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AT.'P tract

A study was made of assimilates and ionic tracer movement

along the stolon of Saxifraga sarmentosa. When ionic tracers or 
1 dC-sucrose are applied to the translonàting stolon they undergo a long

distance transport which is strictly polarised, with a short-distance 

movement which is symmetrical with respect to the point of application. 

The distribution along the axis after a suitable length of time shows 

an accurate exponential fall-off pattern, except with naturally 

assimilated or applied ^C-sucrose where it is fairly level. In this 

case the linear velocity of movement was estimated as about 20 cm h

Transport of materials is readily reversible by interchanging 

the roles of parent and daughter plants as source and sink. The 

transpiration stream can be similarly reversed. By these means it was 

confirmed that ^^C-assimilates and ^^^Cs move in the phloem, whereas 

'̂"Sr moves in the xylem. The sieve tubes are thus not inherently 

polarised in this organ.

Inhibitors such as nitrogen, cyanide and BNP applied over

lengths of 20 -3 0 cm exert a more or less complete and reversible

inhibition of the movement of ^^C-assimilates and '̂ '̂̂ Cs. Cyanide gas

is considerably more effective than solution. A variety of approaches,
14including the use of C-cyanide, confirmed that the inhibition was 

effective in the sieve tubes themselves,, and not merely at the terminal 

sites. Electron microscopic examination showed that callosing in the 

sieve plates was not involved; however, in all cases, including the 

normal one, the sieve plate pores appeared blocked with P-protein.

Tests with Valinomycin which possesses a particular affinity for 

potassium, were ineffective. This may have been due to its insolubility 

in water and to the large size of the molecule.



Comparative studies were carried out by applying two ionic 

tracers together. These ga.ve consistent and precise results in terms
iof the slopes of the plots/(1og activity against distance. Of the

2 2  A O  "I 7  <7 p p  M

tracers used ( Ka, " 'K, ' Rb, Cs and Br) the comparison of Cs 
82and Br was perhaps the most interesting; the anion is transported

k
more or less equalAwith the cation, but its lateral leakage appears to 

be less.

The results of this study provide a well-established case 

for the following conclusions relevant to the controversy over 

mechanism:

(1) Phloem transport in the stolon is strictly unidirectional.

(2) Nitrogen, Cyanide and BNP exert a strong effect localised 

in the sieve tubes themselves (as well as at the 

terminals); it is reversible.

(3) The inhibition of transport is not due to callose 

blockage. -

(4 ) Anion transport follows a similar pattern to cation.

These conclusions are very adverse to the Munch hj'pothesis,

and to any diffusion-analogue theory; they favour a theory of active

mass flow. The electro-osmotic theory faces the difficulty of anion

transport. -
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In tro d u ctio n .

M alpighi (1d79) was probably the f i r s t  to  r e a l iz e  th a t the  

p la n ts  do n ot depend s o le l y  fo r  t h e ir  n u tr it io n  on m inerals absorbed  

by the ro o ts  but on some so r t  o f  n u tr ie n ts  manufactured in  th e le a v e s  

and then transported  to  the o th er p arts o f  p la n ts .  He cou ld  not  

p in p o in t the pathway o f  th is  tran sp ort and i t  was g e n e r a lly  con sid ered  

th a t th ese  m a ter ia ls  were tra n slo ca ted  in  th e xylem v e s s e ls  (th e  o n ly  

known tra n sp o rtin g  channels) a lon g  w ith o th er m inerals and w ater. In  

1837» H artig  d iscovered  s ie v e  elem ents in  th e secondary phloem o f  

woody p la n ts  and la t e r ,  in  1860, he r e la te d  th o se  elem ents to  the  

moevements o f  carbohydrates in  p la n ts .  This id ea  remained unconfirmed  

fo r  many y ea rs , in  f a c t  t i l l  the c la s s ic a l  in v e s t ig a t io n s  in  th e  

1920*8 o f  Mason and M ask ell. These workers p resen ted  experim ental data  

which e s ta b lish e d  the movement o f  carbohydrates and n itrogenous  

compounds in  the phloem t i s s u e .  Soon Munch (1930) proposed th a t .th e  

a s s im ila te s  in  p la n ts  move through th e s ie v e  tubes by mass flo w  o f  

s o lu t io n  a lon g  a grad ien t o f  turgor p ressure e s ta b lish e d  in  th e  

tr a n s lo c a t in g  system . He described  le a v e s  or th e  organs where the . 

carbohydrates where th e carbohydrates are sy n th es ised  or m o b ilised  as 

th e  source reg ion  and th e  part o f  th e  p lan t where such products are  

consumed as th e  s in k . He considered  sucrose as the major tr a n s lo c a te .  

This i s  a s s im ila te d  in  th e le a v e s , moved in to  t h e ir  s ie v e  tubes and 

thus r a is e s  th e  la tte r *  s osm otic p ressu re . I t  i s  moved out o f  th e  

tubes to  be consumed by th e growing t i s s u e ,  thus low erin g  th e osm otic  

p ressu re in  th e co n d u its . Such co n d itio n s  cre a te  a p ressure g rad ien t  

which i n i t i a t e s  a mass movement o f  sucrose s o lu t io n  from source to  

s in k , and Miinch su ggested  th a t m ain ta in ing  a con stan t p ressure  

grad ien t between the two term inals in  th is  way would mean a continuous 

tra n sp o r t. M etabolic energy i s  on ly  required  to  "load" and "unload" 

th e  s ie v e  tubes a t  th e  two term inals and maybe to  m aintain the



im perm eability  o f  the s ie v e  tube w a lls  to  su cro se , Mlinch proposa l thus 

c o n s t itu te s  a p h y sica l mechanism and might seem q u ite  adequate fo r  

promoting tran sp ort in  sm all p la n ts; however, th ere  are d i f f i c u l t i e s  

fo r  la r g er  p la n ts , W eatherley and Johnson ( I 968) c a lc u la te d  from the  

data than an a v a ila b le  t o t a l  p ressure d iffe r e n c e  o f  I 5 atm. in  w illow  

would be adequate to  tran sp ort over a d is ta n ce  o f  25 m assum ing open 

s ie v e  p la te  p ores , but fo r  the lo n g er  d is ta n ces  in  the t a l l e s t  tr e e s  

a pressure d if fe r e n c e  g rea te r  than th a t a ccep tab le  would be req u ired .

Such a high pressure has never been reported in ordinary plants, the 
highest osmotic pressure reported being 20-25 atm. This seems to 
invalidate the mechanism for taller plants and thus some workers like 
Kursanov (1963), Weatherley and Johnson (19^8),have suggested that 
some sort of energy consuming mechanism might be in operation at the 
level of each conducting channel. Such a process may be called 'activated 
mass flow* • The energy for such a mechanism must come from respiration . 
of the phloem tissue or specifically of the sieve elements and 
companion cells. The requirement of energy for such a mechanism all 
along the conduit is not yet finally established, and a lot of work 
is currently being reported about the effects of anoxia, respiratory 
inhibitors, temperature, etc., on the transport process, Kursanov ( 1963) 

has reviewed this aspect of transport and concluded that transport is 
an active process and need energy not only at the two terminals of the 
aystera but all along the conduit. He discussed in details the experimental 
data of some workers like Turkina (1954) and Palvinova (1955) which 
indicate a higher rate of respiration of the phloem tissue and the 
inhibitory effect of respiratory poisons like K Œ  and HNP, Duloy et al, 
( 1961) have reported similar results, but they considered that the 
inhibitory effect is not localised in the phloem tissue but due to the 
fact that the inhibitors mi^t have entered the xylem, passed to the 
leaves and affected the process of loading at the source, or moved with 

the assimilates into the sink and inhibited the "unloading" from the



s ie v e  tu b es. S im ila r  c r i t ic is m s  were a ls o  put forward by Harel and 

R einhold ( I 966) ,  but W illenbrink ( I 968) and Ko and Mortimer ( I 97I )  

considered  th a t such in h ib ito r  as moved to  th e term inals d id  n o t  

a f f e c t  the p h y s io lo g ic a l p rocesses  th ere  enough to  account fo r  the  

tran sp ort in h ib it io n .  They were convinced th a t in h ib it io n  o f  tran sp ort  

due to  KCN i s  m ainly due to  i t s  e f f e c t  on th e  r e s p ir a t io n  o f  th e  

conduction  channels. Me N aim  and C urrier ( I 968) a s so c ia te d  the e f f e c t  

o f  m etab o lic  in h ib ito r s  w ith  the form ation o f  s ie v e  p la te  c a l lo s e  ra th er  

than w ith the energy supply from r e s p ir a t io n . They su ggested  th a t the  

p la n t responds to  th e m etab olic  in h ib ito r s  as i t  does to  h ea t treatm ent 

(W ebster I 965) ,  and s ie v e  p la te  c a l lo s e  i s  induced b lo ck in g  th e  s ie v e  

pored and cau sin g  the f a l l  in  a s s im ila te  tra n sp o r t. The r id d le  o f  the  

mechanism o f  the m etab o lic  in h ib it io n  o f  tran sport i s  s t i l l  to  be 

so lv e d , and needs fu r th er  in v e s t ig a t io n  under more p r e c is e  and 

a n a ly t ic a l  c o n tr o l•

The id ea  th a t a s s im ila te s  move in  the s ie v e  tube under a p ressu re  

grad ien t becomes much more p rob lem atica l a f t e r  exam ination o f  th e  s ie v e  

elem ents by e le c tr o n  m icroscopy. Phloem t is s u e  i s  a  l i v i n g  t i s s u e  and 

composed m ainly o f  s ie v e  elem nts, companion c e l l s ,  phloem parenchyma 

and f ib e r s .  The conducting elem ents are lon g  tu b u lar c e l l s  jo in ed  end 

to  end and thus c o n s t itu te  lo n g  tubes w ith cro ss  w a lls  or s ie v e  p la t e s .  

The fu n c tio n a l s ie v e  tube have the ra th er  m od ified  cytop lasm ic  

o rg a n e lle s  ( e . g . ,  nucleolL , p la s t id s ,  m itochondria) in  th e  p a r ie ta l  

cytop lasm ic la y e r  surrounding a b ig  cen tra l lumen. The s ie v e  p la te s  are  

p erforated  and a t  the p resen t i t  i s  s t i l l  a m atter o f  acu te con troversy  

whether t h e ir  pores are empty (Anderson and Comshaw 1970), f i l l e d  w ith  

cytop lasm ic connections (Thaine I 96I ) ,  or plugged by f i b r i l l a r  m ater ia l 

c a l le d  P -p ro te in  (Mishra and Spanner 1970), The s t a t e  o f  fu n c tio n in g  

s ie v e  pores i s  an im portant p iece  o f  in form ation  which could  go a lo n g  

way towards d ec id in g  th e  mechanism o f  transport through th ese  tu b es. 

G enerally  i t  i s  accepted  th a t the pores contain  f i b r i l s  but to  an



g

u n certa in  d egree. I f  th e  degree was co n sid era b le , a great r e s is ta n c e  

would be o ffe r e d  to  the moving stream and i t  would need a fa r  h igh er  

p ressure d if fe r e n c e  to  overcome i t .  Such an o b je c t io n  could  be p a r t ia l ly  

met i f  the o b str u c tin g  m ateria l in  th e s ie v e  pores was moving a lon g  

w ith  the sap flo w . But t h is  would mean an accum ulation o f  th e se  

cytop lasm ic s tru c tu res  a t  the s in k  reg io n , r eq u ir in g  some mechanism 

fo r  i t s  u t i l i s a t i o n  or d is p o sa l . So fa r  i t  seems d i f f i c u l t  to  

demonstrate or j u s t i f y  b e l i e f  in  the e x is te n c e  o f  such a phenomenon.

This tends to  d is c r e d it  th e p ressure flow  th eory  as a b a s ic  mechanism 

o f  transport in  p la n ts .

Spanner (1958) considered  th a t P -p ro te in  f i b r i l s  in  th e s ie v e  

pores may provide a charged m atrix through which an e le c tr o -o sm o tic  

movement may be gen erated . Thus he suggested  th a t  a s ie v e  p la te  i s  

the s i t e  o f  e le c tr o -o sm o tic  fo rce s  th a t would im pel the sap through  

th e  s ie v e  pore. A ccording to  th is  mechanism, the n e c e s s i t y  fo r  an 

o v e r a ll h y d r o s ta tic  grad ien t down th e len g th  o f  the s ie v e  tube i s  reduced  

or con ceivab ly  even e lim in a ted  com pletely; th ere  w i l l  be a f a l l  in  

pressure between th e upstream and th e downstream ends o f  th e  s ie v e  

elem ent but across th e s ie v e  p la te  where th e  w ater i s  b e in g  swept a lo n g  

by th e iona a r i s e  in  pressure in  th e downstream d ir e c t io n  may even  

occur. Thus the mass flow  in  the s ie v e  tubes depends on th e  fu n c tio n in g  

o f  the s ie v e  p la te s  as pumps, ,

The p o te n t ia l d if fe r e n c e  i s  crea ted  by th e  se c r e t io n  o f  potassium  

io n s  in to  the s ie v e  tubes ( s e e  P ig , 1 , su b sec tio n  iv  o f  sec tio n , I I )  on 

the upstream s id e  o f  th e s ie v e  p la te  and t h e ir  escape on th e downstream 

s id e .  Such a mechanism, u n lik e  Mttnch p ressure flo w , would be more 

e f f e c t iv e  i f  the s ie v e  pores are c lo s e ly  f i l l e d  w ith  f i b r i l s .  I t  i s  a 

mechanism which req u ires  energy input a lon g  the con d u it. L ike th e Münch 

th eory , i t  i s  com patible w ith the fin d in g s  o f  workers l i k e  Swanson and 

ifh itney  ( 1953) ,  who observed independent and d if f e r e n t  r a te s  o f  movements



o f  io n s  l ik e  Cs^^^, in  the phloem. But a g a in , l i k e  th e

p ressu re  flow  th eory , i t  i s  unable to  ex p la in  the reported  ev idence o f  

sim ultaneous b id ir e c t io n a l movement in  the phloem t i s s u e ,  th a t i s ,  in  

th e same s ie v e  tu b e. -

In  p lan ts  th e  a s s im ila te s  are moved both a c r o p e ta lly  and 

b asip e t a l ly  but whether t h is  takes p la ce  in  sep arate or th e same v a scu la r  

bundles i s  a q u estion  which i t  i s  im portant to  s e t t l e .  Mass flo w  types  

o f  mechanism can accomodate the ev idence i f  the opposing movements are 

in  sep arate  v a scu la r  strands (Biddulph and Gory I960) or even sep ara te  

s ie v e  tubes; but then would be unable to  exp la in  m atters i f  th e  

movements o f  th e  s o lu te s  take p la ce  in  the same s ie v e  tube (Thaine I96I ) .  

Some p h y s io lo g is ts  l i k e  C urtis (1 9 3 5 ), Thaine ( I 96I ) ,  E schrich  (19&7), 

Trip and Gorham (19^ 8), have reported  experim ents to  dem onstrate a 

b id ir e c t io n a l movement in  th e same phloem bundles and even th e  same 

s ie v e  tu b e. On th e con trary , Biddulph and Cory ( I 96O), P eterson  and 

C urrier (1 9 7 1 ), concluded th a t the b id ir e c t io n a l movement was in  sep arate  

phloem bundles a t  l e a s t  in  short term experim ents. C rafts (1971) exp la in s  

th e r e s u lt s  o f  Trip and Gorham on the b a s is  o f  tr a n s ito r y  s ta g e s  o f  the  

m aturing l e a f  which was changing over from sin k  to  so u rce , or as due to  

e x tr a fa s e ic u la r  bundles in  the p e t io le .  S im ila r ly , E schrich  (19^7)
» I

su ggested  as p o s s ib le  a homodromous loop  path in v o lv in g  o p p o s ite ly  

d ir e c te d  stream s in  ad jacen t s ie v e  tubes th a t are in  con tact th r o u ^  

anastom oses, as an a lte r n a t iv e  mechanism to  exp la in  h is  apparent 

b id ir e c t io n a l movement o f  tra cers  in  th e phloem. Such exp lan ation s  

em phasise we need fu rth er  in v e s t ig a t io n ,  e s p e c ia l ly  w ith  a p la n t m ater ia l 

?^ ich  has sim pler v a scu la r  anatomy and a w e ll d efin ed  s in k  r e g io n , i f .  

we are to  e s ta b lis h  f in a l l y  the e x is te n c e  o f  b id ir e c t io n a l movement in  

th e same s ie v e  tube,

Thaine ( I 96I ) and some oth er workers who b e lie v e  in  a mechanism 

based on protoplasm ic stream ing have supported th e e x is te n c e  o f  such  

b id ir e c t io n a l tra n sp o r t. They b e lie v e  th a t the s ie v e  elem ent i s



10

tra v ersed  by cytop lasm ic strands and th a t su b c e llu la r  p a r t ic le s  move 

in s id e  th ese  s tra n d s. 'Thaine (1962) produced a c in e film  to  show 

p a r t ic le s  moving in  o p p o site  d ir e c t io n s  in  sep arate  strands but in  the  

same s ie v e  tube. Thaine considered  th ese  strands to  be v ery  d e l ic a t e  

s tr u c tu r e s , and to  run th r o u ^  the s ie v e  pores co n tin u ou sly  from one 

elem ent to  the n e x t . Esau e t  a l ,  (19^5) and Parker (19^5) have r e je c te d  

th e e x is te n c e  o f  such strands in  the mature s ie v e  e lem en ts, and 

con sid ered  th a t th ese  are l in e s  due to  d if f r a c t io n  o f  l i g h t  from w a lls  

out o f  fo c u s . Another exp lan ation  i s  th a t th ey  may be the remnants o f  

th e degenerating  cytoplasm  o f  the m aturing s ie v e  e lem en ts, which con ta in  

d e f in i t e ly  o r ie n ta te d  P -p ro te in  f i b r i l s ,  Thaine on th e o th er  hand 

con sid ered  th a t th e d isp ersed  f i b r i l s  are due to  the d isru p tio n  o f  the  

t r a n s c e l lu la r  s t r i d e  during the preparation  o f  th e m ateria l fo r  m icroscop ic  

s tu d ie s ,

A lth o u ^  th is  mechanism u n lik e  th e o th ers could  exp la in  th e so -  

c a l le d  b id ir e c t io n a l tra n sp o r t, i t  has o th er d i f f i c u l t i e s  to  fa c e  as a 

b a s ic  mechanism o f  tra n sp o r t. The very  e x is te n c e  o f  two-way tran sp ort  

reduces the cro ss  s e c t io n  fo r  transport which would mean th a t a ra th er  

h ig h er  r a te  o f  v e lo c i t y  o f  stream ing would be req u ired . The energy  

requirem ents are apparently  too h i ^  to  be met by the p la n t fo r  th is  

e la b o ra te  mechanism and i t  i s  in e f f i c i e n t  where lo n g  d ista n ces  are  

in v o lv e d .



Plan of the oresent work.

The investigations to he reported in this thesis were planned 
to produce more evidence to discriminate between the present day suggestions 
for the mechanism of phloem transport. The work was divided into three 
sections as follows:

Section I The study of the transport of ions and natural assimilates 
along the stolon of Saxifraga sarmentosa under ordinary 
conditions.

