steps 3-5) and mode of origin of new incompatibility speoifioities (steps 1-2). For d.etailed 
explanation see text 

mutationally independent units responsible for two- 

way complementary interaction with (a) the specifici- 

ty genes, and (b) the genes for sexual morphogenesis. 

H o w e v e r ,  i t  a c t s  a s  a s i n g l e  r e c e p t o r  s i t e  f o r  p h y s i o -  

l o g i c  s i g n a l s .  

(2) Complementary regulatory interaction can be 

upset by changes in any of these three classes of genes 

(e. g. deletions or point mutations). Thus, presumably 

primary mutations affect mainly the specificity genes 

causing breakdown of interaction (la) above, and re- 

sulting in a total lack of incompatibility specificity. 

The morphogenetic genes become constitutively 

switched on in the absence of incompatibility require- 

ments, and since interaction (lb) above remains in- 

tact their expression goes to completion (Fig. 3 (3) ). 

Secondary mutations presumably affect mainly the 

morphogenetic genes causing loss of interaction (lb), 

producing "B-off" phenotype and giving haphazard 

morphogenetic expression (Fig. 3 (4)). The possibili- 

ty that the B secondary mutants may principally in- 

volve the co-ordinator gene is not ruled out but, for 

a number of reasons, is considered unlikely. The 

most significant factor favouring the present view is 

that a mutation that can be mimicked by so many in- 

dependent genes in the background cannot be involved 

with a gene as specific as the co-ordinator gene. 

(3) It is further proposed that when the interac- 

tions of the co-ordinator gene with the specificity 

genes on the one hand and the morphogenetic genes 

on the other take place normally it results in the ex- 

pression of the morphogenetic genes in a physiological 

sequence regardless of their physical linkage relations 

- i .e .  order of activity and order of linkage are inde- 

pendent. If physical order of linkage is inconsequen- 
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tial, random sequences may have accumulated in na- 

ture. Thus, in different wild-type alleles, the morpho- 

genetic elements may be variously linked but normal 

regulatory interaction controls their expression in the 

same physiological order. 

(4) To account for the anomalous behaviour of sec- 

ondary mutants in combination with different wild-type 

alleles, it is suggested that a type of partial comple- 

mentation occurs which allows expression of the mor- 

phogenetic elements of the wild-type allele according 

to their physical order of linkage rather than their 

normal physiological sequence (Fig. 3 (5)). Such ex- 

pression in the wrong physiological sequence may re- 

sult in breakdown of complementation at any one of the 

different stages of sexual morphogenesis. Thus the 

variable patterns of cross-compatibility behaviour 

produced by combining individual secondary mutants 

with various wild-type alleles reflect the different 

linkage relationships of the morphogenetic genes in 

the wild-type alleles. 

Model fo r  the Or ig in  of Incompat ib i l i ty  A l l e l e s  in 

P lan t s  

(1) If t he re  is  a c o - o r d i n a t o r  gene in the complex  

con t ro l l ing  which morphogene t i c  genes  a r e  to be ex -  

p r e s s e d  and in what p r e c i s e  c o m p l e m e n t a r y  phys io -  

logica l  sequence  they will  be ac t iva ted ,  then the s a m e  

may be t rue  fo r  the spec i f i c i ty  genes  which act  in a 

c o m p l e m e n t a r y  manner  to produce  a s ingle  a l l e l i c  

spec i f i c i t y .  Changes  in the on /o f f  s ta te  and o r d e r  of 

e x p r e s s i o n  of a r e l a t i v e l y  sma l l  number  of s p e c i f i c i -  

ty genes  could produce  l a r g e  n u m b e r s  of d is t inct  in-  

compa t ib i l i ty  a l l e l e s  ( F i g . 3 ( 1 )  and ( 2 ) ) .  (In the S 

locus  model  for  h o m o m o r p h i c  f lower ing  plants  t he r e  

would be no apparent  morphogene t i c  genes  but t h e r e  

a r e  l ike ly  to be genes  con t ro l l ing  gene ra l  a spec t s  of 

the physio logy of r ep roduc t ion .  ) 

