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su ia u a r  ; ; ;,g ■

The r o le  o f th e  ro o t oap in  g rav ip e rce p tio n  was s tu d ied  in  ro o t ^  * 

t i p s  o f lia ise  se e d lin g s .

I t  was shown th a t  d e sta ro h in g  and removal o f the  ro o t oap causes the  

lo se  o f  g eo tro p ic  re a c tio n  in  th e  ro o ts .  The normal growth o f  th e  ro o ts  

i s  not a f fe c te d  by t h i s  deoapping and th e  ro o ts  reg e n e ra te  t h e i r  ro o t  ̂^
f i  *

caps du ring  36 hours. G eotropic r e a c t iv i ty  reap p ea rs  b e fo re  th e  com pletion 

o f re g e n e ra tio n  and a study o f recovery  tim e was made. A re la t io n s h ip  

between th e  len g th  of th e  ro o ts  a t  decapping tim e and th e  len g th  o f 

recovery  period  was found.

P re se n ta tio n  tim e s tu d ie s  o f normal ro o ts  and ro o ts  which were decapped 

a f t e r  s tim u la tio n  iikL icate th a t  th e  ro o t cap can be removed a f t e r  J i
 ̂ * t 1%

s tim u la tio n  w ithout in flu e n c in g  th e  subsequent response .

B
I t  was a ls o  shown th a t  th e  s t iM lu s  must be tra n sm itte d  w ith in  the

»
p re se n ta tio n  tim e and th a t  th e  p lasm atio  oonneotions between th e  oap and^

CL ■ ^
th e  ro o t a re  necessary  fo r  t h i s  tran sm iss io n .

The s t r u c tu r a l  s t a t e  o f th e  ro o t cap a t  recovery  time was in v e s tig a te d  

w ith the  E le c tro n  Microscope and th e  presence of s ta rc h  g ra in s  shown. The 

r e s u l t s  o f t h i s  work a re  d iscussed  in  th e  l i ^ t  o f th e  c u rre n t th e o r ie s  on 

g ra v ip e rc e p tio n .
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Chapter I  

In tro d u c tio n

The problem o f the  p e rcep tio n  o f g ra v ity  by p la n ts  has occupied 

b o ta n ie ta  and p lan t p h y s io lo g ie ta  fo r more than  a century# ülie su b je c t 

hae been review ed e x te n s iv e ly  by Rewit sober (1932), R u fe lt ( I 96I ) ,

Larsen ( 1962) ,  Audue ( I 962) and W ilkins ( I 966) ,  and I  s h a l l  n o t a ttem pt 

to  re p e a t th e se  summaries u n le ss  necessary  f o r  the  purpose o f t h i s  work.

The f i r s t  comprehensive hypo thesis which was proposed to  exp la in  

th e  p e rcep tio n  o f g ra v ity  hy p la n ts  -  **The S ta to l i th s  hypo thesis"  -  was 

proposed by Ntmec ( I 9OO) and H aberlandt ( I 900) a f t e r  a suggestion  hy N o ll.

T his h ypo thesis  i s  s t i l l  th e  main working hypo thesis  d e sp ite  v igorous 

ups and downs. I t  has been succeeded hy v a rio u s  o th e r  h y p o th e tic a l 

mechanisms a f t e r  th e  d iscovery  o f  p la n t growth hormones, but i t  was r e 

form ulated  by Audus ( 1962) in  a  modem c o n te x t.

The g e o e le o tr ic  th e o ry , th a t  seemed to  connect p e rcep tio n  and response 

in  a sim ple scheme (B rauner, 1924, 1928, I 965) ,  and m o d ifica tio n s  o f th e  

s t a t o l i t h s  th eo ry  hy Cholodny (1922) and Larsen (1959)> could no t f u l f i l  

a l l  th e  b a s ic  requirem ents posed hy experim ental ev idence. The s t a to l i t h s  

theory  i s  s t i l l  a t  th e  c e n tre  o f  con troversy  today .

"The re c e p to r  system f o r  measuring l in e a r  a c c e le ra tio n s  hy means of 

more dense p a r t i c l e s  in s id e  a f lu id  system o f lower d en sity  i s  alm ost 

u n iv e rsa l among l iv in g  organism s and i s  p h y lo g en e tio a lly  hy f a r  th e  longest 

e s ta b l is h e d ."  (T rin c k e r, I 962) .



T his sta tw cen t i s  from a review  in  animal physiology whore the  

s t a t o l i t h s  theory  o f g rav ip e rcep tio n  o r ig in a te d . In  th e  anim al kingdom 

t h i s  p e rcep tio n  mechanism i s  th e  b a s ic  one from p rim itiv e  in v e r te b ra te s  

to  man, th e  p r in o ip le  o f dense p a r t i c le s  sedim enting in  a f lu id  o f lower 

d e n s ity  o p e ra te s  in  many form s, the  tran sm iss io n ^ o f, and th e  response tea  gsd 

th e  s tim u lu s a re  mediated by se p a ra te  and sp e c ia liz e d  system s, o rd? '

The e lu o id a tio n  o f th e  percep tion  mechanism in  anim als has been 

f a c i l i t a t e d  by the  f a c t  th a t  they have sp e c ia lis e d  sensory o rgans, which 

p la n ts  do no t seem to  have, a lthough  s e n s i t iv i ty  to  vaurious e x te rn a l .x

s tim u li might be p a r t i a l l y  lo c a l i s e d .  of

This apparen t "defio ienoy" oomplioatod in v e s tig a t io n  in  p la n t 

p e rcep tion  in  genera l and in  g rav ip e rcep tio n  in  p a r t i c u la r .

; , ‘T.-
The d i f f i c u l ty  in  se p a ra tin g  th e  p e rcep tiv e  system in  p la n ts  from th e  

response mechanism may be th e  main o b s ta c le  to  id e n tify in g  i t .

Metaec and Haber la n d t ,  a f t e r  a wide survey o f  p la n t t i s s u e s ,  put forward 

th e  theory  th a t  s ta rc h  g ra in s ,  which a re  p re sen t in  th e  s e n s i t iv e  reg io n s
T .u^.. ■’/ y- lit : 3, ' - '■ L' < :v--. , ̂  -

and a re  r e d is t r ib u te d  under g ra v i ta t io n a l  s t im u l i ,  a re  th e  means by which 

th e  p lan t p e rce iv es  g ra v i ty . Subsequent re sea rch  was concerned w ith te s t in g  

t h i s  theo ry  in  two ways* l )  T rying to  d e s ta rc h  p la n ts  o r p la n t organs and 

te s t in g  f o r  s e n s i t iv i ty  and response to  g r a v i ta t io n a l  s t im u li .

2} Manoeuvring the  s ta rc h  g ra in s  in to  c e r ta in  reg io n s in  th e  c e l l  in  a 

c a lc u la te d  sequence and observ ing  th e i r  growth behaviour.
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There a re  two recorded in stanoee  o f  p la n t organe which a re  g e o tro p ic a lly  

r e a c t iv e  and have no e ta ro h  (T iso h le r , 1905; L insbauer, I 907) ,  The re p o r ts  

a re  e a r ly  ones and have not been re - in v e s t ig a te d  since# Recent in v e s tig a tio n s  

have shown th a t  i t  i s  not always easy to  d e te c t  s ta rc h  hy conventional
in  -  , & i.?'

S ta in in g  techn iques (G il le s p ie  and Thimann, I 966) and see a lso  M a te ria ls  and 

Methods. I t  w i l l  be worthwhile to  look again  a t  th ese  organs in  o rd er to  

a so o rta in  th e  absence o f sedim enting p a r t i c l e s  ( s t a r A  g ra in s  o r o th e r  * 

p a r t i c l e s ) .

There have been numerous a ttem p ts to  "des ta rc h "  p la n ts  o r p la n t o rgans, 

s in c e  th e  f i r s t  proposal o f th e  s ta rc h  g ra in s  a s  s t a t o l i t h s .  Techniques o f  

ach iev in g  i t  and examining s e n s i t iv i ty  and response  to  g ra v ity  a f te r ,  de- 

s ta rc h in g  have v a r ie d .

S ta rv a tio n  o f p la n ts  in  o rd er to  make them u t i l i z e  t h e i r  s ta rc h  was 

employed by Z o ll ik o fe r  ( I 9I 8 ) and P ro t ic  ( I 928) .

T rea tin g  the  p la n ts  in  th e  cold was t r i e d  by R aberlandt (1903),

Hawker (1933) and von Bismarck (1959)* A hea t trea tm en t was given by Syr#

(1938). D iffe re n t chem ical 00mpounds were t r i e d  as  w e ll. Went and P eke l- 

h a rin g  ( I 908) t r e a te d  ro o ts  in  s o lu tio n s  o f  potassium  alum. was used

by Syre ( I 938) .  G ib b e re llio  ac id  4 k in e t in  s o lu tio n s  were used by P iokard- 

G il le s p ie  and Thimann ( 1966) .

D ecap ita tin g  ro o ts ,  by s l i c in g  th e  ro o t cap wholly o r in  p a r t ,  was 

t r ie d  by Tounis (1954) and Syre (1938).



The m ajo rity  o f d e sta ro h in g  experim ents produced good c o r r e la t io n  

between th e  presence and q u a n tity  o f sedim enting s ta rc h  g ra in s  and geo

t r o p ic  resp o n se . ce

There a re  se v e ra l cases though, in  idiich th e  rep o rte d  r e s u l t s  a re  in
 ̂ . ct*} i . r  wucroft#.

disagreem ent w ith the  s ta rc h  s t a t o l i t h  h y p o th es is .
- - r-r'̂  ^

Went and P ekelharing  (lg08) have d esta rch ed  c re ss  (Lepidium sativum )

ro o ts  hy d ipp ing  them in to  potassium  alum s o lu t io n . They found th a t  a
?-

c e r ta in  percen t o f th e  ro o ts  showed geo trop io  c u rv a tu re .
as

The au th o rs  say th a t  most ro o ts  showed trau m atic  cu rv a tu res  a t  con

c e n tra t io n s  which caused d isappearance o f s ta rc h  but m ain tain  th a t  th e  

observed geo t ro p ic  cu rv a tu res  in  s ta rc h le s s  ro o ts  were genuine and not a 

trau m atic  r e a c t io n .  Attem pts to  rep e a t t h e i r  experim ents a s  shown l a t e r  

in  th e  p resen t work d id  not confirm  th a i r  f in d in g  and the  only exp lanation  

one can o f f e r  i s  th a t  th e  c u rv a tu res  th a t  were observed by them were indeed
ur" . .  : ; ; . . a, ^

trau m atic  r e a c t io n s .

Syre (1938) used SO  ̂ (su lphurous ac id ) to  d e s ta rc h  maize r o o t s .  He

re p o r ts  th a t  5^  of the  ro o ts  th a t  grew a f t e r  th e  trea tm en t and were s ta rc h -
, - *

l e s s ,  showed a geo trop io  resp o n se . An a ttem pt to  re p e a t h i s  work was un- 

su c ce ss fu l (see  M a te ria ls  and M ethods). SO  ̂ i s  a h igh ly  poisonous substance 

and, as he o f f e r s  no d e ta ile d  d e sc r ip tio n  o f  th e  response , th e  cu rv a tu res  

observed might be due to  in ju ry  e f f e c ts  as in  th e  case o f  potassium  alum.

■%



Plokard and Tbimann tre a te d  exoiaed wheat (T ritioum  vuXgare) 

o o le o p tile a  w ith G ib b e re llio  aoid and k in e t in  so lu tio n  a t  30°G fo r  

34 hours. They found th a t  t h i s  trea tm en t caused th e  s ta rc h  to  d isappear 

hut geo trop io  response , though very slow as a r e s u l t  o f re ta rd e d  growth 

r a t e ,  was comparable to  th a t  in  c o n tro ls  t r e a te d  w ith w ater o r su cro se .
L

The growth r a t e  in  Gibber e l l  i c  acid  and k in e t in  was o f th e  c o n tro ls

but th e  r a t i o  o f cu rva tu re  to  growth was th e  same in  b o th .

These au th o rs  found th a t  s ta in in g  w ith J-KJ was u n s a t is fa c to ry  fo r  

t h i s  v a r ie ty  o f wheat and they  used th e  Per Io d ic  -  S c h iff  rea g en t as  th e  

s ta rc h  in d ic a to r .

They a lso  conducted an e le c tro n  m icroscop ical survey o f one reg io n  

in  th e  o o le o p ti le  showing p la s t id s  w ithout s ta rc h  which d id  not show any 

r e d i s t r ib u t io n  under g ra v i ty . Those r e s u l t s  were not ob ta ined  in  a l l  

experim ents. In  a s e t  o f prev ious ones, th e  o o le o p ti le s  a f t e r  d e p le tio n  

o f  s ta rc h  showed $0^ e longa tion  compared w ith c o n tro ls  but d id  not e x h ib it 

any g eo tro p ic  c u rv a tu re .
- '• : - ' #

The co lo u r re a c tio n s  o f s ta rc h  seem to be vary complex and th e  exact 

chem istry of th e  s ta in in g  re a c tio n  i s  somewhat u n c e r ta in . I t  was found 

th a t  th e  PAS reag en t does not always produce a d i s t in c t  co lo u r fo r  in s tan c e  

in  maise ro o ts  (see  M a te ria ls  and Methods).
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I t  l e  p o ss ib le  th a t  r e s id u a l  s ta rc h  g ra in s  do not always develop 

a d i s t in c t  co lour evon in  wheat and a r ig o ro u s  in v e s tig a t io n  o f th e  

whole o o le o p ti le  under th e  e le c tro n  m icroscope might be necessary  in  

o rd e r to  make su re  th a t  th e re  a re  no sedim enting p a r t i c l e s .

