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ABSTRACT i

Described is an investigation into the role of polyamines in plant 

cells. The study was performed throughout with the use of a 

liquid suspension culture of carrot (Daucus carota cv Chantenay) 

cells as the model system.

Polyamine synthesis and accumulation were studied during the 

culture growth period, with biosynthetic and catabolic enzyme 

assays performed to determine rates of polyamine synthesis and 

free-polyamine analysis to determine cellular polyamine levels.

Methods of manipulating polyamine levels within the cell were 

studied. These included varying the constituents of the growth 

medium of the suspension culture, such as the plant hormone levels 

and the balance and level of the available nitrogen sources.

The possibility that polyamine supplements might replace plant 

hormones in the growth medium was investigated and polyamine 

precursors were added to the medium in an attempt to boost 

cellular polyamine levels.

A substantial comparative study was also made into the effects 

of inhibitors of polyamine biosynthesis on polyamine biosynthesis 

and accumulation. Included were determinations of the effects 

of a range of inhibitors on polyamine biosynthetic and catabolic 

enzyme activities, on the accumulation of polyamines within the 

cell and on growth over the culture period.



ii

Finally, the relationship between polyamines and other solutes, 

and cellular responses to short and long-term stress conditions 

was studied - both in cells previously adapted to stress 

conditions, and unadapted cell lines.

Principal findings were:

a) Difluoromethylarginine strongly inhibits arginine decarboxylase 

and radically reduces putrescine and total amine content, while 

having no effect on cell number and stimulating fresh weight 

through increased cell expansion.

b) Difluoromethylornithine strongly inhibits ornithine 

decarboxylase activity but has little effect on either polyamine 

levels or culture growth.

c) Ethylmethylglyoxalbisguanylhydrazone strongly inhibits S- 

adenosylmethionine decarboxylase activity with little effect on 

fresh weight.

d) Proline and other organic solutes increase in concentration 

in response to polyethylene glycol induced water stress in adapted 

and unadapted cell lines while polyamines and glycinebetaine do 

not increase significantly.
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INTRODUCTION

This th e s is  re p o rts  an in v e s tig a tio n  in to  a c la s s  of amino acid  

d e r iv a t iv e s  known as th e  d i -  and polyam ines. These a re  long-chain  

a l ip h a t ic  p o ly ca tio n ic  compounds formed by th e  removal o f a carboxyl group 

from an amino ac id  and th e  subsequent ad d itio n  o f aminopropyl groups (see 

Fig. i ) .  The r e la t iv e  lack  o f in form ation  regard ing  the fu n c tio n  o f these 

compounds compared to  o th e r amino ac id  m e tab o lites  has led  to  th e i r  being 

la b e l le d  the  'c in d e re l la s  o f c e l l  b io lo g y ' by one au thor (W alters, 1987). 

The h i s to r y  o f th e i r  study  provides some in s ig h t in to  why they should 

presently have earned such a t i t l e .  They were f i r s t  described  as c ry s ta ls  

in  sem inal f lu id  by the m icro sco p ist Leouwenhoek in  1678 - but the 

d iscovery  was not pursued to  id e n t i fy  th e se  c ry s ta ls  u n t i l  com paratively 

modern tim es. C e ll b io lo g ic a l research  was i n i t i a t e d  in  work involv ing  

m icroorganism s, w ith  p u tre sc in e  f i r s t  described  as a growth fa c to r  of 

Haemophilus p ara in fluenzae  (H erbst and S n e ll ,  1948). This d iscovery  was 

the f i r s t  o f many which in d ic a te d  th a t  amines were e s s e n t ia l  in  the  growth 

o f  some microorganisms and mammalian c e l l s  (Cohen, 1971; Bachrach, 1973; 

Tabor and Tabor, 1976). Though s u b s ta n t ia l  work invo lv ing  prokaryo tes and 

a n im a l c e l l s  has now taken p lace , i t  has taken longer fo r b o ta n is ts  to  

reco g n ise  the im portant ro le  which th ese  amines may p lay  in  p lan t growth 

and development, and which i s  in d ic a te d  by th e i r  u b iq u ity  throughout the 

p la n t  and animal kingdoms. R ecently however, th i s  s i tu a t io n  has been 

rem edied to  some ex ten t by a s e r ie s  of s tu d ie s  which have sought to  

d em o n stra te  an im portant ro le  fo r amines as p la n t growth re g u la tin g  

substances (Bagni, 1966; 1970; B e rto ss i e t  a l , 1965; Bagni and F ra c a ss in i,

1 9 7 3 ). These s tu d ie s  however, depend to  a la rg e  e x ten t on knowledge of



Figure i Di- and polyamines
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amine metabolism gained from anim al s tu d ie s . In p a r t ic u la r  the use o f 

s p e c ia l ly  developed amine b io sy n th e tic  in h ib i to r s  has proved in v a lu ab le . 

These serve to  b lock  in d iv id u a l stages in  the  b io sy n th e tic  pathway and 

to g e th e r  w ith  the  a p p lic a t io n  o f  s y n th e t ic a l ly  produced amines may be used 

to  a l t e r  c e l lu la r  le v e ls  o f s p e c if ic  am ines. To f u l ly  a p p re c ia te  the use 

o f  such  techniques i t  may be h e lp fu l to  b r ie f ly  consider the p resen t 

knowledge o f  amine m etabolism .

The m etabolic ro u te s  to  amine sy n th e s is  in  p la n ts  have not received  

th e  le v e l  of a t te n t io n  which amine b io sy n th e s is  in  non-p lan t systems has 

e n jo y e d , though some o f  the d iffe re n c e s  and s im i la r i t ie s  between the  

pathways in  p la n ts  and in  o th e r  organism s have been e s ta b lis h e d .

In  mammalian c e l l s  amine b io sy n th e s is  commences w ith the  o rn ith in e  

d e c a rb o x y la se  (O D C)-m ediated d e c a rb o x y la tio n  o f o rn ith in e  to  form 

p u t r e s c in e  (Pegg and McCann, 1982) and t h i s  i s  a lso  tru e  o f amine 

biosynthesis in  fung i (Tabor e t  a l , 1983). In p la n t c e l l s ,  p u tre sc in e  may 

be s y n th e s iz e d  from o rn ith in e  d i r e c t ly  o r  in  a le s s  d i r e c t  manner from 

a r g in in e  a f t e r  decarb o x y la tio n  v ia  a rg in in e  decarboxylase (ADC) and 

fo llo w in g  a number o f o th e r s te p s  (see F ig . i i ) .  Though th e re  has been 

shown to  be a degree o f  v a r ia t io n  in  th e  p roduction  o f p u tre sc in e  in  t h i s  

way between d i f f e r e n t  p la n t  sp e c ie s , in  a l l  p la n ts  the g en era l s i tu a t io n  

in v o lv es  the  conversion  o f  a rg in in e  to  agmatine through an ADC-mediated 

d e c a rb o x y la t io n  s te p  (S m ith , 1 9 7 9 ). This i s  then followed by i t s  

h y d ro ly s is  v ia  agm atine im inohydrolase to  y ie ld  N -carbam oylputrescine 

(NCP) (Sindhu and D esai, 1979) and th i s  in te rm ed ia te  compound i s  then 

converted  to  p u tre sc in e  by the enzyme NCP-amidohydrolase (Yanagisawa and 

Suzuki, 1982). I t  i s  from the diamine p u tre sc in e  th a t  the polyamines
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sperm idine and spermine a re  formed. This sy n th e s is  o f polyamines i s  now 

known to  be accomplished by th e  sperm idine and spermine synthase ca ta ly zed  

a d d itio n  o f aminopropyl groups to  th e  p u tre sc in e  m olecule (see F ig . i i i ) .  

These groups a re  donated by S-adenosylm ethionine (Baxter and C oscia, 

1973; Hirasawa and Suzuki, 1983; Sindhu and Cohen, 1984) through S- 

adenosylm ethionine decarboxylase (SAMDC) (Suresh and Adiga, 1977; Suzuki 

and Hirasawa, 1980). The catabo lism  o f th ese  amines may now be considered 

as an in tro d u c tio n  to  the  c a ta b o lic  in v e s tig a tio n s  c a r r ie d  ou t in  th i s  

s tudy .

The breakdown o f th ese  amines i s  achieved through o x id a tio n  v ia  

diam ine and polyamine ox idases (DAO, PAO). The p re sen t in v e s tig a tio n  has 

co ncen tra ted  on th e  enzyme DAO which c a ta ly z e s  the  o x id a tio n  o f  p u tre sc in e  

t o  p y r r o l in e  (Yanagisawa e t  a l , 1981; F lo r is  e t  a l , 1983; Chaudhuri and 

Ghosh, 1984) in  those  p la n t sp ec ies  which have so f a r  been examined.

With the o u tl in e  o f amine metabolism and catabo lism  which th i s  summary has 

p ro v id e d , a number o f those  re p o rts  whose r e s u l t s  served to  t r ig g e r  the  

i n i t i a t i o n  o f the p re se n t study may now be b r ie f ly  considered :

C onsiderable in t e r e s t  accompanied th e  p u b lic a tio n  o f the  r e s u l t s  o f 

s tu d ie s  which su g g e s te d  t h a t  amines might have s ig n if ic a n t  growth 

s tim u la tin g  and re g u la tin g  p ro p e r t ie s .  Such s tim u la tio n  has been rep o rted  

in  H elian thus tuberosus ex p lan ts  where exogenous amines were rep o rted  to  

cause marked growth increm ents (Bagni e t  a l , 1982) and in  Alnus g lu tin o sa  

and Alnus incana mesophyll p ro to p la s ts  (Huhtinen e t  a l , 1982) where 

s tim u la t io n  o f c e l l  d iv is io n  was repo rted  w ith p u tre sc in e  a p p lic a tio n . 

S im ila rly , in  N ico tiana  s y lv e s t r i s  growth was in creased  w ith a p p lic a tio n  

of p u tre sc in e  (Oshmarina e t  a l , 1982).



Figure iii Synthesis of Spermidine and Spermine
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C ell d iv is io n  was promoted when f r u i t  t re e s  were tre a te d  w ith amines 

(Costa and Bagni, 1983; Costa e t  a l , 1984). Germination o f mung bean seeds 

was in creased  on trea tm en t w ith  spermine (Altman e t  a l , 1982) and growth 

in h ib i t io n  in  le t tu c e  was re lie v e d  by a p p lic a tio n  o f  amines (Cho, 1983). 

C o rre la tio n s  have a ls o  been found between le v e ls  o f amines and growth 

a c t i v i t y :  Growth o f  Scorzonera h isp a n ic a , Sesamum and N ico tiana glauca 

h a b itu a te d  t is s u e  was accompanied by e lev a ted  p u tre sc in e  and sperm idine 

co n ten t (Audisio e t  a l , 1976; Bagni and S e ra f in i-F ra c a s s in i ,  1974; Kung e t  

a l , 1973; Speranza and. Bagni, 1977). In c a r ro t  suspension c u ltu re s  ODC 

a c t i v i t y  was found to  in c rease  w ith  rap id  c e l l  d iv is io n  a c t iv i ty  (Heimer 

e t  a l , 1979) and in creased  amine b io sy n th e s is  and accum ulation in  c a r ro t  

h as  a ls o  been c o r re la te d  w ith  d if f e r e n ta t io n  a c t iv i ty  (Montague e t  a l , 

1978; 1979). Seed germ ination has been c o rre la te d  w ith  f lu c tu a tio n s  in  

am ine con ten t and b io sy n th e s is  (A n g u ille s i e t  a l , 1978; Bagni, 1970; 

Ramakrishna and Adiga, 1975; Smith and W iltsh ire , 1975; V illanueva e t  a l , 

1978).

In a d d itio n  to  such s tu d ie s  which suggest the  fundam ental importance 

o f  amines in  c e l lu la r  fu n c tio n s , a fu r th e r  body o f evidence in d ic a tin g  

th e i r  s ig n if ic a n c e  has been gathered  through the  use o f amine b io sy n th e tic  

in h ib i to r s  such as a lp h a-d iflu o ro m eth y la rg in in e  (DFMA) in h ib i t in g  ADC, 

a l p h a - d i f l u o r o m e t h y l o r n i t h i n e  (DFMO) i n h i b i t i n g  ODC and 

m ethylglyoxybisguanylhydrazone (MGBG) which in h ib i ts  SAMDC.

Sperm idine co n cen tra tio n  was rep o rted  to  in c rease  during  development of 

crown g a l l  tumours and exogenously ap p lied  sperm idine enhanced tumour 

growth. The growth was in h ib ite d  by exposure to  MGBG and th i s  in h ib i t io n  

was co u n te rac ted  through a p p lic a tio n  o f sperm idine (Gaisky and Kulpa, 

1 9 8 3 ). In a s im ila r  way the  growth o f N ico tian a , Vigna and Petunia
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c u l tu r e s  was in h ib ite d  by amine b io sy n th e tic  in h ib i to r s  and in  some 

examples th is  in h ib i t io n  was re lie v e d  on a p p lic a tio n  o f exogenous amines 

(Kaur-Sawhney e t  a l , 1984). A pplication  o f DFMO h a lte d  tomato f r u i t  

development and the  a p p lic a tio n  o f  p u tre sc in e  reversed  t h i s  in h ib i t io n .  

In  a d d itio n , when tomato f r u i t s  were exposed to  p u tre sc in e  w ithout the 

i n h i b i t o r  th en  ODC a c t i v i t y  d e c re a se d  in d i c a t in g  th a t  le v e ls  of 

p u tre sc in e  a re  reg u la ted  through feedback c o n tro l o f p u tre sc in e  sy n th e s is  

(Cohen e t  a l , 1982).

C arro t c u ltu re  embryogenesis was reduced by more than 50% w ith  DFMA 

a p p lic a tio n  and th i s  e f f e c t  coun teracted  on a p p lic a tio n  o f exogenous 

p u t r e s c in e ,  sp e rm id in e  o r  sp e rm in e . A lso when tobacco c e l l  l in e s  

r e s i s ta n t  to  MGBG were is o la te d  and regenera ted  in to  whole p la n ts  these  

were green but i n f e r t i l e  w ith  a b e rra n t rep roductive  s tru c tu re s  (Malmberg 

and M clndoo, 1983). In  mung beans MGBG prevented ro o t form ation and the 

am ine in c r e a s e  which accom panies ro o t i n i t i a t i o n .  In tobacco c e l l  

c u ltu re s  DFMO treatm ent p reven ts c e l l  d iv is io n  a c t iv i ty  and leads to  c e l l  

e n la rg e m e n t (B erlin  and Forche, 1981). However, though e x c e lle n t as 

in v e s t ig a t iv e  to o ls ,  d a ta  generated  through the  use o f such in h ib i to rs  

does r e q u ir e  c a re fu l in te rp r e ta t io n  as i t  i s  im portant to  show th a t  any 

e f f e c t s  a t t r ib u te d  to  a d e c lin e  in  polyamine le v e ls  may be coun teracted  

by an a p p l i c a t io n  o f  p o ly am in es . W ithout such c o n tro ls  a cau sa l 

r e la t io n s h ip  i s  d i f f i c u l t  to  j u s t i f y .  In a d d itio n  th ese  in h ib i to r s  may be 

a lte red  o r m etabolized re g a rd le s s  o f t h e i r  s p e c i f ic i ty  in  in  v i t r o  enzyme 

k in e t ic  s tu d ie s  (Evans and Malmberg, 1989).

There i s  some evidence th a t  amines a re  involved in  the  re g u la tio n  o f 

n u c le ic  s tru c tu re  and fu n c tio n : In  m utants o f E. c o l i  a red u c tio n  in  the  

le v e ls  o f a v a ila b le  p u tre sc in e  was found to  reduce the  r a te  o f  sy n th e s is
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o f  RNA, DNA and p ro te in  through a red u c tio n  in  the speed a t  which 

components were added to  the moecule$(Morris and Hansen, 1973; Geiger and 

M orris, 1978). The e f fe c ts  o f p u tre sc in e  s ta rv a t io n  on sy n th es is  o f th ese  

m olecules has been p o s tu la ted  to  be a r e s u l t  o f e f f e c ts  of amines on DNA 

gyrase (Geiger and M orris, 1978). These s tu d ie s  have a lso  in d ica ted  th a t  

DNA polymerase too  may be a f fe c te d  by red u c tio n s  in  amine co n te n ts . 

S tud ies w ith lymphocytes have a lso  shown reduced DNA sy n th es is  ra te s  w ith 

in h ib i t io n  o f amine accum ulation (O tani e t  a l , 1974; F illingam e e t  a l , 

1975; M orris e t  a l , 1977). In th ese  systems a minimum c e l lu la r  le v e l  o f 

amines i s  necessary  fo r optim al growth and DNA re p l ic a t io n .  Why th i s  

sh o u ld  be so i s  s t i l l  not f u l ly  understood though some re p o rts  have 

su ggested  th a t  amines may s tim u la te  DNA polymerase a c t iv i ty  (Chiu and 

SUng, 1970; S ta lk e r  e t  a l , 1976). Spermine can bind to  DNA and p ro te c t i t  

from d e n a tu ra tio n  a t  h igh tem perature in  v i t r o  (L iquori e t  a l , 1967) and 

lowered c e l lu la r  amine le v e ls  r e s u l t  in  in c reas in g  s u s c e p t ib i l i ty  to  DNA 

a lk y la tio n  (Hung e t  a l , 1983). In ad d itio n  sperm idine and spermine can 

prom ote changes in  po lynucleo tide  conform ation (Behe and F e lse n fe ld ,

1981) and take p a r t  in  th e  re g u la tio n  o f  DNA conform ation (R ussell e t  a l , 

1983). Spermidine has been id e n t i f ie d  as  an im portant p a r t  o f the RNA in  

th e  c o re  o f one p la n t v iru s  (Cohen and Greenberg, 1981) and o th e r d a ta  

su g g e s ts  th a t  amines may re g u la te  tRNA conform ation (Sakai and Cohen, 

1976) w hile am inoacylation r a te s  a re  in creased  when tRNAs a re  t re a te d  w ith  

sperm ine (L o f tf ie ld  e t  a l , 1981).

In  a number o f s tu d ie s  in  h igher p la n ts  amines have been shown to  

in te r a c t  w ith n u c le ic  a c id s . They have been shown to  in fluence  p ro te in  

synthesis a c t iv a t io n  in  iso la te d  ribosomes and to  bind to  RNA in  Jerusalem  

a r t ic h o k e , spinach and pea (Bagni^ 1973; Bagni and S e ra f in i-F ra c a s s in i ,
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1974). In  soybean in te ra c t io n  between sperm idine and th e  RNA polymerase of 

h y p o c o ty ls  has been dem onstrated (Nakamura e t  a l , 1972) as has the 

replacem ent o f magnesium ions by amines during  ribosome in co rp o ra tio n  in  

polyphenylaldnine sy n th es is  (Cohen and Z a lik , 1978). Also amines may 

i n h i b i t  in c rea s in g  rib o n u c lease  a c t iv i ty  w hile b locking senescence in  

p ro to p la s ts  o f oa t (G alston e t  a l , 1978). Such enzyme a c t iv i ty  re g u la tio n  

has been noted in  a number o f s tu d ie s  and may be an in d ir e c t  r e s u l t  of the 

m ediation  o f  p ro te in  phosphory lation  by amines (Slocum e t  a l , 1984). One 

o f  th e  f i r s t  s tu d ie s  im p lica tin g  amines in  such phosphorylation  was th a t  

o f  Kuehn e t  a l  (1 9 7 9 ) w h ich  d em o n s tra te d  an am ine m odulated  

phosphory la tion  o f  a n u c leo la r  p ro te in  governing th e  r a te  o f  Physarum rRNA 

sy n th e s is , and l a t e r  found th a t  th e  n u c le o la r  p ro te in  was ODC (Kuehn and 

Atmar, 1982). Amines may a lso  in flu en ce  enzyme a c t i v i t i e s  through io n ic  

in te ra c tio n s . This appears to  be th e  case in  spinach where amines in c rease  

NADPH o x id a tio n  r a te s  mediated by a f la v o p ro te in  iro n -su lp h u r p ro te in  

complex (Nbkamura e t  a l , 1972). Amines a re  a lso  thought to  be involved in  

p h o to sy n th e tic  re g u la tio n  w ith  re p o rts  th a t  sperm idine and spermine can 

suppress the  a c t iv a t io n  o f f ru c to se  1 ,6  b isphosphate -  a key carbon 

f ix a t io n  enzyme (Cohen e t  a l , 1981). Amines may a ls o  accom plish p ro te in  

r e g u la t io n  through covalen t b inding  (Folk, 1980). Some re p o rts  suggest 

t h a t  th e  a c t iv i ty  o f  ODC may be modulated through the  binding o f the 

enzyme p ro te in  w ith  p u tre sc in e  (R u sse ll, 1981).

In  a d d i t io n  to  r e p o r t s  t h a t  amines may be im plicated  in  the 

d e te rm in a tio n  o f growth a c t iv i t y ,  o th e r  recen t re p o rts  have in d ica ted  

th a t amines may be o f  some im portance in  p la n t metabolism during  exposure 

to  s t r e s s  co n d itio n s . In response to  such co n d itio n s  p u tre sc in e  le v e ls  

w ith in  th e  p la n t o f te n  r i s e  w ith  o th e r  amines showing l i t t l e  change in
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c o n c e n tra tio n . Some au thors have suggested th a t  such responses may be 

fundamental to  p la n t su rv iv a l (Slocum e t  a l , 1984) and i t  i s  ev iden t th a t  

any mechanism involved in  p la n t s t r e s s  responses i s  worthy o f some 

a tten tio n  in  view o f the f a c t  th a t  the  m a jo rity  o f the w o rld 's  p la n t l i f e  

com pletes the l i f e  cyc le  under f a r  from id e a l  co n d itio n s , where a number 

of d iffe re n t forms o f s t r e s s  may be p re se n t. S tre s s  co n d itio n s  under which 

amines have been shown to  accum ulate include osm otic s t r e s s ,  ac id  s t r e s s  

and potassium  d e fic ie n c y . The accum ulation o f p u tre sc in e  in  response to  

potassium  d efic ien cy  was f i r s t  rep o rted  by Richards and Coleman (1952). 

T h is  i n i t i a l  work was supplemented by Murty e t  a l  (1971) who found very 

, la rg e  in c reases  in  p u tre sc in e  accompanying potassium  d e f ic ie n c y . In f a c t  

the extent of the accum ulation led  the  au thors to  suggest th a t  p u tre sc in e  

may serve  to  rep lace  potassium  under such c ircum stances.

Acid s tr e s s  may occur under a v a r ie ty  o f co n d itio n s  where excess 

p ro tons a re  generated such as when th e re  i s  an excess o f ac id  in  the  

environm ent, when the  n itro g en  source c o n s is ts  predom inantly o f ammonium 

o r  th e re  i s  p o llu tio n  by su lphur d io x id e . This lias been shown to  be 

accompanied by an accum ulation o f  p u tre sc in e  in  se v e ra l s tu d ie s  (P riebe e t  

a l , 1978; Smith and S in c la i r ,  1967; Young and G alston , 1983). I t  i s  not 

c le a r  ex a c tly  what, i f  any, im portance t h i s  p u tre sc in e  accum ulation may 

have. I t  may be m erely a p e r tu rb a tio n  o f  amine metabolism which i s  of no 

g en e ra l importance but i f  the phenomenon i s  o f value then  i t  i s  p o ssib ly  

due to  a b u ffe rin g  e f f e c t  which in creased  accum ulation o f amines may 

a c h ie v e .  Due to  t h e i r  p o ly c a tio n ic  n a tu re , amines bind to  an ion ic  

compounds and s tru c tu re s  w ith in  the  c e l l  such as n u c le ic  ac id s and 

membranes, thereby c o n fe rr in g  increased  s t a b i l i t y  (S riv astav a  and Smith,

1982). Such p ro p e rtie s  have a lso  been im plicated  in  the increased  amine
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l e v e ls  rep o rted  in  p la n ts  subjected to  osmotic s t r e s s .  Again p u tre sc in e  

le v e ls  a re  d ram a tic a lly  in creased  on exposure to  s t r e s s  v ia  immersion o f 

roots of whole p la n ts  in  osm otica o r  f lo a tin g  detached leaves on so lu tio n s  

o f  low w ater p o te n tia l  (F lo res  and G alston , 1982b). This may a ls o  be due 

to  amines c o n tr ib u tin g  to  c e l lu la r  m o la rity . In the  study above ADC 

a c t iv i t y  ro se  in  response to  th e  s t r e s s  cond itions although ODC a c t iv i ty  

remained unchanged. DFMA trea tm en t prevented ADC a c t iv i ty  from in c re a s in g  

and a lso  prevented p u tre sc in e  from accum ulating w hile ODC was u n affec ted  

by DFMO in  vivo or in  v i t r o » DFMO treatm ent did , however in c rea se  the 

s e n s i t i v i t y  o f  th e  p u t r e s c in e  o sm o tic  re s p o n s e . T rea tm en t w ith  

cyclohexim ide p r io r  to  in cu b atio n  in  s o rb i to l  prevented any r i s e  in  

p u tre s c in e  le v e ls  from occuring which suggests th a t  de novo p ro te in  

sy n th e s is  i s  req u ired  to  produce ADC fo r  th i s  response. Though p u tre sc in e  

accum ulates in  response to  osm otic s t r e s s  in  the  p ro to p la s ts  of non- 

reg en e ra ta b le  c e re a l le av e s , in  o th e r  reg en e ra tab le  p ro to p la s ts  th e re  i s  

no m easurable accum ulation o f p u tre sc in e  under such co n d itio n s  (Dumortier 

and G a ls to n , 1984). I t  has fu r th e r  been suggested th a t  p u tre sc in e  

in c re a s e s  under s t r e s s  co n d itio n s  may be due to  i t s  use as a s to rage  

p ro d u c t under adverse environments o r as a p re se rv a tiv e  fo r  s e n s it iv e  

p ro te in s  (Smith, 1984).

Anines may a lso  p lay  a ro le  in  th e  response o f  the p lan t to  wounding 

o r  senescence . Exogenously ap p lied  sperm ine, sperm idine and cadaverine 

h a lte d  senescence in  o a t le a f  p ro to p la s ts  and in creased  osm otic a c t iv i ty  

(Altman e t  a l , 1977; G alston e t  a l , 1978; G alston e t  a l , 1979; Kaur- 

Sawhney e t  a l , 1979; Kaur-Sawhney e t  a l , 1980). Amines can a lso  re ta rd  

ch lo ro p h y ll breakdown in  detached leaves and prevent an in c rease  in  RNAase 

and p ro teases  (Cohen e t  a l , 1979; Kaur-Sawhney and G alston, 1979; Altman,
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1980). The b io sy n th es is  o f senescence-prom oting e thy lene  was in h ib ite d  in  

a p p le  f r u i t  by sperm idine and spermine (Apelbaum e t  a l , 1981) and some 

s tu d ie s  have suggested th a t  amines may f a c i l i t a t e  seed germ ination a t  

e lev a ted  tem peratures (Ashour and Thalouth, 1971).

From the s tu d ie s  d iscussed  above, i t  i s  c le a r  th a t  a ro le  fo r  amines 

has been im plicated  in  many a reas  o f p la n t growth and development. Such 

investigations have employed a wide range o f  whole p la n t spec ies  and p la n t 

c e l l  and t is s u e  c u ltu re s ,  but i t  i s  apparent th a t  as yet a un ify ing  

trea tm en t has not been attem pted w ith  a number o f th ese  in v e s tig a tiv e  

methods app lied  to  a s in g le  e a s i ly  m anipulated system. Perhaps th is  

explains why the au thors of a re c en t review s ta te d  th a t  i t  was im possible 

to  say e x a c tly  how polyamines fu n c tio n  in  h igher p la n t physiology (Evans 

and Malmberg, 1989). A number of workers such as Montague, Bagni and 

F e ire r  have id e n t i f ie d  such a system in  the  c a r ro t  suspension c u ltu re .

U n fo rtu n a te ly  however, i t  i s  not always p o ss ib le  to  combine the 

r e s u l t s  from these in v e s tig a tio n s  in  o rd er to  provide a more complete 

p ic tu re  o f the ro le  o f  amine metabolism in  g en era l c e l l  function  -  as can 

be seen  when two s im ila r  s tu d ie s  such as those o f Montague e t  a l  (1979) 

and Fienberg e t  a l  (1984) a re  compared. While the  c o n f l ic t in g  r e s u l ts  of 

th e s e  in v e s t ig a t io n s  may be r a t io n a lis e d  as the r e s u l t  of a s l ig h t  

d if fe re n c e  in  methodology, i t  does in d ic a te  th a t  a coherent p a tte rn  o f 

in v e s t ig a t io n  in co rp o ra tin g  a s in g le  experim ental system would be o f 

g r e a t  value -  thus prov id ing  com parative d a ta  fo r  fu r th e r  m etabolic 

a n a ly s is .  Indeed, th e  confusion concerning the ro le  o f polyamines in  

p l a n t s  i s  due in  p a r t  to  the p ro fusion  o f experim ental systems and 

experim ental trea tm en ts  employed. Many s tu d ie s  cannot be compared because
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d i f f e r e n t  systems have been used and d i f f e r e n t  param eters have been chosen 

to  study th e  polyamine pathways. The d ec is io n  by se v e ra l au thors to  choose 

th e  c a r ro t  suspension c u ltu re  system however, has allowed th e i r  r e s u l t s  to  

be compared and th e se  s tu d ie s  have been thorough enough to  be convincing 

(Evans and Malmberg, 1989).

The i n i t i a l  a p p lic a tio n  o f  the  c a r ro t  suspension c u ltu re  system to  

th e  sea rch  fo r th e  answer to  the amine q u estion  arose  out o f previous 

s tu d i e s  in v o lv in g  whole p la n ts  which attem pted to  r e p l ic a te  osm otic 

s t r e s s  s tu d ie s  in  which p u tre sc in e  was rep o rted  to  show massive in c reases  

(F lo res and G alston , 1984). Two se p a ra te  in v e s tig a tio n s  f a i le d  to  provide 

s im ila r  dram atic d a ta  and served to  suggest th a t  th ese  in c re a se s  might 

have been phenomena o f  m ethodological o r ig in  r a th e r  than a response to  

s t r e s s  c o n d itio n s .

C le a r ly  a c o n c is e ,  re p e a ta b le  and c o n tro lla b le  methodology was 

req u ired  to  avoid th e  g en era tio n  o f inconclusive  and c o n f l ic t in g  d a ta  and 

in  order to  approach a so lu tio n  to  the  'polyamine q u e s tio n 1 in  p la n ts .  And 

th e re fo re , in  a s in g le ,  c o n tro lla b le  and rep ro d u c ib le  c e l l  c u ltu re  system 

th e  r e la t io n s h ip  between amines and c e l l  growth and s tr e s s  was s tu d ie d , 

w ith  th e  s y s te m 's  f l e x i b i l i t y  a llow ing  each p a r t  of the study to  

in c o rp o ra te  s im ila r  techniques so th a t  each p a r t could be m eaningfully  

compared w ith the o th e r  p a r ts .  Growth in v e s tig a tio n s  would a ttem pt to  

provide a thorough e v a lu a tio n  o f  amine metabolism during  d i f f e r e n t  phases 

o f  growth w hile s t r e s s  s tu d ie s  t r i e d  to  p lace amine changes in  response 

t o  s t r e s s  in  th e  c o n te x t  o f  o th e r  m e ta b o lic  changes o c c u r in g  

s im ultaneously  as a r e s u l t  o f the s t r e s s  s tim u lu s.



CHAPTER TWO
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MATERIALS AND METHODS

2 .1  C arro t c e l l  c u ltu re

A c u l tu r e  o f  Daucus c a r o ta  (cv  Chantenay) c a r ro t  t is s u e  was 

e s ta b lis h e d  and m aintained a f t e r  a s e r ie s  o f t r a n s f e r s  to  f re sh  media 

r e s u l te d  in  vigorous growth. The c u ltu re  was grown on agarized  Murashige 

and Skoog (1962) medium (Flow Labs, I rv in e , Scotland) w ith  th e  ad d itio n  o f 

0 .2  mg/L 2 ,4 -d ich lo rophenoxyacetic  a c id , 0 .1  mg/L K inetin  and 2% sucrose , 

h en cefo rth  re fe r re d  to  as 'MDK'. At each su b cu ltu rin g  o f the t i s s u e ,  the 

t i s s u e  w hich ap p ea red  m ost vigorous and h ea lth y  in  appearance was 

s e le c te d .

In 1985 a suspension c u ltu re  was i n i t i a t e d  by th e  t r a n s f e r  of a sm all
s

q u a n t i ty  o f  t is s u e  to  a 20 mL v ia l  containing^MDK medium w ithout agar 

under s t e r i l e  co n d itio n s . The v ia l  was incubated in  a ro ta ry  shaker a t 

25°C fo r  one week, a t  the  end o f which tim e th e  c u ltu re  was s u f f ic ie n t ly  

th ick  to  be tra n s fe r re d  to  a 250 mL Ehrlenmeymer f la s k  co n ta in in g  

id e n t ic a l  medium, again  under s t e r i l e  co n d itio n s .

Ihe inoculum d e n s ity  was kept high i n i t i a l l y  to  minimise the  degree 

o f  a c c l im a t i s a t i o n  which was req u ired  before  vigorous growth could 

resune. At the  end o f  a 14 d period  th e  c u ltu re  was s u f f ic ie n t ly  th ickened 

t o  a llo w  fo r  i t s  su b cu ltu re . From th i s  p o in t onwards a number of 250 mL 

f l a s k s  were m aintained by su b cu ltu rin g  in to  fre sh  medium a t  the end o f 

each 14 d c u ltu re  p erio d . On a l l  occasions the  f la sk s  were in ocu la ted  a t  a 

r a t i o  o f 15 mL inoculum to  75 mL fre sh  MDK medium. The c u ltu re s  were 

incubated  a t  25°C on an o r b i t a l  shaker a t  80 rev/m in and an am plitude o f
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5cm in  th e  dark  except fo r  in te rm it te n t  exposure to  l ig h t  w hile being 

in o cu la ted  and sampled.
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2 .2  Growth determ ina tions 

Fresh and dry  w eights

The growth p a tte rn  o f the c a r ro t  suspension c u ltu re  was e s ta b lish e d  

by growth de term ina tions performed every 2 days during  th e  c u l tu re  p erio d . 

250 mL f la sk s  of c a r ro t  suspension c u ltu re  were removed from the o r b i t a l  

sh ak e r  and placed w ith in  th e  s t e r i l e  lam inar a i r  flow ca b in e t which had
V.I0V.)

been p rev iously  d is in fe c te d  w ith  a d i lu te  A so lu tio n  o f 'Domestos1. The
t0w»|

apparatus fo r  f i l t e r i n g  o f f  the c a r ro t  c e l l s  co n s is ted  o f  fo u rAsyringe 

b a r re ls  f i t t e d  w ith  s in te re d  polypropylene f i l t e r  d isc s  (40 Jim pore s iz e ) .  

These fo u r  were f i r s t  f i l l e d  w ith  d i s t i l l e d  w ater which was d riven  out 

th ro u g h  the f i l t e r  d isc  u sing  a Buchner f la s k  f i t t e d  to  a vacuum pump. 

The tubes were now spun w ith in  syringe cases in  a bench to p  c e n tr ifu g e  a t  

2000 rpm fo r 5 min to  d riv e  o f f  rem aining w ater. A fter c e n tr ifu g a tio n  the 

excess water rem aining w ith in  the  narrow t ip s  o f the sy rin g es  was removed 

w ith  a p iece o f  absorbent t is s u e  paper and the syringe b a r re ls  were 

w eighed and the w eights noted . They were then brought w ith in  the flow 

c a b in e t and placed in  a 100 mL g la ss  beaker. The c u ltu re  f la s k  to  be 

sampled was now taken and th e  f o i l  cap covering  the  neck o f  the f la s k  was 

passed through the flame o f  a bunsen burner to  s t e r i l i s e  i t .  The f o i l  was 

now c a r e f u l l y  removed w ith  d ry , washed and scrubbed hands w ithout 

contaminating the s t e r i l e  in t e r io r  su rface  o f the  f o i l  cap o r f la s k  neck. 

The suspension was sw irled  ra p id ly  to  d i s t r ib u te  the c e l l s  evenly w ith in  

th e  c u l tu r e  medium and ra p id ly  poured in to  each syringe b a r re l  in  5 mL 

aliquots. As soon as the samples had been taken the f la sk s  were c a re fu lly  

resealed using the o r ig in a l  f o i l  caps and th e  f la sk s  o f suspension cu ltu re  

rep laced  onto the o r b i t a l  shaker once aga in .
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The syringe b a r re ls  f i l l e d  w ith  suspension c u ltu re  were now taken and 

th e  c u l tu r e  medium was drawn through the  f i l t e r  d isc s  under vacuum as 

before. The sy ringe b a r re ls  were then placed in  the  c e n tr ifu g e  and spun as 

b e fo re . A fter removing excess f lu id  once again  the  's p in -d r ie d  c e l l s '  were 

weighed w ithin  th e  b a r re ls ,  the  w eights no ted , and the  c e l l  f re s h  w eights 

c a lc u la te d  by su b tra c tin g  th e  w eights o f the  syringe b a r re ls  as p rev io u sly  

determ ined .