(2) The s tab i l i ty  of the c o - o r d i n a t o r  gene which 

gove rns  the p r e c i s e  c o m p l e m e n t a r y  ac t iva t ion  of the 

spec i f i c i t y  genes  must  i t s e l f  be under  s t r i c t  con t ro l  

and must  have a high buffer ing abi l i ty  so that  once a 

new a l l e l i c  s ta te  has been produced  it is  s table  o v e r  

a r e l a t i v e l y  wide range  of gene t ic  and env i ronmen ta l  

s i tua t ions .  The condit ion caus ing  a new spec i f i c i ty  to 

be swi tched on may be a function of equ i l i b r i um be -  

tween the incompat ib i l i ty  complex  and the c y t o p l a s m i c  

mi l i eu  in which it o p e r a t e s ,  the l a t t e r  being gove rned  

by the phys io log ica l  spec i f i c i t y  of the t i s sue  and the 

genera l  gene t ic  and env i ronm en ta l  background.  P r e -  

sumably  the most  conducive  background condit ion fo r  

s tab i l i ty  of incompat ib i l i ty  a l l e l e s  is  given by a r e l a -  

t ive ly  high d e g r e e  of he t e rozygos i t y ,  as  pos tu la ted  fo r  

cont ro l  of r ecombina t ion  in spec i f i c  r eg ions  (Pandey 

1972). If this  is  the ca se ,  ( i )  inbreed ing  may be he lp -  

ful in the product ion  of new incompat ib i l i ty  a l l e l e s ,  as  

has been shown in Trifolium, Lycopersicon and Nico- 

ti~a (Denward 1963~ de Nettancourt and Ecochard 

1969; Pandey 1970a; Anderson et al. 1974), and (ii) 

the original allele might occasionally be retrieved by 

a return to approximately the original polygenic back- 

ground after backcrossing, as has been found in 

Lycopersicon (de Nettancourt and Ecochard 1969). A 

similar effect may also account for reactivation of in- 

activated S loci on transfer to a new genetic back- 

ground, as has been suggested to occur in Solarium 

and Lycopersicon (Pandey 1957, 1970b; Martin 1967). 

The model also allows the possibility, suggested 

by the recent work of van Gastel and de Nettancourt 

(1975) that in a gametophytic system while a diploid 

plant may produce only two kinds of male specificity, 

a pollen grain bearing one or the other, on the female 

side the stylar tissue may bear more than two differ- 

ent s p e c i f i c i t i e s .  

In t e re s t ing ly ,  the model  th rows  l ight on how the 

c o m p l e m e n t a r y  incompat ib i l i ty  s y s t e m ,  in which a l -  

l e l e s  of two or  m o r e  d i f fe ren t  s e r i e s  c o - o p e r a t e  to 

produce  a s ing le  spec i f i c i t y ,  might  funct ion.  In this  

ca se  a s ing le  c o - o r d i n a t o r  gene may cont ro l  the a c t i -  

v i ty  of spec i f i c i ty  genes  belonging to two o r  m o r e  

c o m p l e x e s .  It has been sugges ted  that c o m p l e m e n t a -  

tion may o c c u r  at the t r a n s c r i p t i o n  l e v e l .  Thus, in 

G r a m i n e a e ,  the two groups  of l inked spec i f i c i ty  genes  

c h a r a c t e r i z i n g  a l l e l e s  of the S and Z loci  may be 

t r a n s c r i b e d  toge the r  in a con t ro l l ed  sequence  to p r o -  

duce one final  mo lecu le  (Pandey in p r e s s ) .  

Gene ra l  Model for  Gene t ic  P o l y m o r p h i s m  in 

Euka ryo te s  

Basic to the hypothes i s  out l ined above is  the concept  

of complemen ta t i on ,  unders tood  in the b roades t  func-  

t ional  s ense ,  and not in t h e  r e s t r i c t e d  s ense  of Ben-  

z e r ' s  def ini t ion (1955) ( F i g . 4 ) .  C o r r e c t  s t epwise  de -  

ve lopment  r e q u i r e s  c o m p l e m e n t a r y  i n t e r ac t i ons  be -  

tween genes ,  the modes  of act ion of which may v a r y  



K . K .  P a n d e y :  O r i g i n  o f  G e n e t i c  P o l y m o r p h i s m  t h r o u g h  G e n e  R e g u l a t i o n  89 

COMPLEMENTAT ION 
in metabolism and physiology 

(0) General  ,ve oo oct,oo " IWI ) 
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Transcription 

RNA 
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gene activation. 