Section II The investigation of the effect on the process of transport 

of metabolic inhibitors with a view to its more precise 
localisation.

Section III A comparative study of the transport of two simultaneously- 
applied tracers.

Section I not only includes the study of the comparative pattern 
of transport of various alien and naturally-assimilated tracers along 
the stolon, but also throws li^t on the question of simultaneous 
biridectional transport, •'

Section II is based on studies with nitrogen, cyanide and BNP, 
and special importance was given to distinguishing the effects of the 
inhibitor treatment on the conducting channels from those on the terminal 
components of the translocating system. Electron-microscopic studies 
were carried out to determine the effects of these inhibitors on sieve 
plate callose as a possible cause of transport inhibition, Valinomycin, 
an antibiotic, was also selected for the inhibitor studies because of 
its special affinities for K-ion which fulfils a special role in the 
electro-osmotic theory.

Section III was another attempt to provide positive evidence for or 
against this promising theory which implies a differential transport of 
anions and cations along the sieve element.



I 9.

The niant material.

S ax ifraga  sarm entosa, a common ornamental indoor p la n t ,  was chosen  

fo r  th ese  in v e s t ig a t io n s .  The p lan t i s  a sm all herb w ith  one s to lo n  

a r is in g  from the a x i l  o f  eaOh mature l e a f .  Each s to lo n  a f t e r  growing to  

a c e r ta in  le n g th  bears a sm all daughter p la n t , which could be used  fo r  

propagation . Attempts were made to  exp lore th e fa c to r s  which cause the  

s to lo n s  to  grow lo n g  b efo re  bearing the d a u ^ te r  p la n ts .  F in a l ly  the  

p la n ts  were grown in  p la s t i c  pots under normal greenhouse co n d itio n s  on 

a p latform  and the s to lo n s  were allow ed  to  hang v e r t i c a l l y  in to  a sem i- 

l i ^ t - t i g h t  en closu re which was kept a t  h i ^  hum id ity . In t h is  way the  

s to lo n s  could  be grown as lo n g  as 50-80 cm. Each p la n t was a llow ed  to  

bear 3-^ s to lo n s  and s to lo n s  were c a r e fu l ly  exposed to  normal l i g h t  fo r  

a t  l e a s t  4 -7  days b efore  u s in g  them fo r  the experim ents, A s to lo n  was 

more or l e s s  uniform ly th ic k , e s p e c ia l ly  the major cen tra l p o r tio n . I t  

always bore buds in  the a x i l  o f  sm all s c a le  le a v e s ,  which sometimes grew . 

in to  la t e r a l  sh o o ts . These unwanted organs were always very  c a r e fu l ly  

removed a t  l e a s t  3-5  days b efore the p la n ts  were required  fo r  the  

experim ents.

The p la n t has c e r ta in  advantages over th e ones used  by o th er  

w orkers. U nlike the p e t io le  and stem system s o f  p la n ts  l ik e  P h a seo lu s , 

G ly c in e , C ucurbita, e t c . ,  th ere i s  l e s s  problem o f  anatom ical com plexity . 

The s to lo n  conducts norm ally in  on ly  one d ir e c t io n , i . e . ,  towards the  

growing daughter p la n t , which being  a v ery  a c t iv e  s in k  a ls o  o b v ia tes  

any r e c ir c u la t io n  o f  a s s im ila te s .  This means th a t th e tran sp ort experim ents 

cou ld  be run fo r  f a i r l y  lo n g  times wiièïôut in te r fe r e n c e  due to  la t e r a l  

tr a n s fe r , e t c .  The m ater ia l a lso  proved to  be e a s i l y  manageable fo r  

th e  p rocess o f  e le c tr o n  m icroscopic s tu d ie s .  As a m atter o f  comparison, 

p e t io le s  o f  Nymphoides, b a r le y  and m aize were a ls o  used in  some o f  the ' 

experim ents.
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S ectio n : I

S in g le  Tracer
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The movement o f  ^̂ ^̂ Cs and ^^Sr

or :

U n id irec tio n a l movement o f  tr a c e r s  a lon g  the  

s to lo n  o f  S ax ifraga  sarm entosa.
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Summary. When radioactive tracer is applied locally to the stolon of Saxifraga 
its long-distance movement after 18 hours is found to be strongly polarised; there 
is in addition a short-distance movement which is unpolarised. W ith caesium, 
the long-distance movement is predominantly in the phloem; with strontium in 
the xylem. These interpretations, a priori probable, were confirmed by artifically 
reversing, separately, the xylem  and the phloem currents. W ith long pieces of 
excised stolon only the unpolarised short-distance movement is observed. These 
results constitute evidence against simultaneous bidirectional translocation in the 
same sieve tube, and are consistent with either the Münch or the electro-osmotic 
theory.

Introduction
The possibility th a t phloem tissue can conduct simultaneously in both 

directions is one which early a ttrac ted  attention, for no t only is it  of 
interest in connection with the recognised requirem ent for different 
solutes to move concurrently upwards and downwards (e.g. mineral ions 
and assimilates respectively); it  has also an obvious bearing on the 
intriguing question of sieve tube transport mechanism. In  so far as such 
bidirectional conduction is shown to be a property of the axis as a 
whole the point is no t crucial for mechanism; i t  is when the evidence 
is narrowed down to  the single sieve tube th a t it  becomes decisive. 
This is because the various hypotheses are rather sharply divided on 
this issue; some, such as the “ transcellular s tran d ” theory (Thaine, 
1964) and perhaps “ activated diffusion” , can readily accommodate it, 
while the mass-flow theories fairly obviously cannot. In  the la tte r 
category are the pressure-flow theory of Münch, and the potassium or 
electro-osmotic theory. These two hopeful hypotheses would therefore 
be excluded if unimpeachable evidence were forthcoming th a t individual 
sieve tubes could conduct simultaneously in both directions. Evidence 
which prima facie appears such has recently been provided (Eschrich, 
1967 ; Trip and Gorham, 1968), and Trip and Gorham have in  fact 
reached the firm conclusion th a t “ bidirectional movement of sugars in 
the same sieve tube has been observed. . . .  The mass flow theory . . .  
is no longer adequate to explain these observations. ” However, Peterson
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and Currier (1969) in a paper providing a very useful critique of the 
historical evidence have given an  alternative in terpretation of Trip and 
Gorham’s results, an in terpretation  which the present authors feel does 
real justice to the situation. In  fact, the data  given by Trip and Gorham 
possibly justify  it to a ra ther greater extent than  Peterson and Currier 
have remarked. For in their Fig. 1 (Trip and Gorham, 1968) the authors 
have noted the ^̂ C count a t  two points on the petiole below the '̂’C-fed 
leaf. If the usual exponential fall-off relationship holds for this petiole 
and for the stem  below it then a t the point of junction with the older 
petiole conveying tritia ted  sugar there would be a '̂̂ C count of possibly 
500-1000. Thus if there are sieve tubes carrying tritia ted  sugar into 
the i^C-fed leaf from this point, then clearly these tubes could become 
ilabelled w ith ^̂ C a t this node. This would seem to  be a quite credible 
point of view, and until i t  is successfully disputed Trip and Gorham’s 
dismissal of a mass-flow mechanism cannot be accepted. Peterson and 
Currier’s presentation of them own positive evidence to the contrary, 
i.e. m  favour of unidhectional flow, seems difficult to gainsay.

The work reported in the present paper is in several respects com
plem entary to  th a t of Peterson and Currier. W hereas they used plant 
axes which a priori would be expected to be conducting in both directions 
simultaneously, and showed th a t for short periods of translocation, 
bundles labelled w ith tracer above the reservoir did no t carry it  below, 
and vice-versa, we have used axes which a priori would be expected 
to  be conducting unidirectionaUy. This has m eant th a t experiments 
could be run for much longer periods, there being no problem arising 
from lateral transfer a t the nodes. To some extent therefore the results 
m eet the objection noted by  Peterson and Currier (and partly  answered 
by them) th a t m ovem ent in one direction m ight be much slower than 
in  the other. Secondly, whereas they  used fluorescein as tracer we have 
used ^^^Cs, ®̂ Sr and though it  is no t reported here, ^^C-labelled sucrose. 
This, especially the fact th a t we have used labelled sucrose, reduces 
any uncertain ty  arising from the use of such a non-physiological sub
stance as fluorescein. Finally, we have recorded not the presence or 
absence of tracer in  the bundles, bu t its quantitative longitudinal 
d istribution along the axis. This enables us to establish the quantitative 
difference between movement in  the two directions, and to  distinguish 
(in a less direct way than  Peterson and Currier) between phloem and 
xylem transport.

Materials and Methods
The experiments to be described were performed on the stolons of Saxifraga 

sarmentosa (Fig. 1). The plants were grown in plastic pots in the greenhouse in 
the usual way, except that the stolons were allowed to hang vertically into a
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Fig. 1. Experimental set up. The upper photograph shows the long stolon con
necting the parent plant (left) with the daughter (right). The tracer is being applied 
at mid-length (see Fig. 2 for details). The lower photograph shows daughter plants 
treated to secure a reversed xylem  flow towards the parent plant, which is without 

independent water supply

light-tight enclosure below the platform on which the pots stood. B y  this means 
they could be grown very long (50-60 cm) and uniform. Any lateral shoots which 
developed were carefully removed together w ith the scale leaves, at least three 
days before the plants were required. Sometimes, for special purposes described 
below, the daughter plants were placed with their bases in water; under these 
conditions they developed abundant roots and could supply water if necessary 
to the parent plant. In winter the plants were given supplementary light (350 lu
mens) from low pressure mercury lamps, the photoperiod being 16 hours.

Tracer was applied to the stolon in the manner indicated in Fig. 2. Before 
placing the stolon in position the upper surface at the chosen point was lightly  
touched with fine emery paper, and rinsed with distilled water. I t  was then bedded 
over a 2 cm length in petroleum jelly as indicated. The reservoir, of transparent 
PVC tubing, was placed over the stolon and carefuUy luted with petroleum jeUy 
also. The tracer was added with a small syringe, and the reservoir covered loosely  
with a glass cover slip. When the experimental period had ended the stolon was 
at once cut w ith a sharp razor blade at the inner faces of the transverse slots, 
the 2 cm length in contact w ith the reservoir being discarded. The remainder 
of the stolon was subdivided according to the scheme shown (Fig. 2), the larger 
2 cm segments being cut together w ith a special razor blade assembly, the smaller 
inner ones individually.
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Fig. 2. Method of applying tracer to stolon, and subsequent division of stolon
into segments

The segments were prepared for assay of i®’Cs and ®®Sr by pressing on to self- 
adhesive tape, drying at 70° C in a vacuum oven, and then sealing with thin melinex 
film to form a closed envelope. The envelopes were marked, trimmed to size and 
assayed in a narrow plastic scintillator well as described earlier (Husain and 
Spanner, 1966). This ^-scintillating technique gave good efficiency w ith a low 
background. Later, segments were assayed in an automatic counter under an 
end-window GM tube by first sticking to planchettes with diluted U H U  adhesive 
and then drying in the vacuum oven. On account of the high energy of the ^-rays 
no allowance was deemed necessary for self absorption, especially in view of the 
uniformity of the stolon.

The tracers, obtained from Amersham, were made up in 0.05 M buffer of 
pH 7.2 containing 0.1% of the non-ionic detergent Lissapol. Phosphate buffer 
was used for caesium and veronal for strontium.

Usually 2.5 to 5 piCi were given in 35 to 75 pi; the particular dosages are given 
in the legends to the figures.

Results

Fig. 3 shows the results of an experim ent in which ®̂'̂ Cs was applied 
a t  one of three positions on the stolon: near the parent plant, a t the 
centre, and near the daughter plant. The daughter plants were enclosed 
in black polythene bags for two days before the experim ent and during it, 
the  purpose of this trea tm en t being to raise their effectiveness as sinks, 
and to  control transpiration a t  a low level. The tracer was applied
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Fig. 3A-C. Distribution of ^̂ Ĉs along the stolon of Saxifraga  when applied A, 
near the parent plant; B at mid-length; C near the daughter plant. Duration 
of experiment 18 hours. The marks along the horizontal axis refer to case (A); 
the other curves are displaced laterally by somewhat arbitrary amounts. Zero 

transpiration of daughter plant. Dose of tracer, 5 pCi

within the tim e interval 3.00 to 3.15 p.m., and harvesting took place 
the following morning between 9.00 and 10.30 a.m. The period allowed 
for translocation was thus about 18 hours, and this was followed in 
subsequent experiments unless the contrary is indicated in the legends. 
Temperatures were not closely m aintained in this work, bu t were those 
of a typical heated greenhouse ; they  varied between 20 ° and 30° C 
during the day.

These results make it  clear th a t long distance transport of ®̂’Cs is 
very polarised in the  direction of w hat, on strong general grounds, 
we may conclude is th a t of the  assimilate stream. I t  seems to  be in 
dependent of the  position of the well, i.e. of the age of the  tissue. The 
pattern is th a t of a typical exponential fall-off down the axis. However,
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near the tracer well there appears to  be a short-distance transport 
more or less symmetrical in the two directions and falling off much 
more steeply. This seems to be of a different nature from the long
distance transport, and reaches only as far as segments plus and minus 
six, i.e. to about 4 cm from the well centre. I t  is further reported on 
below.

The time-course of movement was investigated in  an experiment 
whose results are presented in Fig. 4. The trea tm en t here was similar,
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Fig. 5, Comparative distributions of ®̂̂ Cs and ®®Sr along stolon. Strontium m ove
ment to the left insignificant. Doses : '®̂ Cs, 5 p,Ci; ®®Sr, 2 p.Ci

but stolons were treated  in duplicate near the parent p lan t and allowed 
to translocate for periods of 2, 4, 8 and 16 hours respectively. For 
reasons discussed in  a previous paper (Spanner and Prebble, 1962) i t  is 
probably not possible to get a reliable estim ate of velocity directly 
from these curves; certainly the ra te  a t which the profile moves down
wards is very low compared to the usually-accepted velocities of the 
assimilate stream.

The results in Fig. 3 were obtained with xylem movement reduced 
probably to  a very low value; hence there is little likelihood th a t the 
long-distance movement was other than  in the phloem. However to 
confirm this, further experiments were designed using several different 
approaches. In  the first of these (Fig. 5), the  movement of ^̂ ’Cs was 
compared with th a t of the tracer ®®Sr, known from a variety  of reports 
to be almost phloem-immobile (Bukovac et al., 1957 ; Biddulph et al., 
1959; bu t see Milhkan et al., 1969). In  this experiment the daughter 
plants were not enclosed, consequently there was probably an appreciable 
transpiration stream  flowing. Caesium movement was as before; the 
strontium distribution differed in being probably more variable between
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Fig. 6. Movement of ®®Sr under conditions of zero transpiration of daughter plant. 
Dose of ®®Sr, 0.1 p.Ci. Experiment in triplicate, replicates plotted in different styles

replicates and in  lacking the rapid symmetrical increase near the tracer 
well noted before. Toward the parent p lan t in fact strontium  movement 
was virtually  nil. However, this experiment left open the possibility 
th a t caesium had moved downwards, as presum ably strontium  had done, 
in the  xylem; or else th a t strontium  too had moved in the phloem.

To distinguish between these possibilities an experiment was run  in 
which the daughter plants were carefully enclosed in polythene bags 
(as in  Fig. 3). The movement of strontium  under these conditions is 
shown in Fig. 6. I t  is obvious th a t transport of tracer was extremely 
low, and probably unpolarised. This state of affairs is consistent with 
the accepted view th a t long-distance movement of strontium  has to be 
in the xylem, since as the earlier experiments show phloem activ ity  was 
certainly occurring.

Reversed Movement in the Xylem and Phloem

These conclusions were further tested by experiments in which 
a ttem pts were m ade to  reverse the normal directions of xylem and 
phloem movement. In  the first, the daughter plants were grown with 
their bases in  w ater for three weeks before the experiment, bu t deprived
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Fig. 7. Comparative distribution of ®̂’Cs and ®®Sr along stolon with reversed xylem  
movement (i.e., daughter to parent). The phloem movement was normal. Doses: 

89gr, 2 piCi; 137Cs, 5 piCi

of light to keep them  otherwise dependent. Under these eonditions they 
grew abundant and long roots, and when the parent plants were shaken 
free of soil six hours before the experiment began the daughter plants 
proved capable of m aintaining them  turgid. Caesium and strontium  
were used as tracers and applied near the centre of the stolon. The 
experiment was performed in  triplicate (Fig. 7). The caesium results 
were very uniform, and for clarity only the two extreme ones are plotted ; 
but a th ird  caesium result is added from an earlier experiment because 
possibly owing to  the higher dose coupled with high transpiration it  
shows a long-distance transport towards the parent plant also. Presum 
ably this is in the xylem. The strontium  results are less uniform. The 
long-distance transport is in the direction of the  xylem movement and 
very uncertain in the other direction ; the single ta ll peak on the right 
hand side m ay weU have been due to  contamination. Thus these results 
confirm the earlier interpretations.
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Fig. 8. Comparative distribution of ^ '̂Cs and ®®Sr along stolon with reversed phloem 
movement (i.e., daughter to parent). The xylem  movement was normal. Doses:

i3'Cs, 5 pCi; B»Sr, 2 pCi

Reversed phloem movement was sought by growing the parent plants 
for three weeks in darkened bu t well-watered containers while the 
daughter plants grew in good light, bu t w ithout an independent water 
supply, and in fact free to  transpire. Rig. 8 presents the results. I t  is 
apparent th a t the long-distance caesium m ovement has been reversed. 
Only the two extreme results again are given and both show it, though 
the stolon w ith the higher activ ity  also indicates a small am ount of 
movement in the direction of the xylem stream  (compare Fig. 7). The 
strontium  m ovement however remains unaffected by the presumed 
reversal in the assimilate stream . All the activities are low, and only 
one of the  three replicates showed any to the left. These results again 
corroborate the previous conclusions.

A final experim ent was performed to  see w hether translocation con
tinues to any extent in  excised axes, and to  thi’ow further light on the 
symmetrical short-distance transport process. Pieces of healthy stolon 
about 40 cm long were cut out, smeared a t the ends with petroleum 
jelly, and placed in flat polythene tubing with m oist filter paper. The
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centre 4 cm was left uncovered and given tracer as usual. After the 
customary 18 hours the stolon was harvested. Results are presented 
in Fig. 9. They suggest th a t under these conditions long-distance trans
port of both tracers ceases. Caesium still shows the pronounced un 
polarised short-distance effect, and w ith strontium  too any movement 
appears restricted. A t least w ith this subject therefore excision seems 
to bring any long-distance processes to  an end.
10 Planta (Berl.), Bd. 101
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D iscussion

This work was undertaken in the hope th a t it  would throw hght 
on the question of simultaneous long-distance bidirectional movement 
in the phloem. I t  seems to provide a clear answer th a t in the stolon 
of Saxifraga a t least, such bidhectional transport does not occur. Were 
the sieve tubes to function by protoplasmic streaming or by some sort 
of “ activated diffusion” the usual assumption is th a t the dkection of 
transport would be dictated by the gradient of w hatever was being 
translocated. In  th a t case caesium would move outward rapidly in both 
directions from the tracer reservoir; this clearly does no t happen. It 
moves instead hi the dhection in which, on strong presum ptive grounds, 
assimilate m ovement is believed to  be takhig place. Thus i t  can be 
reversed when the norm al carbohydrate smk is made to serve as source. 
Any long-distance movement of caesium in the other direction is usually 
very much less (say two orders of m agnitude a t least) ; where it  is more 
than  this (as in Fig. 7 where i t  is about 7.5% ) i t  can easily be accounted 
for as movement hi the xylem. Such m ovement could occur either 
because there is leakage of tracer into a strong through transphation 
stream  or because the reservoir is supplying water as well as tracer 
to  xylem under tension. This is probably the case in Fig. 7, and accounts 
not only for the unusual caesium movement to  the left, bu t also for 
the large strontium  movement. W here steps were taken to  reduce the 
transpiration stream  strontium  showed negligible tendency to move 
(Fig. 6).