This i s  p a r t ic u la r ly  im portant in  t h i s  case because G ib b e re llic  

ao id  seems to  promote th e  geo trop io  response o f  wheat o o le o p ti le s  a t  

th e  co n cen tra tio n s  used by th e se  au th o rs  (see  N o rris  e t  a l . ,  I 963) w ithout 

a f f e c t in g  growth.

I t  might be th a t  some re s id u a l  p e rcep tio n  was s t i l l  p re sen t in  the  

o o le o p ti le s  and th e  presence of G ib b e re llio  ac id  a t  s tim u la tio n  and 

response  tim e promoted th e  response w ithout a f f e c t in g  growth',

Tounis ( 1954) s l ic e d  o f f  v a rio u s  amounts o f th e  ro o t cap o f V ic ia  

faba  and follow ed subsequent geo trop io  response . He re p o r ts  th a t  removal 

o f 0 .5  mm removes th e  ro o t  oap s ta rc h  zone but does not a f f e c t  th e  geo

t r o p ic  resp o n se . There i s  no m iorosoopioal evidence in  h is  paper and 

th e re  was most probably enough sedim enting s ta rc h  l e f t  to  enable th e  ro o ts  

to  respond .

Syre (1938) t r i e d  removing v a rio u s  seo tionc  of the  ro o t oap bu t t h i s  

u su a lly  re s u l te d  in  an in ju ry  re a c t io n  and was not fo llow ed c a re fu lly  by 

a m iorosoopioal study so th a t  i t  i s  d i f f i c u l t  to judge h is  r e m i t s .

Von Bismarck (1959) working with Sphagnim species found that plants 
growing outside in winter or in the cold in the Laboratory lost most or all



th e i r  e ta ro h  lu t  when s tiB u la te d  in  th e  L aboratory  showed a geo trop io  

resp o n se . T his response was very  slow even in  comparison w ith  th e  

normal slow response  o f  Sphagnum* The l a t t e r  tak e s  1 -  1 «5 hours and 

the  form er up to  14 days. The response s to p s  com pletely below 2^C.
.>rr-nr:. , ■-

Von Bismarck quotes Ranker ( I 914) a s  observ ing  re s y n th e s is  o f  s ta rc h

w ith in  a few hours o f a more favourab le  tem pera tu re .
♦*

Von Bismarck h im self d id  not check s ta rc h  re s y n th e s is  in  h is  p la n ts .  

He a lso  shows one p ic tu re  in  which th e  s ta r c h le s s  p la s t id s  seem to  have 

sed inented  in  th e  s e n s i t iv e  acne but does not g ive  f u r th e r  d e ta i l s  about 

th e  p la n ts  th a t  showed a geo trop io  response in  th e  c o ld .

A ll th e  above rep o rte d  d esta ro h in g  experim ents have no t suoceeded 

in  d e p le tin g  th e  p la n ts  o f s ta rc h  t o t a l l y  o r lo c a l ly  w ithout im pairing  

growth co n s id e ra b ly . Under th e se  oircum stanoes i t  i s  v e ry  r i s k y  to  g ive  

an unequivocal answer as to  th e  n a tu re  o f th e  p e rcep tio n  mechanism. ' or

Manoeuvring s ta rc h  g ra in s  to  s e le c te d  p o s it io n s  in  a predeterm ined  ̂

sequence and observ ing  geo trop io  response th e r e a f te r  i s  a d i f f e r e n t  

approach which assumes th a t  growth i s  no t a f fe c te d  and th e  r e s u l ta n t  

response oan be analysed . In  t h i s  way i t  i s  p o ss ib le  to  t e s t  v a rio u s » 

hypotheses a s  to  the  n a tu re  o f g ra v ip e rc e p tio n . r  ' I v

The b e s t known examples o f t h i s  approach, to  t e s t  th e  s t a to l i t h s  

th eo ry , a re  the  experim ents by Zimmerman ( I 927) and von Ubisoh ( I 92Ô}.
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ZlnD eroan'e r e s u l t s  wore in te rp re te d  by him a s ^ n f i r m in g  th e  

s t a t o l i t h s  hypo thesis  w h ils t von Ubisoh rep o rte d  th a t  her r e s u l t s  were 

no t ex p la in a b le  in  term s o f t h i s  th eo ry ,

Zimmerman s tim u la ted  c re ss  ro o ts  fo r  a period  exceeding the
- •

p re se n ta tio n  time and in v e rted  them fo r  a sh o rt tim e befo re  a llow ing  

the  cu rv a tu re  to  develop# T his increased  th e  response  to  a marked 

e x te n t. The r e s u l t s  wore explained by him on th e  b a s is  o f the  s t a t o l i t h s  

th e o ry . He sa id  th a t  the  in v e rs io n  increased  th e  e x te n t o f c o n ta c t o f 

th e  s ta rc h  (y a in s  w ith  the  l a t e r a l  w a ll. *

■ «■ “

Von Ubisoh rep ea ted  h is  experim ents and go t th e  same r e s u l t s ,  but

then  m odified th e  experim ental sequence. She in v e rte d  th e  ro o ts  fo r  up 

to  20 m inutes befo re  s tim u la tin g  in  the h o riz o n ta l p o s it io n ; then  she r e 

in v e rted  some o f the  ro o ts  b e fo re  a llow ing  th e  cu rv a tu re  to  develop on a 

k l in o s ta t .  The o th e r  p a r t  o f th e  ro o ts  was no t in v e rted  again  bu t put on 

th e  k l in o s ta t  a f t e r  s tim u la tio n  in  th e  normal p o s itio n  i . e .  they were put 

w ith t h e i r  t i p s  downwards.

The re in v e rs io n  a f t e r  s tim u la tio n  produced an in c re ase  in  th e  response 

l ik e  in  th e  o r ig in a l  Eimmerman expérim enta. Von Ubisoh sa id  th a t  i f  the  

s t a t o l i t h s  theo ry  i s  o o rreo t then  re in v e rs io n  oug^t to  have reduced the  

response  because i t  removed th e  s ta rc h  g ra in s  from th e  l a t e r a l  w a lls . However, 

she bases he r in te r p r e ta t io n  o f a shortened  and reduced co n tac t on micro

sc o p ic a l p re p a ra tio n s  o f ro o ts  th a t  were f ix e d  in  b o ilin g  e th an o l and s ta in ed  

w ith  J  in  KJ.



Her photomiorographs show a very marked shrinkage o f o e l l s  and 

clumping o f th e  s ta rc h  g ra in s . This i s  obviously  an a r t e f a c t  due to  th e  

p rep a ra tio n  method and cannot re p re se n t th e  a ccu ra te  p o s itio n in g  of the  

s ta rc h  g ra in s . There a re  no num erical d a ta  o f her experim ents as w e ll, 

and th e  assum ption i s  made th a t  th e  p ressu re  o f th e  s t a t o l i t h s  on th e  

l a t e r a l  w all membrane i s  th e  im portant f a c to r  in  p ercep tio n  v ia  s t a t i i t h s  

sed im en ta tion . ^

T his i s  not n e c e ssa r ily  a c o rre c t assum ption and i f  we r e tu r n  to
’ • Î * y iM5T̂ É5Ï fe

animal g rav ip e rcep tio n  mechanissE we f in d  th a t  i t  i s  th e  tcu ig en tia l shearing  

fo rc e  oomponent o f the  s t a t o l i t h s  co n tac t which i s  the  e f f e c t iv e  stim ulusA - - . . . .
(B reuer, 18$1; T rin ck er, 1g62), and not th e  p re ssu re .

-

I f  the  s i tu a t io n  i s  s im ila r  in  p la n ts ,  r e - in v e rs io n  in  von Ubisoh 

experim ents s t i l l  p rovides an added sh earin g  fo rce  d e sp ite  th e  s t a to l i t h s  

movement from th e  l a t e r a l  w a ll.

As th e  Inverted  p o s it io n  i t s e l f  can only be regarded as a m etastab le  

s t a te  and as the  ro o t t i p  shows random movements in  t h e i r  normal g ro w th ' 

(Johnsson, I 966) ,  a s l i ^ t  movement during  th e  in v ers io n  period  w il l  tend 

to  produce a d d it io n a l  l a t e r a l  s t im u la tio n .

I t  i s  very im portant t h a t  th e se  experim ents a re  rep ea ted  w ith a c a re fu l 

check on th e  p o s it io n  o f th e  s ta rc h  g ra in s  a t  the  end of eaoh s tag e  in  the 

m an ipu la tions .
t

U o d ifio a tio n s  o f th e  s t a to l i t h s  theo ry  were proposed by Cholodny (1922)
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and Larsen (I959 t I 961) .  Thay p o s tu la te  th a t  p a r t lo ie s  o th e r  th an  s ta rc h  

g ra in s  a re  the  sedim enting p a r t ic le s  in  p lan t c e l l s .

No experim ental evidence i s  rep o rte d  in  support fo r  e i th e r  o f those  

th e o r ie s  and they «ere  c r i t i c i s e d  by Audus ( 1962) who showed th a t  they  a re  

unaccep tab le  on th e o re t ic a l  grounds. .
a

* s i u i î t ï  ‘ 1: ;
The most comprehensive a l te r n a t iv e  to  th e  s t a t o l i t h  hypo thesis was

proposed hy Brauner ( I 927, 1928) on the  b a s is  o f  th e  g e o e le c tr ic  e ffe c t#

T his e f f e c t  c o n s is ts  o f a P o te n tia l  D ifference  o f about 8-10 mV a c ro ss  a 

h o r iz o n ta l p lan t organ w ith th e  underside  being p o s i t iv e .  This p o te n t ia l  

d if fe re n c e  develops immediately and reaches a maximum in  10 m inutes from 

th e  s t a r t  o f th e  h o riz o n ta l s t im u la tio n . Brauner assumed th a t  th i s  p .d . 

was enough to  cause r e d is t r ib u t io n  o f th e  lAA anion  and t r ig g e r  a  d i f f e r e n t i a l
a

growth response . These o b se rv a tio n s were follow ed by s tu d ie s  on c e l l  models 

using  KOI so lu tio n s  sep a ra ted  by v a rio u s  membranes.

These c e l l s  gave r i s e  to  a p .d . a c ro ss  th e  membrane according  to  th e  

p a r t i c u la r  experim ental se t-u p  in  eaoh in v e s tig a t io n , but a l l  in  a  p a tte rn  

which enabled Brauner to  claim  th a t  th e  r e s u l t s  support h is  h ypo thesis  oon^ 

oern ing  th e  mechanism o f p e rcep tio n  in  p la n ts .

The experim ental se t-u p  of th e se  model o e l l s  was c r i t i c i s e d  sev ere ly  

on physioal grounds (W artenberg, 1957? Audus, I 962) .

In v e s tig a tio n s  in to  th e  time course o f th e  G.B.S. in  p la n ts  by H erts 

( i 960, 1961) show th a t  t h i s  G eoeleo tric  E ffec t indeed develops in  Avena
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o o le o p ti le s  but i t  has a la g  period  of up to  15 m inutes -  a> fao t which 

tak es  th i s  e f f e c t  o u ts id e  the  req u ire d  p re se n ta tio n  tim e fo r  t h i s  organ 

(4 m in u tes). th e  fe li« w li5ç

F u rth e r  re sea rch  by Graham ( I 964) and W ilkins and Woodoook ( 1965) ,  

in  which u n i la te r a l  a p p lic a tio n  o f lAA to  Zea mays o o le o p ti le s  produced 

a P.D. o f 10 mV in  a s im ila r  way to  th e  development o f the  G.E.S. in  

m agnitude, d ire c tio n  and course o f development. Graham used th e  H ertz 

v ib ra t in g  reed  e le c tro d e  and W ilkins and Woodcock used a flow ing so lu tio n  

e le c tro d e  but the  r e s u l t s  ware th e  same.

. £ c z iv i t j  the 
A mica p la te  in se r te d  in to  one s id e  o f the  o o le o p t i le ,  to  p ré v o it lAA

Tiki» r»g->. ■
tra n s p o r t  on th a t  s id e , caused a P.D. to  develop beneath  t h i s  b a r r ie r  

(Graham, I 964) .  This and s im ila r  evidenoe from p h o to tro p ic  responses 

(Johnsson , I 965) a l l  p o in t to  th e  oonolusion th a t  th e  G.E.E. i s  a r e s u l t  

o f auxin  r e d is t r ib u t io n  and not th e  cause  of i t .  ^

The above summary makes i t  ev iden t th a t  g rav ip e rce p tio n  in  p la n ts  i s  

no t y e t w ell understood . T his i s  due m ainly to th e  d i f f i c u l ty  in  is o la t in g  

p e rc ep tio n  from th e  response and study ing  i t  on i t s  own. The tran sm iss io n  

and t r a n s la t io n  o f  th e  stim ulus in to  a  d i f f e r e n t i a l  growth response a re  no 

b e t t e r  understood , so th a t  th e re  i s  no p o s s ib i l i ty  o f  deducing th e  n a tu re  

o f one from the o th e rs . For th i s  reaso n  i t  was thought advantageous to  t ry  

and f in d  out i f  th e  ro o t  cap i s  a p e rcep tio n  zone th a t  oan be "separa ted"  

in  some way from th e  r e s t  o f th e  ro o t  w ithout a f f e c t in g  i t s  growth. A fte r
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d i f f e r e n t  methods of desta roh ing  .the  ro o t  oap " in  s i tu "  were found 

u n s a tis fa c to ry  as explained  above, th e  deoapping of primary ro o ts  o f 

Eea mays was chosen as th e  beat one fo r  th e  fo llow ing  reasons*

1. I t  i s  r e la t iv e ly  sim ple and easy to  remove th e  ro o t oap w ithout 

darage to  the  ro o t t i p  owing to  th e  sp e o ia l p ro p e r t ie s  o f th e

boundary w all between the  two.