(c) Between gene products 

) ~d~l HI I J y~ . /~  :> Metabolic 
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Polypeptide Compound 
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F i g .  4 .  E x a m p l e s  of  c o m p l e m e n t a t i o n  c o n c e i v e d  h e r e  in  t h e  b r o a d e s t  f u n c t i o n a l  s e n s e  

g r e a t l y  b e t w e e n  s y s t e m s .  F o r  e x a m p l e ,  a n u m b e r  of  

g e n e s  c o n t r o l l i n g  t h e  s a m e  c h a r a c t e r  m a y  be  e i t h e r  

l i n k e d  t o g e t h e r  in  a b l o c k  o r  g e n e  c l u s t e r ,  o r  t h e y  m a y  

b e  l o c a t e d  on  d i f f e r e n t  c h r o m o s o m e s  o r  c h r o m o s o m e  

a r m s .  If  t h e y  a r e  l o c a t e d  in  a c l u s t e r  t h e y  m a y  b e  

e i t h e r  s e r i a l l y  l i n k e d  in  t h e  c o m p l e m e n t a r y  o r d e r  

of  t h e i r  a c t i v a t i o n ,  o r  t h e y  m a y  b e  l i n k e d  h a p h a z a r d -  

ly  bu t  t h e i r  a c t i v a t i o n  in  t h e  c o m p l e m e n t a r y  f u n c t i o n a l  

s e q u e n c e  m a y  b e  c o n t r o l l e d  by  a c o - o r d i n a t o r  g e n e .  

A g a i n ,  g e n e s  in  t h e  c l u s t e r  m a y  h a v e  e i t h e r  a r i s e n  

t h r o u g h  t a n d e m  d u p l i c a t i o n  a n d  s u b s e q u e n t  d i f f e r e n -  

t i a t i o n  o r ,  t h e y  m a y  h a v e  b e e n  b r o u g h t  t o g e t h e r  t h r o u g h  

c o n v e r g e n c e ,  a s  in  a d a p t i v e  g e n e  c o m b i n a t i o n s  u s u a l -  

ly  c a l l e d  s u p e r g e n e s  ( F i g .  5 ) .  The  o r i g i n a l  t a n d e m  

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

c h r o m o s o m e  s e g m e n t  ( D a r l i n g t o n  1956;  M a t h e r  1950 ;  

F o r d  1964 ; Ohno  1970,  1973 ) .  I f  t h e  g e n e s  a r e  u n l i n k e d  

t h e y  m a y  s t i l l  f u n c t i o n  e i t h e r  a s  a ' s e r i a l  s y s t e m  ~ w i t h  

t h e i r  o r d e r  of  a c t i v a t i o n  b e i n g  c o n t r o l l e d  by  t h e  d e v e l -  

o p m e n t a l  s e q u e n c e  ( G r a n t  1 9 7 5 ) ,  o r  a s  a c o m b i n a t i o n  

of  l i n k e d  a n d  u n l i n k e d  s y s t e m s  in  w h i c h  d i f f e r e n t  g e n e s  

a r e  s w i t c h e d  on  o r  of f  in  a c o m p l e x  r e t i c u l a t e  d e v e l o p -  

m e n t  t h r o u g h  t h e  a i d  of  a b a t t e r y  of  c o - o r d i n a t o r  g e n e s .  

Al l  t h e s e  d i f f e r e n t  t y p e s  of  g e n e  a s s o c i a t i o n s  a n d  a r -  

r a n g e m e n t s  p o s s i b l y  r e q u i r e  d i f f e r e n t  k i n d s  o f  c o m -  

p l e m e n t a r y  m e c h a n i s m s  to a c h i e v e  t h e  r e q u i r e d  f u n c -  

t i o n a l  e n d .  

