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A Model for Self-Recognition and Regulation of 
the Incompatibility Response of Pollen* 
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S u m m a r y .  Recent  b iochemica l  s tud ies  with Brassiea indica te  that the pol len  g r a i n  has a p r i m a r y  ro le  in  the 
cont ro l  of se l f  incompat ib i l i ty .  Combin ing  this  new evidence  with that f rom p r i o r  genet ic ,  b iochemica l ,  and 
u l t r a s t r u c t u r a l  s tud ies ,  a working model  is  hypothes ized  for  the m o l e c u l a r  events  which occur  dur ing se l f  r e -  
cogni t ion  and the subsequent  control  of pol len  g e r m i n a t i o n .  Self r ecogn i t ion  is pos tu la ted  to involve  the i n t e r -  
ac t ion  of a p r e syn thes i zed ,  geno type-spec i f i c  r ecogn i t ion  molecu le  (ef fec tor)  p roduced  by the s t igma  with a 
p r e s y n t h e s i z e d  r ecep to r  molecu le  produced by and located in  or  on the pol len g ra in .  The consequence  of se l f  
r ecogn i t ion  is  a s e l ec t ive  inhib i t ion  of pol len  p ro t e in  syn thes i s  within about 2-4 minu tes  af ter  imbib i t ion .  We 
deduced that p ro t e in  syn thes i s  is  p r o g r a m m e d  to occur  in  pol len - un l e s s  i n t e r r u p t e d  as a consequence  of se l f -  
r ecogn i t ion  - and leads  to the sequent ia l  p roduct ion  of opposing r e g u l a t o r s :  f i r s t  a g e r m i n a t i o n  inh ib i to r  (G-  
Inh) ,  then a g e r m i n a t i o n  ac t iva tor  ( G - A c t ) .  These r egu l a to r s  in  t u r n  cont ro l  the ac t iv i t i e s  of p r e syn thes i zed ,  
and probably  s eques t e r ed  enzymes  r e q u i r e d  for ge rm tube fo rma t ion .  Sequential  appea rances  of the G-Inh and 
G-Act  occur  un l e s s  syn thes i s  of the G-Act  is  blocked as a r e su l t  of self  recogni t ion .  Thus, following a se l f  pol -  
l ina t ion ,  r ecogn i t ion  occur s  in  suff icient  t ime  to block product ion  of the G-Act  but not of the G-Inh,  and inh ib i -  
t ion  of g e r m i n a t i o n  ( incompat ib i l i ty )  r e s u l t s .  F o r  a c r o s s  pol l ina t ion ,  t he re  is  no self  r ecogn i t ion  and p roduc -  
t ion  of the G-Act  is  un impeded;  it then nul l i f ies  the effect of the G-Inh  and pol len g e r m i n a t i o n  (compat ib i l i ty )  
r e s u l t s .  The model  and evidence  for  i ts  support  a r e  d i s cus sed  in  de ta i l .  
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In t roduct ion  

Sexual o r  self  incompat ib i l i ty  of p lants  is  a gene t i -  

c a l l y - d i r e c t e d  inhibi t ion  of pol len  funct ion.  If i n c o m -  

pa t ib i l i ty  r e s u l t s  only when ident ica l  (homogenic)  

incompa t ib i l i t y  a l l e l e s  ( S - a l l e l e s )  a r e  p r e se n t  in  

both pol len  and p i s t i l l a r  t i s s u e s ,  then the sys t em is 

t e r m e d  "gametophyt ic" .  The sys t em is t e r m e d  "spo-  

rophyt ic"  when the genotype of the sporophyte  r a t h e r  

than of the ma te  gamete  d e t e r m i n e s  the ac t ive  S a l -  

l e le  of pol len (Townsend 1971). Incompat ib i l i ty  oc-  

c u r s  with se l f ing and with c r o s s i n g  between p lants  

c a r r y i n g  the s a m e  S-a l l e l e ,  even though the ma le  and 

f ema le  game tes  a r e  funct ional .  Much in fo rma t ion  

exis t s  about the gene t i c s ,  u l t r a s t r u c t u r e  and phys io-  

logy of S - a l l e l e - c o n t r o l l e d  sexual  incompa t ib i l i t y  ( see  

r ev iews  of Sears  1937; Lewis 1954; A r a s u  1968; 

Rosen  1968; Lundquist 1969; Townsend 1971; de Net-  

t ancour t  1972 ; Vasi l  1974; Brewbake r  1957).  Several  
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hypotheses  exist  conce rn ing  the cont ro l  m e c h a n i s m s  

p reven t ing  pol len tube growth af ter  an incompat ib le  

pol l ina t ion  (Lewis 1949, 1965; Nas ra l l ah  et a1.1970; 

Pandey 1970; Ascher  1966; Kroes  1973; Hes lop-  

H a r r i s o n  et al .  1975; van der  Donk 1975). However ,  

no hypothes is  has ga ined un ive ra l  accep tance .  

Two r ecen t l y  hypothes ized mode ls  conclude that 

" . . .  the whole i n fo rma t ion  base  f rom which the d i s -  

c r i m i n a t i o n  between dif ferent  pol len genotypes i s  

made  mus t  be ava i lab le  in  the papi l lae"  for  spec ies  

with sporophyt ic  cont ro l  of the pol len  r eac t i on  (Hes -  

l o p - H a r r i s o n  et a l .  1975),  o r  in  the s ty le  for spec ies  

with gametophyt ic  cont ro l  (van der  Donk 1975).  Both 

these  t i s s u e s  a r e  female  pa r t s  of the f lower  p i s t i l .  

H e s l o p - H a r r i s o n  et a l .  (1975) a s s i g n  a m a j o r  aspect  

of pol len r e j ec t i on  to events  o c c u r r i n g  in o r  on the 

s t igma  of Brassica. Van der  Donk (1975) concludes  

that the act of r ecogn i t ion  between pol len and p is t i l  

and the r e j ec t i on  of incompa t ib le  pol len  is  med ia ted  

p r i m a r i l y  by events  o c c u r r i n g  in the s t y l a r  t i s s u e s .  

With the s ta ted  emphas i s  on ac t iv i t i e s  in the p i s t i l ,  
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both H e s l o p - H a r r i s o n ' s  and van der  Donk's  models  

come nea r  to sugges t ing  that pol len only suppl ies  an 

S-a l l e l e  specif ic  recogni t ion  molecu le .  However,  

much evidence  s u m m a r i z e d  by Pandey (19707 and 

m o r e  recen t  r e s u l t s  witb Brassica indica te  the r e -  

v e r s e  - an ac t ive  ro le  for pol len in  recogn i t ion  and 

r e j ec t i on  while the s t igma  suppl ies  only an S -a l l e l e  

specif ic  recogni t ion  molecu le .  Using the new ev i -  

dence,  we hypothesize  for  Brassica a model  des -  

c r ib ing  the act ive  events  o c c u r r i n g  in pol len dur ing  

S - a l l e l e - m e d i a t e d  se l f  recogni t ion  and the s u b s e -  

quent m o l e c u l a r  cont ro l  of ge rmina t i on .  Resu l t s  a c -  

cumula ted  over  s eve ra l  decades by inves t iga to r s  in  

s eve ra l  l a b o r a t o r i e s  were  used to e l imina t e  or  ac -  

cept concepts  and a l t e rna t i ve s  cons ide red  in  der iv ing  

the model .  A n u m b e r  of obse rva t ions  incons i s t en t  

with past  hypotheses  a r e  explained.  The model  is  

specula t ive  in par t  because  evidence  is  incomple te  

conce rn ing  some  of the events  pos tu la ted  to occur  

during recogni t ion  and subsequent  man i fe s t a t ion  of 

incompat ib i l i ty .  The model  is  p r e sen t ed  so that it 

may be t es ted  dur ing r e s e a r c h  des igned to de t e r mi ne  

the m o l e c u l a r  m e c h a n i s m s  through which i n c o m p a -  

t ib i l i ty  is  expres sed .  

Components  of the Model 

We hypothesize  that exp re s s ion  of s e l f - i ncompa t ib i l i t y  

in Brassica is  the consequence  of a mul t ip le  compo-  

nent sys t em including:  

A) An effector  molecu le  - a p r e s y n t h e s i z e d  S - a l -  

le le  specif ic  recogni t ion  factor ,  produced by and lo-  

cated on s t igmat ic  papi l lae .  

B) A recep to r  molecu le  - a p r e s y n t h e s i z e d  S - a l -  

le le  specif ic  recogni t ion  factor ,  located in  or  on pol-  

len.  

C) A comple te  set  of p r e s y n t h e s i z e d  enzymes  

which media te  at l eas t  in i t ia l  ge rm tube fo rmat ion .  

D) A pol len  ge rmina t i on  inhib i tor  ( G - I n h ) .  

E) A pol len  ge rmina t ion  ac t iva to r  (G-Act )  - The 

G-Inh and G-Act  a r e  r egu la to ry  p ro te ins  syn thes ized  

by pol len;  by opposing ac t ions  they control  the ac t i -  

vity of the presynthesized enzymes. 