2 . The removal o f the ro o t oap r e s u l t s  in  lo s s  o f  the  geo trop io  

r e a c t iv i ty  o f th e  primary ro o t .  ' ^  tips^r ^

3. The ro o t  oap i s  reg en era ted  by th e  m eristem atio  a c t iv i t y  o f the  

q u iescen t c e n tre  (Ju n ip e r e t  a l ,  1966). This re g e n e ra tio n  tak es  

p lace  w ith in  36 hours a f t e r  deoapping and du ring  th a t  period  goo- 

t ro p ic  r e a c t iv i ty  i s  reoovered . -

4 . This method g iv es a uniform population o f roots which contain no 

Starch in the root oap without the need to examine eaoh root 

in d iv id u a lly .

I t  i s  c le a r  th a t  w ith suoh a method th e  p lan t i s  a f fe c te d  as l i t t l e  as 

p o ss ib le , but the  geo trop io  response i s  e lim in a te d . T herefore  th e  study o f 

th e  s ig n if io a n o e  of th e  ro o t cap in  th e  oomplez chain  o f  p e rcep tio n  and 

response i s  f a c i l i t a t e d .  The tim e course o f recovery and i t s  n a tu re , and

the  s t a t e  o f th e  ro o t oap a t  the  tim e of recovery , oan be s tu d ied  in  an
tha  yi

a ttem pt to  a s c e r ta in  what a re  th e  necessary  elem ents fo r  th e  reg e n e ra tio n  

o f  g r .v lp o ro .p U o n . I
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Chapter I I  

l îa to r ia ls  and Methods

1 • Destarohlnfc

Attem pts were made to  check th e  p rev ious work on d esta ro h in g  o f ro o ts .  

Lepidium sativum  (o reso) ro o ts  were t r e a te d  in  v a rio u s  ways in  o rder to  

deetaroh  them. Syre (1933) used trea tm en t w ith  SOg and e ry th ro s in  and h is  

experim ents were repeated  here  to g e th e r w ith those  o f Pekeharing and Went 

( 1908} who used potassium  alum so lu tio n s  to  d esta rch  o re ss  ro o t  t i p s .  A 

low tem pera tu re  trea tm en t was used by.Hawker ( 1933) and t h i s  was rep ea ted  

on o ress  r o o ts .

The d e ta i l s  o f eaoh trea tm en t a re  d escribed  in  subsequent paragraphs. 

The s ta rc h  con ten t and degree o f cu rv a tu re  were determ ined in  th e  same way 

fo r  a l l  th e  desta ro h in g  experim ents. S ta rch  con ten t was determ ined by 

s ta in in g  in  a so lu tio n  o f % in  j ^ a n d  then c le a r in g  w ith  phenol c h lo ra l-  

h y d ra te . S ta rch  was seen c le a r ly  s ta in e d  b lu e - b l a ^  a f t e r  c le a r in g .

A sc a le  o f s ta rc h  con ten t from 0 to  4 was oonstruc ted  (F ig . 1 ) and

each ro o t  was oompared and graded from th e  s c a le .

Root cu rv a tu re  was determ ined by two methods f o r  t h i s  s e r ie s  o f 

experim ents.

a .  The ro o t was tra c e d  on paper and two l in e s  passed , one through th e  t ip

and one through the  main a x is  o f th e  r o o t .  The angle  between these

was measured w ith a p ro tra c to r  and taken  as  th e  c u rv a tu re .
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P ig . 1 . A so a le  o f e ta ro h  oontent in  o ress ro o ts . mmmi

Hoot t i p s  o f  Lepidium sativum  (o re s s

Potassium  Alum and showing v a rio u s  amounts o f

in  th e  ro o t oap.

m r n m m m
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b . The ro o t wee shadow graphed and th e  ounratu re  measured on th e  shadow 

graph in  th e  same way as in  a . T his l a t t e r  method was employed in  a  ̂

few oases when th e  ro o ts  grew on ag a r. Tule

-i

1 . SO  ̂ aveatiaent

The trea tm en t o f c re ss  seeds and Zea mays seeds w ith  SO  ̂ prevented 

germ ination  even down to  co n cen tra tio n  o f  0 .1^  SOg and was th e re fo re  

abandoned.

i i .  E ry th ro sin  I'reatm ent ^

Cress seeds were germ inated on f i l t e r  paper in  p e t r i  d ish es  fo r  48
o.hours a t  25 1 1 C in  th e  dark . The ro o t t ip s  were then  dipped in  a so lu tio n

^  * assipl».
o f O .l t  E ry th ro sin  fo r  30 seconds ( a f t e r  Syre, 1938). They were then r in se d

1 j- ■ t-iwftreil "ear * - ~ ^
in  d i s t i l l e d  w ater and re tu rn ed  to  th e  p e t r i  d ish es  f o r  growth in  th e  

h o r is o n ta l  p o s it io n  a t  2$ C in  th e  d a rk . Some were l e f t  fo r  24 hours and 

some 48 hours. For eaoh ro o t the  cu rv a tu re  was measured by t r a c in g ,  and then

th e  s ta rc h  con ten t was assayed as described  above#
- , ^  -

i i i .  Cold Treatment -

Gold i s  known to  reduce s ta rc h  in  p la n ts  (dawker, 1933$ von Bismarck, 

1959; e t o . ) .  Hawker's trea tm en t was rep ea ted  on c re s s  ro o ts .  Cress seeds 

were germ inated in  p e t r i  d ish es  a t  5^C in  th e  d a rk . When ro o ts  were about

10 mn long , th e  se e d lin g s  were r e -o r ie n ta te d  to  a h o r iso n ta l  p o s i t io n . TheyA
were l e f t  fo r  24 hours to  develop a cu rva tu re  because th e  growth i s  slowed

‘ - s

down in  th e  cold  and cu rv a tu res  were not d e f in i te  e a r l i e r .  Curvature and
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s t a r  (Al con ten t were measured fo r  eaoh ro o t as above. In  one experiment 

th e  seeds were germ inated a t  room tem perature  fo r  28 hours and then 

t r a n s fe r r e d  to  fo r  growth and development o f  a u rv a tu re . This was 

done in  o rd er to  see  how a oold trea tm en t a f t e r  germ ination  a f f e c ts  

s ta rc h  con ten t and geo trop io  response .

i v .  Potassium  Alum Treatm ent

Oress seeds were germ inated in  th e  dark  a t  f o r  40-48 h ou rs, 

in  p e t r i  d ish es on m oist f i l t e r  paper. They were then  tr a n s fe r re d  to  

s o lu tio n s  of potassium  alum (0 .1  -  0 .6^ ) fo r  d i f f e r e n t  le n g th s  of tim e .

Growth was determ ined by c u t t in g  th e  ro o ts  a t  th e  hypoootyl *'aode" 

and determ in ing  f re s h  weight o f th e  sam ple. Hoots grown on w ater were 

used a s  c o n tro l .  S taroh  con ten t was assayed fo r  eaoh r o o t .  A com bination 

o f co n cen tra tio n  and p re trea tm en t time was chosen idxioh gave red u c tio n  o f 

s ta rc h  w ithout se rio u s  lo s s  o f growth. A fte r tre a tm e n t,  th e  ro o ts  were r e 

o r ie n ta te d  in  a h o r is o n ta l  p o s itio n  and l e f t  fo r  24 hours to  develop a 

o u rv a tu re . In  some oases th e  se ed lin g s  were put in to  p e t r i  d ish e s  w ith 1^ 

agar in  w ater fo r  th e  development o f o u rv a tu re , and were shadow graphed 

a fte rw ard s  and no t tra c e d  l ik e  the  o th e r  ones. C t a r  oh con ten t and curvature  

were determ ined fo r  eaoh ro o t .

Hone o f th ese  trea tm en ts  reduced s ta rc h  con ten t w ithout im pairing  

growth co n sid erab ly  (se e  r e s u l t s ) .  F in a lly  wheat and mai&e seeds were 

germ inated in  p e t r i  d ish e s  in  so lu tio n s  o f G ib b e re llio  ao id  up to  1^
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( a f t e r  Thimaoa I 964) .  But t h i s  trea tm en t had no v i s ib le  e f f e c t  on th e  

s ta rc h  ocn ten t of th e  ro o t caps.

V .  P e-capplM  ;

1 . Growth C onditions and Do-oapping : 1

A fte r communication from Dr. B .2. Ju n ip e r , de-capping o f maise 

ro o ts  was t r ie d  and found s a t is f a c to ry  as a way in  which th e  whole ro o t 

cap could be removed w ithout any apparent in ju ry  to  th e  p la n t (Ju n ip e r  e t
J e

a l ,  1966) .  The ro o t cap was removed w ith a b lu n t sc a lp e l  under a low .. 

power b in o cu la r microscope by app ly ing  a p ressu re  in  a d iagonal d ire c tio n
pa

to  th e  ju n c tio n  between th e  ro o t oap and the  ro o t t i p .  The b reak  was c lean

and sharp (se e  F ig . 2 ) .
4 5 V

Zea m#ys v a r .  2fhite Horse Tooth ( C a r te r 's )  was seaweed in  running  

a e ra te d  w ater a t  ^25 i  1^0 f o r  48 hou rs. Seeds th a t  had ju s t  begun to
►I*

germ inate were se le c te d  and put b e t we mi two la y e rs  o f m oist f i l t e r  paper in  

p e t r i  d ish e s . These were he ld  u p rig h t in  a wooden frame (F ig . 3) and put 

in  th e  dark  a t  2 ) t  1^0 fo r  approxim ately 24 h o u rs , o r u n t i l  th e  req u ire d  

le n g th  o f ' primary ro o t was reached . The seed lin g s  w ith  s t r a ig h t  ro o ts  were 

s e le c te d  and de-oapped.



Deoapped ro o t  o f  Zea mays w ith  th e  ro o t  oap

th e  t i p  showing c le a n  b rea k .
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2 . Growth Rate IZeasurements

To beg in  w ith  growth r a t e  measurements were made. The se e d lin g s

were put in  a perspex ohamher (P ig . 4a) and photographs were taken  a t  30

m inute I n te r v a ls .  The f i lm  was developed and th e  le n g th  o f th e  ro o ts  

measured by p u tt in g  th e  n e g a tiv e  in  a photographic o i la rg e r  and m easuring 

th e  p ro je c te d  image. Growth r a t e  o f  ro o ts  b e fo re  and a f t e r  de -capp ing  was 

de term ined . In  a d i f f e r e n t  experim ent th e  ro o t  cap was c a re fu l ly  rep laced  

under th e  miorosoope im m ediately a f t e r  detachm ent. P re ca u tio n  was taken  

th a t  c o n ta c t was made t h r o u ^  a m oist Ju n c tio n  and th e  f i t  was u su a lly  vezy 

good. Replacement was done a lso  in  some of the  recovery  tim e experim ents. 

S tu d e n ts  t  t e s t  was used to  t e s t  th e  d if fe re n c e  between de-oapped and non- 

do-capped r o o ts .

3. Recovery

As th e  ro o ts  showed recovery  o f  th e  response  to  g r a v i ty ,  recovery  

tim e s tu d ie s  were undertaken .

lia iz e  se e d lin g s  were grown as  d e sc rib ed  above and r o o ts  f a l l i n g

w ith in  a c e r ta in  le n g th  range were s e le c te d .  This was done because p relim 

in a ry  experim ents had shown th a t  th e re  might be some r e la t io n s h ip  between 

th e  ro o t le n g th  a t  de-capping  tim e , and th e  len g th  a t  recovery  tim e . A 

range  o f  le n g th s  was covered w ith in  th e  growth c y c le  o f th e  prim ary ro o t .  

The ro o ts  were de-oapped, th e  se e d lin g s  numbered in  b lac k  ir& on th e  seed , 

and put to  grow in  th e  perspex chamber in  a h o r iz o n ta l  p o s i t io n .  The 

chamber was in  th e  dark  a t  25 1 1*C. P ic tu re s  were taken  every hour fo r
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36 hours o r u n t i l  p o s i t iv e  cu rv a tu re  was e s ta b l is h e d . The p ic tu re s  were 

taken  by means o f a oamera w ith a  red  f la s h  a ttachm en t, which was f i r e d  

a u to m a tic a lly  eveiy hour.

A fte r  development th e  f ilm  n e g a tiv e  was put in  th e  photographic 

e n la rg e r ;  th e  p ro je c te d  image o f every ro o t  (% 15) was then  drawn. The 

ang le  between the  roo t t i p  and th e  main a x is  o f th e  ro o t was ob ta ined  by 

passin g  two l in e s ,  one through th e  t i p  and one through th e  main a x is .

T his ang le  was measured w ith a p ro tra c to r  and th e  average cu rv a tu re  o f th e  

sample a g a in s t th e  tim e elapsed  a f t e r  do-capping . The recovery  tim e was 

o b ta in ed  as fo llo w s: re g re s s io n  l in e s  were f i t t e d  to  th e  two groups o f

p o in ts  and th e  in te rc e p t  between them was taken  a s  the  reoovery  tim e , i . e .  

th e  tim e when cu rv a tu re  s t a r te d  to  develop (see  Pig# 5 ) .  Zach sample was 

averaged because th e  e a r ly  experim ents showed only  a sm all v a r i a b i l i ty  

w ith in  each sample (Ju n ip e r  e t  a l ,  I 966) .