Additional evidence th a t the caesium was travellhig h i the phloem 
came from the concurrent behaviour of strontium . In  the presence of 
a similarly-directed transpiration movement (Fig. 4) this tracer appeared 
rather similar to  caesium; bu t as soon as either the assimilate stream 
(Fig. 8) or the transphation  stream  (Fig. 7) were artificially reversed 
the two tracers behaved differently. The former m anipulation changed 
the dhection of the caesium, the la tte r th a t of the strontium . Thus 
w hatever th eh  mechanism, in this p lan t the sieve tubes are no t morpho
logically polarised, and this is all the more notable in an  organ where 
such polarisation m ight be expected, since never hi its normal hfe would 
it  be called upon to  conduct in the reverse dhection. These considerations 
tell fah ly  strongly against any mechanism relying on cytoplasm stream
ing of any sort, or implyhig independent movement of solutes each in 
the dhection of its own gradient. On the other hand they  lend strong 
support to  theories of mass flow, either the  pressure-flow theory of 
Munch, or the “ servo-assisted” theory of electro-osmosis. Unfortunately 
they do no t help us to  choose between these alternatives.

A bout the unpolarised short-distance movement the following re
marks can be made. I t  is apparently  more effective for caesium than
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for strontium  (contrast Fig. 3 with Fig. 6). I t  is still operative in the 
excised stolon (Fig. 9) where long-distance movement has stopped. This 
is interesting on both counts in view of the observations of Thaine (1962) 
and Bowlmg (1969) on excised pieces of axis. Two possible mechanisms 
suggest themselves for this movement. I t  m ay be symplastic, by means 
of protoplasmic streaming m parenchym a cells; or it  m ay be apoplastic, 
by means of flow in the cell walls under the small pressure head from 
the reservoh. Both interpretations would be consistent with the greater 
movement of caesium, which would cross protoplasmic membranes more 
readily and be less adsorbed by the negatively-charged colloids of the 
cell walls. I t  would be interesting to compare the movement of tracer 
anions under similar circumstances, and experiments in this direction 
are in progress.

One obvious respect in which our experimental da ta  are incomplete 
is in the absence of information about the effect of the tracer apphcation 
on callose formation. I t  is hoped to rectify this in future reports. Esch- 
rich et al. (1965) have reported th a t 1.5 X 10“  ̂ molar calcium chloride 
injected into the petioles of Cucurhita causes a local deposition of callose. 
Strontium m ight be expected to  behave similarly. However, the specific 
activity of the ®̂ Sr used was about 400 Thus the solution applied
was about 5 x  10“® M and a t this strength would probably be innocuous. 
There is still the possibility th a t the buffer used with strontium  (veronal) 
might have had an inhibitory effect on the sieve tubes, bu t experiments 
in which caesium was combmed with veronal ra ther th an  phosphate 
indicated no distinction between the two buffers. However, the behaviour 
of callose needs further investigation.

In  conclusion, it  would seem fair to assert th a t the present results, 
obtained on an axis in which phloem transport can clearly be reversed, 
constitute evidence agam st the idea th a t simultaneous bidirectional 
movement in sieve tubes is possible. To this extent they  support a 
theory of mass flow.
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14MOVEMENT OF SUCROSE - C ALONG THE STOLON OF SAXIFRAGA SARMENTOSA

/ 3 /
Summary The characteristics of Cs transport along the stolon

of Saxifraga previously reported have been confirmed for applied

sucrose and natural assimilate. Long-distance transport is

strictly unidirectional, with a symmetrical short-distance spread

from the point of application. Only the latter takes place in a

long piece of excised stolon. Transport is readily reversed

when the parent plant is darkened and the daughter plantlet

allowed to photosynthesise. These findings strongly support a

mass-flow mechanism for the stolon. They also confirm the value

of ^^^Cs as a tracer for assimilate movement, though in contrast

to assimilate it suffers appreciable lateral leakage. Pulse-

labelling of the subtending leaf failed to produce a sharp peak
14of activity in the stolon. A flattening with time of the C 

profile is considered to be due to differ^ Jung linear velocities 

in parallel sieve tubes.
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Introduction

In a previous communication (Qureshi and Spanner, 1971)

evidence was presented that the movement of foreign tracers 
137 89( Cs and Sr) down the long thin stolons of Saxifraga sarmentosa

is consistent with the view that long-distance phloem transport in

this organ is strictly unidirectional; that it can be readily

reversed by manipulating the natural relationships of source and sink;

and that it ceases in excised pieces of stolon of considerable

length (40 cm). These findings were regarded as antagonistic to

those theories which imply simultaneous bidirectional movement, and

favourable to those embraced by the term 'mass flow'. One weakness

of the work described was that it did not relate to natural
137 89assimilates, though the use of Cs and Sr has an interest in 

itself. However, it was clearly desirable to confirm the findings 

using labelled carbohydrate, and it was for this purpose that the 

present work was undertaken.

Materials and Methods
»

The experimental plants were grown and prepared as described
14in the earlier paper,and C O ^ was administered as described in a

later one (Qureshi and Spanner 1972). In general 30-40^ C i  was

given and the leaf allowed to assimilate for an hour^after which

the leaf chamber was removed. After a further three hours the

stolon was cut into 2 cm segments by a razor blade assembly, and the

segments assayed in an automatic counter. Further details are given
l4in the legends to the figures. Where sucrose - C was applied to

the stolen about 3 C± were made up in C.C3 M phosphate buffer,

pH 7*2, containing 0.1% of the nonionic detergent Lissapol. It was
137applied in the manner used for Cs. After l8h the stolons were
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harvested, segmented as in the case of ^^^Cs, and assayed for .

Two methods were used for assay. In the first, the segments 

were dried in a vacuum oven at 70-80°C, ground in an agate mortar, 

and mixed with Cab-O-Sil in 10ml of a xylene-based liquid scintill

ator. About of Cab-O-Sil gave a satisfactory gel. The

vials were thoroughly shaken and left to set in the dark for 24h 

before counting in a Panax scintillation castle. Later in the work, 

a Packard Tri-Carb automatic counter became available. For this, 

fresh segments of the stolon were dropped into 10ml of a 2 :1  

mixture of conventional toluene-based scintillator and commercial 

Triton X-100 (Turner, 1968). The vials were well shaken and left 

for at least 24h before counting in the Packard. A comparison of 

commercial with specially-purified Triton X-100 had previously 

indicated little difference in performance, with a great difference 

in cost. The effect of the natural pigments of the stolon on the 

count rate had been ascertained as small, and in any case the stolon 

has a fair degree of uniformity. Drying the stolon first before 

immersing it in the mixture had been found to reduce the count rate 

to quite a small fraction to ) of what it was using the fresh 

pieces. Finally, it had been found that the count rate for the 

samples rose with time until it levdled-out after a period of about 

24 - 48h. These observations determined the procedure followed.

Results

Fig.l shows the results of two experiments in which sucrose— 

was applied in a small reservoir to the centre of the stolon.

Each experiment was in triplicate and lasted l8h. In the first series 

the parent plants were in the light and the daughters in a small black 

polythene bag kept humid inside with damp filter paper. Transpiration
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5^ ^ ’,Cnly symmetrical short-distance transport has occurred.
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was th u s  m a in ta in ed  lo w .  L o n g - d i s t a n c e  t r a n s p o r t  i s  e x c l u s i v e l y  

to  the  d augnter  p l a n t ,  w i th  the  same s y m m etr ica l  s h o r t - d i s t a n c e  

spread  about the  r e s e r v o i r  found e a r l i e r  (Q uresh i  & Spanner 1 9 7 1 ) .

In th e  second s e r i e s  the  p arent  p l a n t s  were k ep t  w e l l - w a t e r e d  but  

i n  th e  dark f o r  about  3 weeks b e f o r e  and d u r in g  th e  exp er im ent;  

th e  d aughter  p l a n t s  were th rough out  exposed and i n  th e  l i g h t .  In 

t h i s  c a s e  the t r a n s p o r t  i s  c l e a r l y  r e v e r s e d .  Such xylem movement 

a s  o ccu rred  must have been towards  the  d aughter  p l a n t ;  hence th e  

d i s t r i b u t i o n  o f  t r a c e r  can o n ly  r e f l e c t  phloem movement from th e  

d a u ghter  p l a n t  ( s e r v i n g  a s  s o u r c e )  t o  th e  paren t  p l a n t  ( s e r v i n g  as  

s i n k ) .

The n ex t  e x p e r i m e n t ,  r e p o r t e d  i n  f i g . 2 ,  was d e s ig n e d  to

i n v e s t i g a t e  the  l o n g - d i s t a n c e  t r a n s p o r t  o f  s u c r o s e  i n  p i e c e s  o f

e x c i s e d  s t o l o n .  The s u c r o s e  was a p p l i e d  a t  th e  c e n t r e  o f  segments

about  40cm lo n g  e n c l o s e d  i n  i n t e r n a l l y - m o i s t e n e d  t r a n s p a r e n t  p o ly t h e n e

l a y f l a t  t u b in g  as  d e s c r i b e d  i n  t h e  e a r l i e r  paper (1 9 7 1 )*  The s t o l o n

was h a r v e s t e d  a f t e r  l 8 h .  The r e s u l t s  i n d i c a t e  c l e a r l y  t h a t  o n ly

s h o r t - d i s t a n c e  movement has  taken  p l a c e ,  t h a t  i t  i s  q u i t e  s y m m e tr ic a l ,

and t h a t  i t  i s  o f  the  same magnitude as  t h e  s h o r t - d i s t a n c e  sy m m e tr ic a l

component which can be ob served  i n  c a s e s  o f  normal t r a n s p o r t  ( f i g  1 ) .

157 89As i n  th e  c a s e  o f  Cs and Sr i t  may r e p r e s e n t  movement i n  the  

parenchyma c e l l s  or i n  t h e  a p o p l a s t ,  p rob ab ly  the  l a t t e r  ( i b i d ) .

14N a t u r a l l y - a s s i m i l a t e d  C

F urth er  e x p e r i m e n t s  were c a r r i e d  out t o  i n v e s t i g a t e  the  

b e h a v io u r  o f  n a t u r a l  a s s i m i l a t e ,  the  movement o f  which  had h i t h e r t o  

been presumed known. In f i g  3 the  r e s u l t s  o f  t h r e e  s e r i e s  o f
l 4e x p e r im e n t s  a re  shown. In the  f i r s t ,  CĜ  was a p p l i e d  to  the  l e a f

o f  a parent  p l a n t  i n  th e  l i g h t  f o r  1 h ; a f t e r  3h more the  s t o l o n  

was h a r v e s t e d .  The d au ghter  plaoits ,which were r a t h e r  sm all^were  not  

darken ed .  T ransport  has c l e a r l y  occurred  towards  them over  a
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d i s t a n c e  o f  a t  l e a s t  4^cm o f  s t o l o n ,  t o  which must be added about  

10cm o f  p e t i o l e .  In  th e  second s e r i e s  was g i v e n  to  th e

d au gh te r  p l a n t ,  th e  p a ren t  b e i n g  a l s o  i n  th e  l i g h t . Here,  very  

l i t t l e  t r a c e r  i s  found o u t s i d e  th e  l i m i t s  o f  the  f e e d i n g  chamber,  

and t h e r e  i s  no c o m p e l l i n g  r e a s o n  f o r  r e g a r d i n g  the  l i t t l e  t h a t  i s  

as  r e p r e s e n t i n g  t r a n s p o r t  i n  th e  phloem.  In th e  t h i r d  s e r i e s  the  

p a ren t  p l a n t s  were darkened and had been i n  the dark s i n c e  s e v e n  

days  b e f o r e  th e  e x p e r i m e n t .  R a d i o a c t i v e  t r a c e r  was a g a in  g iv e n  to  

th e  d a u g h t e r s .  Here i t  un dergoes  marked l o n g - d i s t a n c e  t r a n s p o r t  

towards  the  p a r e n t s .  S i n c e  the  daughter  p l a n t s  had no in depen den t  

w a ter  supp ly  t h i s  movement was opposed to  th e  t r a n s p i r a t i o n  s trea m .  

T h is  r e i n f o r c e s  th e  c o n c l u s i o n ,  a lr e a d y  c e r t a i n  on o t h e r  grounds,  

t h a t  th e  d i s t r i b u t i o n  o f  r a d i o a c t i v e  a s s i m i l a t e  r e p r e s e n t s  a phloem 

t r a n s p o r t .

Time c o u r s e  o f  movement

One s t r i k i n g  d i f f e r e n c e  betw een the p a t t e r n  o f  movement o f

157 l4Cs down th e  s t o l o n  and t h a t  o f  C su gar  i s  th a t ,  w e l l  behind the

f r o n t ,  th e  s e m i - l o g a r i t h m i c  p l o t  o f  the  former i s  markedly i n c l i n e d ,

whereas  t h a t  o f  th e  l a t t e r  i s  v i r t u a l l y  h o r i z o n t a l .  T h is  can be

r e a d i l y  s e e n  by comparing th e  s o l i d  l i n e s  i n  f i g  1 w i th  f i g  3 o f  ,

th e  former paper  (Q u resh i  and Spanner 1 9 7 1 ) .  In both  c a s e s  the

t r a c e r s  were s i m i l a r l y  a p p l i e d  and the  d u r a t i o n  o f  t r a n s p o r t  was

the  same; f u r t h e r ,  t h e  r e s e r v o i r s  were p robab ly  s u p p l y i n g  a f a i r l y

s t e a d y  in p u t  o f  t r a c e r .  We have argued th a t  t h i s  d i f f e r e n c e  i s

due to  the f a c t  t h a t  ^^^Cs l e a k s . r e a d i l y  out o f  the  s i e v e  t u b e s ,

14whereas  s u c r o s e  -  C does  n o t .

l 4With t h i s  i n t e r p r e t a t i o n  s h o r t  terra ex p e r im e n ts  w i th  CÔ  

a l l o w i n g  d i f f e r e n t  t im e s  f o r  t r a n s l o c a t i o n  should  show a s t e a d y  

p r o f i l e  o f  a c t i v i t y  moving a lo n g  th e  s t o l o n ,  and from i t s  s u c c e s s i v e
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p o s i t i o n s  i t  sh o u ld  be p o s s i b l e  to  c a l c u l a t e  a l i n e a r  v e l o c i t y .

F ig  4 r e p o r t s  the  r e s u l t s  o f  a s e r i e s  o f  e x p er im en ts  i n  
l 4which  CÔ  was f ed  t o  a mature l e a f  f o r  Ih  a f t e r  which the  l e a f  

chamber was removed.  The s t o l o n  was h a r v e s t e d  a f t e r  p e r i o d s  

v a r y i n g  from J>0 min t o  6h measured from the  b e g i n n i n g  o f  the  p e r io d  

o f  f e e d i n g .  The e x p e r i m e n t s  were i n  t r i p l i c a t e ,  and as  was a lm ost  

a lw ays  the  c a s e  i n  ftiis work^the r e p l i c a t i o n  was v e r y  good.  Because  

o f  t h i s ,  and f o r  c l a r i t y ,  the  r e p l i c a t e  co u n t s  have been averaged  

and th e  r e s u l t s  p l o t t e d  i n  f i g  4 ,  These i n d i c a t e  th e  way the  

p r o f i l e  moves down th e  s t o l o n .  A f t e r  about 6h the  curve  of  a c t i v i t y  

has become v i r t u a l l y  h o r i z o n t a l .  Before  t h a t ,  th e  * f r o n t ' moved 

down th e  a x i s  a t  a l i n e a r  v e l o c i t y  of  about 20cm h ^ . I t  became 

f l a t t e r  a s  i t  moved,  perhaps  b eca u s e  some s i e v e  tu b e s  were c o n d u c t 

i n g  f a s t e r  than o t h e r s .  A f a l l  i n  a c t i v i t y  a t  th e  prox im al  end o f  

th e  s t o l o n  i s  d i s t i n c t l y  e v i d e n t  a t  the  l o n g e r  t im e s  ^and would be 

much more so  on an a r i t h m e t i c  p lo t^  s u g g e s t i n g  t h a t  the  s o u r c e  was 

becoming em pt ied  o f  r a d i o a c t i v i t y .  This o b s e r v a t i o n  s u g g e s t e d

t h a t  i t  might be w o r th w h i l e  to  s e e  i f  rap id  p u l s e - l a b e l l i n g  o f  th e  

14l e a f  w i t h  CÔ  would r e s u l t  i n  a r e c o g n i s a b l e  'hump' i n  the  

a c t i v i t y  p r o f i l e  down th e  s t o l o n  (compare Geiger & Swanson 1965;
I

Gd.ger & Batey  I 9 6 7 ) . I f  t h i s  proved the  c a s e ,  and i f  th e  w id th  o f  

the^hurap was s m a l l  enough, i t  might be p o s s i b l e  t o  r e p e a t  th e  

p r o c e s s  a f t e r  a s u i t a b l e  i n t e r v a l  and record  two'humps^in a s i n g l e  

s t o l o n .  V/ith no a t t e n u a t i o n  due to  l a t e r a l  l e a k a g e , t h i s  would 

e n a b le  a very  a c c u r a t e  e s t i m a t e  to  be made o f  the  l i n e a r  v e l o c i t y ,  

a v o i d i n g  the  u n c e r t a i n t y  in t r o d u c e d  b j  h av in g  to  compare one p l a n t  

w ith  a n o t h e r .

