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I. Introduction: 

The research in this laboratory is centered around the questidn as to 

how plant cell enlargement is controlled and regulated at the cellular level. 

Cell enlargement is influenced by many factors, but: most of them act indi- 

rectly. For example, growth is altered by such environmental factors as 

light and temperature, and by internal factors such as the genetic comple- 

ment of the cells, yet none of these directly control cell enlargement. 

The metabolism of cells, including the production of ATP and the synthesis 

of RNA, can have a major impact on cell enlargement, but again the effects 

are indirect. Theoretical considerations, and the research of Lockhart, 

Green and myself have shown that the growth rate (dV/dt) of cells can be 

defined in terns of five parameters: 

' L v p  f(dW/dt ' WLC)' ( %  - TI, - Y) 
C&TB/dt, = 

L'p + f(dW/dt WLC) 

where Lqp is the hydraulic conductivity of the tissue, dW/dt is the rate of 

export from the cell to thewall of a wall loosening factor, WLC is the 

capacity of the wall to be loosened in response to the wall loosening factor, 

Tc and rr are the osmotic potential of thecells and outside solution, re- 
spectively, and Y is the yield threshold for wall expansion. When a cell is 



induced t o  expand, the  expansion must occur by a change i n  one o r  more of 

. these  f i v e  parameters. Likewise, when growth ceases i t  must because of 

changes i n  these  parameters. The b a s i c  goal  of my research is t o  a s s e s s  

each of these  parameters under condi t ions  where growth i s  being enhanced 

o r  i n h i b i t e d ,  wi th  t h e  purpose of explaining a t  the  c e l l u l a r  l e v e l  j u s t  

how t h e  growth i s  being control led .  
L 

I n  t h e  p a s t  most of our  work has  been concentrated on one s i n g l e  sit- 

uat ion;  t h e  induct ion of c e l l  e longat ion i n  t h e  o a t  c o l e o p t i l e  by t h e  

hormone.auxin. Addition of auxin causes t h e  growth r a t e  of c o l e o p t i l e  

s e c t i o n s  t o  inc rease  by at  l e a s t  5-fold a f t e r  a l a g  of only about 10 min- 

u t e s ,  making i t  one of . the  f a s t e s t  hormonal responses known i n  p lan t s .  Our 

resea rch  dur ing t h e  60's  provided s t r o n g  evidence t h a t  t h e  e f f e c t  of auxin 

is t o  i n c r e a s e  t h e  e x t e n s i b i l i t y  of t h e  c e l l  'walls.  A l l  t h e  ind ica t ions  

were t h a t  auxin increased t h e  export  of a wa l l  loosening f a c t o r  from t h e  

cells t o  t h e  wa l l s  (dW/dt) but t h e  i d e n t i t y  0f.W was not  known. .Then i n  

1970-71, Hager and coworkers i n  Germany, and Rayle and myself proposed t h a t  

t h e  wa l l  loosening f a c t o r  was simply h y d r o g e ~ ,  ions. The "acid-growth" theory 

which Hager and ourse lves  formulated s t a t e s  t h a t  auxin causes t h e  c e l l s  t o  

e x c r e t e  protons,  and t h a t  t h e  r e s u l t i n g  lowered pH of t h e  wa l l s  a c t i v a t e s  

some polysaccharide degrading enzymes i n  t h e  wal ls ,  with t h e  r e s u l t  t h a t  t h e  

w a l l  becomes loosened and c e l l  expansion takes  place. It should be noted 

t h a t  t h i s  mechanism is s i m i l a r  t o  t h e  one involved i n  p ro te in  d iges t ion  i n  

the stomach, where t h e  hormone g a s t r i n  induces t h e  excre t ion of protons 

(HC1)  i n t o  t h e  stomach, and t h e  lowered pH a c t i v a t e s  t h e  enzyme pepsin. I n  

t h e  yea rs  fol lowing the  formulat ions of t h e  acid-growth theory we were prin-  

c i p a l l y  involved i n  obta in ing evidence a s  t o  whether t h e  theory w a s  co r rec t  
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o r  not .  W e  accumulated an impressive amount of da ta  which seemed t o  i n d i c a t e  

t h a t  protons a r e  t h e  wa l l  loosening f a c t o r  i n  auxin-induced growth of s t e m  

and c o l e o p t i l e  c e l l s .  However, t h i s  conclusion was based on an assumption; 

namely, t h a t  t h e  c u t i c u l a r  l a y e r  surrounding t h e  t i s s u e s  i s  only s l i g h t l y  

permeable t o  protons and b u f f e r s  un less  t h e  permeabil i ty i s  enhanced by 

s c a r i f i c a t i o n  o r  by removing t h e  epidermal laye&. While t h i s  seemed l i k e  

a reasonable assumption, i t  had never been t e s ted .  One p a r t  of our research 

w a s  t h e r e f o r e  d i r e c t e d  towards measuring t h e  proton permeabil i ty of soybean 

and sunflower hypocotyl c u t i c u l a r  l ayers ,  both i n t a c t  and a f t e r  s c a r i f i c a t i o n .  

We have demonstrated t h e  low permeabil i ty of the  c u t i c u l s r  l a y e r s  t o  protons, 

and have shown t h a t  s c a r i f i c a t i o n  g r e a t l y  enhances t h i s  permeabil i ty.  De- 

ta i ls  are given i n  Section I I A .  A s  a  r e s u l t  of these  s t u d i e s  w e  f e e l  t h a t  

w e  can conclude with confidence t h a t  protons a r c  n necessary  in termedia te  

a i n  auxin-induced c e l l  e longat ion,  and a r e  the  wal l  loosening fac to r .  

W e  have now been d i r e c t i n g  our a t t e n t i o n  towards t h e  o the r  four  f a c t o r s  , 

whfch might c o n t r o l  t h e  r a t e  of c e l l  elongation.  During .the pas t  year we 

have i n i t i a t e d  a major s tudy of t h e  con t ro l  of t h e  c o n t r o l  of t h e  osmotic 

p o t e n t i a l  of the c e l l ,  n and i ts  r e l a t i o n  t o  c e l l  elongation.  A s  long a s  c ' 
Lp i s  s u f f i c i e n t l y  high t h a t  water  permeabil i ty is  n o t  l i m i t i n g  growth, and 

as long a s  t h e  c e l l s  a r e  growing i n  a s o l u t i o n  of constant T t h e  tu rgor  
0 ' 

pressure  of t h e  c e l l  w i l l  be p ropor t iona l  t o  - n .  A s  a  c e l l  takes  up water  
C 

dur ing growth, t h e  - n of t h e  c e l l  decreases and t h e  turgor  pressure  decreases 
C 

along with it. Since t h e  growth r a t e  is  propor t ional  t o  the  turgor  pressure  

in excess of Y, small  decrease i n  t h e  turgor  pressure  can cause a l a r g e  de- . 
crease  i n  t h e  growth r a t e .  

. . 



When a cell expands during growth, and takes up water, the growth rate 

will fall to zero due to this dilution of the osmotic concentration unless 

ssmoregulation takes place. Osmoregulation is the generation of new osmotic 

solutes within a cell, either by uptake of salts or sugars, or by production 

of saPutes by photosynthesis or by solubilization of insoluble materials such 

as starch. If osmoregulation matches water uptake, the .rr and turgor pressure 
C 

will remain constant and thus the growth rate can remain constant, but if os- 

moregulation exceeds or lags behind water uptake, the T will change and the 
C 

growth will also change. 

Osmoreg,ulation has been most extensively studied in marine algae such as 

. . . . . -  - . . . . .  - . . . . . . . . . .  - . - . . . . .  . . . .  . . .  . . . . . .  .+ .- 
Valonia, ~chromonas and Dunaliella. In these cells fluxes of K or production . . . . . . .  . . .  - .... . . . .  - . . . .  - . . . - . . .  

and breakdown of organic compounds occur in response to changes in turgor 

pressure. Osmoregulation in higher plants has received far less attention, 

however. It is known that coleoptile and stem sections take up osmotic solutes 

from the external solution, and that the uptake is enhanced during auxin-induced 
. . .  .. . . . . . . . .  . . . . . . . . .  - ... . - .  . - 

gqowth. But therelation-between growth and osmo~egulation,~ . - .  - ... . . . .  . . . . 

.... ..... . . . . _ . _ _ . .  ........ _ . . . . . .  ......-.. -, ... . . . . . . .  
uptake, and even the timing of the osmoresulat~bn remained-.obscure. . . . . . . . . . . . . .  ..... -- . . . . . . . . . . . . . .  . . .  ... - . . . . . . . . . . . . .  -. . < 

We have therefore initiated a study of osmoregulation in Avena coleoptiles. 

We have shown that there are two components to this osmoregulation. Cells take 

up sucrose even in the absence of any water uptake. This uptake is not regu- 

lated by turgor pressure, as the uptake is essentially the same whether the 
I 

cells are fully turgid or have had their turgor reduced with osmotic agents 

such as mannitol. In addition, whenever there.is growth -- i.e., water 

uptake -- there is additional sucrose uptake which is proportional to the 
growth. This uptake is not induced by auxin, as it fails to occur if the 

I 

auxin-induced growth is blocked by calcium ions or mannitol, but does occur 



when growth i s  induced by t h e  fungal  toxin  fus icoccin  r a t h e r  than auxin. De- 

tai ls  of t h i s  s tudy w i l l  be found i n  Section IIB. 

