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SUMMARY

A n  in ve s tig a tio n  was made o f GA m etabo lism  in  Phaseolus cocc ineus  

L., cv. P riz e w in n e r u s in g  an in  v itro  p re p a ra tio n  fro m  im m a tu re  

seeds. G A 12-a ldehyde un d e rw e n t non -1 3 -hyd ro xy la ted  con ve rs io n  to  

GA4 v ia  G A12, G A 15, G A ^ , GA36 and GA37  and was m etabo lised  to G A 1 

v ia  a 13 -hyd roxy la ted  pa thw ay  encom passing  G A 19, GA20, GA44  and 

GA53. GA4 was no t 13-hydroxy la ted to produce G A r  Key in cu b a tio n s  

were pe rfo rm ed  u s in g  an in  v itro  p re p a ra tio n  fro m  im m a tu re  seeds 

o f a d w a rf va rie ty , H am m ond s  D w a rf Scarle t, b u t no  m e ta b o lic  

d iffe rences were observed between d w a rf and ta ll cu ltiva rs . G A 1 was 

no t 2j3-hydroxylated to fo rm  GAg.

The n a tu re  o f the  3 p -h yd ro xy la tin g  enzyme fro m  im m a tu re  seeds 

w as in v e s tig a te d  b y  fa s t p ro te in  l iq u id  c h ro m a to g ra p h y  (FPLC) 

sep a ra tion  o f the  crude ce ll-free p re pa ra tio ns  fro m  P rize w in n e r and  

H am m onds D w a rf S c a rle t F o llo w in g  assay o f the FPLC fra c tio n s , 

s o d iu m  dodecyl su lp h a te -p o lya c ry la m id e  gel e le c tro p h o re s is  (SDS- 

PAGE) o f zones w h ic h  converted [3 H ]G A 20 to [3 H]GAj w as c a rr ie d  

out. P re lim in a ry  a n a lys is  revealed s im ila r it ie s  be tw een the  p o ly 

peptides o f b o th  cu ltiva rs .

In  o rde r to  in ve s tig a te  GA m e tabo lism  in  seedlings, [3 H ]-la b e lled  

GAs were ap p lied  to cvs. P rize w in n e r and H am m onds D w a rf Scarlet. 

In  c o n tra s t to  m e ta b o lis m  b y  the  ce ll-fre e  p re p a ra t io n s  fro m  

im m a tu re  seeds, [3 H]GA4 as w e ll as [3 H ]G A 20 was co n ve rte d  to 

[3 H]GAx w h ic h  was fu r th e r converted to [3 H]GAq, in  seed lings o f each 

va rie ty . I t  w as concluded th a t the d w a rf g row th  h a b it e x h ib ite d  b y  

seedlings o f H am m onds D w a rf Scarle t was no t s im p ly  a consequence 

o f an in a b il i ty  to syn thes ise  G A l . A  s tud y  o f the endogenous G A 20 

con ten t o f the d w a rf and ta ll seedlings showed m ean va lues o f 1.14 

ng g_1 fresh  w e ig h t and 0.95 ng g_1 fresh  w e igh t, respective ly .
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INTRODUCTION

G ib b e re llin s  (GAs) are  a g ro u p  o f over 70  s tru c tu ra lly - re la te d  

d ite rp e n o id  ac ids (Fig. 1), w h ic h  occur n a tu ra lly  in  p lan ts , in  va ry in g  

q u a n tit ie s  and  a t a ll stages o f the life  cycle. O f the  species s tu d ie d  to 

date, n o n e  c o n ta in s  a ll th e  k n o w n  GAs a n d  an  e n d og en o us  

co m p le m e n t o f  10-15 is  q u ite  ty p ic a l. GAs are  im p lic a te d  as 

co n tro lle rs  o f deve lopm enta l processes in  p la n ts  as th e ir  exogenous 

a p p lic a t io n  a ffec ts , fo r  exam ple, s tem  e lo ng a tion , f lo w e rin g , the  

se ttin g  o f p a rth e n o ca rp ic  f r u i t  and senescence (see C rozier, 1983).

The  b io s y n th e tic  p a th w a y  fro m  m e va lo n ic  a c id  (M VA) to  e n t-  

kau rene  produces p re cu rso rs  o f stero ls, caro teno ids, a b s c is ic  a c id  

and  c h lo ro p h y ll esters, in  a d d it io n  to  those  o f GAs, (F ig . 2) (see 

Coolbaugh, 1983). Beyond en t-kaurene, a series o f o x id a tio n  steps 

o ccu rs  to  p ro d u ce  e n £ -7 o c -h y d ro x y k a u re n o ic  a c id , th e  d ire c t  

p re c u rs o r  o f  th e  f i r s t  fo rm e d  GA, G A 12-a ld eh yde  (F ig . 3) (see 

Hedden, 1983).

S tru c tu ra lly , GAs are based on the  e n f-g ib b e re lla n e  sk e le to n  

(F ig. 4) and  have e ith e r 19 or 20 ca rbon  atom s. C20-G As are the  

m e ta b o lic  p re c u rs o rs  o f C ig -GAs and, in  genera l, e x h ib it  low e r 

b io lo g ic a l a c t iv ity  (Reeve and C rozier, 1974). M e tab o lic  con ve rs io ns  

tend  to invo lve  o x id a tio n  at, or loss o f ca rbo n -2 0 , h y d ro x y la tio n s  a t 

C-2, C-3, C - l l ,  C-12, C-13, C-15 and C-16, in tro d u c t io n  o f  1-2 and  

2-3 double  bonds and C-7 o x id a tio n . C learly, s ta r t in g  w ith  over 70 

re la te d  co m p o u n d s , a la rg e  n u m b e r o f th e o re t ic a l ly  fe a s ib le  

in te rco n ve rs io n  pathw ays exist. F ig u re  5 represents  the  endogenous 

GAs o f a range o f ang iospe rm  species and  show s the  h y p o th e tic a l 

convers ions re levan t to the fo llow ing  treatise .

M u ch  o f th is  GA b io s y n th e tic  in fo rm a tio n  becam e a va ila b le  as a 

re s u lt o f in  v itro  m e tabo lic  s tud ies. P re p a ra tio n s  are m ade fro m  

p la n t t is su e  and  in cu b a te d  w ith  co facto rs, b u ffe rs , an d  u su a lly , a 

ra d io - la b e lle d  o r s tab le, heavy iso to p e -la b e lle d  s u b s tra te  w hose
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p ro d u c ts  ca n  be id e n t i f ie d  b y  h ig h  p e r fo rm a n c e  l iq u id  

ch ro m a to g ra p h y  (HPLC) o r b y  com b ined  gas ch rom a tog raph y-m a ss  

s p e c tro m e try  (G C -M S ) (see H edden , 1983). T h e  o b v io u s  

d isadvan tage o f th is  techn iqu e  is  the d is ru p tio n  caused to th e  p la n t 

tissu e  w h ic h  m akes d ire c t co rre la tio n  between in  v itro  re s u lts  and  

the w ho le  p la n t m e ta bo lism  no m ore th a n  ten ta tive . However, w he n  

th is  l im ita t io n  is  bo rne  in  m in d , ce ll-free  te ch n iq u e s  p ro v id e  the  

o p p o r tu n ity  to  o p tim is e  c o n d itio n s  fo r in d iv id u a l m e ta b o lic  steps, 

re s u lt in g  in  e lu c id a t io n  o f e n tire  m e ta b o lic  p a th w a y s . T h e  

researcher th e n  know s the m e tabo lic  "ca p ab ilitie s " o f a tis s u e  and  is  

in  a b e tte r  p o s it io n  to  a p p ro a c h  q u a lita t iv e  a n d  u l t im a te ly  

qu an tita tive  questions us ing  in  vivo  systems.

The va lue  o f in  v itro  s tu d ie s  can be app rec ia ted  b y  c o n s id e r in g  

th e  w o rk  o f G raebe e t al. (1 965 ) w h o  o b ta in e d  la b e lle d  e n t-  

kaurene, e n t-ka u re n o l and £rans-g e rany lg e ra n io l fro m  M V A  (F igs. 2 

and  3). T h is  w as the  f i r s t  d e m o n s tra tio n  o f ce ll-free  co n ve rs io n s  

and used a s tra in e d  hom ogenised p repa ra tio n  o f the  C a lifo rn ia n  w ild  

c u cu m b e r (M a ra h  m a c ro c a rp u s 1) l iq u id  endosperm , w ith  ATP as a 

c o fa c to r. F u r th e r  e x p e r im e n ta tio n  w ith  th is  t is s u e  p ro d u c e d  

labe lled  e n t-k a u re n o l and  e n t-k a u re n o ic  a c id  fro m  M V A  (D e n n is  

and  W est, 1967), p ro v id in g  s u p p o r tin g  evidence fo r  the  schem e 

show n in  Fig. 3.

The p ro b le m s  assoc ia ted  w ith  the re la tiv e ly  low  co n ve rs io n s  o f 

s u b s tra te  w ith  the  ce ll-free  system  fro m  M a ra h  w ere  ove rcom e  

w ith  th e  d is c o v e ry  th a t  l iq u id  e n d o sp e rm  o f th e  p u m p k in  

(C u c u rh ita  m a x im a 2) m e ta b o lise d  M VA to e n f-k a u re n e  w i th  a 

y ie ld  o f 40%  (Graebe, 1969) w he n  in cu b a te d  w ith  th e  fo llo w in g  

c o fa c to rs , M g C l2, M n C l2 , PEP, p y ru v a te  k in a s e  a n d  A TP  

(Graebe, 1968). The h ig h  enzyme a c t iv ity  o f th is  p re p a ra tio n  m a y  

re fle c t the  g ene ra lly  ra p id  tu rn o v e r and large endogenous GA poo ls  

usu a lly  associated w ith  seed tissues.

1 Originally referred to as Echinocystis  m acrocarpa

^ O riginally referred to as Cucurbita pepo
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The in  v itro  fo rm a tio n  o f G A 12-a ldehyde fro m  e n f-ka u re n e  w as 

f i r s t  e lu c id a te d  b y  Graebe e t al. (1972) u s in g  the  C. m a x im a  sys tem  

and  is  now  k n o w n  to  be com m on to m a n y  species. F o r exam ple, 

p re p a ra tio n s  fro m  suspenso rs  and  im m a tu re  seeds o f P h a se o lu s  

co cc in e u s  m e tabo lise  [ 14C]MVA to a n u m b e r o f  p roducts , in c lu d in g , 

e n t-ka u re n e , e n f-ka u re n o l, e n f-ka u re n a l, e n t-k a u re n o ic  a c id  an d  

en f-7o c-hyd roxykaure no ic  a c id  re sp e c tive ly  (C ecca re lli e t a l,  1979, 

1981a; T u r n b u l l  e t a l,  1986a). T h is  p a th w a y  h a s  a lso  been  

c o n f irm e d  fo r  H o rd e u m  d is t ic h o n  and  P is u m  s a t iv u m  w i th  

g e rm in a tin g  g ra in  and im m a tu re  seed ce ll-free  system s re sp e c tive ly  

(M u rp h y  and  B riggs, 1975; Ropers e ta l.,1978).

In  v itro  system s have been used to inve s tig a te  GA m e ta b o lism  as 

w e ll as b io s y n th e s is  in  h ig h e r p lan ts . Graebe e t a l  (1974a) fo u n d  

th a t the  [ 1 4 C ]G A 12-a ldeh yde  p ro d u ce d  fro m  [ 1 4 C]M VA, c o u ld  be 

fu r th e r  converted  to  [14C ]G A 12, [ 14C ]G A 15, [14C]G A37, [ 1 4C ]G A 24 a n d  

[14C ]G A 3 6  i f  M n ++ w as o m itte d  fro m  the  in c u b a tio n  m ix tu re . The  

same C. m a x im a  system  was respons ib le  fo r the p ro d u c tio n  o f GA4, 

the f i r s t  C ig -GA to  accum u la te  u n d e r in  v itro  c o n d it io n s  (G raebe 

et a l, 1974b).

A  c e ll- fre e  p re p a ra t io n  o f g e rm in a t in g  F re n c h  b e a n  seeds 

(P hase o lu s  v u lg a r is )  m e tab o lised  G A j to  GAg (P a tte rs o n  a n d  

R appaport, 1974), th u s  en d o rs in g  the  v ie w  th a t in  v itro  s tu d ie s  

can re fle c t w ho le  t is s u e  m e ta b o lism  as th is  co n ve rs io n  w as la te r 

fo u n d  to  o ccu r in  v ivo  in  m a tu r in g  and g e rm in a tin g  P. v u lg a r is  

seeds (Y am ane e t a l, 1975). R ecently, seed p re p a ra tio n s  o f  th is  

species have been used to dem onstra te  the  co n ve rs io n  o f  G A20  to 

GAj, GA5 and  GA^  (K a m iya  e t a l,  1984) an d  to  p ro v id e  m o re  

in fo rm a tio n  on the  endogenous GAs o f th is  tissue . In  a d d it io n  to 

GAj, GA4, GA5, GA6, GA8, G A 17, GA20, GA2g, GA37  and GA38  w h ic h  are 

kn o w n  endogenous com ponents o f th is  species (see Sponsel, 1983), 

GAg, G A 12, G A15, G A ig , GA23, GA24  and  *GA53  w ere id e n t i f ie d  b y  

c o m b in e d  G C-M S (T a k a h a s h i e t a l,  1986). The h y p o th e t ic a l
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m etabo lic  re la tio n s h ip s  between m any o f these GAs are show n in  Fig.

The fo llo w in g  are endogenous GAs o f  seed o f the  c lose ly  re la ted  

Phaseolus c o c c in e u s ; G Ap GA3, GA4, GA5, GAg, GAg, G Ag-catabolite,

1983; A lbone  et al., 1984). and  GAg-2 -0 -g lu c o s id e , (see S chne ider, 

1983). In  a d d it io n , G A X, GA8, GA4 -3 -0 -g lu c o s id e , GA4 g lu co sy l 

ester, GAg-2 -0 -g lu co s id e  and a GA3 4 -g lucos ide , p ro b a b ly  GA3 4 -2 -0 - 

g lu c o s id e  ( T u rn b u l l  e t al., 1986b) have  b e e n  id e n t i f ie d  as

M e ta b o lis m  s tu d ie s  w ith  P haseo lus  c o c c in e u s  have p rodu ced  

s im ila r  re su lts  to those ob ta ined w ith  Phaseolus vu lgaris . In cu b a tio n  

o f [14C ]en t-7cx-hydroxykaureno ic  a c id  w ith  a su sp e n so r p re p a ra tio n  

p roduced labelled G A lf GA5 and GAg b u t gave no in d ic a t io n  as to the 

id e n t it ie s  o f the  C -20 in te rm e d ia te s  (C e c c a re lli e t al., 198 1b). 

However, an im m a tu re  seed p re p a ra tio n  o f P h a se o lu s  c o c c in e u s  

m e tabo lised  [ 14C]G A12-aldehyde to G A j, GA4, G Ag, GA6, G A 15, G A 17, 

G A ig, GA20, GA24, GA37, GA44 and GA5 3 -aldehyde, su g g e s tin g  th a t the

m e ta b o lic  schem e in  F ig. 5 m ay  a lso  op e ra te  in  th is  spec ies
/

(T u rn b u ll et al., 1985).

5.

G A 17, G A ig , GA20, GA2g, GA2g, GA34> GA37, GA3g GA4 4  (see Sponsel

m e tabo lites  o f [3 H]GA4 in  Phaseolus coccineus  seedlings.

COOH
G A ^ -:3 -0 -g lu c o s id e

GA^-glucosyl ester

COOH

GA3£-0-g!ucoside

COOH

G A Q -2 -0 -g lu c o s ld e



In c u b a t io n s  o f  a P is u m  s a tiv u m  e m b ryo  p re p a ra t io n  w ith  

[ 1 4 C ]G A 12  p ro d u c e d  m e ta b o lite s  th a t  im p lic a te d  tw o  d is t in c t  

pa thw ays  le a d in g  to  the  C 19-GAs (K a m iya  and  Graebe, 1983). 13-

H yd ro xy la tio n  o f [ 14C ]G A 12 p roduced  [14C]GA53, [14C]GA44, [14C ]G A ig, 

[1 4C ]G A 20  and  [ 14C ]G A 29  sequen tia lly , w h ile  C-20 o x id a t io n  o f the  

su b s tra te  fo rm ed  [ 14C]GA15, [ 14C]GA24, [14C]GA9 and  [ 14C ]G A 51. I t  is  

in te re s tin g  to no te  th a t desp ite  b e in g  endogenous to  pea seed lings 

(G a sk in  e t al., 1985), G A 2 was n o t observed in  th is  study.

In  sum m ary, m any ang iosperm  species have GAs in  com m on w ith  

each o th e r and  evidence fro m  in  v itro  m e ta b o lic  s tu d ie s  suggests 

com m on rou tes  o f conversion. The p o s s ib il ity  th a t s im ila r  m e tabo lic  

enzym es e x is t in  a v a r ie ty  o f species is  b e in g  in ve s tig a te d  in  m a ny  

la b o ra to r ie s  u s in g  in  v it ro  s y s te m s  b u t  th e  u n d e r ly in g  

deve lopm enta l ro le  o f the re s u lta n t GAs has yet to  be co n firm ed .

C e ll-free  exp e rim e n ts  have p ro v id e d  d e ta ils  on the  n a tu re  and  

c o fa c to r  re q u ire m e n ts  o f  th e  enzym es re s p o n s ib le  fo r  GA 

b io s y n th e s is  a n d  m e ta b o lis m . T h e  enzym es c a ta ly s in g  th e  

convers ions  o f M VA to ent-kaurene  are so lub le  w h ile  those  invo lved  

in  en t-kau rene  o x id a tio n , lead ing  to G A 12-a ldehyde are  m ic ro s o m a l 

(see C oo lbaugh, 1983; Hedden, 1983). M o s t o f the  GA m e ta b o lic  

steps are assoc ia ted  w ith  so lub le  enzymes b u t 1 3 -h y d ro x y la tio n  is  

m em brane -bound . T h is  in fo rm a tio n  came fro m  assays o f in  v itro  

p re p a ra tio n s  a fte r the y  had  been sub jec ted  to v a ry in g  degrees o f 

c e n tr ifu g a t io n . A c t iv i ty  th a t is  re ta in e d  a fte r  c e n tr ifu g a t io n  a t 

2 0 0 ,0 0 0 -g is  regarded as soluble w h ile  th a t re ta in e d  a fte r a 2 ,0 0 0 -g, 

b u t p r io r  to a 200,000-g s p in  is  m ic ro so m a l (see Hedden, 1983).

[ 1 4 C ]G A 12-a ld e h yde  is  m a x im a lly  c o n v e rte d  in  C. m a x im a  

in c u b a t io n s  th a t c o n ta in  Fe++, 2 -o xo g lu ta ra te , NADPH, O 2  and 

ascorba te  (Hedden and Graebe, 1982). One poss ib le  e xp la n a tio n  fo r 

these co fac to r re qu ire m en ts  is  th a t an enzym e-bound Fe-02 com p lex 

o x id is e s  2 -o xo g lu ta ra te  to fo rm  an o x o n iu m  spec ies  w h ic h  th e n  

o x id ise s  the  GA (see Hedden and Graebe, 1982). A scorba te , w h ic h  

enhances GA tu rn o v e r b u t w h ic h  is  n o t s tr in g e n t ly  re q u ire d , m a y
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p re ven t o x id a tio n  o f SH g roups a t the  a c tive  s ite  o r m ay  reduce 

Fe+++ to  Fe++ w h ic h  is  the fo rm  re q u ire d  fo r enzyme a c tiv ity .

I t  is  in te re s t in g  to  no te  th a t  M n ++ is  a c o fa c to r fo r  M V A  

in c u b a tio n s  b u t in h ib i ts  the  m e ta b o lism  o f G A 12-a ldehyde  b y  C. 

m a x im a  p re p a ra tio n s  (Graebe et al., 1974a). T h is  in h ib i t io n  can be 

reversed b y  the a d d it io n  o f Fe++ and m a y dem onstra te  c o m p e tit io n  

fo r b in d in g  s ites. The pH  o f the  in c u b a tio n  m e d iu m  also exerts  an  

e ffe c t on  th e  m e ta b o lis m  o f G A 12-a ld e h y d e  in  C. m a x im a .  

In c u b a tio n s  c a rr ie d  ou t be low  pH  6.5 p rodu ce  1 2 a -h yd ro xy  G A 12- 

a ldehyde and  a series o f 12a -hydroxy la ted  GAs, w h ile  p re p a ra tio n s  

above pH  6.5 y ie ld  G A 12 (Hedden e t al., 1984).

K a m iya  and Graebe (1983) in cu ba te d  [ 14C]G A 12 w ith  m ic ro so m a l 

and  w ith  so lub le  p re p a ra tio n s  o f P isu m  s a tiv u m  im m a tu re  seed. 

The soluble fra c tio n  d isp layed the Fe++, 2 -oxog lu ta ra te  and  ascorba te 

re q u ire m e n ts  observed w ith  C. m a x im a  and  gave r is e  to a series o f 

GAs o x id ise d  a t C-20 and hyd roxy la ted  a t C-2, w h ile  the  m ic ro so m a l 

in c u b a tio n  re qu ire d  0 2 and NADPH and p roduced  C-20 ox id ised , 20- 

and 13 -hydroxy la ted  GAs. The co n c lu s io n  th a t the  1 3 -h yd ro xy la tio n  

step is  m em brane-assoc ia ted  led T a ka h a sh i e t al. (1986) to  suggest 

t h a t  in  vivo, th is  c o n v e rs io n  is  l ik e ly  to  o c c u r e a r ly  in  GA 

m e ta bo lism , as steps p r io r  to G A 12-a ldehyde  p ro d u c tio n  are a lso 

m ic rosom a l. F u rth e r s tud ies  w ith  th is  system  revealed th a t loss o f 

ca rb o n -20 is  fro m  a C-20 aldehyde, d ire c tly  as C 0 2 ra th e r th a n  v ia  

fo rm ic  a c id  (K am iya  et a l, 1986).

K a m iy a  e t al. (1984), s tu d ie d  the  m e c h a n is m  o f m e ta b o lis m  o f 

GA20 to G A 2, GA5 and GA29 w ith  respect to the  s ta n d a rd  c o fa c to r 

re q u ire m e n t, u s in g  an in  v itro  system  fro m  im m a tu re  seed o f  P. 

vu lgaris . They propose th a t an Fe-O-C com plex is  fo rm ed a t carbon- 

3 o f GA20, w h ich , w hen cleaved between Fe and O, p roduces G A r  In  

con tras t, cleavage betw een O and C in tro d u c e s  a 2-3 doub le  bo nd  

and y ie lds  GA5. P atte rson and R appaport (1974), de m on s tra ted  the  

convers ion  o f G A j to GAg in  Phaseolus vu lga ris , b y  an enzym e th a t
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re m a in e d  in  th e  s u p e rn a ta n t a fte r  c e n tr i fu g a t io n  a t 95 ,000-g . 

In h ib it io n  o f th is  re a c tio n  b y  the  c a tio n -b in d in g  EDTA concurs  w ith  

the  ge nera l f in d in g s  o f an  Fe++ re q u ire m e n t. F u rth e r s tu d y  o f the  

2 p -hyd roxy lase  fro m  m a tu re  seed revea led th a t the  enzym e has a 

m o le cu la r w e ig h t o f 36 k ilo  da ltons  (kd) and  the  c h a ra c te r is tic s  o f a 

d ioxygenase (S m ith  and M a cM illan , 1984). T h is  enzyme w as active  

on a n u m b e r o f substra tes, nam ely, G A p  GA4, GAg and  G A 20  b u t 

show ed a h ig h e r  c o n v e rs io n  ra te  w h e n  fed  3 p - h y d r o x y la te d  

substrates.

A lth o u g h  l it t le  is  kn o w n  ab ou t the  co m p a rtm e n ta tio n  o f GAs on a 

c e llu la r level, the re  is  some evidence fo r  the  p re d o m in a n ce  o f 2 p- 

h yd ro xy la te d  GAs in  the  tes tas o f seeds. T a k a h a s h i e t al. (1986) 

re p o rte d  an  absence o f 2 P ~ h yd ro xy la tio n  b y  in  v itro  sys te m s o f 

em bryos fro m  im m a tu re  seed o f Phaseolus vu lga ris . However, w hen 

endogenous GAs o f em bryos and  testas were exam ined, GA8 and GA29 

were p re se n t in  bo th , b u t the  testas c o n ta in e d  m u ch  h ig h e r  levels. 

S im ila rly , GA8 and a G Ag-catabolite  are the  m a jo r GA com ponents o f 

the  te s ta s  o f m a tu r in g  P h a s e o lu s  c o c c in e u s  seeds (A lbone  e t 

al., 1984).

F u rth e r evidence fo r GA co m p a rtm e n ta tio n  came fro m  the  f in d in g  

th a t GA20 and GA29 were p resen t in  the co ty ledons o f m a tu re  P isum  

seeds (see Sponsel, 1983). A fte r  syn th e s is  in  the cotyledons, GA29 is  

tra n sp o rte d  to the testa and is  converted to a GA29-ca ta b o lite  w h ic h  

is the n  tra n sp o rte d  to the em bryo d u r in g  g e rm in a tio n . C on jugates, 

ty p ic a lly  GA g lucosyl esters and ethers are o f w idesp read  occurrence

(see Schne ider, 1983). A lth o u g h  the b io lo g ic a l a c t iv ity  o f con juga tes
/

and GA ca ta b o lite s  is  m u ch  low er th a n  th a t o f free GAs, these

H

COOH
COOH

GAg-catabolite
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com pounds m ay regu la te  p h ys io lo g ica l processes by a lte r in g  the pool 

o f ava ilab le  p la n t g row th  substance.

H

GA29-catabolite

A s can be ap p re c ia te d  fro m  th is  account, the  lik e ly  GA m e tabo lic  

con ve rs ions  fo r a g iven  set o f endogenous com pounds are fa ir ly  w e ll 

u n d e rs to o d  b u t l i t t le  is  k n o w n  o f the  n a tu re  o f the  re sp o n s ib le  

enzymes. However, h a v ing  a tta in e d  a ce rta in  in fo rm a tio n  level in  the 

fie ld  o f GA m etabo lism , i t  is  o f in te re s t to  a tte m p t to  corre la te  th is  

kn o w le d g e  w ith  th e  re g u la t io n  o f a p a r t ic u la r  d e ve lo p m e n ta l 

process.