Components A and B: S-allele specific recognition 

molecules. Serologically- and electrophoretically- 

detected S-allele specific proteins, generally accepted 

as recogni t ion  molecu les  funct ioning in s e l f - i n c o m p a -  

t ib i l i ty  (Townsend 1971; H e s l o p - H a r r i s o n  1975 ; A s c h e r  

1966), have been  ex t rac ted  from /h, a s s i ca  s t i gmas  

(component  A, effector  molecu le )  (Nas ra l l ah  and 

Wal lace  1967; Nas ra l l ah  et a l .  1970; Sedgley 1974a, 

1974b). In F 2 p rogen ies ,  these  s t igma  p ro te ins  s e g -  

rega ted  in  absolu te  c o r r e l a t i o n  with the e x p r e s s e d  

se l f -  and c r o s s - i n c o m p a t i b i l i t i e s  of each segrega t ing  

plant (Nas ra l l ah  et a l .  1972). Low quant i t i tes  were  

p re sen t  in  s t i gmas  of i m m a t u r e  f lower buds which 

accept  se l f  pol len;  and, as the quant i ty  of the p ro t e in  

in s t i gma s  of developing f lowers  i n c r e a s e d ,  e x p r e s -  

s ion of incompat ib i l i ty  i n c r e a s e d  (Nas ra l l ah  and 

Wal lace  1967; Nas ra l l ah  1974). In addit ion,  Brassica 

s t i gmas  r e l e a s e  a subs tance  (probably  the s t igma  

effector  molecu le )  capable  of inhib i t ing  in v i t ro  g e r -  

mina t ion  of self  pol len,  with ex t rac t s  f rom c r o s s  

s t i gmas  having much l e s s  effect ( F e r r a r i  and Wal-  

lace  1976). Serologica l ly  detected S-a l l e l e  speci f ic  

p ro t e ins  were  also found in Petunia s ty les  (Linskens  

1960), and f rom pol len (component  B, r ecep to r  m o -  

lecule)  of Oenothera (Lewis 1952) and F e t ~ i a  (Lins-  

kens 1960; M~ikinen and Lewis 1962). Using the c a l -  

lose  deposi t ion r e s p o n s e  of s t igmat ic  papi l lae  to s e l f -  

pol len ex t rac t s  as a biological  tes t  of act iv i ty ,  ac t ive  

subs t ances  were  ex t rac ted  from pol len of Brassica, 

2ber i s  and Raphanus ( rev iew of H e s l o p - H a r r i s o n  

1975). 

Component  C: sequestered~ p r e s y n t h e s i z e d  en -  

zymes  r e q u i r e d  for  pol len tube e lor~at ion .  Mature  

pol len,  f rom plants  with both gametophyt ic  or  spo ro -  

phytic control  of incompat ib i l i ty ,  conta ins  a l a rge  

n u m b e r  of p r e s y n t h e s i z e d  enzymes  p r i o r  to g e r m i n a -  

t ion,  many of which a r e  c onc e r ne d  with me tabo l i sm 

of wall p r e c u r s o r s  ( r ev iews  by Ma sc a r e n h as  i975;  

M~ikinen and Macdonald 1968 ; and Brewbaker  i 957 ).  

Based  p r i m a r i l y  on data obtained us ing inh ib i to r s  of 

p ro te in  and nucle ic  ac id  syn thes i s  ( r ev iewed  by Mas -  

ca r enhas  1971, 1975), it i s  eviden~ that new enzyme  

syn theses  a r e  not r e q u i r e d  for  in i t ia l  (at leas t )  tube 

e longat ion.  

Therefore ,  a key ques t ion  conce rn ing  m a n i f e s t a -  

t ion of incompat ib i l i ;y  is  what keeps the enzymes  

that fac i l i t a te  ge rm tube fo rma t ion  from funct ioning 

in pol len on se l f  s t i g m a s ?  F i r s t ,  we cons ide r  the 

poss ib i l i ty  that these  enzymes  a r e  f r ee  in  the cyto-  

p lasm and that a hyd ro l a se -Hke  inac t iva t ion  of t he i r  
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funct ion is  r e s p o n s i b l e  for the inh ib i t ion  of i n c o m -  

pa t ib le  pol len  g e r m i n a t i o n .  We r e j e c t e d  this  p o s s i -  

b i l i ty  because  the m e c h a n i s m  con t ro l l i ng  enzyme  a c -  

t iv i ty  in  Brass ica  mus t  be r e v e r s i b l e .  R e v e r s i b i l i t y  

is  ind ica ted  in that pol len t r a n s f e r r e d  f rom an i n c o m -  

pa t ib le  to a compat ib le  s t i gma  r e t a ined  i ts  ab i l i ty  to 

g e r m i n a t e  and p e n e t r a t e  papi l la  ce l l s  (Kroh 1967).  

It is  unl ike ly  that  a h y d r o l a s e - l i k e  inac t iva t ion  would 

be r e v e r s i b l e .  We a l so  exclude a second  poss ib i l i t y  

that the s t i gma  prov ides  a p r e f o r m e d  r eg u l a t o r  that 

d i r ec t ly  con t ro l s  one or  m o r e  pol len  enzyme  ac t iv i -  

t i e s ,  o r  a th i rd  that the s t igma  must  provide  a r e -  

qu i red  g e r m i n a t i o n - l i m i t i n g  enzyme as hypothesized 

by Kroes  ( 1973 ) .  Func t ion ing  of a s t i gma t i c  subs t ance  

with d i r ec t  cont ro l  of pol len  enzyme  ac t iv i ty  is  un -  

l ike ly  because  pol len f rom many spec ies  can g e r m i -  

nate  in v i t ro  in the absence  of s t igma fac to r s ,  and 

tube lengths  about 100 t i m e s  the g r a in  d i a m e t e r  have 

been obse rved  ( F e r r a r i  and Wal lace  1975). This i n -  

na te  ab i l i ty  of pol len to g e r m i n a t e  and elongate  in 

chemically defined media indicates that the pollen 

grain has all the enzymes required for at least initial 

tube elongation. 

Because there must be many enzymes operating 

in tube formation, we retain the concept that a com- 

mon control mechanism maintains all or most of 

them in an inactive state following an incompatible 

pollination. After excluding the three alternatives 

discussed, we favor the possibility that the enzymes 

required for germination are sequestered in the pol- 

len. Membrane bound bodies detectable in electron 

micrographs of pollen tubes indicate compartmenta- 

tion as a possible alternative for maintaining enzymes 

in an inactive state. Some potential compartments are 

the "enzyme bodies" detected in pollen tubes of 

Oenothera by Dickinson and Lawson (1975), the lipoid 

bodies surrounded by rough endoplasmic reticulum in 

Irrrpatien8 pollen (van Went 1974) and the bipartite 

particles observed in arrested germ tubes of Eseu- 

lent.urn by de Nettancourt et al. (1973, 1974). These 

and other cellular inclusions with unknown functions 

were prevalent in micrographs of tubes from incom- 

patible pollen. Proof of this compartmentalization 

concept requires identification of "compartments", 

their "associated enzymes" and any developmental 

changes they undergo during pollen tube development. 

Because pollens from numerous species are ca- 

pable of germinating in vitro, the mechanism for re- 

l eas ing  e nz yme s  f rom the hypothesized c o m p a r t -  

ment  mus t  ope ra te  endogenously .  How then is  the  

cont ro l  of enzyme  r e l e a s e  media ted  following an i n -  

compat ib le  pol l inat ion? We suggest  that a " g e r m i n a -  

t ion inh ib i to r"  (component  D) in pol len  p r e v e n t s  en -  

dogenous enzyme r e l e a s e  following an incompat ib le  

po l l ina t ion .  

Component  D: The g e r m i n a t i o n  inh ib i to r .  The fol-  

lowing evidence is supportive of the existence of a 

germination inhibitor. High concentrations ( 2 X 10-4M ) 

of cycloheximide or cordyoepin ( 10-3M ) (inhibitors 

of protein synthesis and of I:hNA processing, respec- 

tivley) strongly inhibited Bra88ica pollen germina- 

tion in vitro when added to the germination media 1 

to 2 minutes after the pollen (Ferrari and Wallace 

1976). However, these same inhibitors at the same 

high concentrations did not reduce germination when 

present in the medium at the time pollen was added, 

i.e. when present at time zero and throughout the 

subsequent germination period. As a working hypoth- 

esis to explain these findings, we deduce that an in- 

hibitor of germination (the G-Inh) is synthesized by 

pollen during the first 1 to 2 minutes after imbibi- 

tion; thus, the presence of cycloheximide or cordyce- 

pin at the onset of imbibition can prevent synthesis of 

the G-Inh and thereby allow germination to occur. 

Hypothesized kinetics for production of the G-Inh 

are shown in Fig. IA. The relationship of this hypothe- 
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F i g .  1. K ine t i c s  for  sequent ia l  a ppe a r a nces  of the 
hypothes ized (A) g e r m i n a t i o n  inh ib i to r  (G-Inh)  and 
(B) g e r m i n a t i o n  ac t iva to r  ( G - A c t ) ,  and (C) the i r  
effect on pol len  g e r m i n a t i o n  
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t ical  pol len ge rmina t ion  inh ib i tor  to the physiology of 

se l f  incompat ib i l i ty  became  apparent  when the t i m e -  

and concen t r a t ion -dependen t  effects obse rved  with cy -  

c loheximide  and cordycepin  were also obtained with 

ex t rac t s  f rom se l f -  but not c r o s s - s t i g m a s  ( F e r r a r i  

and Wal lace  1976). 

Two pred ic t ions  a r i s e  if these  hypothesized k ine t -  

ics  for  syn thes i s  by pol len of a G-Inh a r e  c o r r e c t .  