A s e r i e s  o f  e x p e r im e n ts  was a c c o r d i n g ly  run i n  d u p l i c a t e  as  

f o l l o w s .  At 1 1 . 0 0  h ,  a f t e r  the  p l a n t s  had been i n  the  l i g h t  f o r  

about  5h ,  f l e x i b l e  p l a s t i c  l e a f  chambers o f  s m a l l  i n t e r n a l  volume
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(a few cm^) were f i t t e d  over  th e  l e a v e s .  These c o n t a in e d  a s m a l l  

square  o f  f i l t e r  paper  on which had been dr ie d  down about 2 5 - 3 0  j j S l  

o f  Na^ CO^. A f t e r  s e a l i n g  the  chambers the  f i l t e r  paper  was 

m o is te n e d  w ith  a hypodermic s y r i n g e  c o n t a i n i n g  d i l u t e  s u l p h u r i c  

a c i d .  Three m in u tes  l a t e r  the  chambers were removed and the l e a v e s  

a l l o w e d  t o  p h o t o s y n t h e s i s e  i n  a i r . The s t o l o n s  were a l low e d  t o  

t r a n s l o c a t e  f o r  a f u r t h e r  p e r io d  o f  3h or more and were then  h a r v e s t 

ed ,  segmented and a s s a y e d  i n  the u s u a l  way. F i g  5 shows the r e s u l t s  

averaged  f o r  the  two r e p l i c a t e s .  The r e s u l t  i s  u n e x p e c t e d .  I t  i s  

p l a i n  t h a t  th e  e x p e c t e d  'hump' i s  not  r e a l i s e d ;  i n  f a c t  th e  c u r v e s  

f o r  th e  l o n g e r  t i m e s  are  remarkably  f l a t .  One or  two o t h e r  s e r i e s  

o f  e x p e r i m e n t s ,  under  s l i g h t l y  d i f f e r e n t  c o n d i t i o n s ,  gave s u b s t a n t 

i a l l y  the  same r e s u l t .  I t  can o n ly  be s u g g e s t e d  a t  t h i s  s t a g e  t h a t  

th e  r a d i o a c t i v e  a s s i m i l a t e  e n t e r s  a p o o l ,  perhaps  o f  p o l y s a c c h a r i d e ,  

from which i t  i s  o n l y  s l o w l y  r e l e a s e d  f o r  t r a n s p o r t .  The m a t ter  

n eed s  f u r t h e r  i n v e s t i g a t i o n ,  but u n f o r t u n a t e l y  i t  had to  be dropped,  

a t  l e a s t  t e m p o r a r i l y ,  a t  t h i s  p o i n t .

D i s c u s s i o n

In our f i r s t  r e p o r t  on the  u n i d i r e c t i o n a l  t r a n s p o r t  a lo n g  the

s t o l o n  o f  Saxifra,s:a we d i s c u s s e d  work i n  which th e  n o n - p h y s i o l o g i c a l

t r a c e r s  ^^^Cs and ^^Sr were u s e d .  T h is  e s t a b l i s h e d  t h a t  at  l e a s t

w i t h  Cs (Sr  does  n o t  move i n  th e  phloem) s im u l t a n e o u s  b i d i r e c t i o n a l

t r a n s p o r t  i n  th e  same s i e v e  t u b e s  does  not o c c u r .  I t  demonstrated

n e v e r t h e l e s s  t h a t  th e  d i r e c t i o n  o f  t r a n s p o r t  i s  e a s i l y  r e v e r s e d  by

i n t e r c h a n g i n g  th e  s o u r c e s  and s i n k s  f o r  a s s i m i l a t e ;  and t h a t  th e

137d i s t r i b u t i o n  o f  in t r o d u c e d  Cs f o l l o w s  very  a c c u r a t e l y  an 

e x p o n e n t i a l  f a l l - o f f  p a t t e r n #

The p r e s e n t  work f i l l s  i n  some important  gaps i n  t h i s  

e v i d e n c e .  I t  c o n f i r m s  t h a t  Cs moves i n  a l l  c a s e s  i n  th e  d i r e c t i o n
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o f  th e  a s s i r a la t e  s t r e a m .  I t  d em onstra tes  t h a t  i n  t h i s  a x i s  the

p a t t e r n  o f  C d i s t r i b u t i o n  i s  not  one o f  e x p o n e n t i a l  f a l l - o f f ,

l e t  a lo n e  o f  e r r o r  f u n c t i o n  e x c e p t  at  the  f r o n t ,  where i t  r e f l e c t s

and i s  p robab ly  dominated  by th e  k i n e t i c s  o f  the  e n t r y - p r o c e s s  i n t o

th e  c o n d u c t in g  s y s t e m .  The i n t e r p r e t a t i o n  i n  tne  p r e s e n t  c a s e  i s

n ot  c o m p l i c a te d  by th e  r e l a t i o n s h i p s  of  l e a f  t r a c e s  and c a u l i n e

b u n d le s  which s p o i l s  the  s i m p l i c i t y  o f  such  s u b j e c t s  as  C ucurbi ta

or  V i c i a . We are  p ro b a b ly  on f a i r l y  s a f e  ground t h e r e f o r e  i n

i n t e r p r e t i n g  our r e s u l t s  as  n e g a t i n g  ( f o r  S a x i f r a g a  a t  l e a s t )  a

d i f f u s i o n - a n a l o g u e  mechanism o f  s i e v e  tube f u n c t i o n  (Canny, 1971)

or  any mechanism i n  f a c t  which p erm its  s im u l t a n e o u s  b i d i r e c t i o n a l

movement a t  a s i n g l e  c e l l u l a r  l o c u s .  Th is  c o n c l u s i o n  i s  a l s o

borne out by th e  f a c t  t h a t  th e  a c t i v i t y  a t  th e  p rox im al  end o f  the

s t o l o n  can e v e n t u a l l y  f a l l  be low t h a t  lower  down, p rod u c ing  a ’hump’ .
c«-Sily

T h is  i s  a c o n d i t i o n  th e  d i f f u s i o n - a n a l o g u e  th e o r y  cann ot^accom od ate .

That s u c r o s e  does  not  move out l a t e r a l l y  t o  any g r e a t  e x t e n t

from th e  s i e v e  t u b e s  i s  s u g g e s t e d  by the l e v e l  n a tu re  o f  the  cu rves

o f t e n  o b t a i n e d ,  e s p e c i a l l y  where ,  a s  i n  the  s o l i d  l i n e s  i n  f i g  1 ,

th e  t r a c e r  s u p p ly  would seem a p r i o r i  to have had a l o n g - t e r m

c o n s t a n c y .  The m a t t e r  i s  not  q u i t e  so  easy  to argue i n  th e  c a s e  o f

th e  ^^CO^ e x p e r i m e n t s ;  but i f  th e  l a c k  of  a d i s t i n c t  ’hump' i n  th e

p u l s e - l a b e l l i n g  e x p e r i m e n t s  i s  due to the d e la y  imposed on f r e s h l y -
h&inô

a s s i m i l a t e d  ca r b o h y d r a te  by i t s ^ s e q u e s t e r e d  i n  a r e s e r v e  form 

b e f o r e  t r a n s p o r t ,  th en  even p u l s e  exp er im en ts  may have r e s u l t e d  i n  

a f a i r l y  lo n g - d r a w n -o u t  and s t e a d y  supply  o f  r a d i o a c t i v e  s u g a r s  to  

th e  t r a n s p o r t  c h a n n e l  (compare Geiger & r a t e y ,  1967)*

The f l a t t e n i n g  o f  the  ' f r o n t '  as  i t  moves down the a x i s  has  

a l r e a d y  been commented on as  probab ly  r e f l e c t i n g  a l a c k  o f  

u n i f o r m i t y  i n  s i e v e —tube v e l o c i t i e s .  Zjmmermann n o ted  t h a t  the  

i d e a  o f  a l i n e a r  v e l o c i t y  i n  the  s i e v e  tabes  i s  a l i t t l e  i m p r e c i s e .
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i f  o n ly  because  w i t h  s t r e a m l i n e  f low th e  v e l o c i t y  v a r i e s  from a 

maximum i n  the c e n t r e  t o  zero  a t  the  w a l l s .  However,  the  s i e v e  

t u b e s  are  so  narrow t h a t  r a d i a l  d i f f u s i o n  w i t h i n  th e  lumen i s  rapid  

enough t o  o b l i t e r a t e  t h i s  v a r i a t i o n  i n  v e l o c i t y  as a f a c t o r  i n  

d raw in g-ou t  the  p r o f i l e  i n  th e  f r o n t  ( T a y l o r ,  1 9 5 3 ) ;  i t  c a n n o t ,  

however ,  o f f s e t  th e  e f f e c t  o f  d i f f e r i n g  v e l o c i t i e s  i n  p a r a l l e l  

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

The conclusion therefore is that the present work accords 

well with a theory of mass flow, but not with one of 'activated 

diffis ion' on the Canny and Phillips Model (see Canny, 1971)*
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The Effect, of Niti-ogen on the Ilovenient of Tracers down the Stoloi 

of So>:ifra„ earnentosa^ with some Observations on tne Influence 

of Light.

i S jSummary The movement of applied ^Cs and of naturally-
14assimilated C down the long stolon of Saxifraga is strongly 

inhibited by confining a length of 2 0 to 30 cm of the stolon in 

an atmosphere of nitrogen. The inhibition is reversible, normal 

transport being restored after less then 4h when the stolon* is 

returned to air from 3h in nitrogen. Callose formation does not 

seem to be involved. There is evidence that local darkness has 

a similar adverse effect on phloem transport.

These findings are considered antagonistic to the 

pressure-flow hypothesis, but favourable to the active mass-flow 

theories.

Introduc tion ,

Among the inhibiting agencies whose effect on transloca

tion have been investigated, deprivation of oxygen was one of the 

earliest. Curtis (1929), following Wortman (I8 9 0 ), waxed the 

petioles of Phaseolus. He also applied nitrogen under slight 

pressure to about 5 om of petiole. There was an effect on the dry 

weight loss of the leaf, but it was hardly conclusive. In a long 

paper in 1936 Mason & Phillis concluded that because of
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transpiration and photosynthesis this type of experiment was 

unsuitable; but they reported extensive work on the transport of 

materials to developing c o t t o n  bolls along defoliated laterals 

given a thick coating of plasticene. The results were very 

significant, and they concluded that oxygen supply was important 

in maintaining some "special state of the cytoplasm" necessary for 

high-speed transport. Willenbrink (1 9 3 7 )  and Ullrich ( I 96I )  however 

could find no evidence for any effect of anoxia on the transport of 

fluorescein through the exposed central petiole bundle of 

Pelargoniurn. Ullrich concluded that oxygen "seems to play no part 

i n  transport through the sieve tubes", although HCN gas "reliably 

and reversibly" inhibited it. He suggested that a peroxidase 

system might be important (cf.Mason & Phillis, 1 9 3 6 ) .  More recently, 

Geiger & Christy (1 9 7 1 )  investigating a rather different aspect of 

the overall problem have reported that anoxia of the sink region 

(an immature leaf of Beta) caused a rapid fall i n  the import rate 

of labelled assimilates to almost aero.

Thus the question of whether deprivation of oxygen has 

any effect on the transport channels themselves must be.regarded as 

an open one, and it seemed worthwhile to re-investigate it with the 

help of tracers and on a system possessing some advantages over 

those previously used. This paper accordingly reports the results 

of experiments in which the distribution of tracers and labelled 

assimilates was followed down the long uniform stolon of Saxifraga 

sarmentosa part of which was subjected to anoxia with nitrogen.

Materials and Methods

t r a c e r s  were a p p l i e d  a s  d e s c r i b e d  i n  an e a r l i e r  paper  (Quresh i  & 

Spanner 1 9 7 1 ) .  In o rd er  t o  exp ose  the s t o l o n s  t o  n i t r o g e n  th ey  were
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Parent Plant
Polythene sleeve 

(2 0 -3 0 cm) Moist N- or air in

Black polythene

Fi% 1 The general experimental arrangement. tVhere appropriate

was applied at the point A; sucrose—  at the point 3; 

and was administered tu the leaf C. The polythene

sleeve and bag contained moistened filter paper. The drawing 

js approximately to scale.
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run through a s l e e v e  20~30 cm lo n g  o f  b lack  p o ly t h e n e  l a y f l a t  tu b in g  

which when opened out formed a tube o f  about 3 cm d ia m e t e r .  This  

c o n t a in e d  some damp f i l t e r  p ap er ,  and was c l o s e d  a t  each  end w ith  a 

rubber  bung c a r r y i n g  a c e n t r a l  g l a s s  tube  f o r  i n l e t  or o u t l e t  o f  

n i t r o g e n ,  the o u t l e t  tube  d ip p i n g  below w ater  t o  en su re  a s l i g h t  

p o s i t i v e  p r e s s u r e .  P e r i p h e r a l  g r o o v e s  i n  the  bungs accomodated the  

s t o l o n ,  which v/as l u t e d  i n  w i th  petro leum  j e l l y .  The d aughter  p la n t  

a t  th e  end o f  the  s t o l o n  was e n c l o s e d  i n  a s m a l l  b la c k  p o ly t h e n e  bag 

c o n t a i n i n g  m o is t  f i l t e r  paper; t h i s  c u r t a i l e d  both  i t s  t r a n s p i r a t i o n  

and i t s  p h o t o s y n t h e s i s .  F i g . l  shows th e  g e n e r a l  d i s p o s i t i o n .

N i t r o g e n  gas  o f  commerc ia l  " o x y g e n - f r e e "  q u a l i t y  was bubbled through  

water  b e f o r e  p a s s i n g  i n t o  th e  s l e e v e .  I t s  oxygen c o n t e n t  was s t a t e d  

to  be l e s s  than 0.5%*
Ik

Caesium - 1 3 7  and S u c r o s e  -  C were made up i n  C.05M p h os 

phate  b u f f e r ,  pH 7 * 2 .  The q u a n t i t i e s  a p p l i e d  are  s t a t e d  i n  the  

l e g e n d s .  L a b e l l e d  carbon d i o x i d e  was s u p p l i e d  i n  th e  form o f  sodium 

c a r b o n a te  d r ie d  down on a s m a l l  p i e c e  o f  i n d i c a t o r  p a p er .  T h is  was 

e n c l o s e d  w i th  thre l e a f  i n  a s m a l l  chamber formed from t h i n  t r a n s p a r e n t
Ik

p l a s t i c  ( P o l y g l a z e ) ,  and th e  CÔ  was r e l e a s e d  by i n t r o d u c i n g  j u s t

enough s u l p h u r i c  a c i d  by hypodermic s y r i n g e  to  f l o o d  t h e  paper .

On c o n c l u s i o n  o f  th e  exper im ent  th e  s t o l o n s  were cut  up as

p r e v i o u s l y  d e s c r i b e d .  They were a s sa y e d  m ain ly  by a u to m a t ic

yô - c o u n t i n g  under an ena-window c o u n te r  (^^^Cs) ,  or i n  a Packard T r i -

Garb c o u n te r  by l i q u i d  s c i n t i l l a t i o n  t e c h n i q u e s , u s i n g  C a b -O -S i l  or

IkT r i t o n  X-100  w i t h  a T o lu e n e -b a s e d  s c i n t i l l a t o r  ( C ) .

R e s u l t s

1371 .  Movement o f  Cs under n i t r o g e n

In the  exp er im en t  r e p o r te d  i n  f i g . 2  the  e f f e c t  o f  n i t r o g e n  

on ^^^Cs movement was i n v e s t i g a t e d .  N i t r o g e n  f lo w  was s t a r t e d  at
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time 12.00 and tracer was applied at 16.00 at about Ô cm from, the 

start of the sleeve. The stolon was harvested at 12.00 the next day. 

During the night the plants were kept under low pressure mercury 

illumination of 350 lux (this practice was in fact general through

out this work). The experiment was run in triplicate, and as controls 

the nitrogen was replaced with air for two sets of three stolons, "' 

one set being enclosed in the usual black polythene sleeves, while 

the other was exposed to light in translucent sleeves. On conclusion 

of the run the stolons were cut up into the sections indicated on the 

horizontal axis, and counted as described earlier. The replication 

in all cases is close. It is accordingly obvious that, judging 

either by the slope of the linear portions of the curves, or by the 

indication of distance travelled, the nitrogen treatment has had a 

marked effect on the transport of caesium; further that there is a 

significant difference between the stolons in darkness and those in 

light It seems unlikely that this latter effect is due to tempera

ture, though unfortunately no observations were made at the time of 

the temperature within the tubes. Subsequent measurements have 

however indicated that the difference was probably less than 1°C.

2. Movement of natural assimilates under nitrogen

In the next experiments the effect of nitrogen on the
Ikmovement of naturally-assimilated C was investigated. In the first 

set (fig.3), the stolons were enclosed and nitrogen or air flow 

commenced at about I6 .3O and continued till harvesting. The next
14-morning at 9»00, CO^ was administered to the subtending leaf for 

an hour. The leaf-chamber was then removed and the plants allowed to 

translocate for another 3h when the stolons were harvested. The 

control experiment reported with translucent sleeves passing air 

was run a year later; its comparability with the others is therefore
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a little open to question. In the second set of experiments (fig.4) 

the nitrogen treatment was not commenced so early. The sleeves
l ifwere fitted about 1 2 .0 0 , CO^ administered from 1 ^ .0 0  to 14.00, and 

the stolons harvested at 1 7 .0 0 .

It is again obvious that nitrogen treatment has markedly 

influenced transport. There is a suggestion (fig 3) that darkness 

has had an adverse effect of its own, though as noticed earlier the 

control at this point is not very good and the comparison needed 

repetition under stricter conditions (see below). Further the 

controls in air in prolonged darkness appear to translocate much 

less effectively than those given a shorter period of pre-treatment 

(compare figs 3 & 4).

In a third set of experiments (fig 3) the nitrogen treat- .
14ment was begun at the same time as CO- administration. Four hours 

later the stolons were harvested. There has been a marked effect 

(again all the replications agree closely); but a little long

distance transport has taken place, and the impression is that the 

nitrogen treatment takes some time to become effective.

A fourth set of experiments was designed to test the point 

raised earlier; does darkness have an effect of its own on transloca

tion even when the stolon is in air? Fig 6 records the results of 

an experiment in which stolons enclosed in black or translucent 

sleeves were subjected to a moist air stream for l8h under continuous 

light. Labelled C O ^ was then given for Ih to the subtending leaf, 

and after a further J>h the stolons were harvested. Again replication 

is very good, and the positive effect of light on translocation is 

evident, confirming the earlier indications (fig 3 )* In this exper

iment two additional replicates were run and examined at the close 

for sieve plate callose; the results, which were negative, are 

reported more fully below.
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F i g  6 Movement o f  n a t u r a l  a s s i m i l a t e s  mider l i g h t  and d ark ness  in
1-4-

a i r  ( F e b . 1 9 7 2 ) .  Treatment  s t a r t s d  22h and CÔ  g i v e n  4h

b e f o r e  h a r v e s t i n g .  (S ee  f i g  11 f o r  c o n d i t i o n  o f  c a l l o s e  on

s i e v e  p l a t e s )
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F ig  7 E f f e c t  o f  n i t r o g e n  t r e a t m e n t  o f  s i n k  r e g i o n  (d a u g h te r  p l a n t )

on movement o f  n a t u r a l  a s s i m i l a t e s .  Treatment s t a r t e d  5h 

and g i v e n  t o  s u b t e n d i n g  l e a f  4h b e f o r e  h a r v e s t i n g .

The c u r v e s  end about 1 cm s h o r t  o f  th e  d a u g h te r  p l a n t .  