4 . : r e s e n ta t io n  Time S tu d ies

F u rth e r  in v e s tig a t io n s  in to  th e  r o le  of th e  ro o t  cap in  p ercep tio n  

and tra n sm iss io n  of the  g ra v i ta t io n a l  s t im u l i ,  and in  c o n tro l  o f  th e  

re sp o n se , were n ecessa ry . I t  was thus decided to  determ ine f i r s t  th e  

p re s e n ta tio n  tim e o f th e  normal maize r o o t ,  and when t h i s  was known, to  see 

i f  the  ro o t cap oould be removed a f t e r  a s tiim ila tio n  fo r  p re s e n ta tio n  time 

o n ly , w ithou t a f f e c t in g  the  resp o n se . T his could be done by re p e a tin g  th e
D

s e r ie s  o f experim ents f o r  th e  de te rm in a tio n  o f  p re s e n ta tio n  tim e in  normal
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P ig . 4# a# Perepaz ohamber fo r  growth r a t e  and recovery  tim e e tu d ie a l 

1 # Roots growing v e r t i c a l ly .

2# Roots growing h o r iz o n ta l ly .  C

b . Perspsz  chamber w ith  d e tach ab le  h o ld e rs  used  fo r

p re s e n ta tio n  tim e s tu d ie s .
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r o o t s ,  b u t in  t h i s  case  removing th e  ro o t  cap s t r a ig h t  a f t e r  s t i in u la t io a . .

I f  th e  p re s e n ta tio n  tim e o a lo u la te d  f o r  t h i s  s e r i e s  was n o t s ig n i f io a n t ly  

d i f f e r e n t  from th e  normal one, then  t h i s  in d ic a te s  t h a t  th e  ro o t  cap does 

n o t c o n tro l  th e  re sp o n se .

P re s e n ta t io n  tim e i s  u su a lly  determ ined by exposing  th e  p la n t o r 

p la n t  organ  to  in c re a s in g  p e rio d s  o f s t im u la tio n  and f in d in g  th e  s t im u la tio n  

tim e n ecessa ry  to  produce a  v i s ib le  c u rv a tu re  in  50^ o f  th e  sam ple. Here 

a  more s e n s i t iv e  method was used a s  w e ll. Roots were grown a s  d esc rib ed  

above. Ten r o o t s ,  o f  approxim ately  even le n g th , were s e le c te d  and put on 

m oist f i l t e r  paper in  a r e c ta n g u la r  perspex  chamber 4* x 6* x 0.$* w ith  a 

g la s s  p la te  f o r  c o v e r, which was secu red  by two ru b b er bands. T h is  chamber 

was f i t t e d  to  a k l in o s ta t  and r o ta te d  a t  1 re v . per m inute a long  th e  lo n g  

a x is  o f  th e  r o o t s .

The k l in o s ta t  t r ig g e re d  th e  camera and red  f l a s h  a ttachm ent when th e  

chamber was fa c in g  th e  cam era. The whole ap p a ra tu s  was in  th e  dark  room 

a t  25 t  1*C. The r o o ts  were f i r s t  r o ta te d  f o r  30 m inutes w hile  p ic tu re s  M  

were tak en  every 5 o r 10 m inu tes. A fte r  30 m inutes r o t a t io n  was stopped so 

th a t  th e  r o o ts  were in  a h o r iz o n ta l  p o s i t io n  and su b je c ted  to  a g ra v i ta t io n a l  

s t im u lu s .

These s t im u li  were in  a s e r ie s  from 2 to  8 m inutes ( s e e  r e s u l t s ) .

A f te r  s t im u la tio n  r o t a t io n  was resumed and p ic tu re s  taken  a s  befo re  f o r  th e  

subsequent 1^ to  2 h o u rs .
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The ro o t c u rv a tu re  woe drawn and measured a s  deeorihed  p re v io u s ly .

The average  an g le  f o r  th e  sample was p lo tte d  a g a in s t  tim e b e fo re  

and a f t e r  s t im u la t io n . R egressions o f ang le  on tim e were c a lc u la te d  fo r  

bo th  phases (se e  P ig . 6 ) .

The re g re s s io n  f o r  th e  second phase was taken  a s  th e  r a t e  o f  c u rv a tu re . 

The in te r c e p t  between th e  two re g re s s io n  l in e s  in d ic a te s  th e  r e a c t io n  tim e. 

A f te r  com pletion  o f th e  s e r i e s  o f  s t im u la tio n  tim e s , th e  r a t e  o f  cu rv a tu re  

f o r  each was p lo t te d  a g a in s t  s t im u la tio n  tim e . Again a  re g re s s io n  was 

f i t t e d  and th e  in te r c e p t  on th e  tim e a x is  was taken  as th e  p re s e n ta tio n  tim e.

From th e  same experim en ts, th e  p ercen tage  o f r o o ts  t h a t  had shown more 

th an  10^ maximum c u rv a tu re  was found f o r  each s t im u la tio n  tim e and th e se

p e rc en ta g es  were p lo t te d  a g a in s t  s t im u la tio n  tim e . R egression  was f i t t e d
« ^

and th e  in te r c e p t  a t  50^ was tak en  a s  th e  p re s e n ta tio n  tim e (se e  r e s u l t s ) .  

Assuming t h a t  p re s e n ta tio n  tim e o f  a la rg e  p o p u la tio n  o f r o o ts  fo llow s
a

a norm al d i s t r i b u t i o n  cu rv e , th e  f i r s t  method used here  to  o b ta in  p re se n ta tio n  

tim e g iv e s  a  v a lu e  a t  th e  sh o r t  tim e t a i l  o f th e  cu rv e , and th e  second,
a

c o n v e n tio n a l, method g iv es  a  v a lu e  a t  th e  peak , i . e .  a mean v a lu e .

A fte r  th e  p re s e n ta tio n  tim e f o r  normal r o o ts  was determ ined , a s im ila r  

s e r i e s  o f  experim en ts was done, b u t th e  ro o ts  were de-oapped a f t e r  s tim u la tio n . 

A s p e c ia l  chamber (P ig . 4b) was c o n s tru c te d  from p e rsp ex . I t  was made so th a t
Vj-

each ro o t  was secu red  to  a d e tach ab le  h o ld e r th a t  oould be removed se p a ra te ly  

from the  cham ber.

..
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P ig .  5 . The method used f o r  o

Average an g le  o f  ro o ts

deoapping . The in te r c e p t

l in e s  g iv es  th e  recovery  t i à ü .
K
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k £ 3 « 5  ̂ à 2 Ô *s à k i  1
-I*  *

mmm§
recovery  tim e , 

a g a in s t tim e a f t e r  

two re g re s s io n
X ■ 1̂. If-
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F ig . 6 . Th# method u sed  f o r  o b ta in in g  r a t e  o f  o u rv a tu re  a f t e r  

a  s h o r t  g e o tro p io  st1m m l##i#n. Average ang le  ck

^  a f t e r  s t im u la tio n

in te ro f^p t g iv e s  an 
Q

%

%

o f  r o o t s  p lo t te d  a g a in s t  #% e  b e fo re  and a f t e r  

s t im u la t io n .  S lope o f

tak e n  a s  r a t e  o f  c u rv a tu re , 

in d ic a t io n  o f  r e a c t io n  tim e .

y ■ é - J  1-----Jp— I— ^ — I— i i  ^
% a ? ?  S  ^  A



3 %

nO

î T

a
8

o

%

a

g
o
vO

A

a
o



; : ^

A fto r  th e  f i r o t  30 m lnutee o f r o ta t io n  each ro o t was removed, 

s t im u la te d , th en  de-oapped and re tu rn e d  to  th e  ohamher on th e  k l l n o s t e t . * 

The ohamhor was r o ta t in g  d u rin g  the  whole experim ental period^and wtfi 

p io tu re a  were taken  a s  b e fo re . Ea<A ro o t waa numbered^ mid th e  r e m il ts  

were pooled a t  th e  end fo r  o a lo u la t in g  p re s e n ta tio n  tim e . Theae^were 

done a'a f o r  normal r o o ta .  ? »

5* ^ioroBoopy" ^

In  o rd e r  to  f in d  what was th e  s t a t e  o f  th e  ro o t  oap c e l l s  a t

reoovery  tim e , v a r io u s  methods wei^ t r i e d .  rr^^tioe j

 ̂ - V ' 73 s r
i .  L igh t J^iorosoopy

- f ry  - ■' iv.
Roota were f ix e d  in  4^ G lu tara ldehyde  f o r  4*^18 hours a t  d i f f e r e n t

 ̂ t  .. .^;j3^iAed
tim sa  a f t e r  de-oapp ing . D ehydration was in  an e thano l s e r i e s  and th en  

g rad u a l t r a n s f e r  to  ch lo ro fo rm . Imbedding was done in  w a x -p a ra p la s t#
^  M y  - : frc,

L e c tio n s  6ii th ic k  were out on a  rod&ing microtome and th e  s e c t io n s  stu<dc
: s*isr

to  a g la s s  s l i d e  a f t e r  sp re ad in g . S ev e ra l s ta in in g  methods were t r i e d .

%  in  K r was u n s a t is f a c to ry  f o r  th e  re c o v e rin g  oap because th e  cytoplasm  

s ta in e d  very  dense ly  and i t  was d i f f i c u l t  to  see  s ta r c h  in  th e s e  c e l l s ,

PAS te c h n iq u e  ( a f t e r  Je n se n , was t r i e d  a s  w ell# ^ e a t  shoot ap ices

s e c t io n s  and wheat c o lo o p t i le s  s e c tio n s  and w illow  phloem s e c t io n s  were 

s ta in e d  a t  th e  same tim e a s  th e  m aise ro o t  s e c t io n s .  T h is  was done to  

p rov ide  a c o n tr o l .  The co lo u r development o f th e  s ta r c h  in  m aise ro o t was
, W \ .

very  weak and u n s a t is f a c to r y  compared w ith  th e  c o n tr o ls .  : :

I t  was th en  decided  to  u se  e le c tro n  m iorosoopioal in v e s tig a t io n s  in  

o o n ju n c tio n  w ith  phase c o n tr a s t  o b se rv a tio n s  o f  r e s in  aabedded m a te r ia l .
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i l .  liolron "loroaoopy

F ix a tio n »  Roota wero f iw id  in  4a G lu tara ldehyde  h u ffero d  w ith  0.1 S 

phosphate  b u f fe r  pH -  7 , F ix a tio n  «sa  f o r  4-18 h o u rs , Th«i th e  ro o ta
^ - . r

w ere r in a e d  th o ro u g h ly  in  b u ffe r  and p o s t f ix e d  in  e i th e r  OBO4 b u ffe re d

with 0#1 M i^oephate buffer pH - 7t 1 hour, or ^  LiMnÔ  buffered with
ce#  ̂ veey 1 -  c .  t  u l t e

0*1 K phosphate b u f fe r  pH * 7 , 1 hour,
':.r: .̂ jTv .-- ■ f, 7 , S

* D ehydration  was in  e th an o l a e r ie s  fo llow ed by propylene o x ide ; 

Smbedding was in  r.pon* L o n g itu d in a l median s e c t io n s  were cu t on an L.K.B,
* a ad lengt;^ "

U ltra to m e w ith  g la s s  k n iv es . S e c tio n s  w ith  in te r f e re n c e  co lo u rs  o f  p a le
‘ - “atft t  :*evsr¥ tîie

go ld  to  s i l v e r ,  60O-9UO Î ,  were o o lle c te d  on copper g r id s ,  75 o r  100 mesh#
^ace of a -

w ith  hexagonal h o le s .  They were s ta in e d  f o r  10-20 m inutes in  le a d  c i t r a t e  

( a f t e r  R e in o ld s , I 963) ,  Then they  were coated  w ith  carbon and examined 

in  an A ,C .I , F .K .6 e le c tro n  m ic ro sco p e .^  R esin embedded m a te r ia l  was a ls o
B

se c tio n e d  a t  O .)  -  Ipi on th e  L,K.B. U ltra tom e mounted in  Canada balsam  on 

g la s s  s l i d e s  and examined in  a  J e i s s  phase c o n tr a s t  m icroscope.

»xpcritMin m  act

X. In th'*- vf̂ vL r tc i

—" f  ̂ 'n  tk a  s c a le ,  a r :  i t '?

a
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C hapter I I I  

R e su lts

1 . D eetaroh ln^  experim ents

The v a rio u s  e a r ly  methods used to  d e s ta ro h  p la n t r o o t s ,  a s  d escrib ed  

in  M a te r ia ls  and M ethods, d id  not g ive  very  s a t i s f a c to r y  r e s u l t s  because 

o f  th e  oone id  a ra b le  e f f e c t  on grow th. P ig . 7 and P ig . 8 show th e  e f fe c t

o f tre a tm e n t w ith  potassium  aluminium s u lp h a te . '
A .

Ho oom biaation  o f c o n o e n tra tio n  and le n g th  o f tre a tm e n t was found, 

which reduced s ta r c h  com plete ly  w ithou t sev e re  in ju ry  to  th e  p l a n t . . But 

in  th e s e  experim ents th e re  was never a  case  o f a  ro o t  w ithou t s ta rc h  which 

showed a p o s i t iv e  g e o tro p io  resp o n se  (se e  P ig . $ ) .

The same s i t u a t io n  p re v a ile d  fo r  tre a tm e n t in  th e  co ld  (se e  P ig . 10 ). 

There seems to  be a  r e v e r s a l  o f th e  normal geo t r o p ic  resp o n se  o f c re s s  

ro o ts  in  th e  absence of s ta r c h  in  th e  c o ld . I t  i s  no t known what th i s  

r e a c t io n  was due to  in  th e se  experim ents a s  i t  was n o t in v e s tig a te d  f u r th e r .  

T reatm ent w ith  e ry th ro s in  gave e s s e n t ia l ly  th e  same p ic tu r e  o f  no p o s i t iv e  

g e o tro p io  r e a c t io n  in  th e  absence o f s ta r c h .