F i r s t ,  ge rmina t ion  should be inhibi ted at lower  r a t h e r  

than higher  concen t r a t ions  of the exogenous inh ib i to r s  

of p ro te in  syn thes i s  and RNA p r o c e s s i n g ,  because  

inh ib i to r  uptake might then be slow enough to p e r m i t  

b iosyn thes i s  of the G- Inh .  Second, pol len p r e t r e a t e d  

with high concen t r a t ions  of cyc loheximide  or  se l f -  

s t i gma  ext rac t  [p rev ious ly  shown to rap id ly  block 

se l f -po l l en  p ro te in  syn thes i s  but not tube elongat ion 

( F e r r a r i  and Wallace 1976)] should ove rcome  se l f  

incompat ib i l i ty  in  s i tu .  Both p red ic t ions  were fu l -  

f i l led with Brassiea pol len .  Ge rmina t ion  in v i t ro  was 

inhibi ted when pol len was exposed to lower  concen -  

t r a t ions  (2 • 10-4M vs .  10-3M) of cordycepin  and to 

lower  leve ls  of s e l f - s t i g m a  ext rac t  ( F e r r a r i  and 

Wallace 1976). More s ign i f ican t ly ,  cyc loheximide  

p r e t r e a t e d  pol len ge rmina t ed ,  adhered  to papi l lae ,  

and pene t ra ted  into self  s t i gmas  ( F e r r a r i  and Wal-  

l ace  1977). Cont ro ls  indica ted  that these  r e s p o n s e s  

were  not due to inh ib i to r  leakage onto the s t i gma  f rom 

the t r ea ted  pol len .  In addi t ion,  p r e l i m i n a r y  r e su l t s  

indica te  that pol len which was p r e t r e a t e d  with c rude  

ex t rac t s  f rom sel f  s t i gmas  also ge rmina t ed  on se l f  

s t i gmas  in s i tu ;  however ,  this  r e sponse  dif fered 

f rom pol len p r e t r e a t e d  with cyc loheximide  in that 

the ge rm tubes  which formed lacked o r i en t a t i on :  the 

tubes  grew in all d i r ec t ions  and did not pene t r a t e  in -  

to s t igmat ic  t i s s u e s .  A c t i n o m y c i n - D - p r e t r e a t e d  po l -  

len  f rom Lycoperzicum also grew through self  s ty les  

(Sarfat t i  et a l .  1974), sugges t ing  that RNA syn the -  

s i s  might be r equ i r ed  for  control  of incompat ib i l i ty  

for p lan ts  with the gametophyt ic  s y s t e m .  

Inhibi t ion of ge rm tube elongat ion in v i t ro  at low 

concen t r a t ions  by some  v i t amins  and ho rmones ,  and 

lack of inhibi t ion o r  s o m e t i m e s  s t rong  s t imu la t ion  at 

h igher  concen t ra t ions  ( compared  to con t ro l s  with no 

t r e a t m e n t )  was r epor t ed  for pol len f rom Areca (Rag-  

haven and Ba ruah  1959), Cucu~s (Vasi l  1960), 

Cerato~amia and Pinus (Anhaeus se r  1953). An inh ib i -  

to r  of RNA syn thes i s ,  6 - m e t h y l p u r i n e  and s e ve r a l  of 

its analogs, at increasingly higher concentrations, 

strongly enhanced Petunia and Nicotiana germ tube 

elongation in vitro (Tupy et al. 1965). This is consist- 

ent with the interpretation that, for pollen from some 

species, synthesis of RNA is involved with produc- 

tion of an inhibitor of tube elongation. That high con- 

centrations of maleic hydrazide, transcinnamic acid, 

iodoacetate, abscisic acid, auxin and ethylene pro- 

moted tube elongation, again in vitro, yet inhibited 

germination to varying extents, led McLeod (1975) 

to conclude that an active endogenous inhibitory sys- 

tem is established in pollen soon after germination. 

That incompat ib i l i t i e s  on Brassica s t i gmas  and in 

Lycopersicum s ty le s ,  r e spec t ive ly ,  were  ove rcome  in 

s i tu  by p re t r ea t i ng  pol len with an inh ib i tor  of p ro te in  

syn thes i s  ( F e r r a r i  and Wallace 1977) and of DNA 

t r a n s c r i p t i o n  (Sarfat t i  et a l .  1974) sugges t s  the fol-  

lowing: A) The G-Inh is  a p ro te in  r egu la to r  which 

inh ib i t s  the ac t iv i t i es  of enzymes  r equ i r ed  for ge rm 

tube fo rmat ion ,  B) syn thes i s  of this  r egu la to r  is 

p r o g r a m m e d  to occur  in  the pollen - not the s t i g m a - ,  

and C) appea rance  of G-Inh ac t iv i ty  r e q u i r e s  at 

l eas t  new pro te in  syn thes i s ,  new RNA p r o c e s s i n g  

(data for Brassica) or  new RNA syn thes i s  (data for 

Lycopersicum) . 

The above ra t iona le  for the p r e s e n c e  of a G-Inh 

r e q u i r e s  that it be syn thes ized  rapid ly  by pol len.  Can 

pollen syn thes ize  p ro te in  within minu tes  af ter  addi -  

t ion to ge rmina t ion  medium? With Tradescantia and 

Petunia pol len ,  po ly r ibosomes  were  a s s e m b l e d  within 

1 to 2 minu tes  af ter  pol len imbib i t ion ,  and prote in  

was syn thes ized  both in vivo (Masca renhas  and Bell  

1969) and in v i t ro  (Linskens et a l .  1970). Leucine-  

14C incorpora t ion  into Brassica pollen p ro te ins  was 

l i ne a r ,  was detected as ea r ly  as 10 minutes  af ter  

the s t a r t  of pollen incubat ion,  and ext rapola t ion  of 

incorpora t ion  r a t e s  to zero  t ime  indicated l i t t le  o r  

no lag phase ( F e r r a r i  and Wallace 1976). Imb ib i -  

t ion (water  uptake) in v i t ro  is  comple te  seconds  af-  

t e r  adding Brassica pollen to ge rmina t ion  medium 

( F e r r a r i  and Wallace,  unpubl ished da ta ) .  Hence,  up-  

take by pol len of low mo l e c u l a r  weight exogenous in -  

h ib i to rs  should occu r  fast  enough to rapidly  block 

p ro te in  s y n t h e s i s .  

How does the pol len G-Inh tu rn  off ge rmina t ion?  

We specu la te  that it  acts  b y p r e v e n t i n g  r e l ea se  f rom 



T . E .  F e r r a r i  and D.H.  Wal lace :  Model for Se l f -Recogni t ion  and Regulat ion 215 

a s e q u e s t e r e d  c o m p a r t m e n t  of the p r e s y n t h e s i z e d  e n -  

z y m e s  r e q u i r e d  for  pol len  tube e longat ion .  

Component  E : The Germina t ion  ac t i va to r .  Two ob- 

s e r v a t i o n s  sugges t  that shor t ly  a f t e r  p r o g r a m m e d  

b iosyn thes i s  of the hypothes ized G-Inh ,  it mus t  

e i the r  be inac t iva ted ,  o r  that i ts  blockage of g e r -  

mina t ion  is  c i r c u m v e n t e d  by ano ther  m e c h a n i s m .  

F i r s t ,  pol len  f rom many spec ies  g e r m i n a t e s  r ead i ly  

in  v i t ro ,  i . e .  in defined medium lacking s t igma  ex-  

t r a c t  o r  i nh ib i to r s  of t r a n s c r i p t i o n  and t r a n s l a t i o n .  

Second, although ge rmina t i on  was s t rong ly  inhib i ted  

by adding high concen t r a t i ons  of cyc lohex imide ,  c o r -  

dycepin  or  se l f  s t i gma  ex t rac t  to g e r m i n a t i o n  m e -  

d ium 1 to 2 minu tes  a f te r  pol len imbib i t ion ,  g e r m i n -  

na t ion  was l e s s  and l e s s  i n h i b i t e d  as  t ime  of addi t ion 

was de layed beyond 2 minu tes  ( F e r r a r i  and Wal lace  

1976). There fore ,  we sugges t  the sequent ia l  syn the -  

s i s  by pol len of f i r s t  the G-Inh ,  and then a g e r m i n a -  

t ion ac t iva to r  (G-Act )  ( F i g s .  1A and 1B).  In the ab -  

s ence  of exogenous o r  s t i g m a - d e r i v e d  inh ib i to r s  of 

p ro te in  s y n t h e s i s ,  the ac t ion  of the G-Inh  would f i r s t  

i n c r e a s e  as  it was syn thes ized ,  and then d e c r e a s e  as 

the G-Act  o v e r c a m e  the G - I n h - m e d i a t e d  block of 

g e r m i n a t i o n .  The G-Act  could act by d i r ec t  i na c t i va -  

t ion of the G- Inh ,  o r  by i nd i r ec t l y  c i r c u m v e n t i n g  the 

G-Inh imposed  block on g e r m i n a t i o n .  At any t ime ,  

the effect ive concen t r a t i on  of G-Inh  would be i n v e r s e -  

ly p ropor t iona l  to i t s  effect on g e r m i n a t i o n .  This a n a l -  

y s i s  is  cons i s t en t  with obse rved  inhib i t ion  k ine t i c s  

( F e r r a r i  and Wal lace  1976) .When added about 2 m i n -  

u tes  a f t e r  the s t a r t  of imbib i t ion  by pol len ,  high con-  

c e n t r a t i o n s  of cyc lohex imide ,  cordycepin  o r  s t igma  

s u b s t a n c e  inhibi ted  ge rmina t i on  by apparen t ly  a l low-  

ing t i m e  for  b iosyn thes i s  of the G-Inh  ( indica ted  by 

the b a r ,  F ig .  lC)  but not of the G-Act .  The G-Inh:  

G-Act  cont ro l  s y s t e m  is  analogous to the sequent ia l  

appea rances  in potato tube r  disks  of f i r s t  pheny la l a -  

n ine  a m m o n i a - l y a s e  and then of a l y a s e - i n a c t i v a t i n g  

p ro te in  (Zucke r  1968). Hotta and S te rn  (1963) ob-  

s e r v e d  that d i s appea rance  of the induced ac t iv i ty  of 

thymid ine  k inase  in l i ly  an the r s  a lso  r e q u i r e d  condi -  

t ions  which favored  p ro t e in  s y n t h e s i s .  