Average f r e s h  w e ig h t  o f  daughter  p l a n t s  O.lOg; average  

( c o n t r o l s )  5 2 , 1 0 0  per  100  e .
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3 • E f f e c t  o f  nitror:en a p p l i e d  to  s i n k

S a x i f r a r a  sy stem  l e n d s  i t s e l f  r e a d i l y  to  i n v e s t i g a t i o n

o f  the  e f f e c t  o f  o x y g e n - d e p r i v a t i o n  o f  the  s i n k  r e g i o n ,  and in  the

f o l l o w i n g  e x p e r im e n t s  th e  d au ghter  p la n t  was g iv e n  n i t r o g e n  treatm ent

l li n  a dark s l e e v e  f o r  Ih  b e f o r e  CÔ  was a d m in i s t e r e d  to  th e  mother

l e a f  s u b te n d in g  the  s t o l o n .  Four hours  l a t e r  w ith  n i t r o g e n  treatment

s t i l l  c o n t i n u i n g  the  s t o l o n  was h a r v e s t e d .  F i g  7 r e c o r d s  the  r e s u l t s .

T r a n s l o c a t i o n  has  r e s u l t e d  i n t t f a i r l y  h ig h  l e v e l  o f  a c t i v i t y  f o r  about

a t h i r d  o f  th e  d i s t a n c e  a lo n g  th e  s t o l o n .  Then the  a c t i v i t y  f a i l s

r a p i d l y ,  and th e  l a s t  t h i r d  o f  the  s t o l o n  shows v i r t u a l l y  none.

C o r r e s p o n d i n g ly ,  no t r a c e r  a t  a l l  was d e t e c t a b l e  i n  the  daughter

p l a n t ,  whose s i n k  c a p a c i t y  had a p p a r e n t ly  been s t i f l e d .  By c o n t r a s t ,

i n  t h e i r  Beta  sy s te m  G e ig er  & C h r i s t y  (1^70)  found t h a t  t r a n s p o r t

re c o v e r e d  t o  about 50>é o f  i t s  o r i g i n a l  r a t e  a f t e r  two hours  in

n i t r o g e n . Th is  s i t u a t i o n  r e c a l l s  the  d i f f e r i n g  c a p a c i t i e s  o f  s p e c i e s

to  r e c o v e r  from low tem p era tu re  t r e a t m e n t s  (G e ig e r  1969)*

Ev id ence  on a somewhat d i f f e r e n t  m a t ter  can be in tr o d u c e d

a t  t h i s  p o i n t .  I t  c o n c e r n s  whether  the  p o i ' t i o n  o f  s t o l o n  beyond a

n i t r o g e n  s l e e v e  r e t a i n s  the  c a p a c i t y  t o  t r a n s l o c a t e .  T h is  p o in t  was

i n v e s t i g a t e d  by a p p l y i n g  to  th e  s t o l o n  about h a l f - w a y  between th e

d i s t a l  end o f  a 20 cm dark n i t r o g e n  s l e e v e  and the  d aughter  p la n t  a
li+

r e s e r v o i r  c o n t a i n i n g  s u c r o s e -  C. T h is  was a p p l i e d  Ih  a f t e r  n i t r o g e n  

t r e a tm e n t  began, and 4h l a t e r  th e  s t o l o n  was h a r v e s t e d .  The r e s u l t s  

( f i g  8 )  i n d i c a t e  t h a t  u n i d i r e c t i o n a l  t r a n s p o r t  had taken  p la c e  towards  

th e  daughter  p la n t  which had accumulated  an a c t i v i t y  about  equa l  to  

t h a t  i n  6 - 8  cm o f  th e  a d j a c e n t  s t o l o n .  There i s  a l s o  th e  normal  

sy m m e tr ic a l  s h o r t - d i s t a n c e  sp read  i n  both d i r e c t i o n s  (Q u resh i  & 

Spanner 1971 ,  1 9 7 2 ) .  On the  f a c e  o f  i t ,  t h e r e f o r e , th e  n i t r o g e n  e f f e c t  

does  not i n c a p a c i t a t e  th e  u n s l e e v e d  r e g i o n  prov id ed  the  l a t t e r  has  

sugar  to  t r a n s p o r t .



See Fig .  10

See F ig .  4

See F ig .  7
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Ng,Dark A ir .L ight

“I h  l / 2 h

Pig  9 .  Programme o f  treatments des igned to  t e s t  r e v e r s i b i l i t y  o f  
n i tr o g e n  e f f e c t .
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§
r~iO-POQ
«HO
m
■p

g

0)
CQ

«H0
03
C

•H

a
1



. 1%

4, [.t versibili. hy of nitre yen effect

F i n a l l y ,  e x p e r im e n t s  were run to  a s c e r ta in  whetner the  

i n h i b i t i o n  caused  by anoxia,  v/as r e v e r s i b l e .  The s t o l o n s  were  

s u b j e c t e d  to n i t r o g e n  t r e a tm e n t  i n  the  dark f o r  5h and then the  

s l e e v e s  were removed, l e a v i n g  the  a x e s  i n  l i g h t  and a i r . They were 

h a r v e s t e d  a f t e r  a l a p s e  o f  a v a r i a b l e  p e r i o d .  R a d i o a c t i v e  CÔ  was 

g iv e n  to  the s u b t e n d i n g  l e a f  4h b e f o r e  the  s t o l o n  was due fo r  

h a r v e s t i n g ;  th u s  i n  e v e r y  c a s e  th e  p e r io d  a v a i l a b l e  f o r  t r a n s l o c a -  

t i o n  was the  same.  The p a t t e r n  o f  t r ea tm en t  i s  s e t  out  d iagram at-  

i c a l l y  i n  f i g  9» and th e  r e s u l t s  i n  f i g  1 0 .  I t  i s  c l e a r  t h a t  r e c o v 

ery  i s  w e l l  under way a f t e r  2 h .  By 4h i t  i s  c o m p le t e ,  s i n c e  o b s e r v 

a t i o n s  made a f t e r  8 , 12 and 24h showed no f u r t h e r  change;  th e y  have  

a c c o r d i n g l y  been o m i t t e d  f o r  c l a r i t y .  F i g  4 p r o v i d e s  an i d e a  o f  the  

d i s t r i b u t i o n  o f  t r a c e r  im m e d i a te ly  a t  the  t e r m i n a t i o n  o f  the  n i t r o g e n  

t r e a t m e n t •

S t r i c t l y  s p e a k i n g ,  t h e s e  r e s u l t s  i n d i c a t e  a r e v e r s i b i l i t y  

o f  the  j o i n t  e f f e c t  o f  a n o x ia  and d a r k n e s s .  However th e  c o n t r o l  

c u r v e s  i n  f i g  4 s u g g e s t  t h a t  ov er  a p e r io d  o f  $h dark n ess  by i t s e l f  

has n e g l i g i b l e  e f f e c t .  P rov ided  t h e r e f o r e  t h e r e  i s  no s t r o n g  i n t e r 

a c t i o n  between d a r k n e s s  and a n o x ia  (a  p o i n t  worth i n v e s t i g a t i n g )  the  

p r e s e n t  r e s u l t s  would seem t o  j u s t i f y  us i n  a s s e r t i n g  t h a t  the  

a n o x ia  e f f e c t  i s  c o m p l e t e l y  r e v e r s i b l e  w i t h i n  about  ̂ or 4 h ou rs .

5• S t a t e  o f  the  s i e v e  p l a t e  c a l l o s e

An o b v io u s  s u g g e s t i o n  t o  accoun t  f o r  phloem i n h i b i t i o n  i s  

t o  in v o k e  c a l l o s e  fo r m a t io n  on the  s i e v e  p l a t e s  (c f .M cN airn  &

C u r r i e r ,  I 9 6 8 ) .  The im p ortan ce  o f  t h i s  s u g g e s t i o n  i s  t h a t  i t  would 

weaken the  impact o f  c U r  o b s e r v a t i o n s  as e v i d e n c e  a g a i n s t  th e  p r e s s -  

u r e - f l o w  t h e o r y .  E l e c t r o n  m ic r o sc o p e  s t u d i e s  were t h e r e f o r e  made to  

s e e  i f  n i t r o g e n  t r e a tm e n t  o f  th e  s t o l o n  promoted c a l l o s e  fo r m a t io n .
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F i g  11 State o f  t h e  s i e v e  p l a t e s  i n  s t o l o n s  g i v e n  22h o f  n i t r o g e n  

t r e a tm e n t  i n  d a r k n e s s  ( 1 ) ,  and 22h i n  a i r  i n  d ark n es s  ( 2 ) .  

There i s  n e g l i g i b l e •c a l l o s e  p r e s e n t  i n  e i t h e r .  The r e s u l t s  

a f t e r  $h t r e a t m e n t  were s i m i l a r .  F ixa t ion  by sudden immersion 

i n t o  a c e t i c  a l c o h o l  a t  -20^C fo r  24h b efore  fu r th er  process ing .
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11 shows a t y p i c a l  s i sv ©  p lat©  ironi a s t o l o n  g iv e n  22ti an ox ia  

i n  th e  dark,  t o g e t h e r  w i th  a c o n t r o l ;  both show n e g l i g i b l e  c a l l o s e .  

Tnat th e  f i x a t i o n  employed did  not  a c t u a l l y  remove c a l l o s e  was 

a s c e r t a i n e d  by f i x i n g  segm ents  i n  g l u t a r a l d e h y d e  f o r  4h a t  room 

tem peratu re  b e f o r e  p l u n g i n g  them i n t o  the  c o ld  a c e t i c  a l c o h o l .  The 

p l a t e s  showed th e  a p p r e c i a b l e  amounts o f  c a l l o s e  commonly found w ith  

g l u t a r a l d e h y d e  treatment*-;  There was a s l i g h t  s u g g e s t i o n  t h a t  l e n g th y  

dark t r e a tm e n t  (22h i n  a b l a c k  s l e e v e w i t h  a i r )  caused  an i n c r e a s e  i n  

s i e v e  p l a t e  c a l l o s e .  T h is  e f f e c t ,  i f  r e a l ,  would a g ree  w i th  

E s c h r i c h ' s  o b s e r v a t i o n s  ( E s c h r i c h . I 9 6 5 ) on C u c u r b i t a .

6 .  E f f e c t  o f  a n o x ia  on th e  s o u r c e  l e a f

One f u r t h e r  p o i n t  was i n v e s t i g a t e d :  the  e f f e c t  o f  an o x ia  

on the  su pp ly  l e a f  s u b t e n d i n g  th e  s t o l o n .  T h is  l e a f  v/as d r ie d  and 

a u to r a d io g r a p h e d  i n  a number o f  e x p e r i m e n t s .  On no o c c a s i o n  did the  

r e s u l t  i n d i c a t e  t h a t  n i t r o g e n  t r e a tm e n t  o f  the  s t o l o n  had r e a c t e d  on 

the  l e a f .  On th e  o t h e r  hand i f  the  l e a f  i t s e l f  was c o n f i n e d  to  

n i t r o g e n  i n  the dark b e f o r e  and a f t e r  a 15 min exposure  i n  th e  l i g h t  . 

to  ^^C0_, v e i n - l o a d i n g  was r e d u c e d ,  as  found by Leonard & Glenn ( I 968).

I t  can be con c lud ed  t h e r e f o r e  t h a t  the  n i t r o g e n  e f f e c t s  r e p o r te d  i n

t h i s  paper do n ot  a r i s e  i n  the  s o u r c e  l e a f ,  but r e f l e c t  genu ine

p r o p e r t i e s  o f  th e  t r a n s p o r t  c h a n n e l .

D i s c u s s i o n

The p r e s e n t  work c o n f ir m s  i n  a r a t h e r  more p r e c i s e  way the  

c o n c l u s i o n s  o f  Mason & P h i l l i s  (195^)  on th e  n e c e s s i t y  o f  oxygen f o r  

phloem t r a n s p o r t .  On the  o t h e r  hand i t  c o n f l i c t s  v/ith the  e v id e n c e  

o f  W i l l e n b r i n k  (1 9 5 7 )  and U l l r i c h  ( I 9 0 I )  mentioned e a r l i e r .  However,  

Mason & P h i l l i s  s t u d i e d  t r a n s p o r t  i n t o  a t e r m i n a l  b o l l  a lo n g  a 

d e f o l i a t e d  b ranch ,  whereas  V / i l l e n b r in k  & U l l r i c h  used a p e t i o l e  and
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la m in a .  Two o b v io u s  d i f f e r e n c e s  i n  t h e s e  . sys tem s  were t ne magnitude  

of the  t r a n s p i r a t i o n  s tream  (which might convey  oxygen)  and the  

l e n g t h  o f  the  i n h i b i t e d  a x i s ;  i n  both  o f  t h e s e  r e s p e c t s  the  

S a x i f r a g a  sys tem  i s  much c l o s e r  to  Mason's & P h i l l i s ' s .  Both  

f a c t o r s  would tend t o  reduce  the  e f f e c t  o f  a n o x ia  in  th e  exper im ents  

o f  the  German w o r k e r s , so  th a t  perhaps t h e r e  i s  no d e e p - s e a t e d  

c o n f l i c t  to  be r e s o l v e d .

In i n t e r p r e t i n g  th e  p r e s e n t  r e s u l t s  i t  sh ou ld  be borne i n  

mind t h a t  th e  c u r v e s  drawn on a s e m i - l o g a r i t h m i c  b a s i s  p r o v id e  two 

i n d i c a t i o n s ;  the  a x i a l  e x t e n t  o f  th e  lo n g  d i s t a n c e  t r a n s p o r t , and 

th e  b a la n c e  between a x i a l  t r a n s p o r t  and l a t e r a l  l e a k a g e .  The l a t e r  

i s  i n d i c a t e d ,  on a p l a u s i b l e  model ,  by th e  s l o p e  o f  th e  l i n e a r  p o r t 

i o n  o f  th e  curve  some d i s t a n c e  behind  th e  ' f r o n t '  ( c f . Spanner & 

Pre bb le  I 9 6 2 ) .

In the  c a s e  o f  a s s i m i l a t e s  th e  l a t e r a l  l e a k a g e  appears  to

be s m a l l ,  s i n c e . the  c u r v e s  ( e . g . f i g  4)  are  remarkably  l e v e l  behind

th e  f r o n t .  Here t h e r e f o r e  the  d i s t a n c e  the  t r a c e r  has t r a v e l l e d  i s

p ro b a b ly  a f a i r l y  d i r e c t  measure o f  th e  l i n e a r  v e l o c i t y .  In  the  

137c a s e  o f  Cs l a t e r a l  l e a k a g e  undou bted ly  o c c u r s ,  and the  cu rves  

r e f l e c t  th e  i n f l u e n c e  o f  a n o x ia  on t h i s  as  w e l l  as  on th e  forward  

v e l o c i t y .  However, th e  c o n c l u s i o n s  to  be drawn are  h a r d ly  d i f f e r e n t  

in  the  c a s e  o f  th e  two t r a c e r s :  a n o x ia  has a n o t a b l e  and l o c a l i s e d  

e f f e c t  on the  c o n d u c t i n g  c h a n n e l s ,  and t h i s  e f f e c t  i s  r e v e r s i b l e  

w i t h i n  3 - 4  h o u r s .  I t  i s  not  a p p a r e n t ly  co n n ec ted  w i th  c a l l o s i n g  o f  

th e  s i e v e  p l a t e s ,  nor w i t h  s i n k  or  s o u r c e  a c t i v i t y .

I t  i s  d i f f i c u l t  to  r e c o n c i l e  t h e s e  f i n d i n g s  w i t h  the  

Munch h y p o t h e s i s .  I f  anoxia ,  m ere ly  weakens the  membranes o f  the  

s i e v e  t u b e s  c o n s i a e r e d  a s  p a s s i v e  c o n d u i t s  ( a s  t h e  h y p o t h e s i s  

p i c t u r e s  them) th en  one would e x p e c t  m a t e r i a l  t o  l e a k  out and
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accu m u la te  in  th e  weakened r e g i o n  under the t h r u s t  o f  the a s s i m i l a t e  

s t r e a m .  This  one c l e a r l y  does  not  f i n d .  One must con c lu d e  th e r e fo r e  

t h a t  the membranes r e t a i n  s u b s t a n t i a l  i n t e g r i t y .  One o t h e r  p o s s i b i 

l i t y  t h a t  would s a v e  the  h y p o t h e s i s  i s  th a t  a n o x ia  might in du ce  a 

b lo ck a g e  ( o t h e r w i s e  o f  c o u r s e  than by c a l l o s e ) .  The s i e v e  p l a t e  

p o r e s  o f  the s t o l o n  c e r t a i n l y  appear  f i l l e d  w i tn  P - p r o t e i n  a f t e r  

a n o x i a ,  but so  do th ey  a lw ays  ( i n  our e x p e r i e n c e )  a f t e r  normal  

t r e a t m e n t .  F u r t h e r ,  i t  would seem most u n l i k e l y  t h a t  a t rea tm en t  

which c u r t a i l s  the  su p p ly  o f  en ergy  sh ou ld  cau se  such  a s o p h i s t i c a t e d  

r e s p o n s e .  The p r e s e n t  e v i d e n c e  t h e r e f o r e  seems to  t e l l  f a i r l y  

s t r o n g l y  a g a i n s t  the  KÜnch h y p o t h e s i s .

Of th e  o t h e r  t h e o r i e s  i n  the  f i e l d  the  ' d i f f u s i o n  an a logu e '  

t h e o r y  (Canny, 1971)  i s  p ro b a b ly  s u f f i c i e n t l y  r u le d  out by the  e v i d 

ence  t h a t  l o n g - d i s t a n c e  movement i n  Saxj f r a g a  sto3.on i s  u n i d i r e c t i o n -  

a l l y  p o l a r i s e d  th r o u g h o u t ,  i . e .  i t  does  not  proceed  away from the  

p o i n t  o f  o r i g i n  i n  b o th  d i r e c t i o n s  (Q uresh i  & Spanner ,  1971)*  Two 

o t h e r  t h e o r i e s  regard  the  s i e v e  p l a t e s  as  a c t i v e  pumps, dependent  on 

p r o t e i n  c o n t r a c t i l i t y  (MacRobbie,  1971; Fensom, 1972)  or p o tass ium  

e l e c t r o s m o s i s  (Spanner ,  1958; Spanner & J o n e s ,  1 9 7 0 ) .  I t  i s  c o n s i d 

e r a b l y  e a s i e r  t o  i n t e r p r e t  the  p r e s e n t  e v i d e n c e  c o n s i s t e n t l y  w i th  

t h e s e ,  s i n c e  each e n v i s a g e s  the  t r a n s p o r t  c h a n n e l  as  th e  s i t e  o f  

en erg y  r e l e a s e .  I t  i s  n ot  im m e d ia te ly  o b v io u s  however why t r a n s p o r t  

s h o u ld  occur  r i g h t  up t o  the  boundary o f  the  t r e a t e d  s e c t i o n .  I t  

might be argued t h a t  i n  an unbranched n o n - l e a k y  sy s te m  i n  which  

s o l u t i o n  was b e i n g  pumped, b lo c k a g e  anywhere would produce  s toppage  

e v er y w h ere ,  i . e .  through out  th e  a e r o b i c  p o r t i o n  as  w e l l  as  i n  t h a t  

under a n o x i a .  Why then  does  th e  t r a c e r  appear to  move i n  th e  former  

up t o  the b e g i n n i n g  o f  th e  l a t t e r  ( s e e ,  e . g . f i g  4 )?  In answer to  

t h i s  o b j e c t i o n  one s u g g e s t i o n  i s  t h a t  a n o x ia  does  not reduce  the  

s tream  v e l o c i t y  to  ze r o  but m ere ly  to  a low v a l u e .  The r e s i s t a n c e
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OX the channel, it may be supposed, changes little; but the pumping 

stations -ithin the sleeve cease to function. This would lower the 

velocity to an amount dependent on the fraction of pumping stations 

left operative in the whole length between source and sink. Thus 

translocation would still proceed but at a fraction of its speed in 

the control. With this understanding the fact that the front just 

reaches the start of the sleeved region is fortuitous; if more time 

had been allowed it might have reached tne centre of this region. 