The d ry  w e ig h ts  o f  th e  suspension  c u ltu re s  was determ ined as 

described  above except t h i t  the  sp in -d rie d  c e l l s  were removed from the 

syriqge b a rre ls  by a i r  p ressu re  ap p lied  to  the t i p  o f  the sy ringe and the 

tissu e  wrapped in  weighed f o i l .  The f o i l  wrapped package o f  c e l l s  was then 

l a b e l l e d  and weighed and both w eights no ted . The package was now oven 

d r ie d  a t  60°C overn igh t and weighed once more. Dry w eights were c a lc u la te d  

and n o ted .

C e ll counts

C e ll  coun ts  were made on weighed t is s u e  by a m o d ifica tio n  o f the 

m ethod o f Brown and R ick less  (1949). 100 mg p o rtio n s  o f t is s u e  were 

m acerated in  5% chromium tr io x id e  in  5% HCI w ith in  g la ss  s c in t i l l a t i o n  

v i a l s ,  separa ted  by drawing the  so lu tio n  re p e a ted ly  through a hypodermic 

n e e d l e ,  and  c o u n te d  u n d er a p h a s e - c o n t r a s t  m icroscope  w ith  a 

haemocytometer a f t e r  ap p ro p ria te  d i lu t io n  w ith  de io n ised  w ater.
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P ro te in  co n ten t

The protein co n ten t o f the c e l l s  was determ ined by a m o d ifica tion  of 
Qjt

the LcwryA(1951) method. A known weight o f sp in -d rie d  c e l l s  w&& ex trac ted  

in  0.1 M NaOH fo r  30 min. To 1 mL o f th i s  e x tr a c t  was added an equal volume 

o f a lk a lin e  copper re a g e n t, and the  m ixture allowed to  stand fo r  10 min. 4 

mL o f d ilu te d  F o lin - c io c a lte a u  so lu tio n  was now added, and a f t e r  mixing 

th e  tube was placed in  a w ater bath  a t  55°C fo r  5 min. The tube was cooled 

ra p id ly  in  w ater fo r  1 min, and i t s  absorbance a t  650 nm measured. The 

p ro te in  co n cen tra tio n  was then read  from a c a l ib ra t io n  curve.(k>tJV‘^  ovltuvw/
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2 .3  S o lu te  determ inations 

Free-am ines

The free-am ine co n ten t o f the sample was determ ined according  to  the 

method o f Spragg and Hutchings (1983). S p in -d ried  c e l l s  were ex tra c te d  

fo r  30 mins in  5% p e rc h lo r ic  a c id , a t  0°C w ith  continuous s t i r r i n g .  The 

r e s u l t in g  e x tra c t  was f i l t e r e d  in to  a p la s t i c  co n ta in e r and s to re d  a t  

20°C. To the  thawed e x tra c t  was added 60 yL o f 10 mM diam inooctane as an 

in te rn a l s tandard . At the  same tim e a s tandard  sample was prepared  by 

adding 250 juL of a standard  polyamine m ixture and 60 jiL of diam inooctane 

to  a volume o f p e rc h lo ric  ac id  equal to  th a t  used to  e x tra c t  the c e l l  

sam p le . To each sample a few drops o f methyl orange were now added. The 

samples were n e u tra lis e d  w ith  1.0M K0H, and a f t e r  th e  p r e c ip i ta te  had been 

allowed to  s e t t l e  the  supern a tan t was withdrawn w ith  a p asteu r p ip e t te ,  

and t r a n s f e r r e d  to  a p la s t i c  beaker. The samples were f re e z e -d r ie d  

o v ern ig h t and red isso lv e d  in  500 jiL 1.0M sodium carbonate . 150 jjL of the 

r e s u l t i n g  so lu tio n  was tra n s fe r re d  to  a lmL 'R e a c t i - v ia l ' and 450 jjL of 

FNBT d e r iv a t iz in g  reagen t added. The v ia l  was sea led  and mixed thoroughly .

I t  was then incubated a t  60°C fo r 20 m ins, mixing again  a f t e r  the  f i r s t  5 

mins. After being allow ed to  cool 60 juL o f 1.0M h is t id in e  in  1.0M sodium 

c a rb o n a te  was added and when the  two phases had sepcxated the upper 

o rg a n ic  phase was drawn o f f  w ith a p as te u r p ip e t te  and tra n s fe r re d  to  a 

sam ple v i a l .  The lower phase was re -e x tra c te d  w ith  a fu r th e r  2 mL o f 2- 

methyl butane. The o rgan ic  phase was reduced to  dryness under a stream  of 

n itro g e n  and the re s id u e  red isso lv e d  in  500juL AnalaR methanol. This was 

then  f i l t e r e d  through a 0 .5  micrometre s iz e  m illip o re  f i l t e r .
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The b r ig h t yellow polyamine d e r iv a tiv e s  were q u a n tif ie d  by HPLC 

a g a in s t a u th e n tic  s tandards (Sigma).

The s e p a r a t io n  was performed i s o c r a t ic a l ly  on a Varian 5040 l iq u id  

chromatograph w ith  a UV50 v a r ia b le  wavelength d e te c to r  s e t  a t  254nm and 

e q u ip p ed  w ith  a 25cm rev e rse  phase C18 column (S pherisorb  0DS2 5pm 

p a r t i c l e  s iz e )  and a 20jj1 in je c tio n  loop. The mobile phase was 85% 

a c e t o n i t r i l e  (HPLC grade, Fisons)/15% d o u b le -d is t i l le d  w ater a t  a flow 

r a t e  o f  1.5ml/min (F ig . i v ) .

P ro lin e

P ro lin e  was determ ined according  to  th e  method o f T ro ll  and L indsley 

(1 9 5 5 ). 1 g sp in -d r ie d  samples were e x tra c te d  in  5 mL AnalaR methanol 

w ith in  g la ss  b o ilin g  tubes sea led  w ith  ’N escofilm 1 (N escofilm , Osaka, 

Jap an ) a f t e r  i n i t i a l  vigorous shaking, on ice  fo r  30 min. 1 mL o f the 

ex trac t was mixed w ith  1 mL ac id  n inhydrin  and 0 .5  mL 6 M orthophosphoric 

a c id . The m ixture was b o iled  fo r  45 min and e x tra c te d  w ith 5 mL to lu en e . 

A fte r  c e n tr ifu g a tio n  and phase se p a ra tio n , the  absorbance o f the sample 

was measured a t  515 nm. Standards o f 0 -  100 nmol p ro lin e  were s im ila r ly  

t r e a te d ,  and a c a l ib r a t io n  curve c o n s tru c te d .

G lycinebetaine

G lycinebeta ine  was determ ined co lc  r im e tr ic a l ly  by the  method o f 

Stumpf (1 9 8 4 ). C e lls  were harvested  and sp in -d rie d  as above before 

e x tra c tio n  in  AnalaR methanol a t  24°C overn igh t w ith i n i t i a l  vigorous 

shaking. 1 mL o f e x tra c t  was tra n s fe r re d  to  a 1 .5  mL Eppendorff along w ith 

100 mL m odified D ragendorff reag en t. A fter c e n tr ifu g in g  fo r 2 min a t  top



Figure iv A typical HPLC spectrum for a Polyamine standard mixture

Key: 1. diaminopropane 2. putrescine 3. cadaverine 4. spermidine
5. diaminooctane (internal standard) 6. spermine
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(\troo^
speed in  a m icrocen trifuge  the  su p ern atan t was removed and the p e l le t  

redissolved in  1 mL 2.45 M potassium  iod ide  so lu tio n . A 10 yL a liq u o t was 

th e n  added to  1 mL 0 .49  M KI and th e  absorbance (OD467) read  a g a in s t a 

b lank o f  0 .49 M KI. B etaine co n ten t was read from a standard  curve.

Free amino ac id s

Free amino ac id s  were determ ined by HPLC a f t e r  J a r r e t t  e t  a l  (1986).

1 g o f  sp in -d r ie d  c e l l s  was tra n s fe r re d  to  a p l a s t i c ,  capped c e n tr ifu g e  

tu b e  c o n ta in in g  5 mL o f su lp h o sa lic y lic  a c id . The tube was shaken 

v igo rously  and allow ed to  stand  overn igh t a t  4°C fo r e x tra c tio n . The tube
( 10 0 0 3 )

was cen trifu g ed  a t  top  speed^for 15min in  a bench to p  c e n tr ifu g e , and the 

supern a tan t t ra n s fe r re d  to  a v ia l ,  and s to re d  a t  20°C fo r l a t e r  a n a ly s is .  

To a 50 ^iL sample was added 150 yL  of OPA/mercaptoethanol d e r iv a tiz in g  

reagent, and the  m ixture l e f t  to  stand  fo r  2 m ins. A 20 yL  sample was then

an a ly sed  on a Varian HPLC w ith a 4 . 6  x 120 mm Varian octyl silica C-18 column 
and a mixture of tetrahydrofuran:sodium acetate(45 mM), pH 5.7, (4:96) as aqueous solvent 
and a linear gradient of 10 to 65% methanol over 15 min by reversed-phase 
chromatography (see Fig. v).

Sugars

Sugars were determ ined by th e  method o f Sweeley (1963) w ith the 

m o d ifica tio n s  recommended by H olligan (1971): 1 g o f sp in -d ried  c e l l s  was 

t r a n s f e r r e d  to  a g la s s ,  capped c e n tr ifu g e  tube w ith 5 mL of e x tra c tio n  

medium: m ethanol, methylene c h lo r id e , and w ater (12:5 :3  by volume), along 

w ith  500 yL o f 5 mM x y l i to l  as in te rn a l  s tan d ard . A fter mixing w ell the 

tube was tra n s fe r re d  to  a f r id g e  and l e f t  overn igh t a t  4°C. To the e x tra c t  

was added 5 mL methylene ch lo rid e  followed by 5 mL d i s t i l l e d  w ater to  

induce phase se p a ra tio n  between the  methanol and water and the methylene
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Figure v A typical HPLC spectrum for an amino acid standard mixture

30 - 1

Key: 1. aspartate 2. glutamate 3. serine 4. histidine 5. glycine
6. threonine 7. arginine 8. alanine 9. tyrosine 10. methionine 
ll.va line 12. phenylalinine 13. isoleucine 14. leucine

5
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chloride. The upper phase containing sugars, sugar alcohols, amino a c id s  

and related compounds was drawn off using a pasteur pipette and d r ie d  down 

in a rotary evaporator at 40°C. The dry material was then resuspended in 

1 mL of distilled water. Separation was performed on a Dowex 50H s t ro n g ly  

acidic ion exchange column composed of a pasteur pipette plugged w ith  

cotton wool. 0.5 mL of the extract was applied was applied to  the  to p  o f  

the column and sugars and organic acids eluted with 7.5  mL d i s t i l l e d  

water. This mixture was dried down in a freeze-drier and re d is s o lv e d  in  

0.5 mL water. This was then applied to the top of a Dowex-1 Formate
( 9 w\> (-A , M-cv* Ajcxj1)

strongly basic ion exchange column. Sugar alcohols and sugars  were e lu te d
A

with 7.5 mL distilled water and the sample dried down in a f r e e z e  d r i e r ,  

redissolved in 0.5 mL water and stored in a freezer p r i o r  t o  

derivatization. For derivatization a 100 pL sample was d r ie d  down under 

nitrogen gas, 200 pL methylene chloride added, the samples d r ie d  aga in  

and redissolved in 100 pL "Stox" solution. Ihe mixture was heated  a t  70°C 

for 30min and cooled to room temperature, and left at room tem peratu re  fo r  

1 h after addition of 100 juL trimethylsilylimidazole. 2 juL of the 

resulting derivatised mixture was injected onto an SE30 packed column a t  

150°C. After 10 mins the temperature was raised to 280°C a t  13°C/min. 

Sugar derivatives were detected using a flame ionization d e t e c to r ,  w ith  

helium as carrier gas (see Fig. vi).

* STOX Pyridine + 25mg/ml hydroxyammonium chloride + 6mg/ml phenyl-B-D-glucopyranoside
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Figure vi A typical GC spectrum for a sugar standard mixture

Key: 1. xylitol 2. fructose 3. glucose 4. myo-inositol 5.A internal standard 6. sucrose
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2 .4  Enzyme assays 

A rginine decarboxylase

0 .5 g  sp in -d r ie d , weighed t is s u e  was homogenised w ith 1.5 mL 0.1M 

HEPES pH7 co n ta in in g  5 mM d i th io th r i e to l  w ith  30 s tro k es  of a g la ss  

homogenizer a t  0°C. A fter c e n tr ifu g a tio n  a t  12000 g fo r  15 min, the 

su p ern a tan t was frozen  and s to red  a t  -20°C fo r  ADC assay , w hile the  p e l l e t  

was resuspended in  ODC b u f fe r (50 mM T ris  pH 8 .5 , 0 .3  mM EDTA, 5 mM

d i t h i o t h r i e t o l ,  50 mM pyridoxal-5 -phosphate) and frozen  as above, fo r  

l a t e r  ODC assay . I t  has been rep o rted  th a t  75% o f ODC a c t iv i ty  i s  

a s so c ia te d  w ith the 4000 g p e l le t  in  b arley  seed lin g s  (K yriak id is  e t  a l , 

1983), and p re lim inary  assays confirmed th a t  over 90% o f ODC a c t iv i ty  was 

p re sen t in  the  p e l l e t .

Enzyme r e a c t io n s  were c a r r i e d  o u t in  g la s s  tu b e s  w ith in  sealed  

s c i n t i l l a t i o n  v i a l s  co n ta in in g  0 .5  mL Packard Carbosorb, to  absorb 

re le a se d  CO .̂

Ihe ADC assay  was in i t i a t e d  by in je c t io n  o f 2 pL o f D L -[u -^ cJ  a rg in in e  

monohydrate(Amersham 0 .1  juCi, 342 mCi/mmol) through a serum cap on the 

v i a l  i n to  150 pL o f e x tr a c t  mixed w ith  10 pL py ridoxa l-5 -phosphate , and 

th e  v ia l  incubated a t  30°C fo r 60min on a shaker a t  100 rpm. The re a c tio n  

was then term inated  by a d d itio n  o f  50 pL 0.2N p e rc h lo ric  a c id . A fter 

sh a k in g  fo r  a fu r th e r  60 min, the  re a c tio n  tubes were removed and the 

r a d io a c t iv i ty  o f the absorbed CO2  determ ined in  a s c in t i l l a t i o n  counter 

a f t e r  ad d itio n  o f 10 mL s c in t i l l a t i o n  f lu id  (O ptiphase, F isons).

O rn ith in e  decarboxylase
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For ODC assay  the  above procedure was used , except th a t  150 pL o f

p e l l e t  suspension was mixed w ith  50 pL o f ODC b u ffe r  and the  re a c tio n

0 .1  pC i, 61 mCi/mmol) as s u b s tr a te .

S-Adenosylmethionine decarboxylase

SAMDC a c t i v i t y  was determ ined in  a s im ila r  fash io n  to  th a t  o f ADC. 

C e l l s  were ex tra c te d  as above w ith  ADC b u ffe r  a t  pH 7 .5 . The enzymic 

reac tio n  was s ta r te d  by adding 0.075 mL o f crude e x tr a c t  to  0.01 mL of S-

and 0.01 mL o f 5 mM p y rid o x a l-5 '-p h o sp h a te .

Diamino oxidase

DAO a c t iv i ty  was determ ined by measuring the  change in  oxygen le v e ls  

due to  the  o x id a tio n  o f  p u tre sc in e  by DAO v ia  an oxygen e le c tro d e . To 20 

pL o f  crude e x tr a c t  ( p e l le t  and su p ern a tan t) was added 1 mL of b u ffe r 

(0 .1  M KP04, 2 mM Na Azide pH 7 ) . The re a c tio n  was in i t i a t e d  by the 

a d d itio n  o f 10 pL o f 0.1M p u tre sc in e  a t  30°C. (McGowan and Muir, 1971; 

Yanagisawa e t  a l , 1981)

In every case enzyme a c t i v i t i e s  were q u a n tif ie d  a g a in s t p ro te in  

co n ten t which was determ ined as  above, bu t w ith  a d d it io n a l p re c ip i ta tio n  

w ith  p e rc h lo r ic  ac id  and d isso lv in g  in  NaOH, to  avoid the e f fe c ts  of 

HEPES, as described  by Montague e t  a l  (1979).

i n i t i a t e d  by a d d itio n o rn ith in e  hydrochloride (Amersham

T 14 7Adenosyl-L-[ carboxy l- CJ m ethionine (Amersham, 0 .25  pC i, 59.3 mCi/mmol)
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2 .5  Solute p o te n tia ls  

Media so lu te  p o te n tia l

The osm otic p o te n tia l  o f the  c e l l  co n ten ts  and media were determ ined 

by the use o f a vapour p ressu re  osmometer (Wescor 5100C). Samples of fre sh  

and sp e n t m edia were sampled d i r e c t ly ,  and the fo llow ing procedure 

observed: The osmometer was c a lib ra te d  using  a p re c ise  q u a n tity  o f a 

r e f e r e n c e  s o lu t io n  o f  known o sm o la rity . Once c a lib ra te d  a s im ila r  

q u a n t i ty  o f  medium was p ip ^ e tted  in to  the  sample chamber and a f te r  

allow ing time fo r  e q u il ib ra t io n  th e  o sm o larity  no ted .

C e ll so lu te  p o te n tia l

For c e l lu la r  so lu te  p o te n t ia l ,  a s im ila r  procedure was follow ed. 

C o llec ted , f i l t e r e d  and sp in -d rie d  t i s s u e  was s to red  frozen a t  -20°C, and 

allowed to  reach room tem peratu re . A q u a n tity  o f the c e l l  co n te n ts , 

l ib e ra te d  by the  freeze-thaw  p ro cess , was tra n s fe r re d  by p ip je t te  to  the 

sample chamber, and th e  o sm o larity  determ ined as  above.
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2 .6  In h ib ito r  s tu d ie s

The trea tm en t o f the c u ltu re s  w ith the  s p e c if ic  in h ib i to r s  was 

c a r r i e d  ou t through in c o rp o ra tio n  o f the in h ib i to r s  in  the standard  

c u ltu re  medium. Ihe MDK medium was prepared as p rev io u sly  described  and

au toclaved . Meanwhile, th e  in h ib i to r  was   d isso lv ed  in  d i s t i l l e d

w a te r  in  a g la ss  v ia l  to  produce a standard  s o lu tio n . The standard  

so lu tio n  was then f i l t e r - s t e r i l i z e d  by p ip e t t in g  i t  through a Am illip o re  

f i l t e r  in to  a s t e r i l e  v i a l .  A known q u a n tity  o f the s t e r i l e  so lu tio n  was 

th en  p ip e tte d  in to  the  s t e r i l e  c u ltu re  medium under a s e p tic  con d itio n s  

u s in g  a G ilson p ip e t te ,  th e  b a r re l  and p ip e t te  t ip s  o f which had been 

p r e v io u s ly  s t e r i l i z e d  by a u to c la v e .  In t h i s  way, f la sk s  o f media 

co n ta in in g  a range o f in h ib i to r  co n cen tra tio n s  were produced. A liquots of 

s ta tio n a ry -p h a se  c u ltu re s  were in o cu la ted  in to  supplemented and c o n tro l 

(unsupplemented) media as befo re  and the  in o cu la ted  f la sk s  were incubated 

as p rev io u sly  d esc rib ed . 10 d a f t e r  in o c u la tio n  c e l l s  were e x tra c te d , and 

a range o f  growth param eters, amine co n ten ts  and amine m etabolic enzyme 

a c t i v i t i e s  determ ined.

In the case o f the diamine sy n th e s is  in h ib i to r s  DFMA and DFMO, the  medium 

was supp lem ented  w ith  0 .1 ,  0 .3 , 1 and 3 mM co n cen tra tio n s  o f the 

in h ib i to r ,  and in  the case o f  the polyamine sy n th e s is  in h ib i to r  EMGBG, 

with 3, 10 and 3 0 îM co n cen tra tio n s  o f the in h ib i to r .  C e lls  were incubated 

f o r  10 d in  the  supplemented medium and then c e l l  numbers (DFMA, DFMO 

o n ly ), f re s h  weights and dry  w eights determ ined along w ith  amine le v e ls  

and ADC, ODC and SAMDC a c t i v i t i e s .  Samples were s to red  on ice  p r io r  to  

enzyme d e te rm in a tio n s , which were c a r r ie d  ou t on the  day o f h a rv e s tin g . 

Amine de term ina tions were c a r r ie d  o u t on samples which had been e x tra c te d  

and s to red  a t  -20°C p r io r  to  a n a ly s is .
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2 .7  Amines as auxin  replacem ents

*
Inocula o f aux in -dep le ted  s ta tio n a ry -p h ase  c e l l s  were tra n s fe r re d  to  

h o rm o n e -fre e  medium supplemented w ith  a range o f co n cen tra tio n s  o f 

f i l t e r - s t e r i l i z e d  amines and incubated  as d escrib ed  p rev io u sly .

1, 10, 100 and 1000 jiM co n cen tra tio n s  o f p u tre sc in e , sperm idine, spermine 

and cadaverine were used in  the  s tu d y . In two se p a ra te  experim ents, both  

d e p le te d  and normal c e l l s  a t  s ta t io n a ry  phase were in o cu la ted  in to  the  

m ed ia , and a f t e r  10 d growth in  the  experim ental medium, the  c e l l s  were 

h a rv e s te d  and f re sh  weights and c e l l  numbers determ ined on t r i p l i c a t e  

samples from id e n t ic a l  f la s k s .
jf. C-tWS cj'YUV«l* '  v/» t \A - \ y JL8- WWy,

2 .8  S hort and long-term  s tr e s s

Five c e l l - l in e s  were used; unadapted c e l l s  were grown in  standard  

c u l tu re  medium w ithout PEG, w hile four c e l l - l i n e s  were adapted to  growth 

in  medium co n ta in in g  (w/v) 10, 15, 20, and 25% PEG (BDH-4000 MW, p u r if ie d  

by io n -ex ch an g e  w ith  BD H-Duolite MB5113 mixed r e s in )  by repea ted  

s u b c u l tu r e  u n t i l  c o n s i s t e n t  f i n a l  f r e s h  w eights were obtained  in  

c o n s e c u t iv e  passages; the ad ap ta tio n  period  was fo r  a minimum of 8 

s u b c u l tu r e s .  For th e  e x p e r im e n ta l  t r e a tm e n ts ,  adapted c e l l s  were 

tra n s fe r re d  to  f re s h  medium o f corresponding PEG co n ce n tra tio n . Unadapted 

c e l l s  were tra n s fe r re d  both  to  s tandard  medium w ithout PEG (c o n tro l 

tre a tm en t)  and to  media co n ta in in g  each PEG co n ce n tra tio n . For each c e l l -  

l i n e ,  c e l l s  from s ta tio n a ry  phase c u ltu re s  were c o lle c te d  by nylon mesh 

f i l t r a t io n ,  allowed to  d ra in , and resuspended in  the  same volume o f f re sh  

medium. Water p o te n tia l  and so lu te  d e term ina tions were made 10 h a f t e r  

t r a n s f e r .
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2 .9  Anoxia

In o rd er to  produce anoxic co n d itio n s  in  th e  c a r ro t  c u ltu re  medium 

w ith o u t producing o th e r  p h y s ica l changes which would be the  case i f  the 

f l a s k s  were no t shaken an apparatus was s e t  up to  feed s t e r i l e  n itro g en  

gas through th e  medium w h ils t  o th e r  co n d itio n s  remained as under standard  

conditions. The apparatus co n s is ted  o f  a rubber bung in  which two v e r t ic a l  

h o le s  had p rev io u sly  been bored f i t t e d  w ith  two g la ss  tu b es , one 3 cm 

longer than the  o th e r . The longer o f the tubes which extended below the 

surface o f the medium was used to  feed n itro g en  gas in to  the  medium w hile 

th e  s h o r t e r  tube served as exhaust fo r  excess gas. Each tube was f i t t e d  

w ith  a co tto n  wool bung to  p reven t contam ination o f  the medium and p r io r  

to  use the  e n t i r e  apparatus was s t e r i l i z e d  by au to c lav in g .

To i n i t i a t e  the  experim ent s ta t io n a ry  phase c e l l s  were inocu la ted  

in to  standard medium and a l l  f la sk s  f i t t e d  w ith  the  gas d e liv e ry  apparatus 

and tra n s fe r re d  to  th e  o r b i t a l  shaker. Three experim ental f la sk s  were then 

connected to  a n itro g en  supply v ia  a three-w ay adap to r and the  gas supply 

a d ju s ted  to  approxim ately 300 bubbles/m in. Ihe f la sk s  were then incubated 

fo r  8 h under standard  co n d itio n s  and c e l l s  h arvested , f re sh  weighted and 

analyzed fo r  amine con ten t as p rev io u sly  d esc rib ed .
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POLYAMINE METABOLISM

3 .1  Polyamine le v e ls  and growth r a te s  during  c u ltu re  

In tro d u c tio n

S u b s ta n t ia l  evidence fo r  an amine requirem ent in  c e l lu la r  growth 

has been produced in  the  l a s t  decade, f i r s t  in  b a c te r ia  (H erbst and S n e ll, 

1948) and l a t e r  in  fungi (Sneath , 1955) and mammalian c e l l s  (jpoh j a n p e l t o  

e t  a l , 1981); w ith some evidence o f  a l in k  between amines and growth in  

p lan ts  (Smith, 1985*; Slocum e t  a l , 1984). In p la n ts  a c tiv e  growth and c e l l  

d i v i s i o n  a re  accom panied by increased  polyamine sy n th e s is  r a te s  in  

Scorzonera h isp an ica  (Speranza and Bagpi, 1977) and N ico tiana  glauca 

tumour t i s s u e s  (Audisio e t  a l , 1976) and H elianthus t is s u e  (Bagni e t  a l , 

1 9 8 0 ). A s im ila r  in c rease  in  amine sy n th e s is  was a lso  found in  tobacco 

c e l l s  during  rap id  d iv is io n  (Heimer e t  a l , 1979), in  developing tomato 

o v a r ie s  (Cohen e t  a l , 1982) and in  growing buds and leaves o f Phaseolus 

(P a la v a n  and G alston , 1982). However, in  a recen t study F e lix  and Harr 

(1987) an a ly sed  polyamine le v e ls  in  various organs o f a number o f p lan t 

species and found th a t  in c re a se s  in  polyamine le v e ls  were not always seen 

in  th o s e  organs showing ra p id  c e l l  d iv is io n . In f a c t ,  the  s i tu a t io n  in  

p la n ts  remains le s s  c le a r  than in  prokaryo tes where polyamine auxotrophic 

m utants have been a v a ila b le .

Much o f  th e  d a ta  r e p o r te d  from  previous s tu d ie s  comes from 

measurements of f re e  polyamine con ten t and sy n th e s is  during  periods of 

varyirg growth a c t iv i ty  and in  t is s u e s  w ith d i f f e r in g  growth r a t e s .  Since
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amines have been shown to  be e lev a ted  in  ra p id ly  d iv id in g  t is s u e s  in  some 

s t u d i e s ,  i t  would appear p o ss ib le  th a t  changes in  amine le v e ls  a re  

a s so c ia te d  w ith  growth re g u la tio n .

To t e s t  th i s  hypo thesis  an i n i t i a l  experim ent was designed to  

d e te rm in e  whether exogenous amine le v e ls  c o r re la te d  to  growth r a te s  

th ro u g h o u t a s in g le  c u l tu r e  p a s sa g e . S ta tio n a ry  phase c e l l s  were 

in o cu la ted  in to  fre sh  medium and both f re sh  weight and f re e  amine le v e ls  

determ ined a t  reg u la r in te rv a ls .

C o n s is ten t f re sh  weight values over successive  days in d ica ted  th a t  

s t a t i o n a r y  phase and the  end o f  the cu tu re  period  had been reached and 

s u c c e s s iv e  experim ents in d ica ted  a c o n s is te n t growth p a t te rn ,  which 

involved an in c rease  in  c e l l  mass of rep ro d u c ib le  s iz e .
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R esu lts  and D iscussion

3 .1 .1  Fresh w eights

During the f i r s t  four days o f c u l tu re ,  l i t t l e  change in  f re sh  weight 

was observed, w ith  only  a s l ig h t  in c re a se  apparen t -  a c h a r a c te r is t ic  lag  

p h ase  (F ig .  l a ) .  A marked change in  growth r a te  occured a f t e r  th i s  four 

day  p e r io d  how ever, w ith  f re sh  weight in c re a s in g  ra p id ly  and a t  a 

consisten t r a te  up u n t i l  11 d a f t e r  su b cu ltu re , which s ig n a lle d  the end o f 

the ex p o n en tia l phase. Between 11 and 14 d a f t e r  su b cu ltu re , growth was 

reduced markedly, w ith  f re sh  weight in c reas in g  very  l i t t l e  compared to  

e a r l i e r  in c re a se s .

Ifaving e s ta b lish e d  th e  growth p a tte rn  under s tandard  c o n d itio n s , i t  

was p o ss ib le  to  in v e s tig a te  i t s  r e la t io n s h ip  to  the  p a tte rn  o f change in  

amine le v e l  over a s im ila r  period  o f  growth:

3 .1 .2  Free polyamine le v e ls

A sim ilar experim ental framework to  th a t  above was employed once more w ith 

samples weighed and then e x tra c te d  fo r  amine d e term ina tion  as p rev io u sly  

d e s c r ib e d .  Samples were e x t r a c te d  im m ediately  in  every case , and 

co n cen tra tio n s  p resen ted  in  term s o f the means o f t r i p l i c a t e  samples. Fig. 

lb  shows changes in  amine le v e ls  du ring  the i n i t i a l  24 h of c u l tu re .  

R itrescine con ten t in c reases  ra p id ly  over the  f i r s t  2 h o f c u l tu re ,  w hile 

sperm idine and spermine co n cen tra tio n s  d e c lin e . P u tresc in e  doubles in  

c o n c e n tra tio n , the sperm idine le v e l  d ec lin es  to  h a lf  i t s  i n i t i a l  value ,



Figure la  Changes in fresh weight over a
14 day culture period
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and sperm ine  c o n te n t  f a l l s  by one th i r d .  Between 2 and 4 h a f te r  

su b c u ltu re  the in c re a se  in  p u tre sc in e  con ten t con tinues but i s  not so 

r a p id ,  in c reas in g  by approxim ately  20% over th e  2 h p e rio d . Spermidine 

l e v e l s  b eg in  to  in c rease  a t  2 h and show a 25% in c rea se  by 4 h w hile 

sperm ine le v e ls  show l i t t l e  change. The i n i t i a l  peak in  p u tre sc in e  le v e ls  

i s  fo llo w e d  by a sharp  f a l l  a f t e r  6 h in  c u l tu re .  A ll polyamines do 

however show a g en era l in c rease  from th i s  period  up u n t i l  the  24 th  hour 

o f cu ltu re , when le v e ls  appear to  s ta b i l i z e  and a re  l i t t l e  changed a t  the 

48 th  hour o f c u l tu re .  Having considered  the  i n i t i a l  hours o f c u l tu re ,  the 

g e n e ra l  p a tte rn  o f amine change over the 14 d c u ltu re  period  may be 

studied (Fig. l c ) .  The sharp  in c rea se  in  the  main amines up to  48 h a f t e r  

s u b c u ltu re  i s  follow ed by a d e c lin e , which i s  sharper in  the  case o f 

p u tre sc in e  than sperm idine. R itre sc in e  co n cen tra tio n  f a l l s  by more than 

70% between 2 d and 7d a f t e r  su b cu ltu re  w ith  sperm idine le v e l  f a l l in g  by 

50% d u r in g  th e  same p e r io d  and o n ly  spermine con ten t in c rea s in g . 

P u t r e s c in e  e x h ib its  a second peak a f t e r  9 d which i s  le s s  than h a l f  the 

i n i t i a l  peak le v e l .  Spermidine meanwhile continues to  d e c lin e  reach ing  a 

le v e l  o f  only 114 nmol/gfwt a f t e r  11 d , compared to  a 2 d peak o f 788 

nm ol/gfw t. Towards the  end o f  the c u l tu re  period  sperm idine le v e ls  once 

again  in c rea se  as p u tre sc in e  le v e ls  f a l l ,  and the  c o n s is te n t in c rease  in  

spermine le v e ls  i s  follow ed by a f in a l  d e c lin e . At the  end o f the c u ltu re  

p e r io d  (14 d ) ,  th e  s ta t io n a ry  phase c e l l s  have s im ila r  le v e ls  o f a l l  3 

m ajor amines to  those  which were p resen t in  the  i n i t i a l  inoculum.

I f  th e  i n i t i a l  period  o f c u ltu re  i s  f i r s t  consid e red , in  terms of 

g row th  a four day lag  period  -  then c le a r  d iffe re n c e s  in  the  genera l 

t r e n d s  o f growth r a te s  and polyamine le v e ls  may be seen. The i n i t i a l  

period o f very l i t t l e  growth in  term s o f f re sh  weigjht gain  co inc ides w ith
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la rg e  f lu c tu a tio n s  in  co n cen tra tio n s  of the major amines. This i n i t i a l  

p e r io d  o f  s h a rp ly  in c r e a s in g  amine c o n c e n t r a t io n s  was o b se rv e d  

re p e a te d ly , and was found to  be a c h a r a c te r is t ic  o f  newly su b cu ltu red  

suspensions.

I f  th e  p e r io d  o f  rap id  in c re a se  in  f re sh  weight i s  next considered , ( in  

the case of t h i s  c u ltu re  the  period  4 -  11 d a f t e r  s u b c u ltu re ) , a la ck  o f  

c o r re la t io n  i s  once again  observed between changes in  f re sh  w eight and 

changes in  the  co n ten t o f the major amines.

Levels of both p u tre sc in e  and sperm idine f e l l  du ring  the  i n i t i a l  period  o f 

r a p id  growth which occured 4 d a f t e r  su b c u ltu re , and only  th e  minor 

component spermine d isp layed  any in c rease  during  t h i s  period  -  w ith i t s  

lev e l showing a c lo se  c o r re la t io n  w ith  the p a tte rn  o f  f re s h  weight change. 

Over the period  o f  rap id  f re s h  weight gain  as a whole, le v e ls  o f the major 

am ines p u tre sc in e  and sperm idine d e c lin e d , and w hile  p u tre sc in e  le v e ls  

d id  in c re a se  between 7 d and 9 d a f t e r  su b c u ltu re , sperm idine con ten t 

dec lin ed  during  th i s  period  and in creased  as c e l l s  en te red  the s ta t io n a ry  

phase. Levels o f the minor component spermine showed a very d i f f e r e n t  

p a t te rn  o f  change however. Levels of th i s  component ro se  s te a d ily  over 

t h i s  e n t i r e  period  o f rap id  growth, showing a s ig n i f ic a n t  in c rease  over 

in i t i a l  p o s t-su b cu ltu re  le v e ls .  A fter 11 d in  c u l tu re ,  and befo re  the  end 

o f  the c u ltu re  period  a t  14 d , th e  r a te  o f  f re sh  w eight gain  dec lined  as 

sperm ine co n cen tra tio n  re tu rn ed  to  a le v e l  s im ila r  to  th a t  immediately 

fo llow ing  su b cu ltu re .

I t  i s  in  the  p a tte rn  o f change in  spermine co n ten t th a t  a p a r a l le l  is  

found to  changes in  r a te s  o f f re s h  weight g a in , w ith  in c re a s in g  spermine 

concentration during  the  ex p o n en tia l phase o f rap id  growth and a g radual 

d e c l in e  in  spermine le v e l  during  the p rog ression  o f the lag  phase, 

c o in c id in g  w ith  th e  d ec lin e  in  r a te  o f  f re sh  weight g a in .
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To summarise th e re fo re , in  term s o f the major amines p u tre sc in e  and 

sp e rm id in e  -  th e r e  i s  l i t t l e  c o r re la t io n  between changes in  amine 

co n cen tra tio n  and changes in  r a te s  o f f re sh  weight accum ulation. There i s  

in  fac t a n eg a tiv e  c o r re la t io n  , w ith  le v e ls  o f p u tre sc in e  and sperm idine 

e le v a te d  p r io r  to  the onset o f rap id  c e l l  growth, and le v e ls  depressed 

during  th e  succeejd ing  rap id  in c rease  in  f re sh  w eight.