Regula tory  Reg imes  of Po l l en  G e r m i n a t i o n  

The p roposed  b iochemica l  model for  r ecogn i t ion  and 

con t ro l  of i ncompa t ib i l i t y  inc ludes  at l eas t  4 i n t e r -  

ac t ing pathways ( F i g s . 2 - 4 ) .  [A fifth pathway (F ig .  

4) ,  d i s cus sed  in  the conc lus ion  sec t ion ,  c o n c e r n s  

deve lopmenta l  s tages  of pol len which occur  a f t e r  the 

comple t ion  of recogni t ion  and cont ro l  of i n compa t ib i l -  

i ty .  ] The va r ious  i n t e r a c t i o n s  ( r e gu l a t o r y  r e g i m e s )  

among pathways I, II, III and IV expla in  the fol low- 

ing s i t ua t ions :  ( i )  the con t r a s t i ng  t i m e -  and concen -  

t r a t i on -dependen t  effects on pol len ge r m i n a t i on  of i n -  

h ib i to r s  of p ro te in  syn thes i s  (F ig .  2 ) ;  ( i i )  the c o n s e -  

quence of an incompat ib le  or  s e l f -po l l ina t ion  (F ig .  3 ) ;  

( i i i )  the consequence  of a compat ib le  ( c r o s s ) p o l l i n a -  

t ion ( F i g . 4 )  ; and ( iv)  the in v i t ro  ge r m i n a t i on  of pol -  

l en .  

Si tuat ion (i)  �9 Po l l en  g e r m i n a t i o n  in the p r e s e n c e  

of p ro te in  syn thes i s  i nh ib i t o r s .  When pol len is  s u s -  

pended in synthe t ic  ge r mi na t i on  medium,  the g r a in  

imb ibes  water  within seconds  and p ro te ins  a r e  hy-  

d ra ted .  If the medium con ta ins  an effect ive inh ib i to r  

of p ro te in  syn thes i s ,  fo rmat ion  of the G-Inh  via pa th-  

way II and of the G-Act  via  pathway III ( b o t h r e g u l a -  

to ry  p r o t e i n s )  a r e  blocked (Ar row A, F ig .  2) .  To ac -  

count for the fact that g e r m i n a t i o n  can occur  in the 

p r e s e n c e  of such inh ib i to r s ,  an endogenous mecha -  

n i s m  must  then r e l e a s e  the p r e syn t he s i zed ,  s e -  

ques t e r ed  enzymes  that media te  pol len  tube e longa-  

t ion (F ig .  2, pathway I ) .  Thus, one condi t ion of our  

model is  that new pro te in  syn thes i s  is  not e s sen t i a l  

for  at l eas t  in i t ia l  g e r m  tube fo rmat ion  to o c c u r .  

When the inh ib i to r  of p ro t e in  syn thes i s  is  not ad-  

ded to the medium unti l  about 2 minu tes  af ter  i m b i b i -  

t ion,  only fo rmat ion  of the G-Act  is  blocked (Arrow 

B, F i g . 2 ) :  The G-Inh ,  syn thes ized  in the f i r s t  2 

minu tes  via  pathway II, can then block the endogenous 

r e l e a s e  of the e nz yme s  involved with tube fo rma t ion  

[cf.  ( i i )  and F i g . 3 ] .  

In the absence  of p ro te in  syn thes i s  inh ib i to r s ,  the 

cont ro l  of ge r mi na t i on  by the r egu la to ry  p ro t e ins  

would be as  de sc r i be d  for  a c r o s s  pol l ina t ion  [cf.  

( i i i )  and F i g . 4 ] .  

Si tuat ion ( i i ) :  Po l l en  having the s a m e  S - a l l e l e  

phenotype as  the s t i gma .  Af te r  "se l f"  po l l ina t ion ,  

events  [Pathways  I, II, and IV funct ioning ( F i g . 3 ) ]  

would p roceed  as fol lows:  the S - a l l e l e - s p e c i f i c  r e -  

cogni t ion effector  molecu le  on the s t igma  s u r f ace  

dif fuses  to the pol len  g ra in ,  e i the r  concomi tan t  with 

imbib i t ion  of water  o r  i m m e d i a t e l y  t h e r e a f t e r .  With-  

in minu t e s ,  i n t e r ac t i on  of the s t i gma  effec tor  mo le -  
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Fig .  2. In v i t ro  patheays funct ioning in Brassiea to cont ro l  g e r m  tube 
e m e r g e n c e  a f te r  p l acemen t  of pol len in synthet ic  ge rmina t ion  med ium.  

High concen t r a t ions  of cyc loheximide  or  cordycep in  have no effect on 
ge rmina t i on  when added to pol len before  G-Inh  and G-Act  syn thes i s  
(Ar row A) .  Re lease  of enzymes  r equ i r ed  for  tube elongat ion occu r s  
endogenously .  When added at 2 min,  inh ib i to r s  d i r ec t ly  block g e r m i -  
nat ion by pe rmi t t i ng  syn thes i s  of the G-Inh and blocking syn thes i s  of 
G-Act  (Ar row B ) .  The G-Inh  and G-Act  act r e spec t ive ly  as  desc r ibed  
for  se l f  (F ig .  3) and c r o s s  po l l ina t ions  (F ig .  4) 

cule  with a recogni t ion  r ecep to r  molecule  in  the pol -  

l en  g ra in  or  on i ts  su r f ace  o c c u r s  via  Pathway IV. 

This e f f e c t o r - r e c e p t o r  in t e rac t ion ,  i . e .  s e l f - r e c o g n i -  

t ion,  occur s  at a ra te  slow enough to pe rmi t  b io syn -  

thes i s  of the G-Inh  via  p ro te in  syn thes i s  in the po l -  

len  (0-2  rain,  Pa thway I I ) ,  but fast  enough to block 

by 2-4 minu te s ,  e i the r  d i rec t ly  or  i nd i r ec t ly ,  s y n -  

thes i s  of the G-Act  v ia  Pathway III. With G-Act  s y n -  

thes i s  blocked,  the G-Inh is  f ree  to p reven t  the endo- 

genous r e l e a s e  of the seques te red ,  p r e s y n t h e s i z e d  

enzymes  r equ i r ed  for tube e longat ion.  

Si tuat ion ( i i i ) :  P o l l e n  having a di f ferent  S -a l l e l e  

phenotype than the s t i gma .  After  a c r o s s  pol l ina t ion  

[Pathways  I, II, III and V funct ioning ( F i g . 4 ) J ,  

s t i gma  effector  and pol len  r e c e p t o r  molecu les  would 

be incapable  of i n t e r a c t i o n ;  s e l f - r e c o g n i t i o n  via 

Pathway IV would not occur  ( F i g . 4 ) .  Without s e l f -  

recogni t ion ,  fo rmat ion  of the G-Act  occur s  un imped-  

ed and i ts  b iosyn thes i s  is  comple ted  within 2-4 m i n -  

u tes  via  Pathway I l l .  We specula te  that the G-Act  

fac i l i t a tes  ge rmina t ion  by e i ther  inac t iva t ing  the G-  

Inh, o r  by r e l e a s i ng  in some  m a n n e r  the enzymes  re -  

qui red  for  tube e longat ion.  G e r m  tube elongat ion can 

then proceed  n o r m a l l y ,  and as yet poor ly  unders tood 

i n t e r ac t i ons  will occur  between the ge rm tube and 

p i s t i l l a r  t i s s u e s :  Pathway V r e l a t e s  to these  events  

which occur  dur ing tube growth through the s ty le ,  en -  

t r a n c e  into the ovary  and fe r t i l i za t ion .  (See the con-  

c lus ion  sec t ion  for  d i s cus s ion  of the many s tages  of 

ge rm tube deve lopment .  ) 

Si tuat ion (iv) : in v i t ro  pol len ge r mi na t i o n  [Path-.  

ways I~ II and Ill funct ioning ( F i g . 2 ) ] .  In the ab -  

s ence  of any s t igma  subs t ances  o r  exogenous growth 

r e gu l a t o r s ,  in v i t ro  pol len ge r mi na t i on  occu r s  via  
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F i g .  3. In vivo pathways funct ioning in Brassica to cont ro l  g e r m  tube 
e m e r g e n c e  fol lowing a se l f  pol l inat ion 

Pa thway I. Pa thways  II and III in the pol len  a lso  

o p e r a t e ,  as  d e s c r i b e d  fo r  a c r o s s  pol l ina t ion  ( s i t u a -  

t ion ( i i i )  and F i g .  4 ].  B e c a u s e  no s t i g m a t i c  t i s s u e s  

o r  subs t ances  a r e  p r e s e n t ,  t h e r e  can be no s t i g m a -  

pol len  i n t e r a c t i o n s .  T h e r e f o r e ,  Pa thway IV cannot 

funct ion,  and if even ts  r e l a t e d  to Pathway V do occu r  

they might  not be de tec ted  in the absence  of p i s t i l l a r  

t i s s u e s .  

Timin~ of Regu la to ry  Even t s  

Our  e x p e r i m e n t s  ind ica ted  that  cont ro l  of i ncom pa t i -  

b i l i ty  can  o c c u r  in v i t r o  as e a r l y  as  2 to 4 minutes  

a f t e r  pol len  imbib i t ion  ( F e r r a r i  and Wal lace  1976).  