E xogenous GA a p p lic a tio n s  have long  been kn o w n  to  in c rease  

stem  e longa tion  ra te  b u t the b io c h e m is try  o f tissu e  p e rcep tion  and 

subsequen t g ro w th  is  n o t unders tood . R esearch in  th is  area has 

cen tred  on co m p a riso n  o f GA m e tabo lism , endogenous con te n t and 

e ffec t o f exogenous  a p p lic a tio n  in  ta ll and  d w a rf c u ltiv a rs  o f several 

crop species.

P h in n e y  and  S p ra y  (1982), h y p o th e s is e d  th a t in  m a ize  (Zea  

m ays) and p o ss ib ly  o the r ang iosperm s, G A l m ig h t be the o n ly  GA 

ac tive  p e r  se in  p ro m o tin g  shoo t g row th . T h a t G A 17, G A ig , GA20, 

GA44, GA53 and in  low er qu an titie s , G A 2, GAg and GA29 are am ong the 

endogenous com pounds o f ta ll m a ize tasse ls  (H edden e t al., 1982) 

led to the  a ssu m p tio n  th a t the early  1 3 -h yd ro xy la tio n  pa thw ay  (see 

Fig. 5) m ig h t be o c c u rr in g  in  th is  species. A n  in v e s tig a tio n  o f GA 

m e ta b o lis m  in  seve ra l m a ize  m u ta n ts , in  w h ic h  d w a rf is m  is  

expressed fro m  g e rm in a tio n  onwards, suggested th a t these c u ltiv a rs  

are dw arfed  as a consequence o f b locks  in  th is  b io s y n th e tic  pa thw ay 

lead ing  to G A r  The fo u r dw arves cons ide red  here have n o n -a lle lic  

recessive genes, nam ely, c/5, c/2, c/3 and c/1 (E m erson  e t al.f 1935)
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Th ere  is  s tro n g  evidence th a t d5 causes d w a rfis m  b y  p re ve n tin g

s y n th e s is  o f en f-ka u re n e  and  hence GAs. T h is  was f i r s t  p roposed 

because o f  the  o b se rva tio n s  th a t G A X, GA20  and  k a u re n o id  GA 

p re c u rs o rs  p ro m o te d  g ro w th  o f d w a rf- 5 seed lings w h ile  p re -e n f-  

kau ren e  GA p re cu rso rs  w ere in a c tive  (K a ts u m i et al., 1964; P h in n e y  

and  Spray, 1982). M ore  d ire c t evidence has been o b ta in e d  w ith  

ce ll- fre e  p re p a ra tio n s  fro m  e tio la te d  shoo ts  o f d w a r f - 5 a n d  ta ll 

p la n ts  w h ic h  p ro d u ce  d if fe re n t m e ta b o lite s  w h e n  fed [ 1 4C ]M V A , 

[14C ]g e ran y lg e ran y l py rophospha te  and  [3 H ]cop a ly l p y ro p h o sp h a te  

(H edden and  P h inney, 1979). A ll the  subs tra tes  w ere converted  to 

e n f-k a u re n e  b y  ta l l  e x tra c ts  w h ile  d w a r f - 5 e x tra c ts  y ie ld e d  

p re d o m in a n tly  iso -kau rene , w h ich , u n lik e  en t-kaurene, is  n o t a GA 

p recu rso r. The m u ta tio n  w ou ld  appear to re s u lt in  p ro to n  loss fro m  

c a rb o n -15 in  th e  dw arf, lea d in g  to a lte ra tio n  o f the  doub le  b o n d  

p o s it io n . H owever, i t  s h o u ld  be no ted  th a t the  ta ll e x tra c t d id  

p ro d u c e  som e is o -k a u re n e  w h ile  the  d w a rf a lso  y ie ld e d  e n t-  

kau rene, a lb e it less th a n  25% o f the ta ll. A lth o u g h  the d5 gene is  

"leaky", i t  is  no t s u ff ic ie n tly  so to re su lt in  endogenous d ilu t io n  o f the 

p H .^C JG A j and [3 H ,13C]G A2g extracted  fro m  d w a r f-5 seed lings  fed 

w ith  [3 H ,13C]GA20 (S pray e t a l, 1984).

The  c o n c lu s io n  th a t the  d 5 m u ta t io n  b lo c k s  e n f k a u r e n e

enr-isokaurene

Geranylgeranyl pyrophoshate Copalyl pyrophosphate
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p ro d u c tio n  im p lie s  th a t a p p lic a tio n  o f GAs beyond the  b lo c k  w i l l  

re s u lt in  a n o rm a l g ro w th  h a b it  due to th e ir  co n ve rs io n  to  G A r  

However, the  o n ly  m e tabo lites  p resen t in  detectable a m o u n ts  a fte r 

fe e d in g  [ 1 4 C ]G A 5 3  to tasse ls o f  d w a r f - 5 p la n ts  w ere  [ 1 4 C ]G A 44, 

I 14C ]G A 19, [ 14C]GA29  and con juga ted  [ 14C]GA53  (H eupe l e t al., 1985). 

One e xp la n a tio n  m a y  lie  in  the  ve ry  low  endogenous leve ls o f  G A X 

and GA20 in  n o rm a l tassels (Hedden e t al., 1982), im p ly in g  tu rn o v e r 

ra tes so slow th a t m e tabo lism  o f exogenous GAs w ou ld  be neg lig ib le .

T h e  g ro w th  o f dw arves w ith  th e  d2  gene is  e n h a n c e d  b y  

tre a tm e n t w ith  G A p GA20 and GA53 b u t no t GA53-a ldehyde and  G A 12- 

aldehyde. T h is  im p lie s  th a t the  m u ta tio n  b lo cks  o x id a tio n  o f  the  7- 

CHO group  (P h in ney  and Spray, 1982).

The d3  gene appears  to  p re v e n t 1 3 -h y d ro x y la t io n  o f  G A 12- 

a ldehyde to GA53-a ldehyde a n d /o r  G A 12 to  GA53. T h is  is  show n b y  

the  p ro m o tio n  o f g ro w th  o f d2  m u ta n ts  b y  GA5 3 -a ld eh yde , G A53, 

GA20 and  G A : and  the in a c t iv ity  o f G A 12-a ldehyde a nd  e n t-k a u re n e  

(P h in ney  and  Spray, 1982).

D w a rf- 1 p la n ts  respond b y  no rm a l g ro w th  to a p p lic a tio n s  o f G A P 

w hereas GA20 does no t e lic it  a m arked  response (P h in ney  and  Spray, 

1982). These re s u lts  led to the  c o n c lu s io n  th a t o n ly  G A 2 is  

b io lo g ic a lly  ac tive  p e r se and th a t o ther GAs are active  o n ly  v ia  th e ir  

convers ion  to G A X. The p ro b a b ility  th a t the d  1 m u ta t io n  a ffe c ts  the  

p la n ts ' ca p a c ity  fo r 3 p -h y d ro x y la tio n  was fu r th e r  in v e s tig a te d  b y  

S p ra y  e t al. (1 9 8 4 ). [3 H ,1 3 C ]G A 2 0  fed to d w a r f - 1 p la n ts  w as

converted to [3 H ,13C]GA29 and to a [3 H ,13C]GA29 ca ta bo lite  b u t n o t to 

[3 H ,13C]GA1, as in  ta ll p lan ts . The presence o f 12C d i lu t io n  in  the  

p ro d u c ts  o f these  feeds sugges ts  th a t these  f in d in g s  re f le c t  

endogenous GA m etabo lism .

The presence o f G A 2 (Ing ram  e t al., 1983), G A 17, G A 19, G A20, G A 29 

and  a G A29-c a ta b o lite  (D a v ie s  e t al., 1982), as e n d o g e n o u s  

com pounds o f pea (P isum  sa tiv u m ) seedlings in fe rs  the  o p e ra tio n  o f 

the early  1 3 -hyd roxy la tion  pathway. In it ia l w o rk  on stem  e lo n g a tio n
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in  P. s a tiv u m  concen tra te d  on the  Le  gene locus; p la n ts  w ith  the  

g e n o ty p e s  L e / l e  an d  L e / L e  b e in g  ta ll, w h ile  l e / l e  p la n ts  are  

dw arfed  fro m  the th ir d  in te rno de  onwards. E x tra c ts  o f b o th  ta ll and  

d w a rf w ere fo u n d  to  c o n ta in  GA20-lik e  a c t iv ity  (Potts et a l., 1982). I t  

w as th e re fo re  sugg es ted  th a t  th e  L e  gene codes fo r  th e  3P- 

h y d ro x y la tio n  o f GA20, lead ing  to  the  b io lo g ic a lly  ac tive  G A V Le  and 

le  p la n ts , b o th  o f  w h ic h  w ere extrem e dw arves ( c o m p a c tu m ) due 

to po sse ss io n  o f a n  a d d it io n a l d w a rfin g  a lle le  na , w ere  fed  w ith  

[3 H ,13C]GA20  and  the  re s u lta n t ex trac ts  sub jected  to b ioassay. The 

L e -c o n ta in in g  lin e  show ed a p o la r peak w ith  G A 1- lik e  b io lo g ic a l 

a c t iv i ty  w h ile  th e  le  l in e  d id  n o t (P otts  and  Reid, 1983). T h is  

su p po rte d  the  p roposed ro le  fo r Le  in  the enzym atic  co n ve rs io n  o f 

G A 2 0  to  G A X. F u r th e r  p o s it iv e  e v id en ce  a p p e a re d  w i th  th e  

id e n t if ic a t io n ,  b y  co m b in e d  GC-MS, o f endogenous G A X fro m  L e  

p la n ts  b u t n o t fro m  le  p la n ts  (In g ra m  e t al., 1983).

The ro le  o f the  Na  gene was in ve s tiga te d  and th a t o f the  Le  gene 

fu r th e r  c la r if ie d  b y  In g ra m  e t al. (1984). T a ll (Le) p la n ts  converted  

[3 H ,13C]GA20 to  l3 H t13C]GA1 w h ile  d w a rf (le) p la n ts  d id  no t. P lan ts  

w ith  the  na  a lle le were hypo thes ised  to co n ta in  no endogenous GAs 

due to  th e ir  in a b i l i t y  to  com p le te  s u c c e s s fu lly  an  e a rly  s tep in  

synthesis . [3 H ,13C]GA20 fed to Na  and to na  p la n ts  was converted  to 

p H ^ C J G A j in  b o th  b u t ana lys is  con firm e d  th a t there w as no d ilu t io n  

o f the  is o to p ic  label b y  endogenous G AX in  the na  extract. W o rk  b y  

In g ra m  and  R e id  (1987), suggests th a t na  p la n ts  m ay be unab le  to 

s y n th e s is e  G A 12-a ldehyde  fro m  e n f-7 a -h y d ro x y k a u re n o ic  a c id  

(seeFig. 3). W hen th is  com pound  is  fed, ex trac ts  y ie ld  s ide  b ra n c h  

p rodu c ts , fo r  exam ple, 6 a ,7 a -d ih y d ro x y k a u re n o ic  acid , ra th e r  th a n  

GAs. A p p lic a tio n s  o f labelled G A12-a ldehyde to na  p la n ts  p rodu ce  a 

range o f b io lo g ica lly  active GAs in c lu d in g  GA20 and G Ar

The evidence, so far, show s an analogous s itu a t io n  in  peas and  

m aize. B o th  species possess a gene whose hom ozygous recess ive  

a lle le  b lo cks  3 p -h y d ro x y la tio n  o f GA20  to G A j and  a gene w h ic h  

co n tro ls  a step in  GA b io s y n th e s is  p r io r  to the  fo rm a tio n  o f G A 12-
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aldehyde. However, fu r th e r  in v e s tig a tio n  revealed th a t the  s itu a t io n  

is  no t as clear as an tic ip a te d  in  P isum  s a tiv u m

Tw o c o m m e rc ia l pea c u ltiv a rs , A la ska  (Le) and  P rogress No: 9 

(le) were g row n  in  da rkness and rece ived a p p lic a tio n s  o f exogenous 

G A 20  (Sponsel,1986). W hen da rk -g row n , b o th  v a r ie tie s  d isp la yed  

the  ta ll h a b it and  b o th  m etabo lised  GA20 to G A1. F u rth e rm o re , the  

endogenous G A X con ten ts  o f da rk -g ro w n  A la ska  and  P rogress No. 9 

seed lings  w ere s im ila r  (G a sk in  e t a l., 1985). These f in d in g s  are  in  

c o n tra s t to  those o f R e id  (1983) w ho s tu d ie d  the  same gene b u t in  

d iffe re n t va r ie tie s  and w ho fou nd  no loss o f d w a rf c h a ra c te r is tic s  in  

the  dark. T h is  d isc re p a ncy  suggests th a t possess ion  o f th e  d w a rf 

geno type  is  n o t in  i t s e lf  s u f f ic ie n t  to  reduce  the  ra te  o f s tem  

e lo n g a tio n  and  th a t l ig h t  m ay also exe rt an in flu ence . I t  has been 

p roposed th a t possess ion  o f the le  a lle le re s u lts  in  a Pfr-m e d ia te d  

in h ib i t io n  o f 3 p -h yd ro xy la tio n  (C am pbell and  B onner, 1986). T h is  

in h ib it io n  is  n o t m an ifes ted  in  darkness due to the p redo m ina nce  o f 

the  Pr fo rm  o f phytochrom e. The s itu a tio n  is  fu r th e r  com p lica te d  b y  

the re su lts  o f G A 1 q u a n tita tio n  in  red lig h t-g ro w n  seed lings o f A laska  

and  P rogress No. 9 w ith  b o th  ta ll and  d w a rf v a r ie tie s  c o n ta in in g  

endogenous G A X, b u t in  levels too low  to q u a n t ify  (Sponsel, 1986). 

T h is  concurs  w ith  the f in d in g s  o f Ing ram  e t al. (1986) w ho  ob ta in e d  

[3 H ,13C ]-labelled G A 1? GAg and GAg-ca tabo lite  fro m  n a /L e  and  n a /le  

seed lings fed w ith  [3 H ,13C]GA20. T h is  suggests th a t e ith e r the  Le  

gene is  "leaky", b u t effective, or th a t an y  red  l ig h t  c o n tro l o f s tem  

e lo n g a tio n  is  assoc ia ted  w ith  the response to, ra th e r  th a n  a t the  

p ro d u c tio n  o f G A r  I t  is  po ss ib le  th a t the  ta ll g ro w th  h a b it  and  

capacity  fo r G AX syn thes is  dem onstra ted  b y  d a rk -g row n  P rogress No.

9  seed lings  m ay be due to the exp ress io n  o f a lle les o th e r th a n  le. 

The va lue o f u s in g  isog en ic  lin e s  w here  the o n ly  v a ria b le  be tw een 

c u ltiv a rs  is  the  allele unde r s tudy  is  stressed by  Reid (1987).

S hoots o f G A -d e fic ie n t dwarves o f the genotype n a /L e  w ere fed 

w ith  [ 1 3 C ]G A 20  and, on e x tra c tio n , y ie ld e d  [ 1 3 C ]G A  j , [ 1 3 C ]G A g ,
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[ 1 3 C ]G A 2g and  [ 1 3 C ] G A 2g-c a ta b o li te  ( In g ra m  e t al., 1985). 

Id e n t if ic a t io n s  o f th e  p ro d u c ts  w ere  b y  GC-M S a n d  o n ly  th e  

[13C ]G A 29-c a ta b o lite  c o n ta in e d  d i lu t io n  w ith  the  endogenous 12C 

isotope, sa id  to  have a r is e n  fro m  the m a tu re  seed. W hen the  same 

feed w as a p p lie d  to  ro o t tissue , sm a ll q u a n tit ie s  o f [ 13C ]G A 1 and  

[13C]GA8 accum ula ted, w h ile  [ 13C]GA8- and [13C]GA29-ca ta bo lite s  were 

m ore a b u n d a n t and  showed a s trong  endogenous c o n tr ib u t io n  in  the 

m ass spectra. These data suggest th a t the  n a  a lle le  is  o p e ra tio n a l 

o n ly  in  the  shoots as the  roo ts  co n ta in  endogenous GA pools. I t  can 

also be deduced th a t no ro o t to shoot GA tra n s p o rt is  occu rrin g . I f  i t  

were, G A j o r its  p re cu rso rs , o r ig in a t in g  fro m  the  roo ts , cou ld  be 

exported to the shoots and n a /L e  p lan ts  w ou ld  be ta ll.

A  th ir d  Le  allele, nam e ly  le ^  has re c e n tly  been d e sc rib e d  (Ross 

and Reid, 1987). These p la n ts  are extrem e dwarves, p h e n o ty p ic a lly  

in d is t in g u is h a b le  fro m  c o m p a c tu m  (n a n a ) in d iv id u a ls  and  i t  has 

been suggested th a t the  le ^  a lle le fu r th e r  in h ib its  the  GA20  to  G A : 

step.

In  peas, a n u m b e r o f o the r genes also in flu e n c e  stem  e lo ng a tion  

(J o lly  e t al.,1987). T h e ir  id e n t it ie s  are as fo llow s: Le, Lh, Ls, Na, 

La, Cry, Lk, Lm , Lw. In te ra c tio n s  o f the  d if fe re n t a lle les o f these 

genes re s u lt  in  v a r ia b le  pheno type  w h ic h  m akes i t  d i f f ic u l t  to  

conceive o f an e xp la na tio n  o f th e ir  re g u la to ry  role, in  te rm s  o f GA 

m e tab o lism . The th ree  fa m ilia r  pheno types o f ta ll (Le), d w a rf (le) 

and  c o m p a c t u m  (na)  are a lte re d  b y  th e ir  c o m b in a t io n  w ith  

recessive alleles o f these genes.

P ossession o f la /c r y c, the so-ca lled " c ry p to " pheno type , m akes 

b o th  ta ll and d w a rf p la n ts  ta lle r, w h ile  la /c r y 8 re s u lts  in  ex trem e ly  

ta ll, "s le n d e f ' m u tan ts , irre sp e c tive  o f w h e th e r Le or le  is  p resent. 

A n  Le  p la n t w h ic h  also has lm  becom es a "m ic ro ta l i " w h ile  le / lm  

is  a ' ' m i c r o d w a r f ' .  The c o m b in a tio n  o f le / la  / c r y °  w ith  lm  

p ro d u c e s  a " m  i  c r o  c r y p t  o d w a r f "  w h ile  l a  / c r y ^ / l m  is  a 

11m ic ro s le n d e f '.

N a  in  the fo rm  nana, is  e p is ta tic  to Le and is  p a r t ia l ly  e p is ta tic
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to Lw . N a /L w  p la n ts  are ta ll, N a /lw  p la n ts  are dw arf, n a /L w  and  

n a / lw  p la n ts  are b o th  c o m p a c tio n  w ith  n a / lw  b e in g  sm a lle r th a n  

n a /L w . The c o m b in a tio n  o f le  w ith  lw  seems to  have a cu m u la tiv e  

e ffec t as L e /L w  is  ta ll, L e / lw  and  le /L w  are b o th  d w a rf b u t le / lw  is  

c o m p a c t u m .  The  p ro b a b le  e ffe c ts  o f l e  and  n a  have  been  

d iscussed and the l i t t le  th a t is  kno w n  o f the b io ch e m ica l in flu e n ce  o f 

the o the r genes w il l  be dealt w ith  la ter.

GA1 and  G A ig were id e n tif ie d  b y  com b ined  GC-MS as endogenous 

com pounds o f ta ll r ic e  (O ryza sa tiva ) p lan ts , (K u ro g o ch i e t a l., 1978, 

1979; M u ro fu s h i, 1983). I t  is  the re fo re  p o ss ib le  th a t the  e a rly  13- 

h y d ro x y la tio n  pa thw ay  lea d ing  to  G A X is  o p e ra tio n a l a n d  th a t the  

im p o rta n c e  o f th is  GA fo r s tem  e longa tion , f i r s t  h yp o th e s ise d  fo r  

maize, m ay also app ly  in  th is  species.

Two ric e  cu ltiva rs , T a n g in b o zu  and W aito-C  have d w a rfin g  genes 

dx and  dy  respective ly . L ik e  the  m a ize  m u ta n ts , these p la n ts  are 

con s id e red  GA dw arves b u t in  th is  case, pheno type  is  expressed 

fro m  ea rly  stem  e longa tion  onwards. T a n g in bozu  seems com parab le  

to the  d w a rf-5  o f m aize, as GAs and  GA p re c u rs o rs  beyond  e n t-  

kau rene  cause an increase in  he igh t, w ith  G A j b e in g  m o s t e ffec tive  

(M u ra k a m i, 1972). B io assa y  da ta  suggested  th a t T a n g i n b o z u  

con ta ined  no G A -like  com pounds (M u ra ka m i, 1972) b u t m ore  recen t 

ana lyses o f dx d w a rf e x trac ts  b y  GC-MS revealed the  p resence o f 

GA1 w i th  m in o r  q u a n t it ie s  e s tim a te d  b y  b io a s s a y  (S u z u k i e t  

al., 1981). T h is  is  in  agreem ent w ith  a set o f p re lim in a ry  data w here  

T ang inbozu  was found, b y  H PLC -im m unoassay, to co n ta in  abou t 20% 

o f th e  en dogenous  G A : leve l o f G i  n b  o z u ,  th e  ta l l  c u l t iv a r  

(M a r t in ,  1985).

W aito-C  is  s im ila r  to Zea d w a rf-1 and to  A laska  as i t  responds b y  

n o rm a l g ro w th  to G A X b u t n o t to GA20 a p p lic a tio n . E x tra c ts  o f dy 

p lan ts  were active  w hen assayed on T a n g in b ozu  b u t n o t w hen  tested 

on W a i t o - C  seed lings, th u s  s u p p o r t in g  the  c la im  th a t th e  dy  

m u ta tio n  prevents G A j syn th e s is  (M u ra ka m i, 1972). However, G A j
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w as fo u n d  in  e x tra c ts  o f  W a i t o - C  a n a ly s e d  b y  H P LC - 

ra d io im m u no assay  and feeds o f [2 ,3 -3 H]GA2q to th is  d w a rf resu lted  in  

GAX p ro d u c tio n  (M a rtin , 1985). These c o n tra d ic to ry  data im p ly  th a t 

e ith e r  th e  h y p o th e s is e d  ro le  o f GAs an d  in  p a r t ic u la r  G A X, is  

in a p p ro p r ia te  fo r Oryza sa tiva  o r th a t dx and dy are "leaky” b u t s t i l l  

have s u ff ic ie n t m e tabo lic  e ffect to  induce  dw arfism .

O f the  d w a rfin g  genes so fa r d iscussed, the  m a ize evidence best 

u p ho ld s  the  h yp o th e s is  th a t d w a rfis m  is  s im p ly  a consequence o f 

lack o f endogenous G AX (P h in ney  and  Spray, 1982). W h ile  s tu d ie s  o f 

the  le  and  n a  genes o f pea lend  some credence to th is  p roposa l, 

the  s itu a t io n  fo r le  dwarves and  fo r the  dx and dy dw arves o f r ic e  

re q u ire s  fu r th e r  e xp la n a tio n . These th re e  genes do n o t to ta lly  

p reven t G A j syn th es is  and fo r le, the  co n tro l o f d w a rfis m  is  fu r th e r  

com p lica ted  b y  the in flu e n ce  o f red  l ig h t

There  are severa l d w a rfin g  genes o f w hea t (T r it ic u m  aes tivum ), 

fo r  exam ple , R h t l,  R h t2 , R h t3  w h ic h , in  c o n tra s t to  m a ize , pea 

an d  rice , have d o m in a n t m u ta n t a lle les. In  the  case o f R h t3 ,  

seed lings are in s e n s it iv e  to exogenous GA a p p lica tio n , ye t take  up  

and m etabo lise  GA3 lik e  ta ll p la n ts  (Ho e t a l, 1981). R h t3  dw arves 

were re po rted  to  co n ta in  ten  tim e s  the co n ce n tra tio n  o f free GAs as 

ta ils, as de te rm in ed  b y  b ioassay, (Radley, 1970) and th ir te e n  tim e s  

the  con ten t o f endogenous G A 1? as m easured b y  ra d io im m u n o a ssa y  

(S tod da rt, 1984).

E v idence  fro m  the s le n d e r  m u ta n t i.e. la /c r y s  o f pea, is  h a rd  to 

re co n c ile  w ith  the c u rre n t hyp o th e s is  fo r  s tem  e lo n g a tio n  con tro l. 

E x tra c ts  o f p la n ts  w ith  the  genotypes le / la /C ry /N a /L m  (dw a rf) and 

le / la /c r y ^ /N a /L m  (s le n d e r ) w ere tes ted  in  the  le ttu ce  h y p o c o ty l 

and  T a n g in b o z u  r ic e  b ioassays  (Potts et al., 1985) and  th e  la rge  

s le n d e r  m u ta n t y ie lded  m u ch  less G A -like  a c t iv ity  th a n  the  dw arf. 

The fac t th a t s le n d e r  p la n ts  seem to have low  levels o f endogenous 

GAs and do no t show  m arked  response to exogenous a p p lica tio n , ye t 

are ta lle r  th a n  n o rm a l p la n ts , does n o t s u p p o r t a c o r re la t io n
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be tw een h ig h  GA c o n c e n tra tio n  and  g row th . In  an  a tte m p t to  

e x p la in  th is ,  G raebe (1 9 87 ) o ffe re d  th e  h y p o th e s is  th a t  th e  

accum u la tion  o f GAX to  a c e rta in  u n sp e c ifie d  con cen tra tio n , tr ig g e rs  

increased  2 p -h yd ro xy la tio n  w h ic h  reduces the  G A j c o n te n t due to 

its  co n ve rs io n  to  GAg. He c ites  s le n d e r  as an  exam ple  o f th is  

a cce le ra ted  tu rn o v e r  and  suggests th a t i t  th e n  leads  to  a lo w  

e s tim a te  o f a p p a re n t endogenous G A p b u t an  in c re a s e d  s tem  

e lo ng a tio n  ra te. T h a t d w a rf p la n ts  dem onstra te  reduced  in te rn o d e  

le n g th  re la t iv e  to  ta l l  p la n ts , he e x p la in s  b y  th e ir  fa i lu re  to  

syn th es ise  s u f f ic ie n t  G A X to  a t ta in  th e  ta rg e t c o n c e n tra t io n . 