There i s  however, a c le a r  p o s itiv e  c o r re la t io n  between le v e ls  o f the minor 

component spermine and r a te s  o f f re sh  weight g a in . Though le v e ls  o f th i s  

amine a re  an o rd er o f magnitude le s s  than those  o f the major amine 

com ponents. Spermine may have a d i f f e r e n t  ro le  from th a t  o f the o th e r 

polyamines d e tec ted  and could be req u ired  fo r  th e  p rog ression  o f those 

p ro cesses  in i t i a t e d  by a p o ss ib le  't r ig g e r in g ' fu n c tio n  fo r the  f re e -  

amines. The accum ulation o f spermine during  growth i s  not w idely rep o rted  

how ever, w ith  Smith e t  a l  (1978) re p o rtin g  a d e c lin e  in  spermine le v e l  

during  growth and an accum ulation o f the major amines p u tre sc in e  and 

sperm idine during  rap id  growth.

The p a tte rn  o f  change o f p u tre sc in e  and sperm idine le v e ls  found above 

i s  s im ila r to  th a t  found in  o th e r  s tu d ie s :  Smith e t  a l  (1978) found a near 

doubling in  p u tre sc in e  6 h a f t e r  su b cu ltu re  o f  rose  suspension c u ltu re  

c e lls  in to  f re sh  medium, and a 1 .4 -fo ld  in c rease  in  sperm idine 24 h a f t e r  

subculture. As in  the  p resen t s tu d y , le v e ls  ro se  and f e l l  ra p id ly  showing 

a large degree o f f lu c tu a tio n  over the  i n i t i a l  24 h p e rio d . Changes in  24 

h spermine le v e ls  in  both s tu d ie s  showed a g re a t  s im i la r i ty ,  w ith le v e ls  

show ing v ery  l i t t l e  change except fo r  a very g rad u a l in crease  over the 

p e r io d .  Montague e t  a l  (1978) a ls o  found an in c re a se  in  le v e ls  o f the 

m ajo r am ines during  the i n i t i a l  24 h o f  c u l tu re  o f c a r ro t  suspensions. 

P u tre s c in e  le v e ls  rose and then f e l l  during  the i n i t i a l  24 h w hile
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sp e rm id in e  l e v e l s  ro se  s l ig h t ly  and spermine le v e ls  remained q u ite  

c o n s ta n t  fo r  th e  f i r s t  6 h and then ro se  co n s id e rab ly . Audisio e t  a l , 

(1976) found in c re a se s  in  both p u tre sc in e  and sperm idine a f t e r  4 d c u ltu re  

in  N ico tian a  g lauca h ab itu a ted  t is s u e  w ith  a second peak a f t e r  11 d 

sim ilar to  th e  9 d peak in  the p resen t study and the  6 d peak o f Smith e t  

a l  (1 9 7 8 ). In  y e a s t c e l l s  C a s te l l i  and Rossoni (1968) d e tec ted  peaks in  

spermidine and spermine during  th e  la g  phase 2 h a f t e r  in o c u la tio n . There 

i s  l i t t l e  c o n s is ten cy  in  the  p a tte rn  o f  change in  polyamine le v e ls  between 

d i f f e r e n t  sy stem s how ever: R o lle  e t  a l  (1971) found a d e c lin e  in

sp e rm id in e  l e v e l  in  Scenedesmus algae over a 7 d growth period  in  

contrast to  th e  p re se n t study and Fienberg e t  a l  (1984) rep o rted  a 6 -fo ld  

d ro p  in  p u tre sc in e  le v e l  a f t e r  1 d c u ltu re  o f c a r ro t  c e l l s .  Smith e t  a l  

(1978) has noted th e  co n sid e rab le  v a r ia t io n  in  the  p a tte rn  o f polyamine 

change between d i f f e r e n t  sp e c ie s . Indeed spermine which alone among the 

po ly am in es  s tu d ie d  in c reased  during  rap id  c a r ro t  f re sh  weight gain  

a c tu a l ly  d ec lin e d  in  cu ltu re d  ro se  c e l l s .  While no c o r re la t io n  between 

active growth and ra is e d  amine le v e ls  was found in  th e  p resen t s tudy , the 

e le v a te d  le v e ls  o f p u tre sc in e  and sperm idine observed p r io r  to  rap id  

growth may in d ic a te  a l in k  between th e se  amines and growth i n i t i a t i o n .  

Kaur-Sawhney e t  a l  (1980) induced DNA sy n th e s is  and m ito s is  in  o a t le a f  

p ro to p la s ts  and Huhtinen e t  a l  (1982) induced m ito s is  in  a ld e r  p ro to p la s ts  

w ith  e x o g e n o u s ly  a p p lie d  am ines, w hile o th e r  s tu d ie s  have rep o rted  

in c r e a s e d  growth in  dormant Jerusalem  a rtich o k e  t is s u e  w ith  s im ila r  

trea tm en ts  (B e r to ss i e t  a l , 1965; Bagni, 1966). The p resen t study cannot 

a lone exclude such a growth i n i t i a to r y  e f f e c t .

A c lea re r in d ic a t io n  o f the ro le  o f  amine accum ulation in  growth may 

be gained by measurement o f amine sy n th e s is  and breakdown r a te s  during
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c u ltu re  grow th, w ith  sim ultaneous m onitoring o f  c u l tu re  growth, fo r  i t  i s  

u n c lea r whether such accum ulation i s  due to  enhanced sy n th e s is  o r reduced 

r a te s  o f  conversion  to  o th e r forms.

The r i s e  in  spermine le v e ls  as p u tre sc in e  and sperm idine le v e ls  d ec lin e  

m ight thus be accounted fo r in  term s o f conversion o f th ese  amines to  

spermine through enhanced r e la t iv e  r a te s  o f sperm idine sy n th e s is  compared 

to  sy n th e s is  o f p u tre sc in e . D eclin ing le v e ls  o f p u tre sc in e  and sperm idine 

in  term s o f f re sh  weight du ring  a c tiv e  growth might a ls o  be exp lained  in  

term s o f d i lu t io n  through f re s h  weight g a in , unaccompanied by increased  

s y n th e s i s  o f th ese  amines. I t  should a ls o  be noted th a t  spermine le v e ls  

decline a t  a period  when d e c lin in g  growth r a te s  would tend to  r a i s e  le v e ls  

in  term s o f f re sh  weight were a c tiv e  sy n th e s is  co n tin u in g , suggesting  a 

sh a rp e r  f a l l  in  spermine sy n th e s is  (or sharper in c rease  in  breakdown 

r a te s )  than  would be im m ediately ap p aren t.



38

3 .2  Amine b io sy n th e s is  during  c u ltu re  

In tro d u c tio n

I t  has already been noted th a t  changing amine le v e ls  may r e s u l t  from 

a number o f  f a c to r s ,  and th a t  measurements o f amine co n c en tra tio n  alone 

provide on ly  an in d ic a tio n  o f the  m etabolic framework w ith in  which th ese  

accum ulations or d ec lin e s  a re  occuring .

A c l e a r e r  p ic tu re  o f  the causes o f f lu c tu a tio n s  in  th e  le v e ls  o f th ese  

c h e m ic a ls  may be gained  by the  study o f  the re g u la tio n  mechanisms 

u n d e r ly in g  th e s e  t r e n d s .  W hile a u n i f i e d  r e p r e s e n ta t io n  o f such 

mechanisms i s  very  d i f f i c u l t  to  ach iev e , in fo rm ation  concerning some key 

points of m etabolic re g u la tio n  may be more e a s i ly  o b ta in ed . One o f  the key 

a r e a s  of re g u la tio n  i s  in  th e  c o n tro l  o f b io sy n th e s is , in  the  case o f 

th ese  amines through v a r ia t io n  in  th e  a c t iv i ty  o f  o rn ith in e  decarboxylase 

(ODC) which c a ta ly z e s  the decarboxy la tion  o f  o rn ith in e  to  form p u tre sc in e  

(Tabor and Tabor, 1984) and e s p e c ia lly  (as in d ic a ted  l a t e r )  a rg in in e  

decarb o x y lase  (ADC) which c a ta ly z e s  the p roduction  o f agmatine through 

d ecarb o x y la tio n  o f a rg in in e  (Smith, 1985b). ADC has been id e n t i f ie d  as a 

re g u la to r  o f amine sy n th e s is  in  se v e ra l p la n t and b a c te r ia l  systems (Le 

R udelie r and Goas, 1975; Smith, 1963, 1970; Speranza and Bagni, 1977; 

Suresh e t  a l , 1978; Wu and M orris, 1963; Montague e t  a l , 1979) w hile ODC 

a c t iv i t y  i s  a f fe c te d  by grow th, development and environment (Me Anulty and 

W illiam s, 1977; O 'Brien e t  a l , 1975; P rou ty , 1976; Yamasaki and Ich ih a ra , 

1976, 1977)

The b io sy n th e s is  o f sperm idine and spermine i s  a lso  reg u la ted  by the 

a c t i v i t y  o f  the enzyme SAMDC, which ca ta ly z e s  the  decarboxylation  o f S- 

a d e n o  s y 1 me t  h i o n  i n e  t o  y i e l d  S - 5 - d e o x y a d e n o s y l - ( 5 ' ) - 3  -
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m e th y lth io p ro p y la m in e  w hich se rv e s  as an aminopropyl donor in  the  

conversion  o f  p u tre sc in e  to  sperm idine and sperm idine to  sperm ine (Tabor 

and T ab o r, 1984). In  a d d itio n , the  le v e l  o f  accum ulation o f  the  amines 

w i l l  be determ ined by the  r a t e  o f  o x id a tiv e  breakdown v ia  the  enzyme DAO 

w hich c a ta ly z e s  r e a c t io n s  such as the conversion o f p u tre sc in e  to  

p y r r o l in e  and sperm idine to  am inopropylpyrroline (McGowan and Muir, 

1971).

A study o f  the  a c t i v i t i e s  o f th ese  b io sy n th e tic  and o x id a tiv e  enzymes 

d u r in g  c u l t u r e  g row th  may p ro v id e  a more com plete p ic tu re  o f the 

background to  f lu c tu a tio n  in  amine le v e ls .

S ince th e  g r e a te s t  f lu c tu a tio n  in  amine co n cen tra tio n s  takes p lace 

w ith in  th e  f i r s t  24 h o f  c u l t u r e ,  i t  was th i s  period  which was 

in v e s tig a te d  in  d e t a i l .  As mentioned above, some o f th e  most im portant 

am in e-re la ted  enzymes from the p o in t o f  view o f reg u la tio n  o f amine 

c o n te n t  a re  th e  b io sy n th e tic  enzymes ADC, ODC and SAMDC along w ith the 

c a t a b o l i c  enzyme DAO. Levels o f a l l  o f  th ese  enzymes were determ ined in  

c e l l s  h a rv ested  a t  in te rv a ls  du ring  th e  i n i t i a l  24 h .

Stationary phase c e l l s  from 14 d c u ltu re s  were inocu la ted  in to  100 mL 

Ehrlenmeyer f la s k s  a t  an inoculum r a t io  o f 2 mL suspension : 28 mL fresh  

MDK medium. F lasks were incubated under standard  co n d itio n s  and sampled a t  

3 h in te rv a ls  up to  12 h , and a f t e r  24 h w ith  the  above technique. 

T r i p l i c a t e  samples were taken from 3 id e n t ic a l  f la sk s  in  each case , and 

c e l l s  e x tra c te d  im m ediately fo r  a ssay . Assays were a l l  performed using the 

standard  p rocedures d escribed  above.

R esu lts  and D iscussion
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A ll o f the  enzymes s tu d ied  showed an in c re a se  in  a c t i v i t y  im m ediately 

a f t e r  su b cu ltu re  in to  f re s h  medium. The a c t iv i t y  o f  ADC in c reased  alm ost 

5-fold a f te r  6 h in  c u l tu re ,  though by 12 h a f t e r  su b c u ltu re  th e  a c t i v i t y  

was only 50% o f  i t s  peak value (F ig , 2 ) .  S im ila r ly , ODC a c t i v i t y  in creased  

duripg the f i r s t  hours o f c u l tu re ,  w ith  more than  a 3 - fo ld  in c re a se  a f t e r  

6 h (F ig . 3 ) . Like ADC th e re  was then a f a l l  in  ODC a c t iv i t y  w ith  le v e ls  

l e s s  th an  h a l f  those a t  peak by 24 h . ODC a c t iv i t y  was g e n e ra lly  about 

h a l f  th a t  o f ADC,

To summarise the behaviour o f  th ese  two enzymes th e re fo re , which 

to g e th e r  la rg e ly  c o n tro l th e  in p u t o f  the  diam ine p u tre sc in e  in to  c e l lu la r  

metabolism : A la rg e  in c re a se  in  a c t iv i ty  im m ediately a f t e r  su b cu ltu re  was 

followed by a f a l l  to  le v e ls  between peak and i n i t i a l  values a f t e r  12 h in  

c u l t u r e .  Levels then  f lu c tu a te d  up u n t i l  th e  end o f the  24 h c u ltu re  

p e rio d .

I t  i s  in te re s t in g  to  compare t h i s  p a tte rn  w ith  th a t  rep o rted  in  o th e r 

s tu d i e s  where th e se  sy n th e tic  enzymes were determ ined under s im ila r  

c irc u m s ta n c e s .  Ihe r i s e  in  ADC a c t iv i ty  to  a peak a f t e r  6 h i s  very 

s im i l a r  t o  th a t  rep o rted  by Montague e t  a l  (1979) in  s im ila r ly  cu ltu re d  

carro t c e l l s  and both s tu d ie s  a ls o  d e tec ted  a subsequent f a l l  in  a c t iv i ty ,  

though th e  study o f  Montague re p o r ts  a s l ig h t  in c re a se  between 12 h and 24 

h whereas in  the  p resen t study a s l ig h t  f a l l  was observed (F ig . 2 ) . 

Fienberg e t  a l  (1984) re p o rt a peak in  ADC a c t iv i ty  a f t e r  24 h growth in  

c a r ro t  c e l l  c u l tu re s ,  w hile T o rr ig ia n i e t  a l  (1987a) re p o rt a peak a f t e r  

15 h in  a c t iv a te d  H elian thus tuber s l ic e s  and Speranza and Bagni (1977) 

re p o r t  a peak in  ADC le v e ls  during  th e  lag  phase in  Agrobacterium. As in  

th e  p re sen t s tu d y , a l l  th ese  periods o f enhanced a c t iv i t y  were b r ie f  and
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were follow ed by sharp  f a l l s  in  a c t iv i ty .  A bsolute ADC a c t i v i t i e s  rep o rted  

v a ried  s ig n if ic a n t ly  between sp e c ie s , though le v e ls  re p o rte d  by Fienberg 

e t  a l ,  (1984) and Montague e t  a l , (1979) in  c a r ro t  c u l tu re  were s im ila r  to  

th o se  rep o rted  h e re . In  th e  l a t t e r  s tudy  a f u r th e r  in v e s t ig a t io n  was 

conducted to  determ ine whether the i n i t i a l  sharp  r i s e  in  ADC a c t iv i t y  v/as 

due to  f r e s h  medium, lowered c e l l  d e n s ity  o r  bo th ; and concluded th a t  

f re s h  medium was the  prim ary cause o f  the ra p id  in c re a se  in  a c t iv i ty ;  an 

e f f e c t  a lso  noted by Sung and Okimoto (1981) and Sung and Dud i t s  (1981).

The p o st in o c u la tio n  in c re a se  in  ODC a c t iv i t y  was a ls o  rep o rted  in  

the study o f  Montague e t  a l  (1979) where ODC changes were s im ila r  to  th o se  

o f  ADC. A s im ila r  peak du ring  la g  phase was once again  rep o rted  by 

Sjperanza and Bagni (1977) in  Agrobacterium and T o rr ig ia n i e t  a l  (1987a) in  

Bslianthus, w hile Heimer e t  a l  (1979) re p o rted  an ODC a c t iv i ty  peak du ring  

log phase in  tobacco suspensions between the  4 th  and 6 th  days in  c u l tu re .  

I t  would appear l ik e ly  th a t  the  ODC in c rease  i s  a lso  due p rim a rily  to  the  

f re s h  medium e f f e c t .

Further down the  amine b io sy n th e tic  pathway, diam ines a re  converted 

t o  polyam ines such as sperm idine and spermine v ia  SAMDC, (F ig . 4 ) . In 

common w ith  a c t i v i t i e s  o f ADC and ODC, SAMDC a c t iv i ty  sh arp ly  increased  

on subculture, though th i s  in c rea se  was not as pronounced as  were changes 

in  ADC and ODC a c t i v i t i e s .  The change in  a c t i v i t y  was more g rad u a l, w ith  

leve ls  almost doubling a f t e r  3 h and then in c re a s in g  3 -fo ld  between 3 and 

6 h . A c tiv ity  was halved between 6 and 12 h a f t e r  su b cu ltu re . I t s  a c t iv i ty  

d id  n o t continue to  f a l l  however, and u n lik e  ODC and ADC, SAMDC a c t iv i ty  

e x h ib ite d  a second peak a f t e r  24 h in  c u l tu re .

In  th e  p re se n t stu d y , th e  in c rease  d e tec ted  in  the  le v e l  o f SAMDC a f te r
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subculture would be expected , in  th e  l ig h t  of the increases in spermidine 
and sperm ine le v e ls  a lread y  found, due to  increased  r a te s  of biosynthesis. 

S p erm id in e  le v e ls  in c reased  3 -fo ld  a f t e r  2 h in  c u l tu re ,  with this r i s e  

possibly f a c i l i t a t e d  by the  r e l a t iv e ly  high le v e ls  of SAMDC present in the 
s ta t io n a r y  phase c e l l s .

The seco n d  peak  in  sperm idine le v e ls  which occured after 24 h was 

accompanied by a second peak in  SAMDC le v e ls  o f similar magnitude to the  

f i r s t ,  su g g estin g  th e  p o s s ib i l i ty  th a t  sperm idine levels are regulated by 
SAMDC a c t i v i t y .  R jtre sc in e  le v e ls  a lso  ro se , even though ADC and ODC 

l e v e l s  a lo n e  would not account fo r  t h i s ,  and even though putrescine was 

being  a c t iv e ly  converted  in to  polyam ines. I t  would appear feasible that an 

in c re a se d  r a te  o f  conversion  o f bound to  free-am ines may perhaps account 

fo r  t h i s  anomaly.

A veraged over th e  whole 24 h c y c le , SAMDC a c t iv i ty  was about 10-fold 

g r e a t e r  th a n  ADC a c t i v i t y .  T h is  suggests th a t a high turnover of 

putrescine i s  ta k in g  p la c e , s ince  any p u tre sc in e  produced via ODC and ADC 

w i l l  be r a p id ly  converted  v ia  SAMDC to  sperm idine and other polyamines.

I f  th e  changes in  SAMDC a c t iv i ty  over th e  24 h period are compared 

to  th e  changes observed by Montague e t  a l  (1979) in  a similar study with 

ca rro t su spensions, then  a c le a r  s im i la r i ty  i s  seen in  the general trends 
o f bo th . A sharp  peak in  a c t iv i ty  was observed in  both immediately after 
subculture w ith  le v e ls  r i s in g  9 -fo ld  in  the  study mentioned and 5-fold in 

th e  p re se n t s tu d y , and ab so lu te  a c t iv i ty  values similar in both. This 

f i r s t  peak was follow ed by a sharp  f a l l  in  both c a s e s , though the decrease 
was twice as  g re a t  in  the  p re sen t s tu d y . The following increase to give a 

second peak a f t e r  24 h was noted in  both s tu d ie s ,  though the increase was 
sharper in  th e  p re se n t s tudy  w ith 12 h le v e ls  far lower than in the study
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o f  Montague e t  a l  (1979). The c lo se  s im i la r i ty  between th e se  two s tu d ie s  

a ls o  ex tends to  th a t  o f  Fienberg e t  a l  (1984) where c a r ro t  c u ltu re s  a lso  

e x h ib i t e d  a peak o f  SAMDC a c t i v i t y  24 h a f t e r  su b cu ltu re  though le v e ls  

w ere o n ly  50% g r e a te r  than tim e zero  le v e ls  in  t h i s  case and ab so lu te  

SAMDC a c t i v i t i e s  were 10 -fo ld  lower than  in  th e  o th e r s tu d ie s .  Both 

F ienberg e t  a l  (1984) and Montague e t  a l  (1979) re p o r t  a subsequent f a l l  

in  a c t i v i t y  a f t e r  48 h by 70% in  the  form er and 20% in  the  l a t t e r .  The 

c lo se  agreem ent o f  th e se  th re e  r e p o r ts  suggests  th a t  p o st su b cu ltu re  SAMDC 

a c t i v i t y  in  c a r ro t  c e l l  c u l tu re  fo llow s a c le a r ly  d e f in a b le  p a t te rn .  In 

a d d it io n , th e  p a t te rn  o f  SAMDC a c t iv i t y  in  a c tiv a te d  H elianthus ex p lan ts  

a s  re p o r te d  by T o r r ig ia n i  e t  a l  (1987a) shows some s im i la r i ty  to  the 

s i tu a t io n  in  c a r ro t  c u l tu re  in v e s t ig a t io n s .  Oice again  a b ip h asic  p a t te rn  

o f  a c t i v i t y  was noted which occured a t  6 h and 21 h a f t e r  su b c u ltu re . The 6 

h peak  in v o lv ed  a 3 - fo ld  in c re a se  follow ed by a s im ila r  decrease  w ith  a 

g rad u a l in c re a se  re p re s e n tin g  an approxim ate doubling  in  a c t iv i ty  up to  24 

h which c lo s e ly  resem bled th e  change in  a c t i v i t y  in  th e  p resen t s tudy . The 

m ain SAMDC peak in  t h i s  fo llow s th e  main accum ulation o f p u tre sc in e , a 

phenomenon a ls o  noted by T o rr ig ia n i e t  a l  (1987a) in  H elian thus who 

su g g est th a t  SAMDC may be p u tre sc in e  s tim u la ted  and fu r th e r  th e o r iz e  th a t  

i f  sperm idine and sperm ine a re  re q u ired  fo r  DNA sy n th e s is  (Heby, 1981; 

S m ith , 1985b) then  th e  peaks in  SAMDC a c t iv i t y  may be r e la te d  to  DNA 

s y n th e s i s .  This th eo ry  i s  supported  by th e  r e s u l t s  o f  the p resen t study 

w here in c re a s in g  le v e ls  o f sperm idine and spermine occur along w ith 

in c re a s in g  SAMDC a c t i v i t y .

The tu rn o v e r o f  p u tre sc in e  i s  not on ly  brought about via conversion 

to  sperm idine, th e  diam ine i s  a ls o  broken down by th e  enzyme DAO. Diamine 

o x id is in g  enzymes a re  sp o ra d ic a lly  p re se n t w ith in  th e  plant kingdom and
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are  p a r t ic u la r ly  a c tiv e  in  the Leguminosae (Slocum et al, 1984). Extracts 

o f l e n t i l  seed s, leaves o f V icia faba, pea e p ic o ty ls  and also the non- 

legum inous E uphorb ia  c h a ra c iu s  con ta in  copper amine oxidases which 

oxid ise m ostly  diam ines (p u tre sc in e , cadaverine and 1,6-diaminoexane) and
A

some mono and polyamines (Smith, 1985a). Diamine oxidases seem to  be 

mainly loca ted  in  the  c e l l  w all though a lim ite d  amount has been de tec ted  

in  th e  cytoplasm  (F ederico  and A ngelin i, 1986). D espite such s tu d ie s  

however th e  p h y s io lo g ic a l  importance o f these substances in  p lan ts  

remains u n c lea r -  th i s  in v e s tig a tio n  should help  to  c la r i f y  matters. The 

a c tiv ity  o f  th i s  enzyme was determ ined a t  in te rv a ls  in  the  same fash ion  as 

the amine b io sy n th e tic  enzymes and as described  above, and i t s  p a tte rn  o f 

a c t iv i ty  over the  24 h period showed in te re s t in g  p a ra l le ls  w ith the 

p a tte rn  o f  a c t i v i t y  o f  the o th e r enzymes.

As in  the case  o f  ADC, ODC and SAMDC, th e re  was a peak in DAO activity 

in  the  i n i t i a l  hours of c u ltu re  (F ig . 5 ) . The le v e l of DAO activity 

p re se n t was a ls o  high r e la t iv e  to  the o th e r enzymes - orders of

magnitude g r e a te r .  I f  the enzyme were induced by increased  le v e ls  of i t s  

s u b s t r a te ,  then  such an in c rease  would be expected, since putrescine 

l e v e l s  r i s e  on su b cu ltu re . The maintenance of these high levels of 

a c tiv ity  o f the o x id a tiv e  enzyme suggests a rap id  cycling of amines, with 

both syn thesis  and o x id a tio n  tak ing  place a t  a rap id  r a te .  The subsequent 

f a l l  in  i t s  le v e l  o f a c t iv i ty  a f t e r  the i n i t i a l  peak, when synthesis of 

am ines i s  tak in g  p lace a t  an increased  r a te  suggests that its level of 
a c t iv i ty  i s  lin k ed  to  amine sy n th es is  and accum ulation. The maintenance of 

hi^ i le v e ls  o f DAO a lso  suggests th a t  amine sy n th es is  i s  followed by rapid 
breakdown. This would suggest th a t  amines would only  accumulate due to 

continuous amine sy n th e s is . This may be due to  a requirement for the input
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o f new ly-synthesized  am ines, o r perhaps because amine accumulation does 

n o t b e n e f i t  the c e l l  and amines accumulating w ith in  the c e l l  must be 

removed by o x id a tio n .

In a re c e n t study in  H elianthus tuberosus T o rrig ian i e t  al (1987b) 

in v e s t i g a t e d  th e  p a t t e r n  o f  DAO a c t iv i ty  throughout two different 
p h y s io lo g ic a l changes, the  pjeriod o f  tuber form ation in  vivo and the 

period  com prising the f i r s t  c e l l  cycle  o f hormone a c tiv a te d  tuber s l ic e s  

in v i t r o . I f  the period  o f tuber form ation i s  considered first then we see 

th a t DAO a c t i v i t y  was h igher during c e l l  d iv is io n  than before flowering in  

v iv o  and peaked along w ith  ADC (Bagni e t  a l , 1983) before dormancy. 

Furtherm ore, in  tu b e r s l ic e s  re leased  from dormancy in  vitro, DAO activity 

peaked du ring  the  f i r s t  c e l l  cycle 15 h a f t e r  activation (S phase) along 

w ith ODC and ADC (T o rrig ia n i e t  a l , 1987a).

I t  was concluded th a t  a c o r re la t io n  e x is ted  between DAO activity and cell 
d iv is io n .  Such a c o r re la t io n  had been dem onstrated previously only in 

an im al c e l l s  (Sessa e t  a l , 1982). A s im ila r  conclusion was drawn by 

T orrig iani e t  a l  (1987b) to  th a t  a rr iv e d  a t  in  the present study: that DAO 

has a probable r o le  in  the  re g u la tio n  o f amine co n ten t, through putrescine 

d eg rad a tio n .

To b r ie f ly  summarise the  p ic tu re  o f amine sy n th esis  and breakdown 

which the  p re se n t s tu d ie s  provide: Amine b io sy n th esis  accumulation and 

o x id a tio n  a re  e lev a ted  im mediately a f t e r  su b cu ltu re , but synthesis soon 
slows along w ith  o x id a tio n  a c t iv i ty .  Polyamine biosynthesis increases 

a g a in  24 h a f t e r  su b cu ltu re . As was reported  in  the case of amine 

accum ulation , th e re  appears to  be l i t t l e  re la t io n s h ip  between rates of 
amine sy n th e s is  and growth r a te s .  I t  i s  p o ss ib le  however that polyamines
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may serve as a horm one-like t r ig g e r  which enab les grow th to  be i n i t i a t e d .  

Ihsy have c e r ta in ly  been lin k ed  to  DNA sy n th es is  (T o rr ig ia n i e t  a l , 1987a; 

Hefcy, 1981; Smith, 1985) and a re  thought to  fu n c tio n  in  th e  re g u la tio n  o f  

n u c le ic  ac id  s tru c tu re  a t  s e v e ra l le v e ls  o f o rg a n isa tio n  (Slocum e t  a l , 

1 9 8 4 ). Though o th e r  re p o rts  have c o r re la te d  a c t iv e  growth and c e l l  

d iv i s io n  w ith  increased  amine sy n th e tic  a c t i v i t y  (Speranza and Bagni, 

1977; A udisio e t  a l , 1976; Bagni e t  a l , 1980) such a d i r e c t  tem poral 

co rre la tion  i s  not ev iden t in  the  p resen t s tudy . I t  would th e re fo re  appear 

t h a t  in  c a r ro t  c u ltu re  a t  l e a s t  the  l in k  between amine sy n th e s is  and 

grow th i s  not a simple one -  but i s  more l ik e ly  to  be in d i r e c t .  Other 

r e p o r t s  in  f a c t ,  have ra is e d  questions about th e  fu n c tio n s  of amines in  

th e  H elian th u s system (P h il l ip s  e t  a l , 1987, 1988) which has been the  

basis of many s tu d ie s  o f p la n t polyamine physiology and which in  tu rn  have 

s u p p o rte d  some o f  the  th e o r ie s  concerning th e  r o le  of amines in  p la n t 

g row th  and development (B erto ss i e t  a l , 1965; Bagni, 1966; Bagni e t  a l , 

1980 ; T o r r ig ia n i  e t  a l , 1987a). I t  i s  apparent from the degree o f  

d is p a r i ty  between the  p a tte rn s  o f polyamine accum ulation during  growth in  

some o f  the systems in v e s tig a te d ; Rose, (Smith e t  a l , 1978); c a r ro t ,  

(Montague e t  a l , 1978); Jerusalem  a r tic h o k e , (P h il l ip s  e t  a l , 1987) and 

th e  d i f f e r e n t  p a tte rn s  found by d i f f e r e n t  au thors even w ith in  the same 

systems of Jerusalem  a r tic h o k e , (Bagni e t  a l , 1980; P h i l l ip s  e t  a l , 1987) 

and c a r r o t ,  (Montague e t  a l , 1978; Fienberg e t  a l , 1984), th a t  the 

r e l a t i o n s h i p  between polyamine sy n th e s is  and accumulation and p lan t 

growth may no t be simply d e fin ed .

These methods o f enzyme study involve th e  use o f crude p la n t e x tra c ts  

c o n ta in in g  the  decarboxy la ting  enzymes. These enzymes decarboxylated a 

s u b s tra te ,  and le v e ls  o f the  decarboxylated  su b s tra te  were then measured.
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I t  has been noted by Birecka e t  a l  (1985a:1985b) and Smith and M arshall

(1988) t h a t  such a crude e x tr a c t  can co n ta in  o th e r  decarboxy la ting  

m olecules in  a d d itio n  to  th e  enzymes in  q u es tio n . Consequently, excess 

s u b s t r a t e  d e c a rb o x y la t io n  may o c c u r and a r te f a c tu a l ly  h igh enzyme 

a c t i v i t i e s  may be reco rded . I h is  d i f f i c u l t y  em phasises the im portance o f 

a b road ly  based approach, employing a range o f  r e l ia b le  tech n iq u es , and 

y ie ld in g  comparable d a ta .

The accum ulation  o f amines in  the  24 h p ost su b cu ltu re  perio d  i s  

accounted fo r  by a s im ila r  in c rease  in  a c t i v i t i e s  o f amine sy n th e tic  

enzymes in  th e  hours im m ediately fo llow ing  t r a n s f e r  to  f re sh  medium. A 

r i s e  in  th e  a c t i v i t y  o f  the  amine o x id a tiv e  enzyme DAO a t  the same time 

may account fo r  th e  f a l l  in  amine le v e ls  fo llow ing  t h i s  peak. A lso, w ith 

amine le v e ls  d e tec ted  a t  a low le v e l  du rin g  ra p id  f re s h  weight g a in , the 

la c k  o f  a requirem ent fo r  high amine le v e ls  during  a c tiv e  growth i s  

ev id en t from th i s  study . However, th e  sharp  r i s e  in  amine sy n th e s is  and 

accum ulation p r io r  to  th e  o n se t o f rap id  growth a c t iv i t y  i s  in te r e s t in g .  

I t  in d ic a te s  th a t  rap id  amine sy n th e s is  du rin g  th e  la g  phase may be an 

im p o rtan t f a c to r  in  p r e - c e l l  d iv is io n  p rocesses tak in g  p lace a t  th i s  

tim e. F in a lly  i t  should be noted th a t  spermine accum ulation proce eds 

th ro u g h o u t th e  ra p id  growth period  w ith  SAMDC a c t iv i ty  peaking a t  24 h . 

Indeed, ano ther study  o f  SAMDC a c t iv i ty  in  c a r ro t  c u ltu re  has found steady 

in c re a se s  throughout th e  growth period  (Fienberg e t  a l , 1984). Together, 

th e s e  two s tu d ie s  suggest th a t  spermine may have a ro le  in  the a c tiv e  

growth o f  c a r ro t  c e l l  c u l tu re s ,  d e s p ite  i t s  com paratively  low c e l lu la r  

le v e ls  throughout the  growth p e rio d . A very  s im ila r  change in  spermine 

l e v e l s  was observed in  embryogenic c a r ro t  c u ltu re s  over a 14 d c u ltu re  

period  by Fienberg e t  a l  (1984). This suggests  th a t  increased  spermine
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l e v e l s  a re  no t o f them selves a fe a tu re  o f  embryogenesis but may have a 

more fundam ental growth fu n c tio n , although Sung and Jacques (1980) have 

concluded th a t  n o n -d if fe re n tia t in g  and embryogenic c a r ro t  c u ltu re s  d i f f e r  

markedly in  a rg in in e  m etabolism .



CHAPTER FOUR
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MANIPULATION OF AMINE LEVELS

4.1  In h ib ito rs  o f amine b io sy n th e s is  

In tro d u c tio n

In previous se c tio n s  , M - , two methods o f in v e s tig a tin g

amine b io sy n th es is  have been d esc rib ed : Measurement o f amine b io sy th e tic  

enzyme a c t i v i t i e s  and de term ina tion  o f  c e l lu la r  amine le v e ls .  Both o f 

th ese  methods h e lp  to  c l a r i f y  the  r e la t io n s h ip  between growth and amine 

c o n te n t ,  but though i t  may be shown th a t  th e re  i s  l i t t l e  connection 

betw een th e  p a t t e r n  o f  e i t h e r  amine s y n th e s is  o r  g e n e ra l  amine 

accumulation and r a te s  o f growth over the  c u l tu re  p e rio d , t h i s  alone does 

not preclude a c e l lu la r  requirem ent fo r  c e r ta in  le v e ls  o f amines in  o rder 

fo r  c u ltu re  growth to  proceed.

A c le a re r  in d ic a tio n  o f  the im portance o f  p h y s io lo g ica l le v e ls  of 

amines during c u ltu re  growth may be ob ta ined  by the  m anipulation o f amine 

sy n th e s is  in  o rder to  reduce c e l lu la r  amine le v e ls ,  w hile ca rry in g  ou t 

growth determ ina tions to  f in d  whether growth i s  ad v erse ly  a f fe c te d  by a 

low ering o f  amine le v e ls .  In s tu d ie s  invo lv ing  anim al systems in h ib i to r s  

of amine b io sy n th es is  were capable o f  h a l t in g  the  p ro g ressio n  o f the c e l l  

c y c le  and have in d ica ted  th a t  DNA re p l ic a t io n  i s  the  phase o f the cycle  

which i s  most s tro n g ly  a f fe c te d  by red u c tio n s  in  c e l lu la r  amine le v e ls .  In 

anim al c e l l s  such d ep le tio n  i s  sim ply e f fe c te d  through blocking o f the 

s in g le  pathway v ia  which amines are  syn thesized  from o rn ith in e  through the 

a c t io n  o f  the enzyme ODC. In mammalian c e l l s  fo r  example sy n th e s is  of
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am ines re q u ire s  the seq u en tia l a c tio n  o f two decarboxylases and two 

t r a n s f e ra s e s .  Ihe amine sy n th es is  in h ib i to r s  so f a r  produced have tended 

to  be d ire c te d  a t  th e  two decarboxylases and t h i s  may be due to  th e  f a c t  

t h a t  th e  decarb o x y la tio n  s te p  i s  thought to  be r a t e  l im itin g  (Mamont e t  

a l ,  1980).