The o the r  f a c t o r  w e  have been examining i s  t h e  wal l  loosening capaci ty ;  

i.e., t h e  a b i l i t y  of c e l l s  t o  undergo wa l l  loosening when placed i n  an a c i d i c  

environment. To measure t h e  WLC, t i s s u e s  a r e  incubated under var ious  condi t ions ,  

then frozen-thawed, and placed under constant  tens ion (e.g. 20 g)  i n  a pH 7 

buf fe r .  ,Upon change of t h e  buf fe r  t o  one a t  pH 3 t h e  t i s s u e  undergoes a c e r t a i n  

amount of acid-induced extension. This extension s t a r t s  a t  a rapid  r a t e ,  but  

then t h e  r a t e  decreases continuously over a period of s e v e r a l  hours. I n  mea- 

s u r i n g  t h e  WLC t h e  problem is what t o  measure and when t o  measure i t .  Two 

years  ago Mark Tepfer, who ,was then a graduate s tudent  i n  my l a b ,  showed t h a t  

t h e  extens ion curve f i t i t h e  f i r s t - o r d e r  r a t e  equation: 1 = b - ae -kt where 

1 is  t h e  l eng th ,  t i s  t i m e ,  and b, a and k a r e  constants .  The shape of t h e  

extension curve, t h e  amount of extension,  and its r a p i d i t y  a r e  dependent 

upon t h e  va lues  of t h e  two cons tan t s  a and k. The value  of a determines t h e  

t o t a l  amount of extens ion which w i l l  occur,. while k descr ibes  t h e  rap id i ty .  

During t h e  p a s t  year w e  have been analyzing acid-induced extension curves 

f o r  t h e i r  a and k values,  t h e  computer t o  give us t h e  b e s t  f i t .  We have 

shown t h a t  a s  t h e  pH is decreased, t h e  p r i n c i p a l  e f f e c t  i s  an inc rease  i n  a. 

.An inc rease  i n  temperature, on t h e  o the r  hand, causes an  inc rease  i n  k with 

no real change i n  a .  An inc rease  i n  tens ion gives  unexpected r e s u l t s ;  as 

t h e  t ens ion  inc reases  t h e r e  i s  f i r s t  a decrease i n  k without a change i n  a ,  

followed by a l a r g e  inc rease  i n  a with no f u r t h e r  decrease i n  k. It is  

/' 

apparent  from these  r e s u l t s  t h a t  i n  order  f o r  acid-growth curves t o  be meaning- 

f u l  they must be analyzed v i a  t h e  computer and t h e  extension character2zed by 

a and k values ,  D e t a i l s  of t h i s  research w i l l  be found i n  s e c t i o n  I I C .  



11. S p e c i f i c  Research P r o j e c t s  

A. Proton Permiab i l i ty  of P lan t  Cu t i c l e s  

Sheryl  Dryer, Vi rg in ia  Seymour and I have been examining t h e  permeabil i ty - 

of c u t i c l e s  t o  protons.  The b a s i c  procedure w e  have evolved is a s  follows. 

Epidermal s t r i p s  a r e  peeled o f f  o f  l i g h t  o r  dark-gro& sunflower o r  soybean 

hypocotyls.  They a r e  frozen-thawed t o  d i s r u p t  the  remaining c e l l s ,  and a r e  

then glued over a 1 x 3 mm opening i n  t h e  bottom of a p l a s t i c  beaker cup. 

The inner  s i d e  of t h e  s t r i p  is t h e  s i d e  which i s  a c t u a l l y  glued t o  t h e  cup. 

A 70 pP drop of 0.01 M KC1, pH 6.4 is  placed on t h e  inner  su r face  a n d . a  

combination pH e l e c t r o d e  is  lowered d i r e c t l y  onto t h e  drop. This  whole 

appara tus  i s  then placed onto t h e  s u r f a c e  of a 0.01 M K C 1  s o l u t i o n  a t  pH -. 
3.OSLand t h e  movement of protons from t h e  lower, ou t s ide  s o l u t i o n  ac ross  the  

c u t i c l e  and epidermal w a l l s  i n t o  t h e  inner  s o l u t i o n  i s  measured continuously. 

T h e , r e s u l t s  of t h i s  s tudy have been prepared f o r  publ ica t ion .  The manu- 

s c r i p t ,  which has  been submitted t o  Planta ,  is  appended. The b a s i c  conclusions 

which w e  reached a r e  a s  follows: 1 )  t h e  proton permeabil i ty of unabraded 

c u t i c u l a r  l a y e r s  i s  extremely low; 2)  i f  t h e - c u t i c l e  is  abraded t h e r e  is  a 

dramatic inc rease  i n  t h e  proton permeabil i ty;  3) over long per iods  of time 

protons  do c r o s s  t h e  unabraded c u t i c l e  a t  a r a t e  s i m i l a r  t o  t h a t  repor ted  

+ 
f o r  o t h e r  c u t i c l e s  f o r  K . 

( 

Be The 'cont ro l  of Osmoregulation i n  Avena Cbleopt i les  

The purpose of t h i s  s tudy is t o  determine how osmoregulation is con t ro l l ed  

in Avena c o l e o p t i l e s  and how it . r e l a t e s  t o  c e l l  elongation.  This  work has been 

p r imar i ly  c a r r i e d  out  by Tom Stevenson. 

The technique c o n s i s t s  of incubat ing  1 4  mm s e c t i o n s  (deleafed) of Avena 

c o f e o p t i l e s  i n  a s o l u t i o n  conta in ing e i t h e r  2% sucrose o r  30 mM NaC1, and a f t e r  



the desired length of time, giving the sections a rapid chase in cold water 

followed by carefully drying the sections and then freezing them. Then one of 

two techniques was used. In the first, the sections were thawed,.the cyto- 

plasm was squeezed out, and its osmotic concentration (OC) was determined using 

an Advanced Cryoscopic Osmometer . Alternatively, sections were thawed in the 

sample chamber of a Wescor Vapor Pressure Microosmometer and the OC was de- - .  

termined. The latter technique has the advantage of using much less material, 
. . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

meaning that more samples . . . . . .  could be run per . . . . . . . .  experiment. . . . .  Its disadvantage . . .  is . 

that the reading includes both the OC and the matrix potential, but we have 

determined that the matrix potential is so insignificant that it can be 

ignored. 

Published values for the OC of Avena coleoptiles have placed it around 

400 mOs, but when we first measured it we.obtained values closer to 260 mOs. 

Because we were worried that our technique might be introducing a major 

error, we Rave remeasured OC in two different ways. First, we incubated 

sections in a graded series of mannitol solutions and then examined them 

for plasmolysis under the microscope. Plasmolysis could be detected +n 0.3 

M mannitol. Secondly we incubated sections in a graded series of mannitol 

concentrations containing 14c-mannitol, and then determined the 14c content 
14 within the tissue. The C content remains low as long as the cells are 

not plasmolyzed, but rises rapidly as plasmolysis increases. From the re- 

sulting curves it was apparent that plasmolysis occurred whenever the OC of 

the solution exceeded about 260 mOs. Thus we conclude that the OC of our 

Avena coleoptife~ was, indeed, in the range of 260 mOs. 

We then determined that coleoptiles can osmoregulate using either exo- 

genous sugars or salts as the osmotic agent. The optimum sucrose concentration 

is 2%; in its presence auxin-induced growth Continues at a constant rate for 



at  l e a s t  20 hours. NaCl has  proven t o  be a b e t t e r  osmotic agent  than KC1, 
\ 

t o  our  s u r p r i s e .  The optimum concentrat ion f o r  NaCl is 30 mM, and again,  

growth continues a t  a constant  r a t e  f o r  many hours i n  i ts  presence. I n  t h e  

absence of auxin c o l e o p t i l e  s e c t i o n s  take  up s u f f i c i e n t  osmotic s o l u t e s  from 

e i t h e r  sucrose  of NaCl t o  inc rease  t h e i r  OC t o  310-320 mOs i n  10 h r s ;  t h e  

t o t a l  osmotic s o l u t e s  inc reases  by 25-30% during t h i s  time. I n  the  presence 

of auxin t h e  s e c t i o n s  grow about 40% during t h e  10 h r s ,  and take  up a d d i t i o n a l  

osmotic s o l u t e s ,  but  s i n c e  t h e  i p t a k e  of osmotic s o l u t e s  j u s t  keeps pace with 

t h e  water uptake t h e  OC remains constant  a t  about 260 mOs.  Sections growing 

i n  response t o  auxin,  but  without any absorbable osmotic s o l u t e ,  decrease i n  

OC, and t h e  growth r a t e  f a l l s  of f  a f t e r  4-6 hours. 
/ 

The increased osmoregulation which occurs i n  t h e  presence of auxin might 

be a response t o  auxin o r  t o  t h e  auxin-induced growth. It would appear t o  

be i n  response t o  t h e  growth, s i n c e  when t h e  growth is  inh ib i t ed  by calcium 

ions  (Table 2) o r  by osmotica such a s  mannitol o r  PEG, the  e f f e c t  of auxin 

on osmoregulation disappears.  I f  w e  induce elongation with t h e  fungal  toxin 

fus icocc in  ins tead  of auxin, we g e t  osmoregulation s i m i l a r  ' t o  t h a t  induced 

by auxin. 