However, w h e n  i t  is  rem em bered  th a t s le n d e r  p lan ts , w h ic h  a lso 

have the na  allele, are w ith o u t detectable endogenous G A X(P otts  e t 

al., 1985), th is  h yp o th e s is  does n o t appear to  w ith s ta n d  s c ru tin y . 

The c o n c lu s io n  o f In g ra m  and  R e id  (1987), w ho  c o n firm e d  th e  

b io c h e m ic a l e xp re ss io n  o f na  and  le  w ith  la /c r y s, th a t "GA leve ls 

do n o t a ffe c t in te rn o d e  ex tens ion  in  slender", w o u ld  seem the  m ore  

feasib le  v iew po in t.

J u s t as i t  w as p ropo sed  th a t GAs are a c tiv e  o n ly  v ia  th e ir  

conve rs ion  to G A p i t  can also be suggested th a t G A X is  capable o f 

-p rom o ting  g ro w th  on ly  i f  i t  tr ig g e rs  a series o f b io c h e m ic a l steps, 

the  f i r s t  b e in g  its  in te ra c tio n  w ith  the  "co rrec t" recep to r. A s  yet, 

the  n a tu re  o f th is  sequence o f events is  n o t know n, b u t J o lly  e t al. 

(1987 ) have deve loped th is  idea  to  e x p la in  th e  e ffe c ts  o f  th e  

n u m e ro u s  pea m u ta n t genes th a t do n o t f i t  th e  s im p le s t GA 

hypo thes is . They propose three poss ib le  s ites a t w h ic h  these alle les 

can exert th e ir  effects. They suggest th a t lh, le, na  and  Is  a ffe c t GA 

s y n th e s is /m e ta b o lis m  due to the low  levels o f endogenous G A 2 in  

p la n ts  o f these genotypes. In  com parison, the y  propose th a t la /c r y 3 

m ay a ffe c t s e n s it iv ity  by  re d u c in g  tis su e  p e rcep tion  o f the  g ro w th  

substance. A lte rn a tive ly , the s lender and g ia n t m u ta tio n s  m ay a c t b y  

m im ic k in g  the e ffect o f GA s a tu ra tio n  a t the b in d in g  sites. The fa c t 

th a t s lender p la n ts  w h ic h  also have na  (no ex tra c ta b le  b io lo g ic a l 

a c tiv ity ) are ta lle r tha n  ta ll p lants, w ou ld  tend to su p p o rt th is  idea.
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The  th i r d  p o s s ib i l i t y  is  p a r t ia l o r to ta l s u p p re s s io n  o f  the  

response to  G A p a t the  pos t re cep to r stage, w ith  lw  and  l k  p o s s ib ly  

a c tin g  in  th is  way. L ik e  the  rh t3 /R h t3  o f w heat, lw  p la n ts  do n o t 

have low er GA levels th a n  L w  p lants, im p ly in g  th a t la ck  o f GA is  n o t 

the cause o f dw arfism .

In  sum m ary, the  ro le  o f GAs in  stem  e longa tion  is  fa r  fro m  clear 

and  fu r th e r  s tu d ie s  o f th e ir  b io ch e m ica l e ffects a t the  c e llu la r level 

are re q u ire d . I t  w i l l  also be o f  in te re s t to a s c e rta in  w h e th e r GAs 

have a u n ive rsa l ro le b y  in ve s tig a tin g  th e ir  s ta tus  in  as m a n y  species 

as possible.

The ex is tence o f a d w a rf m u ta n t o f the  ru n n e r bean (P ha se o lus  

c o c c in e u s )  has a llow ed the  range o f species u n d e r s tu d y  to  be 

extended. T h is  d w a rf (H a m m on ds  D w a rf S carle t), has  a s in g le  

m u ta t io n  fro m  th e  ta l l  v a r ie ty  (P r iz e w in n e r) a n d  re s p o n d s  to  

exogenous GA4 a p p l ic a t io n  w i th  n o rm a l g ro w th  (M a lc o lm , 

u n p u b lis h e d  da ta). R e s u lts  o f  [ 1 4 C ]G A 12-a ld e h y d e  fe e d in g  

e x p e r im e n ts  to  an  in  v it r o  seed p re p a ra t io n  o f  P r iz e w in n e r  

suggested th a t b o th  "early" and "late" 13 -hyd roxy la tion  pa thw ays m ay 

occu r in  th is  species. T h is  is  supported  b y  re p o rts  th a t ta ll ru n n e r 

bean seedlings co n ta in  endogenous G A p GA4, GA5 and  GA20 (Bow en 

e t al., 1973) and  co n ve rt [3 H]GA4 to [3 H jG A j (C ro z ie r a n d  Reeve, 

1977). The p o s s ib i l i ty  th a t p ro d u c tio n  of, o r response  to, G A : is  

im p o r ta n t fo r  s tem  e lo n g a tio n  in  P haseo lus c o cc in e u s  p ro m p te d  

in ve s tig a tio n  o f the GA sta tus in  seeds and seedlings o f ta ll and d w a rf 

cu ltiva rs .
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MATERIALS AND METHODS

P lan t m a ter ia l

The ru n n e r  bean, P haseo lus c o cc in e u s  L., v a r ie tie s  P r iz e w in n e r 

(C harles Sharpe and  Co., S leaford) and  H am m onds  D w a rf S ca rle t 

(Thom as Daggs and  Son, G lasgow  ) w ere fie ld -g ro w n  a t G arscube  

Estate, G lasgow d u r in g  the  sum m ers o f 1984, 1985 and  1986. Pods 

c o n ta in in g  im m a tu re  seeds, ca. 15-25 m m  in  le n g th , w e re  

ha rves ted  a t w eek ly  in te rv a ls  betw een S eptem ber and  N ovem ber o f 

each year.

Seeds o f P rize w in n e r and H am m onds D w a rf S carle t w ere im b ib e d

in  aera ted  ru n n in g  tap  w a te r fo r  24 h  a fte r w h ic h  the  tes tas  w ere

re m oved  a n d  the  seeds p laced  on m o is t p a p e r u n d e r  a 16 h

p h o to p e rio d  a t 20°C. GA m e ta b o lism  exp e rim e n ts  w ere c a rr ie d  ou t

w ith  7 -day-o ld  seedlings w h ile  es tim ates o f endogenous GA co n te n t

u t i l is e d  10-day-o ld  m a te ria l. L ig h t was su p p lie d  b y  "w a rm  w h ite "
COsram bhdLv Gjlascjou), UK-) 

and "da y ligh t" fluo rescen t tubes^w ith  a ra d ia tio n  f lu x  o f ca. 50 W  m ~2

a t p la n t h e ig h t

In  v itro  GA m eta b o lism  in  s e e d s

Crude enzyme p re p a ra tio n s

Im m a tu re  beans were rem oved fro m  th e ir  pods, size g raded  (5 -10  

m m , 1 0 - 2 0  m m , > 2 0  m m ) and  c h ille d  on ice a fte r  re m o v in g  and  

d is c a rd in g  the  testas. The seeds were g ro u n d  in  c h ille d  p h osph a te  

b u ffe r  (0.05 M, pH  8.0, 1 m l g "1) w ith  a m o rta r  and  pestle . A fte r  

f i l t ra t io n  th ro u g h  fo u r layers o f m u s lin , the  to ta l enzyme p re p a ra tio n  

was ce n tr ifu g e d  a t 2,000-g fo r 10 m in  a t 2°C. The s u p e rn a ta n t was 

fro zen  in  l iq u id  n itro g e n  and  freeze -d rie d . The pow dered  to ta l
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enzyme p re p a ra tio n , (S -l) , w as s to red  over s ilic a  gel a t -2 0 °C  p r io r  

to  screen ing  o f in d iv id u a l p rep a ra tio n s  fo r a c tiv ity  b y  in c u b a tio n  w ith  

a ra d io - la b e lle d  GA subs tra te . In  general, p re p a ra tio n s  fro m  seed 

1 0 - 2 0  m m  in  le n g th  y ie ld e d  h ig h e s t enzym e a c t iv i ty  a n d  w ere, 

the re fo re , used r o u t in e ly .

In vitro incubations

In c u b a t io n s  c o n ta in e d  5 -1 0  m g  o f  S - l  enzym e p re p a ra t io n  

suspended in  lO O jil p h osph a te  b u ffe r  (0.05 M, pH  7.4). C o fa c to rs  

were Fe++ (0.5 m M ), ascorba te  (5 m M ), 2 -oxog lu ta ra te  (5 m M ) an d  

NADPH (1 m M ). B ov ine  se rum  a lb u m in  (BSA), (20 m g m l"1) w as also 

added as p ro te c tio n  a g a in s t protease a c tiv ity . M ix tu re s  w ere s to red  

on ice p r io r  to  the  a d d it io n  o f th e  iso to p ica lly -la be lle d  GA sub s tra te . 

A fte r  gentle  m ix in g , in c u b a tio n  w as c a rr ie d  o u t in  a s h a k in g  w a te r 

b a th  a t 30°C, ty p ic a lly  fo r a 2 h  period .

Isotopically-labelled GAs

[14C]GA12 (5.5 x 1012 Bq m o l"1) and  [ 14C]G A12-a ldehyde (5.7 x 10 12 Bq 

m o l-1) w ere p roduced  fro m  in c u b a tio n  o f R -[2 -14C]M VA (1.96 x  1012 

Bq m o l"1) (A m ersham  In te rn a tio n a l, A m ersham , U K ) w ith  ce ll-fre e  

p re p a ra tio n s  fro m  C. maxim a  l iq u id  endosperm . [ 1 4C ]G A 53  (4.6 x  

1012 Bq m o l-1) was p roduced  fro m  in c u b a tio n  o f [ 14C]GA12 (5.5 x 10 12 

Bq m o l"1) w ith  ce ll-free p re p a ra tio n  fro m  Phaseolus coccineus seed. 

[3 H ]G A 15 w as also p roduced b y  the  C. maxima cell-free system .

[1 ,2 -3 H]GA1 (1.1 x  1015 Bq m o l"1) an d  [1,2-3 H]GA4  (1.4 x  10 15 Bq 

m o l'1) w ere s u p p lie d  b y  A m e rsh a m  In te rn a tio n a l, (A m ersham , U K ) 

w h ile  [1 -3 H]GA5 (1.9 x 1014 Bq m o l"1) an d  [2,3-3 H ]G A 2 0  (5.3 x 1013 

Bq m o l'1) were a g i f t  fro m  P ro fessor R.P. P haris . [17 -3 H ]G A 14 (2.2 x 

1012 Bq m o l-1) was syn thesised  in  G lasgow by  Dr. T. Yokota.

[15,17 - ^ 3]GAig (34% enrichment) was a gift from Dr. Y. Kamiya while 

[2H2]GA20 was donated by Mr. E. Jensen and Dr. G. Schneider.
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[3 H]GA24  and  [3 H ]G A 3 6  were p roduced  fro m  in c u b a tio n  o f [3 H ]G A12- 

a ldehyde ( fro m  [3 H]M VA, 2.32 x 1016 Bq m o l-1) w ith  th e  ce ll-fre e  

system  fro m  C. m a x im a . F o llo w in g  th in - la y e r  c h ro m a to g ra p h y , 

these [3 H]GAs w ere id e n tif ie d  b y  reversed- and  no rm a l-pha se  HPLC 

o f the  free ac id s  and  th e ir  m e thoxyco um a ry l ester d e riva tive s . GAs 

were fu r th e r  p u r if ie d  b y  reversed-phase HPLC p r io r  to  use.

E x tra c tio n

A t the  end o f the  in c u b a tio n  period , HPLC-grade m e thano l (R a th b u rn  

Chem icals, W a lke rb u rn , Scotland) was added u p  to  40%  to ta l vo lum e 

a n d  th e  m ix tu re  c e n tr ifu g e d  a t 13 ,000-g  fo r  2 m in . T h e  

su p e rn a ta n t w as decanted and  the  pe lle t resuspended in  50 ]JLl o f 50 

% m e th a n o l an d  re -ce n trifu g e d . The su p e rn a ta n ts  w ere m ix e d  a n d  

a c id if ie d  w ith  1 0  j i l  g la c ia l ace tic  a c id  p r io r  to  fu r th e r c e n tr ifu g a tio n  

a t 13,000-g fo r 2 m in , a fte r w h ic h  the  su p e rn a ta n t w as sub jec ted  to  

HPLC.

Cellulase hyd ro lys is

C ellu lase fro m  A s p e rg il lu s  n ig e r  (S igm a  C h e m ica l C o m p a n y  L td , 

Poole, UK), 10 m g m l"1, suspended in  so d iu m  c itra te  b u ffe r  (0.1 M, 

pH  4.5) w as d ia ly s e d  (d ia ly s is  tu b in g -v is k in g  s ize  2, M e d ic e ll 

In te rn a tio n a l Ltd., London, UK), fo r 24 h  a t 4°C, the n  decan ted  a n d  

s to red  a t 4°C. To hyd ro lyse  suspected  GA con juga tes, the  sam ple  

w as d is s o lv e d  in  100 j j l I  d is t i l le d  H 20  a n d  200  j i l  c e llu la s e  

p re p a ra tio n  added p r io r  to  in c u b a tio n  a t 37°C  fo r  24 h. M e th a n o l 

was added and the sam ple was a c id if ie d  w ith  1 0  p.1 g la c ia l ace tic  a c id  

before analysis by  HPLC.
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F a st  p r o te in  l iq u id  ch rom atograp h y

P rio r  to  fa s t p ro te in  l iq u id  ch ro m a to g ra p h y  (FPLC) se p a ra tio n , ca. 

150 m g o f S - l  p re p a ra tio n  w ere ta ke n  up  in  10 m l, 20 m M  T r is -H C l 

b u f fe r  (pH  7.5), g e n tly  sh a ke n  and  passed th ro u g h  a 0 .22  Jim 

M ill ip o re  f i l te r  (M ill ip o re  C o rp o ra tio n , M a ssachu se tts , USA). The  

FPLC in s tru m e n ta t io n  com prised  a P harm acia  G ra d ie n t P rog ram m er 

GP-250, (P ha rm ac ia , U ppsala, Sweden) and  tw o  P h a rm a c ia  P -500 

pu m ps  w h ic h  de live red  m o b ile  phase a t a flo w  ra te  o f 1 m l m in -1, 

w ith  sam ples b e in g  in tro d u ce d  o ff-co lu m n  v ia  a P ha rm a c ia  V -7  valve 

w ith  a 10 m l Superloop. A  co lu m n  5 x 50 m m  i.d. packed w ith  a 10 

Jim M ono-Q  su p p o rt, e lu ted  in  the  g ra d ie n t m ode w ith  v a ry in g  

ra tio s  o f N a Cl (1 M ) in  T r is -H C l b u ffe r  (20 m M , pH  7.5), w as used 

fo r  a n io n -e xch a n g e  sep a ra tion s . B o th  b u ffe r  a nd  s a lt s o lu t io n s  

c o n ta in e d  1 .0  m M  b e n z a m id in e  an d  0.4 m M  d ith io th re ito l w h ic h  

respec tive ly  in h ib i t  protease a c t iv ity  and  p reven t o x id a tio n . C o lu m n  

eluates w ere d ire c te d  to  a P h a rm ac ia  S ing le  P ath  U V-1 M o n ito r , 

set a t 280 nm , be fo re  b e in g  co llected as 0 .5 -1 .0  m l fra c t io n s  b y  a 

P ha rm ac ia  F rac-100  C ollector. A liq u o ts  o f each fra c t io n  w ere th e n  

incu ba te d  w ith  co facto rs  and  rad io -labe lled  GA sub s tra te  a t 30 °C  fo r 

2 h  p r io r  to HPLC analysis, to  assess post-FPLC enzyme a c tiv ity .

S o d iu m  d o d ecy l su lp h a te -p o ly a c r y la m id e  g e l e le c tr o p h o r e s is

A fte r  FPLC s e p a ra tio n  and  assay fo r  3 p -h y d ro x y la t io n  c a p a c ity , 

a liq u o ts  o f a c tive  re g ion s  fro m  the  s e m i-p u r if ie d  S - l  p re p a ra tio n s  

fro m  ta ll and  d w a rf c u lt iv a rs  w ere exam ined  u s in g  s o d iu m  dodecyl 

s u lp h a te -p o ly a c ry la m id e  ge l e le c tro p h o re s is  (SDS-PAG E). T h e  

ge n e ra l m e th o d  w as as d e sc rib e d  b y  De M a r t in i  e t al. (1978 ), 

em ploy ing  slab gels.

G lass p la tes (200 x 185 m m ) are c lam ped toge ther w ith  a 1.5 m m
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space betw een and  the  edges sealed w ith  2% agarose. A  "p lug" o f 18 

% p o lya c ry la m id e  ge l s o lu tio n  is  po u re d  to  1 cm  fro m  th e  base to  

p re v e n t leakage. A bove th is , th e  re s o lv in g  ge l m ix tu re  (11.5 % 

po lya c ry la m id e ), is  p o u re d  to  w i th in  4 cm  o f th e  top  a n d  covered 

w ith  a laye r o f the  s ta ck in g  gel. Sam ples are p repared  b y  a d d it io n  o f 

an  equal vo lum e o f b o ilin g  s o lu tio n  be fore  tre a tm e n t a t 100°C  fo r  

1.5 m in .

S ta n d a rd  p ro te in  m ix tu re s  w ere  ru n  a d ja c e n t to  sa m p les  to  

p ro v id e  an  in d ic a t io n  o f the  re la tio n s h ip  betw een m o le cu la r w e ig h t 

and  m o b il i ty  in  each gel system . The s ta n d a rd  m ix tu re  com prised , 

b o v in e  se ru m  a lb u m in  (BSA) 6 8  k d  (F ra c tio n  V, S igm a  C h e m ica l 

Com pany, Poole, UK), a lcoho l dehydrogenase 41 k d  (b a ke r's  yeast, 

BDH C hem ica ls , Poole, UK), m yo g lo b in  17.2 k d  (ho rse  h e a rt, sa lt- 

free, BD H  C hem ica ls , Poole, UK) and cy toch rom e C 12.2 k d  (ho rse  

h e a rt type 11-A, S igm a C hem ica l Company, Poole, UK). A fte r  lo a d in g  

the  w e lls , th e  a p p a ra tu s  w as connected  b y  leads to  a p o w e r p a ck  

su ch  th a t  th e  p ro te in s  m ig ra te d  tow a rds  the  anode ie. th e  lo w e r 

re se rvo ir. The  gel is  e lectrophoresed a t 9 m A  fo r  16 h. W hen  the  

dye fro n t reached the  base o f the  plate, gels w ere p laced in  s ta in in g  

s o lu tio n  fo r  over 2  h, then  in  d e s ta in in g  so lu tion .

Buffers and gels

Lower gel buffer. 1.5 M  T ris -H C l, 0.4 % SDS, pH  8 .8 .

Plug Gel (18%  polyacrylamide): 1.6 m l lo w e r gel b u ffe r , 3.0 m l 

acry lam ide , 1.8 m l H 2 0 , 0.16 m l 20 % NaCl, 50 j i l  10% a m m o n iu m  

pe rsu lp ha te , 12.5 j i l  tem ed.

Resolving gel (11% polyacrylamide): 9.8 m l low er gel b u f fe r  , 11.2 

m l ac ry la m id e , 3.0 m l 65 % sucrose, 0.98 m l 20 % NaCl, 15.0 m l 

H 2 0 , lOOp.1 10 % APS, 25}il temed.
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Stacking gel (6% polyacrylamide): 2.5 m l u p p e r gel b u ffe r , 1.5 m l 

a c ry la m id e , 6.0 m l H 2 O, 80  p.110 % a m m o n iu m  pe rsu lp h a te , IOjulI 

tem ed.

Upper gel buffer: 0.5 M  T ris -H C l, 0.4% SDS, pH  6 .8 .

Boiling solution: 62.5 m M  T ris -H C l, pH  6 .8 . 10% glycero l, 2% SDS, 

0 .01%  b ro m o p h e n o l b lu e , 5% j3 -m e rc a p to e th a n o l o r  5 m M  

d ith io th re ito l (DTT).

R unning buffer: 6.0 g T r is  base, 28.8 g g lyc ine , 1.0 g SDS, p H  8.3, 

f in a l vo lum e o f 1 1.

Staining solution: 0.25% coom assie  b lue, 50% m ethano l, 10% a ce tic  

acid.

Destaining solution: 10% m ethanol, 10% ace tic  acid .

In  v iv o  G A  m e ta b o lis m  in  s e e d lin g s

Application o f radio-labelled GAs

7 -D ay-o ld  seed lings were in jec ted  w ith  [3 H ]-labe lled  GA in  2 jjlI 50% 

aqueous m e th a n o l a t the  base o f the  ep ico ty l. A f te r  5 h, w h o le  

seed lings were im m ersed  in  l iq u id  N 2  p r io r  to  storage a t -20°C .

Extraction and partitioning

S eed lings, m in u s  co ty ledons, in  w h ic h  l i t t le  o r no  ra d io a c t iv ity  

a c c u m u la te s  (T u rn b u ll a n d  C ro z ie r, 1988) w ere  m a c e ra te d  in  

m e th a n o l (10 m l g_1 fre s h  w e ig h t) in  a W a rin g  b le n d e r, b e fo re  

f i l t r a t io n .  The  m e th a n o lic  e x tra c t w as reduced  to  ca. 20 m l in  

vacuo an d  an  equal vo lum e o f p h osph a te  b u ffe r  (0.5 M, p H  8.0) 

added. The  e x tra c t w as p a r t it io n e d  th re e  tim e s  w ith  an  equa l 

vo lum e o f pe tro leum  ether. The aqueous phase was passed th ro u g h  

c e llu lo s e  p o w d e r a n d  a d ju s te d  to  pH  2.5. T h e  e x tra c t w as
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p a r t it io n e d  fiv e  tim e s  w ith  2 /5  vo lum es o f e th y l ace ta te  a n d  the  

o rg an ic  laye r re ta ined . A fte r  freez ing  and  f i l t r a t io n  to  rem ove w ater, 

the  o rgan ic  phase was reduced to dryness in  vacuo.

C18Sep-Pak

A  C 18 Sep-Pak (W aters A ssocia tes, M assachuse tts , USA) c a rtr id g e  

was p r im e d  b y  e lu tio n  w ith  5 m l HPLC-grade m e th a n o l fo llo w ed  b y  

5 m l p h osp h a te  b u ffe r  (0.1 M, pH  2.5). The  a c id ic  e th y l ace ta te  

e x tra c t w as loaded  on to  the  c a r tr id g e  in  5 m l 2 0 % m e th a n o l in  

phospha te  b u ffe r  (0.1 M, pH  2.5) and  the GAs w ere e lu ted  w ith  5 m l 

o f 70%  m ethano l.

E stim a tio n  o f  e n d o g e n o u s  GA c o n te n t

Extraction and partitioning

P lan t tissu e  was harvested and w e ighed th e n  im m e rsed  in  m e th a n o l 

an d  deute ra ted  [2 H 2 ]GA20  was added p r io r  to  ho m og e n isa tion . The 

m e th a n o lic  e x tra c t w as reduced  to  th e  aqueous phase  p r io r  to  

a d d it io n  o f an  equal vo lum e o f phosphate  b u ffe r  (0.1 M, pH  8.0). The 

aqueous e x tra c t w as th e n  p a r t it io n e d  th re e  t im e s  a g a in s t equa l 

vo lu m e s  o f  hexane , b e fo re  b e in g  s lu r r ie d  w ith  p o ly v in y lp o ly -  

p y rro lid o n e  (50 m g m l"1), fo r  lh .  A fte r  f i l t r a t io n  th e  e x tra c t w as 

a d ju s te d  to  pH  2.5 w ith  50% aqueous H 2 S04  an d  p a r t it io n e d  f iv e  

t im e s  w ith  2 /5  vo lu m es o f e th y l acetate . T he  c o m b in e d  e th y l 

acetate  fra c tio n s  were frozen, f ilte re d  a nd  reduced  to  d ryness  in  

vacuo p r io r  to p u r if ic a t io n  b y  Sephadex DEAE-25.

Sephadex DEAE-25 anion-exchange chromatography 

P u rif ic a tio n  b y  an ion-exchange ch rom a tog raph y  was ca rr ie d  o u t on a 

40  x 100 m m  i.d . c o lu m n  c o n ta in in g  S ep h a d e x  D E A E -2 5  

(P harm acia , Sweden ) in  the  acetate fo rm , e q u ilib ra te d  b y  e lu t io n
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w ith  4 bed vo lu m es (320 m l) 0.2 N a c e tic  a c id /m e th a n o l (1:1). 

S am ples w ere  loaded  on to  th e  c o lu m n  in  40  m l 0 .2  N  a c e tic  

a c id /m e th a n o l ( 1 : 1 ) an d  w ashed  in  w ith  a fu r th e r  80  m l o f  th is  

m ix tu re  be fo re  GAs w ere e lu ted  w ith  3 -4  bed vo lum es (240 -320  m l) 

2 N ace tic  a c id /m e th a n o l (1:1). G A -co n ta in in g  e luate w as reduced  to 

dryness in  vacuo  p r io r  to  p repa ra tive  HPLC.