In p la n ts  however, the  s i tu a t io n  i s  r a th e r  more com plicated s ince  a t  

l e a s t  two pathways to  p u tre sc in e  a re  in  o p e ra tio n : One pathway i s  from 

o r n i th in e  to  p u tre sc in e  v ia  ODC and one pathway i s  from a rg in in e  to  

p u tre sc in e  v ia  ADC. Recently however a number o f i r r e v e r s ib le  com petitive 

in h ib i to r s  o f  p la n t amine metabolism have become a v a ila b le  (Stevens and 

S tevens, 1980; Smith, 1985b) which has made p o ss ib le  the te s t in g  o f 

r e l a t i o n s h i p s  betw een v a r i a t io n s  in  amine b io s y n th e s is  and th e  

accum ula tion  o f  amines ̂  and between p a r t ic u la r  a sp ec ts  of growth and 

development. Two such in h ib i to rs  a re :  a lp h a-d iflu o ro m eth y la rg in in e  (DFMA) 

(K allio  e t  a l , 1981) and a lp h a-d iflu o ro m eth y lo rn ith in e  (DFMO) (M etcalf e t  

a l ,  1978), bo th  o f  which a re  enzyme a c tiv a te d  i r r e v e r s ib le  in h ib i to rs  

belonging to  th e  novel c la s s  known as su ic id e  enzyme in a c t iv a to rs  (Mamont 

e t  a l , 1980) and which have been rep o rted  to  in h ib i t  the a c t iv i ty  o f  these  

enzymes s p e c i f ic a l ly  in  a number o f  p la n t spec ies  (Smith, 1985Vi 

A lso, th e  in co rp o ra tio n  o f  p u tresc in e  in to  polyamines may be blocked by 

th e  in h ib i to r  ethylm ethylglyoxalbisguanylhydrazone (EMGBG) (Elo e t  a l , 

1986) which i s  a f a r  more potent d e r iv a tiv e  o f  the  w idely used polyamine 

b io s y n th e s i s  i n h i b i t o r  m ethylglyoxalbisguanylhydrazone (MGBG) (Pegg,

1983), (which has l im ita tio n s  of use since  i t  i s  a r e v e rs ib le  in h ib i to r ,  

i s  n o t a b s o lu te ly  s p e c if ic ,  in h ib i ts  enzymes such as DAO and i s  to x ic  

(Pegg and M cGill, 1978)). EMGBG i s  fa r  more s u ita b le  as an in h ib i to r  o f 

polyamine production  than MGBG since  sm aller q u a n ti t ie s  a re  req u ired  and
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to x ic ity  e f f e c t s  a re  not so apparen t. Indeed, w ith the in h ib it io n  o f SAMDC 

a c t i v i t y  v ia  EMGBG and the in h ib i t io n  o f  ADC and ODC w ith DFMA and DFMO 

r e s p e c t iv e ly ,  both i n i t i a l  diamine and subsequent polyamine sy n th es is  

could be in h ib ite d  as re q u ired , and thus both th e  q u an tity  and balance o f 

amines m odulated.

R esu lts  and D iscussion

DFMA trea tm en t (F ig . 6) had no e f fe c t  on the  growth o f the c u ltu re  

(a s  f r e s h  w e ig h t)  a t  0 .1  and 0 .3  mM co n c e n tra tio n s , and markedly 

s tim u la ted  growth a t  1 mM and 3 mM, w hile dry weight remained unaffected  

(T ab le  1 ) ,  w ith  a maximum value o f 0.377 g / f la s k  and a minimum value o f 

0.1fcf| g / f l a s k .  A dram atic f a l l  in  p u tre sc in e  con ten t w ith in c reas in g  DFMA 

c o n c e n t r a t io n  was o b se rv ed  such th a t  a t 1 mM DFMA the  p u tre sc in e  

concen tra ton  was reduced by 95% compared to  the c o n tro ls ,  and sperm idine 

le v e ls  a lso  d ec lin ed  markedly. The spermine con ten t on the o th e r hand 

in c re a se d  s te a d ily  w ith in c rea s in g  DFMA co n cen tra tio n . These fin d in g s  

point to  a la c k  o f  c o r re la t io n  between fre sh  weight changes and endogenous 

l e v e l s  o f the major amines p u tre sc in e  a n d ' * e,but  to  a p o ss ib le  l in k  

between the  minor component,p,rrA,"*and growth.

A sim ilar experim ent was a lso  c a r r ie d  out but t h i s  time using  vary ing  

co n cen tra tio n s  o f DFMO. Once aga in , s ta t io n a ry  phase c e l l s  were incubated 

in  in h ib i to r - s u p p le m e n te d  medium and a f t e r  10 d in c u b a t io n ,  no 

s i g n i f i c a n t  e f f e c ts  on fre sh  w eight, d ry  weight (max 0.180 g , min 0.173 

g ) ,  o r  con ten t o f sperm idine and spermine was d e te c ta b le . Furtherm ore, a 

much sm aller red u c tio n  in  p u tre sc in e  le v e l  was observed w ith DFMO compared 

to  th a t  observed with DFMA trea tm en t (F ig . 7).



Table 1 Cell number, fresh weight, and dry weight per culture 
of carrot cells grown for 10 days in the presence o f  
1 mM DFMA, 1 mM DFMO, 30 pM EMGBG, or no inhibitor

Treatment
Cell Number 
x 107 . Fresh Weight Dry Weight

g g

Control 11.9 ±  0.5“ 2.75 ±  0.31 0.180 ±  0.006

DFMA (1 mM) 12.5 ±  0.6 3.63 ±  0.29 0.173 ±  0.004

DFMO (1 mM) 12.1 ±  0.9 2.80 ±  0.22 0.170 ± 0.009

EMGBG (30 pM) - 2.58 ±  0.25 -

“ Means ±  standard errors



am
in

e 
co

nt
en

t 
(j

im
ol

.g
fw

t)

Figure 6 Effect of  DFMA on amine levels
after 10 days in culture
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In  a d d i t io n  to  amine determ ina tions c e l l  counts were a lso  made on 

c u l t u r e s  in c u b a te d  fo r  10 days w ith  l.OmM DFMA, l.QmM DFMO, o r no 

in h ib i to r ,  as  above. C e ll numbers were no t s ig n i f ic a n t ly  d i f f e r e n t  from 

c o n tro l va lues w ith e i th e r  in h ib i to r ,  in  two sep a ra te  experim ents (Table 

1). The in c re a se  in  f re sh  weight r e s u l t in g  from DFMA trea tm en t i s  thus due 

s o le ly  to  an in c rea se  in  c e l l  expansion o f  the o rd er o f 25%; th e re  i s  no 

e f f e c t  on c e l l  d iv is io n . DFMO treatm en t had no s ig n if ic a n t  e f f e c t  on 

e i th e r  c e l l  d iv is io n  o r c e l l  expansion.

F o llo w in g  in v e s t ig a t io n s  o f  th e  in flu e n c e  o f amine sy n th es is

i n h i b i t o r s  on c e l l  growth, fu r th e r  work was c a r r ie d  ou t to  confirm  the

sp e c if ic ity  and s i t e  o f  a c tio n  o f  DFMO and DFMA. I h is  involved measurement

o f  the  a c t i v i t i e s  o f ADC in  the  su p ern a tan t and ODC in  the p e l le t  in

c e l l s  incubated  fo r  lOdays. Measurements were c a r r ie d  ou t in  the  presence

o f e ith e r DFMA, DFMO or EMGBG a t  vary ing  co n cen tra tio n s  as b e fo re . I t  was

found th a t in  th e  presence o f  DFMA, ADC a c t iv i ty  was d ra m a tic a lly  reduced

a t  c o n c e n t r a t io n s  as  low as  O.lmM, and v i r tu a l ly  no a c t iv i ty  was

detectable in  c e l l s  incubated a t  3mM DFMA (F ig . 8 ) . When ODC a c t iv i ty  was

determ ined under s im ila r  co n d itio n s  however, i t s  a c t iv i ty  proved to  be

u n a ffe c te d  by any co n cen tra tio n  te s te d  (F ig . 9a). Together w ith th ese

s tu d ie s ,  a complementary experim ent was c a r r ie d  ou t to  determ ine SAMDC

a c t iv i t y  in  c e l l s  incubated in  media supplemented w ith  DFMO, DFMA and

EMGBG. This showed th a t  SAMDC a c t iv i t y  was reduced by approxim ately 30% a t  
bfvMACFo.^)
3 irM. DFMO trea tm en t reduced the a c t i v i t y  o f  ODC by 75% a t  a co n cen tra tio n  

o f 0.3hM in  the  medium, and more than 98% a t  3 mM. Again ADC a c t iv i ty  was 

u n affec ted  by any co n cen tra tio n  o f  DFMO (F ig . 8 ) , w hile SAMDC a c t iv i ty  

doubled a t  3 mM (F ig . 9b). Both ODC and ADC a c t i v i t i e s  found in  t h i s  study 

a r e  com parable w ith those in  which the su p ern atan t alone was used fo r
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Figure 7 Effect of  DFMO on amine levels
after 10 days in culture

4.0

0.8  -

3.0

0.6  -

2.0
0.4 -

irS"^0.2  -

0.0
0

0.0
1 2 4

put
1>0

fwt

spill

i n h i b i t o r  c o n c e n t r a t i o n  ( m M )



Figure 8 Effects of  DFMO, DFMA, and EM G BG
on ADC activity after 10 days in culture
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Figure 9a Effects of  DFMO, DFMA & EMGBG
on ODC activity after 10 days in culture
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enzyme a s sa y  o f  ADC (Montague e t  a l , 1979), and s tu d ie s  in  which 

a c t i v i t i e s  o f both p e l le t  and supernatan t f ra c t io n s  were determ ined fo r 

ODC and ADC assay  (Cohen e t  a l , 1984).

In  th e  case o f  EMGBG tre a tm en t, th e re  was l i t t l e  e f f e c t  on ADC 

a c t iv i ty  in  the  su p ern atan t (F ig . 8) excep t a t  the  s tro n g e s t in h ib i to r  

c o n c e n tra t io n  employed (30 pM). When c e l l s  were incubated fo r  10 d in  

mediun supplemented w ith  30 pM EMGBG th e re  was a doubling in  ADC a c t iv i ty  

over c o n tro l v a lu es . ODC a c t iv i ty  (F ig . 9a) however, waswDt s ig n if ic a n t ly  

a f fe c te d  a t  any co n cen tra tio n  te s te d .  The s p e c i f ic i ty  o f  the enzyme was 

p o w erfu lly  dem onstrated by the  change in  SAMDC a c t iv i ty  r e la t iv e  to  

c o n tro ls  (F ig . 9b). SAMDC a c t iv i ty  was reduced a t  every  co n cen tra tio n  

t e s t e d ,  w ith  th e  g r e a t e s t  red u c tio n  occuring  a t  the  maximum EMGBG 

concentration o f 30 pM, when SAMDC a c t iv i ty  was reduced by more than 90%. 

T o g e th e r w ith  the  la ck  o f  in h ib i to ry  e f f e c ts  on ADC and ODC a c t i v i t i e s ,  

th e se  r e s u l t s  show th e  f in e  degree o f  s p e c i f ic i ty  a s so c ia te d  w ith the 

in h ib i to ry  e f f e c ts  o f EMGBG, to g e th e r  w ith  i t s  g re a t potency. This potency 

has been rep o rted  p rev io u sly  (Elo e t  a l , 1986) and i s  thought to  be due to  

i t s  enhanced s tru c tu re  compared to  MGBG. In term s o f growth (as fre sh  

w eig h t), none o f  the  co n cen tra tio n s  o f EMGBG te s te d  was e f fe c t iv e  (Table 

1 ) ,  a s  was a lso  the  case w ith  DFMO trea tm e n t. I t  may thus be concluded 

t h a t  DFMO, DFMA and EMGBG are  e f fe c t iv e  in  in h ib i t in g  the  a c t iv i ty  o f  

th e i r  s p e c if ic  enzymes w hile having no apparen t in h ib i to ry  e f f e c ts  e i th e r  

on the o ther enzymes s tu d ied  o r  on growth. The in creased  a c t iv i t y  o f  ADC 

found in  c e l l s  incubated in  EMGBG supplemented medium suggests th a t  th i s  

in h ib i to r  may have an u n sp e c ific  a c t i v i t y  enhancing p ro p erty , which may 

p e rh ap s  be re la te d  to  an in h ib i to ry  q u a li ty  o f  SAMDC a c t iv i ty  on the 

a c t iv i ty  o f these b io sy n th e tic  enzymes.
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Figure 9b Effects of  DFMO, DFMA & EM G BG
on SAM DC  activity after 10 days in culture
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To summarise, the  major f in d in g  o f  t h i s  study o f  amine b io sy n th es is  

inh ib ition  has been th a t  c e l l  d iv is io n  can be u naffec ted  under con d itio n s  

causing  s ig n if ic a n t  a l te r a t io n s  in  polyamine co n cen tra tio n s  and r e la t iv e
lOfrtA,

p ro p o rtio n s . In th e  presence o f  1 mM̂  spermine increased  2 -3 -fo ld  J the 

combined f re e  amine t i t r e  f e l l  by more than 80%. In c o n tra s t  w ith the  lack  

o f  e f f e c t  on c e l l  d iv is io n , c e l l  expansion o f  the o rd er o f 25% was 

re p ro d u c ib ly  induced by DFMA. In te re s t in g ly ,  spermine le v e ls  increased  

roughly  in  p a r a l le l  w ith f in a l  f re sh  w eigh ts. T h is, to g e th e r w ith  the 

p a t te rn  o f change occuring  du ring  the growth passage suggests a p o ss ib le  

c o r re la t io n  between spermine co n ten t and c e l l  expansion.

S tudies o f the response o f  o th e r c u ltu re d  t is s u e s  to  in h ib i to r s  o f 

polyamine b io sy n th e s is  have been inconclusive  and in  on ly  a few cases have 

p re c ise  measurements o f c e l l  d iv is io n  a c t iv i ty  been made. In a recen t 

s tu d y ,  where c u ltu re d  a rtic h o k e  ex p lan ts  were incubated on agarized  

medium supplem ented  w ith  v arious in h ib i to r s  (P h il l ip s  e t  a l , 1988) 

neither DFMA nor DFMO a t  co n cen tra tio n s  up to  10 mM a f fe c te d  m ito tic  r a te s  

in  th e  sh o rt- te rm  Jerusalem  a rtic h o k e  ex p lan t t i s s u e .  Mengoli e t  a l  (1987) 

found DFM) a t  5 mM in co rp o ra ted  in  th e  growth medium to  be w ithout e f f e c t  

on c e l l  numbers in  c a r ro t  suspension c u ltu re s  s im ila r  to  those  made use o f 

in  th e  p resen t study a lthough c e l l  expansion was s tim u la ted  in  the  p o s t

exponen tia l phase. In c o n tra s t  however, c e l l  d iv is io n  in  tobacco c u ltu re s  

in c u b a te d  in  inh ib ito r-supp lem en ted  medium was com pletely in h ib ite d  by 

DFMO w hile c e l l  expansion was s tim u la ted  to  a rem arkable e x te n t (B erlin  

and Forche, 1981). I t  was not c le a r  whether t h i s  was due to  changes in  

polyam ine metabolism since  p u tre sc in e  le v e ls  were no t reduced although 

ODC a c t iv i ty  was com pletely in h ib i te d .
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In  some c o n tra s t  to  such re p o rts  o f c e l l  expansion, red u c tio n s  in  

f r e s h  w eigh t have been rep o rted  in  response to  exposure to  DFMA in  both 

em bryogenic c a r ro t  c u ltu re s  (F ienberg e t  a l , 1984) and in  Jerusalem  

a rtic h o k e  t is s u e  (Bagni e t  a l , 1980) a lthough  in  both cases n e ith e r  c e l l  

counts nor amine determ in a tio n s were c a r r ie d  o u t.  A lso, in  another study 

when tobacco c a l l i  were t r e a te d  w ith  mM DFMO fre sh  w eights and p u tre sc in e  

l e v e l s  were reduced by alm ost 50% (T ibu rc io  e t  a l , 1987). At 3 mM DFMO 

red u c tio n s  in  f in a l  f re sh  weight were even more dram atic (71%) though 

polyamine determ ina tions were no t made in  t h i s  case . In C h lo re lla  c e l l  

numbers were reduced by up to  50% and p u tre sc in e  con ten t by 40% a t  25 mM 

DFTO (Cohen e t  a l , 1984). In a d d it io n , f re s h  w eights o f H elianthus tubers 

were reduced by more than 50% on growth in  5 mM DFMO and by over 30% w ith 

exposu re  to  5 mM DFMA. In co rp o ra tio n  o f  MGBG in  th e  medium a t  1 mg/ml 

i n h i b i t e d  th e  growth o f  crown g a l l  tumours but the  in h ib i t io n  could be 

reversed  s p e c i f ic a l ly  on adding sperm idine (Gaisky and Kulpa, 1983). Also 

the  growth o f  p e tu n ia , N icotiana and Vigna t is s u e  c u ltu re s  was in h ib ite d  

by polyamine b io sy n th es is  in h ib i to r s  but in h ib i t io n  was countered by 

a d d itio n  o f  p u tre sc in e  o r  sperm idine in  some cases (Kaur-Sawhney e t  a l ,

1984). Tomato f r u i t  development to o  was in h ib ite d  by DFMO* and a lp h a- 

m e th y lo rn ith in e , i f  app lied  during  th e  period  o f a c tiv e  c e l l  d iv is io n  and 

the  in h ib i t io n  was re lie v e d  by a p p lic a tio n  o f  p u tre sc in e . Also, a mutant 

to b acco  c e l l  l in e  w ith  low 0DC/SAMDC a c t i v i t i e s  when regenera ted  in to  

whole p la n ts  grew poorly  and never flow ered.

When co n sid e rin g  the r e s u l t s  o f the in h ib i to r  s tu d ie s  mentioned 

h e r e ,  i t  i s  u se fu l to  bear in  mind p o in ts  ra ise d  by Evans and Malmberg

(1989) in  a re ce n t review . They p o in t ou t th a t  not a l l  s tu d ie s  have 

dem onstrated th a t  the  b io lo g ic a l  e f f e c ts  o f in h ib i to r s  a re  r e v e rs ib le  by
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ad d ing  the  in h ib i to r  p lus the a p p ro p ria te  polyamine. In a d d itio n , some 

h a v e  n o t  d e m o n s tra te d  t h a t  th e  i n h i b i t o r s  red u ce  th e  i n t e r n a l  

c o n c e n tra tio n  o f  the polyam ines. In th e  p re sen t study however, enzyme 

assay s and amine determ in a tio n s in  con junction  w ith  th e  use o f  in h ib i to rs  

provide a pow erful in d ic a tio n  o f  in h ib i to r  s p e c i f ic i ty .

I t  i s  ev id en t th a t  a number o f s tu d ie s  have found th a t  a p p lic a tio n  

o f  polyamine b io sy n th e s is  in h ib i to r s  to  whole p la n ts  and t i s s u e  and c e l l  

c u l t u r e s  has a m easurable e f f e c t  on subsequent le v e ls  o f growth. I t  i s  

a l s o  the  case however, th a t  a number o f s tu d ie s  have been unable to  

conclude th a t  in h ib i t io n  o f  amine b io sy n th e s is  has any such e f f e c t .  In the 

absence o f any c le a r  consensus on the  ro le  and im portance o f  polyamines 

in  p lan t c e l l  fu n c tio n , th e re  remains fu r th e r  scope fo r  th e  a p p lic a tio n  o f 

in h ib i to r  s tu d ie s  in  p rov id ing  a so lu tio n  to  th e  polyamine q u es tio n . In 

any c a se , th ese  s tu d ie s  to g e th e r suggest th a t  n e ith e r  diam ines nor 

polyamines a re  req u ired  a t  p h y s io lo g ica l co n cen tra tio n s  in  o rd er fo r 

growth to  proceed in  c a r ro t  c e l l s  under th ese  s tandard  suspension c u ltu re  

c o n d it io n s .
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4 .2  P lan t hormones and amines in  r e la t io n  to  c u ltu re  growth 

In tro d u c tio n

The im portance o f  hormone supplements

Hig î levels o f auxin have g e n e ra lly  been found to  be b e n e f ic ia l  fo r 

e s tab lish m en t and growth o f  suspension c u l tu re s ,  e s p e c ia l ly  in  the  form o f 

2 , 4 -d ich lo rophenoxyacetic  ac id  (2,4-D) (S tr e e t ,  1977; King, 1984). The
t

r e s u l t s  o f  s tu d ie s  w ith t is s u e  cu tu res  o f  H elianthus tuberosus c a r r ie d  out
A  - ..................    — ............................................. .....................

by A rnott (1982) suggested th a t  2,4-D  exogenously ap p lied  in  the  medium 

was a requirem ent fo r  c e l l  cy c le  events in c lu d in g  c e l l  d iv is io n . In 

a d d it io n , previous s tu d ie s  have found th a t  growth i s  markedly reduced when 

auxin  i s  no t a v a ila b le  to  growing c e l l s  (Bagni e t  a l , 1982). In o rd er to  

complement th ese  Jerusalem  a rtic h o k e  s tu d ie s  and to  confirm  unpublished 

o b s e rv a t io n s  of the e f f e c ts  o f auxin w ithdraw l on growth in  c a r ro t  

suspension c u ltu re s  a s e t  o f s tu d ie s  were performed to  p re c is e ly  determ ine 

th e  changes in  f r e s h  w e ig h t accum ulation occuring  as a r e s u l t  o f 

red u c tio n s  in  2,4-D le v e ls  in  th e  c a r ro t  suspension c u ltu re  medium. Along 

w ith  2,4-D  the c a r ro t  c u ltu re  medium i s  ro u tin e ly  supplemented w ith  the 

s y n th e t ic  cy to k in in  'k i n e t i n ' ,  a phytohormone which in  whole p la n ts  i s  

a s so c ia te d  w ith  c e l l  d iv is io n  a c t iv i t y .  The r e la t iv e  importance o f th is  

supplement in  media p rep a ra tio n  has rece ived  l i t t l e  in v e s tig a tio n  and i t s  

inclusion in  c a r ro t  suspension medium has been m ainly due to  i t s  presence 

in  the MDK formula in  which long term c a r ro t  c u ltu re  had been shown to  be 

f e a s ib le .  In o rder to  more c le a r ly  determ ine the s ig n if ic a n c e  o f th is  

oompoind in  the MDK medium, the  e f f e c t  on growth o f  k in e tin  w ithdraw l was 

s tu d ied  in  con junction  w ith  the  auxin s tu d ie s  a lread y  mentioned.
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The i n i t i a l  s tages o f the  study involved the  t r a n s f e r  o f c a r ro t  

suspension  in o cu la  o f  known f re s h  weight to  f la s k s  o f horm one-free medium 

inder standard co n d itio n s . The f la sk s  were then incubated as before fo r a 

two week p e r io d , a t  th e  end o f  which th e  co n ten ts  o f the f la s k s  were f re sh  

weighted. F ig . 10a shows the f re sh  w eights o f c u ltu re s  grown in  auxin and 

k i n e t i n - f r e e  media fo r  14 d along w ith  f re s h  w eights o f c a r ro t  c u ltu re s  

grown in  supplemented medium.

The second p a r t o f th i s  study co n s is te d  o f the t r a n s f e r  o f  the 

c u l t u r e s  grown fo r  one passage in  horm one-free media to  a v a r ie ty  o f  

experim en tal media w ith  and w ithout k in e t in  and auxin to  determ ine whether 

p ro longed  growth in  a u x in -fre e  and k in e t in - f r e e  media re su lte d  in  a 

re d u c tio n  in  c u ltu re  growth over c o n tro l le v e ls .  Two growth param eters 

were measured: f re s h  w eight and c e l l  number.

R esu lts  and D iscussion

I t  may be seen th a t  th e re  i s  no s ig n i f ic a n t  d iffe re n c e  in  the  f re sh  

w eight accumulated by c u ltu re s  deprived  o f  hormone supplements compared 

to  those in  c o n tro l  media. I t  may be concluded th e re fo re  th a t  c e l l s  grown 

p rev io u sly  in  auxin and k in e tin  supplemented media may grow fo r  one 

p a ssa g e  in  h o rm o n e -free , k in e t in - f r e e  and a u x in -free  media w ith  no 

d e te c ta b le  red u c tio n  in  f in a l  f re sh  weight g a in . F ig. 10a shows the 

e f f e c ts  o f an a u x in -fre e , k in e t in - f r e e  and horm one-free s in g le  passage on 

subsequent growth. C e lls  incubated  fo r  a s in g le  passage in  hormone-free 

medium ( 'd e p le te d - c e l l s 1) in o cu la ted  in to  medium w ithout auxin showed no 

s ig n s  o f f re s h  weight gain  over th e  i n i t i a l  inoculum value a f te r  10 d 

in cu b a tio n  ( F ig . 10a) .
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Figure 10a Growth of  auxin-depleted cells in auxin-free,  kinetin-free
and hormone-free medium at 10 days growth
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In  c o n tra s t ,  aux in -dep le ted  c e l l s  tra n s fe r re d  to  media co n ta in in g  auxin

a ch ie v ed  f u l l  growth both in  the  presence o f  and w ithout k in e t in .  A

sim ilar p ic tu re  was ev id en t a f t e r  a n a ly s is  o f c e l l  number d a ta  (F ig . 10b).

I t  would appear th a t  although growth fo r  a s in g le  passage in  hormone-free

mediun may take p lace  w ithout any obvious change in  growth, the fo llow ing

passage p re sen ts  a very  d i f f e r e n t  p ic tu re :  in  the  absence o f  auxin , f in a l  
f re s h  w eights o f tre a te d  c e l l s  were reduced by more than 90% compared to

auxin-supplem ented c o n tro ls . Furtherm ore, in  a l l  cases growth was reduced

to  the  same degree in  k inetin-supplem ented  and horm one-free c u l tu re s .  A ll

c u ltu re s  grown in  media supplemented w ith  aux in , w ith  o r w ithout the

a d d itio n  o f  k in e tin  showed near c o n tro l (auxin-supplem ented) f in a l  fre sh

w eigh ts. Indeed, those  c u ltu re s  which were incubated in  media to  which

kinetin  had been added in  ad d itio n  to  auxin showed a s l ig h t ly  lower f in a l

f r e s h  weight than c u ltu re s  incubated in  media supplemented w ith  auxin

a lo n e . R esults o f  c e l l  number d e term ina tions (F ig . 10b) p resen t a s im ila r

p i c tu r e  w ith  a l l  c u l tu r e s  t r a n s f e r r e d  to  au x in -fre e  media showing

n e g lig ib le  growth and on ly  c u ltu re s  incubated  in  auxin-supplem ented media

re a c h in g  f in a l  f re sh  w eights s im ila r  to  co n tro l (auxin-supplem ented)

c u l tu r e s .

I t  i s  ev id en t from both o f  th ese  param eters th a t  auxin alone i s  the 

hormone supplement upon which growth depends in  th ese  c a r ro t  c u l tu r e s , as 

in  th e  case  o f  Jerusalem  a rtic h o k e  c u ltu re s  (Bagni e t  a l , 1982). I t  i s  

a ls o  c le a r  th a t  during  repeated  episodes o f growth and su b cu ltu re  the
K

carro t c e l l s  b u ild  up an endogeous le v e l  o f  auxin which, to g e th e r w ith any 

a u x in  tra n s fe r re d  during su b cu ltu re  i s  s u f f ic ie n t  to  perm it growth to  

p ro ceed  fo r  a f u l l  growth passage w ithout an exogenous supply o f  auxin 

b e in g  a v a i la b le  in  the medium. This endogenous supply would seem to  be



Figure 10b Cell number of  cell cultures transferred between
hormone-supplemented and unsupplemented medium

at 10 days growth
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consumed to  some ex ten t during  the  growth passage in  amine f re e  medium 

leav in g  in s u f f ic ie n t  le v e ls  to  f a c i l i t a t e  normal growth. This does indeed 

provide powerful evidence fo r  the  involvement o f auxin in  the re g u la tio n  

o f  p la n t  growth a t  the  c e l lu l a r  le v e l .  In ad d itio n  th ese  r e s u l t s  a lso  

in d ic a te  a qu estio n ab le  ro le  fo r  k in e tin  as a requirem ent fo r  c u ltu re  

g row th  a t  l e a s t  in  th e  sh o rt tim e period  to  which th i s  study a p p lie s . 

However, though the  r e s u l t s  in d ic a te  th a t  k in e tin  i s  not req u ired  fo r 

c u l t u r e  g row th  o v er a t  l e a s t  two passages and i s  indeed s l ig h t ly  

inh ib ito ry  when compared w ith the  e f f e c ts  o f auxin alone on growth, as has 

been re p o rte d  in  co tto n  c a l lu s  by Osmama and P e te r (198/j.). I t  remains 

u n c lea r whether k in e tin  i s  necessary  fo r  long term  c u ltu re  growth and 

whether i t  i s  p o ssib ly  involved in  processes which i f  impaired might 

produce symptoms a t  some l a t e r  s ta g e .

With th e  importance o f auxin as a requirem ent fo r  c a r ro t  suspension 

c u ltu re  growth now e s ta b lis h e d , a f u r th e r  in v e s tig a tio n  was c a r r ie d  ou t to  

d e te rm in e  whether am ines,as  p o s tu la ted  growth re g u la to rs  (Galston and 

Kaur-Sawhney, 1982)} would to  some degree rep lace  auxin in  the c u ltu re  

medium and allow  growth to  proceed in  i t s  absence.

4 .3  Amines as auxin replacem ents

In tro d u c tio n

As we have seen, amines have been the su b jec t o f a number o f 

in v e s t ig a t io n s  in  r e la t io n  to  th e i r  p o ssib le  ro le  in  c e l lu la r  growth 

processes. The r e s u l t s  o f such s tu d ie s  have led  to  t h e i r  id e n t i f ic a t io n  as 

p la n t growth re g u la to rs  by some au thors such as G alston and Kaur-Sawhney
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(1982) who have noted re p o rts  l in k in g  polyamines to  growth as evidence fo r  

t h i s  c o n c lu s io n . These include re p o rts  o f higb polyamine le v e ls  in  

m eristem atic  t is s u e s  as opposed to  senescen t t i s s u e  (Kaur-Sawhney e t  a l , 

1982.i), and s tim u la tio n  o f c e l lu la r  growth a sso c ia te d  w ith  exposure to  

po lyam ines (Bagni e t  a l , 1982). A lso, some au tho rs  have rep o rted  th a t  

polyamines may s tim u la te  growth in  dormant a rtich o k e  t is s u e  in  the  p lace  

o f  auxin  which i s  norm ally ap p lied  to  achieve such s tim u la tio n  (B e rto ss i 

e t  a l , 1965). In o rd er to  t e s t  the  b a s is  o f  such hypotheses regard ing  the  

r o le  o f  p lan t amines in  c e l lu la r  growth, th e  w e l l - t r ie d  c a r ro t  suspension 

c u l tu r e  system was used along w ithj a l t e r e d  c u l t u r e  m ed ia . I t  was 

envisaged th a t  th ese  procedures would in d ic a te  th e  a b i l i t y  o f  amines to  

replace auxin as a growth re g u la tin g  compound in  th e  c e l l  c u ltu re  medium. 

C e l l s  which had been grown fo r  a s in g le  passage in  au x in -fre e  media as 

d e sc r ib e d  p rev io u sly  and which were hence d ep le ted  of c e l lu la r  auxin 

(dep le ted  c e l l s )  were used in  th e  s tu d y .

R esu lts  and D iscussion

Hormone-depleted c e l l s  showed no in c rease  in  f re sh  weight over 

i n i t i a l  inoculum fre sh  weight le v e ls  a f t e r  10 d growth in  horm one-free 

medium supplem ented  w ith  any o f  th e  am ines used  a t  any o f  the 

co n cen tra tio n s  te s te d  (F ig . 11a). Indeed, th e  growth (as f re sh  w eight) o f  

d e p le te d  c e l l s  ap p eared  to  be s l i g h t l y  in h ib i t e d  a t  th e  h ig h er 

c o n c e n tra tio n s  o f p u tre sc in e  employed, when compared to  dep le ted  c e l l s  

incubated in  auxin and am ine-free  medium.

The p a tte rn  o f growth when dep le ted  c e l l s  were tra n s fe r re d  to  aux in - 

supplem ented medium provided a s t r ik in g  c o n tra s t  to  th a t  observed on
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incubation in  horm one-free medium. The f in a l  f re sh  weight was s im ila r  to  

th a t  in  undepleted  c o n tro ls  incubated under standard  c o n d itio n s . I t  would 

seem th e re fo re  th a t  amine supplem entation o f the medium does not allow 

grow th  to  proceed in  the absence o f  2,4-D ,

The lack  o f  a growth s tim u la to ry  e f f e c t  w ith exogenously app lied

amines was a lso  in d ic a te d  in  the  r e s u l t s  o f  the c e l l  number de term inations

c a r r i e d  ou t to g e th e r  w ith f re s h  w eigh tings. As in  the  case o f fre sh

w e ig h t, c e l l  numbers per c u l tu re  were s im ila r  to  those  o f the o r ig in a l

inoculun a f te r  10 d in cu b a tio n , in  a l l  cases in  which d ep le ted  c e l l s  were
| (Fig. lib)

incubated  in  a u x in -fre e  medi^. In the  auxin-supplem ented c o n tro ls ,  c e l l  

numbers were s im ila r  to  those  ob ta ined  when undpleted c e l l s  were incubated 

under s tandard  c o n d itio n s . To complement th e  above experim en ts , a s im ila r  

in v e s tig a tio n  was performed w ith  c u ltu re s  grown in  auxin-supplem ented and 

am in e-su p p lem en ted  MDK media. In th e se  experim ents c e l l s  were not 

d ep le ted  p r io r  to  the experim ental incubation  p e rio d , and th e re fo re  the 

study was s o le ly  concerned w ith  study ing  th e  e f f e c ts  on c e l lu la r  growth 

(as  f r e s h  w e ig h t)  o f  in c re a s e d  m edia amine le v e ls .  S im ilar amine 

c o n c e n t r a t io n s  were employed to  those  in  previous experim ents, and 

s ta tio n a ry -p h a se  c e l l s  were once again  incubated  fo r  10 d in  experim ental 

and s tandard  (c o n tro l)  media, w ith  f re sh  w eights determ ined on harvested  

c e l l s  a t  the  end o f  the c u ltu re  p e rio d . F ig. 12 shows how f in a l  f re sh  

w e ig h ts  were a f f e c t e d  by th e s e  amine t r e a tm e n ts .  Growth was not 

s t im u la te d  a t  any o f  the amine co n cen tra tio n s  te s te d  -  and was indeed 

reduced a t  some o f  the g r e a te s t  amine co n cen tra tio n s  used.
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Figure 11a Growth of auxin-depleted cells in auxin-free
polyamine-supplemented medium at 10 days
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Figure l i b  Growth of  auxin-depleted cells in auxin-free
polyamine-supplemented medium at 10 days
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Figure 12
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The r e s u l t s  o f th i s  study provide a c o n tra s t  to  those o f previous 

s tu d ie s  which found th a t  when exogenous polyamines were supplied  a t  10-100 

jjM c o n c e n tra tio n s  to  ex p lan ts  o f H elianthus tuberosus dormant tu b e r 

c u l t i v a t e d  in  v i t r o  the tuber c e l l s  were s tim u la ted  to  d iv ide  and grow 

w ith o u t exposure to  any o th e r  growth substance. Growth s tim u la tio n  and 

d i f f e r e n t i a t i o n  ( S e r a f i n i - F r a c a s s i n i  and A lessan d ri, 1983) in  th e

explants was s im ila r  to  th a t  observed w ith IAA treatm en t (B erto ss i e t  a l ,

1965; Bagni, 1966). Amines were a ls o  rep o rted  to  g en e ra lly  in c rease  a c tiv e  

c e l l  p r o l i f e r a t io n  during  seed form ation (Bagni e t  a l , 1967), germ ination  

(Bagni, 1970; Smith and B est, 1977; Ramakrishna and Adiga, 1975) and tu b er 

sp ro u tin g  (S e ra f in i e t  a l , 1980; Kaur-Sawhney e t  a l , 1982i). Exogenously 

ap p lied  polyamines a lso  ex erted  weak a u x in -lik e  e f f e c ts  on le a f  ex p lan ts  

o f  Datura in o x ia  (C hriqui e t  a l , 1986) w hile the  polyamine b io sy n th es is  

in h ib i to r  DCHA in h ib ite d  growth in  H elianthus tuber ex p lan ts  (B a rb ie ri e t  

a l , 1983). In H iproly b a rley  c a l lu s  p u tre sc in e , sperm idine and spermine 

levels were e lev a ted  a f t e r  w ithdraw l o f  2,4-D and were a sso c ia ted  w ith  ro o t 

fo rm a tio n  (Katoh e t  a l , 1985). Evidence fo r  a l in k  between auxin and

po lyam ines a l s o  comes from the study o f  T iburcio  e t  a l  (1985) on

polyam ines in  tobacco c a llu s  who conclude th a t  NAA re g u la te s  polyamine 

metabolism in  tobacco c a l lu s  s in ce  le v e ls  o f polyamines were a l te re d  by 

changing NAA le v e ls .  C lea rly  a s ig n if ic a n t  body o f  work has been based on 

studying the ro le  o f  polyamines and auxin  in  p la n t growth and y e t d e sp ite  

such stud ies the evidence fo r a polyamine ro le  rem ains unproven. A fter the  

p re sen t in v e s tig a tio n  th e  r e s u l t s  may be summarised as fo llow s:

Exogenous amines a re  not capable o f rep lac in g  auxin as a growth 

fa c to r  in  c a r ro t  c u ltu re  in  s tandard  suspension c u ltu re  medium a t  any o f  

th e  co n cen tra tio n s  te s te d ,  under th ese  standard  c o n d itio n s . Moreover,
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amines may in h ib i t  growth when p resen t a t  high co n cen tra tio n s  in  th e  media 

b o th  w ith  and w ithout the presence o f aux in . Auxin i t  would appear, i s  

v i t a l  f o r  long term  c u ltu re  grow th, a t  l e a s t  under th ese  co n d itio n s  -  

w hile k in e t in  i s  c e r ta in ly  in e s s e n t ia l  in  th e  sh o rt term . In in te rp re t in g  

th e s e  r e s u l t s  however, i t  i s  im portant to  consider how much o f the 

exogenously ap p lied  amine i s  e n te r in g  the  c e l l  and whether the  exogenous 

c o n c e n tra tio n s  chosen were e f f e c t iv e :  With re sp e c t to  exogenous amine 

c o n c e n t r a t io n s ,  p re v io u s  de term ina tions have in d ica te d  amine le v e ls  

w ith in  th e  c e l l  (F ig .1b) and exogenous co n cen tra tio n s  were o f t h i s  o rder 

o f  magnitude. D iffu s io n  and a c tiv e  tra n sp o r t  would be expected to  r e s u l t  

in  movement o f th ese  amines in to  the c e l l  and th e  r a is in g  o f  c e l lu la r  

amine le v e ls .  Furtherm ore, P is to c c h i e t  a l  (1987) found th a t  p u tre sc in e  

and spermidine were ra p id ly  taken up by c a r ro t  suspension c e l l s  reach ing  a 

maximum ab so rp tio n  w ith in  one m inute.