C o m p l e m e n t a t i o n  m e c h a n i s m s  m a y  a l s o  v a r y  a c -  

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

( i )  g e n e  t r a n s c r i p t i o n ,  ( i i )  m e s s e n g e r  RNA,  ( i i i )  
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Fig. 5. An example of evolutionary relationships in complementary units 

gene translation, or (iv) gene product (polypeptide). 

Examples of trans complementation at the polypeptide 

level and that of ci_~s complementation at the gene tran- 

scription level are well known (Fincham 1966, 1972). 

Recently Gally and Edelman (1972) have proposed a 

model of complementation at the gene transcription 

level by which spatially separated elements of a group 

of genes in tandem array could be spliced together 

through an intervention of loops. The spectrum of ge- 

netic organization in prokaryotes and eukaryotes would 

of nece s s i t y  be different  in this connect ion .  

Changes in the s i te  of these  in tegra ted  genes  may 

make the r e spec t ive  complemen ta ry  mechan i sm  inap-  

p ropr i a t e  and may produce d i s o r d e r s  of a type ca l led  

'posit ion effect '  by Goldschmidt  (1955) .  The r e l a -  

tively rare condition where a mutant gene is domi- 

nant overthe wild-type allele, may be due to the mu- 

tation altering the balance of the complementary 

mechanism to cause preferential expression of the 

mutant gene. Survival of the essential complementa- 

tion mechanisms must be ensured through mechanisms 

restricting crossing-over which would otherwise de- 

stroy them. A possible extreme case of preservation 

of such linked genes is obtained from the study of 

banding patterns of chromosomes which shows that 

the original linear order of the x-linked genes was 

conserved to a remarkable degree during the whole 

of mammalian evolution (Ohno 1973). Another pos- 

sibly extreme example where preservation of a sys- 

tem of complementation may be significant concerns 
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functional  r e p r e s s i o n  of one c h r o m o s o m e ,  again in 

r e l a t i on  to the x - c h r o m o s o m e  (Lyon 1971).  Within 

the f ami ly  of l inked genes  on the x - c h r o m o s o m e  c o m -  

p lemen ta t ion  involving genes  on the r e p r e s s e d  a l l o -  

s o m e  may not o c c u r  and complemen ta t i on  conce rn ing  

genes  loca ted  on the funct ional  x - c h r o m o s o m e  might  

o v e r w h e l m i n g l y  involve  genes  loca ted  on a u t o s o m e s .  

The s i tua t ion  may be s igni f icant  in r e l a t i on  to sex  de-  

t e r m i n a t i o n .  

Complemen ta t i on  may be s igni f icant  in the u n d e r -  

s tanding of ano ther  pa radox ica l  s i tua t ion  in a n i m a l s :  

DNA cons tancy  in the face  of karyotype  ins tab i l i ty .  

Thus, al though the c h r o m o s o m e  n u m b e r  v a r i e s  by 

m o r e  than one o r d e r  of  magni tude  the amount  of DNA 

pe r  ce l l  is v e r y  s i m i l a r  (Atkin 1965).  The ka ryo typ ic  

d i f f e r ence  be tween s p e c i e s  may be r e l a t ed  to the s p e -  

c i a l i za t ion  of m e c h a n i s m s  of complemen ta t i on  g o v e r n -  

ing s e l e c t i v e  gene ac t iv i ty .  

Inasmuch  as comp lemen ta t i on  may be a gene ra l  

f ea tu re  of comp lex  f o r m s  of deve lopment ,  c h a r a c t e r -  

i s t i c  of all  e u k a r y o t e s ,  the hypothes is  may have a 

b r o a d e r  appl ica t ion  to d i f fe ren t i a t ion  in g e n e r a l .  Ob-  

s e r v a t i o n s  have been made in s e v e r a l  a r e a s  of r e -  

s e a r c h  which a r e  in gene ra l  a g r e e m e n t  with the hy-  

po thes i s  - i . e .  the produc t ion  of gene t ic  p o l y m o r -  

ph i sm by v a r i a b l e  c o m p l e m e n t a r y  in t e r ac t ion  between 

a se t  of genes  and a c o - o r d i n a t o r  gene,  which con-  

t r o l s  t he i r  ac t iv i ty  and sequence  of e x p r e s s i o n ,  and 

which in turn  is  r e s p o n s i v e  to mul t ip le  phys io log ica l  

t h r e sho lds  g e n e r a t e d  in deve lopment  through the i n -  

t e r a c t i o n  of env i ronmen t  and the gene ra l  gene t ic  

background,  in a way s i m i l a r  to that p roposed  by 

Br i t t en  and Davidson ( 1971 ) involving ' s ensor '  g e n e s .  