Indeed, this may well have happened in the middle three curves of 

fig 3 where the inhibiting influence has been constituted by a long 

period in darkness. This explanation weakens to a small extent the 

conclusion that the nitrogen effect is localised, and it certainly 

needs to be tested by varying the time allowed for transport.

Another possibility exists however; the more active sieve tube 

strands in the aerobic section may impose a reverse flov; via lateral 

sieve areas on the less active strands alongside them. If the latter 

found an alternative outlet in the vascular anastomosis at the sub

tending node an Jout-and-back' flow along the basal section of the 

stolon would be set up which would charge this portion with a level 

activity of tracer. In view of the fact that it is not difficult to 

reverse the direction of movement in the phloem of the stolon 

(Qureshi & Spanner 19 7 1 )  this possibility seems quite likely.

Further work is needed on this point.

That light has an influence of its own is perhaps not 

surprising in an organ fairly well supplied with chlorenchyma. The 

conclusion reinforces that derived from study of the nitrogen effects. 

It is in line with reports from other laboratories (see for instance 

Hartt & tt.ortschak, 196?) that light may have effect on translucatlon 

other than by the provision of assimilates. The matter needs further 

investigation. •
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Sub-sect ion:  ( i i )

The in f lu e n c e  o f  cyanide 

or

Cyanide in l i i b i t i o n  o f  phloem transport  a long  

the s t o l o n  o f  Saxifraga  sarmentosa.



Cyanide Inhibition of Phloem Transport'along the  S t o l o n  o f

Saxifraga sarmentosa

Summary Long thin stolons of Saxif raga were treated with

cyanide in both the solution and gaseous forms; the latter v/as

much more effective. Cyanide strongly inhibited the transport
137 i 4of Cs and of natural C-assimilates. As judged by a variety

l 4of approaches, including the use of C-cyanide, the inhibition 

was certainly effective in the sieve tubes themselves. Callose 

formation did not seem to be promoted. The inhibition was 

completely reversible. Inhibition was never accompanied by a 

build-up of tracer in, or before, the treated zone; ; failure to 

traverse it was not therefore due to membrane damage and consequent 

leakage. For these reasons the results are held to favour a mech

anism of mass flow invoking active pumping in the sieve tubes.



83

Introduc tion

Long-distance transport of assimilates in the phloem is a 

major activity of plants. Unlike xylem transport, which finds an 

adequate source of free energy in the physical process of evapora

tion from the leaves, phloem transport fairly obviously relies on 

metabolism. What is still undecided is how and where metabolic 

energy is applied to the transport system. It is more or less 

agreed that to some extent at least, this is accomplished through 

the processes of 'loading' at the source and 'unloading' at the 

sink; and the Munch hypothesis regards these as necessary and 

sufficient as far as the bringing-to-bear of energy is concerned. 

However there are many physiologists who view them as palpably 

inadequate, at least in the case of trees; and accordingly several 

theories of the transport process regard energy mediation as 

significant within the conduits themselves. In order to elucidate 

this question the use of metabolic inhibitors on the conducting 

channels has been a favourite approach, though it has proved 

difficult to localise their action sufficiently to rule out any 

possibility that it was being exerted at the source and sink 

terminals rather than within the conduit. An earlier paper of this 

series reported work using nitrogen to promote anoxia, the long 

stolon of Saxifraga sarmentosa offering the possibility of better 

localisation than previous objects. The present paper reports a 

continuation of work on this material using cyanide.

It is unnecessary to summarise previous work with this 

inhibitor, as this has been done adequately in a recent monograph 

(Crafts & Crisp, 1 9 7 1 )* It is sufficient to recall that several 

workers (notably Willenbrink, 19 5 7 ,  1966 ,  I 9 6 8 ; Ullrich, I 96I ;  and 

Ho & Mortimer, 1 971)  have regarded a definite action on the conduits
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t h e m s e l v e s  as  e s t a b l i s h e d ;  w h i l e  o t h e r s  (Duloy e t  a l ,  I 9 6 2 ) have

h e l d  the  view t h a t  the  c y a n id e  m i g r a t e s ,  perhaps  i n  th e  xylem,  to

th e  t e r m i n a l s  o f  t h e  s y s te m  and e x e r t s  i t s  i n h i b i t o r y  e f f e c t  t h e r e .

A t h i r d  p o s s i b i l i t y  which s t i l l  remains  open i s  t h a t  the  i n h i b i t o r y

e f f e c t  on t r a n s l o c a t i o n  i s  concerned l e s s  w i th  a f a i l u r e  i n  the

en ergy  s u p p ly  than  w i th  a b lo c k a g e  o f  th e  c h a n n e l s ,  perhaps  by

c a l l o s e  (but s e e  U l l r i c h ,  I 9 6 3 ) . The s i t u a t i o n  t h e r e f o r e  i s  th a t

th e  e v i d e n c e  from s t u d i e s  w i th  c yan id e  i s  not  y e t  q u i t e  c o n c l u s i v e

and an approach which  seemed t o  premise  a r a t h e r  d e f i n i t e  answer

to  th e  q u e s t i o n  o f  mechanism has so  f a r  f a l l e n  s h o r t  o f  e x p e c t a t i o n s .

The c o n t i n u i n g  q u e s t i o n s  on which th e  p r e s e n t  work s e t  out to  throw

l i g h t  were t h e r e f o r e  t h e s e :  does  cy a n id e  e x e r t  an i n h i b i t o r y  e f f e c t

l o c a l l y  w i t h i n  th e  s i e v e  t u b e s ?  i s  th e  e f f e c t  r e v e r s i b l e ?  i s  i t

c o n n e c te d  i n  any way w i t h  c a l l o s e  fo r m a t io n ,  or w i th  some o th e r

b lo c k a g e  phenomenon? These p o i n t s  were i n v e s t i g a t e d  by examining

l 4th e  d i s t r i b u t i o n  down the  l o n g  s t o l o n  o f  C n a t u r a l l y - a s s i m i l a t e d

14 137by th e  s u b t e n d i n g  l e a f  or o f  a p p l i e d  C - s u c r o s e  and Cs.  The

t r a n s p i r a t i o n  s trea m  was red u ced  as  much as  p o s s i b l e ,  and cyan id e

a p p l i e d  i n  both  t h e  g a s e o u s  and s o l u t i o n  form s .  Wandering o f  the

l 4c y a n id e  was m on i tored  u s i n g  K CE.

M a t e r i a l s  and Methods

P l a n t s  o f  S a x i f r a g a  s arm entosa  were grown under normal  

g ree n h o u s e  c o n d i t i o n s  and w i th  lo n g  s t o l o n s  as  p r e v i o u s l y  

d e s c r i b e d  (Q u resh i  & Spanner 1971)  and pruning  o f  l a t e r a l s  was 

com p le ted  a t  l e a s t  3 days  b e f o r e  the  exp e r im e n ts  were done*

Where t h « c y a n id e  was a p p l i e d  as  a l i q u i d ,  the  s t o l o n  was run i n  

a groove  (5 x 3 mm) i n  a p e r s p e x  b lo c k  20 cm l o n g ,  submerged i n  

4 t o  3 ml o f  p o t a s s i u m  c y a n id e  made up i n  Q.03M phosphate  b u f f e r
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o f  pH 7 to  7 . 2 . Tne 20 cm submerged l e n g t h  r e p r e s e n t e d  the  c e n t r a l  

p o r t i o n  o f  a s t o l o n  whose t o t a l  l e n g t h  was 5O-6 O cm. Thus i t  was 

a d e q u a t e l y  lo n g  t o  be w e l l - s e p a r a t e d  from the  s o u r c e  and s i n k  

r e g i o n s .  Where th e  c y a n id e  was a p p l i e d  i n  g a s e o u s  form the  th r e e  

r e p l i c a t e  s t o l o n s  were s u p p o r ted  on a p e r f o r a t e d  p la t f o r m  above a 

r e s e r v o i r  c o n t a i n i n g  25 ml o f  cy a n id e  a c i d i f i e d  w i th  s u l p h u r i c  

a c i d  ( f i g  1 ) .  In th e  fume cupboard i n  which the e x p e r im e n ts  were 

done l i g h t  o f  . ■ 3700 lux  was p ro v id ed  by lo w - p r e s s u r e  mercury lamps  

d u r in g  the  t r a n s l o c a t i o n  p e r i o d .

l 4The methods o f  a p p l y i n g  t r a c e r s  to  the  s t o l o n ,  and CÔ  

t o  t h e  s u b t e n d in g  l e a f  were s i m i l a r  to  t h o s e  p r e v i o u s l y  re p o r te d  

(Q u resh i  & Spanner ,  1972 a , b ) .  U s u a l l y  1 0 - 1 5  o f  ^^^Cs and

'^ / à̂ Cù o f  ^ ^C -sucrose  i n  50-^-^ o f  n e u t r a l  0.05M p hosphate  b u f f e r  

were u s e d ,  or / l CÎ' o f  ^^CO  ̂ a s  g a s .  P a r t i c u l a r  d o s e s  are

n oted  on the  l e g e n d s .  Wheie i t  was d e s i r e d  to  m onitor  the  move

ment o f  c y a n id e  about  o f  K^^CN were in c o r p o r a t e d  i n  th e

c y a n id e  r e s e r v o i r  a lo n g  w i th  th e  i n a c t i v e  cy a n id e  n e c e s s a r y  to  

p r o v id e  the  r i g h t  c o n c e n t r a t i o n .

At th e  c o n c l u s i o n  o f  th e  e x p e r im e n ts  the  s t o l o n s  were

h a r v e s t e d ,  segmented  as  i n d i c a t e d  on the  h o r i z o n t a l  a x e s  o f  the

157f i g u r e s ,  and cou n ted  by an a u to m a t ic  IDL GM c o u n te r  ( C s ) ,  or 

a Packard Tri -Carb ( C) u s i n g  th e  T r i t o n - 1 0 0  x -  to l t l e n e  s c i n t i l 

l a t o r  p r e v i o u s l y  d e s c r i b e d  (Q uresh i  & Spanner ,  1 9 7 2 b ) .  ■
iZf

The s u b t e n d i n g  l e a v e s  g i v e n  CÔ  were e i t h e r  h e a t -  or  

f r e e z e - d r i e d  and a u t o r a d io g r a p h s  were made i n  th e  c o n v e n t i o n a l  

manner.  For e l e c t r o n - m i c r o s c o p i c a l  ex a m in a t io n  f o r  c a l l o s e  the  

s t o l o n  was q u i c k l y  immersed i n  an a l c o h o l ;  a c e t i c  a c i d  ( 5 : 1 )  

m ix tu r e  a t  - 2 0 ^ 0 .  A f t e r  a t  l e a s t  24h i t  was brought  t o  room 

t e m p e r a tu r e ,  s eg m en ts  2mm l o n g  were cut  o u t ,  washed i n  tap  water  

f o r  4 - 6 h , p o s t - f i x e d  i n  osmium and embedded i n  TAAB epoxy r e s i n .
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R e s u l t s

137 14T ran sp ort  o f  Cs and____C " 'ass im i la te  a lon g  s t o l o n  ifn/nersed in

KCN s o l u t i o n .

In the  e a r l i e s t  e x p e r im e n t s  o n ly  about 2cm o f  the  s t o l o n  

was s u b j e c t e d  to  c y a n id e  s o l u t i o n .  Three hours  l a t e r  ^^^Cs was 

a p p l i e d ,  and a f t e r  a f u r t h e r  19h th e  s t o l o n  was h a r v e s t e d .

F i g  2 r e p o r t s  some t y p i c a l  r e s u l t s .  I t  can be s e e n  t h a t  the  

c y a n id e  t r e a tm e n t  has had no o b v io u s  e f f e c t  a t  any o f  the  concen

t r a t i o n s  u s e d .  In  t h e  n e x t  s e r i e s  th e  l e n g t h  o f  submerged s t o l o n  

was i n c r e a s e d  to  20cm; o t h e r w i s e  the  p a t t e r n  was as  b e f o r e .  The 

r e s u l t s  ( f i g  3 )  i n d i c a t e  a d e f i n i t e  e f f e c t  o f  the  t r e a t m e n t ,  

r e v e a l e d  by a s t e e p e n i n g  o f  th e  s l o p e  o f  the  s e m i - l o g a r i t h m i c  p l o t ,  

an e f f e c t  which i n c r e a s e s  p r o g r e s s i v e l y  w i th  c o n c e n t r a t i o n .

Inasmuch a s  th e  s l o p e  p ro b a b ly  r e f l e c t s  the  b a la n c e  o f  l a t e r a l  

l e a k a g e  o f  t r a c e r  and l o n g i t u d i n a l  t r a n s p o r t  i t s  i n t e r p r e t a t i o n  i s  

ambiguous a t  t h i s  p o i n t ;  c l e a r l y  however,  t h e r e  i s  a pronounced  

r e d u c t i o n  i n  movement.

The n e x t  e x p e r im e n t s  r e p e a t e d  th o s e  f i r s t  d e s c r i b e d  e x ce p t
14

t h a t  CO2 was f e d  to  th e  s u b t e n d in g  l e a f  a s  t r a c e r  i n s t e a d  o f
137

C s/ (appl ied  t o  the  s t o l o n .  Three hours  a f t e r  submersion  o f  the
14

s t o l o n  i n  KCN th e  l e a f  was g i v e n  CÔ  f o r  an h our .  A f u r t h e r

was a l lo w e d  f o r  t r a n s p o r t  i n  the  l i g h t  and th en  the  s t o l o n  was

h a r v e s t e d .  The r e s u l t s ,  r e p o r t e d  i n  f i g  4 ,  f o l l o w  b a s i c a l l y  the

137same p a t t e r n  as t h o s e  w i th  Cs.  R e p l i c a t i o n  a g a in  i s  very  good,  

and t h e  c o n c l u s i o n  unequivocal;  cy a n id e  has a pronouced e f f e c t ,  

but  i t  f a l l s  s h o r t  o f  c o m p le te  s to p p a g e  at  the  h i g h e s t  c o n c e n t r a t i o n  

used (5 X 10*^M). H ow h igh  was the  c o n c e n t r a t i o n  w i t h i n  th e  t i s s u e  

i t  i s  d i f f i c u l t  t o  s a y ;  but i n  view o f  th e  f a c t  th a t  th e  a x i s  was 

u n m u t i la t e d  t h e r e  remained th e  p o s s i b i l i t y  t h a t  i t  was q u i t e  low.
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.  45

and t h e  whole  problem needed f u r t h e r  i n v e s t i g a t i o n ,

Use o f  g a s e o u s  HCN on S a x i f r a g a

An a t te m p t  t o  t r e a t  th e  s t o l o n  o f  S a x i f r a g a  by s h a v i n g - o f f

th e  o u t e r  l a y e r s  t o  f a c i l i t a t e  e n t r y  o f  c y a n id e  proved a b o r t i v e ;

s o  i t  was d ec id e d  t o  pursue  th e  m atter  by u s i n g  g a s e o u s  HCN a f t e r  

t h e  manner o f  W i l l e n b r i n k  (1 9 5 7 )»  The c e n t r a l  20cm o f  th e  s t o l o n  

were a c c o r d i n g l y  e n c l o s e d  i n  th e  s p e c i a l  p ers p ex  chambers ( f i g  1)  

above th e  a c i d i f i e d  c y a n i d e .  A f t e r  th e  t rea tm en t  had been p r o c e e d -
l lf

i n g  f o r  3h ,  00^ was g i v e n  to  th e  s u b t e n d in g  l e a f  f o r  an hour and

3h l a t e r  the  s t o l o n  was h a r v e s t e d .  F i g  5 p r e s e n t s  th e  r e s u l t s  i n  

t r i p l i c a t e .  I t  i s  o b v io u s  t h a t  w h i l e  the  i n d i c a t i o n s  are  th e  same 

a s  t h o s e  f o l l o w i n g  th e  use  o f  c y a n id e  i n  s o l u t i o n  ( f i g  4 ) ,  th ey  are  

v e r y  much more pron ou nced .  I n h i b i t o r  o f  5 x 10 s t r e n g t h  l e a d s  

t o  v i r t u a l  e x c l u s i o n  o f  l a b e l l e d  t r a n s l o c a t e  from the r e g i o n  under  

t r e a t m e n t .  As b e f o r e ,  th e  f a l l - o f f  towards  t h i s  r e g i o n  i s  gra d u a l ;  

t h e r e  i s  no b u i l d - u p  o f  e scaped  t r a c e r  on the  t h r e s h o l d ,  as would 

be e x p e c t e d  i f  th e  t r e a tm e n t  had m ere ly  d e s t r o y e d  th e  i n t e g r i t y  o f  

th e  s i e v e - t u b e  membranes.

In o r d e r  t o  t e s t  how r a p i d l y  th e  c y a n id e  i n h i b i t i o n  e s t a b l 

i s h e d  i t s e l f  a f u r t h e r  exp er im en t  was c a r r i e d  out i n  which th e  
l 4  ■

COg was g i v e n  a t  th e  t im e cy a n id e  t r e a tm e n t  was commenced. The 

r e s u l t s  ( f i g  6 )  s u g g e s t s  t h a t  th e  t r e a tm e n t  t a k e s  q u i t e  a s h o r t  

t im e  t o  become e f f e c t i v e .

Spread o f  c y a n id e

The d i f f e r e n c e  betw een  th e  a c t i o n s  o f  c y a n id e  a p p l i e d  in  

th e  l i q u i d  and g a s e o u s  p h a s e s  r a i s e d  an i n t e r e s t i n g  q u e s t i o n  which  

c h a l l e n g e d  i n v e s t i g a t i o n . However, th e  o r i g i n a l l y - p o s e d  problem  

o f  th e  l o c a l i s a t i o n  o f  a c t i o n  remained t o  be answered f i r s t .  