In  view  o f  the  wide f lu c tu a tio n s  in  amine le v e ls  over the c u ltu re  

period  a lre ad y  found to g e th e r  w ith  high amine tu rnover r a t e s ,  i t  i s  

perhaps u n su rp ris in g  th a t  the  a r t i f i c i a l  im position  o f co n stan t e lev a ted  

amine c o n cen tra tio n s  may lead  to  growth re d u c tio n s , s ince  the p a tte rn  o f 

e le v a te d  amine le v e ls  fo r  b r ie f  periods and f a r  lower amine le v e ls  over 

th e  m a jo r i ty  o f  th e  c y c le  may be o f  fu n d am en ta l p h y s io lo g ic a l 

s ig n if ic a n c e . The supplem entation o f  growth media as c a r r ie d  ou t in  th i s  

s tu d y , must of n e c e s s ity  be a r e l a t iv e ly  crude technique to  employ in  

investigations in to  amine involvement in  growth -  but does give a g en era l 

im pression o f  the s ig n if ic a n c e  o f  p h y s io lo g ica l le v e ls  o f amines w ith in  

the c e ll  in  r e la t io n  to  c u ltu re  growth. Other s tu d ie s  invo lv ing  the  use o f  

in h ib i to rs  (above) and c e l l  m utants d e f ic ie n t  in  amine sy n th e tic  enzymes 

(Malmberg, 1983) o f f e r  a more c lo se ly  c o n tro lle d  system fo r  m anipulation
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o f  c e l lu l a r  amine c o n ten t, and i t  i s  on the  b a s is  o f r e s u l t s  showing 

h a lte d  growth in  amine d e f ic ie n t  p ro k ary o tic  m utants th a t  many o f  the 

c la im s  f o r  amine growth involvement have been based. In the  absence o f 

a v a i l a b i l i ty  o f  such m utants o f c a r ro t  c e l l s ,  "am ine-feeding" i s  a v ia b le  

method o f  g en era l c e l l  m etabolic in v e s t ig a t io n .
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4.4 Amine precursors

In tro d u c tio n

O rnith ine and a rg in in e

Amine m e ta b o lis m  in  c a r r o t  c e l l s  i s  i n i t i a t e d  w ith  th e  

d e c a rb o x y la tio n  o f the amino ac id s  o rn ith in e  and a rg in in e , w ith the 

d eca rb o x y la tio n  o f a rg in in e  predom inating (Smith, 1985b; F e ire r  e t  a l , 

1 9 8 4 ). I t  w i l l  be apparen t th a t  i f  co n cen tra tio n s  o f th ese  amino ac id s 

w ith in  th e  c e l l  a re  no t o p tim al, then  amine sy n th e s is  w il l  be lim ited  by 

t h i s ,  provided o th e r  f a c to rs  a re  no t l im it in g  amine p roduction . I f ,  in  

addition growth i s  dependent to  some degree on amine le v e ls  -  then i t  may 

be a f fe c te d  by any d ecrease  in  o rn ith in e  o r  a rg in in e  co n cen tra tio n  below 

optim al le v e ls .

To i n v e s t i g a t e  th e  p o s s ib i l i ty  th a t  amine sy n th e s is  and hence 

p o s s ib ly  growth a ls o  was being reg u la ted  by changes in  le v e ls  o f the 

p r e c u r s o r  amino a c id s  o rn ith in e  and a rg in in e , an in v e s tig a tio n  was 

c a r r i e d  ou t in to  the  e f f e c t  on amine le v e ls  and f in a l  f re sh  weight of 

changes in  the  media co n cen tra tio n s  o f th ese  two p rec u rso rs .

To m anipulate c e l lu la r  le v e ls  o f  o rn ith in e  and a rg in in e , c e l l s  were grown 

in  media supplemented w ith  th e se  amino ac id s  a t  two c o n c e n tra tio n s , 1 and 

10 mM.
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R esu lts  and D iscussion

The e f f e c t  o f  in c reased  media a rg in in e  and o rn ith in e  le v e ls  on amine 

c o n te n ts  10 d a f t e r  su b cu ltu re  a re  shown (F ig . 13b).

While there is little difference between amine levels in control cells (unsupplemented 

medium) and cells incubated in media supplemented with mM arginine and ornithine, at 

10 mM arginine and ornithine there is a doubling in spermine content. This may indicate 

that sub-optimal levels o f these precursors reduce spermine synthesis rates in control cells.

In terms of growth, other studies have found a severe inhibition o f growth in arginine and 

ornithine-supplemented media (Walton et al. 1988). Preliminary results indicated that 

ornithine and arginine completely inhibited growth when supplied at 2.5 mM. In the 

present study, growth data (Fig. 13a) shows no significant difference in final fresh weight 

compared to controls in cultures incubated in arginine and ornithine supplemented medium 

at either concentration tested. These results indicate that neither amine precursor has any 

individual growth promoting properties. To summarise therefore, spermine accumulation 

is increased at high precursor levels, while growth as fresh weight remains unaffected.
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Figure 13a Growth o f undepleted cells in
arginine and ornithine-supplem ented  

media at 10 days growth

■ crl

ra 1 mM arg

m 1 mM om

u 10 mM arg

□ 10 mM om
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Figure 13b Am ine content o f cells in arginine  
and ornithine-supplem ented media 
at 10 days growth
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\ mM arg put 
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4 .5  A vailab le  n itro g en  and growth 

In tro d u c tio n

A lte r in g  the  le v e ls  o f the immediate am ine-precursor amino ac id s  i s  

one technique fo r  le a rn in g  more about th e  p o in ts  o f m etabolic re g u la tio n  

in  c a r ro t  c u ltu re  amine m etabolism . Oie l im ita t io n  o f  t h i s  method however, 

i s  th e  lack  o f  a r e l i a b le  means o f reducing a rg in in e  and o rn ith in e  

c o n c e n t r a t io n s  d i r e c t ly ,  w ithout d is ru p tin g  g en era l metabolism as a 

r e s u l t .  I t  i s  p o ss ib le  though, to  in d ir e c t ly  modulate amino ac id  le v e ls  

th ro u g h  changes in  th e  balance and q u a n tity  o f  the n itro g en  source w ith 

which the medium i s  supplemented. The e f f e c t  o f changes in  the  balance o f 

th e  n i t ro g e n  source (the  r a t i o  o f ammonium to  n i t r a t e  ion) on c e l lu la r  

amine le v e ls  was determ ined using  a range o f  r a t io s  of ammonium to  n i t r a t e  

ions and the  s tandard  techniques a lread y  d e sc rib ed .

R esu lts  and D iscussion

The r a t i o  o f ammonium to  n i t r a t e  ions in  the  n itro g en  source was 

w ithout e f f e c t  on f re s h  w eights a f t e r  10 d in  c u l tu re  (F ig . 14a), though 

in c re a s in g  amounts o f ammonium ion appeared to  reduce the  p u tre sc in e , 

sperm idine and spermine con ten t (F ig . 14b). In te re s t in g ly ,  i t  has been 

p rev io u s ly  rep o rted  th a t  in c reas in g  p ro p o rtio n s  o f ammonium ion in  the 

n i t r o g e n  so u rce  may lead  to  a b u ild  up in  c e l lu la r  proton le v e ls ,  

r e s u l t in g  in  a drop in  c e l lu l a r  pH (Slocum e t  a l , 1984) This has in  tu rn  

been rep o rted  to  r e s u l t  in  in creased  le v e ls  o f p u tre sc in e  and some o th e r 

amines (P riebe e t  a l , 1978; K lein e t  a l , 1979; Le R udelier and Goas, 1975) 

a phenomenon which has been found to  accompany exposure to  a c id ic
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Figure 14a Effect of  variation in N H 4 + /N 0 3 -
baiance on growth at 10 days growth

■  crl (70 % NH4+) 

0  80 % NH4+

M 90 % NH4+



am
in

e 
co

nt
en

t 
(u

m
ol

.g
fw

t)

Figure 14b Effect of  variation in N H 4 + /N 0 3 -
balance on amine content at 10 days growth

■  c t !  (70% NH4+) put 

0  crl (70% NH4+) spd 

0  crl (70% NH4+) spm 
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FI 90% NH4+ spm
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Figure 15 Effect of  variation in nitrogen content
on growth
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reached , w ith  f i n a l  f re sh  w eights halved on reducing  n itro g en  con ten t from 

25 to  12.5% o f  c o n tro l  le v e ls .

The im p lic a tio n  o f  th ese  r e s u l t s  i s  th a t  optim al growth may be 

a c h ie v e d  a t  n itro g e n  le v e ls  o f around 50% o f those norm ally included in  

th e  c u l tu re  medium. Since f re s h  w eights a lone were determ ined however, i t  

cannot be confirm ed th a t  o th e r param eters a re  a lso  optim al a t  th ese  

l e v e l s .

The dramatic d e c lin e  in  growth as le v e ls  o f  n itro g en  a re  reduced below 50% 

shows n itro g en  supplem entation to  be an e s s e n t ia l  requirem ent fo r  growth, 

as would be expected  w ith  the  im portance o f  n itro g en -co n ta in in g  m olecules 

in  g en e ra l c e l l  metabolism .

4 .6  Potassium  le v e ls  in  r e la t io n  to  amine co n ten t and growth 

In tro d u c tio n

The f i n a l  p a r t  o f  th i s  study in to  th e  r e s u l t s  o f  changes in  media 

c o n s ti tu e n ts  concerned the im portance o f  potassium  as a component o f the 

s ta n d a rd  medium. S everal re p o r ts  have a lso  h ig h lig h ted  the dram atic 

e f f e c t  changes in  potassium  le v e l  may have on amine le v e ls  under some 

conditions^, and th e  study thus included an in v e s tig a tio n  in to  changes in  

amine co n cen tra tio n  in  c e l l s  c u ltu re d  under various potassium  regim es.

S ta t io n a ry -p h a s e  c e l l s  were in o cu la ted  in to  e s p e c ia lly  prepared 

"MDK" po tass iu m -free  medium supplemented w ith  the  amount o f potassium  in  

th e  s ta n d a rd  media and media supplemented w ith  on ly  10% o f th i s  amount.
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Figure 16a Effect of  variation in media potassium
level on growth at 10 days growth

■  crl (100% K+) 
0  10% K+
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Figure 16b Effect of  media potassium level
on amine content at 10 days growth

|  crl (100% K+) put 

0  crl (100% K+) spd 
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R esu lts  and D iscussion

The re su lts  show a dram atic f a l l  in  both growth (F ig . 16a) and amine 

le v e l  (F ig . 16b) compared to  c o n tro ls  a f t e r  10 d growth in  low potassium  

media. I t  i s  im m ediately apparen t th a t  potassium  i s  a key c o n s titu e n t o f 

th e  medium which must be included  i f  normal le v e ls  o f growth a re  to  be 

m ain tained . These r e s u l t s  do not correspond w ith  a number of s tu d ies  

showing in creased  p u tre sc in e  le v e ls  under co n d itio n s  o f reduced potassium  

a v a i l a b i l i t y  (Richards and Coleman, 1952; Sm ith, 1970; Klein e t  a l , 1979; 

Young and G alston , 1984), and do no t give weight to  suggestions th a t 

p u tre sc in e  may be an in d ic a to r  o f potassium  d e f ic ie n t  co n d itio n s  (Smith, 

1984).

In  concluding th i s  in v e s tig a tio n  o f  the  r e la t io n s h ip  between growth and 

am ine m etab o lism  a few p o in t s  sh o u ld  be n o ted . In  studying  th i s  

r e l a t i o n s h i p  i t  i s  a form idable ta sk  to  determ ine which sec tio n  o f 

m etabolism  i s  a f fe c te d  by changing polyamine le v e ls .  A m ultitude o f 

c e l l u l a r  p rocesses may be modulated by changes in  growth r a te s  and 

e s ta b l i s h in g  a d i r e c t  l in k  between polyamines and a s in g le  m etabolic 

sequence i s  not a sim ple ta s k . Tabor and Tabor (1984) have noted th a t  

g row th  in h ib i t io n  a f f e c ts  DNA, RNA and p ro te in  sy n th e s is  and th a t  many 

steps may e x i s t  between th e  prim ary e f f e c t  o f  the polyamines and sy n th es is  

o f  th e s e  m acro m o lecu les . In  a d d i t io n  s tu d ie s  invo lv ing  polyamine 

d e p r iv a t io n  a re  p a r t i c u l a r l y  d i f f i c u l t  to  i n t e r p r e t  because such 

d e p r iv a t io n  does n o t occur im m ediately. When endogenous le v e ls  are  

depleted o th e r changes may a ls o  have taken  p la ce . These problems apply  to  

th o s e  s tu d ie s  which attem pt to  show th a t  growth s tim u la tio n  d i r e c t ly  

in d u c e s  in c r e a s e s  in  po lyam ine b io sy n th e tic  enzymes and th a t  th i s  

in c rease  i n i t i a t e s  DNA and RNA sy n th e s is  and growth by the  a c tio n  o f  the



sy n th esized  polyam ines.



CHAPTER FIVE



POLYAMINES AND STRESS

5.1  Water s t r e s s  

In tro d u c tio n

The p h y s io lo g ica l reponses o f p lan ts  to  w a te r -s tre s s  have long been 

o f in te re s t  m ainly because o f  the need to  understand b e t te r  the e f f e c ts  on 

econom ically  im portant crop  p la n ts  when w ater i s  a l im itin g  f a c to r .  Kramer 

(1980) has estim ated  th a t  lo sse s  in  production due to  lack  o f w ater exceed 

those o f a l l  o th e r fa c to rs  combined. Che mechanism o f re s is ta n c e  to  w ater- 

s t r e s s  i s  drought to le ra n c e  (L e v itt ,  1980), which involves the red u c tio n  

o f  c e l l  w a te r p o t e n t i a l  through in t r a c e l lu la r  so lu te  accum ulation, 

a l lo w in g  th e  c e l l  to  r e t a i n  tu rg o r  and enhancing su rv iv a l in  an 

j environment o f f lu c tu a tin g  osm otic p o te n tia l  (Tlirner and Jones, 1980).

R esearch  in to  drought s t r e s s  has u n t i l  now m ainly been d ire c te d  

I towards whole p la n ts  w ith  p a r t ic u la r  emphasis on s tcm ata l behaviour. 

;j However, su sp e n s io n  c u l tu r e d  p la n t  c e l l s  o f fe r  a homogeneous and 

j e x p e r im e n ta lly  c o n tro lla b le  a l te rn a t iv e  to  study c e l lu la r  responses to
I
| w ater s t r e s s .  Heyser and Nabors (1979) f i r s t  rep o rted  the  s e le c tio n  o f 

I cu ltu re d  c e l l  l in e s  r e s i s ta n t  to  the s tr e s s  induced by po lyethy lene g ly co l 

(PEG). A d a p ta tio n  p ro c e d u re s  and growth responses have since been 

examined (B ressan, 1981) and p h y sio lo g ica l changes a sso c ia te d  w ith  w ater-
1

s t r e s s  adapted c e l l s  in v e s tig a ted  in  d e ta i l  (Handa e t  a l , 1983).
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Two components o f  the  response  o f  p la n t  c e l l s  to  decreased  w ater 

p o t e n t i a l  may be i d e n t i f i e d ;  long-term  changes in  c e l l s  adapted to  

con tinuous  growth in  low w ater p o t e n t i a l ,  h e re  r e f e r r e d  to  as s t r e s s -  

a d a p ta t io n ,  and s t r e s s - s h o c k  responses  occu r ing  in  the  s h o r t - te rm  in  

c e l l s  t r a n s f e r r e d  a b ru p t ly  to  lower w ater p o t e n t i a l  environm ents .

S h o r t- te rm  s t r e s s

Though th e  ch an g e s  in  p l a n t  amine m etabolism  in  response  to  

env ironm enta l s t r e s s  have been a c t i v e l y  s tu d ie d  f o r  some time (Altman e t  

a l , 1982), many o f  th e se  s tu d ie s  have d e a l t  w ith  long term s t r e s s  du ring  

a c i d i f i c a t i o n  (Young and G a ls to n , 1983), s a l i n i t y  (S trogonov, 1964) 

and drought (Turner and S t e a r t ,  1986). One o f  the  most d ram atic  changes in  

p l a n t  amine l e v e l s  u n d e r  s t r e s s  was r e p o r t e d  under st'*ock s t r e s s  

c o n d i t i o n s :  The p u t re s c in e  co n ten t  o f  o a t  l e a f  c e l l s  and p r o to p l a s t s  

increased up to  6 0 -fo ld  w ith in  6 h w ith  an osm otic  s t r e s s  due to  0. 4 -0 .6  M 

s o r b i t o l .  This s tudy however, was i n i t i a l l y  concerned w ith  th e  response  o f  

amine metabolism to  s h o r t - te rm  s t r e s s  imposed on the  unadapted c a r r o t  

c u l tu r e s  d u r in g  in c u b a t io n .  C e l ls  were f i r s t l y  monitored on exposure to  

osm otic  s t r e s s  in  media supplemented w ith  m a n n ito l ,  sodium c h lo r id e  and 

p o lye thy lene  g ly c o l ,  and in  l a t e r  in v e s t i g a t i o n s  responses  to  h ea t s t r e s s  

and a u x in  were s tu d ie d .  C u ltu red  p la n t  c e l l  systems p ossess  a number o f  

f e a tu r e s  which make them e s p e c i a l l y  s u i t a b l e  fo r  s tu d ie s  o f  p la n t  s t r e s s  

m etabolism when compared to  whole p la n t  system s: The s t r e s s  regime to  

which each p la n t  c e l l  i s  exposed may be t i g h t l y  c o n t r o l l e d ,  and the  le v e l  

o f  s t r e s s  may be p r e c i s e ly  d e te rm ined . The l e v e l  o f  s t r e s s  i s  uniform 

a c r o s s  th e  whole c e l l  p o p u la t io n ,  where^ in  whole p la n t  systems only  a 

s m a l l  f r a c t i o n  o f  the  t o t a l  c e l l  p o p u la t io n  : t$  d i r e c t l y  exposed to  the
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s t r e s s  so lu tio n . The v a r ia t io n  in  response betw een^cell popu la tions o f the 

various p lan t organs to  the s t r e s s  environment i s  not p resen t when uniform 

c e l l  c u ltu re * u se d . I t  may be concluded th a t  c e l l  c u ltu re  i s  uniquely  

s u i te d  fo r  c e r ta in  s t r e s s  metabolism s tu d ie s  such as  those described  

below.
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5 .1 .1  Sodium ch lo rid e  s t r e s s

In creasin g  use o f  i r r ig a t io n  in  many a r id  a reas  has re su lte d  in  an 

in c re a s in g  problem w ith s o i l  s a l in iz a t io n ,  prompting the  search  fo r  an 

u n d e rly in g  mechanism whereby some p la n t spec ies  a re  r e s i s ta n t  to  such 

c o n d itio n s  w hile o th e rs  a re  ad v erse ly  a f fe c te d . With re p o rts  o f la rg e  

c e l lu la r  amine accum ulations in  response to  w a te r - s t re s s ,  m inera l balance 

and o th e r  environm ental f a c to rs ,  s e v e ra l s tu d ie s  have attem pted to  show a 

r e l a t io n s h ip  between amine le v e ls  and environm ental s a l in i ty  (Smith, 

1984). A number o f re p o r ts  have indeed presen ted  d a ta  showing in c reasin g  

amine le v e ls  in  p la n ts  exposed to  high s a l t  le v e ls  (Strogonov, 1964; 

P rik h o d 'k o  and Klyshev, 1964; Shevyakova e t  a l , 1981). D espite such 

fin d in g s  however, the evidence remains inconclusive  as o th e rs  have fa i le d  

to  f in d  s i g n i f i c a n t  amine accum ulation under s im ila r  circum stances 

(Anderson and M artin, 1973; P riebe and Ja g e r, 1978).

In the  l ig h t  o f such ap p a ren tly  c o n tra d ic to ry  fin d in g s  and as a 

c o m p a ra tiv e  e x e r c i s e  w ith  th e  i . 2  m annito l s tr e s s  s tudy , an

in v e s tig a tio n  was c a r r ie d  ou t in  which amine le v e ls  were m onitored in  

c e l l s  su b je c te d  to  a b r ie f  period  o f  incubation  in  sodium ch lo rid e  

supplemented medium.

The experim ental procedure used involved the  supplem entation o f  MDK 

m edia w ith  0 .4  M sodium c h lo r id e . The sodium ch lo rid e  was added to  the 

s ta n d a rd  medium p r io r  to  s t e r i l i s a t i o n  and s ta t io n a ry  phase c e l l s  

in o c u la te d  as p rev io u sly  d escrib ed  in to  supplemented and c o n tro l media 

and incubated under s tandard  co n d itio n s  fo r a s e t  tim e p e rio d . A range o f 

incubation  periods were te s te d  and amine le v e ls  determ ined in  each case .
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On comparing th e  amine l e v e l s  p re s e n t  in  c e l l s  incubated  in  sodium 

c h l o r i d e  supplemented medium with th o se  in  c o n t r o l  c e l l s  incubated  in  

u n s u p p le m e n te d  medium, i t  i s  ap paren t t h a t  th e r e  i s  no s i g n i f i c a n t  

d i f f e r e n c e  between them when th e  e f f e c t s  o f  d eh y d ra tio n  through w ater lo s s  

to  the h igh  osm otic p o t e n t i a l  medium a re  taken  i n t o  account (Table 2 ) .  I t  

s h o u ld  be n o te d  h o w e v e r ,  t h a t  t h e  l a c k  o f  any s i g n i f i c a n t  amine 

a c c u m u la t io n  a f t e r  8 h does not p rec lude  a lo n g e r- te rm  r i s e  in  amine 

c o n te n t  on prolonged exposure  to  s a l i n e  c o n d i t io n s .  While the  la ck  o f  

response appears  not to  be in  agreement w ith  the  r e s u l t s  o f  Shevyakova a n d  

>gonov(1985) who found s i g n i f i c a n t  accum ula tion  o f  polyamines under s a l i n e  

c o n d i t io n s ,  c lo s e r  c o n s id e ra t io n  r e v e a l s  t h a t  the  in c re a s e s  re p o r te d  a re  

e x p r e s s e d  on a f r e s h  w eight b a s i s  a lo n e .  Due to  the  c o n s id e ra b le  water 

l o s s e s  which occur on in c u b a t io n  in  media o f  low w ater p o t e n t i a l ,  an 

in c re a s e  in  s o lu te  c o n c e n t r a t io n  would be expec ted  in  the  absence o f  any 

s o lu te  accum ula tion . S ince w ater c o n te n ts  were no t de term ined in  the  s tudy  

mentioned above i t  i s  d i f f i c u l t  to  conclude whether an accum ulation  d id  

t a k e  p la c e  but i t  may be assumed t h a t  a l a rg e  p ro p o r t io n  o f  the  6 - fo ld  

increase d e sc r ib ed  might p o s s ib ly  be accounted  f o r  in  term s o f  w ater lo s s  

alone. Indeed, i f  a l l  the  s tu d ie s  c a r r i e d  o u t  on th e  r e l a t i o n s h i p  between 

amine l e v e l s  and changes in  s a l i n i s a t i o n  a re  co n s id e red  to g e th e r  i t  i s  

a p p a r e n t  t h a t  ev idence  fo r  a l i n k  between changes in  amine l e v e l s  and 

s a l i n i z a t i o n  i s  f a r  from c o n c lu s iv e .



Table 2 Stress and amine content in carrot cells

Treatment Hours o f incubation

0 1 2 4 8

nmol.gfwt 
Put Spd Put Spd Put Spd Put Spd Put Spd

Control
(Unadapted Cells to 
Standard medium)

533
(45)

498
(69)

- - 1062
(143)

196
(44)

1298
(239)

267
(81)

833
(127)

257*
(92)

Unadapted cells to 
7.5% mannitol

380
(47)

225
(40)

1203
(101)

335
(24)

1542
(133)

280
(26)

1169
(85)

250
(37)

1273
(108)

87
(16)

Cells after 1 
passage in mannitol 
supplemented medium

533
(44)

291
(25)

1179
(82)

344
(26)

1891
(173)

298
(30)

1083
(97)

358
(22)

257
(20)

121
(18)

Cells after 4 
passages in mannitol 
supplemented medium

492
(67)

283
(25)

518
(77)

245
(34)

1095
(89)

750
(66)

1796
(144)

1612
(138)

1948
(223)

1012
(81)

Unadapted cells to 
40°C medium

463
(61)

322
(24)

- - - - - - 1012
(212)

343
(38)

Unadapted cells to 
anoxic medium

623
(53)

434
(41)

- - 1118
(149)

789
(81)

1102
(119)

727
(65)

1217
(94)

870
(63)

Unadapted cells to 
25% PEG

629
(82)

437
(66)

778
(107)

429
(131)

1172
(189)

881
(128)

1996
(338)

1032
(183)

3862
(441)

2355
(271)

Unadapted cells to 
0.4 M NaCl

447
(68)

280
(72)

931
(118)

389
(56)

1231
(126)

465
(62)

1554
(134)

606
(49)

1729
(208)

643
(78)

• Means(+ standard errors)
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5 .1 .2  M annitol s tr e s s  

In tro d u c tio n

M a n n ito l, when added to  the standard  c u ltu re  medium p r io r  to  

a u to c la v in g ,  may be used to  lower the  w ater p o te n t ia l  o f the c e l lu la r  

environment to  a predeterm ined le v e l .  I t  may th e re fo re  be used to  impose 

water s tre s s  co n d itio n s  on th e  c e l l  c u l tu re ,  which may be determ ined p r io r  

t o  in c u b a t io n  th ro u g h  osm om eter measurements. The w ater s t r e s s  i s  

e f fe c te d  through the  lo s s  o f c e l lu la r  w ater down the  d if fu s io n  g rad ien t 

from  c e l l  to  c u l tu r e  s o lu t i o n ,  and leads to  an in c rease  in  the 

co n c en tra tio n  o f c e l l  s o lu te s , among them the amines.

In  o rd er to  d e r term ine whether amine le v e ls  in creased  beyond those  

expected due to  w ater lo s s ,  the  c o n cen tra tio n s  o f amines were determ ined 

both du rin g  and a f t e r  exposure to  m annitol-supplem ented media fo r  various 

tim e p e rio d s . A p re lim in ary  study was i n i t i a l l y  c a r r ie d  o u t, in  which 

s ta t io n a ry  phase c e l l s  were in o cu la ted  in to  s tandard  medium supplemented 

w ith  7.5% m annito l. C ultu res were m aintained on t h i s  fo r  8 h and amine 

c o n te n ts  d e te rm in e d  a t  i n t e r v a l s  on h arvested  c e l l s  as p rev io u sly  

described. I t  was thus p o ss ib le  to  fo llow  th e  i n i t i a l  changes in  c e l lu la r  

amine contents which occured as a r e s u l t  o f  th i s  rap id  exposure to  severe 

w a te r -s tre s s  c o n d itio n s .



82

R esu lts  and D iscussion

When c o n s id e r in g  th e  changes in  amine c o n c e n tra tio n s  found 

im m ediately a f t e r  exposure to  th e  stress-m edium , some s ig n if ic a n t  tren d s  

are ev iden t. The most obvious i n i t i a l  change i s  a la rg e  r i s e  in  p u tre sc in e  

co n c en tra tio n  a f t e r  1 h incubation  in  7.5% m annito l (Table 2 ) . C e llu la r  

p u t r e s c in e  c o n c e n tr a t io n  continued to  in c rease  up u n t i l  2 h a f t e r  

su b c u ltu re , when le v e ls  peaked. The le v e ls  then showed a d e c lin e  to  

approxim ately  the  1 h le v e l ,  about which i t  f lu c tu a te d  fo r  the  rem ainder 

o f  th e  8 h p e rio d .

In addition to  such s tu d ie s  w ith 7.5% m annito l the response o f  c e l l s  

was a l s o  m o n ito red  upon exposure to  a range o f d if f e r e n t  m annitol 

c o n c e n tra tio n s . Once again  s ta tio n a ry -p h a se  c e l l s  were incubated fo r  8 h 

i n  s t a n d a r d  medium supp lem ented  w ith  m a n n ito l a t  0 .1  -  0 .4  M 

c o n ce n tra tio n s , and amine co n ten ts  determ ined in  harvested  c e l l s .

Both p u t r e s c in e  and sperm idine le v e ls  showed a c le a r  in c rease  w ith 

in c reas in g  m annitol co n cen tra tio n  (Table 2 a ) , which would be expected due 

to  th e  co n cen tra tin g  e f f e c ts  o f  w a te r - lo s s . Spermine le v e ls  however d id  

not show such a c le a r  tre n d  w ith  le v e ls  f lu c tu a tin g  about a compar&tively 

low le v e l  and the  f in a l  spermine co n cen tra tio n  b a re ly  g re a te r  than the 

c o n tro l  (unsupplemented medium) v a lu e . With an in c rease  expected due to  

w a te r-lo ss  e f f e c ts  a lo n e , th e re  must be a r e a l  decrease in  spermine 

c o n te n t. This may p o ssib ly  be due to  reduced sy n th e s is  from sperm idine 

du ring  sperm idine and p u tre sc in e  accum ulation.

To summarise the  response o f c a r ro t  c u ltu re s  to  m annitol osmotic 

s t r e s s - s h o c k :  There i s  l i t t l e  n e t  accum ula tion  o f p u tre sc in e  and
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sperm idine a f t e r  8 h in cu b a tio n , when w a te r-lo ss  e f f e c ts  a re  taken in to  

account, and a n e t decrease  in  spermine co n cen tra tio n  a f t e r  8 h a t  h igher 

m annito l c o n cen tra tio n s .

When th e  tim e course o f  amine accum ulation i s  considered  however, i t  i s  

c lear th a t the  amine con ten t a f t e r  8 h incubation  i s  not re p re se n ta tiv e  o f  

t h a t  over th e  whole p e rio d . Ih e re  i s ,  in  f a c t  a massive in c rease  in  

p u tre s c in e  co n ten t im mediately a f t e r  su b c u ltu re , an in c re a se  which has 

d is a p p e a re d  by 8 h a f t e r  in o c u la tio n . This in c rea se  however i s  not 

s tim u la ted  by the  m annitol medium a lo n e , i t  i s  a c h a r a c te r is t ic  o f  p o s t

in o c u la tio n  c u ltu re s .  I t  would appear th e re fo re  th a t  a sh o rt period  o f 

in c u b a t io n  in  m annitol supplemented medium does r e s u l t  in  increased  

c o n c e n t r a t io n s  o f some am ines -  b u t t h a t  t h i s  i s  due m ainly to  

deh y d ra tio n .

These r e s u l t s  c o n tra s t  w ith those  o f  F lo res and G alston (1984) who 

found a more than 20 -fo ld  in c rease  in  p u tre sc in e  con ten t a f t e r  4 h 

in c u b a t io n  o f  o a t le a f  segments in  0 .4  M m annito l. This i s  obviously  a 

m assiv e  change in  amine le v e ls  and a t  f i r s t  s ig h t seems d i f f i c u l t  to  

e q u a te  w ith  the amine le v e ls  found in  the p re sen t s tu d y . However, the 

s itu a tio n  was c l a r i f i e d  somewhat by Turner and Stew art (1988), who found 

th a t the in c rease  in  p u tre sc in e  le v e l  appeared g re a t  p a r t ly  due to  t is s u e  

w a te r  lo s s  r e s u l t in g  in  a co n cen tra tio n  in  c e l l  so lu te s  and p a r t ly  to  a 

f a l l  in co n tro l p u tre sc in e  le v e ls  over the  course o f  the experim ent. They 

concluded th a t  the  in c rease  compared to  endogenous le v e ls  was r e la t iv e ly  

uniform a t approxim ately 3 to  4- fo ld  and th a t  the  enhanced accum ulation o f  

p u tre sc in e  rep o rted  was la rg e ly  a r te f a c tu a l .
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I t  would appear th e re fo re  th a t  the  changes in  amine le v e ls  found in  

th e  p resen t s tudy , though fa r  sm aller than th e  g ross in c reases  found 

e lse w h e re , a re  in  f a c t  o f  the  same o rd er o f  magnitude in  r e a l  terms as 

those  o f F lores and G alston (1984) when d is to r t in g  fa c to rs  a re  accounted 

f o r .  Unrner and S tew art (1988) suggest th a t  the  way in  which the r e s u l t s  

of previous s tu d ie s  were p resen ted  may have re s u l te d  in  an exaggeration  o f 

the  in flu en ce  o f  osm otic s t r e s s  on c e l lu la r  polyamine c o n te n ts .
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5 .1 .3  P o lyethy leneg lyco l (PEG) and sh o rt- te rm  s tr e s s  

In tro d u c tio n

Both m an n ito l and sodium ch lo rid e  may be used to  lower the water 

p o ten tia l o f the c u ltu re  medium, r e s u l t in g  in  w ater lo s s  from the c e l l  and 

th e  c o n seq u en t o n s e t  o f  w a te r s t r e s s .  Though b o th  osm otica  a re  

sa tis fa c to ry  fo r  t h i s  purpose and sodium c h lo rid e  un iquely  so in  the study 

o f  s a l t - s t r e s s ,  they  do have an in h e ren t d isadvantage in  work on g en era l 

w a te r - s t r e s s  m etabolism . This d isadvantage l i e s  in  the  a b i l i t y  o f  the 

c u ltu re d  c e l l s  to  take up th e se  compounds and thus p o ssib ly  in co rp o ra te  

them in to  g en era l m etabolism, making i t  d i f f i c u l t  to  d is t in g u is h  between 

th e  p o ss ib le  e f f e c ts  o f  such uptake and tru e  w a te r -s tre s s  e f f e c ts .

Che so lu tio n  to  th e  problem o f osmoticum uptake i s  the  use o f an osmoticum 

compound such as PEC 4000. Due to  i t s  la rg e  m olecular s iz e  th i s  compound 

cannot be taken up by the  c u ltu re  thus avoid ing  any u n sp e c ific  e f f e c t s .  I t  

has been widely used in  work w ith  whole p la n ts  (S lav ic , 1974), w hile i t s  

u se  in  t is s u e  c u ltu re  has not been so ex ten siv e  but i s  in c reas in g  as 

s tress-m etab o lism  s tu d ie s  make use o f  the c e l l  c u ltu re  system (Handa e t  

a l ,  1986).

P u r i f i e d  PEC was used in  th ese  s tu d ie s  in  a s im ila r  fash ion  to  

m ann ito l and sodium ch lo rid e  osm otica. Standard medium was supplemented 

w ith  PEG (25% w/v) p r io r  to  s t e r i l i z a t i o n ,  a f t e r  which i t  was in ocu la ted  

with s ta tio n a ry  phase t is s u e  and incubated  fo r  8 h when amine le v e ls  were 

determ ined .