The osmoregulation can be divided i n t o  two components. I n  t h e  absence of 

any growth considerable  s o l u t e  uptake occurs. Then, i n  add i t ion ,  t h e r e  is  

e x t r a  uptake which i s  propor t ional  t o  t h e  amount of growth (Fig. 1 ) .  This 

is shown by varying t h e  growth r a t e  through v a r i a t i o n  i n  t h e  auxin concen- 

t r a t i o n .  There may a l s o  be a t h i r d  component, which begins only 4-5 hours 

a f t e r  a d d i t i o n  of auxin. When s e c t i o n s  a r e  incubated i n  2% sucrose  and auxin, 

t h e  OC of the  s e c t i o n s  remains v i r t u a l l y  constant  f o r  about 4 hours. Then 

i t  begins t o  rise (Fig. 2) and t h e  increase  i n  OC continues f o r  a t  l e a s t  



another 10 hours. This suggests  t h a t  some mechanism f o r  enhanced uptake 

i s  induced, but  only a f t e r  a  considerable lag .  

What r e g u l a t e s  os io regu la t ion?  I n  marine a lgae  i t  would appear t o  be 

t h e  t u r g o r  pressure .  But i n  thd  Avena c o l e o p t i l e  turgor  pressure  does not  

seem t o  be important.  I f  t h e  tu rgor  pressure  is decreased by add i t ion  of 

impermeant osmotica such a s  mannitol o r  PEG, t h e  r a t e  of osmotic s o l u t e  

uptake i s  hardly  a f f e c t e d .  Sections incubated i n  sucrdse without k i n .  

c o n t i n i e  t o  take  up osmotic s o l u t e s  and thus  inc rease  t h e i r  turgor  pressure  

throughout a 24 hour period,  i n d i c a t i n g  t h a t  increased turgor  does not  shut  

off  osmotic s o l u t e  uptake a s  i t  does i n  t h e  algae.  Further work is needed 

before  w e  can determine t h e  c o n t r o l  mechanism f o r  osmoregulation i n  coleop- 

t i l e s  . 
All of t h e  previous experiments have been conducted with s e c t i o n s  which 

had i n t a c t  c u t i c u l a r  l a y e r s ,  s i n c e  most of t h e  growth d a t a  have come from 

s i m i l a r  sec t ions ,  But t h e  c u t i c l e  i s  a ' b a r r i e r  t o  t h e  uptake of sugars;  

t h i s  is shown by comparing t h e  inc rease  i n  osmotic s o l u t e s  between i n t a c t  

and peeled c o l e o p t i l e s  ( i . e . ,  s e c t i o n s  whose epidermal l a y e r  has been -. 

peeled o f f ) .  A s  can be seen from Table 3, peeled s e c t i o n s  take  .up con- 
\ 

s i d e r a b l y  more osmotic s o l u t e s .  This suggests  t h a t  i n  i n t a c t  s e c t i o n s  t h e  

uptake of sugars  i s  pr imar i ly  through t h e  c u t  ends, and t h a t  when a growing . 

I 

s e c t i o n  has  a constant  OC, i t  does not  mean t h a t  a l l  c e l l s  i n  t h e  s e c t i o n  

a l s o  have a constant  OC. To test t h i s  w e  have marked 14 mu s e c t i o n s  i n t o  

3 a r e a s  wi th  ink ,  allowed them t o  grow f o r  two hours i n  t h e  presence of 

auxin and sucrose ,  and then determined the  growth and t h e  OC of each of t h e  

3 a r e a s  (Table 4) .  It can be seen t h a t  t h e  a p i c a l  and basa l  a reas ,  which 

con ta in  t h e  two c u t  ends, both inc rease  i n  osmotic s o l u t e s  and i n  OC, while 

the center area takes  up no s o l u t e s  and has a decreasing OC. We were su rpr i sed  



to find, however, that the apical and center areas showed the same growth. 

Furthermore, their growth as part of the 14 mm section was the same as when ' 

they were first separated into 5 rnm sections. Thus the apical and center areas 

are growing at the same rate, even though in one the turgor pressure is in- 

creasing and in the other it is decreasing. It is apparent that we must carry 

out more extensive investigations into this problem. 

In con~lusion, we have shown that oat coleoptiles can use either sugars 

or salts for osmo~egulation, that the uptake into intact sections consists 
( 

of at least two components, one of which is proportional to the growth, 

and that turgor is not the controlling factor in determining the rate of 

osmoregulation. 

' , C .  An analysis of the acid-extension curves 

Dr. Mark Tepfer and 1,have been carrying out an analysis of the acid-. 

extension curves for Avena coleoptiles. We have known that the acid-induced 

extension is influenced by the pH of the external solution, by the tension 

applied to the walls and by the temperature, among other factors. We have 

shown previously that the,extension curve fits the equation: 

.- - - . -. . . . . - . - , . - 
where P is the length, and a and 'k . -are . constants. . . . - - . - W e  - . . have - . known 'chat each . .. 

of the factors mentioned above could modify the extension by altering a, 

k, or both. we have undertaken this analysis in order to clarify the situation. 

Frozen-thawed Avena coleoptiles were placed in our constant-stress appa- 

ratus under 5-20 g stress and in the presence of a pH 7 K-phosph.ate buffer. 

After 30 minutes the solution was changed to a more acidic one, and the ex- 

tension was recorded. Extension values were measured from the chart at a 

series of time intervals, and the computer was used to fit the equation 

,--._-..-.-*-.-. -. ' ..- . . . . , - *  -.- ....,... -- -.-. I.... ... ... . ..-- - 



above t o  t h e  data .  The computer g ives  us t h e  bes t  va lues  f o r  a and k, and 

an error-mean-square value  which tel ls  us  how wel l  t h e  da ta  f i t  t h e  equation. 

This is a slow procedure, but  s i n c e  w e  have no microcomputer of our own, i t  

is  t h e  only a v a i l a b l e  method. The a and k values  a r e  then averaged from a 

s e r i e s  of runs. 

The e f f e c t  of tens ion on t h e  acid-extension is shown i n  Fig. 3. As 

t h e  tens ion is  increased,  two e f f e c t s  a r e  noted. F i r s t ,  a (which is  a 

measure of t h e  t o t a l  extension) inc reases  a f t e r  t h e  tension reaches 10 g. 

It would appear t h a t  acid-extension has a y i e l d  s t r e s s  f o r  extension,  j u s t  

as does creep and i n  v ivo awin-induced growth. The second e f f e c t ,  which 

was unexpected, is  a l a r g e  decrease i n  k a s  t h e  tens ion is increased.  This 

means t h a t  wi th  g r e a t e r  tension,  t h e  reac t ion  o ~ c u r s ~ a t  a slower r a t e .  This 

. e f f e c t  needs t o  be  examined i n  g r e a t e r  d e t a i l .  

A t  pH 7 t h e  extens ion curve actually f i t s  a log-time equation b e t t e r  

than t h e  exponential , 'equation.  A s  a r e s u l t  t h e  values  f o r  both a and k i n  

Table 5 a r e  probably too ,h igh .  A s  t h e  pH i s  decreased, a inc reases ,  but 

t h e r e  is  e s s e n t i a l l y  no change i n  k. These r e s u l t s  a r e  what w e  would have 

predic ted ,  but t h e  a n a l y s i s  needs t o  be extended now t o  s i t u a t i o n s  where a 

g r e a t e r  s t r e s s  i s  used. A s  t h e  temperature is  ra i sed  from 15' t o  25' and 

then 3s0, t h e r e  is  an inc rease  i n  k wi th  no change i n  a. Again, t h i s  is  

what w e  would have predic ted .  

This  a n a l y s i s  must be  expanded before w e  can reach any f i n a l  conclusions. 

But i t  i s  a l ready  apparent t h a t  acid-extension can only be character ized by 

f i t t i n g  t h e  extension t o  t h e  equation,  and determining a and k values.  When 

somparing acid-extension between two s i t u a t i o n s  one must be a b l e  t o  compare 

both of these  values .  