Comple t ion  of r ecogn i t ion  in s i tu  by as e a r l y  as 10 

minu tes  was r e c o g n i z e d  by H e s l o p - H a r r i s o n  (1974) 

and H e s l o p - H a r r i s o n  et a l .  (1975) .  Resu l t s  f r o m  in 

s i tu  pol len  t r a n s f e r s  (Kroh 1967) suppor t  our  in v i t ro  

ev idence  that r ecogn i t ion  of se l f  i s  comple t ed  within 

about 4 minu tes  in Brass ica .  Kroh  (1967) found that 

s e l f  pol len  of B r ~ s i c a  g e r m i n a t e d  and p e n e t r a t e d  

papillae at rates comparable to cross pollen if it was 

first placed on a cross stigma for a minimum of 4 

minutes. This indicates that the "programmed" events 

that r e s u l t  f r o m  f a i l u r e  of pol len to r e c o g n i z e  se l f  

a r e  i r r e v e r s i b l y  comple t ed  dur ing the 4 -minu te  

"p re incuba t ion"  of pol len on a c r o s s  s t i g m a .  In con-  

t r a s t ,  c r o s s  pol len pene t r a t ed  pap i l l ae  a f t e r  a 4 - m i n -  

ute "p re incuba t ion"  on se l f  s t i g m a s ,  indica t ing  that 

the inhibi t ion of pol len ge rmina t i on  r e su l t i ng  f r o m  

se l f  r ecogn i t ion  can  be r e v e r s e d .  

Even t s  o c c u r  rap id ly  in Brass ica  pol len  subsequent  

to se l f  r ecogni t ion  o r  to lack of se l f  r ecogn i t i on .  And, 

inh ib i to r s  of t r ans l a t i on  and t r a n s c r i p t i o n  fail  to block 

pol len ge rmina t i on  for  s e v e r a l  plant s p e c i e s  (Shivan-  

na et a l .  1974a, b; F e r r a r i  and Wal lace  1976; M a s -  

c a r e n h a s  1971, 1975).  These  o b s e r v a t i o n s  ind ica te  

that  the b iochemica l  p r o c e s s e s  leading to both r e c o g -  

ni t ion and tube e longat ion a r e  p r e s y n t h e s i z e d  o r  " p r o -  

g r a m m e d "  to o c c u r  in Brass ica  po l len .  The ev idence  

ind ica tes  that the p r e s y n t h e s i z e d  componen t s  inc lude  

s t i g m a  e f f ec to r  and pol len r e c p t o r  m o l e c u l e s ,  and 

enzym es  r e s p o n s i b l e  fo r  tube e longat ion .  We have  no 
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Fig .  4. In vivo pathways funct ioning in Brassica to control  g e r m  tube e m e r g e n c e  
following a c r o s s  pol l ina t ion  

d i rec t  evidence  indica t ing  the exact chemica l  na tu re  

of the " p r o g r a m ( s ) "  coding for the A-Act  and G-Inh .  

However ,  the speed that the i r  syn thes i s  occur s  in 

Brass/ca pol len,  and that cordycepin  affects  pol len 

ge rmina t i on  in the s a m e  m a n n e r  as s e l f - s t i g m a  ex-  

t r ac t ,  sugges t s  the poss ib i l i ty  that p r e f o r m e d  RNA 

codes for these  r egu la to ry  components  (G-Act  and 

G - I n h ) .  Po l l en  does contain s table  RNA (Tupy 1966 ; 

Masca renhas  et a l .  1974) and the adenine  content  of 

pol len RNA is  g r e a t e r  a f te r  ge rmina t i on  than before  

( M a s c a r e n h a s  1971; Masca renhas  and Bel l  1969). 

Cons i s t ency  with Mutation Effects  

The proposed  model expla ins  why mutat ion s tudies  

with pol len have produced only negat ive  effects  on 

s e l f - i ncompa t ib i l i t y  ( r ev iew of de Net tancour t  1969): 

muta t ions  cause  s e l f - f e r t i l i t y  (Sf) and have not p r o -  

duced new S a l l e l e s .  Badia t ion- induced  muta t ions  

mos t  f requent ly  cause  DNA dele t ions  and lead  to 

product ion  of nonfunct ional  p ro t e in s .  The model p r e -  

dic ts  that nonfunct ional  molecu les  of (A) s t igma e l -  

fec tor ,  (B) pol len r ecep to r  or  (C) pol len G-Inh 

would all give an Sf phenotype.  Mutat ions  caus ing  

secondary  s t r u c t u r e  changes  of components  (A) s t ig -  

ma effector  o r  (B) pol len r ecep to r  molecu les  would 

prevent  e f f e c t o r - r e c e p t o r  i n t e r ac t i on  ( s e l f - r e c o g n i -  

t ion) a f te r  pol l ina t ion  between plants  with l ike S - a l -  

l e l e s .  The consequence  of no s e l f - r e c o g n i t i o n  is  that 

G-Act  syn thes i s  will oc c u r  as  for  a c r o s s  po l l ina t ion .  

The G-Act  would then e i the r  r e l e a s e  d i rec t ly  the en -  

zymes  r e spons ib l e  for  ge rmina t i on ,  o r  inac t iva te  the 

p rev ious ly  syn thes ized  G- lnh .  In e i the r  ca se ,  tube 

e longat ion would r e su l t  (Pathways  I, II and I l l ,  F ig .  

4) .  (C) A mutat ion caus ing  a defect ive G-Inh mole -  

cule  would p reven t  it f rom blocking the endogenous 

r e l e a s e  of enzymes  r e q u i r e d  for  ge r mi na t i o n  - even 
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if effector-receptor interaction occurred. Thus, each 

of the 3 mutations (A, B, or C) would cause the 

system to operate as for a cross pollination: each 

would cause an Sf phenotype. Provided reversion 

does not occur, as often happens with pollen, Sf 

would be established in genomes of the progeny (Le- 

wis 1949, 1951; Lewis and Crowe 1953; de Nettan- 

cour t  1969). 

Mutat ion at the s t r u c t u r a l  gene coding for the 

G-Act  (or  genes  regu la t ing  i ts  t r a n s c r i p t i o n  or  t r a n s -  

la t ion)  would r e s u l t  in a "funct ional ly  le tha l"  s y s t e m .  

G e r m i n a t i o n  could not occur  following a c r o s s - p o l l i -  

nat ion because  a defect ive G-Act  would be unable  to 

p reven t  o r  c i r c u m v e n t  act ion of the G-Inh .  Since 

f e r t i l i z a t i on  could not occur ,  the muta t ion would be 

"funct ional ly  le tha l"  un l e s s  r e s t o r e d  by gene comple -  

menta t ion  as can occur  in  pol len (Lewis ]958~ P a n -  

dey 1965, 1967). 

The model p rov ides  a r a t iona le  of why no new S- 

a l le le  incompat ib i l i ty  genotypes have appeared  follow- 

ing muta t ion  e x p e r i m e n t s  with plants  (de Net tancour t  

1969). To c r e a t e  a new, functional  S -a l l e l e  genotype,  

the model r e q u i r e s  4 s u c c e s s i v e ,  s t r ingen t  even t s .  

F i r s t ,  a muta t ion  would be r equ i r ed  that caused  a 

s t r u c t u r a l  modif ica t ion in the s t igma  effector  mo le -  

cu le  (or  pol len r ecep to r )  which would have to be con-  

s t r u c t i v e .  Second, the o r ig ina l  muta t ion must  be fol-  

lowed by a cons t ruc t ive  muta t ion in the pol len r e c e p -  

to r  molecu le  (or  s t igma  e f fec to r ) .  Third,  the mu t a -  

r i ch - induced  change in secondary  s t r u c t u r e  of the 

s t i gma  effector  and of the pol len r e c e p t o r  molecu les  

mus t  each be such that a new speci f ic  e f f e c t o r - r e c e p -  

to r  i n t e r ac t i on  ( se l f  recogni t ion)  a r i s e s .  F ou r t h ,  the 

two muta t ions  enabl ing  fo rma t ion  of a new ef fec tor -  

r e c e p t o r  h e t e r o d i m e r  must  not i n t e r f e r e  with that 

d i m e r ' s  ab i l i ty  to block G-Act  fo rmat ion  (Pathway 

IV, F i g . 3 ) .  A p r i o r i ,  we feel the probabi l i ty  is  too 

sma l l  ( l e s s  than 10 -20,  a s s u m i n g  an induced m u t a -  

t ion f requency  of 10 .5  for  each event)  for  all 4 c r i -  

t e r i a  to be met  in  1, or  even a 2-s tep  mutat ion event .  

Lewis (1949) r epor t ed  that induced muta t ions  at 

the S- locus  of p lan ts  with gametophyt ic  i nc ompa t i b i l -  

ity were  not exp re s sed  in  pol len when i r r a d i a t i o n  was 

p e r f o r m e d  a f t e r  me io s i s  of the pol len mothe r  c e l l s .  

He concluded that f ac to rs  con t ro l l ing  incompat ib i l i ty  

must  be la id  down in the cy top lasm p r i o r  to t e t r ad  

fo rma t ion .  This is  cons i s t en t  with our  hypothesis  

(p rev ious  section) that a presynthesized RNA "pro-  

g r a m "  in pol len codes for  b iosyn thes i s  of the r e g u l a -  

tory  components  - G-Act  and G-Inh .  Radiat ion would 

not n o r m a l l y  p reven t  t r a n s l a t i o n  of p r e f o r m e d  "RNA 

p r o g r a m s "  in m a t u r e  pol len .  

Cons i s t ency  with Te mpe r a t u r e  Effects  

Generally, enzymatic processes have larger temper- 

ature coefficients (QI0) than nonenzymatic processes 

(e. g. passive diffusion). Therefore, a temperature 

change will usually cause a greater rate change for 

an enzymatic reaction (QI0 greater than 2) than for 

a diffusion process (QI0 about I). Our model for 

self-recognition and control of germination simulta- 

neously involves both protein synthesis (enzymatic 

reactions) and diffusion (a physical process) of ef- 

fector from the stigma surface to a receptor site on 

or in pollen. Because these processes respond differ- 

ently to temperature, one prediction from the model 

i s  that incompat ib i l i ty  might be poor ly  e x p re s sed  at 

r e l a t i ve ly  high or  low t e m p e r a t u r e s .  