H igh  p er fo rm a n ce  liq u id  c h ro m a to g ra p h y

A  S pec tra  P h ys ics  (S an Jose, C a lifo rn ia , USA) SP 8 7 0 0  l iq u id  

ch rom a to g ra ph  was used to de live r m o b ile  phase a t a flo w  ra te  o f 1 

m l m in -1, w ith  sam ples be in g  in tro d u c e d  o ff-c o lu m n  v ia  a R heodyne 

(Berkeley, C a lifo rn ia , USA) 7125 valve w ith  a 500 j i l  loop. A  250 x 5 

m m  i.d. c o lu m n  p a cke d  w i th  a 5 Jim ODS H y p e rs il s u p p o r t 

(S handon , R u n co rn , UK), e lu te d  in  b o th  is o c ra t ic  a n d  g ra d ie n t 

m odes w ith  v a ry in g  ra t io s  o f m e th a n o l in  10 m M  aqueous a ce tic  

acid , w as used fo r reversed-phase separa tions. W ith  a n a ly tic a l ru n s  

o f sam ples c o n ta in in g  ra d io -la be lle d  GAs, co lu m n  e luate w as m ix e d  

w ith  l iq u id  s c in t i l la n t  (10 g l" 1, 2 ,5 -d ip he n y lo xazo le  in  T r i to n  X - 

1 0 0 /x y le n e /m e th a n o l [11:22:5 , v /v /v ])  pum ped a t a flow  ra te  o f 3 m l 

m in " 1 v ia  a Reagent D e live ry  u n it  (Reeve A n a ly tica l, Glasgow, U K) and 

d irec ted  to  a ra d io a c tiv ity  m o n ito r c o m p ris in g  a m a n u a l s c in t i l la t io n  

c o u n te r (ICN, T race rla b , M echelen, B e lg iu m ) w ith  a 3 00  j i l  co ile d  

g lass flo w  cell (see Reeve and C rozier, 1977; S andberg e t al., 1987).

N orm a l-phase  HPLC w as c a rr ie d  o u t on  a 250 x 5 m m  i.d. 5 jim  

CN n i t r i le  S p h e riso rb  co lu m n  (Phase S epa ra tio n , Deeside, C lwyd, 

U K ) e lu te d  is o c r a t ic a l ly  w i t h  v a r y in g  r a t io s  o f  e i th e r  

d ich lo ro m e th a n e /h e xa n e  o r e thy l ace ta te /hexane , c o n ta in in g  0.5% 

ace tic  acid. Fo r the ana lys is  o f rad io -labe lled  GAs, co lu m n  eluate was 

m ix e d  w ith  l iq u id  s c in t i l la n t  c o n ta in in g  12 g 2 ,5 -d iphenyloxazo le , 

50 m l T r i to n  X -1 0 0  a n d  1 1 o f d is t i l le d  to lu e n e  to  g ive  a 2:1
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s c in til la n t-e lu a te  ra t io  p r io r  to  b e in g  d ire c te d  to th e  ra d io a c t iv ity  

m o n ito r .

The  re te n tio n  p ro p e rtie s  o f un labe lled  GA s tan da rds  sub jec ted  to 

reversed-phase HPLC w ere de te rm ine d  w ith  an  LC 871 absorbance 

m o n ito r  (Pye U n icam , C am bridge , U K ) o p e ra tin g  a t 206nm . GA 

m e th oxyco u m a ry l esters (GACEs) w ere detected a fte r b o th  reversed- 

and no rm a l-pha se  HPLC w ith  an  LS-3 sp e c tro flu o rim e te r (e x c ita tio n  

320  nm , e m is s io n  4 0 0 n m ) f i t te d  w ith  a 16 jil f lo w  ce ll (P e rk in - 

E lm er, N o rw a lk , Conn., USA).

D e r iv a t is a t io n

F o llo w in g  p re p a ra tive  HPLC o f u n d e r iv a tis e d  sam ples, a liq u o ts  o f 

a p p ro p r ia te  pe aks  w ere  c o n v e rte d  to  m e th o x y c o u m a ry l e s te r 

de riva tive s  p r io r  to fu r th e r ana lys is  b y  a n a ly tica l HPLC. D ry  sam ples 

w ere  d isso lve d  in  2 0  j i l  acetone to  w h ic h  w as added a c ry s ta l o f 

p o ta s s iu m  carbonate , b ro m o e th y lm e th o x y -c o u m a rin  (10 m M , 20 j i l  

in  acetone) and  18-C rown-6 ca ta lys t (10 mM , 2 j i l  in  acetone). A fte r  

in c u b a tio n  a t 60°C  fo r  2 h  in  sealed tubes, m ix tu re s  w ere  d r ie d  

u n d e r n itro g e n , 100 j i l  d is t i l le d  w a te r added  a n d  th e  G AC Es 

p a rt it io n e d  in to  ch lo ro fo rm  (C roz ie r and  D urley, 1983).

P r io r  to  a n a lys is  b y  GC-MS, u n d e r iv a tis e d  HPLC fra c t io n s  w ere 

m e th y la te d  w ith  lO O jil m e th a n o l/d ia z o m e th a n e  (1:1, v /v )  a t ro o m  

te m p e ra tu re  fo r  15 m in  (S c h le n k  an d  G e lle rm an , 1960). The  

m e th y la te d  sam ples w ere d r ie d  u n d e r N 2  in  a d e s ic c a to r be fo re  

s i ly la t io n  w ith  5 0 -1 5 0  j i l  b is - t r im e th y ls i ly l t r i f lu o r o a c e ta m id e /  

a c e to n itr ile  (1:1, v /v ) a t 60°C  fo r 10 m in .
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G as c h r o m a to g r a p h y -m a ss  sp ec tro m e try

Metabolites of [14C]GA12 and p^CJGA  ̂after cell-free incubation 

A na lyses  o f H P L C -p u rifie d  [ 14C ]G A 12-a n d  [ 14C]G A53-p ro d u c ts  fro m  

in c u b a tio n s  w ith  P riz e w in n e r S - l  p re p a ra tio n  w ere c a rr ie d  o u t b y  

c o m b in e d  GC-MS. Id e n t i f ic a t io n  o f  [ 1 4 C ]G A 53, [ 1 4 C ]G A 15 a n d  

[14C]GA44  was pe rfo rm e d  on a F in n ig a n  4015 G C /M S /d a ta  system  a t 

the  U n iv e rs ity  o f G o ttinge n , W est G erm any. D e riv a tis e d  sam ples 

w ere in je c te d  (260°C ) in  1 j i l  a liq u o ts  in to  a fused s il ic a  c a p illa ry  

co lu m n  (SE-30) ch e m ica l bonded  phase, 25 m  x 0.32 m m  in te rn a l 

d iam ete r, u s in g  a G rob s p lit le ss  in je c to r. The co lu m n  te m p e ra tu re  

was m a in ta in e d  a t 5 0 °C fo r  1 m in  th e n  p rog ram m ed a t 15°C m in ' 1 

to  2 0 0 °C and  a t 4°C  m in -1 to  260° C. The h e liu m  c a r r ie r  gas flow  

ra te  w as 1 m l m in '1. The s p lit  was opened 1 m in  a fte r in je c t io n . The 

c o lu m n  e ff lu e n t w as led  d ire c t ly  in to  th e  io n  sou rce  a t  2 6 0 °C. 

E le c tro n  energy was 30 eV and  em iss io n  c u rre n t was 0.24 mA.

Estimation of endogenous GA20 content o f seedlings 

A  H ew le tt P ackard  5970 series M ass Selective D etecto r w as u t i l is e d  

fo r e s t im a tio n  o f endogenous GA20  co n te n t in  P r iz e w in n e r a n d  

H am m onds D w a rf S carle t seed lings and  id e n t if ic a t io n  o f  [2 H 3 ]G A 19- 

in c u b a tio n  p ro d u c ts  w ith  S - l  p re p a ra tio n  fro m  P riz e w in n e r seed. 

These ana lyses w ere  c a r r ie d  o u t a t th e  U n iv e rs ity  o f  T ro m so , 

Norway.

D e riv a tis e d  sam ples w ere in je c te d  in  1-3 j i l  a liq u o ts  w ith  the  

in je c to r  a t 275°C  and  the  oven a t 60°C  fo r 2 m in  a fte r  in je c t io n . 

The co lu m n  was o f fused s ilic a  c a p illa ry  type (cross lin k e d  m e th y l 

s ilic o n e ), 25 m  long, 0.31 m m  in te rn a l d ia m e te r. The  c o lu m n  

tem pera tu re  was m a in ta in e d  a t 6 0 °C fo r 2  m in , the n  p ro g ra m m e d  a t 

30°C  m in  _1 to  180°C and  a t 10°C m in -1  to  2 4 0 ° C. The  h e liu m
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c a rr ie r  gas flow  ra te  was 1 m l m in -1 a nd  the  s p lit  was opened 1 m in  

a fte r in je c t io n . The  co lu m n  e ff lu e n t w as led  d ire c t ly  in to  th e  io n  

source a t 240°C  an d  the e lec tron  energy was 70 eV.
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RESULTS

GA m e ta b o lis m  in  c e ll- fr e e  p r e p a r a t io n s  from  im m a tu r e  

s e e d s .

C ell-free p re p a ra tio n s  o f im m a tu re  seed fro m  P riz e w in n e r (ta ll) and  

H am m onds D w a rf S carle t (dw arf) were in cu b a te d  w ith  ra d io -la b e lle d  

GA s u b s tra te s  to  e s ta b lis h  i)  th e  a u th e n t ic i ty  o f  th e  p a th w a y  

i l lu s tra te d  in  F ig . 5 fo r  P riz e w in n e r and  i i )  w h e th e r H am m ond s  

D w a r f  S c a r le t d is p la y s  d if fe re n c e s  in  GA m e ta b o lis m  fro m  

P rizew inn er, a t th is  stage o f the  life  cycle.

M etabo lism  o f [ 14CJ GA12-aldehyde

[1 4C ]G A 12-a ldehyde (200 ,000  dpm , 183 ng) w as  in c u b a te d  w ith  

co facto rs  and  S - l  p rep a ra tio n s  o f P rizew in n e r and H am m onds D w a rf 

S ca rle t A fte r  in c u b a tio n  a t 3 0 °C fo r  2 h, the  re a c tio n  m ix tu re s  w ere 

extracted  and  analysed b y  g ra d ie n t e lu tio n  reversed-phase HPLC-RC. 

T y p ic a l tra ce s  are  i l lu s tra te d  in  F ig . 6 . The  HPLC p ro f ile s  are 

s im ila r  to  each o th e r and  the  m a jo r peaks are te n ta tiv e ly  id e n t if ie d  

on the  b a s is  o f th e ir  HPLC re te n t io n  tim e s  (R t s) a n d  th e  da ta  o f 

T u rn b u ll e t a l  (1985), where, fo llo w in g  the  in c u b a tio n  o f [ 14C ]G A 22- 

a ldehyde w ith  S - l  p re p a ra tio n  fro m  P riz e w in n e r seed, GC-M S w as 

used to id e n t ify  [ 14C]-labelled GA X, GA4, GA5, GA6, G A 15, G A 17, G A 19, 

G A 20, G A24, GA37, GA38, GA4 4  and  GA5 3 -a ldehyde. In  th e  c u r re n t 

in v e s t ig a t io n ,  w i th  p re p a ra t io n s  fro m  b o th  P r iz e w in n e r  a n d  

H am m onds D w a rf S c a r le t, a range o f C - and C2Q-GAs was observed, 

w ith  G A p GA4 and  the  p u ta tiv e  in te rm e d ia te s  G A 15, G A 19 and  GA44  

accu m u la tin g  in  la rgest am oun ts  (Fig. 6 ).

H a v in g  detected no obv ious  d iffe ren ces  in  GA m e ta b o lis m  w ith  

the  ce ll-free  system s fro m  the  d w a rf and  ta ll m a te ria l, e lu c id a tio n  o f
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Figure 6 Metabolism of [14C]GA12-aldehyde by cell-free
preparations from immature seed of Phaseolus coccineus A) cv. 
Prizewinner and B) cv. Hammonds Dwarf Scarlet. Reversed- 
phase HPLC: 250 x 5 mm (i.d.), 5p.m ODS Hypersil support, 
gradient elution with methanol in 1% acetic acid (0-15 min, 50- 
80% MeOH; 15-19 min, 80-100% MeOH; 19-24 min, 100% 
MeOH). Sample: 50,000 dpm. Detector: radioactivity monitor.
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th e  m e ta b o lic  p a th w a y  le a d in g  fro m  G A 12-a ld ehyde  to  G A X w as 

u n d e rta k e n  u s in g  th e  P riz e w in n e r S - l  p re p a ra tio n . S ubsequently , 

how ever, k e y  in c u b a tio n s  w ere  p e rfo rm e d  w ith  th e  H a m m o n d s  

D w a rf S ca rle t ce ll-free  system  in  o rd e r to  e xa m in e  in  d e ta il th e  

c a p a c ity  o f  th e  d w a r f  fo r  G A X s y n th e s is . T h e o re tic a lly , GA 

m e ta b o lism  in  P haseo lus cocc ineus, fro m  G A 12-a ldehyde  onw ards, 

can  p ro ce e d  v ia  tw o  m a in  ro u te s , n a m e ly  13- a n d  n o n - 13- 

hyd roxy la ted  pa thw ays (Fig. 5). A p p ro p r ia te  iso to p ica lly -la b e lle d  GAs 

fro m  each ro u te  w ere the re fo re  in cu b a te d  w ith  the  P r iz e w in n e r S - l  

p re pa ra tio n .

M etabo lism  o f [ 14C]GA12 and  f̂ CJG A^

[ 1 4C ]G A 12 (600,000 dpm , 597 ng) and  60 ,000 dpm  [ 1 4 C ]G A  (7 4
53

ng) were in cu b a te d  w ith  enzyme p re p a ra tio n  fro m  P riz e w in n e r seed. 

A fte r  a 2  h  in c u b a tio n  pe riod , e x tra c tio n  w as fo llow ed  b y  g ra d ie n t 

e lu tio n  reversed-phase HPLC-RC. The traces o b ta ine d  a re  sho w n  in  

F ig . 7. P re lim in a ry  id e n t it ie s  o f th e  m e ta b o lite s  w ere  based  on 

reversed-phase HPLC re te n tio n  tim es. T h is  in d ic a te d  m e ta b o lis m  

o f [ 1 4 C ]G A 12 to  [1 4 C ]G A 5 3  and  [ 1 4 C ]G A 15 a n d  th e  c o n v e rs io n  o f 

[14C]GA53 to  [14C]GA44. In  o rder to  in ve s tiga te  fu r th e r  the  id e n tit ie s  

o f the  m e tabo lite s , the  sam ples w ere fra c tio n a te d  a n d  in d iv id u a l 

peaks  co llec ted , m e th y la te d  an d  s ily la te d  p r io r  to  a n a ly s is  b y  

com b ined  GC-MS. The data ob ta ined  are sum m a rise d  in  Table  1 and  

c o n firm  the  presence o f [ 14C ]G A 53  and  [ 14C ]G A 15 in  th e  [ 14C ]G A 12 

in c u b a tio n  and convers ion o f [14C]GA53 to  [14C]GA44.

M etabo lism  o f  pH]GA15

[3 H ]G A 15 (150,000 dpm ) was in cu b a te d  fo r 2 h  w ith  P riz e w in n e r S - l  

enzym e p re p a ra tio n  p r io r  to e x tra c tio n  and  a n a ly s is  b y  g ra d ie n t 

e lu tio n  reversed-phase HPLC. F ig u re  8  shows the  ro u t in e ly  observed 

s ing le  p ro d u c t w ith  an Rt s im ila r  to  th a t o f [3 H]G A37, the  id e n t ity  o f
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Figure 7 Metabolism of A) [14C]GAI2 and B) [14C]GA53
by cell-free preparation from immature seed o f Phaseolus 
coccineus cv. Prizewinner. Reversed-phase HPLC conditions 
as for Fig. 6. Sample: 60,000 dpm. Detector: radioactivity 
monitor.
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Figure 8 Metabolism o f [3H ]G A 15 by cell-free
preparation from immature seed of Phaseolus coccineus cv. 
Prizewinner. Reversed-phase HPLC conditions as for Fig. 6. 
Sample: 30,000 dpm. Detector: radioactivity monitor.
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w h ic h  was co n firm e d  b y  ana lys is  o f the u n de riva tised  and  d e riva tise d  

m e tabo lite  b y  reversed- and no rm a l-phase  HPLC (Table 2).

Table 1. GC-MIM data of metabolites from [14C]GA12 and [14C]GA53 incubation
w ith  cell-free 
Prizewinner.

preparation from im m ature seed of Phaseolus coccineus  cv.

Substrate Putative m /z (reL int) Sp. A c t
(Bq mol"1) product [M+]| [M+8 ]+ Other ions (Bq m ol*1)

[14C]GA12 [14C]GA53 448 456 - 4.6 x 1012

(5 .5x l0 12) [14C]GA15 344 352 239 245 2 8 x 1012

[WqGAgg

(4.6 x 1012)

[14c ]g a 44 432 440 373 379 L9 x 1012

G A 15 is  a 8 -lactone w h ic h  is  be lieved  to be fo rm ed  sp o n ta n eo u s ly  

fro m  th e  C-20 a lco h o l d u r in g  e x tra c tio n  (see Hedden, 1983). In  

o rd e r to  open th e  la c to n e  r in g  a n d  re tu rn  to  a C -20  a lc o h o l 

s tru c tu re , i t  is  necessary to  tre a t [3 H ]G A 15 w ith  1M K O H  a t 100°C 

p r io r  to  in c u b a tio n  (H edden an d  Graebe, 1982). However, d e sp ite  

repeated a ttem pts , th is  p rocedure  p roved  u n su cce ss fu l as [3 H ]G A 15 

in cu b a tio n s  y ie lded  o n ly  its  3p -hyd roxy l analogue, [3 H]GA37.

M etabo lism  o f  {3H]GA14and pH ]G A ^

The S - l p re p a ra tio n  fro m  P riz e w in n e r d id  n o t fu r th e r  m e ta b o lise  

[3 H]G A37. T re a tm e n t o f the  8 -lac tone  w ith  KO H does n o t y ie ld  GA37- 

open lactone  because the 3p -h yd ro xy l g roup  re s u lts  in  a re v e rs ib le  

re tro a ld o l a rra n ge m en t (M a c M illa n  and  Pryce, 1973). In  an  a tte m p t 

to  overcom e th is  p rob lem , in c u b a t io n s  w ere  c a r r ie d  o u t u s in g  

[3 H ]G A 14 as a substra te . A lth o u g h  n o t an endogenous c o n s titu e n t o f 

P haseo lus co cc in eus  seed, i t  was th o u g h t th a t o x id a tio n  o f G A 14 a t 

C-20 m ig h t y ie ld  GA37-open lactone, in  s itu ,  w h ic h  w o u ld  th e n  be 

m e tabo lised  in  a s im ila r  m a n n e r to  the  endogenous c o n s titu e n t. In
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p ra c tic e , th is  a p p ro a ch  p roved  succe ss fu l. The S - l  p re p a ra t io n  

com p le te ly  m e tab o lise d  [3 H ]G A 14 (165,000 dpm , 427 ng) to  a range  

o f m e tabo lites  w ith  HPLC Rfcs co rre sp on d ing  to  GA4, GA3 6  an d  GA37. 

In  a d d it io n ,  a p o la r  p e a k  w as d e te c te d  w h ic h  d id  n o t co 

ch rom a tog ra ph  w ith  e ith e r G A1 o r GAg (Fig. 9).

Table 2. Metabolism  of [3 H]GA14 and [3 H]GA13 by cell-free preparation from
immature seed of Phaseolus coccineus cv. Prizewinner. HPLC-RC data of product
based on co-chromatography with [3 H]-labelled GA standards. R-P; reversed-phase 
HPLC, N-P; norm al-phase  HPLC, underiv.; u n d e riva tis ed  GA, deriv.; 
methoxycoumaryl ester derivative.

Substrate
Putative
product

%
Recovered
radioactivity

GA
standard

Isocratic HPLC Rj.
R-P R-P 
underiv. deriv.

m in
N-P
deriv.

[3 H]GA15 [3 H]GA37 52 10. l b 15. l c 11.5f

[3 H]GA37 10. l b 15. l c 11.5f

[3 H]GA14 [3 H]GA37 56 9.2b 9.2d 12.2 f

[3 H]GA37 9.2b 9.2d 12.2 f

[3 H]GA36 7 6 8 b

[3H]GA36 G8b

[3 H]GA4 29 10.5b 14. l c 13.4e

[sH]GA4 10.5b 14. l c 13.4e

[3HJGA23 8 8.5a

g a 23 8.5a

Mobile phase: a) 35% MeOH in 1% acetic acid, b) 60% MeOH, c) 70% MeOH; d) 75%  
MeOH e) 20% dichloromethane in hexane, f) 25% dichloromethane

C o n firm a tio n  o f the  id e n tity  o f GA4, GA3 6  and  GA3 7  was o b ta in e d  b y

reversed- an d  n o rm a l-p ha se  HPLC ana lyses o f the  free  a c id s  a n d

th e ir  m e th oxyco u m a ry l ester de riva tive s  (Table 2).

Metabolism of pHJGA^ and pHJGA^

In c u b a tio n  o f [3 H ]G A 3 6  (300,000 dpm ) w ith  S - l  p re p a ra t io n  fro m  

P r iz e w in n e r p ro d u c e d  a peak w ith  th e  sam e HPLC R t as th e  

u n id e n tif ie d  p ro d u c t o f [3 H ]G A 14 in cu b a tio n , (F ig. 10). W hen used as 

a s u b s tra te  fo r  in c u b a t io n  w ith  P r iz e w in n e r S - l,  25 0 ,0 0 0  dpm ,
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Figure 9 Metabolism o f [3H ]G A 14 by cell-free
preparation from immature seed of Phaseolus coccineus cv. 
Prizewinner. Reversed-phase HPLC conditions as for Fig. 6. 
Sample: 80,000 dpm. Detector: radioactivity monitor.
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Figure 10 Metabolism o f [3H ]G A 36 by ce ll-free 
preparation from immature seed of Phaseolus coccineus cv. 
Prizewinner. Reversed-phase HPLC conditions as for Fig. 6. 
Sample: 40,000 dpm. Detectors: radioactivity and variable 
wavelength UV monitors.
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[3 H ]G A 24 were m e tabo lised  to a peak w ith  the  HPLC c h a ra c te r is t ic s  

o f [3 H]GA4  an d  to  a n u m b e r o f o th e r u n id e n t if ie d  m in o r  p ro d u c ts  

none o f w h ic h  w as G A p  GAg o r GA3 6  (F ig . 11). The  p ro v is io n a l 

id e n t i f ic a t io n s  o f  [3 H]GA4 f ro m  [3 H ]G A 2 4 a n d  [3 H ]G A 3 6  w e re  

c o n f irm e d  a n d  th e  p o la r  p ro d u c t  o f  [3 H ]G A 3 6 a n d  [3 H ]G A 14 

in c u b a tio n s  id e n t if ie d  te n ta tiv e ly  as [3 H ]G A 23. A na lyse s  w e re  b y  

reversed- a n d /o r  n o rm a l-pha se  HPLC o f the  free a c id s  a n d /o r  the  

c o rre s p o n d in g  m e th o x y c o u m a ry l es te r d e r iv a tiv e s  w i th  th e  d a ta  

su m m arise d  in  Table 3.

Table 3. Metabolism of [3 H]GA24 and [3 H]GA36 by cell-free preparation from  
immature seeds of Phaseolus coccineus cv. Prizewinner. HPLC-RC data o f product 
based on co-chromatography w ith [3 H]-labelled standards. GA23 standard detected 
with absorbance monitor operating at 206 nm

Substrate
Putative
product

%
Recovered
radioactivity

GA
standard

Iso cra tic
R-P
underiv.

HPLC
R-P
deriv.

R|.m in
N-P

deriv.

[3H]GA24 [3H]GA4 11

0000 12.8 C

[3H]GA4

.00000 12.8 C

[3H]GA36 [3H]GA4 49 8.4C 7.5d 10. l e

[3 h jg a 4 8.4C 7.5d 10. l e

[3HJGA23 51 8.4a

GAjs 8.4a

Mobile phase: a) 35% MeOH in 1% acetic acid, b) 60% MeOH, c) 70% MeOH, d) 80%  
MeOH, e) 20% dichloromethane in hexane.

In c u b a tio n  o f [3 H ]G A 24 (400,000 dpm ) w ith  S - l  p re p a ra tio n  fro m  

H am m on d s  D w a rf S ca rle t p ro du ce d  a peak w ith  th e  HPLC R t o f 

[3 H]GA4 w ith o u t  the  a c c u m u la tio n  o f a [3 H ]G A 36- lik e  p ro d u c t (F ig. 

12). W hen used as a substra te  w ith  S - l  p re p a ra tio n  fro m  H am m onds 

D w a rf Scarlet, [3 H ]G A 36  (300,000 dpm ) w as co m p le te ly  con verted  to  

a [3 H]GA4- lik e  m e tabo lite  and to tw o ve ry  p o la r peaks, one o f w h ic h  

h a d  a s im ila r  R t to th a t o f GA2 3  (F ig . 13). T ab le  4 show s the  

c o n firm a tio n  o f b o th  the [3 H]GA4 id e n tif ic a tio n s  b y  HPLC analyses o f 

the free a c id  a n d /o r the m e thoxyco um a ry l este r de riva tive .
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Figure 11 Metabolism of [3H]GA24 by cell-free preparation 
from immature seed of Phaseolus coccineiis cv. Prizewinner. 
Reversed-phase HPLC conditions as for Fig. 6. Sample: 
40,000 dpm. Detector: radioactivity monitor.
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Figure 12 Metabolism o f [3H ]G A 24 by cell-free 
preparation from immature seed of Phaseolus coccineus cv. 
Hammonds Dwarf Scarlet. Reversed-phase HPLC conditions 
as for Fig. 6. Sample: 40,000 dpm. Detector: radioactivity 
monitor.
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Figure 13 Metabolism of [3H ]G A 36 by cell-free 
preparation from immature seed of Phaseolus coccineus cv. 
Hammonds Dwarf Scarlet. Reversed-phase HPLC conditions 
as for Fig. 6. Sample: 30,000 dpm. Detector: radioactivity 
monitor.
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Metabolism o f pH]GA4

D esp ite  repeated in c u b a tio n s  o f [3 H]GA4 w ith  S - l  p re p a ra tio n  fro m  

P r iz e w in n e r a n d  H a m m o n d s  D w a rf S carle t, no  m e ta b o lis m  w as 

observed.