R e su lts  è re  g iven in  T able  I .  In  t h i s  t a b le  each ro o t  i s  numbered and 

i t s  s ta r c h  c o n te n t, a s  graded from th e  s c a le ,  and i t s  o u rv a tu re  in  degrees 

a f t e r  th e  tim e s ta te d  a re  g iv en .
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Graph showing th e  e f f e o t  o f  tre a tm e n t w ith  PotassiumP ig . 7 .

i Alum on growth o f  ere##  r o o ts .
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P ie .  8 . The ohangee in  th e  in h ib i t io n  o f  growth o f o re sa  ro o taj t r e a te d  by Potaaaium  Alum a t  v a r io u s  ooQ oentratxons  ̂ #

—  i*ïle n g th s  o f  tim e .
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^ e* > 9 «  S ta r  eh o o n ten t and degree o f  o u rv a tu re  o f  o reaa  ro o ta
r  % - ^
§  (L t r e a te d  w ith  Potassium  Alum. Eaob p o in t (x ) in d ic a te s
I  " #
i  one r o o t .  Compound p o in ts  have th e  number o f  ro o ts

O.   3 - —- ------------------------------ ------------- — '
t h a t  showed th e so  r e s u l ts ^ n e a r  them.^ *

a  a m #

a
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o o n ten t and deg ree  o f  o u rv a tu re  o f  c ré a s  r o o ts
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a t  5 C. Zaoh p o in t (x )  in d io a te a  one ro o t
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Xt ie  e v id e n t from th e  r e e u l te  th a t  th e  e r / th r o a in  hae no marked 

e f f e o t  on a ta ro h  oon ten t bu t a f f e c ta  g e o tro p io  reaponoe very  a tro o g ly  

f o r  4Ô hours a t  l e a s t •

2# Deoapping

Deoapping l^ea mays r o o ts  proved a  v e ry  good way o f  rem oving th e  ro o t  

oap com plete ly  to  g iv e  prim ary ro o ta  whioh were s t i l l  a tta c h e d  to  ^the 

p la n t s ,  bu t showed no g e o tro p io  re sp o n se . I t  was decided  f i r s t ' t o ^  

in v e s t ig a te  th e  e f f e c t s  o f  deoapping on th e  growth r a t e  o f  th e  r o o t s .i

i .  Growth R ate Measurements j

The grow th r a t e  o f  r o o ts  b e fo re  and a f t e r  deoapping was oompared.

F i r s t  a re  g iven  r e s u l t s  from  two experim en ts and in  idiioh 

th e  growth r a t e  was fo llow ed  f o r  3 hours b e fo re  deoapp ing , and 3 hours 

a f t e r  deoapping . T able  I I  g iv e s  th e  t  t e s t s  whioh show t h a t  th e r e  was

no s ig n i f io a n t  d i f f e re n c e  between th e  growth r a t e  b e fo re  and a f t e r  deoapping,

T ab le  I I

S tu d e n ts  t  t e s t  f o r  s ig n if io a n o e  o f  d i f f e r e n c e  in
growth r a t e  b e fo re  and a f t e r  deoapping ^ ^

n •  10 t  m 0 .038  D .F. •  9 Hot s ig n i f io a n t  a t  P -  0:05

“53
n # 11 t  * 1 .3 3  D .P. •  10 Kot s ig n i f io a n t  a t  P * 0 .05

Hi



4 6 .

Tho r e e u l to  from se v e ra l  s im ila r  experim en ts were th e n  pooled f o r  

th e  same t e a t  to  he perform ed.

The r é s u l t a  a r e  g iven  In  Table I I I .

T able I I I

Hon-decepped Decapped

Mean growth r a t e 0 .? 8  mm/hr 0 .7 5  am /hr

3.D . 1 0 .256 i  0 .262

S .E . 0.041 0 .045

n 40 40

t  •  0 .1$8  Hot s ig n i f i c a n t  a t  P « 0 .05

There i s  no s ig n i f ic a n t  d if f e r e n c e  in  growth r a t e  between non- 

decapped and deoapped r o o t s .

In  o rd e r  to  confirm  t h a t  th e  ro o t  cap had no e f f e c t  on th e  ro o t  

growth r a t e ,  a s e p a ra te  experim ent was conducted in  which th e  ro o t  cap 

was pu t back onto th e  r o o t  t i p  a f t e r  deoapping (a s  d e sc r ib e d  in  M a te r ia ls  

and Methods) in  h a l f  th e  number o f  th e  decapped r o o t s .  The o th e rs  were 

j u s t  deoapped. Growth r a t e  was measured every  h a l f  hour f o r  3 hours b e fo re  

and a f t e r  d e ca p p in g .. The r e s u l t s  a r e  p re sen te d  in  T able  IV . In  t h i s  

t a b le  each group c o n ta in s  seven ro o ts  and th e  v a lu e s  f o r  each time a re  th e  

moans f o r  th o se  seven a t  each tim e .



T able IV .

Growth r a t e  o f ro o te  a s  a f fe o te d  by deoapping 
and r e p la c in g  th e  ro o t  cap
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T in  m ins.
B efore

A
Deoapping

B
A fte r  De 

A + cap
capping 

B -  cap

0 - 3 0

3 0 - 6 0

6 0 - 9 0  

90 -  120 

120 -  150 

150 -  100

1 Bm/hr 

1 .2  •• 

0 .6  " 

0 .6  -  

1 .2  " 

0 .4  "

1 um/br 

1 .2  " 

0 .4  

0 .8  -  

0 .4  " 

0 .6  “

0 .8  cm /hr 

0 .6  « 

0 .4  ^ 

0 .8  •• 

1 .2  •• 

0 .4  ”

0 .0  mm/ïæ

0 .4  ” 

1 .0  " 

0 .6  »• 

0 .4  "

0 .6  "

t  t e s t a  f o r  s ig i i f io a n o e  o f  d i f f é r e n c e  in  growth r a t e

A b e fo re  and a f t e r  decapping  and r e p la c in g  th e  cap t  •  0*1059 D .P. « 10 

Not s ig n i f i c a n t  a t  P « 0*05#

B b e fo re  and a f t e r  deoapping and re p la c in g  th e  cap t  » 0*1769 D*P. » 10 

Not s ig n i f ic a n t  a t  P « 0*05#

A a f t e r  decapp ing  and r e p la c in g  B a f t e r  deoapping w ith  no r e p la c in g  

t  « 0.451  D .P, » 10 Hot s ig n i f ic a n t  a t  P ## 0.05*

T here i s  no s ig n i f ic a n t  e f f e c t  o f  decapp ing , o r  deoapping and re p la c in g  th e  

cap , on th e  grow th r a t e  o f  th e  r o o t s .



4 8 .

A ll th e  r e s u l t s  on comparing growth r a t e s  p o in t to  th e  f a c t  th a t  th e  

ro o t  cap does not a f f e c t  o r  o o n tro l th e  grow th o f  th e  prim ary r o o t .  The 

lo s s  o f g e o tro p io  resp o n se  i s  no t th e r e fo re  due to  a r e d u c t io n  o f  i t s  growth 

r a t e .

i i .  Recovers Time D eterm ina tions

The n ex t s te p  was to  fo llo w  th e  reco v ery  o f  th e  g e o tro p io  r e a c t i v i t y  

o f th e  decapped r o o t s .  I t  was known th a t  they  a re  capab le  o f re g e n e ra t in g  

th e  ro o t  cap , and i t  was decided  to  t r y  and d e te rm in e , a s  a c c u ra te ly  a s  

p o s s ib le ,  th e  tim e re q u ire d  f o r  recovery  o f  th e  g e o tro p io  re sp o n se .

P re lim in a ry  experim en ts showed th a t  th e r e  was some c o r r e la t io n  between 

th e  le n g th  of th e  ro o t  a t  th e  tim e o f  deoapping and th e  tim e needed f o r  

recovery  o f  th e  re s p o n se . T h ere fo re  a ran g e  o f  ro o t  le n g th s  was chosen , 

w ith in  th e  l i f e  cycle o f  th e  prim ary r o o t ,  and reco v ery  o f each group fo llo w ed .

The e f f e c t  o f  r e p la c in g  th e  ro o t  cap , s t r a ig h t  a f t e r  deoapping , on 

th e  reco v ery  period  was a ls o  fo llo w ed . R e su lts  a re  p re se n te d  in  F ig . 11, 

and i t  can be seen  th a t  th e  r e l a t io n s h ip  between ro o t  le n g th ,  a t  deoapping 

tim e , and reco v ery  tim e i s  re a f f irm e d . I t  i s  p robab le  t h a t  th e  ro o t le n g th  

i s  an in d ic a to r  o f i t s  ''developm ental ago" and th a t  younger r o o ts  show a 

h ig h e r r a t e  o f  c e l l  d iv is io n  and so they  re g e n e ra te  more q u ic k ly .

The r e p la c in g  o f th e  ro o t  cap d id  not have any  ̂ marked e f f e c t  on 

reco v ery  tim e (se e  F ig . 1 1 ). The th r e e  p o in ts  in d ic a te d  by so l id  c i r c l e s  

in  P ig . 11 p o ss ib ly  r e p re s e n t  a s l i g h t  sh o rte n in g  o f th e  recovery  p e rio d  due
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F lg . 11. Graph ehowing r a la t io n a h lp  between ro o t  le n g th  a t

deoapping and tim e tak en  to  reo o v e r g e o tro p io  .

r e a c t i v i t y  in  m aiae r o o t s .  The le n g th  o f  th e  l i r »  
S  T-T
r e p r e s e n ts  th e  range  o f  r o o t  le n g th s  in  th e  sam ple.

The open c i r c l e s  rec o rd  r o o ts  idiioh w are l e f t  to  „ ,  

reo o v e r w ith o u t th e  cap and th e  8 o l id jo i# s l ## | r o o ts  

whioh bad t h e i r  oap re p la o e d  s t r a ig h t  a f t e r  i f aappj
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perhaps to  a p ro te o tio n  o f th e  exposed ro o t  t i p  from ex p o su re , a ffo rd e d  

by replaoem ent o f  th e  oap. T here i s  o e r ta ia ly  no tra n sm iss io n  o f  a 

s tim u lu s  from th e  rep la o ed  oap (whioh was in  good o o n tao t w ith  th e  t i p ,  

se e  M a te r ia ls  and Methods) a lth o u g h  in  th e  c lo sed  humid ohamber i t  

rem ains r e l a t i v e ly  tu rg id  f o r  a t  l e a s t  an h o u r.

By s ta in in g  th e  s ta ro h  in  th e  detaohed ro o t  oap, in  K Ï, i t  

d id  show sed im e n ta tio n  under g r a v i ta t io n a l  s t im u l i  a p p lie d  w ith in  th e  

f i r s t  30 m inutes a f t e r  deoapping . I f  th e  s ta ro h  g ra in s  in  th e  ro o t  oap 

a re  a c t in g  a s  s t a t o l i t h s ,  th en  i t  i s  th e  se v e r in g  o f  th e  p la sm a tio  

oonneotions between oap and t i p  th a t  p rev e n ts  th e  s tim u lu s  from be ing  

tra n s m itte d  to  th e  t i p .

l i i .  P re s e n ta tio n  Time S tu d ie s

As ex p la in ed  in  C hapter I I ,  f u r th e r  knowledge on th e  r o l e  o f th e  oap 

in  p e rc e p tio n  and tra n sm iss io n  o f  g r a v i t a t io n a l  s t im u li  was d e s i r a b le .

I t  was a ls o  im portan t to  t r y  and see  i f  th e  ro o t  oap a f f e c t s  o r  c o n tro ls  

th e  re sp o n se  a p a r t  from b e ing  th e  p e rc e p tio n  sone .

P ig . 12 and P ig . 14 g iv e  th e  v a lu e s  o f  p re s e n ta tio n  tim e f o r  normal

r o o ts  a s  o a lo u la te d  hP two m ethods (s e e  M a te r ia ls  and M ethods). They a re

1 .75  m inutes and 4 .4  m in u tes . They cover th e  range  o f p re s e n ta t io n  tim e o f

s e n s i t iv e  to  average  r o o ts  a s  ex p la in ed  p re v io u s ly . V^en th e  ro o ts  were de

oapped a f t e r  s t im u la t io n ,  th e  v a lu e s  f o r  p re s e n ta tio n  tim e th a t  were o b ta in ed  

were 2 .8  m inu tes and 3 .75  m inu tes a s  g iven  in  P ig .  13 and P ig . 15*
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F ig .  1 |9
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gïjfe

Graph showing th e  p e rc e n t (^ )  o f  ro o te  t h à t

0 -----. —  ------- "—  a g a in s t  tim e

a f t e r

s t i im la t io n .  The in te r c e p t  on th e  30^ a x is  g iv e s  th e
   ■ #  ■ —

p re s e n ta t io n  tim e .

more th an  10 mazimum c u rv a tu re ,
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o f  s t im u la t io n  in  m aise r o o t s
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F lg . showing th e  p e rc e n t o f  r o o ts  t h a t  curved

10 maximum o u rv a tu re . p lo t te d  a g a in s t  tim e o f

t i a n  in  normal m aize r o o t s .  The in te r c e p t  on

th e  50^ a x is  g iv e s  th e  p re s e n ta tio n  tim e . I
/
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th e  p re s e n ta t io n  tim e .
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The v a lu e s  a re  very  o lo se  bu t a e v e r th e le s s  i t  was deoided to  t e s t  

th e  two reg re se io A S , whioh were o a lo u la te d  on th e  b a s is  o f  c u rv a tu re  

r a t e ,  f o r  s ig D iflo an o e  o f  d i f f e r e n c e .

F i r s t  th e  r e g re s s io n  o o e f f io ie n ts  were t e s te d  f o r  s ig n if io a n c e  o f 

d i f f e r e n c e .

T able V

Normal Roots Roots deoapped a f t e r  
s t im u la tio n

R egress ion  c o e f f i c i e n tb 0.11 0.077
2

V ariance o f b S 0.0092 0.0099

9 .* .  o f  b 0.0129 0.0133

The v a ria n o ee  were examined f o r  s lg n if io a n o e  o f d if f e r e n c e  by means o f

2 2th e  r a r ia n c e  r a t i o  F 9^ /S ^  .