F o r  example ,  at r e l a t i ve ly  high t e m p e r a t u r e ,  en -  

zyme  r eac t i ons  leading to G-Inh and G-Act  syn the -  

s i s  could be comple ted  before  d i f fus ion - l imi t ed  events  

leading to e f f e c t o r - r e c e p t o r  i n t e rac t ion  ( s e l f - r e c o g -  

n i t i o n ) .  Self recogni t ion  might s t i l l  occur ,  but it will 

be too la te  to p reven t  G-Act  syn thes i s  and i ts  c o n s e -  

quent ac t iva t ion  of g e r m i n a t i o n .  This p red ic t ion  is  

cons i s t en t  with f requent  obse rva t ions  that following 

se l f  pol l ina t ion  at high t e m p e r a t u r e  incompat ib i l i ty  is  

weakened or sometimes does not occur (Lewis 1954; 

Linskins 19751 Townsend 1971; Ascher and Peloquin 

1966, 1970). Weakening of incompatibility by in- 

creased rate of G-Act synthesis caused by relative- 

ly high temperature should be distinguished from 

high-temperature-induced inactivation of stigma and/ 

or stylar recognition components (Townsend 1971) 

which can also prevent effeotor-receptor interaction 

and lead to loss of incompatibility. 

That self-incompatibility is often not expressed at 

low temperatures is also consistent with the model. 

Low temperatures would retard protein synthesis 

more than diffusion, so diffusion of effector to re- 

ceptor would occur before the G-Inh and G-Act could 

be synthesized, and the effector-receptor interaction 
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would then block syn thes i s  of both the G-Inh and 

G-Ac t .  The enzymes  media t ing  tube e longat ion would 

then be r e l e a s e d  endogenously  via Pathway I (F ig .  2) ,  

pe rmi t t i ng  both incompat ib le  and compat ib le  pol len 

to g e r m i n a t e .  There fore ,  the d i f fus ion - l imi t ed  events  

leading to se l f  recogni t ion  and the consequent  b lock-  

age of p ro te in  syn thes i s  would occur  before  the G-Inh 

and G-Act  could be syn thes ized  by s lower  b i oc he mi -  

cal p r o c e s s e s .  These p red ic t ions  a r e  va l id  a s s u m i n g  

that phase changes  of m e m b r a n e s  at low t e m p e r a t u r e s  

a r e  not i nd i r ec t ly  r e spons ib l e  for  a l t e r ing  e f fec tor -  

r e c e p t o r  b inding p r o p e r t i e s  at a m e m b r a n e  s i t e .  P ha se  

t r a n s i t i o n s  of m e m b r a n e s  do not occur  in c h i l l i n g - r e -  

s i s t an t  genera (Lyons 1973) such as Brassica, Lilium, 

Medicago, etc .  In suppor t  of the m o d e l ' s  p red ic t ion  

that incompat ib i l i ty  will be weakly exp re s sed  at low 

t e m p e r a t u r e ,  there  a r e  r epo r t s  that incompat ib le  

tubes  fo rmed  at low t e m p e r a t u r e  f requent ly  a t ta in  

lengths  s i m i l a r  to those of compat ib le  tubes  at n o r -  

mal t e m p e r a t u r e s  of 20-30~ where incompat ib i l i ty  

is  max ima l ly  exp re s sed  (Lewis 1942; Modlibowski 

1945; Odland and Noll 1950; A s c h e r  and Pe loqu in  

1966, 1970). G r e a t e r  s e l f - s e e d  set  has s o m e t i m e s  

been m e a s u r e d  at low (15-20~ and high t e m p e r a -  

t u r e s  (30-40~ (Townsend 1971; Ronald and Asche r  

1975; Nas r a l l ah  and Wallace 1968). 

Compar i son  with Other  Models 

Our model  for  s e l f - r e c o g n i t i o n  and cont ro l  of i n c o m -  

pat ib i l i ty  ( F i g s .  2, 3 and 4) in sporophyt ic  i ncompa t -  

ib i l i ty  of Brass/ca was der ived  with data f rom b ioche-  

mical  e x p e r i m e n t s .  The components  of the model c o r -  

r espond  to s t r u c t u r a l  components  of the S - a l l e l e  as  

de r ived  f rom genet ic  and mutat ion expe r im e n t s  with 

the gametophyt ic  sy s t em (Lewis 1954). F o r  example ,  

Lewis hypothesized that the S -a l l e l e  coded for  (A) a 

pol len pa r t ,  and (B) a s ty le  pa r t ,  each with (C) a 

spec i f ic i ty  pa r t ,  and (D) an ac t iv i ty  pa r t .  Our b io-  

c h e m i c a l l y - d e r i v e d  model p roposes  that following an 

incompat ib le  pol l ina t ion ,  (A) a p r e s y n t h e s i z e d  s t ig -  

ma component  and (B) a p r e syn thes i zed  pol len c o m -  

ponent (C) in t e rac t  spec i f ica l ly  ( spec i f ic i ty  pa r t )  to 

(D) inhibi t  p ro te in  syn thes i s  (an ac t iv i ty  p a r t ) .  

F u r t h e r ,  Lewis p red ic ted  that i n t e rac t ion  of s t igma  

and pol len pa r t s  caused  e i the r  product ion  of a g e r m i -  

nat ion inh ib i tor  a f t e r  an incompat ib le  pol l ina t ion  or  

product ion  of an ant idote  to an inh ib i tor  a f te r  a com-  

pat ib le  pol l ina t ion .  Likewise,  our  model involves  func-  

t ioning of an inhib i tor  (the G-Inh)  af ter  an incompa t -  

ible po l l ina t ion ;  and of an ant idote  (the G-Act )  to the 

G-Inh a f te r  a compat ib le  pol l ina t ion .  Af ter  pol len hy-  

dra t ion  both compat ib le  and incompat ib le  po l l ina t ions  

include p r e p r o g r a m m e d  syn thes i s  of the G-Inh and 

control over the sequential and subsequent synthesis 

of the G-Act. 

Techniques detecting S-allele-specific molecules 

on Brassica stigmas have not identified these same 

molecules in pollen (Nasrallah and Wallace 1967; 

Heslop-Harrison 1975). Thus, our model does not 

require interaction (dimer formation) between iden- 

tical stigma effector and pollen receptor molecules 

as Lewis (1965) and Ascher (1966)propose. Dimeri- 

ration of identical recognition molecules from stigma 

(or style) and pollen would require some means of 

preventing two molecules in the pollen or style from 

spontaneously dimerizing and thereby indirectly pre- 

venting pollen germination. It is more reasonable as 

we, van der Donk (1975), Heslop-Harrison (1975) 

and Burnet (1971) indicate, to hypothesize that the 

very different cellular environments of the pollen and 

stigmas or styles result in transcription, respec- 

tively of structurally different male and female S- 

allele designated molecules. This is in full agree- 

ment with observed separation of male and female 

S allele activities (Lewis 1954; Nasrallah 1974). 

Ascher's model for gametophytic incompatibility 

of Liliwn (1966) proposes that identical stigma and 

pollen recognition molecules dimerize follovang an 

incompatible pollination. The dimer then represses 

DNA transcription in pollen of a high velocity operon, 

thereby preventing post-pollination synthesis of the 

enzymes required for continued tube elongation. Our 

model differs from Ascher ' s in that control of pol- 

len germination is by regulating the activity of pre- 

formed enzymes that mediate tube elongation. We re- 

ject control via regulation of DNA transcription for 

the following reasons. Results obtained with trans- 

criptional and translational inhibitors indicate that 

the enzymes required for tube elongation of pollen of 

many species, including Brassica (Ferrari and Wal- 

lace 1976, 1977), are presynthesized prior to pollen- 

stigma interactions (Sarfatti et al. 1974; Shivanna 
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et a l .  1974a, b;  F r a n k e  et a l .  1972; M a s c a r e n h a s  

1971, 1975).  As r e q u i r e d  by our  model for  Brassica, 

l i ly  pol len must  a lso conta in  in p r e s y n t h e s i z e d  fo rm 

all  the enzymes  n e c e s s a r y  for  g e r m i n a t i o n ,  because  

g e r m i n a t i o n  in v i t ro  ( in the absence  of any d i m e r  r e -  

p r e s s o r s  of DNA t r a n s c r i p t i o n )  was unaffected by 

cyc lohex imide  (Asche r  and Drewlow 1970).  

These obse rva t i ons  with Lilium (gametophyt ic  i n -  

compa t ib i l i ty )  a r e  cons i s t en t  with our  conc lus ions  

for  Brassiea (sporophyt ic  incompa t ib i l i t y )  that p r o -  

te in  syn thes i s  in pol len is  not r e q u i r e d  for tube e lon-  

gat ion but is  r e q u i r e d  for  exp re s s ion  of i ncompa t ib i l -  

i ty .  This conc lus ion  is  suppor ted  by r ecen t  f indings 

that p repo l l ina t ion  t r e a t m e n t  of pol len with cyc lohexi -  

mide  (~assiea,  F e r r a r i  and Wallace 1977) and a c -  

t i nomyc in  D (Lyeopersicum, Sarfa t t i  et a l .  1974), r e -  

spec t ive ly ,  o v e r c a m e  inabi l i ty  of incompat ib le  pollen 

to g e r m i n a t e  in  s i tu  on intact  s t i gmas  and to grow 

through s t y l e s .  Gates  and Ochendon (1976) r epor t  

a s i m i l a r  effect of cyc lohex imide  on pol len g e r m i n a -  

t ion of Brazsica. 