Table 4. Metabolism of [3 H]GA24 and [3 H]GA36 by cell-free preparation from  
immature seeds of Phaseolus coccineus cv. Hammonds Dwarf Scarlet HPLC-RC data

O
of product based on co-chromatography with [°H]-labelled GA standards.

% HPLC R*. min
Putative Recovered GA R-P N-P

Substrate product radioactivity standard underiv. underiv.

[3 H]GA24 [3 H]GA4 23 12.9a

[3 H]GA4 12.9a

[3 H]GAs6 [3 H]GA4 67 13.8a 11.3b

[3 H]GA4 13.8a 11.3b

Mobile phase: a) gradient 0 m in - 50% MeOH, 15 m in - 80% MeOH, 19 m in - 100% 
MeOH, b) 20% ethyl acetate in hexane.

Metabolism o f pHJ GA^

U n a v a ila b ility  o f rad io -labe lled  GA4 4  s tanda rd  ham pered in v e s tig a tio n  

o f th is  sec tion  o f the  13-hydroxy la ted  route. Large-scale in c u b a tio n s  

o f [14C ]G A 12-a ldehyde were c a rr ie d  o u t in  an a tte m p t to  accu m u la te  

th is  in te rm e d ia te  b u t conve rs ions  were low. F u rthe rm o re , w ith  KO H  

tre a tm e n t p r io r  to  in c u b a t io n ,  p ro b le m s  s im i la r  to  th o s e  

encoun tered  w ith  [3 H ]G A15, m ean t th a t [ 14C]GA44  was u n m e ta b o lise d  

on a ro u tin e  basis.

D eu tera ted , [2 H3 ]G A 19 w as in cu b a te d  w ith  S - l  p re p a ra tio n  fro m  

P riz e w in n e r and  the  re s u lta n t e x tra c t fra c tio n a te d  b y  p re p a ra tiv e  

HPLC to a nu m b e r o f zones. These were th e n  analysed b y  com b ine d  

GC-M IM  as the  TM S de riva tive s  w ith  Table 5 sho w in g  the  id e n t if ie d  

p ro d u c ts  as [2 H 3 ]GA1, [2 H3 ]GA5 and  [2 H 3 ]G A 20. These co n ve rs io n s  

c o n s titu te  loss o f C-20, to g e th e r w ith  e ith e r 3 p ~ h y d ro x y la tio n  o r
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in tro d u c tio n  o f a 2,3 double bond, respective ly.

Table 5. GC-M IM  data of metabolites from [2 H3 ]GA1g incubation w ith  cell-free 
preparation from immature seed of Phaseolus coccineus cv. Prizewinner.

Sample/
standard M+

m/z % abundance 
M++1 M++2 M++3

GC
M++4 Rt KI

[2H3 ]GA19 •434(6) 435(38) 436(88) 437(100) 438(56) 2612

GAj 506(100) 507(33) 508(11) 509(4) 510(1) 23.81 2676
pH glG A i 506(100) 507(51) 508(47) 509(32) 510(20) 23.72 2676

g a 5 416(100) 417(33) 418(11) 419(4) 420(0)

rHCOCOrH 2504
[2H3 ]GAs 416(100) 417(48) 418(35) 419(21) 420(15) 18.22 2504

g a 20 418(100) 419(33) 420(11) 421(4) 422(1) 18.41 2512
[2H3 ]GA2o 418(32) 419(42) 420(100) 421(91) • 422(43) 18.32 2512

•base peak, KI- Kovats Indices, I -  Rt of M +, 2- Rt of M ++3

Metabolism ofpHJGA^

[3 H ]G A 20 (200,000 dpm, 20 ng) in cu ba te d  w ith  S - l p re p a ra tio n  fro m  

P riz e w in n e r w as m e tabo lised  to tw o p ro d u c ts  w ith  the  HPLC Rt s o f 

pHJG Aj and  [3 H]GAg and in  a d d itio n , to  tw o peaks m ore  p o la r th a n  

[s H]GAg (F ig. 14A). The id e n tit ie s  o f the  G A X and  GA5 peaks w ere  

co n firm e d  b y  reversed- and  norm a l-phase HPLC o f the free ac id s  and  

th e ir  m e th o xyco u m a ry l ester d e riva tive s  w ith  th e  d e ta ils  sho w n  in  

Table 6 . The u n id e n tif ie d  peaks were trea ted  w ith  ce llu lase enzym e 

bu t, as no  free GAs w ere lib e ra te d , i t  w as co n c lu d e d  th a t these  

m e tabo lites  were u n lik e ly  to be GA g lucos ide  con jugates.

S - l  p re p a ra t io n  fro m  H a m m ond s  D w a rf S ca rle t m e ta b o lis e d  

[3 H ]G A 20  (300,000 dpm, 31 ng) to  G A 2- and  GA5- lik e  peaks an d  to 

tw o p o la r  peaks  w ith  s im ila r  HPLC Rt s to  th o se  o b ta in e d  in  

in c u b a tio n s  o f P rizew in n e r p re p a ra tio n  (Fig. 14B).
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Figure 14 Metabolism of [3H ]G A 20 by cell-free 
preparation from immature seed of Phaseolus coccineus A) cv. 
Prizewinner and B) cv. Hammonds Dwarf Scarlet. Reversed- 
phase HPLC conditions as for Fig. 6. Sample: A) 25,000 dpm 
and B) 90,000 dpm. Detector: radioactivity monitor.
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Table 6 . Metabolism of [3 H]GAg and [3 H]GA20 by cell-free preparation from
immature seeds of Phaseolus coccineus cv. Prizewinner and Hammonds D w arf
Scarlet HPLC data of product based on co-chromatography w ith [3 H]-labelled GA 
standards.

C ultivar Substrate
Putative
product

%
Recovered GA 
radioactivity standard

Isocratic HPLC
R-P R-P 
under. deriv.

R4- m in
N-P
deriv.

Prizewinner!3 HJGAjq [3 H]GA1 24 11.8a 10.3C 11.5e

^HJGAj 11.8 a 10.3C 11.5e

[3 H]GA5 15 9.5b 6.7d

[3 H]GA5 9.5b 6.7d

[3 H]GA5 [3 HlGAe 31 5.1b 9.1d 6.5 e

•GAg 5.1b 9.1d 6.5e

Hammonds [^H]GA2q [SHJGAj 25 9.7a 7.2g

[3 H]GAj 9.7a 7.2g

[3 H]GA5 14 7.5b
f

13.8

3 H]GA5 7.5b 13.8f

Mobile phase: a) 35% MeOH in 1% acetic acid, b) 50% MeOH, c) 60% MeOH, d) 65%  
MeOH, e) 40% dichloromethane in hexane, f) 25% ethyl acetate in  hexane, g) 45%  
ethyl acetate. # Detected by an absorbance monitor at 206 nm.

Table 7 shows c o n firm a tio n  o f these steps b y  reversed- and  n o rm a l- 

phase HPLC analyses o f the  free a c id s  a nd  th e ir  m e th o xyco u m a ry l 

ester de riva tives.

Metabolism of pH]GA5

In c u b a tio n  o f [3 H]GA5 (260,000 dpm , 7.5 ng) w ith  P r iz e w in n e r S - l  

p re p a ra tio n  resu lted  in  the  p ro d u c tio n  o f a peak w ith  the  HPLC Rt 

o f GAg (F ig. 15), c o n firm e d  b y  reversed- an d  n o rm a l-ph a se  HPLC o f 

th e  fre e  a c id  a n d  th e  c o rre s p o n d in g  m e th o x y c o u m a ry l e s te r 

d e riva tive  (Table 6 ).
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Figure 15 Metabolism of [3H]GA5 by cell-free preparation 
from immature seed of Phaseolus coccineus cv. Prizewinner. 
Reversed-phase HPLC conditions as for Fig. 6. Sample: 
40,000 dpm. Detector: radioactivity monitor.
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Metabolism of [SHJGA1

D esp ite  repeated in c u b a tio n  o f pH JG A j w ith  S - l  p re p a ra tio n  fro m  

P rize w in n e r and  fro m  H am m onds D w a rf Scarlet, no  m e ta b o lism  was 

observed.

A n a ly s is  o f  G A -m eta b o lis in g  en zy m es.

Fast protein liquid chromatography and SDS-PAGE 

Cell-free seed p re p a ra tio n s  fro m  P rize w in n e r and  H am m onds D w a rf 

S ca rle t w ere  s u b je c te d  to  FPLC in  an  a tte m p t to  is o la te  GA- 

m e ta b o lis in g  a c t iv ity  fro m  the  to ta l crude enzyme p re pa ra tio n . A fte r  

g ra d ie n t e lu tio n  FPLC, the  sam ple  w as co llec ted  as a n u m b e r o f 

successive fra c tio n s  w h ic h  were incu b a te d  w ith  co facto rs  an d  ra d io 

la b e lle d  GA su b s tra te . In c u b a t io n  p ro d u c ts  w ere  e xa m in e d  b y  

is o c ra tic  reversed-phase  HPLC, re v e a lin g  fra c t io n s  in  w h ic h  GA 

m e ta b o lis m  w as o c c u rr in g . F ra c t io n s  capab le  o f a v a r ie ty  o f  

m e ta bo lic  conve rs ions  w ere com pared and  in  some in s ta n ce s  w ere  

sub jec ted  to  SDS-PAGE to  separa te  th e  c o n s titu e n t p o lype p tides . 

[3 H ]G A 20  was used ro u tin e ly  as a sub s tra te  fo r the  assay a n d  o n ly  

fra c tio n s  in  w h ic h  3 p -h y d ro x y la tio n  o ccu rre d  to p rod u ce  [3 H]G A 1 

were subsequently  exam ined b y  SDS-PAGE.

F ig u re s  16 and  17 show  ty p ic a l FPLC-UV traces  o b ta in e d  w ith  

g ra d ie n t e lu t io n  o f 150 m g o f ce ll-fre e  seed p re p a ra t io n  fro m  

P rize w in n e r and H am m onds D w a rf Scarlet. In  o rde r to  check  th a t 

enzym ic a c t iv ity  was n o t lo s t as a consequence o f 0.22 Jim  f i l t ra t io n , 

p r io r  to  FPLC separa tion , an  a liq u o t o f f i l t ra te  w as in c u b a te d  w ith  

co factors and  rad io -labe lled  substra te . The re su lts  o f th is  in c u b a tio n  

cou ld  th e n  be com pared to the  p rod u c ts  o f post-FPLC assays. A c tiv e  

fra c tio n s  m etabo lised  [3 H]G A 20 to [3 H]GAlf w ith  id e n tif ic a t io n s  b e in g  

based on a com parison  o f iso c ra tic  reversed-phase HPLC Rt w ith  th a t 

o f a u th e n tic  [3 H]GA1 s tandard , (Table 7).
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Figure 16 FPLC-UV trace of 150 mg cell-free preparation 
from immature seed of Phaseolus coccineus cv. Prizewinner. 
FPLC: Mono Q column (50 mm x 5 mm i.d). Mobile phase: A) 
0.02 M Tris HCI, pH 7.5; B) 0.02 M Tris HC1, pH 7.5, 1 M 
NaCl. A) and B) contained 0.4 mM dithiothreitol and 1.0 mM 
benzamidine. Programme: 0-22 min, 0% B; 22-24 min, 0- 
4.5% B; 24-26min, 4.5% B; 26-40 min, 4.5-35% B; 40-50 
min, 35-100% B. Detector: UV monitor at 280 nm, 1.0 AU.
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Figure 17 FPLC-UV trace of 150 mg cell-free preparation 
from immature seed of Phaseolus coccineus cv. Hammonds 
Dwarf Scarlet. FPLC conditions as for Fig. 17. Programme: 0- 
22 min, 0% B; 22-24 min, 0-4% B; 24-31 min, 4% B; 31-49 
min, 4-35% B; 49-59 min, 35-100% B. Detector: UV monitor 
at 280 nm, 1.0 AU.
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Table 7. Incubation of immature seed cell-free preparations from Phaseolus 
coccineus  cv. Prizewinner, w ith  [3 H ]G A 12» I3 H ]G A 14 and [3 H ]G A 2o» and cv.

Hammonds Dwarf Scarlet w ith [3 H]GA20* after FPLC. HPLC-RC data based on. co

chromatography of incubation products and [3 H]-labelled GA standards.

C ultivar Substrate
Putative
product

GA
standard

Rt
(min) % MeOH

Prizewinner [3 H]GA20 [3 H]GAj as 50

^HJGAj &5 50

Hammonds [3 H ]g a 20 [3 H)GAj &5 50
[3 H]GAj &5 50

Prizewinner [s H]GA12 [3 H]GA37 7.8 60

[3 H]GA37 73 60

[3 h jg a 24 15.1 60

[sH]GA24 15.1 60

[3 H]GA4 9.1 60

[3 H]GA4 9.1 60

[3 h jg a 14 [3 H)GA37 7.4 65
[3 H]GA37 7.4 65

G enera lly , p o s t- f i lte r ,  p re -c o lu m n  in c u b a tio n s  a lso  c o n ta in e d  

severa l peaks m ore  po la r th a n  GAg. Two o f these peaks ty p ic a lly  

o c c u rre d  in  post-FP LC  assays o f P r iz e w in n e r p re p a ra t io n  b u t  

H a m m o n d s  D w a rf S ca rle t f ra c t io n s  s y n th e s is e d  one on ly . I t  is  

poss ib le  th a t these u n id e n tif ie d  in c u b a tio n  p ro d u c ts  co rresp o nd  to  

those  observed w hen  crude S - l p re p a ra tio n  fro m  P riz e w in n e r a n d  

H am m onds D w a rf S carle t is  in cu b a te d  w ith  [3 H ]G A 20. A ll  enzym e 

a c t iv ity  corresponded in  FPLC Rt to  the  UV peaks on F igs. 16 a nd  17 

in d ic a te d  b y  a rrow s. F ig u re  18 re p re se n ts  the  d is t r ib u t io n  a n d  

re la tive  percentages o f the va rious  m e tabo lites  o f [3 H]GA20  in c u b a tio n  

w ith  P rize w in n e r and H am m onds D w a rf S carle t and  show s th a t 3P- 

h y d ro x y la tio n  w as n o t e lu ted sep ara te ly  fro m  the  o th e r a c t iv it ie s
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Figure 18 Post FPLC incubation of cell-free preparation from 
immature seed of Phaseolus coccineus A) cv. Prizewinner and 
B) cv. Hammonds Dwarf Scarlet with [3H]GA20. All fractions 
were assayed, but only the enzymic conversions and their 
distributions in the active region are shown. Fraction 0 
represents incubation of an aliquot of total enzyme preparation 
after filtration, but prior to FPLC.
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w ith  the  FPLC c o n d itio n s  used.

A  p re lim in a ry  an a lys is  o f the  ac tive  fra c tio n s  fro m  the  FPLC ru n s  

show n in  F igs. 16 and  17 w as b y  SDS-PAGE. A liq u o ts  o f  ac tive  zones 

a n d  s ta n d a rd  m ix tu re  p ro te in s  w e re  lo a d e d  o n to  a n  1 1 % 

p o ly a c ry la m id e  s la b  gel, s u b je c te d  to  e le c tro p h o re s is  a n d  

subsequen tly  s ta in ed  and  desta ined  p r io r  to  e xa m in a tion . F ig u re  19 

show s the  c o n s titu e n t po lype p tid e  bands, a fte r  FPLC, o f th e  ac tive  

fra c t io n s  fro m  c e ll- fre e  seed p re p a ra t io n s  o f  P r iz e w in n e r  a n d  

H am m onds D w a rf S ca rle t

In  F ig . 19A, p o s it io n s  1 a n d  2, a n d  on  F ig . 19B p o s it io n  1, 

represent(s) s tan d a rd  m ix tu re  p ro te in s  o f k n o w n  m o le cu la r w e igh ts , 

w ith  w h ic h  to  com pare sam ple bands. In  d e scen d in g  o rder, the  

s ta n d a rd  m ix tu re  p ro te in s  a re  BSA ( 6 8  k  d a lto n s ), a lc o h o l 

de hydroge nase  (41 k  da ltons), m y o g lo b in  (17 .2  k  d a lto n s ) a n d  

cy toch ro m e  C (12.1 k  da ltons). Tab le  8  s u m m a ris e s  th e  sam ple  

ba n d  data ob ta ined  fro m  th is  expe rim en t. SDS gels o f p re p a ra tio n s  

fro m  P r iz e w in n e r an d  H a m m ond s  D w a rf S ca rle t have  b a n d s  in  

co m m on  a t 36 .6 k  da ltons , - 3 0  k  d a lto n s  a n d  th e  P r iz e w in n e r  

sam ple has a s ing le  s tro n g ly  in d ic a te d  band  a t 49.4 k  da ltons  w h ic h  

m ay co rresp ond  w ith  an y  o f the  separated ba nd s  fro m  47.0 to  54.6 

k  da ltons in  the  H am m onds D w a rf S carle t sample.

A f te r  FPLC, P r iz e w in n e r  S - l  c e ll- fre e  p re p a ra t io n  w as  a lso  

in cu ba te d  w ith  [3 H ]G A 12 and [3 H ]G A 14. In  ac tive  zones, the  fo rm e r 

su b s tra te  w as m e tabo lised  to peaks w ith  the  reversed-phase HPLC 

Rt s o f [3 H]GA4, [3 H]GA24 and [3 H ]G A 3 7  (Table 7). F ig u re  20A  show s 

the  d is t r ib u t io n  o f each enzym e a c t iv i ty  in  th e  fra c t io n s , w ith  

p ro d u c tio n  o f [3 H]GA4 and [3 H]GA37  b e in g  re la tiv e ly  re s tr ic te d  w h ile  

th a t o f [3 H ]G A 24 is  m ore w idespread. The [3 H]GA4 th a t a ccu m u la ted  

cou ld  have o rig in a te d  fro m  e ith e r [3 H ]G A 24 o r [3 H]GA37, b u t i t  w o u ld  

seem m ore probab le  th a t [3 H ]G A 24  is  the  p recu rso r, as the  peak in  

the  [3 H]GA4 p ro d u c tio n  co rre sp o n d s  to  a tro u g h  in  th e  leve l o f
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Figure 19 SDS-PAGE o f cell-free preparations from immature 
seed o f Phaseolus coccineus, A ) cv. Prizewinner and B)

i
Hammonds D w arf Scarlet, after FPLC separation. FPLC 
fractions analysed metabolised [3HJGA20 to [3H ]G A 1 .
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Figure 20A Post FPLC incubation of cell-free preparation 
from immature seed of Phaseolus coccineus cv. Prizewinner 
with [3H]GA12. All fractions were assayed, but only the 
enzymic conversions and their distributions in the active region 
are shown.
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p H J G A ^ . No s im ila r  re la tio n s h ip  was fo u n d  betw een [3 H]GA3 7  and  

[3 H]GA4.

Table 8. Post-FPLC analysis of immature seed cell-free preparation derived from  
Prizewinner and Hammonds Dwarf Scarlet Fractions which metabolised ^ H J G A ^

to ^HJG Aj were subjected to SDS-PAGE and the M W  of the bands estimated by 
comparison w ith standards.

Sample/
standard

Prizewinner 
Distance MW  
travelled (k daltons)

H am m onds D w a rf  
Sample/ Distance 
standard travelled

S carle t
M W
(k daltons)

BSA 13 mm 68.0 BSA 13 mm 68.0
alcohol 20 mm 41.0 alcohol 22 mm 41.0
dehydrog. dehydrog.
myoglobin 47 mm 17.2 myoglobin 44 mm 17.2
cytochrome C 52 mm 12.1 cyt C 49 mm 12.1

Band 1 7 mm 85.6
Band 2 9 mm 77.5

Band 1 13.5 mm 63.4 Band 3 11 mm 70.1
Band 2 14.5 mm 60.3 Band 4 16 mm 57.4
Band 3 20 mm 49.4 Band 5 17 mm 54.6

Band 6 18 mm 51.9
Band 7 20 mm 47.0

Band 4 26 mm 36.6 Band 8 25 mm 36.6
Band 5 30 mm 31.5 Band 9 32  mm 27.1

The absence o f [3 H ]G A 3 6  co n cu rs  w ith  th e  re s u lts  o f ce ll-fre e  

in c u b a tio n s  o f to ta l enzyme p re p a ra tio n s  w here  con ve rs io n  o f GA36  

to GA4 o ccu rre d  read ily , w ith  no su b s tra te  re m a in in g  a t the  end o f 

the  in c u b a t io n  pe rio d . I t  w o u ld  seem u n lik e ly  th a t th e  enzym e 

a c t iv i t ie s  re s p o n s ib le  fo r  th e  o b se rve d  m e ta b o lis m  c o u ld  be 

separated b y  a lte ra tio n  o f the  FPLC co n d itio n s , as the [3 H]GA24  zone 

s ta rts  m a rg in a lly  before the o thers  and  ends a fte r them .

Post FPLC in c u b a tio n  o f [3 H ]G A 14 p ro d u ce d  one peak w ith  th e  

reversed-phase HPLC Rt o f  [3 H ]G A 3 7  w h ic h  fu r th e r  s u p p o rts  the  

above v iew  th a t [3 H]GA4 p ro d u c tio n  w as v ia  [3 HJGA24, (Table 7, F ig . 

20B).
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Figure 20B Post FPLC incubation of cell-free preparation 
from immature seed of Phaseolus coccineus cv. Prizewinner 
with [3H]GA14. All fractions were assayed, but only the 
enzymic conversions and their distributions in the active region 
are shown. Fraction 0 represents incubation of an aliquot of 
total enzyme preparation after filtration, but prior to FPLC.
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E s t im a t io n  o f  e n d o g e n o u s  G A 2 0  c o n te n t  o f  s e e d lin g s  o f  

P r iz e w in n e r  a n d  H a m m o n d s  D w a r f  S c a r le t.

T h re e  b a tc h e s  o f  P r iz e w in n e r  a n d  H a m m o n d s  D w a r f S ca rle t, 

c o m p ris in g  1 0 0  seeds pe r ba tch , w ere sep ara te ly  g row n, ex trac te d  

and  ana lysed fo r  endogenous GA20  con ten t. P lants  w ere  g ro w n  as 

d e sc rib e d  in  th e  M a te r ia ls  a n d  M e thods  sec tion , h a rve s te d  an d  

d e u te ra te d  G A 2 0  in  m e th a n o l added, p r io r  to  h o m o g e n is a tio n . 

F o llo w in g  e x tra c t io n  a n d  p u r i f ic a t io n  b y  S ephadex D E A E -2 5 , 

sam ples w ere fra c tio n a te d  b y  g ra d ie n t e lu tio n  reversed-phase HPLC 

(p ro g ra m m e : 0 -1 5  m in , 50 -80%  M eO H; 15 -19  m in , 8 0 -1 0 0 %  

M eOH) and  th e  GA20  re g io n  (8.5 - 10 m in ), re ta in e d  an d  d r ie d  in  

vacuo p r io r  to  ana lys is  b y  com bined GC-MS.

In  o rde r to  es tim a te  the  a m ou n t o f deu te ra ted  GA20 added to  each 

sample, kno w n  am oun ts  o f GA3  s ta n da rd  w ere sub jec ted  to  is o c ra tic  

e lu tio n  reversed-phase HPLC w ith  an absorbance m o n ito r  o p e ra tin g  

a t 208 nm . A  s ta n d a rd  curve  p lo t o f peak h e ig h t a g a in s t ng  w as 

co n s truc ted . A liq u o ts  o f de u te ra te d  G A20 d isso lve d  in  m e th an o l, 

were s im ila r ly  analysed and the  a m o u n t p i ' 1 w as deduced fro m  the  

GA3  s ta n d a rd  curve. I t  was the n  poss ib le  to  ca lcu la te  the  w e ig h t o f 

d e u te ra te d  G A 2 0  added g " 1 t is s u e  a n d  to  re la te  th is  to  th e  

endogenous GA20 content, v ia  the ra tio  o f M +: M ++2 o b ta in e d  b y  GC- 

MS analysis.

Due to the  sm a ll q u a n tity  o f ava ilab le  sample, i t  was n o t feas ib le  to 

com pare ion s  o the r th a n  the M + and the M ++2. C om b ined  GC-MS o f 

TM S d e r iv a tiv e s  w as p e rfo rm e d  in  th e  m u lt ip le  io n  m o n ito r in g  

(M IM ) m ode and  as the GA o f in te re s t w as GA20, m /z  418  an d  420 

were scanned.
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Table 9. Estimation of endogenous GA20 content in  seedlings of Prizewinner and 

Hammonds Dwarf Scarlet by GC-MIM using [2H2]GA2o as an internal standard

Sample

m /z 418/420 

%

[2H2JGA2q added 

(ngg-1)

Endog. GAjq

(ngg-1) Mean

Prizewinner A 44 1.78 Q78
Prizewinner B 44 325 1.43 1.14
Prizewinner C 44 276 1.21

Hammonds A 25.5 253 0.64
Hammonds B 34 388 132 0.95
Hammonds C 26 346 095

W * 420 Ooo7o)/  m/z 418 C \ ' l 7o)

Tab le  9 show s th e  m /z  418 (endogenous) expressed as a % o f 

m /z  420 (deuterated) and fro m  the  w e ig h t o f deu te ra ted  G A ^  added 

g" 1 tissue , an  estim ate  o f the  endogenous G A ^  was calcu la ted. There  

is  no obv ious  d iffe re n ce  betw een es tim a tes  o f endogenous GA20  in  

P rize w in n e r and  H am m onds D w a rf Scarle t. A lth o u g h  i t  w o u ld  have 

been m ore use fu l to in ves tiga te  G A t and  GA4 co n te n ts  in  d w a rf and  

ta ll v a r ie tie s , s u f f ic ie n t ly  p u re  d e u te ra te d  s ta n d a rd s  w ere  n o t 

available.

GA m e ta b o lis m  in  s e e d lin g s .