F o r  example  : 

(1) Evolution of m o n o e c i s m  in f lower ing  p lan t s :  

While in an o v e r w h e l m i n g  p ropor t ion  of plants  de -  

t e r m i n a t i o n  of mat ing types  i s  ach ieved  through g e -  

ne t ic  s e g r e g a t i o n ,  in a t iny mino r i t y ,  the monoec ious  

p lants ,  it is  d e t e r m i n e d  by gene t ic  r egu la t ion  and is  

i n t eg r a t ed  with the p r o c e s s  of d i f f e ren t i a t ion .  In 

these  p lants ,  the f e m a l e  and male  f lower  f o r m s  a r e  

e x p r e s s i o n s  of  the s a m e  genotype .  Natura l  e x a m p l e s  

of c o n v e r s i o n  of d i o e c i s m  to m o n o e c i s m  (Lloyd 1975) 

show how the e l e m e n t s  of  both s y s t e m s  may coex i s t  

in the s a m e  s p e c i e s ,  one s y s t e m  opera t ing  while the 

o the r  is  s u p p r e s s e d .  

(2) The a p p e a r a n c e  of d i f ferent  a l l e l i c  f o r m s  of 

the s a m e  enzyme  in d i f fe ren t  t i s s u e s  of an individual  

( H a r r i s  1969), which may be t e r m e d  'gene typ ing ' ,  

may r e s u l t  f r o m  d i f fe ren t i a l  qua l i t a t ive  and s equen -  

t ia l  t r a n s c r i p t i o n  of component  genes  in r e s p o n s e  to 

the d i f fe r ing  in te rna l  e n v i r o n m e n t  of d i f ferent  t i s s u e s .  

(3) There  is  much r e p o r t e d  ev idence  for  a s i m i l a r  

mode of o r ig in  of d i v e r s i t y  of  immuno log ica l l y  s p e c i f -  

ic  c e l l s  in an ima l s  (Cooper  1975). Each  antibody 

mo lecu l e  usual ly  c o n s i s t s  of two pa i r s  of polypept ide  

cha ins ,  l ight  chains  which can be e i t h e r  of two types ,  

kappa o r  l ambda ,  and heavy chains  which can be of 

f ive  types .  These a r e  coded by t h r ee  c o m p l e x e s  of 

c l o s e l y  l inked g e n e s :  one complex  each  for  kappa,  

l ambda ,  and heavy cha ins .  Each com plex  c o n s i s t s  of  

a fami ly  of V genes  coding for  V (va r i ab l e )  r eg ions  

and one o r  m o r e  C genes  coding for  C (constant )  r e -  

g ions .  These c l u s t e r s  of V and C genes  a r e  spa t i a l ly  

s e p a r a t e d  although nearby  on the s a m e  c h r o m o s o m e  

( D r e y e r  and Bennet t  1965; Burne t  1969; Smi th ies  

1970, 1973; Smith 1973). A c lo se ly  l inked c l u s t e r  is 

f o r m e d  by genes  for  va r i ous  c l a s s e s  of  heavy cha ins  

but the genes  for  kappa and lambda  c l a s s  of light 

chains  a r e  not l inked to that c l u s t e r .  Each  i m m u n o g l o -  

bu l in  molecu le  is thus not coded by a c o m p l e t e  d i s -  

c r e e t  VC g e r m  l ine gene ( D r e y e r  and Bennet t  1965; 