Inh ib i tor  s tud ies  ind ica te  that r egu la t ion  of i n c o m -  

pa t ib i l i ty  in the gametophyt ic  s y s t e m  of Lilium, l ike  

the sporophyt ic  s y s t e m  of Brassiea, r e q u i r e s  p r e -  

syn thes i zed  recogn i t ion  componen t s .  F o r  example ,  

when l i ly  s ty les  were  p r e t r e a t e d  6 hours  before  po l -  

l ina t ion  with 6 - m e t h y l p u r i n e  (an RNA syn thes i s  in -  

h i b i t o r ) ,  incompat ib le  pol len tube growth i n c r e a s e d  

to lengths  obse rved  with compat ib le  tubes  r ece iv ing  

no t r e a t m e n t  (Asche r  1971). Thus, dur ing  this  s ix 

hour  p r e - p o l l i n a t i o n  t i m e  at l eas t  p a r t ( s )  of the se l f -  

r ecogn i t ion  s y s t e m  was p r e s y n t h e s i z e d  in the s ty le  

as a r e s u l t  of DNA t r a n s c r i p t i o n .  Since inh ib i to r  

t r e a t m e n t  of s t i gmas  jus t  p r i o r  to or  af ter  po l l ina -  

t ion did not a l t e r  the pol len incompat ib i l i ty  r e sponse  

(Asche r  1971), the effect of 6 - m e t h y l p u r i n e  must  

have been on p r e s y n t h e s i s  of the s ty l a r  component  

(a s t y l a r  e f fec tor?)  of the s e l f - r e c o g n i t i o n  s y s t e m ,  

and not on pol len componen t s .  

The model for cont ro l  of gametophyt ic  i ncompa t i -  

b i l i ty  p roposed  by van der  Donk (1975) for  Petunia, 

c o m p a r e s  with our  model for  sporophyt ic  i n c o m p a t i -  

b i l i ty  of Brassica as  fol lows:  

1. The Brassica model a s s u m e s  that before  po l l i -  

na t ion  the s t igma  is  p r e p a r e d  to fac i l i ta te  g e r m i n a -  

t ion and growth of all  i n t r a s p e c i e s  pol len except po l -  

len  with an act ive  S -a l l e l e  co r r e spond ing  to one in 

the stigma. In contrast, the Petunia model assumes 

that the style is prepared to reject all pollen; to ac- 

cept any pollen the style must first be activated through 

sequential steps most of which are discussed below. 

2. Both models involve a pre-synthesized and S- 

allele-coded recognition monomer in or on the pollen. 

3. The Brassica model also includes a presynthe- 

sized and S-allele-coded recognition monomer located 

in or on the stigma. In contrast, the Petunia model 

includes only post pollination synthesis of the S-allele- 

coded female recognition molecule. This monomer is 

not synthesized in the style until after activation of 

the style by contact with intraspecies pollen of any 

or all S-allele genotypes. 

4. For both models the pollen and stigma or sty- 

lar recognition molecules are assumed to be non iden- 

tical, even when coded by the same S-allele. 

5. Both models assume that the non-identical 

male and female recognition monomers are comple- 

mentary when coded by the same S-allele, and that 

they combine to form a heterodimer molecule. 

6. F o r  an incompat ib le  pol l ina t ion ,  the Brassica 

model hypothes izes  that the h e t e r o d i m e r  molecu le  is  

ac t ive :  it d i rec t ly  or  ind i r ec t ly  blocks syn thes i s  in 

pol len of a g e r m i n a t i o n  ac t iva to r ,  t he reby  ind i r ec t ly  

caus ing  the f a i lu re  of pol len to g e r m i n a t e .  On the 

c o n t r a r y ,  the Petunia model hypothes izes  that the 

h e t e r o d i m e r  is  inac t ive ,  but that i ts  fo rma t ion  r e -  

duces concen t r a t ions  of the pollen and s ty l a r  S - a l l e l e -  

coded recogni t ion  m o n o m e r s .  In the Petunia model 

these  m o n o m e r s  a r e  act ive  - they coopera t ive ly  fac i l -  

i ta te  the pol len ge rmina t ion  that cons t i tu tes  compa t i -  

b i l i ty .  

7. The Brassiea model r e q u i r e s  no post=pol l ina  - 

t ion syn thes i s  of the S -a l l e l e  coded recogni t ion  mo-  

h o m e r s  of e i ther  pol len or  s t i gma .  On the c o n t r a r y ,  

the Petunia model hypothes izes  that when these  two 

m o n o m e r s  do not h e t e r o d i m e r i z e  (when they a r e  

coded by di f ferent  S a l l e l e s  and se l f  r ecogn i t ion  

does not o c c u r ) ,  the pos t -po l l ina t ion  syn thes ized  

s t y l a r  recogni t ion  m o n o m e r  ac t iva tes  addi t ional  s y n -  

thes i s  (pos t -po l l ina t ion)  of the pol len  recogni t ion  

m o n o m e r .  This addit ional  pol len m o n o m e r  in t u r n  

ac t iva tes  prolonged syn thes i s  of the s t y l a r  r ecogn i -  

t ion m o n o m e r .  A r e su l t i ng  su rp lus  (above a t h r e s -  

hold quanti ty in the s t y l a r  c e l l s )  of the m o n o m e r  
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then ac t i va t e s  in the s ty le  the genes  that suppor t  po l -  

len  tube growth in the s ty le .  

8. It fo l lows f r o m  7. (above)  that in the Petunia 

model  both the pollen and s t y l a r  r ecogn i t ion  m o l e -  

cu le s  act  as  both e f f ec to r  and r e c e p t o r  m o l e c u l e s ,  

and both a lso  play a d i r e c t  r o l e  in con t ro l  of i n c o m -  

pa t ib i l i ty .  In the B~assiea model ,  however ,  the po l -  

len recogn i t ion  m o n o m e r  is  the r e c e p t o r ,  the s t i gma  

m o n o m e r  is  the e f f ec to r  and the only d i r ec t  r o l e  of 

t he se  mo lecu l e s  i s  d i f fe ren t ia t ion  of s e l f  v s .  n o n - s e l f  

S - a l l e l e  genotypes .  

The model  of H e s l o p - H a r r i s o n  et a l .  (1975) for  

sporophyt ic  incompat ib i l i ty ,  which is  d e r i v e d  f r o m  

s tudies  with Brassica and Raphanus, o the r  C r u c i f e r a e ,  

and with Compos i t ae ,  Ca ryophy l l a ceae  and M a l iva -  

c eae ,  is  p r e s e n t e d  with l e s s  p r e c i s e l y  hypothes ized  

b iochemica l  detai l  than e i t he r  our  Brassiea model o r  

van der Donk's Petunia mode l .  Our Brassiea model 

is  cons i s t en t  with the concept  of H e s l o p - H a r r i s o n  et 

a l .  (1975) that the pol len recogni t ion  mo lecu l e  o r i g i -  

na tes  f r o m  tapeta l  ( sporophy t i c )  c e l l s .  It i s  a lso  

cons i s t en t  with the i r  conclus ion  that the s t i g m a t i c  

r ecogn i t ion  mo lecu l e  is  loca ted  on the s u r f a c e  of the 

s t i g m a t i c  pap i l l ae  in the hydra ted  p ro t e inaceous  p e l -  

l i c l e  (coat ing)  which they c o n s i d e r  to be a pa r t i a l l y  

d r i ed -down  s e c r e t i o n .  The r e s e a r c h  of H e s l o p - H a r -  

r i son  et a l .  (1975) has e m p h a s i z e d  c a l l o s e  deposi t ion  

in the s t i g m a  papi l lae ,  r a t h e r  than a g e r m i n a t i o n  in -  

h ib i tor  in pol len,  as  a m a j o r  cause  of the pol len tube 

inhibi t ion.  They do deduce that s e l f  r ecogni t ion  a lso  

in i t i a tes  p r o c e s s e s  af fec t ing  m e t a b o l i s m  of pol len  

( see  a lso  H e s l o p - H a r r i s o n  1975).  B e c a u s e  of r e -  

s e a r c h  emphas i s  on the ca l l o se  r e j e c t i o n  r e s p o n s e ,  

th is  group labe l s  the s t i g m a  recogn i t ion  mo lecu l e  as 

the r e c e p t o r  and the pol len m o l e c u l e  as the e f f ec to r  

- the r e v e r s e  of our  B~assiea model .  

Dickinson and Lewis (1973a, b; s ee  a lso  Hes lop -  

H a r r i s o n  1975) ident i fy 3 s t ages  of e x p r e s s i o n  of 

s e l f - i n c o m p a t i b i l i t y .  The f i r s t  s tage  o p e r a t e s  within 

the g ra in  and d e t e r m i n e s  whe ther  it will g e r m i n a t e .  

If a tube is  f o r m e d  fo r  an incompa t ib l e  g ra in ,  the 

second  s tage  is  diff icul ty in pene t r a t ing  the cut in  l a y e r  

beneath  the p e l l i c l e .  The th i rd  is a mig ra t i on  of  p r o -  

ducts  f rom the pol len  tube into the cy top l a sm of pa -  

p i l l ae  c e l l s  where  this  c a u s e s  the e a l l o s e  r e j e c t i o n  

r e s p o n s e  which is  the l as t  l ine  of  de fense .  If a pol len  

tube p e n e t r a t e s  beyond this  e a l l o s i c  b a r r i e r ,  it has  

bypassed all stages of expression of incompatibility. 

The first 2 stages, failure to germinate and inability 

to p e n e t r a t e  the cut in,  a r e  in a g r e e m e n t  with our  

Brassiea model .  