Seven days o ld  seed lings o f P rize w in n e r (ta ll) and  H am m onds D w a rf 

S carle t (d w arf) w ere in je c te d  w ith  ra d io -la b e lle d  GA a t the  base o f 

the  e p ico ty l. A f te r  5 h, th e  p la n t t is s u e  w as h o m o g e n ise d  in  

m e th a n o l p r io r  to  p e tro le u m  e th e r/a q u e o u s  (pH  8.0), th e n  e th y l 

ace ta te /aqueous (pH  2.5) p a r t it io n in g . In  each e xp e rim e n t, a ll b u t 

n e g lig ib le  ra d io a c t iv ity  re m a in e d  in  th e  e th y l acetate  fra c t io n  and  

the aqueous e x tra c t was th e n  d iscarded. A fte r  fu r th e r  p u r if ic a t io n , 

the na tu re  o f the m etabo lites was inves tiga ted  b y  HPLC.
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M etabo lism  o f  [3H]GA4

W hen fed w ith  [3 H]GA4  (730,000 dpm  s e e d lin g '1, 10 seed lings, 135 

ng  s e e d lin g "1), e x tra c ts  fro m  b o th  P r iz e w in n e r a n d  H a m m o n d s  

D w a rf S carle t y ie ld e d  a m e tab o lite  w ith  the  HPLC Rt o f pH JG A j and

a [3 H ]G Ag-like peak (F igs. 21 a n d  22). 

These id e n t it ie s  w ere  c o n firm e d  b y  c o -c h ro m a to g ra p h y  o f  th e  

m e tabo lites  w ith  [s H ]-labe lled GA s tanda rds  b y  reversed-phase HPLC 

(Table 10).

Table 10. HPLC-RC data on products of [3 H]GA4 application to seedlings of 
Phaseolus coccineus cv. Prizewinner and cv. Hammonds Dwarf Scarlet

Cultivar
Applied
GA

Putative
product

%
Recovered
radioactivity

Standard  
Rt (min)

Product
Rj.(min)

%
MeOH

Prizewinner [3H]GA4 pH lG A j 43 12.3 12.3 35
[3H]GA8 19 5.6 5.6 35

Hammonds [3H]GA4 l3H]GA1 58 12.5 12.5 35

[3H]GA8 16 5.8 5.8 35

A  n u m b e r o f o th e r u n id e n t if ie d  p ro d u c ts  w ere  ob ta ined , one o f 

w h ic h  had the same Rt as GA4 g lu cosy l ester. The p o s s ib i l i ty  th a t 

GA34  is  am ong the p rodu c ts  was n o t in ve s tiga te d  b u t as T u rn b u ll et 

al. (1988 ) observed  [3 H ]G A 3 4  w h e n  [3 HJGA4 w as fed  to  24 h  

g e rm ina ted  seeds o f P haseo lus coccineus, th is  can no t be ru le d  o u t  

I t  is  in te re s t in g  to no te  th a t w h ile  se e d lin g s  re a d ily  m e ta b o lise  

[3 H]GA4 to [3 H]GAp no m e tabo lism  o f th is  sub s tra te  w as observed on 

in c u b a tio n  w ith  seed cell-free p re p a ra tio n  fro m  e ith e r cu ltiva r.

M etabo lism  o f  pHJGA^

E x tra c ts  d e rived  fro m  15 P riz e w in n e r seed lings  fed w ith  [3 H]GA20
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Figure 21 Metabolism of [3H ]G A 4 by seedlings of
Phaseolus coccineus cv. Prizewinner. HPLC conditions as for 
Fig. 6. Sample: 100,000 dpm. Detector: radioactivity monitor.
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Figure22 Metabolism of [3H ]G A 4 by seedlings of 
Phaseolus coccineus cv. Hammonds Dwarf Scarlet. HPLC 
conditions as for Fig. 6. Sample: 80,000 dpm. Detector: 
radioactivity monitor.
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(430 ,000  dpm , 45 ng  se e d lin g -1) y ie ld e d  a G A5- lik e  peak a n d  a 

m in o r  p ro d u c t w ith  th e  HPLC R t o f G A 1$ in  a d d it io n  to  seve ra l 

u n id e n t if ie d  m e ta b o lite s  (F ig . 23A). A  s im ila r  e x p e r im e n t w ith  

H am m onds D w a rf S carle t seedlings also p roduced  HPLC peaks w ith  

the  o f GA1 and GA5 (F ig  23B).

Table 11. HPLC-RC data on products of [3 H]GA2o application to seedlings of 
Phaseolus coccineus cv. Prizewinner and cv. Hammonds Dwarf Scarlet

C ultivar
Applied

GA
Putative
product

%
Recovered Standard 
radioactivity Rj. (min)

Product 
Rt (min)

%
MeOH

Prizew inner [3H]GA20 [SH]GA1 31 11.8 11.8 35

[3H]GAs 7 11.3 11.3 50

Hammonds [3H]GA20 [3H]GAj 43 11.8 11.8 35

These id e n t it ie s  w ere  c o n firm e d  b y  c o -c h ro m a to g ra p h y  o f  the  

m e tabo lites  w ith  [3 H ]-labelled GA s tanda rds  b y  reversed-phase HPLC 

(Table 11). None o f the u n id e n tif ie d  m e tabo lites  corresponded in  Rt 

w ith  any o f the available G AP GA5, GA8  or GA20 conjugates.

M etabo lism  o f  j3H]GA5

W hen fed to seed lings o f P rize w in n e r and  H am m onds D w a rf S carle t 

(250 ,000  dpm , 7 .2  ng  s e e d lin g -1, 10 seed lings), [3 H]GA5 w as n o t 

fu r th e r  m e ta b o lis e d . N ash  (1 97 6 ) fed  [3 H]GA5 to  P h a se o lu s  

c o c c in e u s  se e d ling s  a n d  o b ta in e d  o n ly  m in o r  q u a n t it ie s  o f a 

p ro d u c t te n ta tiv e ly  id e n tif ie d  as [3 H]GAg a fte r enzym ic h y d ro ly s is  o f 

the a c id ic  bu tan o l-so lu b le  fra c tio n . These re su lts  are in  c o n tra s t to 

th o se  o b ta in e d  w h e n  [3 H]GA5 is  in c u b a te d  w ith  seed ce ll- fre e  

p re p a ra t io n  fro m  P riz e w in n e r, to  p ro d u ce  [3 H]GAg b y  e p o x id e  

fo rm a tio n  between C-2 and C-3.
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Figure 23 Metabolism of [3H]GA20 by seedlings of 
Phaseolus coccineus A) cv. Prizewinner and B) cv. Hammonds 
Dwarf Scarlet. HPLC conditions as for Fig. 6. Programme: 0- 
15 min, 35-65% B; 15-18 min, 65-100% B; 18-22 min, 100% 
B. Sample: 40,000 dpm. Detector: radioactivity monitor.
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M etabo lism  o f  pHJGAĵ

[3H]GA1 (430,000 dpm , 2.3 ng  see d ling "1, 10 seed lings) w as fed  to  

se e d lin g s  o f  P r iz e w in n e r a n d  H a m m o n d s  D w a rf S ca rle t. A f te r  

e x tra c tio n , b o th  sam ples c o n ta in e d  a peak w ith  th e  HPLC Rt o f 

[3H]GAg (F ig. 24). T h is  co n ve rs io n  was c o n firm e d  b y  a n a lys is  o f the  

m e ta b o lite s  b y  re ve rsed -phase  HPLC (Table 12). In  co n tra s t, no  

co n ve rs io n  o f p H JG A j w as observed w h e n  th is  GA w as used  as a 

substra te  w ith  S - l  seed p re p a ra tio n  fro m  P rize w in n e r o r H am m onds 

D w a rf Scarlet.

Table 12. HPLC-RC data on products of [3 H]GA1 application to seedlings of 
Phaseolus coccineus cv. Prizewinner and cv. Hammonds Dwarf Scarlet

Cultivar
Applied

GA
Putative
product

%
Recovered Standard Product 
radioactivity Rj. (min) Rt (min)

%
MeOH

Prizewinner
[3 H]GAj [3H]GAg 55 5.4 54 35

Hammonds
[3 H]GAj [3 H]GA8 36 5.6 56 35

F u rth e r in ve s tiga tio n  o f  [3H]GA4 m etabo lism

H a v in g  e s ta b lis h e d  th a t  th e  m a in  m e ta b o lic  ro u te  to  G A X, in  

seed lings, proceeded v ia  GA4, i t  w as th e n  dec ided  to  in v e s tig a te  

w h e the r any  ro o t/s h o o t d iffe rences in  GA m e tabo lism  existed.

[3H]GA4 (3 00 ,0 0 0  dpm , 55 ng  s e e d lin g '1, 20 se e d lin g s ) w as 

in je c te d  a t the  base o f the  ep ico ty l as before, b u t p r io r  to  e x tra c tio n , 

ro o t a n d  sh o o t tis s u e s  w ere  separa ted . HPLC a n a ly s is  o f  ro o t 

ex trac ts  fro m  P riz e w in n e r and  H am m onds D w a rf S carle t w ith  25% 

and 19% o f the  recovered ra d io a c t iv ity  respective ly , each c o n ta in e d  

a G A j- lik e  peak and  a n u m b e r o f o th e r u n id e n tif ie d  p ro d u c ts  and  the 

P rize w in n e r ex tra c t also y ie lded  a GA8- lik e  p ro d u c t (F ig. 25). These
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Figure24 Metabolism of [3H ] GA j  by seedlings of 
Phaseolus coccineus A) cv. Prizewinner and B) cv. Hammonds 
Dwarf Scarlet. Isocratic reversed-phase HPLC 35% B. 
Sample: A) 35,000 dpm B) 45,000 dpm. Detector: radioactivity 
monitor.
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Figure 25 Metabolism of [3H]GA4 in roots of seedlings of 
Phaseolus coccineus A) cv. Prizewinner and B) cv. Hammonds 
Dwarf Scarlet. Reversed-phase HPLC conditions as for Fig. 6 
Programme: 0-15 min, 40-80% B; 15-18 min, 80-100% B;18- 
22 min, 100% B. Sample: A) 35,000 dpm and B) 50,000 dpm. 
Detector: radioactivity monitor.
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te n ta tiv e  id e n t if ic a t io n s  w ere c o n firm e d  b y  c o -c h ro m a to g ra p h y  o f 

sam ple peaks w ith  the  a p p ro p ria te  [s H ]-labe lled  GA s ta n d a rd s  b y  

reversed-phase HPLC (Table 13).

Table 13. HPLC-RC data on products of [3 H]GA4 metabolism accumulating in roots 
of Phaseolus coccineus cvs. Prizewinner and Hammonds Dwarf Scarlet

C ultivar
Standard/
substrate

Putative
product

%
Recovered
radioactivity

Standard
Rt(min)

Product
Rf-(min)

Prizewinner [3H]GA4 ^HJGAj 20 84 84
[3H]GA8 10 49 49

Hammonds [3H]GA4 [3HIGA! 12 84 84

Mobile phase: gradient 0 min - 40% MeOH in 1% acetic acid, 15 m in - 80% MeOH, 18 
min - 100% MeOH.

T u r n b u l l  e t al. (1986b) fed [3 H]GA4 to  5 days o ld  P h a s e o lu s  

co c c in e u s  seed lings and  ob ta ine d  GA4-3 -0 -g lu c o s id e , GA4 -g lucosy l 

ester, GA8-2 -0 -g lu c o s id e  and  a GA34-0 -g lu c o s id e , in  a d d it io n  to  

GAj and  GAg. W hen ana lysed b y  HPLC, e x trac ts  fro m  P riz e w in n e r 

and H am m onds D w a rf S carle t shoot tissue , c o n ta in in g  75%  an d  81%  

o f the  recovered ra d io a c t iv ity  respective ly , show ed the  sam e ove ra ll 

p ro file  o f m etabo lites, b o th  to each o th e r and  to  those observed w ith  

ro o t ex trac ts , in c lu d in g  the  presence o f G A X- and  GAg- lik e  peaks 

(F ig. 26).

Table 14. HPLC-RC data on products of [3 H]GA4 metabolism in  shoots of 
Phaseolus coccineus cvs. Prizewinner and Hammonds Dwarf Scarlet

Cultivar
Applied
GA

Putative
product

%
Recovered
radioactivity

Standard  
Rj. (min)

Product 
Rj. (min)

Prizewinner [3 H]GA4 [3H]GA1 19 83 83

[3 h ig a 8 13 50 50

Hammonds [3H]GA4 pHJGAj 20 85 85

[3H]GA8 14 52 52

Mobile phase : gradient 0 min - 40% MeOH in 1% acetic acid, 15 m in -80% MeOH, 18 
min - 100% MeOH.
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Figure 26 Metabolism of [3H]GA4 in shoots of seedlings 
o f Phaseolus coccineus A) cv. Prizewinner and B) cv. 
Hammonds Dwarf Scarlet. Reversed-phase HPLC conditions 
as for Fig.6. Sample: A) 50,000 dpm and B) 35,000 dpm. 
Detector: radioactivity monitor.
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The id e n t it ie s  o f these  m e ta b o lite s  w ere  a lso c o n firm e d  b y  co

ch ro m a to g ra p h y  w ith  [3H ]-labe lled  GA s tanda rds  b y  reversed-phase 

HPLC (Table 14).

A lth o u g h  ro o ts  a n d  sho o ts  fed  w ith  [3 H]GA4 w ere  e xa m in e d  

separa te ly  in  th is  s tudy, the  seed lings  w ere  in ta c t a t th e  t im e  o f 

[3H ]-labe lled  GA ap p lica tio n . I t  can no t the re fo re  be a rgued th a t b o th  

roo ts  and  shoots m e tabo lise  [3H]GA4 b u t i t  can be conc luded  th a t i f  

c o n v e rs io n  is  o c c u rr in g  in  o n ly  one o f  th e  tw o  re g io n s , th e n  

tra n s p o rt o f th e  fu l l  range  o f  p ro d u c ts  to  the  o th e r re g io n  takes 

place.



48

DISCUSSION

Before d iscu ss in g  the  in  v itro  GA in te r  conve rs ion  sequence in  seeds 

o f P h a s e o lu s  c o c c in e u s , th e  g e n e ra l m e ta b o lic  t re n d s  a n d  

p h y s io lo g ic a l im p lic a t io n s  w i l l  be co n s id e re d  b r ie f ly . Seeds are 

kn o w n  to  c o n ta in  re la tiv e ly  la rge  endogenous poo ls o f  a v a r ie ty  o f 

GAs (see Sponsel, 1983), w hose leve ls v a ry  w ith  the  stage o f  seed 

deve lopm ent a tta in e d . F o r exam ple, D u rle y  e t al. (1971) e xa m in e d  

changes in  the  endogenous leve ls o f G A V GA5/ 20, GA6 a n d  GAg in  

seeds o f P haseo lus co cc in e u s  d u r in g  m a tu ra tio n . T h e y  fo u n d  th a t 

the  c o n c e n tra t io n s  o f  G A X a n d  GA5^ 20 w e re  lo w  th ro u g h o u t 

deve lopm ent b u t d ropped a lm o s t to  zero a t m a tu ra tio n . In  con tras t, 

the GAg level was h ig h  a t the  im m a tu re  seed stage, d e c lin in g  to  zero 

a t m a tu ra tio n , w h ile  GAg show ed  h ig h  a c c u m u la t io n  a t b o th  

extrem es o f the  s tu d y  pe riod , w ith  a re d u c tio n  in  the  m idd le .

The in c id e n c e s  o f 2 $ -h y d ro x y la te d  GAs (S ponse l, 1987) a n d  

con juga ted  GAs (S chne ider, 1983) are re p o rte d  to  in c re ase  to w a rd s  

the  end o f seed m a tu ra t io n . T h is  v ie w  is  s u p p o r te d  b y  th e  

observa tion  o f 2 p -h yd ro xy la tio n  o f  b o th  [3H]GA1 and  [3H]GA4 in  ce ll- 

free  p re p a ra tio n s  fro m  m a tu re , im b ib e d  seeds o f  P h a s e o lu s  

co cc in e u s  (T u rn b u ll and  C rozier, 1988). However, G a rc ia -M a rtin e z  

e t al. (1 9 87 ) fo u n d  G A X, GAg , G A20 a n d  G A 29 a t  v e ry  e a r ly  

deve lop m en ta l s tages in  pea seeds, b u t o n ly  GA20 a n d  G A29 as 

m a tu ra tio n  progressed. R egard ing  a ro le  fo r these GAs, pod g ro w th  

was co rre la ted  w ith  G A : co n te n t e a rly  in  deve lopm ent, b u t i t  w as 

conc luded  th a t the  endogenous GA20 and  GA29 observed in  o ld e r 

seeds d id  n o t a ffec t m a tu ra tio n  or subsequent g e rm in a tio n .

The p o s s ib il i ty  th a t GAs fro m  susp enso r t is s u e  in flu e n c e  e a rly  

em bryo  d e ve lo p m e n t b y  th e ir  t r a n s p o r ta t io n  a n d  s u b s e q u e n t 

re g u la tio n  o f p ro te in  syn th e s is  was d iscu ssed  b y  Q u a tra n o  (1987).
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C e c c a re lli e t al. (1979 ; 198 lb )  d e m o n s tra te d  w i th  P h a s e o lu s  

c o c c in e u s  th a t em bryos fro m  w h ic h  the  suspenso rs  w ere  rem oved  

d id  n o t s u rv iv e  a n d  s u s p e n s o r t is s u e  b o th  s y n th e s is e d  a n d  

m e ta bo lised  ra d io -la b e lle d  GA p re cu rso rs  to  C ig -GAs (C ecca re lli e t 

al., 1979; 1981b).

The w o rk  o f Zeevaart (1966) on P h a rb it is  n i l  seeds suggests  th a t 

GAs exe rt l i t t le  o r no  in flu e n c e  on g row th , a t least d u r in g  th e  la te r 

s tages o f  deve lopm en t. I f  CCC, an  in h ib i t o r  o f e n t - k a u r e n e  

syn the tase  (see Coolbaugh, 1983) is  a p p lie d  be fo re  flo w e r open ing , 

the  re s u lta n t seeds show  a d ra m a tic  re d u c tio n  in  ex trac tab le  G A -like  

a c t iv ity  an d  u lt im a te ly  abo rt. T re a tm e n t o f seeds w ith  in h ib i to r  

th ree  w eeks a fte r a n th e s is  a lso re su lte d  in  dep le ted GA leve ls  b u t 

the re  w as no d iffe rence  in  the  f in a l fre s h /d ry  w e ig h t o f tre a te d  and  

co n tro l seeds. The re s u lta n t seed lings fro m  re ta rd a n t-tre a te d  seeds 

w ere  dw arfed . However, i t  ca n n o t be con c lu d e d  th a t  th is  is  a 

consequence o f a la ck  o f GAs d u r in g  seed m a tu ra tio n , as th e  p la n ts  

con ta ine d  re s id u a l CCC w h ic h  cou ld  l im i t  the  ra te  o f shoo t g ro w th  b y  

in h ib it in g  de novo  GA b iosynthesis.

In  sum m ary, no fu n c tio n  has been es tab lished  fo r GAs d u r in g  the  

la te r stages o f seed m a tu ra tio n . A lth o u g h  no c lea r p ic tu re  em erges 

as to seed GA fu n c tio n  com pared to  those in  seedlings, seed system s 

p ro v id e  a u s e fu l s ta r t in g  p o in t fo r  d e te rm in in g  the  GA m e ta b o lic  

p o te n tia l o f a species.

A  s tu d y  o f GA m e tabo lism  b y  cell-free p rep a ra tio n s  fro m  im m a tu re  

seed o f P riz e w in n e r (ta ll) es ta b lished  th a t m a n y  o f the  steps in  the  

h y p o th e tic a l schem e show n in  F ig . 5 w ere  o c c u rr in g . [ 14C ]G A 12- 

a ldehyde was fo u n d  to  be o x id ise d  a t C-7, C-20 and  h y d ro x y la te d  a t 

C-3 a n d /o r  C -13 to p ro du ce  a range  o f GAs w hose  m e ta b o lis m  

proceeds a long  tw o p a ra lle l ro u te s  to G A r  The 1 3 -h y d ro x y la te d  

b ra n ch  com prises GA53, GA44, G A 19, GA20 and G A 1 w h ile  the  n o n -1 3 - 

hyd roxy la ted  pa thw ay is  fro m  G A15 to GA37, GA24, GA36 and  GA4.
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In c u b a tio n  o f  in te rm e d ia te s  on th e  n o n -1 3 -h y d ro x y la te d  rou te , 

na m e ly  [3H ]G A 14, [3 H ]G A 24 and [3H ]G A 36, y ie lde d  [3 H]GA4 b u t  n o t 

pHJG Aj (Tables 2  and  3). In c u b a tio n  o f [3H]GA4 itse lf, revealed th a t 

the  ce ll-free  p re p a ra tio n  de rived  fro m  im m a tu re  seeds o f  P haseo lus  

cocc ineus  cou ld  n o t 13-hydroxyla te  [3H]GA4 to [3 H]GAp

In  c o n tra s t ,  im m a tu re  seed c e ll- f re e  p re p a ra t io n  f ro m  

P rize w in n e r m e tabo lised  [3H]GA20 to [3H]GAp [3 H]GA5 an d  a n u m b e r 

o f o th e r u n id e n t if ie d  p ro d u c ts  (F ig. 14, T ab le  6). T h is  led  to  th e  

c o n c lu s io n  th a t the  13 -hyd roxy la ted  b ra n c h  (F ig . 5) is  th e  m a in  

m e ta b o lic  ro u te  to  G A X in  th is  tissue . However, w hen  [ 14C ]G A 12- 

a ld ehyd e  is  in c u b a te d  w ith  P r iz e w in n e r c e ll- fre e  p re p a ra t io n , 

com parison  o f [14C]GA4 and [14C]GA1 accu m u la tion  reveals [14C]GA4 to 

be the  m ore  ab u n d a n t p roduct, (Fig. 6).

T he  p ro b a b le  GA m e ta b o lis m  p a th w a y  fro m  G A 12-a ld e h y d e  

th ro u g h  to  G A lt  GA4 and  GAg in  in  v itro  seed p re p a ra tio n s  fro m  

P h a se o lu s  co cc in eu s , cv. P r iz e w in n e r is  s u m m a ris e d  in  F ig . 27. 

W ith o u t a h yp o th e s ise d  p h y s io lo g ic a l ro le  fo r  GAs in  seeds, i t  is  

d i f f ic u lt  to  d iscuss  the s ig n if ic a n c e  o f s p e c ific  observed steps and  

the  absence o f others. However, c o n s id e r in g  the  g e n e ra lly  g re a te r 

b io lo g ic a l a c t iv ity  o f C 19- th a n  C20-GAs in  b io assay  system s (C rozier,

1981), i t  w i l l  be assum ed th a t i f  any  seed GAs p e rfo rm  a re g u la to ry  

fu n c tio n , i t  w i l l  be the  C 19 com pounds. A lth o u g h  the im p o rta n c e  o f 

GAj fo r developm ent has been dem onstra ted  fo r seedlings, (P h in n e y  

and  Spray, 1982), th e  s itu a t io n  in  seeds is  n o t k n o w n  a n d  the  

p o s s ib i l i ty  re m a in s  th a t GA4 p e r  se c o n tro ls  som e a s p e c t o f 

deve lopm ent.

A lte rn a tive ly , the  g rea te r a ccu m u la tio n  o f [ 14C]GA4 th a n  [^C JG A j 

w hen [ 14C ]G A12-a ldehyde is  incubated, m a y b e  a consequence o f the  

in  v it ro  n a tu re  o f these enzym atic  steps. The d is ru p t io n  caused to 

the system  m ay be s u ff ic ie n t to re s u lt in  "abno rm a l" ra t io s  o f each 

m e tab o lic  b ranch . The p o s s ib il ity  re m a in s  th a t the  la ck  o f  [3H]GA4
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convers ion  can be s im ila r ly  exp la ined.

A  th ir d  e xp la n a tio n  fo r the  observed re su lts  is  th a t G A X syn thes is  

is  im p o r ta n t th ro u g h o u t the  l i fe  cycle o f P haseo lus c o c c in e u s  b u t 

th a t  th e  m e ta b o lic  ro u te  le a d in g  to  its  fo rm a tio n  can  be a lte red . 

T h a t a c e ll- fre e  p re p a ra t io n  p ro d u c e d  fro m  th e  co ty le d o n s  o f  

m a tu re , 24  h  im b ib e d  P r iz e w in n e r  seeds d id  n o t m e ta b o lis e  

[3H ]G A 20 b u t d id  m e tabo lise  [3 H]GA4 (T u rn b u ll an d  C roz ie r, 1988), 

w o u ld  suggest th a t betw een the  im m a tu re  seed stage an d  the  onset 

o f g e rm in a tio n , a "sw itch " in  the  m e thod  o f G A t p ro d u c tio n  occurs.

2P -H ydroxy la tion , rega rded  as a d e a c tiv a tio n  step, has n o t been 

observed w ith  the  P haseolus  seed ce ll-free  system . T h is  m ay  re fle c t 

the  rem ova l o f the  tes tas p r io r  to  enzyme p re p a ra tio n , as GA8 was 

fo u n d  to  a ccu m u la te  in  the  tes tas o f P hase o lus  c o c c in e u s  seeds 

(A lb o ne  e t a l,  1984). A lte rn a tiv e ly , as a lre a d y  d iscu sse d , th e  

absence o f GA8 in  the  im m a tu re  seed m a y  be due to  the  stage o f 

deve lopm ent o f the  seed u n d e r study, as in  v it ro  p re p a ra tio n s  fro m  

m a tu re , im b ib e d  P hase o lus  c o c c in e u s  seeds 2P -h yd ro xy la te  b o th  

[3H]GA1 and  [3 H]GA4 to [3 H]GA8 and[3H ]G A 34 respective ly , (T u rn b u ll 

and  C rozier, 1988).

In c u b a tio n s  o f  ra d io -la b e lle d  GA sub s tra te s  w ith  S - l  p re p a ra tio n  

fro m  H a m m o n d s  D w a rf S ca rle t w ere  p e rfo rm e d  to  in v e s tig a te  

po ss ib le  d iffe re n ce s  fro m  P riz e w in n e r and  especia lly , th e  c a p a c ity  

fo r  3 p -h y d ro x y la tio n  o f GA20. O verall, GA m e ta b o lism  b y  the  d w a rf 

p re p a ra tio n  was fo u n d  to be ve ry  s im ila r  to  th a t o f P rize w in n e r w ith  

GAj s y n th e s is  fro m  G A4 absent, b u t  3 P -h y d ro x y la tio n  o f  G A 20 

o c c u rr in g  re a d ily . I f  s p e c if ic  GA b io s y n th e t ic  ro u te s  can  be 

gene tica lly  sw itche d  o ff  and  on a t va rio u s  deve lopm enta l stages, th e n  

GA1 s yn th e s is  w ith  the  d w a rf seed p re p a ra tio n  does n o t gua ran tee  

its  presence in  seedlings.