111. Personnel Connected with this Research I 

Dr, Robert E. Cleland, Principal Investigator 

Collaborators: Dr. B. Rubinstein, Professor of Botany, University 

of Massachusetts,.Amherst, MA 

Dr. Mark Tepfer, Postdoctoral Fellow, Botany Depart- 

ment, University of British Columbia, Vancouver, 

B.C., Canada 

Graduate Students: Tom Stevenson 

Virginia Seymour 

Sara Mandel 

Undergraduate 
Student: Sheryl Dryer (until June) 

Research 
Technician: Sheryl Dryer (after June) 

EV. Publications Resulting from this Research 

Research Papers: 

Goldsmith, M. H. M. & R. E. Cleland. 1978. The contribution of tonoplast 

and plasma membrane to the electrical properties of a higher-plant 

ceff. Planta 143, 261-265. 
, , 

Tepfer, M. & R. E. Cleland. 1979. Comparison of acid-induced cell wall 

loosening in Valonia ventricosa and in oat coleoptiles. Plant 

Physiol. 63, 898-902. 

Bates, G. W. & R. E. Cleland. Protein synthesis and auxin-induced growth: 

inhibitor,studies. Planta 145, 437-442. 



Abstracts: 

+ I 

Cleland, R. E. 1979. Auxin and H -excretion: the state of our knowledge. 

X Internat. Conference on Plant Growth Substances, Madison, WI. 

V. Seminars Given on this Research 

Botany Department, North Carolina State University, Raleigh. November 1978 

Biology Department, W. Washington St. University, Bellingham. April 1979 



Table 1. Osmoregulation from sucrose and .N~CI solutions. Sections 
were incubated for 10 hours in 2% sucrose or 30 mM NaC1, 
+ 10 VM IAA. Length, the osmotic concentration (OC) and the - 
increase in osmotic solutes (AOS) were then determined. 

Conditions AL(%) . OC(M) AOS (%) 

Initial - .263 - 
2% sucrose, -IAA 6 .322 +29 

i I 
9 +nu 41 .270 +45 

No solutes, +IAA 2 6 .I67 -20 

Table 2. Inhibition of auxin-induced increase in osmoregulation by 
inhibition of growth. Sections were incubated 10 hours in 
2% sucrose, + 10 pM IAA and with or without 20 mM CaC12. 

Conditions . AL (%I OC (MI AOS (%) 

Initial. - .257 - 
No Ca, -IAA 7 .299 

II 
+24 

s +u 4 1 .263 44 
\ 

20 mM CaC12, -1AA 2 .324 
I I 

29 
9 +IAA .3 .319 28 



Table 3. Effect of removing epidermis on osmoregulation. Intact sections 
from which the epidermal layers had been peeled were incubated 
6 hours in 2% sucrose, 2 1 0  pM IAA and then length, OC and AOS 
were determined. 

Conditions AL (%) OC (MI AOS (%) 

~ntact: initial - .259 - 
6 hr, - IAA 5 .299 21 . 

6 hr, + IAA 31 .265 34 

Peeled : initial - .262 - 
6 hr, -IAA 2 .342 3 3 
6 hr, +U 9 -367 , 53 

Table 4, Growth and osmoregulation in areas of a coleoptile section. 
14 mm coleoptile sections were marked into 3 areas with ink, 
then incubated for 2 hours in 2% sucrose + 10 pM IAA. Each 
area was then measured, separated, and its OC was determined. 

Area Initial OC OC, 2 hr (M) AL(%) Aos(%) 

Apex .258 .266 11 15 

Middle .269 -244 T 2 1 

Base .268 .27i 4 8 



Table 5. Effect of pH on parameters governing acid-induced extension. 
Sections were frozen-thawed, then incubated under 10 g tension 
in a pH 7 solution. The pH was changed to that indicated, and 
the resulting extension curve was fitted to the exponential 
equation with a computer. Each value is the average of 8 runs. 

y H a (units) k (*in-') 

7.0 12 , .0656 

5.0 18 .0354 



FIGURE LEGENDS 

Fig. 1 Relation between extension and osmoregulation. Sections were 
incubated for 6 hours in 2% 'sucrose with 10-8 to M IAA. 
Amount of extension and the OC were determined for each group 
of sections, and the increase in osmotic solutes was then 
calculated. 

Fig. 2 Time course of change' in OC in auxin-treated sections. Groups 
of coleoptile sections were incubated in 2% sucrose + 10 WM IAA, 
and after varying times their OC was determined. 

Fig. 3 Effect of tension on the parameters governing acid-extension. 
Frozen-thawed coleoptile sections were incubated under 5-20 
g tension at pH 7, then the pH was changed to 4.0 and the 
extension curve was measured. The data were then fitted to1 
the exponential. equation with a computer to give values of 
a and k. 
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i s  u s e d  as t h e  a c i d  as compared w i t h . H C 1 .  S c a n n i n g  e l e c t r o n  

m i c r o g r a p h s  show t h a t  s c r u b b i n g  d i s r u p t s  t h e  i n t e g r i t y  o f  t h e  

c u t i ' c l e .  ~ h b  i m p e r m e a b i l i t y  o f  t h e  c u t i c l e  to  e x p l a i n s  
\ 

m a n y  o f  t h e  . d i f f i c u l i t i e s  t h a t  h a v e  b e e n  e x p e r i e n c e d  i n  

m e a s u r i n g  a u x i n - i n d u c e d  p r o t o n  - e x c r e t i o n  f rom stem t i s s u e s .  

Key Words:  Acid  g r o w t h  - C u t i c l e  - P r o t o n  p e r m e a b i l i t y  - 
S c r u b b i n g ,  



I n t r o d u c t i o n  

The  a e r i a l  p o r t i o n s  o f  a l l  h i g h e r  p l a n t s  are c o v e r e d  by a 

c u t i c l e ,  wh ich  is b e l i e v e d  to  ac t  as  a b a r r i e r  t o  t h e  e n t r y  and 

e x i t  o f  materials  f rom t i s s u e s  ( M a r t i n  and J u n i p e r ,  1 9 7 0 ) .  The 

a b i l i t y  o f  t h e  c u t i c l e  t o  l i m i t  movement o f  c a t i o n s  s u c h  as K+ . 

(Yamada e t  a l e ,  1964 ;  McF,ar lane and  B e r r y ,  1 9 7 4 ) ,  o r g a n i c  

s u b s t a n c e s  ( D a r l i n g  t o n  and C i r u l i s ,  1 9 6 3 )  and water ( S c h o n h e r r ,  

1 9 7 6 )  h a s  b e e n  e s t a b l i s h e d ,  b u t  t h e  p e r m e a b i l i t y  o f  a c u t i c l e  

t o  p r o t o n s  h a s  a p p a r e n t l y  n e v e r  b e e n  ,de te rmined . .  Knowledge o f  

t h e  p r o t o n  p e r m e a b i l i t y  o f  t h e  c u t i c l e  is o f  p a r t i c u l a r  

i m p o r t a n c e  i n  r e g a r d  t o  t h e  a c i d - g r o w t h  t h e o r y  o f  a u x i n - i n d u c e d  

g r o w t h  ( R a y l e  and  C l e l a n d ,  1 9 7 7 ) .  T h i s  t h e o r y  s t a t e s  t h a t  a u x i n  

c a u s e s  c e l l s  to  e x c r e t e  p r o t o n s  i n t o  t h e  w a l l  s o l u t i o n  where  t h e  

r e s u l t i n g  l o w e r e d  pH a c t i v a t e s  w a l l  l o o s e n i n g  enzymes.  I f  

s e c t i o n s  are. f l o a t e d  o n  a medium, and i f  t h e  c u t i c l e  is 

p e r m e a b l e  t o  p r o t o n s ,  any  e x c r e t e d  p r o t o n s  would be e x p e c t e d  to 

d i f f u s e  o u t  i n t o  t h e  e x t e r n a l  medium and c a u s e  a marked d e c r e a s e  

i n  t h e  pH o f  t h e  s o l u t i o n .  Such a n  a c i d i f i c a t i o n  o f  t h e  

e x t e r n a l  medium h a s  b e e n  d i f f i c u l t  to  d e m o n s t r a t e  (Penny  et  a l . ,  

1 9 7 5 ;  P a r r i s h  and . D a v i e s ,  1977  5 Vanderhoef  e t  a l . ,  1977  ) u n l e s s  

the c u t i c l e  is scar i f ied  (Men tze  e t  a l . ,  1977 ;  C l e l a n d  and 

R a y l e ,  1 9 7 8 )  or removed ( C l e l a n d ,  1973 ;  R a y l e ,  1 9 7 3 ) ;  t h i s  l e d  

t o  t h e  s u g g e s t i o n  ( C l e l a n d ,  1973;  R a y l e ,  1973 ;  ~ a y l e  and 

C l e l a n d ,  1 9 7 7 )  t h a t  t h e  c u t i c l e  is an  e f f e c t i v e  b a r r i e r  t o  t h e  

d i f f u s i o n  of p r o t o n s .  However,  as p o i n t e d  o u t  by Vanderhoef  e t  

a l .  ( 1 9 7 7 )  t h i s  a s s u m p t i o n  h a s  n e v e r  been  t e s t e d .  I n  t h i s  p a p e r  

w e  d e m o n s t r a t e  t h e  r e l a t i v e  i m p e r m e a b i l i t y  o f  p l a n t  c u t i c l e s  to  

t h e  movement o f  p r o t o n s .  