A c c o r d i n g l y ,  an e x p e r i m e n t a l  s e r i e s  was run i n  which th e  i n h i b i t o r
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■ I0\

s o l u t i o n  o f  s t r e n g t h  5 x 10“ \  was en r ich ed  w i th  1 ^ 0 /.cCC o f  
Ik

C -cy a n id e  ( o f  s p e c i f i c  a c t i v i t y  3 0 -5 0  mCi per  mM). A f t e r  the  

u s u a l  7h the  exp er im en t  was t e r m in a te d  and th e  s t o l o n  a s sa y e d ;  

th e  p e t i o l e  o f  th e  s u b t e n d i n g  l e a f ,  cu t  up i n t o  1cm s e g m e n ts ,  and 

f i v e  1cm d i s c s  from th e  la m in a ,  were a l s o  i n c l u d e d .  The a s s a y  

r e v e a l e d  no a c t i v i t y  a t  a l l  i n  the  l e a f  d i s c s  or p e t i o l e ;  the  

d i s t r i b u t i o n  down t h e  s t o l o n  i s  shown i n  f i g  7 .  Towards the  parent  

p l a n t s  th e r e  has  been no l o n g - d i s t a n c e  t r a n s p o r t  a t  a l l ,  th e  sh a rp 

l y - f a l l i n g  l i n e s  r e p r e s e n t i n g  m ere ly  th e  u s u a l  sy m m e tr ic a l  s h o r t -  

d i s t a n c e  spread  c o n s i s t e n t l y  found (Qureshi & Spanner ,  1971» 1972a ,  

b ) .  Towards t h e  dau gh te r  p l a n t s  ( s i t u a t e d  im m ed ia te ly  beyond the  

end o f  th e  c u r v e s ) t h e r e  has been a l i m i t e d  t r a n s p o r t ;  a t  the  

p o s i t i o n  o f  t h e  p l a n t l e t s  the  c o n c e n t r a t i o n  has  f a l l e n  t o  about  

l / 2 0 0 0 t h  o f  i t s  v a l u e  i n  th e  r e g i o n  under t r e a t m e n t .  Th is  s u g g e s t s  

t h a t  i n t e r f e r e n c e  w i t h  th e  u n lo a d in g  p r o c e s s  i s  h a r d ly  l i k e l y  t o  be 

th e  ca u s e  o f  th e  c y a n id e  e f f e c t .  This  l i m i t e d  l o n g - d i s t a n c e  t r a n s 

p o r t  may w e l l  be due t o  phloem movement i n  th e  d e l a y - p e r i o d  b e f o r e  

c y a n id e  has a ccu m u la ted  t o  a damaging e x t e n t ;  a p r i o r i  one would 

c e r t a i n l y  e x p e c t  some s u ch  t r a n s p o r t  during  t h i s  p h a s e .  Xylera 

movement i s  a l s o  a p o s s i b i l i t y ,  but i t  i s  u n l i k e l y  owing to  the  

e n c l o s u r e  o f  th e  p l a n t l e t s  i n  a m o is t  a tm osphere .  In any case^  

however  i t  o c c u r r e d ,  i t  seems r e a s o n a b l e  to  suppose  t h a t  the  

i n t e g r i t y  o f  th e  u n lo a d i n g  p r o c e s s e s  was u n a f f e c t e d ,  and th<̂  e f f e c t  

o f  the  p o i s o n  t h e r e f o r e  s p e c i f i c a l l y  on the  s i e v e - t u b e s .

E f f e c t  o f  HCK on s o u r c e  and s i n k  , ,
I kSubtending leaves given CO^; from HCN-treated and control

iôô\JL
p l a n t s / a u t o r a d i o g r a p h e d  and compared to  s e e  i f  t h e r e  was any 

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

e x p e r i m e n t s  f o l l o w e d  th e  p r e v i o u s  p a t t e r n .  No d i f f e r e n c e  was
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, 7h .  C ont inuous  l i g h t .



1(33

To parent  

 p lant
To daughter100 000 r

p lant

V \

10 000

§
C\J

COoo

Horizontal  s c a l e
CO

-p 1000
10 cmoo

gI—Io+»
GO Control

Above 5̂ /0 ̂ '1 
KCA/

•H
ICO-p

V•H
-PÜ Back-ground 

, l e v e l P o s i t i o n  o f  end 
segments on in h ib i te d  
—  -----------  p lants

Lîid-points o f  segments o f  s to lo n

F i g  9
n A

Movement o f  n a t u r a l l y - a s s i m i l a t e d  C under th e  i n f l u e n c e  

o f  c y a n id e  ga s  a d m i n i s t e r e d  d i r e c t l y  to  d aughter  p l a n t s .  

S t r e n g t h  o f  KCN 5 x 10 ^M. Cyanide t r ea tm en t  began 3h 
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o f  e x p e r i m e n t ,  i n c l u d i n g  p r e t r e a t m e n t , 7h .

Cont inuous  l i g h t .
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a p p a r e n t ;  the  v e i n - l o a d i n g  and p e t i o l a r  a c t i v i t y  were i d e n t i c a l .

T h is  c o n t r a s t s  w i t h  the  r e s u l t  when a l e a f  was s u b j e c t e d  to  HCN
14

f o r  3 h o u r s ,  g i v e n  CÔ  f o r  an hour ,  and th en  r e p l a c e d  i n  HCN.

The g e n e r a l  l e v e l  o f  l a b e l  was low ,  and t h e r e  was l i t t l e  i n  the

v e i n s  and p e t i o l e .

In o rd er  t o  t e s t  t h e  e f f e c t  o f  c y a n id e  on the  s i n k  r e g i o n

two t y p e s  o f  ex p er im en t  were ru n .  In  the  f i r s t  ( f i g  8 )  ^^C-sucrose

was a p p l i e d  to  the  c e n t r e  o f  th e  s e c t i o n  o f  s t o l o n  between the

lo w e r  end o f  t h e  t r e a t m e n t  zone and th e  daughter  p l a n t .  A p p l i c a t i o n

was 3h a f t e r  th e  i n i t i a t i o n  o f  t r e a tm e n t  w i th  g a s e o u s  c y a n id e  from 

- 35 X 10  M s o l u t i o n ;  4h l a t e r  th e  s t o l o n  was h a r v e s t e d .  Long

d i s t a n c e  t r a n s p o r t  towards  the  dau ghter  p l a n t s  has o c c u r r e d .  In

v iew  o f  the  s h o r t  t im e a l lo w e d  f o r  a b s o r p t i o n  and t r a n s p o r t  o f  the

a p p l i e d  sugar  ( c o n t r a s t  th e  l 8  h o f  Quresh i & Spanner ,  1972b,  f i g  1 ,

and compare th e  same a u t h o r s ,  1971» f i g  4)  t h i s  t r a n s p o r t  may be

regar d e d  as  f a i r l y  v i g o r o u s .  As s u ch ,  i t  seems t o  i n d i c a t e  t h a t

th e  t r a n s l o c a t i n g  s y s t e m  beyond th e  t r e a t e d  zone (and t h i s  i n c l u d e s

o f  c o u r s e  th e  s i n k )  i s  s t i l l  i n t a c t .

That t h e . s i n k  r e g i o n  i s ,  n e v e r t h e l e s s ,  s u s c e p t i b l e  to

c y a n id e  i s  ap parent  from the r e s u l t s  i n  f i g  9* The d au ghter  p l a n t s

- 3h e r e  were t h e m s e l v e s  exposed  to  the  atmosphere above 3 x 10 M
l 4c y a n i d e .  Three hours  l a t e r  th e  s u b t e n d in g  l e a f  was g i v e n  CO^»

and 7h from the  s t a r t  o f  c y a n id e  t r ea tm en t  ( a s  u s u a l )  th e  s t o l o n

was h a r v e s t e d .  T ransport  has  been c o n s i d e r a b l y  s lowed down;

n e v e r t h e l e s s  i t  has  p rocee d e d  some d i s t a n c e  ( t h e  p e t i o l e  i s  to  be 
i n

i n c l u d e d ; .  Tfee v iew  o f  t h e  h ig h  c o n c e n t r a t i o n  o f  HCN to  which th e  

d a u g h te r  p l a n t s  were here  s u b j e c t e d  i t  seems u n l i k e l y  t h a t  the  

i n h i b i t i n g  a c t i o n  o f  c y a n id e  ( f i g  7)  can be a t t r i b u t e d  to  i t s  

e f f e c t  on th e  s i n k  r e g i o n .  Both o f  th e  l i n e s  o f  e v i d e n c e  i n  t h i s  

s e c t i o n  ( f i g s  8 , 9 )  s u p p o r t  t h i s  v i e w .
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Why i s  ga s eo u s  HCN more e f f e c t i v e  than KCN s o l u t i o n ?

An i n t e r e s t i n g  q u e s t i o n  thrown up by th e  p r e s e n t  work

c o n c e r n s  the  r e l a t i v e  e f f e c t i v e n e s s  o f  g a s e o u s  c yan id e  and cyan id e

i n  s o l u t i o n .  T h is  seemed t h e  o c c a s i o n  t o  i n v e s t i g a t e  i t .

A c c o r d i n g l y ,  an exp er im en t  was s e t  up i n  which a comparison was

made between  s t o l o n s  exposed  i n  the  u s u a l  way t o  th e  two modes o f

a d m i n i s t r a t i o n .  The c y a n id e  was made up to  5 x 10~^M s t r e n g t h  in

0 .0 5  li p h osp h ate  b u f f e r  o f  pH7 • To 30ml o f  t h i s  2 0 0  yà  Co o f  

14
K CN was added.  Samples  o f  0 . 0 1 ,  O.O3 and 0 .05m l  were taken  from 

t h i s  and a s s a y e d  i n  th e  u s u a l  way i n  th e  t o l u e n e - T r i t o n  100 X 

S c i n t i l l a t o r ,  a s e c t i o n  o f  i n a c t i v e  s t o l o n  b e i n g  added t o  improve  

c o m p a r a b i l i t y .  M e æ w h i l e , 5ml o f  th e  s o l u t i o n  was a p p l i e d  t o  

20cm l e n g t h s  o f  two r e p l i c a t e  s t o l o n s  i n  th e  manner p r e v i o u s l y  

employed; the  re m a in in g  25ml was a c i d i f i e d  w i th  s u l p h u r i c  a c id  

i n  th e  ap p ara tu s  shown i n  f i g  1 ,  and two comparable s t o l o n s  were  

i n s e r t e d .  A f t e r  8h o f  t r e a t m e n t  under normal p h o t o s y n t h e s i s i n g  

c o n d i t i o n s  th e  s t o l o n s  were h a r v e s t e d ,  segm ented ,  w eighed  f r e s h  

and a s sa y e d  as u s u a l ,  t h o s e  s u b j e c t e d  t o  the  l i q u i d  b e i n g  f i r s t  

w e l l  washed and d r i e d  w i t h  a b s o r b e n t  t i s s u e .  F i g  10 shows the  

r e s u l t s .  I t  i s  o b v io u s  t h a t  th e  s t o l o n s  exposed  t o  th e  gas  have  

absorb ed  c o n s i d e r a b l y  more c y a n id e  than the  o t h e r s ,  i n  f a c t  about  

t e n  t im e s  a s  much. The measurements o f  f r e s h  w e i g h t ,  and the  a s s a y s  

o f  th e  i n h i b i t o r  s o l u t i o n  e n a b le  us t o  make an e s t i m a t e  o f  the  mean 

c o n c e n t r a t i o n  o f  c y a n id e  i n  th e  s t o l o n s .  Table  1 s e t s  out the  

r e s u l t s ,  based  on a measured w ater  c o n t e n t  o f  31% o f  th e  f r e s h  

w e i g h t .  Taking i n t o  accou nt  t h e  f a c t  t h a t  th e  s t o l o n s  i n  gas  were 

s t o u t e r  than the  o t h e r s  t h e i r  advantage  i n  terms o f  c o n c e n t r a t i o n  

absorbed  i n  about f i v e  to  s i x  t im e s  over  t h o s e  exposed  to  s o l u t i o n .  

I t  seems r e a s o n a b l e  t o  s u g g e s t  t h a t  i t  i s  t h i s  t h a t  makes exposure  

t o  th e  gas  so  much more e f f e c t i v e  than exposure  t o  s o l u t i o n ,  though



o8

Table  1

Sto3 on Fresh  w e ig h t  per 2cm ( g )  Mean count  r a t e  Mean cy a n id e
per 100s concentration
per 2 cm in stolon (M)

1 )  i n  KCN 0 . 0 2 1 4  t o  0 .0 1 3 6 ,m e a n  0 . 0 1 7 5  4724 . 1 . 6  X 10“ ^
2 )  s o l u t i o n  0 .015Ü to  0 . 0 0 7 8 , mean 0 . 0 1 0 2  6540 3 . 9  X 1 0 “

3 )  i n  HCN 0 . 0 4 4 1  t o  0 . 0 1 9 4 , mean 0 . 0 2 7 6  57228 1 . 3  X l o ”^
4 )  ga s  0 .0 2 8 7  t o  0 . 0 1 7 9 , mean 0 . 0 2 2 3  5 6 6 0 O 1 . 6  X lO”^

_  %  C oju.tt(ô
The. i n h i b i t o r  s o l u t i o n  (5  X 10 M) a s s a y e d  90 ,100^per^lOOs per  0 . 0 1 m l .



Duration o f  
treatment  
in  HCN gas

6 — >
7h

( 0 ^

Period in  f r e e  a i r  
a f t e r  removal

24 Honrs
1h

. . t  • Î
COg Harvested

gyjpm  », wrr.1 uj w # j!#w  mw-j ly

y»gy. 18h

14CO,

24h

t
Ear.

. 14 CO, t
Ear.

For t h i s  r e s u l t ,  see  F i g . 5 . 

a rv es ted

Z i g  11 D es ign  o f  exp er im en t  t o  t e s t  r e v e r s i b i l i t y  o f  cyanid ,  

i n h i b i t i o n .
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i t  must be remembered t h a t  i n  th e  l a t t e r  c a s e  the e l e m e n t s  o f  the  

p h osp h ate  b u f f e r  are  a l s o  i n v o l v e d .  The c u r v e s  i n  f i g  10 ,  i n c i d e n t 

a l l y ,  conf irm th e  s m a l l  e x t e n t  t o  which c y a n id e  t r a v e l s  towards  

th e  s i n k  r e g i o n ,  though  the  r e s u l t s  o f  f i g  7 r e p r e s e n t  a more 

c a r e f u l  a s s e s s m e n t .

I s  cy a n id e  i n h i b i t i o n  r e v e r s i b l e ?

To answer t h i s  im p o r ta n t  q u e s t i o n  a s e t  o f  e x p e r im e n t s  was 

d e s i g n e d  as shown i n  f i g  1 1 .  S t o l o n s  were t r e a t e d  i n  th e  l i g h t  

w i t h  g a s e o u s  c y a n id e  f o r  7h- They were then  removed from th e  

chamber t o  normal l i g h t  and a i r .  L a b e l l e d  carbon d i o x i d e  was fed  

t o  th e  s u b t e n d i n g  l e a f  a t  v a r i o u s  s t a g e s  i n  the  programme, and 4h 

l a t e r  th e  s t o l o n  was h a r v e s t e d .  The r e s u l t s  are  p r e s e n t e d  i n  

f i g s  12 and 1 3 » th e  l o n g e r  r e c o v e r y  t im e s  b e i n g  s e p a r a t e d  f o r  the  

s a k e  o f  c l a r i t y .  I t  i s  apparent  t h a t  w h i l e  r e c o v e r y  commences very  

soon  i t  i s  not  s u b s t a n t i a l l y  co m p le te  t i l l  24k have e l a p s e d .  The 

r e s u l t s  f o r  fo u r  hours  o f  t r a n s l o c a t i o n  may be compared w i th  th o s e  

o f  f i g  4 i n  a p r e v i o u s  paper (Q u resh i  & Spanner ,  1 9 7 2 b ) .  They 

s h o u l d  be i n t e r p r e t e d  i n  the  l i g h t  o f  th e  f a c t  t h a t  c y a n id e  does  

n o t  d i s a p p e a r  a t  once  from th e  l i b e r a t e d  s t o l o n s ;  e s p e c i a l l y  would 

one e x p e c t  a d e l a y  i n  the  c a s e  o f  t h e  s i e v e  t u b e s  whose r a t h e r  

a l k a l i n e  sap  w i l l  promote i o n i s a t i o n  w i th  i t s  lowered  a b i l i t y  to  

p e n e t r a t e  th e  plasmalemma. F i g  14 i n d i c a t e s  th e  r e s u l t s  o f  a 

s im p l e  exp er im en t  d e s ig n e d  t o  throw l i g h t  on t h i s  p o i n t .  S t o l o n s  

were s u b j e c t e d  t o  g a s e o u s  l a b e l l e d  c y a n id e  i n  the  u s u a l  way.  They 

were th en  s eg m en ted ,  p la c e d  i n  a d e s i c c a t o r  over  NaOH s o l u t i o n ,  

and sampled a t  s u i t a b l e  i n t e r v a l s .  The curve  shows th e  e s ca p e  o f  

c y a n id e  over  24h; th e  l e v e l  i n  t h i s  t ime has  f a l l e n  t o  about  l / 3 0 t h .  

In th e  i n t a c t  s t o l o n  i t  might  w e l l  have f a l l e n  f a s t e r  due t o  the  

r e c o v e r y  o f  t r a n s p o r t .
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Cyanide treatment and callose

I t  was c l e a r l y  d e s i r a b l e  to  examine the  s i e v e  tu b es  to  s e e

i f  any o b v io u s  c a l l o s e  o b s t r u c t i o n  had been caused  by the  c y a n id e ,

s i n c e  many p o i s o n s  l i k e  boron and e o s i n  are  known to  promote c a l l o s e

fo r m a t io n  on t h e  s i e v e - p l a t e s  ( s e e  C r a f t s  & C r i s p ,  1 9 7 1 ) .  The

r e s u l t s  i n  the  p r e s e n t  e x a m in a t io n  however were n e g a t i v e ;  so  f a r

as  cou ld  be a s c e r t a i n e d  t r e a tm e n t  f o r  ?h w i t h  the  g a s e o u s  cyan id e  

“ 3from a 5 X 10 M s o l u t i o n  d id  not  cause  any o b s t r u c t i o n .  Th is  

r e s u l t  i s  i n  d i s a g r e e m e n t  w i th  the  f i n d i n g s  o f  U l l r i c h  ( I 9 6 3 ) on 

Pe largon iu m .  However,  even s o ,  U l l r i c h  did not  c o n s i d e r  t h a t  

c a l l o s e  fo r m a t io n  was th e  ca u s e  o f  the  t r a n s p o r t  i n h i b i t i o n  he 

o b s e r v e d ,  f o r  r e c o v e r y  o f  f u n c t i o n  was not  a s s o c i a t e d  w i th  d i s a p p e a r 

ance  o f  c a l l o s e ;  m oreover ,  marked c a l l o s e  fo r m a t io n  was a q u i t e  

n a t u r a l  and r e g u l a r  phenomenon i n  th e  a g e i n g  p e t i o l e s .  I t  i s  hoped 

t o  s u b j e c t  cyan id ed  s t o l o n s  t o  more c a r e f u l  and thorough e l e c t r o n -  

m i c r o s c o p i c a l  e x a m in a t i o n  a t  some d a te  i n  th e  near  f u t u r e ;  but  

meanwhile i t  i s  c o n s i d e r e d  u n l i k e l y  t h a t  p h y s i c a l  o b s t r u c t i o n  was 

th e  cau se  o f  t h e  i n h i b i t i o n  o b s e r v e d .

D i s c u s s i o n
1

I t  i s  p ro b a b ly  t r u e  t o  say  t h a t  even b e f o r e  the  p r e s e n t  

work th e  b a la n c e  o f  o p i n io n  was d e c i d e d l y  i n  fa v o u r  o f  th e  v iew t h a t  

c y a n id e  i n h i b i t e d  phloem t r a n s p o r t  " r e l i a b l y  and r e v e r s i b l y "  as  

U l l r i c h  put i t ,  and t h a t  such i n h i b i t i o n  occurred  l o c a l l y  i n  the  

s i e v e  t u b e s  and n ot  o n l y  a t  th e  t e r m i n a l s .  The r e s u l t s  r e p o r te d  

h ere  s t r o n g l y  s u p p o r t  and a m p l i f y  t h i s  v i e w .  They co n f irm  by 

methods complementary t o  t h o s e  used by o t h e r s  s e v e r a l  im portant  

c o n c l u s i o n s .  These w i l l  be d e a l t  w i th  i n  t u r n .