R esu lts  and D iscussion
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I f  amine le v e ls  over the  f i r s t  8 h o f  c u ltu re  a re  considered  then an 

in c re a se  above c o n tro l values fo r  both p u tre sc in e  and sperm idine i s  noted 

(Table 2 ) . This in c rease  i s  g re a te r  than  th a t  noted fo r  any o f  the o th e r 

s t r e s s  osm otica. R itre sc in e  le v e ls  in c re a se  6 -fo ld  between 0 and 8 h , 

w h ile  sperm id ine  le v e ls  in c re a se  by a s im ila r  amount. Ihe peak in  amine 

c o n c e n tra t io n  over the  period  s tu d ied  occured a t  8 h , w ith  the  r a te  o f  

in c re a se  in  co n cen tra tio n  showing no sign  o f d ecreasin g  a t  th i s  p o in t. 

As we have seen when co n sid e rin g  polyamine accum ulations w ith o th e r s tr e s s  

s o lu te s ,  a p ro g ressiv e  in c rease  in  so lu te  co n cen tra tio n  would be expected 

on in cu b a tio n  in  PEG-supplemented media due to  w a te r-lo ss  a lo n e . Since 

percen tage w a te r-lo sse s  were no t determ ined in  t h i s  sh o rt study i t  i s  

d i f f i c u l t  to  determ ine in  exact term s which p ro p o rtio n  o f  the polyamine 

in c re a se  a r is e s  from th i s  e f f e c t  though subsequent s tu d ie s  have found a 

doubling  in  polyamine co n cen tra tio n  due to  dehydration  to  be a r e a l i s t i c  

f ig u re .  This suggests th a t  a 3 -fo ld  r e a l  in c rease  in  p u tre sc in e  and 

spermidine co n ten t occurs a f t e r  8 h exposure to  PEG, which i s  very s im ila r  

to  the 3 to  4- fo ld  in c re a se  in  p u tre sc in e  co n cen tra tio n  observed in  peeled 

b a r le y  l e a f  sec tio n s  a f t e r  4 h in cu b a tio n  in  a 400 mM s o rb i to l  so lu tio n  

(lltm er and S tew art, 1988) and to  th e  response in  droughted p la n ts  (Turner 

and S tew art, 1986).

I t  remains u n clear what s ig n if ic a n c e  i f  any t h i s  response to  rap id  

s tre ss  has. I t  would seem u n lik e ly  th a t  ad ap tive  changes should take p lace 

in  the short tim e period  in v e s tig a te d  and i t  i s  u n c e rta in  on th e  b a s is  o f 

th i s  study whether s im ila r  responses a re  l ik e ly  to  take p lace under 

prolonged s t r e s s  c o n d itio n s . These questio n s  were however addressed when 

shock and prolonged s t r e s s  were examined to g e th e r .
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5 .2  Short and long-term  s tr e s s  

In tro d u c tio n

We have a l r e a d y  considered  the  d is t in c t io n  between sh o rt-te rm  

responses to  s t r e s s  which may have l i t t l e  o r no adap tive  s ig n if ic a n c e  and 

those longer term  changes which may take  p lace over a prolonged period  o f 

s t r e s s  and involve measures enab ling  the p la n t to  w ithstand  leng thy  

p erio d s  o f  sub-op tim al c o n d itio n s . Since p la n ts  a re  ro u tin e ly  exposed to  

n o n - le th a l  le v e ls  o f  s tr e s s  (Slocum e t_ a l ,  1984) and must complete th e i r  

l i f e - c y c l e  w i t h i n  th e  c o n s t r a i n t s  th e s e  im pose, such a d a p tiv e  

d ev e lo p m en ts  a r e  o f  g r e a t  im portance . The d is t in c t io n  between the 

responses o f cu ltu red , p la n t c e l l s  to  th ese  two forms o f s tr e s s  formed the 

b a s is  o f the rem ainder o f t h i s  work w ith  PEG.

Both responses were examined in  c a r ro t  suspension c e l l s  tra n s fe r re d  

to  fre sh  medium o f the  same o r lower w ater p o te n t ia l  fo r  a period  o f  10 h . 

For s tress-sh o ck  changes, c e l l s  o f  a l in e  adapted to  growth in  a s tandard  

t i s s u e  c u ltu re  medium (c o n tro l c e l l s )  were tra n s fe r re d  d i r e c t ly  to  media 

c o n ta in in g  v a rio u s  co n cen tra tio n s  up to  25% PEG. For s tre s s -a d a p ta t io n , 

c e l l  l i n e s  p r e v io u s ly  a d a p te d  t o  s im i l a r  PEG co n cen tra tio n s  were 

t r a n s fe r re d  to  f re s h  medium w ith  a p p ro p ria te  PEG le v e ls .  Changes in  growth 

r a t e ,  w ater p o te n t ia l  and so lu te  con ten t fo r  both c o n tro l and adapted 

c e l l s  were determ ined .

R esu lts  and D iscussion
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On in o cu la tio n  in to  fre sh  medium both adapted and unadapted c e l l s  

showed a c h a r a c te r is t ic  sigm oidal growth p a tte rn  over an 18 d p e rio d , a t  

a l l  co n cen tra tio n s  o f PEG (F ig . 17a, 17b). In unadapted c e l l s  (F ig . 17b) 

in c re a s in g  PEG co n cen tra tio n  p ro g ress iv e ly  increased  the len g th  o f  the 

lag period, and decreased  the  r a te  o f f re s h  weight in c re a se . The la g  time 

was extended from 2-3 days in  c o n tro l medium to  10 days w ith  25% PEG, and 

th e  r a te  o f  f re sh  weight in crease  reduced from 0 .75g/day  to  0 .25g/day. 

Final fresh  weight a t ta in e d  was reduced a t  a l l  PEG c o n ce n tra tio n s , from a 

15% red u c tio n  a t  10% PEG to  a 63% red u c tio n  a t  25% PEG.

In adapted c e l l s  the e f f e c ts  o f PEG on growth a re  le s s  severe (F ig . 

1 7 a ) . T here i s  an e f f e c t  on la g  phase  o n ly  a t  th e  two h ig h es t 

concentrations, extending  i t  from 3 days in  the  c o n tro l to  5 days a t  25% 

PEG, and l i t t l e  change in  the r a te  o f  fre sh  weight accum ulation was 

ob serv ed . F ina l f re sh  weight was however a f fe c te d  w ith  in c rea s in g  PEG 

c o n c e n tra tio n s , though to  a le s s e r  degree than in  unadapted c e l l s .

Ihe d i s t i n c t  responses o f adapted and unadapted c e l l s  to  w ater s t r e s s  

a re  i l l u s t r a t e d  when f in a l  fre sh  and dry  weights a re  compared a f t e r  18 d 

growth in  media o f  varying PEG con ten t (F ig . 18). Fresh weight y ie ld s  f e l l  

w ith d ec reasin g  osm otic p o te n t ia l ,  the  d ec lin e  being g re a te r  in  unadapted 

th a n  ad ap ted  c e l l s .  Dry weight y ie ld s ,  on the o th e r  hand, were reduced 

o n ly  in  unadapted c e l l s  w ith a f a l l  o f approxim ately 40% a t  25% PEG. 

C le a r ly , adapted c e l l s  have an enhanced cap ac ity  fo r  both w ater r e te n t io n  

and d ry  weight accum ulation over unadapted c e l l s .  Reductions in  w ater 

c o n te n t  r e la t iv e  to  c o n tro l c e l l s  o f up to  36% fo r  adapted and 54% fo r 

unadapted c e l l s  were observed.



Figure 17a Growth of adapted cells in media
supplemented with 0-25% PEG
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Figure 17b Growth of unadapted cells in media supplemented
with 0-25% PEG
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Figure 18 Relative growth of adapted and unadapted
cells in PEG-suppIemented medium at

20 days growth
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The s o lu te  p o te n t ia ls  o f media contain ing  0, 10, 15, 20 and 25% PEG

w ere fo u n d  to  be -0 .3 4 , -0 .5 5 , -0 .8 3 , -1.13 and -1.67 MPa re sp e c tiv e ly .

The osm otic  p o te n t ia l  o f adapted c e ll*  w«o ^auaFLea c e i l s  was maintained a t  a s u b s ta n tia lly

lower v a lu e  than  th a t  of the  corresponding medium, the d e f ic i t  a c tu a lly

increasing  a t  h ig h er PEG co n cen tra tio n s , such th a t in  the l in e  adapted to

25% PEG th e  s o lu te  p o te n t ia l  decreased 4-fo ld  re la tiv e  to  c o n tro l c e l l s

(F ig . 1 9 ) . Unadapted c e l l s  were in  equ ilib rium  with the medium (and were

u s u a lly  p lasm olysed ) a t  15% PEE and above.

P u t r e s c i n e  an d

s p e rm id in e  w e re  t h e  m a jo r  p o ly a m in e s  p r e s e n t ,  w ith spermine as a minor
p o ly a m in e

com ponent (T a b le  3 ) . The t o t a l  A concen tra tion  increased  w ith PEG 

c o n c e n tra tio n  in  an approxim ately l in e a r  fash ion ; adapted c e l ls  showed 

la r g e r  in c re a se s  than unadapted c e l l s  a t  higher so lu te  p o te n tia ls ,  w hile 

l e v e l s  f lu c tu a te d  a t  lower values. Increased to ta l  concen tra tions were 

prim arily  due to  in c rea se s  in  p u tresc in e  , and the ra th e r  small in c reases  

in  co n cen tra tio n  (approx. x2) can be accounted fo r by co n cen tra tion  due to  

w ater l o s s ,  ( c . f .  F ig. 18).

The c e l l u l a r  co n cen tra tio n  o f p ro lin e  ro se  s ig n if ic a n tly  in  both 

norm al and adap ted  c e l l s  grown in  media of decreasing  so lu te  p o te n tia l  

(F ig . 2 0 b ). P ro lin e  concen tra tion  increased  12-fold  in  unadapted c e l l s ,  

and o v er 4 0 -fo ld  in  adapted c e l l s  as compared with c o n tro ls .  P ro line  

l e v e l s  c o n t in u e d  to  in c re a se  in  adapted c e l l s  up to  the h ig h est 

c o n c e n tra tio n  te s te d  w hile in  unadapted c e l l s  no in crease  occured beyond

20% PEG.

The combined c e l lu la r  concen tra tion  of the major f re e  amino ac id s 

shows a s tro n g  c o r re la t io n  w ith medium so lu te  p o te n tia l  in  adapted c e l l s



T a b le  3 F ree a m in e  co n cen tra tio n s in u n ad ap ted  (U ) and ad ap ted  cell lines
iOko<jr£ tjrcvrv

Mean o f  three replicate determinations.

A mi n e  I’t G  concentrat ion

0% IU% 15% 20% 25%

mh

Putrescine U 1 36 I 55 2 36 3 99 3 86
A 1 J6 2 51 2 97 3 20 3 64

Spermidine U 1 34 1 83 1 88 2 0 3 1 36
A 134 181 1-75 171 1 69

Spermine U 0 09 0 17 0 24 0 2 3 0 38
A 0 09 0 08 O i l 0 3 2 0 43

Total U 2 7 9 3 55 4 48 6 2 5 5 60
A 2 79 4 40 4 83 5 2 3 5 76
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Figure 19 Water potentials of adapted and unadapted
cells in PEG-supplemented medium at
10 hours growth
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Figure 20a Total amino acids in adapted and
unadapted cells in PEG-suppIemented

medium at 10 hours growth
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30

20  -

10  -

0 -- 
0

Proline concentration in adapted and unadaptcd
cells in PEG-suppIemented medium at 10 hours

growth

unadaptcd cells 

adapted cells

l|Is m e d i u m  ( - MP a )



90

(F ig .  2 0 a ) . The re sp o n se  was approxim ately l in e a r  a t  lower so lu te  

p o t e n t i a l s  and was not s a tu ra te d  a t  the  h ig h e s t PEG co n cen tra tio n  

employed. In unadapted c e l l s  however th e  response was fa r  le s s  pronounced 

with a doubling in  co n cen tra tio n  over th e  c o n tro l,  as opposed to  an 8 -fo ld  

in c re a se  in  adapted c e l l s .  While the  response o f  in d iv id u a l non -p ro line  

amino ac id s  v a r ie s  co nside rab ly  (Table 4 ) , h ig h er co n cen tra tio n s  a re  

g e n e r a l ly  found in  a d a p te d  c e l l s  r a t h e r  th a n  u nadap ted . Alanine 

c o n c e n t r a t io n  in c re a s e d  up to  18-fo ld  over c o n tro l values (adapted 

c e l l s ) ,  bu t the  h ig h e s t co n cen tra tio n s  observed were those  o f h i s t id in e ,  

a rg in in e  and v a l in e ,  which were r e l a t iv e ly  abundant in  c o n tro l c e l l s .  With 

th e  e x c e p t io n  o f  s e r i n e ,  a l l  amino a c id s  were p resen t a t  h igher 

c o n c e n t r a t io n  in  adapted than unadapted c e l l s  a t  the low est so lu te  

p o te n t ia l .  However, p ro lin e  was the  most abundant amino ac id  by a fa c to r  

o f  2 and c o n s ti tu te d  30% o f the t o t a l  amino ac id  co n ce n tra tio n .

B e ta in e  c o n c e n t r a t io n  changed l i t t l e  in  e i th e r  c e l l  l in e  in  

response to  in c re a s in g  w ater s t r e s s  (Table 4 ) .

C e llu la r  sucrose co n cen tra tio n  in creased  approxim ately  3 -fo ld  up to  

120 mM. in  adapted c e l l s  under w ater s t r e s s  and doubled in  non-adapted 

c e l l s  (F ig . 21a). C oncentrations in  adapted c e l l s  were s ig n i f ic a n t ly  

h ig h er than in  unadapted a t  a l l  so lu te  p o te n t ia ls .

Glucose co n cen tra tio n s  ro se  4 .5 -fo ld  in  adapted c e l l s  a t  the low est 

so lu te  p o te n t ia l ,  reach ing  a c e l lu la r  co n cen tra tio n  o f n e a rly  350 vwiM 

(F ig . 21c). Levels a lso  rose  3 .5 -fo ld  in  unadapted c e l l s  to  a 

co n cen tra tio n  exceeding 240 . C oncentrations of f ru c to se

in c reased  5 -fo ld  in  adapted and 3 -fo ld  in  unadapted c e l l s ,  reach ing  a peak



I ab le  4 Free am in o  acid and g lyc inebeta ine  concentrat ions
in  unadap ted  (U ) and  ad ap ted  (A ) cell lines jO iAĈ vS
< r̂o\r*o*

Mean o f  3 replicate determinations.

Amine PEG concentrat ions

(J% 10% 15% 20% 25%

Asp U 0 57 0 50 0 36 0 65 0 64
A 0 57 0 87 0 85 1 06 1 57

Gin U 0 71 0 72 0 79 074 0 71
A 0 71 0 99 I I I 112 111

Ser U 1 67 182 2 11 2 41 2 4 5
A 1 67 1 19 1 87 4 20 1 95

His U 2 16 2 14 2 57 2 50 2 74
A 2 16 3 13 3 73 6 60 1 2 (’9

Gly U 0 33 0 28 0 39 0 45 0
A 0 33 0 3 6 118 083 112

Thr U 0 89 0 8 5 0 9 9 1 05 1 09
A 0 89 0 7 6 1 53 1 78 2 29

Arg 11 1 32 1 52 1 89 1 95 191
A 1 32 1 81 2 68 3 53 8 66

Ala U 0 29 0 3 4 0 8 3 I I I 1 09
A 0 29 0 2 4 0 4 0 532 5 48

Tyr H 0 17 0 1 7 0 1 8 021 0 24
A 0 17 0 2 8 0 3 4 0 3 6 0 58

Met U 0 2 5 0 3 4 0 3 5 0 37 0 37
A 0 25 0 3 2 0 5 3 0 5 8 0 6 7

Val U 0 8 3 1 24 1 44 1 86 1 90
A 0 8 3 1 86 2 59 4 63 707

Phc U 0 86 114 1 20 1 44 1 88
A 0 86 0 6 5 1 03 1 44 173

lie U 041 0 49 0 64 0 8 0 1 06
A 0 41 0 5 8 0 8 2 112 2 88

Leu U 0 2 2 0 2 9 0 3 7 0 4 8 0 59
A 0 22 0 4 0 0 5 4 0 62 178

Delaine U 0 73 0 7 8 1 01 0 8 5 0 9 3
A 0 73 0 66 0 8 0 082 0 77
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Figure 21a Sucrose concentration in adapted and unadapted
ceils in PEG-suppIemented medium at 10 hours

growth
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Figure  21b Fructose concentration in adapted and unadapted cells
in PEG-supplemented medium at 10 hours growth
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Figure 21c Glucose concentration in adapted and unadapted cells
in PEG-supplemented medium at 10 hours growth
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o f  more than  130 mM in  adapted c e l l s  (F ig . 21b). Glucose, f ru c to se

and sucrose a re  major c o n tr ib u to rs  to  so lu te  c o n ce n tra tio n , c o n tr ib u tin g  

over 60% o f  the o sm o larity  o f  s tre s se d  c e l l s  (Table 5 ) .

To i l l u s t r a t e  the c o n tr ib u tio n  o f  each so lu te  in v e s tig a te d  to  the 

o v e ra l l  c e l l  w ater p o te n t ia ls ,  values fo r  medium and c e l l  w ater p o te n t ia ls  

and so lu te  co n cen tra tio n s  have been c a lc u la te d  in  m illiosm oles (mOsm), 

and the  percentage c o n tr ib u tio n  o f  each expressed  (Table 5 ) . G lucose, 

fru c to se  and sucrose were the  p r in c ip a l  osmotic ag en ts , c o n tr ib u tin g  

61.5% towards the c e l l  w ater p o te n t ia l  o f adapted c e l l s  in  25% PEG. Under 

th e  same c o n d itio n s , p ro lin e  c o n tr ib u te s  2.4% and o th e r  amino ac id s  5.1%. 

Polyam ines and b e ta in e  t o t a l  only  0.5% in  osm otic c o n tr ib u tio n . The 

organ ic  so lu te s  in v e s tig a te d  c o n tr ib u te  69.5% to  the  t o t a l ;  potassium  and 

o th e r  io n ic  sp ec ies  have no t been determ ined.

The adaptation o f  cu ltu re d  p la n t c e l l s  to  both w ater and NaCl s tr e s s  

has been re p o rte d  (Bressan e t  a l , 1981; Ben-Hayyim, 1986). Adapted c e l l s  

c h a r a c te r i s t i c a l ly  show a sh o rte r  lag  phase and increased  growth r a te  as 

compared w ith  non-adapted c e l l s  exposed to  s im ila r  s t r e s s  c o n d itio n s . 

Comparable responses w ith c a r ro t  suspension c u ltu re s  were ob ta ined  in  

t h i s  s tudy . I h is  ad ap ta tio n  involves a decrease  in  c e l l  so lu te  p o te n t ia l  

(F ig . 19) which i s  s u b s ta n t ia l ly  g re a te r  in  adapted than in  unadapted 

c e lls  and d i r e c t ly  r e la te d  to  a red u c tio n  in  c e l l  w ater con ten t (F ig . 18), 

and an accum ulation o f  in t r a c e l lu la r  so lu te s  compared to  c o n tro ls .  I h is  i s  

s im i la r  to  the  response o f  sorghum (Ehaskaran e t  a l , 1985) and tomato 

(Handa e t  a l , 1983) c e l l s  to  a low w ater p o te n t ia l  environm ent.



T ab le  5 M ed ium  and cell osmolarity and percentage contribution of  each  
o ute in unadapted (U) and adapted (A) cell lines <*t iouov~vs tv

Medium and cell osmolarity and percentage contribution o f  each solute in unadaptcd (U) and adapted (A ) cell lines
All solute concen tra tions were recalculated in terms of mOstn and expressed as a percentage of the corresponding cell osmotic potential. AA = total 
amino acids excluding proline.

PEG Y'med V'cells C ontribution  of solutes to IPceU (% )
(%) (mOs) (m O s)

Glucose Fructose Sucrose AA Proline Poly amine Del iiinc to ta l

U A U A U A U A U A U A u A U A U A

0 140 278 278 25-6 25*6 6*8 6-8 14-0 14-0 3-9 3*9 0-2 0*2 14) HO 0.2 0*2 51-5 51.5
10 225 288 293 33*4 4 3-5 13*9 12.7 14-6 151 42 4*4 0*6 1*5 1-2 1*5 0*3 0*2 62*8 78*9

15 340 341 467 32-5 43-2 15-5 13.1 13-5 14*5 4*1 4-1 14 1*8 1*3 1-0 0-3 0-2 68 <> 7 7.9

20 465 456 674 35*3 39-5 14-9 18*8 16-7 13*2 3-5 4*9 1*6 2-1 14 0.8 0-2 0-1 73*6 794

25 685 687 983 354 35-5 11*2 13-6 11-2 124 2-5 5-1 M 2*4 0*8 (U6 0*1 0-1 62*3 69./



92

When co n sid e rin g  changes in  so lu te  co n ce n tra tio n s , i t  should be 

n o te d  th a t  the  w ater co n ten ts  o f c e l l s  o f  e i th e r  l in e  t ra n s fe r re d  to  

medium of low w ater p o te n t ia l  a re  sh a rp ly  reduced as  compared w ith c o n tro l 

c e l ls  (Fig. 18). This i s  due to  w ater lo s s  to  th e  medium, and w il l  r e s u l t  

in  in creased  so lu te  co n cen tra tio n s  even in  th e  absence o f  any ab so lu te  

r is e  in  so lu te  c o n te n t. For example, the  w ater co n ten t o f unadapted c e l l s  

t r a n s f e r r e d  to  25% PEG f a l l s  by 54% (F ig . 18); co n cen tra tio n s  o f a l l  

solutes w ill  thus double w ithout any n e t accum ulation. This p o in t has been 

considered  by some in v e s t ig a to r s ,  (H irner and S tew art, 1988) and should be 

n o ted , p a r t ic u la r ly  when co n cen tra tio n  changes o f the o rd er o f 1-2 x a re  

co n s id e red .

The accum ulation o f  so lu te s  has been w idely rep o rted  under s t r e s s  

c o n d i t io n s  (Hanson and H itz , 1982; S tew art and Hanson, 1980) w ith  

polyamine accum ulation in  p a r t ic u la r  re c e iv in g  increased  a t te n t io n  in  the 

l a s t  decade (Smith, 1984). Large in c rea se s  in  polyamines (50- 6 0 -fo ld ) 

have been rep o rted  in  d e ta tched  o a t leaves and p ro to p la s ts  a f t e r  6 h 

exposure to  osm otic s t r e s s  (F lo res  and G alston , 1982«). However, in  s im ila r  

experim ents w ith b a rley  le a f  sec tio n s  Turner and Stew art (1988) found only  

a 3 - 4 -fo ld  in c rea se  in  p u tre sc in e  le v e ls  over in ta c t  le a f  c o n tro ls ,  and 

suggested  th a t  the  massive in c re a se s  rep o rted  by F lo res  and G alston (1982b; 

1984) were a r te f a c tu a l  and due in  p a r t  to  low c o n tro l v a lu es .

In  t h i s  s tudy , no in c re a se  in  t o t a l  polyamines and only  a sm all 

in c rease  in  p u tre sc in e , over th a t  d ic ta te d  by co n cen tra tio n  due to  w ater 

lo ss , was d e te c te d . This may be due to  the  higfi le v e ls  o f p u tre sc in e  found 

in  c o n tro l c u l tu re s ,  which has been rep o rted  p rev io u sly  (see above). I t  

may be th a t p u tre sc in e  accum ulation i s  s a tu ra te d  a t  th e  c o n tro l values o f
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approxim ately  1 .3  , b u t in  any case  no s ig n if ic a n t  in c rease  in

p u tre sc in e  was d e tec ted  e i th e r  in  adapted o r  s tre ss-sh o ck ed  c e l l s .  The 

minor component spermine in creased  4 - 5 - fo ld  in  c o n ce n tra tio n , suggesting  

r a t h e r  more th a n  a doubling in  n e t c o n te n t. Spermine has not been 

p rev io u sly  id e n t i f ie d  as  a s t r e s s - in d ic a to r .

Large in c re a se s  in  p ro lin e  co n cen tra tio n  were observed . R ela tive  to  

c o n tro l v a lu e s , p ro lin e  in  c e l l s  exposed to  25% PEG increased  by 12-fo ld  

in  s tre s s -sh o c k  co n d itio n s  and 4 0 -fo ld  in  adapted c e l l s ,  to  a maximum o f 

23 . Handa e t  a l  (1983) rep o rted  a 100-fo ld  in c re a se  in  p ro lin e  in

tomato c e l l s  adapted to  25% PEG up to  a s im ila r  maximum co n cen tra tio n . 

Comparable in c re a se s  in  p ro lin e  co n ten t have been found in  drought- 

s tre s se d  b a rley  (Hanson and N elsen, 1978) and sorghum (Stew art and 

H anson, 1980; Blum and Ebercon, 1976), and thus th e  response o f  c a r ro t  

c e l l s  i s  in  l in e  w ith  th a t  w idely rep o rted  fo r  both c e l l  and w hole-p lant 

system s su b jec ted  to  w a te r - s tre s s .

A s ig n if ic a n t  d iffe re n c e  in  th e  degree o f  response to  ad ap ta tio n  and 

s tre s s - s h o c k  was observed; p ro lin e  accum ulation a p p a ren tly  con tinues to  

in c re a se  in  adapted c e l l s  to  s u b s ta n t ia l ly  h ig h er le v e ls  than produced by 

a  10 h s tre s s -sh o c k  p e rio d . In  s a l t - s t r e s s e d  b a rley  le a v e s , p ro lin e  

accumulation in creased  over a 16 h period  (Voetberg and S tew art, 1984) bu t 

did not in crease  fu r th e r  w ith  osm otic ad justm en t. Handa e t  a l  (1983) have 

d isc u ssed  the  p o s s ib i l i ty  th a t  p ro lin e  i s  derived  from iglu tam ate under 

s t r e s s  c o n d itio n s . These o b se rv a tio n s  a re  s im ila r  to  th e i r s ,  in  th a t  

g lu tam ate le v e ls  d e c lin e  somewhat in  low w ater p o te n t ia l  medium when 

w ater-loss i s  taken in to  account, bu t th a t  th e  observed values in  c o n tro l 

c e l l s  a re  n o t high enough to  account fo r  th e  in c re a se  in  p ro lin e .
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The v a ried  response o f  the  in d iv id u a l n o n -p ro lin e  amino ac id s  in  

adapted c e l l s  supports sp ecu la tio n  (Handa e t  a l , 1983) th a t  w a te r -s tre s s  

a d a p ta t io n  in v o lv e s  changes in  r a t e s  o f  a s s im i la t io n ,  sy n th e s is , 

u t i l i s a t i o n  and in te rc o n v e rs io n  o f  amino a c id s ; c e r ta in ly  no common 

mechanism can be evoked. While p ro lin e  i s  c le a r ly  unique in  the  ex te n t o f  

i t s  r e sp o n s e , i t  may be noted th a t  th e  in c re a se  in  osm otic c o n tr ib u tio n  

due to  non-pro line amino ac id s  i s  n e a rly  tw ice th a t  o f p ro lin e  i t s e l f .  In 

s tre ss-sh o ck ed  c e l l s  on th e  o th e r  hand, th e  co n cen tra tio n  o f  non -p ro line  

amino acids on ly  in c re a se s  by 70%. This means th a t  th e  n e t  co n ten t f a l l s ,  

when co n cen tra tio n  e f f e c ts  a re  taken in to  accoun t. A daptation and s t r e s s -  

shock p rocesses do no t th e re fo re  seem c lo se ly  r e la te d  fo r  th e se  amino 

a c id s .

R educing  s u g a r s ,  p a r t i c u l a r l y  g lu co se , to g e th e r  w ith  sucrose , 

p ro v id e  th e  major c o n tr ib u tio n  to  so lu te  accum ulation in  adapted c e l l  

l in e s , in  agreement w ith  fin d in g s  in  s tre s se d  tomato c e l l s  by Handa e t  a l  

(1 9 8 3 ) , who suggest th a t  such in c re a se s  mig)it be due to  a red u c tio n  in  

c e l l  w all sy n th e s is  m ediated by reduced expansion . I t  should be no ted , 

however, th a t  th e  c u l tu re  medium i n i t i a l l y  c o n ta in s  78 .wM  sucrose , 

and th a t  h igh  le v e ls  o f  sugars may w e ll be due to  uptake and catabo lism  

from th i s  source; in  sorghum and sunflow er le a v e s , le v e ls  o f sucrose and 

reducing sugars were approxim ately  an o rd e r o f  magnitude lower than in  the  

present study (Jones e t  a l , 1980). I t  would be o f  in t e r e s t  to  in v e s tig a te  

sucrose  uptake r a te s  to  c l a r i f y  t h i s  p o in t.

This study re v e a ls  s u b s ta n t ia l  d if fe re n c e s  in  c e l lu l a r  responses to  

s tre s s -sh o c k  as  compared w ith  long term  ad ap ta tio n  to  w a te r - s t re s s .  When 

c o n c e n tra tio n  e f f e c ts  a re  d isco u n ted , s tre ss-sh o ck ed  c e l l s  show major
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in c re a se s  in  p ro lin e ,  and to  a le s s e r  e x te n t reducing  su g ars . Long-term 

a d a p ta tio n  i s  accompanied by enhanced le v e ls  o f  th e se  so lu te s  as w ell as 

su c ro se , and o th e r  amino a c id s . Whether t h i s  i s  s o le ly  a fu n c tio n  o f  the 

tim e o f  exposure to  w a te r - s t re s s ,  o r  whether q u a l i ta t iv e ly  d i f f e r e n t  

mechanisms a re  involved i s  no t c le a r .

A d a p ta tio n  in v o lv e s  a s u b s ta n t ia l  red u c tio n  in  c e l lu la r  w ater 

p o t e n t i a l  a l lo w in g  tu r g o r  t o  be m a in ta in e d . The o rg an ic  so lu te s  

in v e s tig a te d  here  account fo r  about 70% o f  the osm otic p o te n t ia l  change 

observed between c o n tro l and adapted c e l l s .  The n a tu re  o f  the rem aining 

30% must be s p e c u la tiv e , a lthough  in o rg an ic  so lu te s  (m ostly as  potassium  

ions) made up 20% o f  the  osm otic p o te n t ia l  in  adapted tomato c e l l s  (Handa 

e t  a l , 1983). P a rt o f  the  s h o r t - f a l l  might be due to  underestim ation  o f  

the c e l l  osm otic p o te n t ia l  by mixing o f  e x t r a c e l lu la r  w ater w ith  c e l lu la r  

c o n te n ts  du ring  osmometer measurements. In  a major study w ith  adapted 

tomato c e l l s ,  Handa e t  a l  (1983) were a b le  to  account fo r  on ly  65% o f  the 

observed osm otic p o te n t ia l ,  in c lu d in g  in o rg an ic  s o lu te s ,  a lthough o th e rs  

(Jones e t  a l , 1980; Meyer and Boyer, 1981) accounted fo r  c lo se  to  100% in  

whole p la n t o rg an s , w ith  the  major c o n tr ib u tio n  from sugars and amino 

a c id s .
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Other s t r e s s  co n d itio n s

5 .3  Anoxia 

In tro d u c tio n

Under some circum stances p la n ts  and p la n t c e l l s  may be su b je c t to  an 

environment in  which th e re  i s  low p a r t i a l  p ressu re  o f  oxygen. This may be 

due to  such f a c to rs  as reduced oxygen uptake and ex cessiv e  r e p i r a t io n .  In 

th e  case  o f  c u ltu re d  c e l l s  such co n d itio n s  may occur due to  in s u f f ic ie n t  

aeration coupled w ith  a  c u l tu re  w ith  an oxygen demand to o  g re a t  to  be met 

by m edia oxygen le v e ls .  I t  would appear p o ss ib le  th a t  am ines, l ik e  

e th y le n e  can accum ulate under anoxic co n d itio n s  in  some system s since 

t h e i r  metabolism s a re  r e la te d ,  and s in ce  th e  w e ll-c h a ra c te r ise d  c a r ro t  

c e l l  c u ltu re  system i s  id e a l  fo r  determ ining  th e  consequences o f  changes 

in  th e  e x t r a c e l lu la r  environm ent an experim ent was developed to  a s se s s  the 

e f f e c ts  on c e l lu l a r  amine co n cen tra tio n s  o f  decreased  media oxygen.

R esu lts  and D iscussion

I f  the le v e ls  o f  amines in  anoxic and c o n tro l c u ltu re s  a re  compared 

then i t  i s  c le a r  th a t  in cu b a tio n  fo r  t h i s  period  in  anoxic co n d itio n s  has 

no s ig n i f ic a n t  e f f e c t  on amine accum ulation (Table 2 ) .  Since anoxic 

c o n d i t io n s  i f  prolonged would lead  to  n e c ro s is  i t  i s  im possib le  to  

determ ine whether amine accum ulation might tak e  p lace in  th e  longer term . 

Indeed s in ce  amine accum ulation i s  a c h a r a c te r is t ic  o f  n e c ro tic  t i s s u e ,  

and th e  la c k  o f  e lev a ted  amine le v e ls  a f t e r  8 h in cu b atio n  suggests  th a t  

c e l l  dea th  i s  no t a t  an advanced stag e  a t  t h i s  tim e. In a d d itio n  the
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sim ilar amine le v e ls  in  c o n tro l and anoxic c u ltu re s  in d ic a te s  th a t  la c k  o f  

oxygen alone has no major sh o rt- te rm  e f f e c ts  on amine m etabolism .
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5 .4  Heat s t r e s s  

In tro d u c tio n

Under n a t u r a l  c o n d it io n s  p la n ts  a re  faced w ith  la rg e  d iu rn a l 

c h a n g e s  i n  te m p e ra tu re ,  w ith  day  te m p e ra tu re s  f a r  above n ig h t  

tem p era tu res e s p e c ia l ly  in  a r id  reg io n s . Responses to  such extrem es of 

te m p e ra tu re  may in v o lv e  changes in  t r a n s p ir a t io n  r a te  and fo lia g e  

a t t i t u d e .  M etabolic changes may a ls o  occur, w ith  the  balance o f c e l l  

s o lu te s  a l t e r i n g  d u r in g  te m p e ra tu re  v a r i a t i o n s .  Some so lu te s  may 

accumulate, among them the  am ines, and i t  has been suggested th a t  e lev a ted  

amine co n cen tra tio n s  may serve to  s t a b i l i s e  h ea t l a b i l e  m olecules w ith in  

th e  c e l l  (Slocum e t  a l , 1984). To e s ta b l is h  whether amines accumulate 

during  periods o f  higji tem pera tu re , c e l l s  were incubated a f t e r  su b cu ltu re  

as p rev io u sly  d escrib ed  in  an in cu b a to r a t  40°C. A fter 8 h the  c e l l s  were 

h arv ested  and amine co n cen tra tio n s  determ ined.

R esu lts  and D iscussion

T ab le  2 shows th e  e f f e c t s  o f  8 h high  tem perature on amine 

concentrations. No a l te r a t io n  in  le v e ls  i s  apparen t fo r  any o f the amines 

s tu d ie d .

T h is  la c k  o f  response does no t however in d ic a te  th a t  polyamines do not 

have a ro le  in  the  response o f p la n ts  to  h ea t s t r e s s .  Both the  sh o rt 

p e r io d  o f  exposure to  h ea t and th e  tem perature used may be im portant in  

t h i s  r e sp e c t .  Once again  i t  should be noted th a t  sh o rt- te rm  s tu d ie s  such 

as th is  do not n e c e s sa r i ly  provide a guide to  any long term changes which 

may tak e  p lace as a r e s u l t  of p rog ressive  ad ap ta tio n s  to  the s t r e s s
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s t im u lu s .  Oshima (1983) found a number o f  unique te traam in es  and 

pen taam ines in  therm o p h ilic  b a c te r ia  which p ro te c te d  in  v i t r o  p ro te in  

synthesis from the  e f f e c t s  o f  h ea t w hile  G alston and Kaur-Sawhney (1982) 

found no r e la t io n s h ip  between polyamine co n ten t and tem perature s t r e s s .  

Though t h i s  study does no t in d ic a te  th a t  a  r e la t io n s h ip  between th e  two 

e x i s t s  in  c a r ro t  c e l l s ,  fu r th e r  in v e s t ig a t io n  o f  amine sy n th e s is  under 

therm al s t r e s s  co n d itio n s  might prove in te r e s t in g .