Materials  and  Methods  

P l a n t  M a t e r i a l  

S e e d 1  i n g s  o f  s u n £  lower (He1 i a n t h u s  a n n u u s  L . ,  v a r .  R u s s i a n  
0 

Mammoth) were g rown  f o r  5  d a y s  a t  25 C u n d e r  c o n s t a n t  

i l l u m i n a t i o n  ( 4 0 0  p E  m - 2  s e c - l ) .  E p i d e r m a l  s t r i p s ,  3-4 b y  

15-25 mm, were t h e n  p e e l e d  f r o m  t h e  u p p e r ,  g rowing  r e g i o n s  o f  

t h e  h y p o c o t y l  'w i th  f i n e  £ o r c e p s .  The s t r i p s  were p l a c e d  o n  

g l a s s  s l i d e s ,  f r o z e n  on d r y  ice,  and s t o r e d  f r o z e n  and wrapped 

i n  f o i l  u n t i l  u s e .  S e e d , l i n g s  o f .  s o y b e a n  ( G l y c i n e  max - L. v a r .  

Wayne) were grown a t  25OC i n  v e r y  d im r e d  l i g h t  ( < l o - *  pE n -2 

-1 - 1 sec ) or u n d e r  c o n s t a n t  w h i t e  i l l u m i n a t i o n  (400  pE rn-2 sec ) ,  

and  s t r i p s  were t h e n  i s o l a t e d  i n  t h e  same manner.  

The  c u t i c l e  o f  'some s e e d l i n g s  w a s  a b r a d e d  by r u b b i n g  t h e  

h y p o c o t y l  5-10 t imes w i t h  a s l u r r y  of emory powder (Amer i can  

O p t i c a l ,  G r a d e  1 2 0 )  b e f o r e  i s o l a t i o n  of t h e  e p i d e r m a l  s t r i p s .  

O t h e r  s e e d l i n g s  were wiped  twice w i t h  a 3 : l  m i x t u r e  o f  

c h l o r o f o r m : e t h a n o l  t o  remove some o f  t h e  c u t i c u l a r  waxes .  

L e a v e s  o f  B e r b e r i s  were s e l e c t e d  f r o m  a p l a n t  g r o w i n g  

o u t s i d e  t h e  l a b o r a t o r y .  To i so l a t e  t h e  c u t i c l e ,  l e a f  p i ' e c e s  

were i n f i l t r a t e d  and  i n c u b a t e d  f o r  a t  l e a s t  2  d a y s  w i t h  a 

s o l u t i o n  c o n t a i n i n g  8% p e c t i n a s e  - ( ICN f102533 ,  C l e v e l a n d ,  OH) 

a n d  0 .8% c e l l u l a s e  ( I C N  #101308)  i n  0 . 1  M Na-acetate b u f f e r ,  pH 

3 . 7 .  The u p p e r  e p i d e r m i s  was t h e n  l i f t e d  o f f  t h e  p i e c e  w i t h  

f i n e  f o r c e p s ,  washed w e l l  w i t h  w a t e r ,  and s t o r e d  f r o z e n  u n t i l  

u s e .  ~ n z y m a t i c a l l y - i s o l a t e d  tomato f r u i t  c u t i c l e  w a s  a g i f t  o f  

D r .  M. A. Bukovac.  

P r o t o n  P e r m e a b i l i t y  Measu remen t s  

, T o  m e a s u r e  t h e  r e l a t i v e  p e r m e a b i l i t y  o f  t h e  c u t i c l e  t o  

p r o t o n s  we u s e d  t h e  a p p a r a t u s  shown i n  F i g .  1. The e p i d e r m a l  



s t r i p s  or i s o l a t e d  c u t i c l e s  were thawed and t h e n  g l u e d  across a 

1 x 6  mm o p e n i n g  c u t  i n  t h e  b o t t o m  o f  a 5  ml p l a s t i c  b e a k e r  c u p  

(#13915-985 ,  VWR S c i e n t i f i c . ,  S e a t t l e ) ;  t h e  i n n e r  s u r f a c e  o f  t h e  

s t r i p  w a s  a g a i n s t  t h e  lower s u r f a c e  o f  t h e  cup.  A 100 P l  d r o p  

o f  1 0  mM K C 1 ,  pH 6 . 5 ,  w a s  p l a c e d  o v e r  t h e  o p e n i n g  a g a i n s t  t h e  

i n n e r  s u r f a c e  o f  t h e  s t r i p  and a c o m b i n a t i o n  pH e l e c t r o d e  

( I n g o l d  #6020 ,  Cambr idge ,  MA) was i n s e r t e d  i n t o  t h e  d r o p .  T h i s  

a s s e m b l y  was l o w e r e d  i n t o  a b e a k e r  c o n t a i n i n g  5  ml o f  1 0  mM K C l ,  

p H  3 .0 ,  so t h a t  t h e  e x t e r n a l  s u r f a c e  o f  t h e  ' c u t i c l e  was i n  

c o n t a c t  w i t h  a pH 3  s o l u t i o n ,  w h i l e  t h e  i n t e r n a l  s u r f a c e  w a s  i n  

c o n t a c t  w i t h  a pH 6.5 s o l u t i o n .  The p H  o f  t h e  d r o p  on t h e  i n n e r  
r- 

s u r f a c e  o f  t h e  c u t i c l e  w a s  t h e n  c o n t i n u o u s l y  r e c o r d e d .  

Some e p i d e r m a l  strips were p r e i n c u b a t e d  f o r  3  h r s .  on a 0 .2  

mg/ml s o l u t i o n  o f  P r o n a s e  i n  1 0  mM Tris-IIC1 b u f f e r ,  pH 7 .5 ,  i n  

o r d e r  t o  remove p r o t e i n s  a s s o c i a t e d  w i t h  t h e  ce l l  w a l l s  a d h e r i n g  

t o  t h e  i n n e r  c u t i c u l a r  s u r f a c e .  The s t r i p s  were t h e n  washed 

w e l l  w i t h  water b e f o r e  u se .  

I t  s h o u l d  be  p o i n t e d  o u t  t h a t  c o n s i d e r a b l e  care is needed  

i n  i n s u r e  r e p r o d u c i b i l i t y .  The s c r u b b i n g  p r o c e s s  is d i f f i c u l t  

t o  q u a n t i f y  w i t h  t h e  r e s u l t  t h a t  t h e  r a p i d i t y  w i t h  which  p r o t o n s  

cross s c r u b b e d  s t r i p s  shows some v a r i a t i o n .  The ~ e b u l t s  

p r e s e n t e d  h e r e  h a v e  b e e n  s e l e c t e d  as r e p r e s e n t a t i v e  o f  t h e  d a t a  

o b t a i n e d  f r o m  a l a r g e  number o f  t r i a l s .  

S c a n n i n g  E l e c t r o n  M i c r o s c o p y  

Thawed e p i d e r m a l  p e e l s  were a i r  d r i e d ,  c o a t e d  w i t h  

g o l d - p a l l a d i u m ,  and  v iewed  i n  a JOEL Model JSM-U3 s c a n n i n g  

e l e c t r o n  m i c r o s c o p e .  



R e s u l t s  

The a b i l i t y  o f  p r o t o n s  to  d i f f u s e  frorn t h e  lower (pH 3 . 0 )  

s o l u t i o n  i n t o  t h e  u p p e r  (pH 6 , 5 )  s o l u t i o n  i n  o u r  a p p a r a t u s  w a s  

f i r s t  t e s t e d  u s i n g  d i a l y s i s  membrane as t h e  b a r r i e r  ( F i g .  2 ) .  
4 

T h e r e  is a r a p i d  d i f f u s i o n  o f  p r o t o n s ,  r e s u l t i n g  i n  a d r o p  i n  

t h e  pH o f  t h e  u p p e r  s o l u t i o n  t o  4.0 w i t h i n  1 0  m i n u t e s .  

Complete e q u i l i b r a t i o n  o f  p r o t o n s  t a k e s  more t h a n  a n  hou r .  When , 

. l b g  ((H+) - ( H + ) ~ )  is p l o t t e d  as a f u n c t i o n  o f  t i m e ,  a s t r a i g h t  

l i n e  is o b t a i n e d ,  as e x p e c t e d  f o r  a d . i f f u s i o n  p r o c e s s  (Fi ,g .  2 ,  

i n s e r t ) .  