In  sum m ary, the  range o f GA co n ve rs io n s  observed w ith  a ce ll- 

free  p re p a ra t io n  fro m  im m a tu re  seeds o f  th e  ta l l  c u l t iv a r
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P riz e w in n e r fo llo w ed  c lose ly  those  p re d ic te d  fro m  a know ledge  o f 

the endogenous com pounds o f th is  tissue , except th a t GA4 is  n o t 13- 

h y d ro x y la te d  to  p ro du ce  G A 1. No q u a lita t iv e  d iffe re n c e s  in  GA 

m e ta b o lism  w ere fo u n d  w h e n  e xp e rim e n ts  w ith  p re p a ra tio n s  fro m  

the d w a rf v a r ie ty  w ere c a rr ie d  out. The ce ll-free  p re p a ra tio n s  fro m  

ta ll and  d w a rf im m a tu re  seeds p rov ide d  a use fu l and  e xp e rim e n ta lly  

ve rs a tile  s ta r t in g  p o in t  fo r  th e  e lu c id a tio n  o f GA m e ta b o lis m  in  

Phaseolus coccineus, and also m ade poss ib le  an in v e s tig a tio n  o f the  

n a tu re  o f the  enzym es in vo lve d  an d  p ro m p te d  in  v ivo  m e ta b o lic  

s tud ies  w ith  seedlings.

A s  th e  3 $ -h y d ro x y la t io n  o f  GA20 is  the  f in a l step le a d in g  to  the  

p ro d u c tio n  o f G A 1 in  the  in  v it ro  p re p a ra tio n s  fro m  P h a s e o lu s  

co cc in e u s  seeds, a p re lim in a ry  in v e s tig a tio n  o f the  n a tu re  o f th is  

enzyme w as undertaken . A liq u o ts  o f seed ce ll-free p re p a ra tio n  were 

su b je c te d  to  FPLC an d  a ll th e  re s u lta n t fra c t io n s  assayed fo r  

conve rs ion  o f [3H ]G A20 to  pH JG A j. The fra c tio n s  in  w h ic h  enzym e 

a c t iv ity  was s itu a te d  were th e n  ana lysed b y  SDS-PAGE to exam ine  

the c o n s titu e n t po lypep tides. Gels o f P riz e w in n e r and  H am m onds  

D w a rf Scarle t seed cell-free sam ples were fou n d  to  have s im ila r  band  

p a tte rn s  w ith  s u b u n its  in  com m on a t a p p ro x im a te ly  30 k  da ltons, 

36.6 k  da ltons and  50 k  da ltons. A t th is  stage o f exp e rim e n ta tion , i t  

is  n o t poss ib le  to conclude w h ich , i f  any, su b un it(s ) is  respons ib le  fo r 

th e  observed  3 p ~ h y d ro x y la tio n  o f  G A 20, o r fo r  a n y  o f th e  o th e r 

observed co n ve rs io n s  w h ic h  co -e lu te  w ith  th is  e n zym ic  a c tiv ity . 

F u r th e r  e x p e r im e n ta tio n  m ig h t in c lu d e  a tte m p ts  to  separa te  the  

v a r io u s  en zym ic  a c t iv it ie s  w ith  a v iew  to  fu r th e r  p u r if ic a t io n  and  

cha rac te risa tio n . T h is  m ig h t be ach ieved b y  sam ple e lu tio n  fro m  the 

M ono Q co lu m n  by  a m ore sha llow  g rad ien t, fo llow ed b y  p u r if ic a t io n  

b y  gel f i l t r a t io n  on a Superose 12 co lum n. A ga in , assays w o u ld  be 

pe rfo rm e d  to  a sce rta in  the  p o s it io n  and  n a tu re  o f enzyme a c tiv ity . 

SDS-PAGE o f the  ac tive  fra c t io n s  cou ld  th e n  be used to  e xam ine
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w h e the r bands o b ta in e d  a fte r FPLC on M ono Q only, w ere  lo s t a fte r 

an  a d d it io n a l p u r i f ic a t io n  step. A n y  such  b a n d s  co u ld  th e n  be 

e lim in a te d  as re g a rds  th e ir  c o n tr ib u t io n  to  th e  observed enzym e 

ac tiv ity .

F o r co m p a riso n  w ith  th is  study, re su lts  ob ta in e d  b y  S m ith  and  

M a c M illa n  (1984), show ed th a t a 2 (3 -h yd ro xy la ting  enzym e fro m  

m a tu re  seed o f P h a se o lu s  v u lg a r is , p u r i f ie d  b y  D E A E -ce llu lo se  

ch rom a tog raph y , C M -ce llu lose  c h ro m a to g ra p h y  a n d  ge l f i l t ra t io n ,  

had  a m o le cu la r w e ig h t o f 36  k  da ltons and  the  c h a ra c te r is tic s  o f a 

dioxygenase.

O n the  b a s is  o f in c u b a tio n s  o f seed ce ll-free  p re p a ra tio n  w ith  

rad io -labe lled  GAs and  these p re lim in a ry  FPLC/SDS-PAGE data, i t  is  

conc luded  th a t a t the  im m a tu re  seed stage o f the  l i fe  cycle, th e re  

are no d is c e rn ib le  d iffe re n ce s  be tw een GA m e ta b o lism  in  ta ll an d  

d w a rf c u lt iv a rs  o f the  ru n n e r bean. A lth o u g h  i t  shou ld  be no ted  th a t 

these c o n s t itu te  in  v it ro  re su lts , m o s t o f  th e  GAs in v o lv e d  are 

kno w n  endogenous com ponents o f th is  tissu e  (Sponsel, 1983; A lbone  

et a l,  1984).

In  a d d it io n  to [3H]GA20, [3 H ]G A12 and [3H ]G A 14 were used as post- 

FPLC assa y  s u b s tra te s . In c u b a t io n  o f P r iz e w in n e r  c e ll- fre e  

p re p a ra tio n  w ith  [3H ]G A 12, a fte r FPLC, y ie lded  [3 H]GA4, [3 H]GA24 and 

[3H ]G A 37 in  some fra c tio n s . A s  m e n tio n e d  in  the  R esu lts  section , 

GA4 can a r is e  fro m  GA24 o r GA37 b u t  th e  com p le te  absence o f 

m e ta b o lism  beyond GA37, w hen  [3 H ]G A 14 is  in cu b a te d  a fte r  FPLC, 

suggests th a t GA24, ra th e r th a n  GA37, is  converted  to GA4. T h is  is  

s u p p o r te d  b y  th e  fa c t th a t  an  in c re a s e  in  GA4 p ro d u c t io n  

corresponds w ith  a reduced a ccu m u la tio n  o f GA24 (see F ig  20). The  

lack  o f GA37 o x id a tio n  to  GA36 (F ig. 20), is  in te re s tin g  w h e n  i t  is  

rem em bered  th a t GA24 fo rm a tio n  fro m  G A 15 occu rs  re a d ily  a nd  b y  

the same C-20 o x id a tio n  step. T h is  suggests th a t e ith e r one enzyme 

can p e rfo rm  b o th  o x id a tio n s , b u t GA24 is  m u ch  m ore succe ss fu l a t
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com pe tin g  fo r  ac tive  s ites, o r th a t tw o separa te o x id a tio n  enzym es 

e x is t an d  the  GA37-s p e c ific  p ro te in  is  separated a fte r FPLC fro m  the 

fra c tio n s  in  w h ic h  GA37 p ro d u c tio n  occurs. The fo rm e r idea  seems 

u n lik e ly  as i t  is  im p rob a b le  th a t one sub s tra te  w o u ld  be exc lu s ive ly  

"favoured" over the  other. The fu r th e r  p o s s ib il ity  th a t GA37 o x id a tio n  

re q u ire s  h ig h ly  s p e c if ic  co fa c to rs  is  a lso u n lik e ly  as th e  p a ra lle l 

o x id a tio n  o f G A15 occurs re a d ily  over a w ide  range o f fra c tio n s . The 

occurrence o f GA4 in  on ly  a n a rro w  band  o f fra c tio n s  m a y  re fle c t the  

lim ite d  d is t r ib u t io n  o f  the  enzyme ca ta lys in g  the  syn th e s is  o f  GA36 

ra th e r th a n  o f th a t co n ve rtin g  GA36 to  GA4. I f  r e s t r ic t io n  o f  GA4 

s y n th e s is  fro m  GA36 w ere o ccu rrin g , one w o u ld  expect to  observe 

GA36 a ccu m u la tio n  o u tw ith  the re g io n  o f GA4 p ro d u c tio n  an d  w ith in  

the zone o f GA24 syn thesis . No GA36 a c c u m u la tio n  w as n o te d  an d  i t  

was th e re fo re  conc luded  th a t the  GA24 to  GA36 c o n ve rs io n  w as the  

ra te  l im it in g  step.

W hen [14C ]G A12 is  in cu b a te d  w ith  to ta l enzyme p re p a ra tio n , b o th  

13- an d  n o n -1 3 -h y d ro x y la te d  p a thw ays  occur, y ie ld in g  [14C ]G A 15, 

[14C]GA44 and  [14C ]G A53 (Fig. 7A). A fte r  FPLC, [3 H ]G A 12 in c u b a tio n  

re s u lts  o n ly  in  n o n -1 3 -h y d ro x y la t io n  to  [3 H]GA4, [3 H ]G A 24 and  

[3H ]G A 37 (F ig. 20A). I t  is  l ik e ly  th a t the  13-hydroxy lase , w h ic h  is  

p a rtic u la te  in  peas (K a m iya  and Graebe, 1983), is  rem oved  in  the  

f i l t r a t io n  step p r io r  to  FPLC, hence the  G A 12 to  GA53 c o n v e rs io n  

canno t take place.

I t  is  in te re s tin g  to  note th a t ce ll-free  in c u b a tio n  o f  to ta l enzym e 

p re p a ra tio n  fro m  P riz e w in n e r w ith  [3 H ]G A 14 p ro d u ce d  a ra nge  o f 

p ro d u c ts  in c lu d in g  [3 H]GA4, [3 H ]G A 24 and [3 H ]G A 37. A fte r  FPLC, 

how eve r, in c u b a t io n  o f  [3 H ]G A 14 w ith  P r iz e w in n e r  c e ll- fre e  

p re p a ra tio n  y ie ld e d  o n ly  [3 H ]G A 37 w h ic h  suggests, as w i th  th e  

[3H ]G A 12 in c u b a tio n  resu lts , th a t the  ox idase w h ic h  co u ld  fu r th e r  

m e tabo lise  th is  com pound  is  separa ted fro m  the fra c tio n s  in  w h ic h  

[3H]GA37 is  produced.
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The evidence, b o th  fo r and a g a ins t the  h yp o th es is  th a t G A 1 is  the  

o n ly  GA a c tive  in  the  c o n tro l o f  stem  e longa tion , w as p resen ted  in  

the  In tro d u c tio n . H a v in g  es tab lished  the  genera l m e tabo lic  schem e 

w ith  a ce ll-free  system  fro m  im m a tu re  seed o f P haseo lus cocc in eus , 

a co m p a riso n  o f in  v ivo  GA m e tabo lism  in  seedlings was c a rr ie d  o u t  

I f  the  s im p le s t fo rm  o f the  c u rre n t h yp o th es is  (P h in ne y  and  Spray,

1982), h o ld s  tru e  fo r  th is  species, th e n  se e d ling s  o f th e  d w a rf 

c u lt iv a r ,  H a m m o n d s  D w a rf S carle t, w o u ld  n o t be expec te d  to  

synthesise G AV

A  n u m b e r o f  ra d io - la b e lle d  GAs w ere fed  to  ta l l  a n d  d w a rf 

se e d ling s  an d  the  re s u lta n t e x tra c ts  w ere su b je c te d  to  reversed- 

phase HPLC. B o th  [3H]GA4 and  [3H ]G A20 were converted  b y  ta ll and 

d w a rf seed lings  to  ^H JG A j and  o th e r p ro d u c ts , w ith  th e  [3 H]GA4 

ro u te  appea ring  to  p redom ina te . T h is  is  in  co n tra s t to  the re su lts  o f 

feeds to  th e  im m a tu re  seed ce ll-fre e  p re p a ra tio n , w h e n  ra d io 

labe lled  GA4 w as n o t m etabo lised . I t  can th e re fo re  be conc lude d  

th a t in  c o n tra s t to  th e  d w a r f - 1 m u ta n t o f Z e a , s e e d lin g s  o f 

H am m onds D w a rf S carle t have a fu n c tio n a l 3 £ -h y d ro x y la tin g  enzyme 

and can syn thes ise  G A X fro m  GA20. F rom  these e xp e rim e n ts  alone, 

the p o s s ib il i ty  th a t H am m onds D w a rf S carle t has an ea rly  m e tabo lic  

b lo ck , s im ila r  to  th e  d w a r f - 2, d w a rf-3  a n d  d w a rf-5  o f  m a ize , 

canno t be d ism issed . However, the  presence o f endogenous GA20 in  

these  seed lings , w o u ld  im p ly  th a t  a t lea s t the  1 3 -h y d ro x y la te d  

b ra n ch  is  opera tiona l, hence G AX p ro d u c tio n  is  possib le.

No c o m p a ris o n  can be m ade be tw een the  P h a s e o lu s  d w a rf in g  

gene a n d  th e  le  a lle le  o f pea, w h ic h  is  re p o r te d  o n ly  to  be 

expressed in  the  lig h t, as H am m onds D w a rf S carle t seed lings  w ere 

no t g row n  in  darkness.

The  p o s s ib i l i t y  th a t H am m ond s  D w a rf S ca rle t se e d lin g s  are  

s im ila r  to the  G A -d e fic ie n t na  pea m u ta n t can be d ism isse d  fo r the  

same reason  as the  d2, d3 and d5 o f maize. T h a t is, th a t the  bean



56

seed lings  c o n ta in  endogenous GA20 and  can th e re fo re  syn th es ise  

GAs th a t occu r a t the  s ta r t o f  the  m e tabo lic  sequence. However, as 

p re v io u s ly  d iscu ssed , th e  n a  a lle le  o f pea is  re p o rte d  o n ly  to  be 

expressed in  the  shoots, w ith  ro o ts  o f these seed lings p o ssess ing  

endogenous GA pools and the  cap a c ity  fo r G A1 syn th e s is  (In g ra m  e t 

al., 1985). In  o rd e r to  in v e s tig a te  ro o t/s h o o t GA tra n s p o r t,  th e  

ep ico ty ls  o f seed lings o f P rize w in n e r and  H am m onds D w a rf S carle t 

were fed w ith  [3H]GA4 and  the  ro o t and  shoot p o rtio n s  subsequen tly  

e x tra c te d  a n d  a n a lyse d  separa te ly . The  m e ta b o lite s  o b ta in e d  

in c lu d e d  pH JG Aj and  [3 H]GAg an d  w ere s im ila r  b o th  fo r  ta l l  an d  

d w a rf and  between tissues. C learly, the re  is  no re s tr ic t io n  on shoo t 

to ro o t tra n s p o rt b u t i t  can n o t be concluded fro m  th is  e xp e rim e n t 

w h e th e r the  a p p lied  GA is  tra n sp o rte d  p r io r  to m e tabo lism , w h e th e r 

th e  m e ta b o lite s  fro m  th e  s h o o t a re  e x p o rte d  o r  w h e th e r  a 

c o m b in a tio n  o f the  tw o is  o c c u rr in g . T h is  e x p e rim e n t does n o t 

p e rm it an y  co n c lu s io n s  to  be m ade abou t ro o t to  shoo t tra n s p o rt o f 

GAs.

Feed ing [3H]GA5 to  ta ll and  d w a rf P haseo lus co cc in e u s  seed lings 

p rodu ced  no m etabo lites , w hereas w ith  the  im m a tu re  seed ce ll-free  

system, [3H]GAg was synthesised.

[3H]GAg is  a p ro d u c t o f b o th  [3H]GA4 and [3 H ]G A 20 feeds, v ia  2p- 

h y d ro x y la tio n  o f [3 H]GAr  The c a p a c ity  fo r  2 $ -h y d ro x y la t io n  is  

a n o th e r fea tu re  o f seedling GA m e ta b o lism  w h ic h  is  in  c o n tra s t to  

th a t o f im m a tu re  seeds. T h is  con ve rs ion  is  genera lly  rega rded  as a 

de a c tiva tion  step and, i f  endogenous G AX is  indeed im p lic a te d  in  the  

c o n tro l o f s tem  e longa tion , the  ca p a c ity  fo r  2 $ -h y d ro x y la t io n  m a y  

p ro v ide  a m eans o f re g u la tin g  the  G A j poo l size. T h a t th e  2 f i -  

h y d ro x y la tin g  fu n c t io n  appears to  be absen t fro m  im m a tu re  seed 

ce ll-free  p re p a ra tio n s  fro m  P ha se o lu s  c o c c in e u s  m a y  re fle c t the  

phys io log ica l in s ig n ifica n ce  o f GA2 a t th is  stage. I f  G A X had  a p rec ise  

ro le  to  play, th e n  p re s u m a b ly  som e c o n tro l o f i ts  c o n c e n tra tio n
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w o u ld  be re q u ire d . The u n id e n t if ie d  p ro d u c ts  o f [3 H ]G A 4 and 

[3H ]G A 20 m e ta b o lism  m a y be GA con juga tes  w hose fo rm a tio n  m ay 

re p re se n t a n o th e r m eans o f re g u la tin g  the  poo l size o f b io lo g ic a lly  

ac tive  GA (see S chne ider, 1983).

F ro m  the  above s tu d y  o f in  v ivo  GA m e tabo lism , i t  is  conc luded  

th a t the  d w a rf g ro w th  h a b it o f P haseo lus co cc ineus  cv. H am m ond s 

D w a rf Scarlet, is  n o t due to  an  in a b il i ty  to  synthesise  G A V Th e re  are 

several o th e r exp lana tions , in c lu d in g  the  p o s s ib il i ty  th a t a lth o u g h  

the  fu ll com p lem ent o f GAs is  p resen t in  the  dw arf, th e  leve ls m ay 

be depressed to  su ch  an  extent, re la tiv e  to the  ta ll, th a t g ro w th  is  

reduced. In  an a tte m p t to in ve s tig a te  th is , seed lings o f P rize w in n e r 

and H am m onds D w a rf S carle t w ere ana lysed  fo r  endogenous G A : , 

GA4 and G A ^  conten t. U n fo rtu n a te ly  in  the  cases o f G A : and  GA4, 

the deu te ra ted  in te rn a l s tan da rds  added w ere o f in s u f f ic ie n t  p u r i ty  

to  a llo w  re a lis t ic  e s tim a tio n  o f th e  endogenous con ten ts , so da ta  

were ob ta ine d  fo r  G A ^  alone. The ng GA20 g_1 fre sh  w e ig h t f ig u re s  

fo r  ta l l an d  d w a r f e x tra c ts  w ere  s im ila r  (T ab le  9), b u t  no  re a l 

co n c lu s io n  on th is  approach to the  d w a rfis m  p rob lem  can be d raw n  

w ith o u t estim ates o f endogenous G AX and GA4 con ten t.

A n o th e r  th e o re tic a lly  fe a s ib le  e x p la n a tio n  fo r  th e  H a m m o n d s  

D w a rf S carle t g ro w th  h a b it  is  th a t the  m u ta tio n  is  expressed as an  

a lte red  b in d in g  s ite  fo r GA a n d /o r  a re d u c tio n  in  the  m a g n itu d e  o f 

the  u lt im a te  g ro w th  response in  the  dw arf. The s le n d e r  m u ta n t o f 

pea can  have u n d e te c ta b ly  low  GA c o n c e n tra tio n s  b u t  e x h ib its  

e longa ted  in te rn o d e  le n g th  (J o lly  e t al.f 1987), s u g g e s tin g  th a t  

e ith e r the  b in d in g  s ite s  are a p p a re n tly  G A -sa tu ra ted , o r th a t the  

eventua l g ro w th  response is  "sw itche d  on" in  an exaggerated m a nn e r 

by  ve ry  sm a ll am oun ts  o f endogenous GA. The oppos ite  is  po ss ib le  

fo r H am m onds D w a rf Scarle t seedlings, in  tha t, fo r a g ive n  a m o u n t o f 

p la n t g ro w th  substance, p e rce p tio n  is  reduced due to few er to ta l o r 

fewer fu n c tio n a l b in d in g  s ites, or th a t a sm a lle r g ro w th  response is
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in it ia te d , re la tiv e  to  th a t in  P r iz e w in n e r seed lings. In  o rd e r to  

in v e s tig a te  th is ,  e x p e r im e n ts  re q u ire  to  be c a r r ie d  o u t w he re  

inc re a se  in  fre s h  w e ig h t pe r u n i t  o f GA app lied , is  e s tim a te d  fo r  

seedlings o f b o th  ta ll and  d w a rf varie ties .

The ro le  o f G A X and  p o ss ib ly  o th e r GAs is  un c lea r and  is  c u rre n tly  

a m a tte r fo r con jectu re . R egard ing  the apparen t s w itc h in g  on  o r o f f  

o f  v a r io u s  e n zym ic  fu n c t io n s  an d  p a r t ic u la r ly , the  change  w ith  

deve lopm ent o f G A X syn thes is  fro m  GA^q to  GA4 observed d u r in g  th is  

w ork, the  fo llo w in g  p o s s ib ilit ie s  can be considered.

I t  is  p o s s ib le  th a t  th e  m e ta b o lic  b ra n c h  le a d in g  to  G A : is  

u n im p o r ta n t an d  th a t the re  is  a c e rta in  b io c h e m ic a l ra n d o m n e ss  

in v o lv e d  in  s yn th e s is , m a k in g  the  a p p a re n t s w itc h  o f  th e  G A X 

p re cu rso r fro m  GA20 to GA4 a "red he rrin g ".

A lte rn a tive ly , i f  the  rou te  o f G A j syn thes is  in  some w ay  a ffec ts  the  

ro le  th is  GA p lays in  deve lopm enta l re g u la tio n , a gene tic  s w itc h in g  

on o f  one b io s y n th e t ic  ro u te  a n d  s w itc h in g  o f f  o f  a n o th e r  is  

conceivable. The s itu a tio n  w ith  P haseo lus co cc ineus  is  com plex as 

im m a tu re  seed ce ll-free  p re p a ra tio n s  do n o t m e ta b o lise  [3 H]GA4, 

im b ib e d , m a tu re  seed ce ll-fre e  p re p a ra tio n s  do n o t m e ta b o lis e  

[3H ]G A 20, b u t in ta c t seed lings m e tabo lise  bo th. F rom  th is  i t  can be 

a rg u e d  th a t som e degree o f  G A20-m e ta b o lis in g  c a p a c ity  is  a 

re d u n d a n t fu n c t io n  fro m  th e  seed o r th a t GA4 an d  G A 20 b o th  

c o n tr ib u te  to  th e  sam e p h y s io lo g ic a l re spo n se  b y  th e ir  G A j 

p ro d u c tio n  o r th a t G A j de rive d  fro m  d if fe re n t p re c u rs o rs  a ffe c ts  

d iffe re n t responses. I f  the la s t suggestion  is  true , i t  im p lie s  th a t the  

id e n tity  o f the G A : p re cu rso r and the subsequent s id e -ch a in  a d d it io n  

de te rm ine  the  sub -ce llu la r geography o f G A j p ro d u c tio n . In  the  case 

o fG A 4, 1 3 -h yd ro xy la tion  to p roduce  G A X is  m em brane -assoc ia ted  in  

peas (K a m iya  and  Graebe, 1983) w h ile  the 3P -h yd ro xy la tio n  o f  G A20 

is  soluble. Thus, the same end p ro d u c t m ay be syn th es ised  in  areas 

o f the in ta c t cell d is ta n t fro m  each o the r and, conceivab ly, the  same
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m ode o f p e rc e p tio n  m a y  in i t ia te  a d if fe re n t response, d e pe n d ing  

up o n  w here  b in d in g  occurs. U n t i l  som e th in g  is  k n o w n  a b o u t sub- 

ce llu la r lo ca tio n  o f these m e tabo lic  convers ions and  a b o u t the  n a tu re  

o f p la n t g ro w th  p e rc e p tio n , c o n c lu s io n s  w i l l  be re s t r ic te d  to  

com m ents on m e tabo lic  anom alies. B earing  th is  l im ita t io n  in  m in d , 

the  re su lts  o f th is  w o rk  have show n th a t a change in  th e  m e ta b o lic  

rou te  to G A 1 in  ta ll and  d w a rf P haseo lus cocc in eus  v a r ie tie s  occu rs  

w ith  age o f tissue  and  th a t d w a rfism  in  the v a r ie ty  H am m onds D w a rf 

S carle t is  see m ing ly  n o t s im p ly  a consequence o f  a m e ta b o lic  b lo c k  

heading to G A X p ro d u c tio n .

A lth o u g h  a u se fu l gu ide  to the m e tabo lic  p o te n tia l o f tis su e s  and  

the co n ce n tra tio n s  o f endogenous p la n t g ro w th  substances presen t, 

t ra d it io n a l p la n t p h y s io lo g y -b io c h e m is try  research , s u c h  as th a t 

c a r r ie d  o u t d u r in g  th is  p ro je c t, has  n o t as y e t le d  to  a n  

u n d e rs ta n d in g  o f the  fu n d a m e n ta l processes invo lve d . I t  seem s 

lik e ly  th a t one o f the  m ore d ire c t rou tes  to th is  know ledge w i l l  be b y  

the ch a ra c te r is a tio n  o f the  genes respons ib le  fo r a ll the  events fro m  

p la n t  g ro w th  s u b s ta n c e  p ro d u c t io n  to  c o m p le t io n  o f  th e  

p h y s io lo g ic a l response. W ork  to f in d  the  gene(s) in  Z e a  m a y s  

w h ic h  in flu ence s  stem  e longa tion  has begun (see P h inn ey  and  Spray, 

1985) b y  in s e rt in g  a transposab le  e lem en t R obertson 's m u ta to r, in to  

the  genom e an d  seq u en c ing  the  DNA s u r ro u n d in g  th e  in s e rte d  

e lem ent a fte r se lec tion  o f p la n ts  w ith  a d w a rf c h a ra c te r is t ic  (B a rke r 

e t al., 1984). T h e  c o m b in a t io n  o f  e x p e r im e n ts  u s in g  s u c h  

te ch n iq u e s  b u t in te rp re te d  fro m  a p la n t p h y s io lo g ic a l s ta n d  p o in t  

m ay prove very e n ligh te n ing .