CHAPTER SIX



DISCUSSION
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In a recent review, Evans and Malir^rg (1989) have suggested 
that the polyamines have not fulfilled their early promise, as 
important mediators of growth, development, and stress metabolism in 
plant cells. The purpose of this study has been to assess their 
role in the growth of higher plants, and also in their response to 
various stress factors in their culture environment. These two 
aspects, growth and stress, have been addressed separately within 
this report, but they are closely linked since stress stimuli have 
an effect on growth. Also, the state of growth affects the response 
to stress. This distinction may thus be somewhat artificial. 
However, a discrete treatment of these two phases of the 
investigation was preferable at the results stage in terms of 
clarity and readability. They will now be discussed together to 
give a better description of how polyamine metabolism changes during 
growth, under various regimes.

The possible involvement of polyamines as regulating compounds 
in culture growth was the initial subject of interest. Subsequent 
investigation immediately revealed a striking lack of correlation, 
between levels of the major amines putrescine and spermidine, and 
the level of growth activity. Inevitably, the absence of a clear 
relationship between the two was insufficient evidence to rule out 
the involvement of polyamines in cellular growth. However, it did 
show that elevated levels during active cell growth are inessential. 
A less direct link remains a possibility. Further data was provided 
by a study of polyamine biosynthetic and catabolic enzymes. Their 
activities were manipulated using specific inhibitors, and 
accompanying measurements showed the pattern of polyamine 
accumulation over the culture period.
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In the first period, (inoculation to 6 h after subculture), 

polyamine concentrations were at stationary phase levels, jwith high 
cell density and depletion in the original medium, and nutrient and 
waste product levels markedly different from those of the original medium 
medium, cell metabolism was strongly affected. The strong increase 
in amine accumulation detected could be accounted for by increased 
putrescine biosynthesis via ADC, which doubled in activity, and 
similarly increased decarboxylation of ornithine. A similar report 
(Montague, 1979), characterised the changes during this period as 
the 'fresh medium effect'.

The fresh medium effect is not only restricted to synthetic
activity, since the levels of the catabolic enzyme DAO rose
significantly at the same time. This indicated that polyamine
turnover was becoming more rapid. There is little comparable work
involving DAO in the literature. One may only speculate on the
reasons for such an increase in turnover. Perhaps a requirement for
polyamine breakdown products exists. Perhaps there is a need to
maintain polyamine levels within closely controlled levels, through 

*.aqive oxidation of excess molecules. Possibly there is a 
requirement for freshly synthesised polyamine molecules. Or, 
perhaps there is a need for the rapid conversion of putrescine to 
spermidine and spermine, to prevent toxic amine accumulations. 
Without further experimentation, these possibilities cannot be 
properly assessed; the stimulus which leads to the raised activity 
of these enzymes remains unclear.
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In th e  nex t apparen t s tag e  in  th e  p a t te rn  o f  polyamine m etabolic 

a c tiv ity  -  between 6 and 12 h a f t e r  in o c u la tio n  -  the  continued polyamine 

accum ulation could  n o t be accounted fo r  by co n tin u in g  sy n th e tic  a c t i v i t y ,  

s in c e  b io s y n th e t ic  enzyme a c t i v i t i e s  f e l l  a t  t h i s  tim e, and the r i s e  in  

polyamine co n cen tra tio n  i s  more l ik e ly  to  r e s u l t  from the  drop in  th e  r a te  

o f  o x id a tio n  and th e  re le a s e  o f  free-am ines from bound forms.

In  th e  nex t period  considered  from 12 to  24 h a f t e r  in o c u la tio n  

continued accum ulation o f  sperm idine and spermine could be accounted fo r  

by in creased  sy n th e s is  v ia  SAMDC thougji th e  accum ulation o f  p u tre sc in e  was 

more p rob lem atic . A l ik e ly  ex p lan a tio n  i s  the  conversion  o f  conjugated to  

f re e -p u tre sc in e  which may be d e tec ted  du rin g  a n a ly s is .  I t  i s  known th a t  

p o ly am in es  a re  p resen t in  p la n ts  in  both f re e  and bound forms (Smith, 

1981; Smith e t  a l , 1983) and p u tre sc in e  con jugates  have been shown to  form 

64 to  86% and sperm idine con jugates 8 t o  20% o f  t o t a l  polyamines in  

tobacco c a l lu s  (T iburcio  e t  a l , 1986), and so a la rg e  s in k  o f  undetected  

polyam ines may be p re se n t, p e rm ittin g  th e  f lu c tu a tio n  o f  free-polyam ine 

le v e ls  w ithout th e  m odulation o f  b io sy n th e s is  o r breakdown. During th i s  

p e r io d ,  th e n ,  f a l l i n g  p u tre sc in e  b io sy n th e s is  and ra p id  p u tre sc in e  

co n v e rs io n  to  sperm idine and spermine may be counterbalanced by the  

r e l e a s e  o f  p u tre sc in e  from bound form s. I t  would be in te re s t in g  to  

d e term in e  the  le v e l  o f polyamine con jugates w ith in  suspension c u ltu re d  

c a r r o t  c e l l s  as has been accom plished in  tobacco (see above) and to  

m onitor th e  balance o f  free :co n ju g a ted  forms during  growth to  determ ine 

whether th e  c o n cen tra tio n  o f  conjugated p u tre sc in e  d e c lin e s  a f t e r  12 h in  

cu ltu re . I f  a la rg e  p ro p o rtio n  o f  the  polyamines w ith in  the  c e l l  e x is t  as 

co n ju g a tes , then  measurement o f  free-polyam ine le v e ls  would provide only  

a p a r t i a l  p ic tu re  o f  t o t a l  polyamine accum ulation during  growth. I f  th i s
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were th e  case  then  conjugated polyamine measurements and r a te s  o f b inding 

and re le a s e  should be c a r r ie d  o u t to  support d e term ina tions o f f re e -  

polyamine co n ten t and s y n th e s is .

D uring  th e  nex t 24 h o f  c u l tu re ,  le v e ls  o f  p u tre sc in e  and spermine 

corresponded to  le v e ls  o f  a c t i v i t y  o f  t h e i r  b io sy n th e tic  en 2ymes. In the  

case o f sperm idine, however, th e  s i tu a t io n  i s  le s s  c le a r .  Rapid in c rease  

in  SAMDC a c t iv i t y ,  i s  accompanied by no s ig n if ic a n t  change in  f re e -  

spermidine le v e ls .  I h is  in d ic a te s  th a t  a s in k  o f  conjugated amines may be 

p re se n t. Excess free-sp e rm id in e  may be a c t iv e ly  converted  to  bound forms 

o v e r  t h i s  p e r io d ,  and a sm all p a r t  o f  th i s  free-sp e rm id in e  may be 

converted  to  sperm ine, v ia  enhanced spermine syn thase a c t iv i ty .  On the  

o ther hand, the  in c re a se  in  SAMDC a c t iv i t y ,  and th e  consequent in c rease  in  

s p e r m id in e  s y n t h e s i s  may n o t  r e s u l t  i n  in c re a s e d  sp e rm id in e  

c o n c e n tra tio n s . The sperm idine thus produced may be r a p id ly  broken down 

by th e  o x id a tio n  a c t iv i t y  o f  DAO. DAO le v e ls  have been shown to  be f a r  

g r e a t e r  th an  le v e ls  o f the main polyamine b io sy n th e tic  enzymes. A 

s i t u a t io n  might thus occur o f rap id  sperm idine f lu x  unaccompanied by 

s ig n i f i c a n t  sperm idine accum ulation. Thus, observed changes in  f re e -  

amine co n cen tra tio n s  may no t always be d i r e c t ly  r e la te d  to  b io sy n th e tic  

a c t i v i t i e s  a lo n e . Ihe p a tte rn  o f  change i s  more l ik e ly  to  be understood 

in  te rm s  o f  a m ix tu re  o f  b io sy n th e s is , co n ju g a tio n , breakdown and 

in te rc o n v e rs io n  o f  polyam ines. A d e te rm in a tio n  o f  conversion r a te s  to  and 

from bound forms o f th ese  amines would provide a  v a luab le  a d d itio n  to  the  

present study. These would suggest a t  which p o in ts  in  th e  growth p e rio d , 

and under what c o n d itio n s , any changes in  th e  r a te s  o f in te r  conversion 

between bound and f re e  forms o f th e se  polyamines occur.
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Ihe r e s u l t s  o f  the in h ib i to r  s tu d ie s  c o r re la te  w e ll w ith th e  enzyme 

s t u d i e s ,  and w ith  polyamine accum ulation d a ta  during  normal growth. 

However, th e  lack  o f  a growth in h ib i to ry  e f f e c t  accompanying polyamine 

b io sy n th e tic  in h ib i to r  feed in g , i s  no t conclusive  proof o f a la c k  o f 

po lyam ine involvem ent. A v a lu ab le  a d d itio n  to  t h i s  p a r t  o f  the study 

would be a s im ultaneous s e t  o f polyamine d e te rm in a tio n s  during  the 

in h ib i to r  s tu d ie s .  Ihese  would be p a r t ic u la r ly  in te r e s t in g ,  i f  taken 

d u r in g  th e  i n i t i a l  phase o f  grow th, s in ce  th e re  i s  no in d ic a tio n  o f  the 

speed  w ith  which polyamine b io sy n th e tic  a c t i v i t y  i s  a f fe c te d  by the 

i n h i b i t o r .  I t  may be the  case th a t  i n i t i a l  ra p id  amine accum ulation i s  

necessary  to  t r ig g e r  growth. This i n i t i a l  b u rs t o f  polyamine b io sy n th e s is  

and accum ulation may be u n affec ted  by in h ib i to r  feed ing  from the tim e o f 

subculture. This could be th e  case  e i th e r  i f  th e  uptake o f  the in h ib i to r s  

was slow , o r i f  th e i r  a c tio n  on enzyme a c t iv i ty  was no t s u f f ic ie n t ly  

r a p i d .  A gain , a c l e a r e r  p ic tu re  migjit emerge w ith  a more d e ta i le d  

in v e s t ig a t io n .  The r e s u l t s  o f  s tu d ie s  invo lv in g  th e  feed ing  o f  polyamine 

p re c u rso rs  support th e  conclusions above. They emphasise the  g en era l 

im p re s s io n  o f  a polyamine metabolism w ith  l i t t l e  connection to  any 

mechanism o f growth re g u la tio n .

Che may c o n tra s t  the  id e n t i f ic a t io n  o f  polyamines as  a new c la s s  of 

growth re g u la to rs  by some au th o rs  (G alston and Kaur-Sawhney, 1982), w ith 

b o th  th e  co nclusion  by o th e r  au tho rs  th a t  much o f  the  evidence on which 

such hypotheses a re  based i s  inconclusive  ( P h il l ip s  e t  a l , 1987), and the  

r e s u l t s  o f the p re sen t in v e s tig a tio n  . I t  i s  c le a r  th a t  d e sp ite  an 

in c re a s in g  number o f  s tu d ie s  on t h i s  q u e s tio n , no consensus has been 

r e a c h e d . I h is  d i f f e r s  from the  s i tu a t io n  in  anim al c e l l s  and b a c te r ia ,  

where convincing conclusions may be drawn (Tabor and Tabor, 1984).
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So fa r , the p re sen t r e s u l t s  have been considered  s o le ly  in  term s o f 

th e i r  r e la t io n  to  th e  growth s ta tu s  o f the suspension , and consequent 

g row th  a c t i v i t y .  I t  may be u s e f u l  in  a d d i t io n  to  consider the  

r e la t io n s h ip  o f  polyamine m etabolism , to  th e  s t r e s s  s ta tu s  o f the  c a r ro t  

c e l l s ,  s ince  t h i s  w i l l  a lso  vary  d u rin g  su b c u ltu re . Both th e  chem ical 

b a la n c e  o f  th e  f r e s h  medium and i t s  o sm o tic  p o t e n t i a l  w i l l  be 

s ig n i f i c a n t ly  d i f f e r e n t  from the  chem istry  and o sm o la rity  o f  the spent 

medium, in  w hich th e  s ta t io n a ry  phase c e l l s  a re  p re se n t, p r io r  to  

s u b c u l tu r e .  The f re sh  medium w il l  be higfrer in  su c ro se , hormones and 

n itro g en  than  th e  spen t medium, and lower in  amino ac id s  and CX)̂ » Thus, 

th e  s ta t io n a ry  phase c e l l s  w i l l  be su b jec ted  to  both osm otic s t r e s s  on 

s u b c u l tu r e , and a ls o  the  s t r e s s  o f adjustm ent to  a medium w ith an 

u n fam ilia r  balance o f  c o n s ti tu e n ts .

The i n i t i a l  p a tte rn  o f  polyamine b io sy n th e s is  and accum ulation may 

now be co n sid e red  in  r e la t io n  to  th e  c e l lu l a r  environm ent. Ihe i n i t i a l  

b u r s t  o f  po lyam ine b io s y n th e t i c  a c t i v i t y ,  and the  p o s t-su b c u ltu re  

accum ulation o f  p u tre sc in e  and sperm idine, might be a response to  such 

s tre ss  as w e ll as growth p o te n tia t in g  phenomena. The d ec lin e  in  prim ary 

b io sy n th e s is , which occurs a f t e r  t h i s  i n i t i a l  b u rs t o f  a c t iv i ty ,  may be 

connected to  any adjustm ent to  th e  f re s h  medium which i s  tak in g  p lace a t  

th is  point. I f  polyamines were im p lica ted  on ly  in  th e  i n i t i a l  response to  

s t r e s s ,  polyamine b io sy n th e s is  might d e c lin e , and accum ulation o f  amines 

migjit be rev e rsed . Also during  a c tiv e  growth and c e l l  expansion, the  c e l l  

m ust m ain tain  an in t r a c e l lu la r  osm otic eq u ilib riu m  and a d ju s t  to  the 

s t r e s s  which th i s  process in v o lv es. I t  i s  ev iden t th a t  growth and 

c e l l u l a r  s t r e s s  a r e  in tim a te ly  r e la te d ,  and may be considered  in  

co n ju n c tio n .
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S tu d ie s  o f  po lyam ine b io sy n th e s is  and growth were follow ed by 

d e t a i l e d  i n v e s t i g a t i o n s  o f  the r e la t io n s h ip  between polyamines and 

s t r e s s .  C e lls  a re  exposed to  s t r e s s  on t r a n s f e r  to  f re sh  medium, and 

accum ulate polyamines th e r e a f te r  (a * f re sh  medium e f f e c t '  which does not 

occur when c e l l s  a re  subcu ltu red  in to  spen t medium (Montague e t  a l , 

1979)). However, a c le a r e r  p ic tu re  o f  th e  im portance o f  the  polyamines in  

p la n t  s t r e s s  physio logy, was given by d e ta i le d  in v e s tig a tio n  o f  the 

e f f e c ts  o f  d i f f e r e n t  le v e ls  o f  s t r e s s  on amine accum ulation. Once again  

growth was an im portan t param eter in  th e  response to  s t r e s s ,  w ith  a c le a r  

n eg a tiv e  c o r re la t io n  between growth a c t iv i t y  and le v e l  o f s t r e s s ,  most 

c l e a r l y  in  c e l l s  exposed to  v a rio u s  le v e ls  o f  water s t r e s s  v ia  PEG. In 

s p i te  o f  the la rg e  p e tu rb e tio n s  in  growth, however, amine le v e ls  were 

la rg e ly  u n a ffe c te d , and polyamines ro se  in  co n c e n tra tio n  on ly  as a r e s u l t  

o f  w a te r-lo ss  e f f e c t s .  The PEG -stress in v e s tig a tio n  thus provided a 

system in  which c e l l s  could be su b jec ted  to  both s ig n i f ic a n t  growth 

c h a n g e s , and to  h ig h  l e v e l s  o f  o sm o tic  s t r e s s ,  w hile free-am ine 

d e te rm in a tio n s  show no s ig n if ic a n t  accum ulation o f  polyam ines.

Ihe large in c re a se  in  th e  s t r e s s  in d ic a to r  p ro lin e , and in  le v e ls  o f 

some amino a c id s , suggests c e l l  metabolism i s  s t r e s s - a f f e c te d .  These d a ta  

farm a valuable  re fe re n c e , to  which th e  polyamine changes may be compared.

The in v e s t ig a t io n  o f  amine m etabolism  under PEG -stress formed p a r t 

o f  an e x te n s iv e  s tudy  o f  free-am ine accum ulation under a wide range o f  

s t r e s s  c o n d itio n s . A ll o f  th ese  forms o f  s t r e s s ,  excep ting  ano x ia , had 

been p rev io u sly  id e n t i f ie d  as  m odulators o f  free-am ine accum ulation. Yet, 

in  every  c a se , a study o f  c a r ro t  suspensions under c a re fu l ly  c o n tro lle d  

and thoroughly  r e p l ic a te d  c o n d itio n s , rev ea led  no in c re a se  in  polyamine
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leve ls  in  response to  s t r e s s .  Indeed, in  every  case  where some in c rea se  

in  free-am ine le v e l  was d e te c te d , t h i s  could e i th e r  be a sc rib ed  to  w ater- 

lo ss  e f f e c t s ,  o r  shown to  be s t a t i s t i c a l l y  in s ig n if ic a n t .  With such d a ta  

th e n ,  th e  q u estion  o f  the  b a s is  fo r  suggestions o f  amine involvement in  

s t r e s s - a d a p t a t i o n  (F lo re s  and G a ls to n , 1 9 8 4 ), r e q u i r e s  c a r e f u l  

c o n s id e ra tio n . The im portance o f  w a te r - lo s s , and in a p p ro p ria te  c o n tro ls  

in  th e  p roduction  o f  a r te f a c tu a l  d a ta ,  has a lre ad y  been mentioned (Stew art 

and Tlimer, 1988), as  has th e  u n sp e c if ic  e f f e c t s  on c e l l  metabolism caused 

by p e n e tra tio n  o f  so lu te s  through th e  c e l l  w all (Kandpal and Rao, 1985). 

I t  i s  c le a r  th e re fo re  th a t  d i f f i c u l t i e s  e x i s t  in  th e  in te rp r e ta t io n  o f 

such da ta , and t h i s  in  tu rn  suggests th a t  a h ig b ly -c o n tro lle d  system would 

be req u ire d  fo r  m eaningful conclusions to  be reached . The study o f  PEG- 

induced w ater s t r e s s  c a r r ie d  o u t in  th e  p re sen t s tudy  i s  not id e a l  in  th i s  

re s p e c t .  The w ater s t r e s s  i s  no t imposed by la c k  o f  environm ental w ater, 

b u t th ro u g h  th e  a c tio n  o f  an osmoticum in  p reven ting  up take. The 

behaviour o f the c e l l s  in  v i t r o , w hile i t  cannot n e c e s sa r i ly  be taken  to  

be th a t  o f  the whole p la n t t i s u e s  under s im ila r  c o n d itio n s , does provide 

some v a lu ab le  in form ation  on c e l lu la r  responses to  w ater s t r e s s .

The study has shown, in  p a r t ic u la r ,  th a t  w ater s t r e s s  does have 

p ro fo u n d  e f f e c ts  on c e l l  metabolism . The c e l l  undergoes a p rocess of 

a d a p ta t io n  to  th e  s t im u lu s ,  w ith  some m etab o lite s  p resen t a t  very 

d iffe ren t co n cen tra tio n s  in  adap ted , a s  opposed to  unadapted c e l l s .  The 

ra n g e  o f  s t r e s s - r e la te d  changes found may be due to  th e  m o d ifica tio n  o f  

normal membrane fu n c tio n s , accord ing  to  some au th o rs  (Altman e t  a l , 1982), 

w ith  th e  lo c a tio n  o f  the membranes governing th e  type o f  response. 

R ep o rts  o f  th e  m odulation o f  such responses by am ines, led  to  the 

h y p o th e s is  t h a t  th e y  m ight in c r e a s e  membrane s t a b i l i t y .  S tress
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c o n d itio n s  a ls o  lead  to  a d e te r io ra t io n  in  p ro te in  and n u c le ic  ac id  

s y n th e s is , and re p o r ts  o f amines b ind ing  to  a c id ic  a reas  o f membrane 

p h o sp h o lip id s  and n u c le ic  a c id s ,  have prompted suggestions th a t  amines 

may have a s ta b i l i s in g  r o le .  Such re p o r ts  have been streng thened  by 

r e s u l t s  in d ic a tin g  th a t  sperm idine may promote DNA re p l ic a t io n  (M orris 

and Lockshon, 1981). P o te n tia l  m odulating q u a l i t ie s  such as  th ese  a re  

im p o r ta n t ,  i f  amines a re  to  be shown to  have a ro le  in  th e  o v e ra l l  

c o n t r o l  o f  m etabolic responses to  w ater d e f i c i t s .  This c o n tro l i s  

p ro b a b ly  a c h ie v e d  th rough  changes in  f lu x es  and c o n c e n tra tio n s , o f  

s u b s tr a te s  and re g u la to ry  su b stan ces , w ith in  and between c e l l s ,  t i s s u e s  

and organs (Hanson, 1982).

I t  i s  worth n o tin g  th a t  on ly  a sm all number o f  re g u la tin g  m etabolic  

p a th w ay s , modulated by a form o f s t r e s s ,  may provoke changes through a 

la rg e  p a r t o f  g en era l m etabolism , producing changes in  m etabolic a re a s  not 

in  th em selv es  d i r e c t ly  a f fe c te d  by such forms o f s t r e s s .  This p resen t 

s tu d y  provides some in d ic a tio n s  o f  where s t r e s s  ad ap ta tio n  tak es  p la ce , 

such as in  sugar m etabolism , w ith  th e  s tro n g  accum ulation o f  simple 

su g a rs . L i t t l e  in d ic a tio n  e x is t s  th a t  amine metabolism may be s im ila r ly  

involved . D espite th e se  f in d in g s , however, o th e r  s tu d ie s  in d ic a tin g  th a t  

amines can promote p h y s io lo g ic a l responses s im ila r  to  aux in , coupled w ith  

th e  u n iv e rsa l occurence o f  p u tre sc in e , sperm idine and spermine in  h igher 

p l a n t s ,  and th e i r  a s so c ia tio n  w ith  changes in  growth r a t e s ,  suggests 

fu rther research  should be undertaken , to  exp lo re  t h e i r  ro le  more f u l ly .

In conc lu sio n , th e  main achievem ents o f  t h i s  study may be describ ed  

a s  fo llow s:

The growth p a t te rn  o f  the  c a r ro t  suspension has been c h a ra c te r is e d , and a
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system  developed which i s  s u ita b le  fo r  a  sy stem atic  in v e s t ig a t io n  o f  c e l l  

physio logy . This growth p a t te rn  was thus a v a ila b le  fo r  comparison w ith 

th e  p a tte rn  o f  amine b io sy n th e s is , accum ulation and breakdown over the 

c u l t u r e  p e rio d . This provided in s ig h ts  in to  th e  behaviour o f  amine 

m e tab o lism , d u rin g  th e  d i f f e r e n t  phases o f  c u l tu re  growth. This has in  

tu rn  been supplemented w ith  a range o f  in h ib i to r  s tu d ie s ,  which have 

e s ta b lis h e d  the  e f f ic a c y  o f  th e  in h ib i to ry  compounds in  r e la t io n  to  h igher 

p la n t  c e l l  m e tab o lism . They have a l s o  dem onstrated th a t  amine 

m etabolism  may be sev e re ly  pertu rbed  du ring  the  c u ltu re  growth c y c le , 

w ith o u t any d im inution  o f  growth being d e te c te d . T his, w hile not 

c o n f irm in g  th a t  amines a re  unnecessary  in  term s o f c u ltu re  grow th, has 

confirm ed th a t  amine sy n th e s is  i s  no t n ecessary  du rin g  the  p rocess o f 

active growth. I t  may, however, be o f  im portance p r io r  to  in creased  growth 

a c t iv i t y .  A lso, polyamines may be a c t iv e  as  hormonal second messengers 

( G a l s t o n ,  1 9 8 3 ) .  They may be in v o lv e d  th ro u g h  p o o ls  o f  S - 

adenosy lm eth ion ine in  e th y len e  b io sy n th e s is  (Evans and Malmberg, 1989) 

and th u s  th ro u g h  e th y le n e  modulate development and growth. Their 

fu n c tio n  may indeed be expressed  through th e  tr ig g e r in g  o f  biochem ical 

p a th w ay s, and th e  c a t a l y s i s  o f  r e a c t io n s  in  c e l lu la r  metabolism . 

M oreover, the  la rg e  f lu c u a tio n s  in  amine sy n th e s is  and accum ulation 

d u r in g  th e  la g  phase  im m ed ia te ly  a f t e r  s u b c u ltu r e ,  have ra ise d  

i n t e r e s t i n g  q u e s tio n s  concerning th e  im portance o f  amine sy n th e s is , 

d u rin g  acc lim atio n  to  the  p la n t  c e l l  environm ent. E v iden tly , both  s t r e s s  

and g row th  components, a re  involved in  th e  behaviour o f the p la n t c e l l  

du ring  t h i s  p e rio d .

This s t r e s s  component was in v e s tig a te d  in  fu r th e r  d e t a i l  l a t e r  in  the  

s tudy when a range o f  fu r th e r  s t r e s s  co n d itio n s  were imposed on th e  c e l l
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cu ltu re . The c lo se  c o n tro l o f the c e l lu la r  environment p o ss ib le  w ith  th e  

use  o f the suspension c u ltu re  system provided convincing evidence th a t ,  

w h ile  th e y  led  to  changes in  c e r ta in  a reas  o f metabolism in  some c a se s , 

th e  form s o f  s t r e s s  employed had no s ig n if ic a n t  e f f e c ts  on amine 

accum ulation. Also the  c o n tro lle d  co n d itio n s  employed allow ed such d a ta  

to  be c o n tra s te d  w ith  some confidence w ith  previous s tu d ie s ,  in  which 

large changes in  amine le v e ls  were rep o rted  in  response to  s im ila r  s t r e s s  

conditions. Indeed, th e  ro le  o f  amines in  r e la t io n  to  s t r e s s  was p o ss ib le  

to  define to  some e x te n t , w ith in  the  g en e ra l m etabolic p a t te rn  o f  the  c e l l  

c u l t u r e  d u r in g  grow th  -  an approach which had no t p rev io u sly  been 

attem pted . T h is, in  tu rn ,  then allow ed a more re v e a lin g  a n a ly s is  o f  the 

in te ra c t io n  o f  growth and s t r e s s  responses in  th e  c a r ro t  c u l tu re ,  and an 

in s ig h t in to  th e  in tim a te  r e la t io n s h ip  between th e se  two components. I t  

i s  now c lear th a t  study  o f  e i th e r  growth o r  s t r e s s  a lo n e , w ith in  th e  c e l l  

c u l tu re  system , w i l l  o f n e c e s s ity  involve a sp e c ts  o f  the  o th e r ,  which in  

t u r n  w i l l  r e q u i r e  c o n s id e r a t io n ,  to  p roduce a m eaningful s e t  o f 

conclusions. This lead s  to  c o n s id e ra tio n  o f  the approaches which might be 

a d o p ted  in  fu tu re  s tu d ie s ,  in  o rd e r to  fu r th e r  c l a r i f y  th e  p o s it io n  o f  

amines w ith in  th e  p la n t g ro w th /s tre ss  framework:

I t  i s  ev id en t th a t  th e  c a r ro t  suspension c u ltu re  system would be a 

powerful to o l to  be employed in  any fu tu re  in v e s t ig a t io n . In a d d it io n , a 

f u r th e r  use o f  amine b io sy n th e s is  in h ib i to r s  would be l ik e ly  to  y ie ld  

s t i l l  more u s e fu l d a ta ,  on th e  impact o f  an a r t i f i c i a l  m odulation o f  amine 

m e tab o lism . EMGBG, in  p a r t ic u la r ,  migfrt enjoy w ider use in  m etabolic  

s tu d i e s ,  w ith  i t s  potency and s p e c i f ic i ty  -  q u a l i t ie s  which have le d  to  

th e  w idespread use o f  DFMO and DFMA. The growth o f  c u l tu re s  fo r  s e v e ra l 

passages in  DFMA, should a ls o  y ie ld  in te r e s t in g  d a ta ,  s ince  th e  i n i t i a l
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amine sy n th e s is  'b u r s t '  a f t e r  su b cu ltu re  should be suppressed w ith  such 

tre a tm e n t. I f  t h i s  phenomenon i s  indeed s t r e s s - r e la te d  (see above), then 

such  an in v e s t ig a t io n  might shed l ig h t  on th e  p o s itio n  o f  amines, in  

re la tio n  to  th e  s tre s s - re sp o n se  o f  p la n t c e l l s .  Such a  tre a tm e n t, coupled 

w ith  re g u la r  de te rm in a tio n s  o f  the a c t i v i t y  o f  sy n th e tic  and c a ta b o lic  

enzymes, might h e lp  to  provide a more com plete p ic tu re  than in h ib i to r  

s tu d ie s  a lo n e .

In  te rm s  o f  the  growth cy c le  o f  the c a r ro t  suspension , the i n i t i a l  

few hours a f t e r  su b cu ltu re  appear to  form the  most in te re s t in g  p e rio d , in  

terms of rap id  change in  amine m etabolism . In term s o f s t r e s s  responses, 

th is  study has only  considered  the  ad ap tiv e  response in  one case -  th a t  o f 

w a te r - s t r e s s  induced by PEG. I t  would be in te r e s t in g  to  follow  the  

e f fe c ts , on g en e ra l and amine m etabolism , o f  a d ap ta tio n  to  o th e r forms o f 

s t r e s s ,  such as  h e a t ,  low pH, low potassium , low n i t r a t e  to  ammonium ion 

r a t i o ,  an o x ia  e t c .  These would a ls o  provide d a ta  on amine m etabolism , 

d u rin g  th e  p erio d s  o f reduced growth a c t i v i t y  produced by such tre a tm e n t. 

In addition , i t  would be u s e fu l to  extend th e  scope o f  th e  PEG -adaptation 

s tu d y , to  include re g u la r  amine d e te rm in a tio n s  throughout the  growth 

cycle, in  both  adapted and unadapted c e l l s .  This might determ ine whether 

th e re  were s p e c if ic  phases o f  th e  amine m etabolic  p a t te rn  a f fe c te d  by 

s t r e s s ,  d u rin g  th e  growth p e rio d . L a s tly , a  thorough in v e s tig a tio n  in to  

th e  l e v e l s  o f  conjugated amines in  c a r ro t  c u l tu re  could be c a r r ie d  o u t,  

u s in g  a c id  h y d r o ly s is  to  r e l e a s e  bound amines fo r  d e te c tio n . I f  

s ig n if ic a n t  le v e ls  were found, then  t h i s  method could be in co rp o ra ted  in to  

r o u t in e  am ine a n a ly se s , fo r  a c le a r e r  re p re se n ta tio n  o f  tru e  amine 

accum ulation .
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The conclusions o f  Evans and Malmberg (1989), reg ard in g  th e  la c k  o f  

e v id e n c e  fo r  an im portan t r o le  fo r  th e  polyamines in  r e la t io n  to  growth 

and s tre ss  i s  thus s tro n g ly  supported  by th e se  s tu d ie s ,  which a ls o  s a t i s f y  

th e  m a jo r i ty  o f  t h e i r  recom m endations f o r  s ta n d a rd s  in  polyamine 

in v e s t ig a t io n s .
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A B S T R A C T
The responses o f  suspension-cultured cells o f  carrot to polyethylene glycol (PEG)-induced water stress were studied after transfer 
to culture medium containing PEG at concentrations between 0% and 25%. Growth characteristics, cellular osm otic potential 
and organic solute concentration changes were followed in unadapted cells and in cell lines adapted to growth in various PEG 
concentrations. A decline in fresh and dry weight increase occurred in unadapted cells with decreasing water potential, while dry 
weight gain was unaffected in adapted lines. Substantial osm otic adjustment was observed in adapted lines, due tnain’y to 
increased glucose, fructose and sucrose. Prolinc concentration increased up to 40-fold in adapted and 12-fold in unadapted cell.; 

'and other amino acids including alanine, histidine and arginine showed similar, though smaller, responses. Polyamincs and 
glyciuebctaine did not increase significantly in either adapted or unadapted cells. Changes leading to long-term adaptation to 
water stress are discussed in relation to short-term stress-shock responses.

Key words: Water stress, cell culture, Daucus carota, osm otic adaptation, solute accumulation.

IN T R O D U C T IO N
The physiological responses o f plants to water-stress have 
long been or interest, mainly because o f the need to 
understand better the effects on economically important 
crop plants when water is a limiting factor. Kramer (1980) 
has estimated that losses in production due to lack o f water 
exceed those of all other factors combined. One mechanism 
of resistance to water-stress is drought tolerance (Levitt, 
1980), which involves the reduction o f cell water potential 
through intracellular solute accumulation, allowing the cell 
to retain turgor and enhancing survival in an environment 
of fluctuating osmotic potential (Turner and Jones, 1980).

Research into drought stress has until now been mainly 
directed towards whole plants, with particular emphasis 
on stomata! behaviour. However, suspension-cultured 
plant cells olTer a relatively homogeneous and experimen
tally controllable alternative for the study o f cellular 
responses to water stress. Ilcyscr and Nabors (1979) first 
reported the selection o f cultured cell lines resistant to the 
stress induced by polyethylene glycol (PEG). Adaptation 
procedures and growth responses have been examined 
(Bressan, Hasegawa. and Ilanda, 1981) and physiological 
changes associated with water-stress adapted cells investi

gated in detail (Handa. Bressan, Handa, Carpita, and 
Hasegawa, 1983). Harms and Oertli (1985) employed 
mannitol-adapted carrot cell suspension cultures to study 
the interaction o f osmotic and ionic stresses.

Tw o.com ponents o f the response o f plant cells to 
decreased water potential may be identified; long-term 
changes in ceils adapted to continuous growth at low 
water potential, here referred to as stress-adaptation, and 
stress-shock responses occurring in the short-term in 
cells transferred abruptly to lower water potential en
vironments. In this study, both responses were examined 
in carrot suspension cells transferred to fresh medium of 
the same or lower water potential for a period of 10 h. 
For stress-shock changes, cells of a line adapted to 
growth in a standard tissue culture medium (control 
cells) were transferred directly to media containing vari
ous concentrations up to 25% PEG. Eor stress-adapta
tion, cell lines previously adapted to similar PEG concen
trations were transferred to fresh medium with appropri
ate PEG levels. Changes in growth rate, water potential 
and solute content for both control and adapted cells 
were determined.

1 T o whom correspondence should be addressed. 

©  Oxford University Tress 1989
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MATERIALS AND METHODS
Cell culture
Suspension cultures o f  Daucus carota (cv. Chantenay) were 
maintained on Murashigc and Skoog (1962) medium, and fresh 
and dry weights determined as previously described (Fallon and 
Phillips, 1988). Five ccll-lincs were used; unadaptcd cells were 
grown in standard culture medium without PEG, while four cell* 
lines were adapted to growth in medium containing 10. IS. 20, 
and 25% (w/v) PEG (RDM-4000 mol. wt.. purified by ion- 
exchange with B D II-D uolitc M B 5II3 mixed resin) by repeated 
subculture until consistent final fresh weights were obtained in 
consecutive passages; the adaptation period was Tor a minimum  
of eight subcultures. For the experimental treatments, adapted  
cells were transferred to fresh medium o f  corresponding PEG  
concentration. Unadaptcd cells were transferred both to  stan
dard medium without PEG (control treatment) and to  media 
containing each PEG concentration. For each cell-line, cells 
from stationary phase cultures were collected by nylon mesh  
filtration, allowed to drain, and resuspended in the same volum e 
o f fresh medium. Water potential and solute determinations 
were made 10 h after transfer.

Determination o f cellular and media solute potential 
The osm otic potential o f  cell contents and media was deter

mined by the use o f  a vapour pressure osm ometer (W escor 
5 100C). Samples o f  fresh and spent media were sampled directly, 
while for the determination o f  cellular solute potential, collected, 
filtered and spin-dried tissue (Fallon and Phillips. 1988) was 
stored frozen at — 20 C, and allowed to reach room  temper
ature prior to determination.

Estimation o f  solutes 
Free amines were determined by IIPLC, as described pre

viously (Fallon and Phillips, 1988). Proline was determined by 
the ninhydrin technique o f  Troll and Lindslcy (1955), and 
glycinebetaine by the colorimetric method o f  Stum pf (1984).

Free amino acids were determined by IIPLC following extrac
tion with sulphosalicylic acid and OPA/mercaptoethanol dcriva- 
tization (Jarrett, Cooksy, Ellis, and Anderson. 1986). Sugars 
were determined by the method of Swcclcy, Bentley, Mnkita, 
and Wells (1963) with the modifications recommended by Molli- 
gan (1971) on a Shimadzu G C  Mini 3/C R 3A  gas chromatograph 
with an SE30 packed column.