They were found no t to  d i f f e r .  Then a s tu d e n ts  t  t e s t  was a p p lie d  to  

th e  two re g re s s io n  c o e f f i c i e n t s ,  t  •  Hot s ig n i f ic a n t  a t  P « 0 .0 É i5 ”

Then the 95^ confidence limites of the intercepts of the regression 

lines on the time axis were calculated from the residual variances about 

the regression lines. These were as follows:

Normal roots 1.44 to 2.46 minutes.

Decapped roots * 1.86 to 3.73 minutes.

These show considerable overlap.
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From t h i s  i t  oan be oonoludad th a t  th e  p re s e n ta t io n  tim e v a lu e s  

o b ta in ed  f o r  th e  two s e t s  a re  not s ig n i f io a n t ly  d i f f e r m t .  T h is g e ts  

f u r th e r  su p p o rt from th e  f a o t  t h a t  th e  v a lu e s  f o r  normal r o o ts  a re  j

1.75  m inutes and 4*4 m inu tes; th e  ones f o r  ro o ts  deoapped a f t e r  s t im u la tio n  

a re  2 .8  m inutes and 3 .75  m in u te s . The l a t t e r  v a lu e s  f a l l  w ith in  th e  ran g e  

o f  th e  fo rm er. From th ese  r e s u l t s  i t  oan be rea so n a b ly  oonoluded th a t  the  

ro o t  oap s o t s  on ly  a s  a p e ro e p tio n  so n s . The s tim u lu s  must be tra n s m itte d  

from th e  oap to  th e  t i p  w ith in  p re s e n ta t io n  tim e  o r  a t  th e  end .

I t  i s  no t p o s s ib le  to  judge from th e se  experim ents i f  th e  s tim u lu s  

i s  tra n s m itte d  from th e  oap in  one p a ro e l a t  th e  end o f  p re s e n ta tio n  tim e , 

o r  o o n tin u o u sly  th roughou t i t .

We know, though , th a t  s u b -p re s e n ta t io n  tim e s t im u li  oan be summed 

prov ided  th e  la g  between them does no t exceed tim es te n  o f th e  s t im u la tio n  

tim e (se e  F i t t i n g ,  I 905) .  T h is  p o in ts  to  th e  f a c t  t h a t  tra n s m is s io n  o f th e
t

s tim u lu s  m ight be o o n tin u o u s. ! i

f

I t  i s ,  o f  ooursG, im p o ssib le  to  check t h i s  by th e  p re se n t ex perim en ta l 

method because onoe th e  oap has been removed i t  cannot be r e p l a o ^  a s  a 

fu n o tio n a l u n i t .  Because o f  t h i s  i t  w i l l  be n ecessa ry  to  f in d  a  d i f f e r e n t  1

way o f m easuring p e ro ep tio n  a n d /o r  tra n sm iss io n  in  o rd e r  to  fo llo w  i t  in  ^
».

g re a te r  d e t a i l .  As ex p la in ed  in  th e  nex t c h a p te r ,  i t  m ight be p o s s ib le  to  |
4Ï

do t h i s  by means o f  e le o tro p h y s io lo g io a l  m easurem ents. \

From th e  shape of th e  reco v ery  cu rve  (s e e  F ig . 5 ) ,  i t  looked as  i f  th e
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reco v ery  was no t a g ra d u a l , slow p ro o ess  b u t a  someidiat a b ru p t one*

T his in te r p r e t a t i o n  r e o e iv e s 'f u r th e r  su p p o rt from th e  fo llo w in g  d a ta .

In  some experim en ts th e  r o o ts  were l e f t  to  grow v e r t i c a l l y  a f t e r  d e -  

capp ing  and r e - o r i e n ta te d  to  th e  h o r is o n ta l  p o s i t io n  a f t e r  v a r io u s  

tim e in t e r v a l s .  C urvatu re  developm ent was fo llow ed  and th e  rec o v ery  

tim e o a lo u la te d  a s  b e fo re . In  Table 711 th e  r e s u l t s  a re  p resen ted  in  

term s o f  th e  tim e t h a t  e lap sed  from r e - o r i e n t a t i o n  u n t i l  c u rv a tu re  

s t a r te d  to  d ev e lo p . T h is was o b ta in ed  by s u b tr a c t io n  o f  r e - o r i e n ta t lo n  

tim e from th e  rooovery  tim e a s  g iven  by th e  in te ro e p t  o f  th e  r e g re s s io n  

l i n e s  a s  f o r  th e  o th e r  recovery  tim e ex p erim en ts .

T ab le  VII

Time e lap sed  between r o - o r ie n ta t io n  o f re c o v e rin g  r o o ts  
and th e  beg inn ing  o f  o u rv a tu re

H our, a f t o r  deoapping 
a t  r e - o r i e n t a t i o n

Time from r e - o r i e n t a t i o n  to  
beg inn ing  o f  o u rv a tu re

No. o f  
r o o ts

33 1.?9  hou rs 5

34 ^  1 .29 5
32 1.29 5
30 1.29 5
30.66 1 .33 5
30.16 1 .33 9

29*91 1.30 5
29.33 1. 89* 5

The ro o ts  in  t h i s  experim ent m ight have been 
r e - o r ie n ta te d  b e fo re  they  re c o v e re d .
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I t  seems from t h i s  t a b le  t h a t  th e  r e a c t io n  tim e d id  n o t ohange, 

w ith in  th e  ex p erim en ta l p e rio d  exam ined, a f t e r  reoovery  has occurred#

I t  m ight be th a t  bo th  p re s e n ta t io n  tim e and r e a c t io n  tim e , o r  one o f  ^

them on ly  i s  lo n g e r than  t^m t in  normal ro o ts#  To cheok t h i s  p re s e n ta tio n  g 

tim e , s tu d ie s  a t  reoovozy tim e w i l l  have to  be done# T h is i s  a very  

oom plioated t a s k ,  and w ith  th e  ex p erim en ta l te c h n iq u e s  used  h e re  oould ™ 

be done on ly  a f t e r  reco v ery  has been a s c e r ta in e d  by means o f  c u rv a tu re  

development# I f  i t  were p o s s ib le  to  m easure o r c o r r e la te  p e ro e p tio n  to  

e l e c t r i c a l  changes, i t  would o f f e r  a p o s s ib i l i t y  o f  in v e s t ig a t in g  th e  

reco v ery  p ro ce ss  in  g r e a te r  d e ta i l#

iv .  M icroscopy

As ex p la in ed  b e fo re  (seo  M a te r ia ls  and M ethods), th e  l i g h t  m icroscopy 

s ta in in g  tec h n iq u e s  th a t  were t r i e d  were found u n s a t is f a c to r y  f o r  th e  

in v e s t ig a t io n  o f th e  s t r u c tu r a l  s t a t e  o f  re c o v e r in g  ro o t  c a p s . Z le o trc n  

m icroscopy in  o o n juno tion  w ith  p h a s e -c o n tra s t  s tu d ie s  o f  r e s i n  embedded 

m a te r ia l  was chosen#

1 • Normal and decappod r o o t s

Pig# 16 shows a montage p ic tu r e  o f  a normal ro o t  cap of m aise from 

a  v e r t i c a l l y  growing ro o t#  The boundary w all between t i p  and ro o t  cap i s  

v e ry  c le a r ly  re c o g n iz a b le , as i s  th e  d i s t r i b u t i o n  o f  s ta r c h  g ra in s  in  th e  

oap c e l l s .  P ig . 17 shows th e  same ro o t  cap a s  seen  under th e  phase c o n tra s t  

m icrosoope.
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A montage e leo tro n m io rcg rap h  o f  a normal r o o t  t i p  

o f  maiao from a v e r t i c a l l y  growing r o o t .

P ix a t io n t  G lu ta ra ld eh y d e  fo llow ed  by L ith ium  

Perm anganate. Bhobedded in  Bpon. S ta in e d  w ith  Lead 

C i t r a t e .  ■

M ag n ifica tio n s  y

M '

m

m



f i g . I t



67.

't 1 7. - photomicrograph shewing the root tip of maise

from, a vertically {To win: root. A resin or bedded, 

section photo {Ta phed in a phase oontrast rioro scope#

Lagnification s y s '00



Fig. 17. t s

m 1



69.̂

Fig# 18 ! •  a montage e le c t ro n  m icrograph o f  th e  ro o t  t i p  a f t e r  

deoapping# There ie  no ap p a ren t damage to  th e  t i p  and th e  b reak  a lo n g  

th e  boundary w all ie  clean#

In  h ig h e r m a g n if ic a tio n  th e  plasmodeemata th a t  were c o n n e c tin g  th e  

oap to  th e  t i p  a re  shown p ro tru d in g  from th e  now exposed su rfa o e  o f th e  

o e l l  w a ll ( s e e  Pig# I 9 and Fig# 20)#

2# Recovering Roots

Roots a f t e r  deoapping were l e f t  to  re c o v e r  in  a horizontal p o s i t io n

so th a t  i t  would be c le a r  idien they  had recovered#  V/hen some o f  th e  r o o ts

had shown a p o s i t iv e  c u rv a tu re  th ey  were f ix e d  f o r  e le c tro n  adoroBoopy#

At th e  same tim e o th e r  r o o ts  from th e  same group th a t  had n o t shown y e t

a v i s i b l e  c u rv a tu re  a t  t h a t  tim e^ There was alw ays some v a r i a b i l i t y
were f ix e d .

w ith in  each sam ple.

I t  was assumed t h a t ,  i f  sed im en ting  s ta r c h  was n ecessa ry  f o r  g r a v i -  

p e ro e p tio n , a  d if fe rw io e  between th e s e  two groups m ight be d e te c te d  on 

th e  s u b - s t r u c tu r a l  l e v e l # T his d i f f e r e n c e ,  i f  o b se rv ed , oould in d ic a te  

th e  req u irem en ts  f o r  peroep tion#

I t  was f u r th e r  though t t h a t  i t  would be e a s ie r  to  d e te c t  se d im en ta tio n
>■

o f s ta r c h  a t  th e  bottom  o f  c e l l s  than  on l a t e r a l  w a lls ,  because i t  i s  

alw ays e a s i e r  to  de te rm ine  th e  lo n g itu d in a l  a x is  o f  th e  r o o ts  in  a th in  

sec tio n #  T h ere fo re  th e  reco v ered  ro o ts ,a n d  th e  ones from th e  same sample 

whioh had n o t shown cu rv a tu re#  were pu t in  a v e r t i c a l  p o s i t io n  f o r  10 m inutes 

and th en  f ix e d  and embedded a s  described#
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F ig . 18. A montage e leo tro n m icro g rap h  o f  a f r e s h ly  deoapped 

m aise r o o t .

F ix a tio n s  G lu tara ld eh y d e  fo llow ed  by L ith ium  

Perm anganate. Embedded in  Epon. S ta in e d  w ith  Lead

C i t r a t e .

M ag n ifica t io n  t x 3 o o
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I,-. 1 9 . Llectrciuiiicrograph tho.vin^- the deca i. oil ed^e o f  a 

li^aize root* Tho clean  break and planm odoeata in  

the eXtOBod 7m ll are v i s i b l e  as i s  the l a à .  of dama^ to the 

root tip oolls*

Fixationt Glutaraldehyde followed by Lithium 

Permanganate. Embedded in Epon* stained with Lead Citrate*

M ag n ifio a tio n i z  3750*
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F ig . 20 . E leo tronm iorograph  ahowing edge o f  c e l l  from th e  t i p  o f

a f r e s h ly  decapped m aize r o o t .  % e  severed  

plasmodoemata in  th e  w a ll which i s  now exposed a re
w J

s t i l l  e v id e n t. There i s  no a p p aren t damage to  th e  

c e l l  o th e rw ise .

. . a

n't I

F ix a tio n #  G lu ta ra ld ^ iy d e  fo llow ed  ty  L ith ium  

Perm anganate. Sahedded in  Epon. S ta in e d  w ith  Lead 

C i t r a t e .

M a g n if io a tio n i x  16)00 . ■v -  ,
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ï 'ig .  2 1 .

:-as
E le c t ro am iorograph showing th e  edge ( o f f  c e n t r e )  o f  

a  deoappod m aize r o o t .  T h is  r o o t  was l e f t  to  re c o v e r  

f o r  29 h o u rs  i n  th e  h o r iz o n ta l  p o s i t io n  and had s t a r t e d  

to  curve downwards. S tim u la te d  b e fo re  f i x a t io n  a s  

ex p la in ed  above. There i s  a o o n s id e rab le  wzount o f  

s ta r c h  in  th e  d ev e lo p in g  cap c e l l s .  The boundary 

between t i p  and oap i s  n o t y e t  e s ta b l is h e d  and d iv is io n  

p la n e s  can be seen  in  s e v e ra l  d i r e c t i o n s .  S ed im en ta tio n  

o f  s ta r c h  g ra in s  i s  no t c l e a r ly  se en . The arrow  in d ic a te s  

th e  lo n g i tu d in a l  a x is  o f  th e  r o o t .

F ix a t io n :  G lu ta ra ld eh y d e  fo llow ed  by L ith ium  Perm anganate.

Embedded in  Epon. S ta in e d  w ith  Lead C i t r a t e .

H a g n if io a tlo n :  x  1 )00 .



F C j .  î l n

L 5 ^

6 . ■;



78.