60

REFERENCES

A lb on e , K.S., Sponsel, V.M., G a sk in , P. , M a c M illa n , J. (1984 ) 
Id e n t if ic a t io n  and  lo c a lis a tio n  o f GAs in  m a tu r in g  seeds o f the  
c u c u rb it  S ech ium  edule  and  a com parison  betw een th is  c u c u rb it  
and  the  legum e Phaseolus coccineus. P lanta  162, 560-565

B arke r, R.F., Thom pson, D.V., Ta lbot, D.R., Swanson, J., Bennetzen, 
J .L . (1 984 ) N u c le o tid e  sequence o f  th e  m a ize  tra n s p o s a b le  
e lem ent M u l. N u c le ic  A c id  Res., 12, 59 55 -5967

B ow en, D.H., C ro z ie r, A., M a c M illa n , J., R e id , D.M . (1 9 7 3 ) 
C h a ra c te r is a tio n  o f  g ib b e re llin s  fro m  lig h t-g ro w n  P h ase o lus  
c o c c in e u s  seed lings b y  com b ine d  GC-MS. P h y to ch e m is try , 12, 
2 9 3 5 -2 9 4 1

C am pbe ll, B.R., B onner, B A . (1986 ) E v id e n ce  fo r  p h y to c h ro m e  
re g u la t io n  o f GA20 3 (3 -h yd ro xy la tion  in  sho o ts  o f d w a r f (le le) 
P isu m  s a tiv u m  L. P lan t Physiology, 82, 909-915

C ecca re lli, N., Lo re n z i, R., A lp i, A. (1979) K au rene  an d  k a u re n o l 
b io s y n th e s is  in  ce ll- fre e  sys tem  o f  P h a s e o lu s  c o c c in e u s  
suspensor. P hy tochem is try , 18, 1657-1658

C eccare lli, N., Lo ren z i, R., A lp i, A. (1981a) K aurene  m e ta b o lis m  in  
ce ll- fre e  e x tra c ts  o f P haseo lus  c o c c in e u s  suspenso rs . P la n t 
Science Le tte rs , 21, 3 2 5 -3 32

C eccare lli, N., Lo renz i, R., A lp i, A. (1981b) G ib b e re llin  b io s y n th e s is  
in  P haseo lus cocc ineus  suspensor. Z. P flanzenphys io l., 102, 37- 
44

Coolbaugh, R.C. (1983) E a rly  stages o f g ib b e re llin  b io syn th e s is . In: 
The b io c h e m is try  and ph ys io log y  o f g ib b e re llin s , vol. 1, pp. 53-98, 
C rozie r, A., ed. Praeger, New Y o rk

C rozie r, A. (1981) A spects  o f the  m e ta b o lis m  and  p h y s io lo g y  o f 
g ib b e re llin s . In: A dvances in  b o ta n ic a l research , vol. 9, pp. 33 - 
149, W oolhouse, H.W., ed. A cadem ic  Press, New Y o rk



61

C rozie r, A. (1983) The b io c h e m is try  and  p h ys io log y  o f g ib b e re llin s , 
vols. 1 and  2, C rozier, A., ed. Praeger, New Y o rk

C roz ie r, A., D urley , R.C. (1983) M o d e rn  m e tho d s  o f a n a ly s is  o f 
g ib b e re llin s . In: The b io c h e m is try  and  phys io log y  o f g ib b e re llin s , 
vol. 1, pp. 485-560, C rozier, A., ed. Praeger, New Y o rk

C rozier, A., Reeve D.R. (1977) The a p p lic a tio n  o f h ig h  pe rfo rm an ce  
l iq u id  ch ro m a to g ra p h y  to  the  a n a lys is  o f p la n t ho rm ones. In: 
P la n t g ro w th  re g u la tio n , pp. 67 -76 , P ile t, P.E., ed. S p r in g e r-  
Verlag, B e r lin

Davies, P.J., E m sh w ille r, E., G ian fagna, T.J., P roebsting , W.M., Noma, 
M., P haris , R.P. (1982) The endogenous g ib b e re llin s  o f vegeta tive 
and  re p ro d u c tive  tissu e  o f G2 peas. Planta, 154, 266 -272

D e M a rtin i, M., Inouye , M. (1978) In te ra c tio n  be tw een tw o  m a jo r 
o u te r m em brane  p ro te in s  o f E s c h e r ic h ia  coir, the  m a tr ix  p ro te in  
an d  th e  lip o p ro te in . J. Bact., 133, 329-335

D e n n is , D.T., W est, C A . (1967 ) B io s y n th e s is  o f  GAs III. The 
co n ve rs io n  o f (-)-kaurene to  (-)-kau ren -19 -o ic  a c id  in  endosperm  
o f E c h in o c y s tis  m a c ro ca rp a  Greene. J. B io l. Chem., 2 4 2  no. 14, 
3 2 9 3 -3 3 0 0

D urley , R.C., M a c M illa n , J., Pryce, R.J. (1971) In v e s t ig a t io n  o f 
g ib b e re llin s  and  o th e r g ro w th  substances in  seed o f P haseo lus  
m u lt i f lo ru s  and P haseo lus v u lg a ris  b y  gas ch ro m a to g ra p h y  and  
c o m b in e d  gas c h ro m a to g ra p h y -m a s s  s p e c tro m e try .  
P h y to ch e m is try , 11, 31 7 -326

E m erson , R A ., Beadle, G.W., F rase r, A.C. (1935) A  s u m m a ry  o f 
l in k a g e  s tu d ie s  in  m aize. U n iv e rs ity  o f C o rn e ll A g r ic u ltu ra l 
E x p e r im e n ta tio n  S ta tio n  M em o ir, 180, 1-83

G arc ia -M a rtin e z , J.L., Sponsel, V.M., G askin , P. (1987) G ib b e re llin s  
in  develop ing fru its  o f P isum  sa tivu m  cv. A laska: s tud ies  on th e ir  
ro le  in  pod g ro w th  and seed developm ent. P lanta, 170, 130-137



62

G a s k in , P., G ilm o u r, S.J., M a c M illa n , J., Sponsel, V .M . (1 985 ) 
G ib b e re llin s  (GAs) in  im m a tu re  seeds and da rk -g row n  seed lings 
o f  P is u m  s a tiv u m : GAs id e n t if ie d  in  the  ta ll c u lt iv a r  A la ska  in  
co m p a riso n  w ith  those in  the  d w a rf Progress No. 9. P lanta, 163, 
2 8 3 -2 8 9

Graebe, J.E. (1968) B io syn th e s is  o f kaurene, squalene and  phytoene 
fro m  m e v a lo n a te -2 -14C in  a ce ll-free  system  fro m  pea fru its .  
P h y to ch e m is try , 7, 2003-2020

Graebe, J.E. (1969) The enzym a tic  p re p a ra tio n  o f [ 14C ]-kaurene. 
P lanta, 85 , 171-174

Graebe, J.E. (1987) G ib b e re llin  b io s y n th e s is  and  con tro l. A n n u a l 
re v ie w  o f p la n t phys io logy, 38 , 419-465

Graebe, J.E., Bowen, D.H., M a cM illa n , J. (1972) The co n ve rs io n  o f 
m eva lon ic  a c id  in to  g ib b e re llin  A 12-aldehyde in  a ce ll-free  system  
fro m  C u c u rb ita  pepo. Planta, 102, 261-271

G raebe, J.E ., D e n n is , D.T., U p p e r, C.D., W est, C A . (1 9 6 5 ) 
B io syn th e s is  o f GAs I. The b io syn th e s is  o f (-)-kaurene, (-)-kau ren - 
19-o l and  tra n s -g e ra n y lg e ra n io l in  en do sp e rm  n u c e llu s  o f 
E c h in o c y s t is  m a c ro ca rp a , Greene. J. B io l. Chem., 2 4 0 , 1847- 
1854

G raebe, J.E., H edden, P., G a s k in , P., M a c M illa n , J. (1 9 7 4 a ) 
B iosyn th es is  o f g ib b e re llin s  A 12, A 15, A 24, A 36 and A 37 b y  a ce ll-free 
system  fro m  C u c u rb ita  m ax im a. P hytochem is try , 13, 1433-1440

Graebe, J.E., Hedden, P., G ask in , P., M a c M illa n , J. (1 974 b ) The 
b io syn th e s is  o f a C 19-g ib b e re llin  fro m  m eva lon ic  ac id  in  a cell-free 
system  fro m  a h ig h e r p lan t. P lanta , 120, 307-309

Hedden, P. (1983) In  v itro  m e ta b o lis m  o f g ib b e re llin s . In : The 
b io c h e m is try  and p h ys io lo g y  o f g ib b e re llin s , vol. 1, pp. 99 -149, 
C rozier, A., ed. Praeger, New Y o rk

H edden, P., G raebe, J.E. (1982 ) C o fa c to r re q u ire m e n ts  fo r  the  
so lub le  ox idases in  the m e ta b o lism  o f the  C20-g ib b e re llin s . J. 
P lan t G row th  Regul., 1, 105-116



63

Hedden, P., Graebe, J.E., Beale, M.H., G ask in , P., M a c M illa n , J. 
(1984) The b io s y n th e s is  o f 12 a -hyd roxy la ted  g ib b e re llin s  in  a 
c e ll- f re e  s y s te m  fro m  C u c u r b i ta  m a x im a  e n do sp e rm . 
P h y to ch e m is try , 23, 569-574

Hedden, P., P h inney, B.O. (1979) C o m p a riso n  o f e n t-ka u re n e  a n d  
e n t- is o k a u re n e  s y n th e s is  in  ce ll-fre e  system s fro m  e tio la te d  
shoo ts  o f n o rm a l and  dw arf-5  m a ize seedlings. P h y to ch em is try , 
18, 14 75-1479

H edden, P., P h in n e y , B.O., H eupe l, R.C., F u j i i ,  D., G a s k in , P., 
M a cM illa n , J., Graebe, J.E. (1982) H orm ones o f you n g  tasse ls  o f 
Zea m ays. P hy tochem is try , 21, 391-393

H eupel, R.C., P h inney, B.O., Spray, C., G ask in , P., M a c M illa n , J., 
Hedden, P., Graebe, J.E. (1985) N a tive  GAs and  the m e ta b o lism  o f 
[ 14C ]G A53 and o f [1 7 -13C, 17-3 H 2]G A 20 in  tasse ls  o f  Zea m ays. 
P h y to ch e m is try , 24, 4753

Ho, T.D., N o lan , R.C., Shute, D.E. (1981 ) C h a ra c te r is a t io n  o f  a 
g ib b e re llin - in s e n s it iv e  d w a rf o f wheat, DD6899. P lan t Physio logy, 
67 , 1026-1031

Ing ram , T.J., Reid, J.B. (1987) In te rn o d e  le n g th  in  P is u m : gene na  
m ay b lo c k  GA syn th es is  between e n f-7 a -h yd ro xyka u re n o ic  a c id  
and  G A 12-aldehyde. P lant Physio logy, 83, 1048-1053

Ing ram , T.J., Reid, J.B., M a cM illa n , J. (1985) In te rn o d e  le n g th  in  
P is u m  s a t iv u m  L. The k in e t ic s  o f g ro w th  an d  [3 H ]G A 20 
m e ta b o lism  in  genotype naLe. P lanta, 164, 429-438

In g ra m , T.J., R eid , J.B., M a c M illa n , J. (1986 ) The q u a n t ita t iv e  
re la t io n s h ip  be tw een  G A X and  in te rn o d e  g ro w th  in  P is u m  
s a tiv u m  L. Planta, 168, 414-420

In g ra m , T.J., R e id , J.B., M u rfe t, I.C., G a s k in , P., W ill is ,  C.L., 
M a c M illa n , J. (1984) In te rn o d e  le n g th  in  P isum . The Le gene 
con tro ls  the 3P -h yd ro xy la tion  o f GA20 to G A j. P lanta, 1 6 0 , 45 5 - 
463



6 4

Ing ram , T.J., Reid, J.B., Potts, W.C., M u rfe t, I.C. (1983) In te rn o d e  
le n g th  in  P is u m  IV. The e ffec t o f the  Le gene on g ib b e re llin  
m e ta bo lism . P hys io l. Plant., 59, 6 0 7 -6 1 6

Jo lly , C.J., Reid, J.B., Ross, J.J. (1987) In te rn o de  le n g th  in  P isu m . 
A c t io n  o f gene lw . Physio l. Plant., 69, 489-498

K am iya , Y., Graebe, J.E. (1983) The b io s y n th e s is  o f a ll m a jo r  pea 
g ib b e re l l in s  in  a c e ll- fre e  sys te m  fro m  P is u m  s a t iv u m .  
P h y to ch e m is try , 22, 68 1 -6 89

K am iya , Y., T a k a h a s h i, M., T a k a h a s h i, N., Graebe, J.E. (1984) 
C on ve rs ion  o f g ib b e re llin  A 20 to  g ib b e re llin s  A 2 and  A 5 in  a ce ll- 
free system  fro m  P haseolus vu lgaris . Planta, 162, 154-158

K am iya , Y., T a kaha sh i, N., Graebe, J.E. (1986) Loss o f ca rb o n -20 in  
C 19-GA b io s y n th e s is  in  a ce ll-free  system  fro m  P isum  sa tivu m . 
P la n ta ,169, 52 4 -528

K a ts u m i, M., P h inn ey , B.O., J e ffe r ie s , P.R., H e n ric k , C A . (1964) 
G ro w th  response o f the  d-5 and  a n -1 m u ta n ts  o f m a ize  to  some 
kau re n e  de riva tives . Science, 144, 849-850

K nox, J.H . (1977 ) H ig h  p e rfo rm a n c e  l iq u id  c h ro m a to g ra p h y . 
E d in b u rg h  U n iv e rs ity  Press, E d in b u rg h

K u ro g o c h i, S., M u ro fu s h i,  N., O ta, Y., T a k a h a s h i, N. (1 9 7 8 ) 
G ib b e re llin s  and  in h ib ito rs  in  the  r ic e  p la n t. A g r ic u ltu ra l and  
B io lo g ic a l C hem is try , 42, 207-208

K u ro g o c h i, S., M u ro fu s h i,  N., Ota, Y., T a k a h a s h i, N. (1 9 7 9 ) 
Id e n t if ic a t io n  o f g ib b e re llin s  in  the r ic e  p la n t and q u a n tita tiv e  
changes o f G A ig th ro u g h o u t its  l ife  cycle. Planta, 146, 185-191

M a c M illa n , J., P ryce, R .J. (1 9 7 3 ) T h e  g ib b e re l l in s .  In : 
P h y to c h e m is try , pp. 283 -286 , M ille r ,  L.P. ed. V a n  N o s tra n d - 
R e inho ld , New Y o rk

M a rtin , C.H. (1985) D w a rfism  and the co n tro l o f shoot e lo nga tion  in  
Oryza sativa. H onours pro ject, U n iv e rs ity  o f G lasgow



65

M u ra k a m i, Y. (1972) D w a rfin g  genes in  r ic e  and  th e ir  re la t io n  to 
g ib b e re llin  b iosyn thes is . In: P roceedings o f the  7 th  in te rn a tio n a l 
con fe rence  on p la n t g ro w th  substances, pp 166-174, C arr, D.J., 
ed. S p ringe r-V erlag , B e r lin

M u ro fu s h i, N. (1983) L ife  cycle re g u la tio n  in  r ic e  b y  endogenous 
p la n t ho rm ones. In : P es tic id e  c h e m is try , h u m a n  w e lfa re  an d  
e n v iro n m e n t, 2, 21-28

M u rp h y , G.J.P., B riggs , D.E. (1975) M e ta b o lis m  o f e n t-  k a u re n o l-  
[ 17- 14C], e n t-k a u re n a l- [1 7 -14C] and  e n t-k a u re n o ic  a c id - [1 7 -14C] 
b y  g e rm in a tin g  H ordeu m  d is tic h o n  g ra ins . P hy to ch em is try , 14, 
4 2 9 -4 3 3

Nash, L.J. (1976) T ra ns lo ca tio n  and  m e tabo lism  o f GAs in  seed lings 
o f Phaseolus coccineus  L. Ph.D. thesis, U n iv e rs ity  o f G lasgow

Patterson, R.J., Rappaport, L. (1974) C onvers ion  o f G A j to  GA8 b y  a 
ce ll-free  system . P lanta, 119, 183-191

P h inn e y , B.O., Spray, C. (1982) C h e m ica l g e n e tic s  a n d  th e  GA 
p a th w a y  in  Zea m ays  L. In: P lan t g ro w th  substances, pp. 101- 
110, W are ing, P.F., ed. A cadem ic  Press, London

Phinney, B.O., Spray, C. (1985) G ib b e re llin s , g ib b e re llin  m u ta n ts  and 
th e ir  fu tu re  in  m o le cu la r b io logy. In: C u rre n t to p ic s  in  p la n t 
b io c h e m is try  a nd  phys io logy , vol. 4, pp. 67 -74 , R an da ll, D.D., 
Boom is, D.G. and Larson, R.L. eds., U n iv e rs ity  o f M is s o u r i

P otts, W.C., Reid, J.B., M u rfe t, I.C. (1982) In te rn o d e  le n g th  in  
P isu m  I. The effect o f the L e /le  gene d iffe re n ce  on endogenous 
g ib b e re llin - lik e  substances. Physio l. Plant., 55, 323 -328

Potts, W.C., Reid, J.B. (1983) In te rn o d e  le n g th  in  P is u m  III. The 
e ffec t and  in te ra c tio n  o f the n a /n a  and L e /le  gene d iffe re n ce  on 
endogenous g ib b e re llin - lik e  substances. P hysio l. P lant., 57, 448- 
45 4

Potts, W.C., Reid, J.B., M u rfe t, I.C. (1985 ) In te rn o d e  le n g th  in  
P isu m . G ib b e re llin s  and the s len de r  phenotype. P hys io l. Plant., 
63 , 3 5 7 -3 64



66

Q u a tra n o , R.S. (1 9 8 7 ) T h e  ro le  o f  h o rm o n e s  d u r in g  seed 
developm ent. In: P lan t ho rm ones and  th e ir  ro le  in  p la n t g ro w th  
a n d  d e ve lo p m e n t, pp. 4 9 4 -5 1 4 , D av ies , P.J. ed., N i jh o f f ,  
D o rd re c h t

Radley, M. (1970 ) C o m p a ris o n  o f  endogenous g ib b e re ll in s  and  
response  to  a p p lie d  g ib b e re llin  o f som e d w a rf an d  ta ll w h e a t 
cu ltiva rs . P lanta, 92, 292-300

Reeve, D.R., C ro z ie r, A. (1 974 ) A n  a sse ssm e n t o f  g ib b e re ll in  
s tru c tu re -a c t iv ity  re la tio n sh ip s . J. Exp. Bot., 25, 431 -445

Reid, J.B. (1983) Do the  in te rn o d e  le n g th  genes e ffec t g ro w th  in  
d a rk -g ro w n  p la n ts  ? P lan t Physiol., 72, 759-763

Reid, J.B. (1987) The gene tic  co n tro l o f g ro w th  v ia  horm ones. In : 
P lan t ho rm ones and  th e ir  ro le  in  p la n t g ro w th  and  developm ent, 
pp. 318-340, Davies, P.J., ed. N ijh o ff, D o rd re ch t

R opers, H., Graebe, J.E., G a sk in , P., M a c M illa n , J. (1 9 78 ) GA 
b io syn th e s is  in  a ce ll-free system  fro m  im m a tu re  seeds o f P isu m  
sa tivu m . B iochem . B iophys. Res. Com., 80, 690-697

Ross, J.J., R eid, J.B. (1987) In te rn o d e  le n g th  in  P is u m .  A  new  
alle le a t the  le  locus. A n na ls  o f Botany, 59, 107-109

Sandberg, G., C rozier, A., E rns tse n , A. (1987) In d o le -3 -a ce tic  a c id  
an d  re la ted  com pounds. In: P r in c ip le s  a n d  p ra c tic e  o f p la n t 
ho rm o ne  ana lys is , vol. 2, pp. 169-301, R iv ie r, L. and  C roz ie r, A., 
ed. A cadem ic  Press, London

Schlenck, H., G ellerm an, J.L. (1960) E s te r if ic a t io n  o f fa t ty  ac id s  w ith  
d iazom ethane on a sm a ll scale. A na l. Chem., 32, 1433-1440

S chne ider, G. (1983) G ib b e re llin  con juga tes. In: The b io c h e m is try  
and  p h ys io lo g y  o f g ib b e re llin s , vol. 1, pp .389-456, C rozie r, A., ed. 
Praeger, New Y o rk

S m ith , V A ., M a c M illa n , J. (1 9 8 4 ) P u r i f ic a t io n  a n d  p a r t ia l  
ch a ra c te risa tio n  o f a GA 2p-hydroxylase fro m  Phaseolus vu lgaris .
J. P lant. G row th  R egulation, 2, 251-264



67

Sponsel, V.M. (1 983 ) In  v ivo  g ib b e re ll in  m e ta b o lis m  in  h ig h e r  
p lan ts . In: The b io c h e m is try  and ph ys io log y  o f g ib b e re llin s , vol. 1, 
pp. 151-250, C roz ie r, A., ed. Praeger, New Y o rk

Sponsel, V.M. (1983) The lo c a lis a tio n , m e ta b o lism  an d  b io lo g ic a l 
a c t iv ity  o f g ib b e re llin s  in  m a tu r in g  an d  g e rm in a tin g  seeds o f 
P isu m  sa tivum , c u lt iv a r  Progress No. 9. Planta, 159, 454 -468

Sponsel, V.M . (1986) G ib b e re llin s  in  d a rk - a nd  red  lig h t-g ro w n  
sh o o ts  o f  d w a r f an d  ta ll c u lt iv a rs  o f P is u m  s a t iv u m :  The 
q u a n t if ic a t io n , m e ta b o lis m  an d  b io lo g ic a l a c t iv i ty  o f GAs in  
P rogress No. 9 and  A laska. P lanta, 168, 119-129

Sponsel, V.M. (1987) G ib b e re llin  b io s y n th e s is  and  m e tab o lism . In: 
P lan t ho rm ones and  th e ir  ro le  in  p la n t g ro w th  and developm ent, 
pp. 43-75, Davies, P.J., ed. N ijh o ff, D o rd re ch t

S pray, C., P h in n e y , B.O., G ilm o u r, S.J., M a c M illa n , J. (1 9 8 4 ) 
In te rn o d e  le n g th  in  Zea m ays. The d w a r f-1 m u ta tio n  co n tro ls  
the 3P -hydroxy la tion  o f GA20 to G Ar  Planta, 160, 46 4 -4 68

Stoddart, J.L. (1984) G row th  and G A l  m e tabo lism  in  n o rm a l and  GA- 
in s e n s it iv e  (R h t 3) w hea t (T r it ic u m  aes tivum ) seedlings. P lanta, 
161 , 43 2 -4 38

S uzuki, Y., Ota, Y., K u rogoch i, S., T akahash i, N., M u ro fu s h i, N. (1981) 
Seasonal changes o f G A lf G A ig and A B A  in  3 r ice  cu ltiva rs . P lan t 
and  Cell Physiol., 22, 1085-1093

T a k a h a s h i, M., K am iya , Y., T a k a h a s h i, N., Graebe, J.E . (1986 ) 
M e ta b o lism  o f g ib b e re llin s  in  a ce ll-free system  fro m  im m a tu re  
seeds o f Phaseolus vu lg a ris  L. Planta, 168, 190-199

T u rn b u ll,  C.G.N., C roz ie r, A., Graebe, J.E., Schw enen, L. (1 9 85 ) 
C o n ve rs io n  o f [ 14C ]G A 12-a ldehyde  in  a ce ll-free  sys tem  fro m  
im m a tu re  seeds o f Phaseolus coccienus. P lanta, 165, 108-113

T u rn b u ll,  C.G.N., C roz ie r, A., Schwenen, L., Graebe, J.E. (1986 a) 
B io s y n th e s is  o f G A 12-a ld e h yde , G A 12 an d  th e ir  k a u re n o id  
p re cu rso rs  fro m  [ 14C ]m eva lon ic  a c id  in  a ce ll-free  system  fro m  
im m a tu re  seeds fro m  Phaseolus coccineus. P h y to c h e m is try , 25, 
9 7 -1 0



68

T u rn b u ll,  C.G.N., C roz ie r, A., S chne ider, G. (1986b) H P LC -based 
m e thod s  fo r  the  id e n t if ic a t io n  o f GA con jugates: M e ta b o lis m  o f 
[3H]GA4 in  seed lings o f P haseo lus  cocc ineus. P h y to ch e m is try , 
25 , 1823-1828

T u rn b u ll,  C.G.N., C roz ie r, A. (1988) S ites  o f GA m e ta b o lis m  in  
seed lings o f Phaseolus cocc ineus  L., in  p re pa ra tio n

Yam ane, H., M u ro fu s h i, N., T a ka h a sh i, N. (1975) M e ta b o lis m  o f 
g ib b e re l l in s  in  m a tu r in g  a n d  g e rm in a t in g  b e a n  seeds. 
P h y to ch e m is try , 14, 1195-1200

Zeevaart, JA .D . (1966) R e d u c tio n  o f the  g ib b e re ll in  c o n te n t o f 
P h a rh it is  seeds b y  CCC and  a fte r-e ffe c ts  in  the  progeny. P lan t 
P hysio l., 41 , 85 6 -8 62

[GLASGOW 
1 UNIVERSITY

j.; p  p y