When s c r u b b e d  s t r i p s  f rom l i g h t - g r o w n  s u n f l o w e r  h y p o c o t y l s  

I are u s e d  as t h e  b a r r i e r ,  t h e  movement o f  p r o t o n s  across t h e ,  

e p i d e r m a l  s t r i p  is as r a p i d  is it is a c r o s s  d i ' a l y s i s  membrane 

( F i g .  2 ) .  However,  when unscr .ubbed  s t r i p s  are u s e d ,  t h e  

d i f q u s i o n  o f  p r o t o n s  is g r e a t l y  impeded.  A f t e r  1 0  min.  t h e  pH 

o f  t h e  s o l u t i o n  on  t h e  i n n e r  s i d e  o f  t h e  s t r i p  h a s  d e c r e a s e d  

l ess  t h a n  0 . 1  pH u n i t ,  and e v e n  a f t e r  an  h o u r  t h e  pH is s t i l l  

w e l l  a b o v e  6 .  The i m p e r m e a b i l i t y  o f  t h e  c u t i c l e  to  p r o t o n s  is 

i n d e p e n d e n t  o f  t h e  d i r e c t i o n  o f  p r o t o n  movement, as a s im i l a r  

, l a c k  o f  p r o t o n  d i f f u s i o n  across u n s c r u b b e d  s t r i p s  is o b t a i n e d  

when t h e  s t r i p  is r e v e r s e d  so t h a t  t h e  a c i d  is a g a i n s t  t h e  i n n e r  

s u r f a c e  ( d a t a  n o t  shown) .  

w i t h  l o n g e r  p e r i o d s  o f  t i m e ,  p r o t o n  d i f f u s i o n  across 

u n s c r u b b e d  e p i d e r m a l  s t r i p s  is d e f e c t e d  ( F i g .  3 ) .  A t e r  a l a g  

w h i c h  v a r i e s  b e t w e e n  50 a n d  150  m i n u t e s  t h e  p H  o f  t h e  u p p e r  

s o l u t i o n .  b e g i n s  to  d r o p ,  and i n  t h e  example  shown.  i n  F ig .  3  t h e  

p H  had  r e a c h e d  3.76 a f t e r  900 min.  When - l og  ((E+) - ( H + ) ~ )  is 

p l o t t e d  as .a f u n c t i o n  o f  time, a s t r a i g h t  l i n e  is o b t a i n e d  o n l y  

a f t e r  a l o n g  lag :  E x t r a p o l a t i o n  o f  t h e  l i n e a r  p o r t i o n  o f  t h i s  

c u r v e  b a c k  t o  t h e  a b s c i s s a  g i v e s  i n t e r c e p t  v a l u e s  r a n g i n g  f rom 



350 t o  500 min.  The l i n e a r  p o r t i o n  o f  t h e  c u r v e  c a n  be used to  

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

t h e  e q u a t i o n  ( M c F a r l a n e  and B e r r y ,  1 9 7 4 )  

d n / d t  = k *  a =  AC 

w h e r e  d n / d t  is t h e  moles o f  p r o t o n s  moving across t h e  b a r r i e r  i n  

t i m e  t ,  a' is t h e  area ,  AC is t h e  c o n c e n t r a t i o n  d i f f e r e n c e  

b e t w e e n  t h e  t w o  s i d e s ,  and k is t h e  r e l a t i v e  ' p e r m e a b i l i t y  

c o n s t a n t .  F o r  t h e  example  shown i n  F i g .  3 ,  k  'is 1 .50  x  
I 

-8 .  2 1 0  c m  sec-l., w h i l e  f o r  o t h e r  s a m p l e s  k v a r i e d  be tween  0 .5  and 3  

- 1 x 10'~crn sec .. . 
T h e  r e l a t i v e  i m p e r m e a b i l i t y  o f  p l a n t  c u t i c l e s  to  p r o t o n s  is 

n o t  r e s t r i c t e d  t o  t h e '  s u n f l o w e r .  E p i d e r m a l  s t r i p s  f  rorn 

da rk -g rown  s o y b e a n  h y p o c o t y l s ,  t a k e n  f rom material i d e n t i c a l  to  

t h a t  u s e d  i n  o u r  p r o t o n  e x c r e t i o n  s t u d i e s  ( C l e l a n d  and R a y l e ,  

1 9 7 8 ) ,  are o n l y  s l i g h t l y  p e r m e a b l e  t o  p r o t o n s  u n l e s s  t h e  c u t i c l e  

is a b r a d e d ,  whereupon  t h e  p e r m e a b i l i t y  is g r e a t l y  e n h a n c e d  

( T a b l e  1) .  Growing s o y b e a n s  i n  t h e  l i g h t  d o e s  n o t  c a u s e  a 

s i g n i f i c a n t  a1 t e r a t i o n  i n  t h e  p r e k o n  p e r m e a b i l i t y ;  u n s c r u b b e d  

s t r i p s  are r e l a t i v e l y  impe rmeab le  w h i l e  s c r u b b e d  s t r i p s  h a v e  

e n h a n c e d  p e r m e a b i l i t y  ( F i g .  4 ) .  I s o l a t e d  l e a f  c u t i c l e s ,  

o b t a i n e d  f r o m  t h e  u p p e r  e p i d e r m i s  o f  B e r b e r i s  sp. l e a v e s ,  showed 
d 

a p e r m e a b i l i t y  t o  . p r o t o n s  s imi la r  t o  t h a t  o f  u n s c r u b b e d  

H e l i a n t h u s  h y p o c o t y l s .  F o r  example ,  t h e  p r o t o n  p e r m e a b i l i t y  b f  

t h e  l e a f  c u t i c l e  shown i n  F i g .  5  w a s  c a l c u l a t e d  t o  be 0.9 x  10 '~  

c s c  Tomato f r u i t  c u t i c l e  is c o n s i d e r a b l y  less p e r m e a b l e  

t o  p r o t o n s ;  i n  . t h e  example  shown i n  F i g .  5 t h e  ra te  o f  p r o t o n  

d i f f u s i o n  was lower i n  tomato f r u i t  c u t i c l e  t h a n  it was w i t h  t h e  

l e a f  c u t i c l e ,  d e s p i t e  a g r e a t e r  pH g r a d i e n t  across t h e  c u t i c l e .  



E p i d e r m a l  s t r i p s  c o n t a i n ,  i n  a d d i t i o n  to  t h e  c u t i c l e  and 

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

l i b e r a t e d  f r o m  t h e  f r o z e n - t h a w e d ,  c e l l s .  T h i s  p r o t e i n  d o e s  n o t  

c o n t r i b u t e  t o  t h e  i m p e r m e a b i l i t y  o f  t h e  s t r i p s  to  p r o t o n s ,  as 

i n d i c a t e d  by  t h e  f a c t  t h a t  p r e t r e a t m e n t  o f  t h e  s t r i p s  w i t h  t h e  

p r o t e o l y t i c  enzyme P r o n a s e  d o e s  n o t  e n h a n c e  p r o t o n  p e r m e a b i l i t y  

( F i g .  6 ) .  P a r t i a l  r e m o v a l  o f  c u t i c u l a r  waxes  w i t h  a 

c h l o r o f o r m - e t h a n o l  s o l u t i o n ,  howeve r ,  m a r k e d l y  i n c r e a s e s  t h e  

p r o t o n  p e r m e a b i l i t y  ( F i g .  6 ) . 
The  p e r m e a b i l i t y  to  p r o t o n s  d o e s  depend  upon t h e  a c i d  which  

is  p r e s e n t .  A t  pH 3  t h e  p r o t o n  p e r m e a b i l i t y  o f  u n s c r u b b e d  

s u n f l o w e r  e p i d e r m a l  s t r i p s  is much g r e a t e r  when t h e  a c i d  is 

ace t i c  a c i d ,  compared w i t h  H C 1 ,  p h o s p h o r i c  or c i t r i c  a c i d  a t  t h e  

s ame  p y  ( F i g .  7 ) .  ~ p p a r e n t l y  t h e  c u t i c l e  is n o t  p e r m e a b l e  to  

a n y  o f  t h e  f o r m s  o f  I I C 1 ,  p h o s p h o r s i c  a c i d  or c i t r i c  a c i d  which  

e x i s t  a t  pH 3 ,  w i t h  t h e  r e s u l t  t h a t  o n l y  f r e e  p r o t o n s  c a n  cross 

t h e  c u t i c l e .  On t h e  o t h e r  h a n d ,  t h e  c u t i c l e  mus t  b e  

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

m o l e c u l e  so t h a t  a d d i t i o n a l  p r o t o n s  c a n  be  t r a n s p o r t e d  across 

t h e  c u t i c l e  as p a r t  o f  t h i s  m o l e c u l e .  

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

e f f e c t  of s c r u b b i n g  o n  t h e  c u t i c l e  o f  s u n f l o w e r  h y p o c o t y l s .  

Unsc rubbed  s t r i p s  show t h e  e x p e c t e d  smooth  a p p e a r a n c e  o f  t h e  , 

c u t i c u l a r  s u r f  ace ( F i g .  8A) .  O c c a s i o n a l  stomates are v i s i b l e ;  

w h e t h e r  t h e y  are f u n c t i o n a l  or n o t  is now known. W e  h a v e  

o b s e r v e d  no  l o n g i t u d i n a l  c r a c k s  i n  t h e  c u t i c l e  s u c h  so t h o s e  

s e e n  by H o f e r  e t  a1 ( 1 9 7 7 )  i n  a u x i n - t r e a t e d  whe,at c o l e o p t i l e s .  