Ip. s e c t io n s  were o u t and examined under a  phase o o n tra s t  m icrosoope 

b u t i t  was v e ry  d i f f i c u l t  to  d ec ide  id ie th e r s ta r c h  was p re s e n t  o r n o t ,  

and i f  i t  was r e d i s t r i b u te d .

iKfhen th in  s e c t io n s  were examined in  th e  e le c tro n  m icroscope, th e  

p resence  o f s ta r c h  in  a p p re c ia b le  q u a n t i t i e s  was ev id en t in  bo th  reco v ered  

ro o ts  and th e  ones th a t  had n o t shown c u rv a tu re  when f ix e d  (se e  F ig . 21 

and P ig . 2 2 ) .

The p la s t id s  c o n ta in in g  s ta r c h  seem, on th e  id io le , to  c o n ta in  l e s s  

s ta r c h  th an  ones from normal r o o ts  (F ig . 23 and F ig . 2 4 ) .

T here i s  a ls o  a  h i ^ e r  o ccu rren ce  o f  v e s ic le s  and la m e lla e  w ith in  th e  

reo o v e rin g  a c g rlo p la s ts , iriiioh m ight be in te r p r e te d  a s  an ind i< % tion  o f  

s y n th e t ic  a c t i v i t y  which i s  s t i l l  o o n tin u in g  in  th e s e  p l a s t i d s .  The s ta r c h  

does n o t show a c le a r  sed im e n ta tio n  under th e  a p p lie d  v e r t i c a l  s t im u la tio n  

a s  compared w ith  normal r o o ts  grown v e r t i c a l l y .  A d e ta i l e d  s t a t i s t i c a l  

a n a ly s is  was not done and th e re fo re  the  a c c u ra te  assessm ent o f  the  d i s 

t r ib u t io n  p a t te rn  i s  no t y e t  p o s s ib le .  I t  i s  e v id e n t,  though , th a t  th e  

s i t u a t io n  in  th e  reoovered  ro o t  i s  more complex th an  was a t  f i r s t  e s tim a te d .

The f a c t  th a t  a  c le a r  se d im e n ta tio n  i s  no t observed  in  th e  reoovered
*. •

ro o ts  m ight be due to  a  com bination o f any o r  a l l  o f th e  fo llo w in g  f a c t o r s .  

l )  A v a r i a b i l i t y  in  s i z e ,  and th e r e f o re  in  m ass, among th e  a m y lo p las ts  i s  

q u i te  e v id e n t.  2) The a rrangem en t, in  th r e e  d im ensional te rm s , o f th e  

c e l l s  in  th e  re c o v e r in g  and ra p id ly  d iv id in g  r o o t ,  i s  much more complex th an
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P ig . 22.

;:E f

E lec tronm io rog raph  showing th e  edge (o e n tre )  o f  a 

deoappod inalze r o o t .  T h is ro o t  was l e f t  to  re c o v e r  

f o r  2 )  hours in  th e  h o r iz o n ta l  p o s i t io n  and had n o t 

s t a r t e d  to curve  a t  t h i s  t ^ e .  S tim u la te d  b e fo re  

f i x a t io n  a s  d e sc rib e d  above. An a p p re o ia b le  q u a n ti ty  

o f  s ta r c h  c o n ta in in g  p l a s t i d s  i s  v i s i b l e  i n  th e  

dev e lo p in g  oap c e l l s .  S ed im en ta tio n  o f  th e  s ta r c h  

g ra in s  i s  n o t c le a r ly  s e e n . . The arrow  in d ic a te s  th e  

lo n g itu d in a l  a x is  o f  th e  r o o t .  >

F ix a tio n *  G lu tara ldehyde  fo llo w in g  by L ithium  

Perm anganate. Embedded in  Epqn. S ta in e d  w ith  Lead 

C i t r a t e .

fM. U a g n lf io a tlo n t z  2100.



î l 3 0

m



F i ^ .  Z 3 a .
62

81.

iJj
4MÊ

iR3Q8« ' - -■

P ig . 2 3a . E leo trom cio rograph  ahowiog a o e l l  from th e  t i p  o f  a

decapped m aize r o o t  t h a t  h as  been l e f t  to  re o o v a r f o r  

29 h ou rs  and had s t a r t e d  to  curve* The o e l l  shows many 

s ig n a  o f  h i ^  m etab o lio  a o t i v i t y i  a p r o l i f e r a t i o n  o f 

Endoplasm io R eticulum  ( E .I Î .) ,  many O olgi b o d ies  (O ), 

cany K ito o h o n d ria  (M) and A sgrloplasts (P ) .

F ix a tio n *  G l u t a r a l d ^ d o  fo llow ed  by L ith ium  I  ormanganate* 

Embedded in  Bpon. S ta in e d  w ith  Lead C i t r a t e .

ia g n i f ie a t ic n *  ^ % 6875* # #
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F ig . 23b. E leo tronm iorograph  showing a n y lo p la a ta  (P) from th e  t i p  ^  

o f  a deoapped m aize ro o t  t h a t  was l e f t  to  re c o v e r  f o r  

29 h o u rs . The p l a s t i d s  show l e s s  s ta r c h  th an  p l a s t i d s  

from a normal ro o t  ( s e e  F ig . 24) and more v o s io le s  and 

la m e lla e . These p robab ly  in d ic a te  t h a t  s y n th e t ic  a c t i v i t y  

i s  s t i l l  go ing  on.

F ix a t io n :  G lu ta ra ld eh y d e  fo llow ed  by L ithium  Perm anganate

Qsbedded in  Epon. S ta in e d  w ith  Lead C i t r a t e .   ̂^
M M  ■

M a g n ific a tio n : x  32)00.
, s r -

M
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P ig . 24 . Eleotxoom iorograph showing am ylop lasts (P) from a normal 

m aise ro o t cap. S ta rch  i s  p re sen t in  la rg e  g ra in s  and 

th e re  a re  only  few lam ellae  and v e s io le s .

F ix a tio n : G lutaraldehyde follow ed by Oem ium tetroxide.

Embedded in  Spon. S ta in ed  w ith  Lead C i t r a te .

M agn ifica tion : % 24000.

■K ' • •
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the  oolumna seen in  th e  normal " ro o t. The p lanes of d iv is io n  seem to  be 

le s s  r i g id ly  c o n tro lle d  in  th e se  c ircum stances. 3) P re se n ta tio n  tim e 

might be longer in  th e se  ro o ts  than th e  10 m inutes g iven a s  a v e r t i c a l
1:  ̂  ̂ f- . ..

S t i m u l a t i o n .  .
-veW;- the #  ^ reeptica

P ros a l l  t h i s  i t  i s  c le a r  th a t  a  c a re fu l and d e ta i le d  in v e s tig a t io n

o f the d i s t r ib u t io n  o f  s ta rc h  g ra in s  under g ra v ity  in  rec o v e rin g  ro o ts

i s  needed to  decide i f  they  a c t  as s t a t o l i t h s .r- / •- irr-tx af - - is ta*
vr

fcwtse^m th e  r ^ e t  t i p  end th#  m if . tW -:-

in » racderi rac^vri- .

%u ' ’ ;^cw lh i e  n o t #

;h- r f thfv m r . sgalailn-jr ro it a #  ;

m kinij *ath. "... _ ■ .̂. _ ., _

:L \s  a s  I s  seen  fw ®  

s tu d ie s .  % # ea.jg' i.wt be ttfet-o.jary oc,ly ft\:: :wz-:>^zt.loa af^

fan be ra e c v s i  a f t e r  i^ e  is rm m tm itw  t W  w i t te ^ t  taflr>nc>i.’?.t tb e  suW#eAm.t[ 

re tipoces.

ter  *t :,iâ  1E= W;W(T- t ip  ac4 rr^^kiCliia, t t  toe ..itotto that to

iâ  QA, for ot&eiifl ' At
f ’n»il *%'! tip, -isriBs (1j(5S) T̂ yr-T-t *w jA&a'-' . .
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Chapter IV 

Dlaousaion

Prom th e  r é s u l ta  p resen ted  above i t  i s  ev iden t th a t  th e  decapped 

ro o t o f f e r s  a very  convenient system fo r  th e  in v e s tig a t io n  o f  p e rcep tio n  

w ithout Gom plioating th e  is su e  w ith s id e  e f f e c t s .

Bj removing th e  ro o t oap growth i s  no t a ffe c te d  and y e t  th e  ro o t 

s to p s  r e a c t in g  to  g r a v i ta t io n a l  s t im u li .  There a re  sm all changes in  th e  

ang le  between th e  ro o t  t i p  and th e  main a x is  o f th e  ro o t but th ese  changes

f lu c tu a te  ap p aren tly  in  a random fash io n  (se e  Johnason, 1 )6 6 ).%

The f a c t  th a t  growth i s  not a f fe c te d  seems to  p o in t im m ediately to  

th e  p o s s ib i l i ty  o f th e  ro o t cap having no growth re g u la tin g  ro le  and 

th e re fo re  being mainly concerned w ith p e rc ep tio n .

F u rth e r s tu d ie s  confirm ed t h i s  as  i s  seen from the  p re s e n ta tio n  tim e 

s tu d ie s .  The ro o t cap seems to  be necessary  only fo r  th e  p e rcep tio n  and 

can be removed a f t e r  th e  p re s e n ta tio n  tim e w ithout in f lu e n c in g  th e  subsequent 

re sp o n se .

Another im portan t f e a tu r e  i s  th a t  th e  stim u lus i s  tra n sm itte d  w ith in  

the  p re s e n ta tio n  tim e p e rio d . As th e  stim u lu s w il l  no t pass from th e  oap 

a f t e r  i t  has been severed  from th e  t i p  and re p la c e d , i t  i s  probable th a t  i t  

i s  no t a d i f f u s ib le  su b stan ce , fo r  o therw ise  i t  would d if fu s e  a c ro ss  th e  

sm all w ater gap between oap and t i p .  A ries (1953) re p o rte d  the  ï^enomenon
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he c a l le d  eynp laam atio  d i f f u s io n  but t h i s  i s  n o t l i k e l y  to  be o f  a 

s tro n g ly  d i r e c t io n a l  q u a l i t y .

I t  i s  p o s s ib le  to  r e p la c e  th e  t i p  o f  a d e c a p ita te d  o o le o p t i le  and 

o b ta in  movement o f  grow th hormones over th e  ju n c t io n ,  and so i t  i s  u n l ik e ly  

th a t  any su b s ta n c e  o f a  grow th r e g u la t in g  n a tu re  p a sse s  from th e  cap to  

th e  t i p  a s  a r e s u l t  o f  g ra v ip e ro e p tio n  in  th e  cap . On th e  o th e r  hand, 

tra n s m is s io n  o f  some s tim u lu s  must o c c u r , a s  th e  ro o t  cannot p e rc e iv e  

w ith o u t th e  cap , bu t th e  d i f f e r e n t i a l  growth whioh c o n s t i t u t e s  th e  resp o n se  

ta k e s  p la c e  in  th e  e lo n g a tio n  zone which i s  not ad jacen t to  th e  cap .

T here must be a  l iv i n g  co n n ec tio n  betw een th e  r o o t  cap and th e  ro o t  

t i p  and no t m erely an aqueous d i f f u s io n  zone. To put i t  more p r e c i s e ly ,  

th o  plasm odesm ata c o n n ec tin g  th e  ro o t  cap to  th e  t i p  would seem to  be o f  

p rim ary  s ig n if ic a n c e  in  th e  tra n s m is s io n  o f  th e  s t im u lu s .

A ccording to  Dr. B .^ . Ju n ip e r  ( p r iv a te  com m unication), s t a t i s t i c a l  

s tu d ie s  have e s ta b l is h e d  th e  f a c t  th a t  in  th e  ro o t  oap th e r e  a re  mo^e 

p la sm a tic  co n n ec tio n s  in  th e  t r a n s v e r s e  w a lls  than  th e r e  a r e  in  th e  

lo n g i tu d in a l  o n e s , and th e  s i t u a t i o n  lo o k s  s im ila r  in  th e  m eris teo sa tio  zone 

o f  th e  t i p .  T his m ight se rv e  to  promote tra n s m is s io n  a lo n g  th e  lo n g itu d in a l  

a x i s ,  a v o id in g  any a t te n u a t io n  by t r a n s v e r s e  movemmit.

I t  i s  tem pting  to  p o s tu la te  t h a t  th e  tra n sm iss io n  o f  th e  s tim u lu s  

i s  dependent on membrane c o n tin u i ty  and i s  some s e l f  p ro p ag a tin g  change in  

th e  membrane i t s e l f .  T h is  would f i t  in  w ith  th e  f a c t  t h a t  th e  s tim u lu s
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moves from th e  cap to  th e  t i p  p o ss ib ly  a t  th e  end o f th e  p re se n ta tio n  

period* The tran sm iss io n  o f  an aseym otrioa l o r p o la r ise d  s t a te  w il l  

move lo n g itu d in a lly  beoause o f th e  sm all number o f s id e  oonneotions as 

exp la ined  above.

The sed im en ta tion  of s t a t o l i t h s  p rov ides a meohanism by whioh such 

a membrane ohange m i ^ t  be t r ig g e re d , w ithout th e  need to  p o s tu la te  any 

bioohem ioal prooess in  th e  ro o t oap o e l l  s .  -

In  th e  animal kingdom t h i s  i s  th e  normal p a tte rn  o f  tran sm iss io n  o f  

perce ived  s t im u l i .  The sensory c e l l s  o f th e  L a b ir in th ia n  appara tu s show 

a ohange in  membrane p o te n t ia l  whioh i s  m easurable e l e c t r i c a l l y  and i s  

tra n s m itte d  to  th e  nerve , and through i t  to  th e  b ra in .

This e z o i ta b i l i ty  of membranes i s  not confined to  animal c e l l s ;  i t  

has a lso  been shown in  g ia n t  a lg a l  c e l l s  by B links ( 1946) ,  Gaffgy and M ullins 

( 1958) ,  in  h igher p la n t c e l l s  by C .J . Bose (1927), in  kimosa by Sibaoka 

( 1962, 19^6 ) ,  in  Dionea by Jaokoboon ( I 965) .