RESULTS 
Growth o f culture
On inoculation into fresh medium both adapted and 
unadapted cells showed a characteristic sigmoidal growth 
pattern over an 18 d period, at all concentrations of PEG 
(Fig. 1). In unadapted cells (Fig. lb), increasing PEG 
concentration progressively increased the length o f the lag 
period, and decreased the rate of fresh weight increase. 
The lag time was extended from 2-3  d in control medium 
to 10 d with 25% PEG. and the rate of fresh weight 
increase reduced from 0-75g d " 1 to 0-25g d -1 . Final 
fresh weight attained was reduced at all PEG concentra
tions, from a 15% reduction in 10% PEG to a 63% 
reduction in 25% PEG.

In adapted cells the effects of PEG on growth are less 
severe (Fig. la). There is an effect on lag phase only at the 
two highest concentrations, extending it from 3 d in the 
control to 5 d with 25% PEG, and little change in the rate 
o f  fresh weight accumulation was observed. However, 
final fresh weight was affected by increasing PEG concen
tration. though to a lesser degree than in unadapted cells.

The distinct responses of adapted and unadapted cells 
to  water stress are illustrated by comparison of final fresh 
and dry weights after 18 d o f growth in media o f varying

12-i Adapted Unadapted

10 0%
10%

15%
20%

10%

25% 20%

Time of incubation days

Fio. I. Changes in fresh weight of adapted (a) and unadapted (b) cells over the culture period at a range of PEG concentrations; means of three replicates.



PEG content (Fig. 2). Fresh weight yields declined with 
decreasing osmotic potential, the decline being greater in 
unadapted than adapted cells. Dry weight yields, on the 
other hand, were reduced only in unadapted cells, with a 
decrease o f approximately 40% in 25% PEG. Clearly, 
adapted cells have an enhanced capacity for both water 
retention and dry weight accumulation compared to 
unadapted cells. A reduction in water content relative to 
control cells o f up to 36% for adapted and 54% for 
unadapted cells was observed (Fig. 2).

Osmotic potential 
The solute potentials of media containing 0, 10, 15, 20 

and 25% PEG were found to be —0-34, -0 -55 , - 0 8 3 ,  
— M 3 and — 1-67 MPa, respectively. The osmotic poten
tial o f adapted cells was maintained at a substantially 
lower value than that of the corresponding medium, the 
deficit actually increasing at higher PEG concentrations, 
such that in the line adapted to 25% PEG the solute 
potential decreased 4-fold relative to control cells (Fig. 3). 
Unadapted cells were in equilibrium with the medium 
(and were usually plasmolysed) at 15% PEG and above.

Free polyamines 
Putrescine (put) and spermidine (spd) were the m ajor 

PAs present, with spermine (spm) as a minor component
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- 2.00-0 .5 0  -1 .0 0  -1 .5 0
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F ig . 2. Changes in fresh weight,' dry weight and water content in 
unadapted (U) and adapted (A) cells after 19 d incubation at a range o f  
PEG concentrations; means o f three replicates. W ater content b  ex
pressed as a  percentage o f that o f control cells.

-2

-1

Cell solute potential

/

\ /
U

0
0.00 -0 .5 0  - l .n o  -1 .5 0

ifrs medium (MPa)
- 2.00

F ig . 3. Solute potentials o f unadaptcd (U) and adapted (A) cells after 
10 h incubation at a range of PEG concentrations; means and standard 
deviation o f three replicates. The broken line indicates the equivalence o f 
cell and  medium potentials.

Free amine concentrations in unadapted (U) and 
adapted ( A) cells lines
Mean of three replicate determinations.

Amine PEG concentration

0% 10% 15% 20% 25%

mol m 's

Pulresdne U 136 1 55 236 399 386
A 136 251 297 320 364

Spermidine U 134 183 188 203 I 36
A 134 181 I 75 171 169

Spermine U 009 017 024 023 038
A 009 008 O il 032 043

Total U 279 355 448 625 560
A 279 440 483 523 576

(Table I). The total PA concentration increased with PEG 
concentration in an approximately linear fashion; any 
differences between the adapted and unadapted lines were 
small and showed no clear trends. Increased total concen
trations were primarily due to increases in putrescine and 
the rather small increases in concentration (approximately 
2-fold) can be accounted for by concentration due to 
water loss (cf. Fig. 2).

Proline, free amino acids and glyeinebetaine 
The cellular concentration of proline rose significantly 

in both normal and adapted cells grown in media o f 
decreasing solute potential (Fig. 4b). Proline concentra
tion increased 12-fold in unadapted ceils, and over 40-fold
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in adapted cells compared with controls. Proline levels 
continued to increase in adapted cells up to the highest 
concentration tested, while in unadapted cells no increase 
occurred beyond 20% PEG.

The combined cellular concentration o f the m ajor free 
amino acids shows a strong correlation with medium solute 
potential in adapted cells (Fig. 4a). The response was 
approximately linear at lower solute potentials and was not 
saturated at the highest PEG concentration employed. In 
unadapted cells, however, the response was far less pro
nounced, with a doubling in concentration over the con
trol, as opposed to an 8-fold increase in adapted cells. 
While the response of individual non-proline amino acids 
varies considerably (Table 2), higher concentrations are 
generally found in adapted rather than unadapted cells. 
Alanine concentration increased up to 18-fold over control 
values (adapted cells), but the highest concentrations ob
served were those o f histidine, arginine, and valine, which 
were relatively abundant in control cells. With the excep
tion o f serine, all amino acids were present at higher 
concentration in adapted than unadapted cells at the lowest 
solute potential. However, proline was the most abundant 
amino acid by a factor of 2 and constituted 30% o f the 
total amino acid concentration.

Bctainc concentration changed little in either cell line in 
response to increasing water stress (Table 2).

Sucrose
The cellular sucrose concentration increased approxi

mately 3-fold up to 120 mol m '3 in adapted cells under

Free amino acid and ghrinebctaine concentrations in 
unadapted ( U) and adapted (A) cell lines 
M ean o f  3 replicate determinations.

Amine PEG concentrations 

0% 10% 15% 20% 25%

mol m~3i

Asp U 057 050 0 36 065 064
A 057 087 085 106 t 57

Gin U 071 0 72 079 074 0 71
A 071 099 III 1 12 111

Set U I 67 182 2 11 241 245
A 167 I 19 187 420 1 95

His U 2 16 2 14 257 250 2-74
A 216 313 3 73 660 12 69

Gljr U 033 028 039 045 058
A 033 036 1 18 083 I 12

Thr U 089 085 099 105 109
A 089 076 1 53 1 78 229

Arg U 132 1 52 I 89 195 194
A 132 181 268 3 53 866

Ala U 029 034 083 III 109
A 029 024 040 532 548

Tyr U 017 017 018 0 21 0 24
A 017 028 034 036 058

Met U 025 034 035 037 037
A 025 032 0 53 058 067

Val U 083 1 24 1 44 1 86 190
A 0 83 1 86 2 59 463 707

Phe U 0 86 114 1 20 144 1 88
A 086 0 65 103 144 1 73

lie U 041 0 49 0 64 080 106
A 041 0 58 082 1 12 2 88

Leu U 0 22 0 29 0 37 0 48 0 59
A 022 0 40 0 54 0 62 I 78

Bctaine U 073 078 101 0 85 093
A 073 066 080 082 077

1(H)

80

oe
o  60

coucouo
3

Oin

40

20

0 
0.00

Prolinelota! amino acids

- 0 .5 0- 0 .5 0  - 1 .0 0 - 1.00 - i lo0.00 - 2.00
V’s medium (MPa)

Fig . 4. Changes in total amino acids (a) and proline (b) in unadaptcd (U ) and adapted (A) cells after 10 b  incubation at a range of PEG concentrations; 
means and standard  deviation o f three replicates.
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Fin. 5. Changes in sucrose (a). Fructose (b) and glucose (c) concentrations in unadapted (U) and adapted (A) cells alter 10 h incubation at a range of 
PEQ concentrations; means and standard deviation of three replicates.

water stress, and doubled in non-adapted cells (Fig. 5a). 
Concentrations in adapted cells were significantly higher 
than in unadapted cells at all solute potentials.

Glucose and fructose
Glucose concentrations rose 4 5-fold in adapted cells a t 

Ihe lowest solute potential, reaching a cellular concentra
tion o f nearly 350 mol m -3 (Fig. 5c). levels also rose 3-5- 
fold in unadapted cells to a concentration exceeding 
240 mol m -3 . Concentrations o f fructose increased 5-fold 
in adapted and 3-fold in unadapted cells, reaching a peak 
o f  more than 130 mol m " 3 in adapted cells (Fig. 5b). 
Glucose, fructose and sucrose are m ajor contributors to  
solute concentration, contributing over 60% o f the osmo- 
larity o f stressed cells (Table 3).

To illustrate the contribution of each solute investigated 
to the overall cell water potentials, values for medium and 
cell water potentials and solute concentrations have been 
calculated in milliosmoles (mOsm), and the percentage 
contribution o f each expressed in Table 3. Glucose, fructose, 
and sucrose were the principal osmotic agents, contributing 
61-5% of the cell water potential o f adapted cells in 25% 
PEG. Under the same conditions, prolinc contributed 2-4% 
and other amino acids 5 1%. Polyamincs and betaine 
represented an osmotic contribution o f only 0 5%. The 
organic solutes investigated contribute 69 5% of the total; 
potassium and other ionic species have not been determined.

D IS C U S S IO N
The adaptation o f cultured plant cells to both water and

NaCI stress has been reported (Bressan et al., 1981; Ben- 
Hayyim. 1986; Harms & Ocrtli. 1985). Adapted cells 
characteristically show a shorter lag phase and increased 
growth rate com pared to non-adapted cells exposed to 
similar stress conditions. Comparable responses were 
obtained with carrot suspension cultures in this study. 
This adaptation involves a decrease in cell solute potential 
(Fig. 3) which is substantially greater in adapted than in 
unadapted cells and directly related to a reduction in cell 
water content (Fig. 2), and an accumulation o f in tra
cellular solutes compared to controls. This is similar to the 
response o f  sorghum (Bhaskaran. Smith, and Newton, 
1985) and tom ato (H anda et o/., 1983) cells to a low water 
potential environment.

When considering changes in solute concentration, it 
should be noted that the water contents of cells o f either 
line transferred to medium or low water potential are 
sharply reduced as compared with control cells (Fig. 2). 
This is due to water loss to the medium, and will result in 
increased solute concentrations even in the absence of any 
absolute rise in solute content. For example, the water 
content o f unadapted cells transferred to 25% PF.G falls 
by 54% (Fig. 2); concentrations o f all solutes will thus 
double without any net accumulation. T his point has been 
considered by some investigators. (Turner and Stewart, 
1988) and should be noted, particularly when concentra
tion changes o f the order of 1-2 x are considered. The 
accumulation o f  solutes has been widely reported under 
stress conditions (Hanson and Hit?, 1982; Stewart and 
H anson, 1980) with polyamine accumulation in particular



T a b l e  3. Medium and cell osmolarity and percentage contribution o f  each solute in unadopted (U) and adapted (A) cell lines
All solute concentrations were recalculated in terms of mOsm and expressed as a percentage of the corresponding cell osmotic potential. AA “  total 
amino acids excluding proline.

PEG Y'mcd Y'cells Contribution of solutes to V'cell (%)
(%) (mOs) (mOs)

Glucose Fructose Sucrose AA Proline Polyamine Bctaine Total

U A U A U A U A U A U A U A U A U A

0 140 278 278 256 256 68 68 140 140 39 39 02 02 10 10 02 02 51 5 51 5
10 225 288 293 334 435 139 127 146 151 42 44 0 6 15 12 15 03 02 628 789
IS 340 341 467 32 5 432 15 5 131 13 5 145 41 41 14 18 13 10 03 02 686 779
20 465 456 674 353 395 149 188 16 7 13 2 35 49 16 21 14 08 02 01 736 79 4
25 685 687 983 354 355 II 2 136 112 124 25 51 II 24 08 06 01 01 623 697

receiving increased attention in the last decade (Smith, 
1984). Large increases in polyamines (50- to 60-fo!d) have 
been reported in detached oat leaves and protoplasts after 
6 h exposure to osmotic stress (Flores and Galston, 1982). 
However, in similar experiments with barley leaf sections, 
Turner and Stewart (1988) found only a 3- to 4-fold 
increase in putrescine levels over intact leaf controls, and 
suggested that the massive increases reported by Flores 
and Galston (1982, 1984) were artefactual and due in part 
to low control values.

In this study, no increase in total polyamincs and only a 
small increase in putrescine over that dictated by concen
tration due to water loss, was detected. This may be due to  
the high levels o f  putrescine found in control cultures, 
reported previously (Fallon and Phillips, 1988). It may be 
that putrescine accumulation is saturated at the control 
values o f approximately 1-3 mol m -3 , but in any case no 
significant increase in putrescine was detected either in 
adapted or stress-shocked cells. The minor com ponent 
spermine increased 4- to 5-fold in concentration, suggest
ing rather more than a doubling in net content. Spermine 
has not been previously identified as a stress-indicator.

Large increases in proline concentration were observed. 
Relative to control values, proline in cells exposed to 25% 
PEG increased 12-fold under stress-shock conditions and 
40-fold in adapted cells, to a maximum o f 23 mol m “ 3. 
Handa et al. (1983) reported a 100-rold increase in proline 
in tom ato cells adapted to 25% PEG up to a similar 
maximum concentration. Com parable increases in proline 
content have been found in drought-stressed barley (H an
son and Nelsen, 1978) and sorghum (Stewart and Hanson, 
1980; Blum and Ebercon, 1976), and thus the response o f 
carrot cells is in agreement with that widely reported for 
both cell and whole plant systems subjected to water- 
stress. A significant difference in the degree o f response to 
adaptation and stress-shock was observed; proline ac
cumulation apparently continues to increase in adapted 
cells to substantially higher levels than are produced by a 
10 h stress-shock period. In salt-stressed barley leaves, 
proline accumulation increased over a 16 h period (Voet- 
berg and Stewart, 1984) but did not increase further with

osmotic adjustment. Handa et a l  (1983) have discussed 
the possibility that proline is derived from glutamate 
under stress conditions. Our observations are similar in 
that glutam ate levels decline somewhat in low water 
potential medium when water loss is taken into account, 
but that the observed values in control cells are not high 
enough to account for the increase in proline.

The varied response of the individual non-proline am 
ino acids in adapted cells supports speculation (Handa et 
al., 1983) that water-stress adaptation involves changes in 
the rates o f assimilation, synthesis, utilization and inter
conversion o f amino acids; certainly no common mechan
ism can be evoked. While proline is clearly unique in the 
extent o f its response, it may be noted that the increase in 
osm otic contribution due to non-proline amino acids is 
nearly twice that o f  proline itself. In stress-shocked cells, 
on the other hand, the concentration o f non-proline 
am ino acids only increases by 70%. This means that the 
net content falls, when concentration elfecls are taken into 
account. A daptation and stress-shock processes do not, 
therefore, seem closely related for these amino acids.

Reducing sugars, particularly glucose, together with 
sucrose, provide the m ajor contribution to solute accumu
lation in adapted cell lines, in agreement with findings in 
stressed tom ato cells by Handa et al. (1983), who suggest 
that such increases might be due to a reduction in cell wall 
synthesis mediated by reduced expansion. It should be 
noted, however, that the culture medium initially contains 
78 mol m “ 3 sucrose, and that high levels o f sugars may 
well be due to uptake and catabolism from this source; in 
sorghum and sunflower leaves levels o f sucrose and 
reducing sugars were approximately an order o f magni
tude lower than in the present study (Jones, Osmond, and 
Turner, 1980). It would be of interest to investigate 
sucrose uptake rates to clarify this point.

This study reveals substantial differences in cellular 
responses to  stress-shock as compared to long-term adap
tation to water-stress. when concentration effects are 
discounted, stress-shocked cells show major increases in 
proline and, to a lesser extent, reducing sugars. Long-term 
adaptation is accompanied by enhanced levels o f  these



solutes as w ell a s  su crose  an d  o th er  a m in o  a c id s . W h eth er  
this is so le ly  a fu n ction  o f  the d u ra tio n  o f  ex p o su re  to  
w ater-stress, o r  w h ether q u a lita tiv e ly  d ifferen t m ech a n 
isms are in vo lved  is n o t clear .

A d a p ta tio n  in v o lv es a su b sta n tia l redu ction  in ce llu lar  
water p o ten tia l, a llo w in g  turgor to  be m a in ta in ed . T h e  
organic so lu tes  in v estig a ted  here accou n t for a b o u t 70%  
o f the o sm o tic  p o ten tia l ch a n g e  observed  betw een  c o n tr o l  
and ad apted  ce lls . T h e  nature o f  the rem ain in g  30%  m u st  
be sp ecu la tive , a lth o u g h  in organ ic  so lu te s  (m o stly  p o ta s s 
ium io n s) rep resen ted  20%  o f  the o sm o tic  p o ten tia l in  
adapted to m a to  ce lls  (H a n d a  et al., 1983). Part o f  th e  
short-fall m igh t be d u e to  u n d erestim ation  o f  th e  ce ll 
osm otic  p o ten tia l by m ix ing  o f  ex tracellu lar  w ater  w ith  
cellular co n te n ts  durin g  o sm o m eter  m easu rem en ts. In a  
major stu d y  u sin g  ad ap ted  to m a to  ce lls , H an d a  el al. 
(1983) w ere ab le  to  acco u n t for  o n ly  65%  o f  the o b served  
o sm otic  p o ten tia l, in c lu d in g  in organ ic  so lu te s , a lth o u g h  
other w orkers (Jon es et a l,  1980: M eyer and  B oyer, 1981) 
accounted  for a lm o st 100%  in w h o le  p lant o rg a n s, w ith  
the m ajor co n tr ib u tio n  from  su gars and  a m in o  acid s.
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ABSTRACT

Changes in polyamine metabolism were investigated in relation to 
growth o f cell suspension cultures of carrot ( Daucus carota, cv Chan- 
tenay). Changes in levels of the major amines putrescine and spermidine 
throughout the culture period correlated poorly with changes in fresh 
weight, but a closer correlation with the minor component spermine was 
observed. The arginine decarboxylase (ADC) inhibitor difluoromethylar- 
ginine (DFM A) strongly and specifically inhibited ADC activity in the 
supernatant, reduced the major amine (putrescine) by 95% and the total 
amine content by 80% . It had no effect on cell number and stimulated 
fresh weight by over 25% through increased cell expansion. Sperm ine 
content, in contrast, increased with DFM A concentration in parallel with 
fresh weight increases. Difluoromethylornithine strongly inhibited orni
thine decarboxylase activity in the pellet, but had little effect on either 
polyamine levels or culture growth. It was concluded that little evidence 
for a correlation between free polyamines and cell number in carrot 
cultures could be detected, but that a possible correlation between sperm
ine content and cell expansion was observed.

The polyam ines occur ubiquitously in plants, animals, and 
prokaryotes, and their role in growth, developm ent, and stress 
metabolism has received active investigation (4, 21 24). Al
though, in both animal cells and bacteria, changes in polyam ine 
concentration and in the activity o f  their biosynthetic enzym es 
have been shown to accom pany growth (13 ,2 9 ), in plants similar 
correlations require clarification, particularly with regard to the 
relationship between these com pounds and m itotic activity. D ue 
to the com plexity o f  higher plants, difficulties may arise in 
separating effects on mitosis and growth from other physiological 
responses involving polyamines. The use o f  tissue culture, and 
particularly cell suspension culture, should help to  resolve these 
difficulties.

Studies using callus, explant, or suspension culture have pro
duced conflicting results. For example, studies using inhibitors 
o f  polyam ine metabolism have shown either an increase in fresh 
weight accumulation with inhibitor treatment (5), no significant 
change (23), or a reduction in final fresh weight (3). Similarly, 
determinations o f  endogenous polyam ine content over the cul
ture period have shown a strong positive correlation between 
growth rates and am ine content (26), w hile in other studies none  
has been found (10). In addition, the activities o f  the polyam ine 
biosynthetic enzym es are reported to correlate with rates o f  
growth (2), while in other studies these correlations have been 
less conclusive (19).

In the present study, cell suspension cultures o f  carrot (Daucus

carota) have been used to investigate the relationship between 
growth rate and free polyam ines, both by measurement o f  en
dogenous levels over the growth period and by the use o f inhib
itors (15) that lead to large alterations in polyam ine content.

M A TER IALS A N D  M E T H O D S

Cell Culture. Suspension cultures o f  Daucus carota (cv Chan- 
tenay) isolated 3 years previously were routinely maintained on 
Murashige and Skoog (20) medium (Flow Labs, Irvine, Scot
land). supplemented with 2,4-dichlorophenoxyacetic acid (0.2  
m g/L), kinetin (0.2 m g/L), and sucrose (2%), in 250-m L Erlen- 
meyer flasks at 258C in diffuse fluorescent light at a shaker speed 
o f  90 rpm and subcultured at 14-d intervals by inoculating 5 mL  
o f  suspension into 85 m L o f  fresh m edium . For determination 
o f  fresh weight, aliquots o f  suspension were filtered through 
preweighed plastic syringe barrels fitted with sintered polypro
pylene discs (40-jim pore size). After centrifugation at 200#  
for 5 min to remove surface liquid, the tubes were re-weighed. 
The pad o f  weighed tissue was removed from the tube by air 
pressure and im mediately used for am ine and enzym e activity 
determinations.

Cell counts were made on weighed tissue by a modification o f  
the m ethod o f  Brown and Rickless (6). Portions (100 mg) o f  
tissue were macerated in 5% chrom ium  trioxide in 5% HC1, 
separated by drawing through a hypodermic needle, and counted  
with a hem ocytom eter after appropriate dilution.

Estimation o f Free Amines. For am ine determ ination, tripli
cate samples o f  1 g fresh weight tissue were extracted overnight 
at 0°C in 5 m L o f  5% perchloric acid to  which were added 50 
uL o f  10 m M  diam inooctane as internal standard, after Flores 
and Galston (II) .  After centrifugation, the supernatants were 
neutralized with 1.0 n  KOH and were freeze-dried, and the dry 
sam ple was reconstituted in 500 uL o f  N a2CC>3. A liquots o f  150 
*xL were then derivatized with fluoronitrobenzotrifluoride follow
ing the procedure o f  Spragg and Hutchings (28). The bright 
yellow polyam ine derivatives were quantified by HPLC against 
authentic standards (Sigma) and processed as above.

The separation was performed isocratically on a Varian 5040  
liquid chromatograph with a U V 50 variable wavelength detector 
set at 254 nm and equipped with a 25-cm  reverse phase C l8 
colum n (Spherisorb O D S2, 5 um particle size) and a 20-^L  
injection loop. The m obile phase was 85% acetonitrile (HPLC  
grade, Fisons)/15%  double-distilled water at a flow rate o f  1.5 
m L /m in.

Assay of Arginine Decarboxylase and Ornithine Decarboxyl
ase Activities. An aliquot o f  weighed tissue (0.5 g) was hom oge
nized with 1.5 mL o f  0.1 M Hepes, pH 7, containing 5 mM  
dithiothrietol, with 30 strokes o f  a glass homogenizer at 0°C. 
After centrifugation at 12,000# for 15 min, the supernatant was 
frozen and stored at —20°C for A D C 2 assay, while the pellet was

1 K. M. F. was supported by a Science and Engineering Research 
Council/Cooperative Award in Science and Engineering with Shell Re
search, Sittingbourne, UK.

2 Abbreviations: ADC. arginine decarboxylase: ODC, ornithine decar
boxylase; DFMA, difluoromethylarginine; DFM O, difluorom ethylorni
thine.
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resuspended in ODC buffer (50 m M  Tris [pH 8.5], 0.3 m M  EDTA, 
5 mM dithiothrietol, 50 m M  pyridoxal-5-phosphate) and frozen 
as above for later ODC assay. In preliminary studies more than 
90% of the total ODC activity was found in the pellet fraction, 
as previously reported for carrot cell cultures (19).

Enzyme reactions were carried out in glass tubes within sealed 
scintillation vials containing 0.5 mL of Packard Carbosorb to 
absorb released CO2.

The ADC assay was initiated by injection of 2 jiL of L-[U-I4C] 
arginine monohydrochloride (Amersham 0.1 *iCi, 342 mCi/ 
mmol) through a serum cap on the vial into 150 mL of extract 
mixed with 10 /uL of 50 m M  pyridoxal-5-phosphate, and the vial 
was incubated at 30°C for 60 min on a shaker at 100 rpm. The 
reaction was then terminated by addition of 50 vL  of 0.2 n  
perchloric acid. After shaking for a further 60 min, the reaction 
tubes were removed, and the radioactivity of the absorbed C 02 
was determined in a scintillation counter after addition of 10 
mL of scintillation fluid (Optiphase, Fisons), with a counting 
efficiency of 89%. Since uniformly labeled arginine was used, 
data were corrected to account for nonspecific labeling.

For ODC assay the same procedure was used, except that 150 
uL of pellet suspension were mixed with 50 uL of ODC buffer, 
and the reaction was initiated by addition of 2 #xL of l-[1-i4C] 
ornithine hydrochloride (Amersham 0.1 ^Ci, 61 mCi/mmol) as 
substrate. Triplicate samples were used throughout, and the data 
confirmed in a subsequent experiment.

The protein content of the extracts was determined by the 
method of Lowry et al. (16), using BSA as standard, after 
precipitating with PCA and dissolving in NaOH to avoid effects 
of Hepes.

RESULTS
After inoculation into fresh medium, the fresh weight of the 

cultures increased rapidly after a lag of approximately 2 d to give 
a characteristic sigmoidal growth curve (Fig. 1). Levels of putres
cine, the principal amine detected, increased rapidly over the 
first 2 d and then declined during the most rapid phase of growth; 
spermidine levels showed a similar pattern of change. However,

1-5 5
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F ig. I . Mean changes in fresh weight (O) and putrescine ( • ) ,  sper
midine (x), and spermine (□) contents during a !4-d culture period; 
standard deviation o f three replicates was within 15%.

levels of the minor component spermine, after increasing ap
proximately three-fold after 2 d, continued to rise throughout 
most of the culture period. Very low concentrations of cadaverine 
(<20 nmol) were consistently detected (data not shown); changes 
in concentration were small and showed no clear trends. A rapid 
and transient increase in all amines on subculture to fresh 
medium was consistently observed.

Effects of DFMO and DFMA on Growth and Amine Content. 
When cells were grown for 10 d in medium supplemented with 
filter-sterilized inhibitors, growth of the culture (as fresh weight) 
was not affected at 0.1 or 0.3 m M  DFMA and was markedly 
stimulated (30% increase) at 1 m M  and 3 m M  DFMA (Fig, 2), 
while dry weight remained unaffected with a maximum value of
0.180 g/flask and a minimum value of 0.174 g. The increase in 
fresh weight (mean 25%) and the lack of change in dry weight 
were consistently observed in three experiments. A dramatic fall 
in putrescine content with increasing DFMA concentration was 
observed, such that at 1 m M  DFMA putrescine was reduced by 
95%; spermidine levels also declined markedly. Spermine con
tent on the other hand, increased steadily with increasing DFMA 
concentration (Fig. 2).

These findings point to a lack of correlation between fresh 
weight changes and endogenous levels of the major amines 
putrescine and spermidine, but to a possible link between the 
minor component spermine and growth.

A similar experiment was carried out with varying concentra
tions of DFMO; after 10 d incubation, no significant effect on 
dry weight (max 0.180 g, min 0.174 g) or content of spermidine 
and spermine was detectable, and a much smaller reduction in 
putrescine level was observed (Fig. 3).

Cell counts were made on cultures incubated for 10 d with 1.0 
mM  DFMA, 1.0 mM  DFMO, or no inhibitor. As shown in Tabic
1, neither cell numbers nor dry weight values were significantly 
different in any treatment. The increase in fresh weight in the 
presence of DFMA is presumably due to increased cell expansion 
resulting from an increase in water uptake of the order of 25%.

To confirm the specificity and site of action of DFMO and 
DFMA, the activities of ADC in the supernatant and ODC in 
the pellet were determined in cells incubated for 10 d in the

---- §
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F ig . 2. Effect of DFMA on fresh weight (O) and putrescine (•), 
spermidine (□) and spermine (x) contents after 10 d in culture; means 
and standard deviation of three replicates.
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Fig. 3. Effect of DFMO on fresh weight (O) and putrescine (• ) ,  
spermidine (□), and spermine (x) contents after 10 d in culture; means 
and standard deviation of three replicates.

Table I. Cell Number, Fresh Weight, and Dry Weights per Culture of 
Carrot Cells Grown for 10 d in the Presence of 1 mM DFMA, 1 mM 

DFMO, or no inhibitor

Treatment Cell Number 
x  I07 Fresh Weight Dry Weight

g g
Control 11.9 ± 0 .5 ' 2.75 ±0.31 0.180 ± 0 .006
DFMA (1 mM) 12.5 ± 0 .6 3.63 ±  0.29 0.173 ±0 .004
DFMO (I mM) 12.1 ± 0 .9 2.80 ±  0.22 0.170 ±0 .009

* Means ±  standard errors.

ODCADC 1.5(b)

o

0.E

■ f t — DFMA
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F ig . 4. Effect of DFMA (O) and DFMO ( • )  on activities of (a) ADC 
in the supernatant and (b) ODC in the pellet after 10 d in culture; means 
and standard deviation of three replicates.

presence of either DFMA or DFMO at varying concentrations 
as before. In the presence of DFMA, ADC activity was dramat
ically reduced at concentrations as low as 0.1 m M , and virtually 
no activity was detectable at 3 m M . On the other hand, ODC 
activity was unaffected by any concentration tested (Fig. 4a). In 
the complementary experiment, DFMO reduced the activity of 
ODC by 90% at 0.3 m M , and more than 98% at 3 m M . Again, 
ADC activity was unaffected by any concentration of DFMO 
(Fig. 4b). Both ODC and ADC activities found in this study are 
compatible with those in which the supernatant alone was used 
for enzyme assay or ADC (19), and studies in which activities of 
both pellet and supernatant fractions were determined for ODC 
and ADC assay (7).

DISCUSSION

Substantial evidence of a requirement for active synthesis of 
polyamines in the growth of some microorganisms and cultured 
mammalian cells has been reported (7, 14, 29). In the present 
study, suspension cultured carrot cells have been employed as a 
model system in which growth, principally by cell division, 
follows a well-defined and reproducible pattern, in order to 
determine whether a similar close connection exists for plant 
cells between polyamine content and growth rates. Changes in 
endogenous polyamine levels were not found to correlate well 
with active growth. The concentration of the major amines 
putrescine and spermidine declined during the period of most 
rapid growth between 2 and 6 d post-transfer. It is possible that 
the increases in these amines during the lag period (0-2 d) 
potentiates subsequent mitosis; however, the absence of mitotic 
inhibition in the presence of DFMA concentrations that mark
edly reduce putrescine and spermidine levels weakens this pos
sibility. No consensus currently exists for a correlation between 
polyamine titers and growth rates in tissue culture. The absence 
of any clear correlation was reported for embryogenic (18) and 
nonembryogenic (10) carrot tissue and for Jerusalem artichoke 
explants (23), although closer correlations were found for rose 
suspension cultures (25), habituated Nicotiana callus (1), and 
Scorzonera tumor tissue (27). In this study, only the minor 
component spermine maintained elevated levels throughout the 
period of active cell growth.

The major finding of this study was that cell division was not 
affected under conditions causing profound alterations in poly
amine concentrations and relative proportions. In the presence 
of I m M  DFMA, ADC activity was reduced by 98% and the 
concentration of the major free amines putrescine and spermi
dine fell by 95% and 50%, respectively. While the minor com
ponent spermine increased 2- to 3-fold, the combined free amine 
titer fell by more than 80%. For changes of this magnitude to 
occur without discernible change in cell number indicates that 
no simple causal relationship exists between endogenous polya
mine levels and cell division activity. In contrast with the lack of 
effect on cell division, cell expansion of the order of 25% was 
reproducibly induced by DFMA. Interestingly, spermine levels 
increased roughly in parallel with final fresh weights. This, to
gether with the pattern of change occurring during the growth 
passage, suggests a possible correlation between spermine content 
and cell expansion.

The response of other cultured tissues to inhibitors of polya
mine biosynthesis is again inconclusive, and in only a few studies 
have precise measurements of cell division activity been made. 
In a recent study (22) neither DFMA or DFMO at concentrations 
up to 10 m M  affected mitotic rates in short-term Jerusalem 
artichoke explant tissue. Mengoli et al. (17) found DFMO at 5 
mM to be without effect on cell numbers in carrot suspension 
cultures, although cell expansion was stimulated in the post
exponential phase. In contrast, cell division in tobacco cultures 
was completely inhibited by DFMO, while cell expansion was
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stimulated to a remarkable extent (5). It was not clear whether 
this was due to changes in polyamine metabolism since putres
cine levels were not reduced although ODC activity was com
pletely inhibited. Reductions in fresh weight have been reported 
in response to DFMA in embryogenic carrot cultures (10) and 
Jerusalem artichoke tissue (4), although in both cases neither cell 
counts nor amine determinations were made. In the present 
study, ADC was found to be the principal route of polyamine 
biosynthesis in carrot cell suspensions, as indicated by the reduc
tion in putrescine and spermidine in response to ADC but not 
ODC inhibition, confirming previous observations (9). The spe
cies dependence of polyamine biosynthetic routes (24) may 
account for some of the variation reported above in response to 
single inhibitors; the operation of more than one pathway for 
polyamine biosynthesis is well established (13, 26).
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in adapted cells compared with controls. Proline levels 
continued to increase in adapted cells up to the highest 
concentration tested, while in unadapted cells no increase 
occurred beyond 20% PEG.

The combined cellular concentration o f the m ajor free 
amino acids shows a strong correlation with medium solute 
potential in adapted cells (Fig. 4a). The response was 
approximately linear at lower solute potentials and was not 
saturated at the highest PEG concentration employed. In 
unadapted cells, however, the response was far less pro
nounced, with a doubling in concentration over the con
trol, as opposed to an 8-fold increase in adapted cells. 
While the response of individual non-proline amino acids 
varies considerably (Table 2), higher concentrations are 
generally found in adapted rather than unadapted cells. 
Alanine concentration increased up to 18-fold over control 
values (adapted cells), but the highest concentrations ob
served were those o f histidine, arginine, and valine, which 
were relatively abundant in control cells. With the excep
tion o f serine, all amino acids were present at higher 
concentration in adapted than unadapted cells at the lowest 
solute potential. However, proline was the most abundant 
amino acid by a factor of 2 and constituted 30% o f the 
total amino acid concentration.

Bctainc concentration changed little in either cell line in 
response to increasing water stress (Table 2).

Sucrose
The cellular sucrose concentration increased approxi

mately 3-fold up to 120 mol m '3 in adapted cells under

Free amino acid and ghrinebctaine concentrations in 
unadapted ( U) and adapted (A) cell lines 
Mean of 3 replicate  de term in a tio n s.

Amine PEG concentrations 

0% 10% 15% 20% 25%

mol m~3i

Asp U 057 050 0 36 065 064
A 057 087 085 106 t 57

Gin U 071 0 72 079 074 0 71
A 071 099 III 1 12 111

Set U I 67 182 2 11 241 245
A 167 I 19 187 420 1 95

His U 2 16 2 14 257 250 2-74
A 216 313 3 73 660 12 69

Gljr U 033 028 039 045 058
A 033 036 1 18 083 I 12

Thr U 089 085 099 105 109
A 089 076 1 53 1 78 229

Arg U 132 1 52 I 89 195 194
A 132 181 268 3 53 866

Ala U 029 034 083 III 109
A 029 024 040 532 548

Tyr U 017 017 018 0 21 0 24
A 017 028 034 036 058

Met U 025 034 035 037 037
A 025 032 0 53 058 067

Val U 083 1 24 1 44 1 86 190
A 0 83 1 86 2 59 463 707

Phe U 0 86 114 1 20 144 1 88
A 086 0 65 103 144 1 73

lie U 041 0 49 0 64 080 106
A 041 0 58 082 1 12 2 88

Leu U 0 22 0 29 0 37 0 48 0 59
A 022 0 40 0 54 0 62 I 78

Bctaine U 073 078 101 0 85 093
A 073 066 080 082 077

1(H)

80

oe
o 60

coucouo
3

Oin

40

20

0 
0.00

Prolinelota! amino acids

-0 .5 0-0 .5 0  -1 .0 0 - 1.00 - i lo0.00 - 2.00
V’s medium (MPa)

Fig. 4. C hanges in to ta l am ino  acids (a) an d  p ro line  (b) in u n a d a p le d  (U) and ad a p te d  (A) cells a f te r  10 b  in cu b a tio n  a t a  range o f  PEG concen tra tions; 
means a n d  s ta n d a rd  dev ia tion  o f  th ree replicates.