The model  of H e s l o p - H a r r i s o n  et a l .  (1975) and 

van der  Donk (1975) p ropose  that the p o l l e n - b o r n e  

recogn i t ion  fac to r  ( s )  d i f fuses  to r e c e p t o r  s i t e s  in 

the s ty l e  (van der  Donk 1975) o r  on s i t gma t i e  pap i l -  

lae  (Mat t sson  et a l .  1974; H e s l o p - H a r r i s o n  et a l .  

1975). Recogni t ion  then e l i c i t s  s econda ry  m e s s a g e s  

which l e ave  the e x t r a c e l l u l a r  recogni t ion  s i t e s  and 

e n t e r  both pol len g ra in  and s t i gma  c e l l s ,  in i t ia t ing 

in each  the act ion a p p r o p r i a t e  to the combinat ion  of 

genotypes :  act ion leading to accep tance  o r  r e j e c t i o n .  

If t hese  hypotheses  a r e  c o r r e c t ,  then the e x t r a c e l l u l a r  

s econda ry  m e s s a g e s  cannot be subjec t  to random dif-  

fus ion;  if  they we re ,  a s e c o n d a r y  recogni t ion  s y s t e m  

in pol len  o r  g e r m  tubes would be n e c e s s a r y  to i n t e r -  

p re t  t hem.  Othe rwise ,  r andomly  diffusing s e c o n d a r y  

m e s s a g e s  would cause  "confus ion"  when compat ib le  

and incompat ib le  pol len o r  pol len  tubes a r e  adjacent  

to each  o the r .  A n u m b e r  of w o r k e r s  ( E m e r s o n  1940; 

A r a s u  1968; Rosen 1968; M~kinen and Lewis 1962; 

T a m m i s o l a  and Ryynanen 1970) have r e p o r t e d  that 

a f t e r  mixed  compa t ib l e  and incompat ib le  pol l ina t ions ,  

pol len g ra ins  a r e  not "confused"  and incompat ib i l i ty  

o r  compa t ib i l i ty  o c c u r s  acco rd ing  to spec i f i c  geno-  

type .  No e x t r a c e l l u l a r ,  s econda ry  m e s s a g e s  d i f fus-  

ing between pol len and papi l lae  a r e  r e q u i r e d  by our  

model  ; but s e c o n d a r y  " m e s s a g e s "  in the f o r m  of in-  

t r a c e l l u l a r  pol len r e g u l a t o r s  ( the G-Inh and G-Ac t )  

a r e  p roposed .  In te rna l  product ion  of the G-Inh and 

G-Ac t  by pol len obvia tes  need fo r  an addit ional  po l -  

l e n - s t i g m a  recogn i t ion  s y s t e m  to d i s c e r n  them.  

Our  model  p r o p o s e s  that g e r m i n a t i o n  is  p r o -  

g r a m m e d  to occu r  even in the event  t h e r e  is  no r e -  

cogni t ion r eac t i on .  T h e r e f o r e ,  pol len does not r e q u i r e  

that a s econda ry  "accep tance  s igna l "  o r  " s t i m u l u s ' b e  

c o m m u n i c a t e d  to it f rom the s t i gma  following r e c o g -  

ni t ion,  as  p roposed  by H e s l o p - H a r r i s o n  et a l .  (1975) .  

Po l l en  of s e v e r a l  s p e c i e s  can g e r m i n a t e  in v i t r o  in 

the absence  of s t i gma  o r  s t y l a r  m e s s a g e s ;  hence  an 

"accep tance  s igna l "  o r  " s t i m u l u s "  must  not be n e c e s -  

s a r y  for  ge rmina t i on  to p r o c e e d .  

With our  model  for  Brassiva and A s c h e r '  s (1966) 

for  Lilium, the hypothes ized  even ts  for  cont ro l  of 

tube e longat ion o c c u r  in the pol len  g ra in  a f t e r  s e l f  
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recogn i t ion .  On the c o n t r a r y ,  the models  of Hes lop-  

H a r r i s o n  et a l .  (1975; see  a l so  H e s l o p - H a r r i s o n  

1975) for  Brassiea and van de r  Donk (1975) for  

Petunia both emphas ize  events  which occur  in the 

s t igma  ( Brassica ) or  which fail to occu r  in the s t i g -  

ma ( P e t u n i a )  as the cause  of inhibi t ion of tube e lon-  

gat ion.  

Conclusion 

It has become c l e a r ,  as sugges ted  by Hogenboom 

(1973) ,  that many developmenta l  s tages  occur  d u r -  

ing pol len tube growth through p i s t i l l a r  t i s s u e s .  Two 

s tages  were  defined by Pandey  (1973) and Heslop-  

H a r r i s o n  (1974) ;  th ree  were  recognized  by Dickin-  

son and Lewis (1973a, b ) ;  five by H e s l o p - H a r r i s o n  

et a l .  (1975) ;  s ix by H e s l o p - H a r r i s o n  (1975) ;  and 

the d i s c u s s i o n  he re  ind ica tes  at l ea s t  eight s t ages .  

They inc lude :  (A) a recogni t ion  event ;  (B) s u b s e -  

quent deve lopment  of the r e g u l a t o r y - s y s t e m  which 

con t ro l s  enzymes  involved with g e r m  tube f o r m a -  

t ion;  (C) g e r m  tube fo rmat ion  as media ted  by a p r e -  

syn thes ized  enzyme  s y s t e m ;  and development  of 

s e p a r a t e  capac i t i e s  to pene t r a t e  t i s s u e s  of the (D) 

papi l lae ,  (E)  s t i gma ,  (F )  s t y l a r  conduct ing t i s sue  

and (G) ova ry .  In t e r ac t ions  of subs t ances  r e l e a s e d  

by pol len with o ther  products  f rom s t igmat ic  t i s sue s  

cause  - for  an incompa t ib le  pol l ina t ion  - at l eas t  one 

addi t ional  developmenta l  s tage to occu r .  This s tage 

r e s u l t s  in  product ion  of a ca l lose  r e j ec t ion  body in 

pap i l l ae .  Eight developmenta l  s tages  a r e  l i s t ed  (most  

a r e  included in F ig .  4) ,  though fu ture  r e s e a r c h  on pol-  

l en  tube development  will c e r t a i n ly  revea l  mor e .  We 

emphas ize  the un iqueness  of these  s tages  to provide  

a f r amework  for  d i s cus s ing  and fu r the r ing  r e s e a r c h  

of pol len ge rmina t i on  and incompa t ib i l i t y .  Using m e t -  

abol ic  i nh ib i to r s  and pur i f ied  f r ac t ions  of s t igma  and 

s t y l a r  ex t r ac t s ,  it should be poss ib le  to "d i ssec t"  the 

deve lopmenta l  s tages  of pol len tube growth and study 

the s tages  independent ly .  

In the l i t e r a t u r e  the re  is  a tendency to cons ide r  

the m e c h a n i s m s  for  cont ro l  of sporophyt ic  and g a m -  

etophytic incompat ib i l i ty  as  d i f fe ren t .  However ,  the 

ev idence  d i s cus sed  in p r e s e n t i n g  our  model was 

drawn f rom r e s e a r c h e s  on both the gametophyt ic  and 

sporophyt ic  s y s t e m s .  P l an t  spec ies  do exhibi t  ind iv id -  

ual i ty  in exp res s ion  of incompa t ib i l i t y ;  but,  they pos -  

ses  s t r i k ing  s i m i l a r i t i e s  in recogni t ion ,  control  of 

ge rmina t ion ,  and r e s p o n s e  to env i ronmen ta l  f a c to r s .  

Cons ide rab le  evidence  sugges ts  that the cont ro l  of 

incompat ib i l i ty  may be the s a me ,  or  at l eas t  s i m i l a r  

for  both s y s t e m s ,  but that it occu r s  at d i f ferent  s tages  

of the developing pol len tube (as  sugges ted  by P a n -  

dey 1970). F o r  example ,  for p lants  with gametophyt -  

ic control  of incompat ib i l i ty ,  inhibi t ion of pol len tube 

development  occu r s  on the s t igma for  Papavar rhoeas 

(Lawrence 1975) ; in the s t igma  for Oenothera organen- 

s i s  (Dickinson and Lawson 1975) ; in the upper ,  mid 

or  lower  s ty les  for many other  s p e c i e s ;  and at the 

ovary  for s t i l l  o the rs  ( see  Pandey  1970). 

Evidence  ci ted e a r l i e r  ind ica tes  that for e i ther  

sporophyt ic  o r  gametophyt ic  cont ro l  new pro te in  s y n -  

thes i s  is  r e q u i r e d  for exp re s s ion  of s e l f - i n c o m p a t i -  

b i l i ty ,  but not for  in i t ia l  ge rm tube e longat ion.  The 

t e m p e r a t u r e  induced breakdown of incompat ib i l i ty  

for  spec ies  with both s y s t e m s  also a rgues  for a c o m -  

mon control  m e c h a n i s m .  Cons ide r ing  these  and o ther  

s i m i l a r i t i e s ,  we p r e s u m e  that the regu la t ion  of i n -  

compat ib i l i ty  for  sporophyt ic  and gametophyt ic  con -  

t rol  s y s t e m s  is  bas ica l ly  the s a m e ,  with the t i s s u e  

and t ime of express ion  va ry ing  with spec i e s .  Addi-  

t ional  r e s e a r c h  is  r equ i r ed  to d e t e r m i n e  if the r ecog -  

ni t ion me c ha n i sm  and subsequent  control  of pol len 

ge r mi na t i on  for  the sporophyt ic  sy s t em dif fers  ex-  

t ens ive ly  f rom that of the gametophytic  s y s t e m .  Con-  

t inued r e s e a r c h  will identify those aspec ts  of each of 

the d i s cus sed  models  that can be accepted o r  modi -  

fied, o r  that must  be r e j ec ted ,  and will lead to a more  

unif ied concept of the control  of se l f  i ncompa t ib i l i t y .  
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