The s u r f a c e  o f  s c r u b b e d  s t r i p s  h a s  b e e n  m a r k e d l y  a l t e r e d  

( F i g .  8B). Many s m a l l  h o l e s  i n  t h e  c u t i c l e  are v i s i b l e ,  ' and 

o f t e n  t h e  c u t i c l e  shows  l a r g e  . tears.  I t  is a p p a r e n t  t h a t  

s c r u b b i n g  is a n  e f f e c t i v e  way to  a l t e r  t h e  i n t e g r i t y  o f  t h e  

c u t i c l e .  

 isc cuss ion 

T h e r e  h a s  b e e n  c o n s i d e r a b l e  u n c e r t a i n t y  c o n c e r n i n g  t h e  

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

p r o t o n s  i n  t h e  e x t e r n a l  medium to  i n d u c e  r a p i d  e l o n g a t i o n  o f  

c o l e o p t i l e  ( R a y l e  and C l e l a n d ,  1970 ;  Evans  e t  a l . ,  1 9 7 1 )  and 

s t e m  s e c t i o n s  (Yamagata  e t  a l . ,  1974 ;  C l e l a n d  and . R a y l e ,  1 9 7 5 )  

s u g g e s t s  t h a t  some p r o t o n s  d o  p e n e t r a t e  t h e  c u t i c l e , ,  a1 t h o u g h  

t h e  g r o w t h - p r o m o t i n g  p r o t o n s  c o u l d  s i m p l y  be e n t e r i n g  t h e  c u t  

e n d s .  The i n a b i l i t y  t o  d e t e c t  s i g n i f i c a n t  a u x i n - i n d u c e d  

a c i d i f i c a t i o n  o f  t h e  e x t e r n a l  medium w i t h  some d i c o t  stem 

s e c t i o n s  ( P e n n y  e t  a l . ,  1 9 7 5 ;  Vanderhoef  e t  a l . ,  1 9 7 7 )  h a s  been  

t a k e n  by  some t o  i n d i c a t e  t h a t  t h e  c u t i c l e  is impermeable  t o  

p r o t o n s  ( e . g . ,  R a y l e  and C l e l a n d ,  1 9 7 7 )  and  b y  o t h e r s  t o  

i n d i c a t e  t h a t  a u x i n - i n d u c e d  H + - e x c r e t i o n  d o e s  n o t  o c c u r  ( e . g .  1 

V a n d e r h o e f  e t  a l . ,  1 9 7 7 ) .  

W e  h a v e  shown h e r e  t h a t  t h e  c u t i c l e s  o f  a l e a f ,  o f  t oma to  

f r u i t ,  and  of g r o w i n g  s o y b e a n  and  s u n f l o w e r  stems are a l l  . . 
( 

r e l a t i v e l y  impe rmeab le  t o  p r o t o n s ,  b u t  t h a t  some p r o t o n s  w i l l  

d i f f u s e  across t h e  c u t i c l e  g i v e n  s u f f i c i e n t  t i m e  and  

c o n c e n t r a t i o n  g r a d i e n t  . W e  c a n n o t  c a l c u l a t e  a t r u e  d i f f u s i o n  

c o n s t a n t  f o r  p r o t o n s  b e c a u s e  t h e  p a t h  l e n g t h  of  d i f f u s i o n  is n o t  

known, The t h i c k n e s s  o f  t h e  c u t i c l e  c o u l d  be e s t i m t e d ,  b u t  



t h i s  v a l u e  is n o t  n e c e s s a r i l y  i d e n t i c a l  t o  t h e  l e n g t h  o f  t h e  

d i f f u s i o n  b a r r i e r  (Norris,  1974 ;  ~ c h o n h e r r ,  1 9 7 6 ) .  ' I t  is 

p o s s i b l e  t o  c a l c u l a t e  a r e l a t i v e  p e r m e a b i l i t y  c o n s t a n t  which  

d i s r e g a r d s  t h e  l e n g t h  o f  t h e  d i f f u s i o n  p a t h .  The  v a l u e  f o r  

p r o t o n s ,  wh ich  w e  c a l c u l a t e  t o  be 0:5-3 x  c m  sec-! f o r  

b o t h  l e a f  and  h y p o c o t y l  c u t i c l e s  is s imi la r  i n  m a g n i t u d e  t o  t h a t  

o b t a i n e d  f o r  K + '  d i f f u s i n g  across a p r i c o t  l e a f  c u t i c l e  (McFar l ane  
d 

a n d  B e r r y ,  1 9 7 4 ) .  B e c a u s e  p r o t o n s  h a v e  a smaller atomic r a d i u s  

t h a n  K + ,  o n e  wou ld ,  e x p e c t  t h e  c u t i c l e  t o  be  more p e r m e a b l e  t o  

p r o t o n s ,  b u t  u n t i l  K +  and  H+ p e r m e a b i l i t y  c o n s t a n t s  are 

d e f e r m i n e d  o n  t h e  same c u t i c l e  it w i l l  n o t  be  p o s s i b l e  t o  

c o n £  i r m  t h i s .  The p e r m e a b i l i t y  o f '  a p r i c o t  l e a f  c u t i c l e  t o  K +  is 

m a r k e d l y  r e d u c e d  by  l o w  p H ,  a p p a r e n t l y  d u e  to  p r o d u c t i o n  o f  

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

d i a m e t e r  ( M c F a r l a n e  and B e r r y ,  1974  ) . T h i s  s u g g e s t s  t h a t  p r o t o n  

e x c r e t i o n  w i t h i n  t h e  t i s s u e  w i l l  c a u s e  t h e  p e r m e a b i l i t y  o f  t h e  

c u t i c l e  t o  p r o t o n s  to  d e c r e a s e  e v e n  f u r t h e r .  W e  h a v e  a l so  shown 

h e r e  t h a t  s c a r i f i c a t i o n  o f  t h e  c u t i c l e  g r e a t l y  i n c r e a s e s  t h e  
*. 

a b i l i t y  o f  p r o t o n s  t o  e n t e r  t h e  t i s s u e .  

Can t h e  r e l a t i v e  i m p e r m e a b i l i t y  of t h e s e  c u t i c l e s  t o  

p r o t o n s  be  e x p l a i n e d  as a n  a r t i f a c t  o f  t h e  p r e p a r a t i o n  o f  t h e  

e x p e r i m e n t a l  m a t e r i a l ?  I t  is known t h a t  t h e  p e r m e a b i l i t y  o f  

c u t i c l e s  c a n  be  a l t e r e d  by some i s o l a t i o n  p r o c e d u r e s ,  e s p e c i a l l y  

c h e m i c a l  o n e s  (Norris and Bukovac,  1 9 6 9 ) ,  b u t  t h e  e f f e c t  is an  

i n c r e a s e  r a t h e r  t h a n  a d e c r e a s e  i n  t h e  p e r m e a b i l i t y .  Here t h e  

c u t i c l e s  f r o m  t h e  stem t i s s u e s  were i s o l a t e d  by  m e c h a n i c a l  

means ,  wh ich  m i g h t  be  e x p e c t e d  to  p r o d u c e  c r a c k s  or h o l e s  i n  t h e  

c u t i c l e ,  b u t  a p p a r e n t l y  t h i s  o c c u r s  o n l y  r a r e l y .  S c a r i f i c a t i o n  

w i t h  emory ,  o n  t h e  o t h e r  hand ,  d o e s  l e a d  to  t h e  a p p e a r a n c e  o f  

1 a r q e  h o l e s  i n  t h e  c u t i c l e ,  which  e x p l a i n s  t h e  enhanced  

p e r m e a b i l i t y  o f  t h e s e  c u t i c l e s  to  p r o t o n s .  



One f a c t  s u g g e s t s  t h a t  t h e  p r o t o n  p e r m e a b i l i t y  o f  t h e  

c u t i c l e  -- i n  v i v o  may be  g r e a t e r  t h a n  t h a t  which  w e  h a v e  measu red .  

A pH ' 3  s o l u t i o n  w i l l  c a u s e  l i v e  s e c t i o n s  to e l o n g a t e  a f t e r  a  l a g  

o f  o n l y  2-5 m i n u t e s  ( R a y l e  and C l e l a n d ,  1 9 7 3 ) .  Our measu remen t s  

o f  t h e  p r o t o n  p e r m e a b i l i t y  would s u g g e s t  t h a t  few p r o t o n s  would 

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

s i m p l y  be  p romoted  b y  p r o t o n s  which  d i f f u s e  i n  t h r o u g h  t h e  c u t  

s u r f a c e s ,  b u t  a l t e r n a t j v e l y ,  t h e  . p e r m e a b i l i t y  o f  t h e  c u t i c l e  may 

b e  g r e a t e r  -- i n  v i v o  t h a t  it is i n  v i t r o .  Fo r  o n e  t h i n g  t h e  - 
stomates may b e  open  -- i n  v i v o ,  p r o v i d i n g  some c o n d u i t s  f o r  p r o t o n  

movement.  A n o t h e r  p o s s i b i l i t y  is t h a t  t h e  p e r m e a b i l i t y  may be 

g r e a t e r  i n  c u t i c l e s  which  are e l a s t i c a l l y  e x t e n d e d ,  a s  t h e y  w i l l  

b e  i n  t u r g i d ,  l i v e  ma te r i a l ,  as compared w i t h  t h e  c o n t r a c t e d . ,  , 

f r o z e n - t h a w e d  mate r ia l ,  I n  a n y  case, w h i l e  t h e  p e r m e a b i l i t y  - i n  

v i v o  may b e  s l i g h t l y  g r e a t e r  t h a n  it is - i n  v i t r o ,  it c a n n o t  

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

T h e  r e l a t i v e  i m p e r m e a b i l i t y  o f  t h e  c u t i c l e  t o  p r o t o n s  is 
. . 