Smi th i e s  1973).  However ,  t he r e  is  ev idence  f r o m  

sequence  ana lys i s  of immunoglobul in  l ight chain m e s -  

s e n g e r  RNA showing that t he r e  is  one mo lecu l e ,  and 

not two s e p a r a t e  m o l e c u l e s ,  coding fo r  the V and C 

r eg ions  of the light chain (Mi l s te in  e t  a l .  1974). Ap-  

pa ren t ly  complemen ta t i on  at the t r a n s c r i p t i o n  leve l  

o c c u r s  be tween spa t ia l ly  s e p a r a t e d  e l e m e n t s  of a 

group of genes  in tandem a r r a y  (poss ib ly  through 

sp l ic ing  toge the r  of genes  on the Gally and E d e l m a n  

m o d e l ) ,  and complemen ta t i on  between unlinked as  

well as l inked genes  o c c u r s  to p roduce  the c o m p l e t e  

antibody m o l e c u l e .  F u r t h e r ,  t h e r e  a r e  ind ica t ions  

that in each  ce l l  only c e r t a i n  genes  of  a c l u s t e r  a r e  

e x p r e s s e d  while o t h e r s  r e m a i n  ' s i l en t ' ,  and thai in 

d i f ferent  types  of c e l l s  d i f fe ren t  componen t s  of  the 

s a m e  c l u s t e r  a r e  ac t iva ted  (Cooper  and Lawton III, 

1975).  Thus while t he r e  a r e  no g e r m  l ine  ope rons  

coding fo r  each  type of  immunoglobul in ,  all  genes  

r e q u i r e d  to produce  them a r e  n e v e r t h e l e s s  a l r e ady  

p r e s e n t  in the g e r m  l ine ,  and p o l y m o r p h i s m  may be 

g e n e r a t e d  through e n v i r o n m e n t a l l y  induced random 
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and non - r andom inac t iva t ion  and qual i ta t ive  d i f f e r -  

ent ia l  e x p r e s s i o n  of the s t r u c t u r a l  gene t ic  s e g m e n t s  

involved .  Immunoglobul in  spec i f i c i ty  de t e rmina t ion  

may,  t h e r e f o r e ,  mainly  o c c u r  o v e r  a s t eep  e n v i r o n -  

mental  g rad ien t  o c c u r r i n g  in the e a r l y  lymphoid  o r -  

gans in the foetus  (Decke r  and S e r c a r z  1974).  

Di f fe ren t ia l  r egu la t ion  of a s p e c t r u m  of subunits  

to produce  po lymorph i sm  at complex  loci  is  an a t -  

t r a c t i v e  hypothes is  for  long t e r m  evolut ion .  Since it 

does  not involve mutat ion o r  r ecombina t ion  t he r e  is 

no loss  of e s t ab l i shed  gene t ic  m a t e r i a l .  A high d e g r e e  

of soph i s t i ca ted  va r i a t i on  can be main ta ined  under  the 

cont ro l  of bas ic  r egu l a to ry  e l e m e n t s  which a re  s e n s i -  

t ive  to the innumerab le  background th r e sho lds  p r o -  

duced by s e l ec t i on ,  hybr id iza t ion  and inbreed ing .  In 

this  s c h e m e  an a l l e l e ,  o r  spec i f i c  mode of deve lop-  

ment ,  may be r e c r e a t e d  a f t e r  a l apse  of mi l l ions  of  

y e a r s ,  when the s p e c i e s  conce rned  may have given 

r i s e  to d i f fe ren t  g e n e r a  o r  even f a m i l i e s .  Indeed, the 

unique p a r a l l e l i s m  of mu l t i a l l e l i c  incompat ib i l i ty  

s y s t e m s  throughout  the plant kingdom may b e a r  t e s -  

t imony to the inheren t  potent ia l  and s tab i l i ty  of this  

mode of genet ic  p o l y m o r p h i s m .  It may be one of the 

m e c h a n i s m s  by which e s sen t i a l  l i fe  p r o c e s s e s  o r  

mo lecu l e s ,  once evo lved ,  can be main ta ined  and 

adapted to suit  i nnumerab le  env i ronmen t s  and deve l -  

opmenta l  pa t t e rns  in a l a r g e  body of o r g a n i s m s  c o m -  

p r i s ing  a whole k ingdom.  
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