The G e o -e le c tr ic  E ffe c t was in v e s tig a te d  as  a p o te n t ia l  d if fe re n c e  

whioh develops a c ro ss  the  whole organ and not as a moving ohange whioh, 

p o s s ib ly , develops a t  the  end of the  p re se n ta tio n  period  and moves a long  

th e  organ presumably f a i r l y  r a p id ly .

I t  has been proposed by Graham ( I 964) and by W ilkins and Woodcock ( I 966) 

th a t  th e  G.E.E. in  c o le o p ti le s  r e p re s e n ts  a l a t e r  s ta g e  in  the  g eo tro p ic  

r e a c t io n  and i s  p o ss ib ly  a  r e s u l t  o f  auxin  r e d i s t r ib u t io n ,  as mentioned e a r l ie r ,

ii
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Newman (1)63) used a m eaaureneat o f an e le o t r io a l  ohange, th e  

movement of a tran a v e ra e  p .d . ,  aa th e  in d ic a to r  o f auxin  movement in  

c o le o p ti le s .  j
: :  .  r 6

There i s  a lso  a paper by Small (1919) in  which he d e sc r ib e s  a 

measured r e s is ta n c e  change between two w ire e le c tro d e s , i^ io h  were in se r te d  

a d ja c e n tly  a t  1 and 2 mm from th e  t i p  o f a V ic ia  faba r o o t ,  on g eo tro p ic

s t im u la tio n . T his change was very rap id  and showed a sharp  r i s e  to  a ^
r--. . -, -i;

peak follow ed by an exponen tia l decay.

Sm all*s work was based on th a t  o f  F i t t i n g  ( I 90) ) ;  he follow ed th e

magnitude o f th e  r e s is ta n c e  change a f t e r  g eo tro p ic  s tim u la tio n  from 0^ to  
090 , but u n fo rtu n a te ly  d id  not in v e s tig a te  i t  any f u r th e r .

T his rep o rte d  r e s is ta n c e  ohange might be an in d ic a tio n  o f  a f a s t  change

th a t  t r a v e ls  a long  th e  ro o t from th e  cap . The shape of th e  curve in  S m a ll 's

paper somewhat resem bles a ty p ic a l  slow a c tio n  p o te n t ia l  cu rve .

I t  would be very  in te r e s t in g  to  fo llo w  th is  work w ith  th e  more 

so p h is t ic a te d  equipment a v a i la b le  nowadays.

A fte r removing th e  ro o t  oap, th e  q u iescen t oen tre  in  th e  m aise ro o t 

t i p  s t a r t s  d iv id in g , the  oap i s  re g e n e ra te d , and the  boundary re -e s ta b l is h e d  

a f t e r  approxim ately  36 hours (see  Ju n ip e r  e t  a l ,  I 966) .

l%e recovery  of g rav ip e ro ep tio n  i s  achieved b e fo re  th e  whole oap i s

re-fo rm ed , and the  exact tim e seems to  depend on th e  len g th  o f the  ro o t a t  | ;

decapping tim e.
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T his i s  most probably a measure o f  th e  r o o t 's  age in  term s o f th e  

r a t e  of growth.

S h o rte r ro o ts  a re  lik e ly ^ to * b e  a t  a s tag e  when o e lle  have a sh o r te r  

d iv is io n  period  and th e re fo re  th e  re g e n e ra tio n  i s  l ik e ly  to  proceed more 

q u io k ly , a t  l e a s t  in  i t s  f i r s t  s ta g e s .

The exact n a tu re  o f th e  recovery  p rocess i s  d i f f i c u l t  to determ ine 

by the methods used in  th i s  work. From experim ents in  which ro o ts  were 

put h o r iz o n ta lly  a f t e r  v a rio u s  tim e in te r v a ls  from decapping, i t  looks as 

i f  i t  i s  somewhat a b ru p t.

There does not seem to  be a la rg e  d if fe re n c e  in  the  tim e th a t  cu rv a tu re  

ta k e s  to  appear, a f t e r  th e  recovery  was e s ta b lis h e d . R eaction tim e i s  

long  though (se e  r e s u l t s ) .

These experim ents do no t show, however, i f  th e  p re se n ta tio n  tim es were 

id e n t ic a l  in  a l l  th e  oases o f reco v ery .

I f  p e rcep tio n  could be c lo se ly  c o rre la te d  w ith a tran sm iss io n  o f a |
,.V -

ohange in  an e l e c t r i c a l  s t a t e ,  then th is  would o f fe r  p o s s ib i l i t i e s  o f |

fo llow ing  the  changes du ring  recovery  in  a more s e n s i t iv e  experim ental s e t 

up , w ithout the  n e c e s s ity  o f  m easuring th e  cu rv a tu re  developm ent.

As th e  cap , or a t  l e a s t  p a r t  o f i t ,  seems to  be necessary  fo r  the  

p e rcep tio n  o f g ra v i ta t io n a l  s t im u li  by th e  maise r o o t ,  i t  was thought 

in te r e s t in g  to  t r y  and f in d  what s t r u c tu r e  th e  ro o t oap c e l l s  had a t  recovery
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t i m e ,  e n d  w h e t h e r  so m e i n d i c a t i o n  as t o  t h e  p e r c e p t i o n  m e o h a n is m  c o u l d  

be B e e n  f r o m  t h e  s t r u c t u r a l  s t a t e .

As a ttem p ts  to  ta c k le  th e  problem w ith l ig h t  microscopy d id  not 

produce s a t i s f a c to r y  r e s u l t s ,  an e le c tro n -m ic ro sc o p ic a l in v e s tig a t io n  

was undertaken . The ro o t  a t  recovery  tim e and c lo se ly  befo re  i t ,  showed 

th e  p resence o f  a co n sid erab le  amount o f  s ta ro b -c o n ta in in g  p l a s t i d s .

This f a c t  len d s  support to th e  assum ption th a t  s ta rc h  g ra in s  a re  necessary  

fo r  g rav ip e ro ep tio n  by th e  ro o t oap, beoause t h i s  i s  th e  most s t r ik in g  

o y to lo g io a l f e a tu re  o f th e  ro o t oap.

- • t o  “

The a a y lo p la s ts  have n o t shown a c le a r  r e d i s t r ib u t io n  under g ra v ity  

in  th e se  reoovered ro o ts  as  compared w ith  a normal ro o t growing 

v e r t i c a l ly .  This may be due to  a v a r ie ty  o f  f a c to r s .  P re se n ta tio n  tim e 

might be prolonged in  ro o ts  a t  recovery  tim e . P re se n ta tio n  time seems to  

be dependent on s ta rc h  con ten t a s  found by Hawker (1 )32 , 1933), and th e  

amount o f am ylop lasts in  th e  cap c e l l s  a t  recovery  time i s  n o t y e t as 

g re a t a s  th a t  in  th e  normal r o o t s .  A lro , th e  am yloplasts do no t sediment 

imm ediately a f t e r  they  a re  formed as  can be seen in  th e  m eris tem atic  

reg io n  o f  th e  normal ro o t  oap.

a  r e s u l t  o f  «ttXir* - i  i Mr

;
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The sed im en ta tion  i s  obviously  a very  oomplex mechanism, and th e  

f a c to r s  de term in ing  th e  sed im en ta tion  of a ta ro h  g ra in s  in  o e l l s  must be 

many. The d e n s ity  and mass o f th e  s ta rc h  i t s e l f  and th e  d e n s ity  and 

v is c o s i ty  o f th e  surrounding, cytoplasm  a re  no doubt im p o rtan t. The o y to - 

plasfflio p ro p e r t ie s  i . e .  v i s c o s i ty ,  might ohange when th e  o e l l  i s  not p a r t  

o f the  m eris tem atic  re g io n . But what e ls e  determ ines th e  f a c t  th a t  in  

o e r ta in  reg io n s  s ta rc h  w i l l  sedim ent in  some c e l l s  but not in  o th e rs ,  i s  

not c le a r .  For in s ta n c e , in  V ic ia  faba  only in  th e  cen tra l^  zone o f th e  

ro o t  oap o e l l s  th e  s ta rc h  sedim ents (see  H. G r i f f i th s  , 1963) .  In  the  

reoovering  ro o t  cap tho  sy n ch ro n iza tio n  o f v a rio u s  p rocesses might not be 

complete and some of th e  a a y lo p la s ts  in  a o e l l  could sedim ent befo re  o th e r s .

A ll th e se  c o n s id e ra tio n s , and th e  f a c t  th a t  th e  geometry o f th e  c e l l s  a t  

t h i s  s ta g e  in  th e  ro o t oap i s  very complex in  th re e  dim ensional term s, 

make a c a re fu l  and d e ta i le d  study o f s ta rc h  sed im enta tion  in  th e  ro o t cap 

a t  recovery  very  n ecessa ry .

In  s p i te  o f th e  u n c e r ta in ty  about th e  sed im enta tion  o f  s ta r c h ,  I  th in k  

th a t  i t  i s  reaso n ab le  to  say th a t  th e  experim ental r e s u l t s  o f  th i s  work can 

be exp la ined  in  term s o f th e  s t a t o l i t h s  h ypo thesis  w h ils t i t  would be 

awkward to  t r y  and e x p la in  them in  th e .te rm s  o f  any o th e r  known theory  .. .

f o r  th e  fo llo w in g  rea so n s .

- i
The development of th e  G.K.E. in  ro o ts  has no t been in v e s tig a te d  care

f u l ly ,  but even i f  i t  was shown th a t  i t  develops in  ro o ts  i t  might s t i l l  be ' - %i!

a r e s u l t  o f  auxin r e d i s t r ib u t io n  as  in  c o le o p t i le s .  I t  i s  a ls o  d i f f i c u l t  to  ||

I

I
!

■ iii
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ex p la in  the  apeo ia l s ig n if ic a n c e  o f  th e  ro o t cap in  p ercep tio n  

accord ing  to  t h i s  th eo ry .

The suggestion  in  G il le s p ie  and Tbimann's paper th a t  th e  c e l l s  

sense t h e i r  own w eight, by m inute d i s to r t io n  o f th e  membrane under 

p re s s u re , i s  open to  se r io u s  c r i t io is m . I t  re q u ire s  a d e te c tio n  system

of e x q u is ite  s e n s i t iv i t y ,  in  f a c t  1 p a r t  in  10 (se e  Audus, I 962) and

such a d e te c tio n  system would a lso  have to  possess a very  low n o ise  l e v e l .

I f  c e l l s  can sense t h e i r  own w eigh t, r e d is t r ib u t io n  o f th e  p ressu re  

i s  in s tan tan eo u s upon g eo tro p io  s tim u la tio n . In  t h i s  case  i t  i s  d i f f i c u l t  

to  ex p la in  a p re se n ta tio n  tim e o f  4 m inutes.

A p ressu re  ohange does not reach  a maximum a t  120-133^, and t h i s  i s  

the  ang le  a t  which g e o tro p ic  s tim u la tio n  seems to  have th e  g re a te s t  e f f e c t .

The evidence from anim al physiology suggests  th a t  i t  i s  th e  component 

o f ta n g e n tia l  sh earin g  fo rc e  on th e  membrane th a t  i s  th e  e f f e c t iv e  

stim u lus and not th e  p re s su re .

I f  th e  changes in  p re ssu re  and th e  changes in  sh ea rin g  fo rc e  a re  

p lo tte d  a g a in s t th e  angle  o f t i l t ,  i t  i s  th e  maximum change in  shearing

fo rc e  th a t  corresponds to  the  maximum in  s tim u la tio n  o f th e  la b i r in th ia n

a p p a ra tu s . (Seo F ig . 2 )s  and T rin c k e r, I 962) .

An in te r e s t in g  p lo t  i s  th a t  o f th e  fu n c tio n  (8 -  P) a g a in s t in c l in a t io n  

(see  F ig . 25b ) .



F ig . 25a.
x t o

I n i t i a l  changea in  p resau re  (P) and shear (S) on the

baaal memhran# o f  a  a ta to q p te  during  r o ta t io n .

r I
45'

FIG. 2 ^

F ig . 23b. A p lo t  o f th e  fu n c tio n  (S-P) m geinet e ta to o y te  r o ta t io n .

FIG. 25b, M M
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Ono o b ta in s  in  th i s  p lo t' •  maximum a t  135* fo r  t h i s  fu n o tio n . T his 

might be an ia d io a tio n  th a t  in  p lan te  th e re  i s  more than  one component/ if .

a f f e c t in g  perception#

*’ ' » t  £i|»îüp-*
According to  Audua ( I 965) th e  number o f e t a t c l i t h s  in  co n tac t w ith  =-

th e  l a t e r a l  w all reaohee a peak a t  approxim ately  120®# This m i ^ t  be j

one f a c to r  a f f e c t in g  th e  degree o f  e tim u la tio n  and in  a d d itio n  th e  varioua  

componenta o f the  fo rc e s  a c t in g  in  aed im entation  should be considered  as 

well# -

A ll th e  above mentioned reaso n s make i t  e a s ie r^ to  e x p la in  ay r e s u l t s  

on the  b a s is  o f th e  s t a t o l i t h s  theo ry  a lthough  one oannot say more a t  t h i s  

stage#
«

There a re  many q u es tio n s  unanswered as y e t  in  t h i s  complex phenomenon, 

bu t i t  i s  to  be hoped th a t  f a r th e r  in v e s tig a t io n s  o f the**convenient system 

provided by deoapped r o o t s ,  may lead  to  a b e t te r  understand ing  o f th e  

p e rc ep tio n  o f  g ra v i ty ,  i t s  tran sm iss io n  and i t s  t r a n s la t io n  in to  a growth 

response#  ̂  ̂ ' j  \
A

f ' -   ̂ t t z e ,

ü e ffe %  C /r .  L#J. 4
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