0 .  

c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  much h i g h e r  e x t e r n a l  p r o t o n  

c o n c e n t r a t i o n s  are  needed  t o  i n d u c e  t h e  same g r o w t h  ra te  i n  

s e c t i o n s  w i t h  . i n t a c t :  c u t i c l e s  as  compared w i t h  s c r u b b e d  or 

p e e l e d  s e c t i o n s  ( R a y l e ,  1 9 7 3 ) .  P r o t o n s  e x c r e t e d  by  ce l l s  i n  

r e s p o n s e  t o  a u x i n  w i l l  s i m i l a r l y  b e  t r a p p e d  w i t h i n  t h e  t i s s u e  

u n l e s s  t h e  c u t i c l e  is removed or  a b r a d e d ;  t h e  i n a b i l i t y  t o  

m e a s u r e  a u x i n - i n d u c e d  p r o t o n  e x c r e t i o n  f rom s e c t i o n s  w i t h  i n t a c t  

c u t i c l e s  is c o n s e q u e n t l y  t o  be  e x p e c t e d .  The p e r m e a b i l i t y  of  

t h e  c u t i c l e  t o  p r o t o n s  is e n h a n c e d  b y  t h e  p r e s e n c e  o f  a weak 

m o n o v a l e n t  a c i d  s u c h  as ace t ic  a c i d .  W e  would p r e d i c t  t h a t  

g r e a t e r  g r o w t h  o f  i n t a c t  s e c t i o n s  would be i nduced  by a pH 4 



a c e t i c  acid so lu t ion ,  as compared w i t h  a c i t r i c  acid or I1C1 

so lu t ion .  , 
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T a b l e  1. 

P r o t o n  movement across e p i d e r m a l  ' s t r i p s .  E p i d e r m a l  s t r i p s  were 

p e e l e d  f r o m  l i g h t - g r o w n  s u n £  lower h y p o c o t y l s  or dark-grown 

s o y b e a n  h y p o c o t y l s ,  f r o z e n - t h a w e d ,  and mounted i n  a p p a r a t u s  

shown i n  F i g .  1. 5 ml o f  1 0  mM K C 1 ,  p H  3 .0 ,  was p l a c e d  a g a i n s t  

t h e  o u t s i d e  s u r f a c e  and 1 0 0  u l  o f  1 0  mM K C 1 ,  pH 6.5 was p l a c e d  

a g a i n s t  t h e  i n n e r  s u r f a c e .  The pII w a s '  m o n i t o r e d  c o n t i n u o u s l y .  

Material 

I n s i d e  p H  a t  1 0  min.  

Unscrubbed  S c r u b b e d  

D i a l y s i s  t u b i n g  3.85 + 0.09 , -------- 
S u n f l o w e r  h y p o c o t y l  

Soybean  h y p o c o t y l  



FIGURE LEGENDS 

F i g .  1. A p p a r a t u s  f o r  m e a s u r i n g  p r o t o n  d i f f u s i o n  across 
- 

c u t i c l e s .  ~ ~ i d e r m a l  s t r i p  or i s o l a t e d  c u t i c l e  ( B )  

is g l u e d  across a 1 x 6  mrn s l i t  i n  a 5  m l  p l a s t i c  b e a k e r  

c u p  ( A ) .  A 1 0 0  u l  d r o p  o f  10  mM K C 1 ,  pH 6.5 ( C )  is 

' p l a c e d  on  t h e  i n n e r  s i d e  and a c o m b i n a t i o n  pH 

e l e c t r o d e  ( D )  is i n s e r t e d  i n t o .  t h e  d r o p .  The b e a k e r  

c u p  is l o w e r e d  i n t o  a 1 5  m l  b e a k e r  c o n t a i n i n g  1 0  mM 

KC1, p H  3.0 ( E ) ,  and  t h e  p H  i n  C is c o n t i n u o u s l y  

r e c o r d e d .  

F i g .  2.  Movement o f  p r o t o n s  across s c r u b b e d  .and u n s c r u b b e d  

e p i d e r m a l  s tr ips o f  l i g h t - g r o w n  s u n f l o w e r  . h y p o c o t y l s .  

P i e c e s  o f  u n s c r u b b e d  ( i n t a c t ) ,  s c r u b b e d  s u n f l o w e r  

h y p o c o t y l  e p i d e r m i s  or d i a l y s i s  t u b i n g  were t e s t e d  

f o r  p r o t o n  p e r m e a b i l i t y ,  . u s ing  t h e  a p p a r a t u s  i n  F i g .  

1. I n s e r t  shows t h e  c u r v e  f o r  t h e  d i a l y s i s  t u b i n g  

p l o t t e d  as - l o g  ((H+),-($ ) i )  vs .  t i m e  and shows t h e  

s t r a i g h t  l i n e  e x p e c t e d  f o r  a d i f f u s i o n  p r o c e s s .  

F i g .  3 .  Movement o f  p r o t o n s  across unkcrubbed  s u n f l o w e r  

e p i d e r m a l  s t r i p  o v e r  l o n g  t i m e  p e r i o d s .  E p i d e r m a l  

s t r i p  was t r e a t e d  w i t h  P r o n a s e  p r ior  t o  u s e .  I n s e r t  

shows t h e  same c u r v e , p l o t t e d  as - log  ( (H+) ,  - (I? ) i) 

v s .  t i m e ,  and shows t h e  l o n g  l a g  b e f o r e  a l i n e a r  

d i f f u s i o n  c u r v e  is o b t a i n e d .  

F i g .  4 .  C o n ~ p a r i s o n  o f  p r o t o n  p e r m e a b i l i t y  be tween  s c r u b b e d  and 

u n s c r u b b e d  ( i n t a c t )  l i g h t - g r o w n  s o y b e a n  h y p o c o t y l  

e p i d e r m a l  s t r i p s .  C o n d i t i o n s  same as i n  F ig .  1. 



F i g .  5. P r o t o n  p e r m e a b i l i t y  o f  e n z y m a t i c a l l y - i s o l a t e d  

c u t i c l e s  f r o m  tomato f r u i t  and B e r b e r i s  sp .  l e a v e s .  

c o n d i t i o n  are t h e  same as i n  F ig .  1 e x c e p t  t h a t  t h e  

e x t e r n a l  (lower) s o l u t i o n  w a s  p H  3 .0  f o r  t h e  f r u i t  

a n d  3 .8  f o r  t h e  l e a f  c u t i c l e .  I n s e r t  shows t h e  c u r v e  

f o r  t h e  l e a f  c u t i c l e  r e p l o t t e d  as - log  ( ( H + )  - ( & I .  ) 
0 1 

v s ,  t i m e  i n  min. 

F i g .  6 .  E f f e c t  o f  ' r emoval  o f  p r o t e i n s  and c u t i c u l a r  waxes on 

p r o t o n  p e r m e a b i l i t y  o f  s u n f l o w e r  h y p o c o t y l  e p i d e r m a l  

strips. S t r i p s  were t r e a t e d  f o r  2  h r .  w i t h  0 .2  mg/ml 

P r o n a s e ,  or t h e  h y p o c o t y l s  were wiped twice w i t h  a 3 : l  

c h l o r o f o r m : e t h a n o l  m i x t u r e  be£ ore p e e l  i n g  o f f  t h e  

e p i d e r m a l  s t r i p .  C o n d i t i o n s  are t h e  same as i n  F i g .  

F i g .  7. E f f e c t  o f  a c i d  on  p r o t o n  p e r m e a b i l i t y  o f  s u n f l o w e r  

e p i d e r m a l  s t r i p s .  C o n d i t i o n s  were t h e  same i n  e a c h  
1 

case e x c e p t  f o r  t h e  a c i d  used  t o  t i t r a t e  t h e  o u t s i d e  

K C 1  s o l u t i o n  t o  3.0.  A c i d s  used were 0 .01  M ace t ic  

a c i d ,  p h o s p h o r i c  a c i d  and c i t r i c  a c i d .  The c u r v e  f o r  

HC1 is s imi l a r  t o  t h a t  f o r  p h o s p h a t e  or c i t r a t e .  

F i g ,  8. E f f e c t  o f  s c r u b b i n g  on t h e  c u t i c u l a r  s u r f a c e  o f  t h e  

s u n £  lower h y p o c o t y l  as viewed i n  t h e  s c a n n i n g  e l e c t r o n  

microscope. a )  I n t a c t ,  unsc rubbed .  750X. b )  s c r u b b e d ,  

750X. N o t e  t h e  d i s r u p t i o n  o f  t h e  c u t i c u l a r  s u r f a c e  

c a u s e d  b y  t h e  s c r u b b i n g .  
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