Cyanide s u i t a b l y  a p p l i e d  c e r t a i n l y  e x e r t s  a marked i n h i b i t o r y  

e f f e c t .  That i t  i s  l o c a l i s e d  i n  the s i e v e  t u b e s  i s  c o n s i s t e n t  w i th



the  d i f f e r e n c e  i n  b e h a v io u r  ( f i g s  2 &. 3)  between s t o l o n s  o f  which  

2cm and 20cm r e s p e c t i v e l y  were t r e a t e d .  In th e  former c a s e  i t  can  

be p l a u s i b l y  m a in ta in e d  th a t  the s u p p ly  o f  h i g h - e n e r g y  i n t e r m e d i a t e s  

t o  th e  i n h i b i t e d  r e g i o n  i s  b e in g  a d e q u a te ly  k ep t  up by the  p r o c e s s  

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

c y a n id e  i s  b e i n g  d e l i v e r e d  t o  th e  s i n k  t e r m i n a l  f a i r l y  r a p i d l y ,  

perhaps  as  r a p i d l y  a s  i n  the  20cm c a s e  where t r a n s p o r t  f a l l s  

d r a s t i c a l l y  (compare th e  two r e s u l t s  f o r  5 x 10~^M KCN). I f  t h i s  

argument be a c c e p t e d  (and i t  can be c h a l l e n g e d )  th en  i t  f o l l o w s  t h a t  

we cannot  be d e a l i n g  w i t h  a s i n k  e f f e c t ,  and th e  i n h i b i t i o n  i s  b e in g  

e x e r t e d  on the  c o n d u i t s  t h e m s e l v e s .

The use  o f  g a s e o u s  c y a n id e  i n s t e a d  o f  s o l u t i o n  enab led  l e v e l s

o f  i n h i b i t i o n  c o n s i d e r a b l y  h ig h e r  to  be e a s i l y  a c h i e v e d .  In terms

o f  p e r c e n t a g e  i n h i b i t i o n  o f  t r a n s p o r t  through the  t r e a t e d  r e g i o n

(a  common but not  very  s a t i s f a c t o r y  i n d e x )  th e  d ata  o f  f i g  5 i n d i c a t e

100% i n h i b i t i o n  a t  $ x 10 ^M. Perhaps even more s t r i k i n g l y  th e  same

i s  t r u e  when tie c y a n id e  had no ad vantage  i n  t im e over  t h e  l a b e l l e d

CÔ  ( f i g  6 ) ,  In  t h i s  l a t t e r  c a s e  the  i n h i b i t o r  can h a r d ly  be h e ld

t o  have moved t o  th e  s i n k  t e r m i n a l  and accumulated  and a c te d  th e r e

w i t h  s u f f i c i e n t  r a p i d i t y  t o  have preven ted  th e  a r r i v a l  o f  a t  l e a s t  
i h

a t r a c e  o f  C - a s s i m i l a t e ; one i s  t h e r e f o r e  f o r c e d  t o  th e  c o n c l u s i o n  

t h a t  i t s  i n h i b i t i n g  a c t i o n  i s  e x e r c i s e d  l o c a l l y ,  i . e .  i n  th e  s i e v e  

t u b e s .  T h is  i n f e r e n c e  i s  borne out even  more d i r e c t l y  by the  r e s u l t s  

o b t a in e d  by u s i n g  l a b e l l e d  c y a n i d e ,  f o r  f i g  7 shows t h a t  th e  p o i s o n  

moved very  l i t t l e  towards  t h e  s i n k  t e r m i n a l .  In the  c a s e  o f  th e  

s o l u t i o n - a p p l i e d  KCN v i r t u a l l y  none reached th e  d au ghter  p l a n t ,  y e t  

t r a n s p o r t  was s u b s t a n t i a l l y  i n h i b i t e d  ( f i g  4 ) .  In t h a t  o f  g a seou s  

a p p l i c a t i o n ,  where t h e  d egree  o f  i n n i o i t i o n  was v e r y  h ig h  ( f i g  3 )  

th e  d a ta  o f  Table  1 i n d i c a t e d  t h a t  the  s t o l o n  a d j a c e n t  t o  the
6d au ghter  p l a n t s  a c q u ir e d  a l e v e l  o f  cyan id e  o f  o n ly  about 10 M.
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I t  can h a rd ly  be m a in ta in ed  t h a t  t h i s  c o n c e n t r a t i o n  was enough to

produce th e  d r a s t i c  o v e r a l l  i n h i b i t i o n  o b s e r v e d .  Any doubt on

t h i s  s c o r e  i s  p rob ab ly  met by the  e v i d e n c e  t h a t  th e  p o r t i o n  o f

s t o l o n  beyond the  i n h i b i t e d  r e g i o n  i s  s t i l l  a b le  to  conduct  when

p ro v id ed  l o c a l l y  w i t h  s u c r o s e  ( f i g  8 ) .  As remarked e a r l i e r ,  the

t r a n s p o r t  ob served  i s  r e a s o n a b l y  v ig o r o u s  i n  v iew o f  th e  f a c t  t h a t

th e  s u c r o s e  has  t o  p e n e t r a t e  the  o u t e r  t i s s u e s ,  and t h a t  th e

exp er im ent  was o f  s h o r t  d u r a t i o n .  The s i n k  r e g i o n  i s  c e r t a i n l y

v e r y  s e n s i t i v e  to  c y a n i d e ,  a s  f i g  9 shows; but the  t r a n s p o r t  o f

n a t u r a l  a s s i m i l a t e  i s  n e v e r t h e l e s s  so  c o n s i d e r a b l e  th a t  a c t i o n  on

th e  s i n k  t e r m i n a l  cannot  p l a u s i b l y  e x p l a i n  e a r l i e r  r e s u l t s .  These

( e . g . f i g  5 )  show a d eg ree  o f  i n h i b i t i o n  a t  3 x 10 ”^M g r e a t e r  than

t h o s e  o f  f i g  9 î  y e t  th e  cy a n id e  i n  the l a t t e r  c a s e  was a p p l i e d

d i r e c t l y  t o  th e  s i n k  whereas  i n  th e  former i t  was f a r  away.  The

r e s u l t s  o f  f i g  6 can a g a i n  be in v o k e d .  The cy a n id e  a p n l i e d  to  the

l 4s t o l o n  here  has  not  th e  3h advantage  i n  t ime over  th e  CO^; y e t  

i n h i b i t i o n  i s  a lm o s t  a s  g r e a t  a s  i n  the c a s e  where t h e r e  i s  t h i s  

ad van tage  and i n  a d d i t i o n  the  c yan id e  i s  a p p l i e d  d i r e c t l y  t o  th e  

s i n k  ( f i g  9)»  I f  th e  s i n k  r e g i o n  i s  th e  o n ly  l o c u s  o f  i n h i b i t i o n  

t h i s  r e s u l t  seems q u i t e  i n e x p l i c a b l e .

That c y a n id e  i n h i b i t i o n  i s  r e v e r s i b l e  i s  f a i r l y  o b v io u s  from 

th e  d ata  o f  f i g s  12 & 13* There i s  a s t e a d y  r e c o v e r y  o f  th e  sy stem  

up to  24h a f t e r  removal o f  th e  cy a n id e ;  a t  t h i s  p o i n t  r e c o v e r y  i s  

v i r t u a l l y  c o m p l e t e .  Cyanide e s c a p e s  f a i r l y  r a p i d l y  from the  s t o l o n  

( f i g  1 4 ) ;  a t  2h i t  has  f a l l e n  by n e a r l y  30%, and a f t e r  24h to  about  

l / 3 C t h .  T h is  c o r r e s p o n d s  w e l l  w i t h  the  r e c o v e r y  d a t a .  No measure

ments o f  v e l o c i t y  were made on t h e  s t o l o n  a f t e r  r e c o v e r y ,  but the  

f a c t  t h a t  th e  t o t a l  t im e a l lo w e d  f o r  a s s i m i l a l i o i i  and Lianapui-l was 

h e l d  c o n s t a n t  a t  4h e n a b l e s  a d i r e c t  comparison t o  be made w i th  th e  

c o r r e s p o n d in g  curve  o f  f i g  4 i n  a p r e v i o u s  paper  (Quresh i  & Spanner,
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1972b)  and t h i s  i n d i c a t e s  s u b s t a n t i a l  n o r m a l i t y .

The q u e s t i o n  o f  whether  c y a n id e  c a u s e s  the  d e p o s i t i o n  o f  

c a l l o s g  on th e  s i e v e  p l a t e s  seems to  be answered i n  th e  negatiye.

One cannot  a t t r i b u t e  i n h i b i t i o n ,  i t  would seem, to  t h i s  c a u s e ;  

and a p r i o r i  i t  would seem r a t h e r  u n l i k e l y  t h a t  a m e t a b o l i c  

i n h i b i t o r  o f  t h i s  type  would promote such an e n e r g y - r e q u i r i n g  

r e s p o n s e .  Of c o u r s e  c a l l o s e  fo r m a t io n  i s  not  the  o n l y  c o n c e i v a b l e  

typ e  o f  b l o c k a g e ,  and i t  i s  hoped i n  f u tu r e  work to  i n s t i t u t e  a 

more thorough  u l t r a s t r u c t ù r a l  s t u d y  o f  the  e f f e c t  o f  c y a n id e  on 

the  s t o l o n  t o  s e e  i f  t h e r e  i s  any o t h e r  form o f  o b s t r u c t i o n .  

Meanwhile the  most l i k e l y  i n t e r p r e t a t i o n  o f  th e  p r e s e n t  work i s  

t h a t  th e  a c t i v i t y  o f  c y a n id e  i s  b e in g  e x e r c i s e d  by an i n h i b i t i o n  

o f  m etab o l i sm  i n  th e  r e g i o n  o f  t h e  c o n d u i t s .  As noted  i n  an 

e a r l i e r  paper  (Q u resh i  & Spanner ,  1972a)  thôti f a c t  t h a t  t r a c e r '  

d oes  n ot  l e a k  out  and accum u late  a t  th e  e n t r y  t o  the  b lo c k e d  

r e g i o n  i n d i c a t e s  t h a t  t h e  i n h i b i t o r  h a s n ' t  m ere ly  d e s t r o y e d  th e  

i n t e g r i t y  o f  th e  s i e v e  tube  membranes.  For t h e s e  r e a s o n s ,  t h e r e f o r e  

we must c o n c lu d e  t h a t  th e  p r e s e n t  r e s u l t s  a r e  h i g h l y  i n i m i c a l  t o  the  

MÜnch h y p o t h e s i s .
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The in f lu e n c e  o f  2 ,4  d in itrophenol

or • . . .

The in f lu e n c e  o f  d in itrophenol on phloem transport  

along  the s t o lo n  o f  Saxifraga sarmentosa.



1^3
The Influence of Dinitrophenol on Phloem Transport along the 

Stolon of Saxifraga sarmentosa

Summary D i n i t r o p h e n o l  i n  c o n c e n t r a t i o n s  o f  5 x 10""^appl ied  to  

th e  c e n t r e  30 cm o f  6 0 -? 0  cm s t o l o n s  o f  S a x i f r a g a  produces  a s t r o n g  

and r e v e r s i b l e  i n h i b i t i o n  o f  the  phloem t r a n s p o r t  o f  ^^^Cs or ^^C- 

a s s i m i l a t e s .  There i s  e v e r y  r e a s o n  t o  b e l i e v e  t h a t  t h i s  e f f e c t  i s  

l o c a l i s e d  i n  the  s i e v e  tu b e s ;  c a l l o s e  fo r m a t io n  does  not  o c c u r .

This  e v i d e n c e  i s  v e r y  d i f f i c u l t  t o  r e c o n c i l e  w i th  th e  MÜnch hypo

t h e s i s  ; i t  seems on th e  c o n t r a r y  t o  demand a t h e o r y  o f  a c t i v e  

pumping.

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

The work r e p o r te d  i n  t h i s  communication i s  the  th ir d  

i n  a s e r i e s  d e a l i n g  w i th  th e  e f f e c t  o f  m e t a b o l i c  i n h i b i t o r s  on 

phloem t r a n s p o r t  i n  th e  s t o l o n  o f  S a x i f r a g a . Both a n o x ia  and 

c y a n id e  have been  found t o  e x e r t  a s t r o n g  and r e v e r s i b l e  e f f e c t  

on th e  s i e v e  t u b e s  (Q uresh i  & Spanner ,  1972 a ,  c ) .  C a r e f u l  e a r l i e r  

work w i t h  t h e s e  and o t h e r  i n h i b i t o r s  ( s e e  W i l l e n b r i n k ,  1968)  had 

a l r e a d y  reached  s i m i l a r  c o n c l u s i o n s ,  a l t h o u g h  i t  had been  

c h a l l e n g e d ;  but i n  t h e  c a s e  o f 2,4 d i n i t r o p h e n o l  (DNP) the  ev idence  

r e s t e d  on a l e s s  s o l i d  f o u n d a t i o n ,  W i l l e n b r in k  r e p o r t i n g  t h a t  he 

"could  o b t a i n  no s a t i s f a c t o r y  r e s u l t "  w i th  i t ,  and Harel  & Reinhold  

( 1 9 6 6 ) i n  an i n t e r e s t i n g  paper  c o n c l u d i n g  t h a t  any " i n h i b i t o r y
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e f f e c t  o f  DNP . . . .  was p robably  due t o  an e f f e c t  on uptake an d /or

s e c r e t i o n  i n t o  th e  s i e v e  t u b e s ,  not  to  an e f f e c t  on th e  c o n d u ct in g

c e l l s  t h e m s e l v e s " .  I n d e e d ,  i n  t h e i r  work DNP appeared to  a c t u a l l y

promote downward t r a n s p o r t ;  and th e  ab sen ce  o f  a d e f i n i t e  i n h i b i t 

ory e f f e c t  on t h e  s i e v e  t u b e s  appeared t o  them "to e x c l u d e  the  

c l o s e  p a r t i c i p a t i o n  o f  ATP-dependent p r o c e s s e s "  a t  t h i s  l o c u s .

T h is  would be a most im p or tan t  c o n c l u s i o n  i f  i t  were i n e s c a p a b l e ;  

however ,  H are l  & R e i n h o l d ’ s  work l e a v e s  open o t h e r  p o s s i b i l i t i e s ,  

and i t  was t h e r e f o r e  very  d e s i r a b l e  t o  r e - i n v e s t i g a t e  th e  a c t i o n  

o f  DNP i n  c i r c u m s t a n c e s  e n a b l i n g  a c l e a r e r  i n d i c a t i o n  o f  i t s  

b e h a v io u r  and l o c u s  o f  a c t i o n  t o  be o b t a i n e d .  The p r e s e n t  paper  

r e p o r t s  some p r e l i m i n a r y  work t o  t h i s  end .

M a t e r i a l s  and Methods

These have been a d e q u a t e l y  d e s c r i b e d  i n  p r e v i o u s  papers  

(Qureshi & Spanner ,  1971 ,  1972 a , b , c ) .  In th e  e a r l i e r  s t a g e s  o f  the  

work DNP was a p p l i e d  to  p o r t i o n s  o f  th e  s t o l o n  o n ly  2 cm l o n g .  

R e s u l t s  were s l i g h t  and e r r a t i c  ; and as  i n  the c a s e  o f  cyan ide  

t r e a tm e n t  i t  was d e c id e d  t o  exp ose  l o n g e r  l e n g t h s  t o  th e  i n h i b i t o r .  

E v e n t u a l l y  30 cm was f i x e d  on,  and p l a n t s  were t h e r e f o r e  s e l e c t e d  

which had p a r t i c u l a r l y  l o n g  s t o l o n s  (60  t o  70 cm).  The i n h i b i t o r  

was made up i n  0.05M ph osp h ate  b u f f e r  o f  pH7*2, and a p p l i e d  to the  

s t o l o n  by running  th e  l a t t e r  a lo n g  a groove  m i l l e d  i n  a p ersp ex  

b l o c k .  The t r a c e r s  were made up i n  s i m i l a r  b u f f e r  and a p p l i e d  

i n  a s m a l l  r e s e r v o i r  (Q uresh i  & Spanner 1971 ,  f i g  2 ) ,  w h i l e  the  

■̂ ĈÔ  was g i v e n  t o  th e  s u b t e n d in g  l e a f  i n  a s m a l l  chamber o f  

f l e x i b l e  t r a n s p a r e n t  p l a s t i c .  On t e r m i n a t i o n  o f  th e  experiment  

the  s t o l o n  was cu t  up as  i n d i c a t e d  on t h e  h o r i z o n t a l  a x e s  o f  the  

diagrams;  th e  ^^^Cs was a s sa y e d  under an a u tom at ic  end-window
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‘ 12/7

c o u n t e r  and the  C i n  an a u to m a t ic  l i q u i d  s c i n t i l l a t i o n  cou n ter  

( f o r  d e t a i l s  s e e  Quresh i  & Spanner 1972 a , b ) .

C a l l o s e  was examined by p l u n g in g  the  s t o l o n  q u i c k l y  

i n t o  a c e t i c  a l c o h o l  ( E s c h r i c h  & C u r r ie r ,  1964)  a t  -20°C and l e a v i n g  i t  

a t  t h i s  t em p era tu re  f o r  24h b e f o r e  p r o c e s s i n g  fo r  e l e c t r o n  m ic r o s 

cop y .  A uto r a d io g ra p h s  were prepared i n  the  c o n v e n t i o n a l  manner 

a f t e r  h e a t - o r  f r e e z e  d r y i n g .

P l a n t s  were i n  c o n t in u o u s  l i g h t  d ur ing  the  e x p e r i m e n t a l  

p e r i o d ,  e i t h e r  d a y l i g h t  or ( a t  n i g h t l o w  p r e s s u r e  mercury  

i l l u m i n a t i o n  o f  3750 l u x .  They were m ain ta in ed  o t h e r w i s e  under  

o r d in a r y  greenhouse  c o n d i t i o n s , w i th  a tem perature  r a n g in g  from 

13°  to  25°C d epen d in g  on the  s e a s o n .  The d aughter  p l a n t s  were 

e n c l o s e d  i n  s m a l l  b l a c k  p o l y t h e n e  bags  i n t e r n a l l y  dampened t o  reduce  

b o th  t r a n s p i r a t i o n  and p h o t o s y n t h e s i s .

R e s u l t s

1^7Movement o f  Cs 

137In th e  e a r l i e r  work w ith  Cs r e g r e s s i o n  l i n e s  were

f i t t e d  by computer t o  th e  v e r y  s t r a i g h t  s e m i - l o g a r i t h m i c  p l o t s .

I t  was th e  f a i l u r e  t o  f i n d  any r e l a t i o n s h i p  between th e  s l o p e  o f

t h e s e  l i n e s  and th e  c o n c e n t r a t i o n  o f  a p p l i e d  DNP t h a t  l e d  to  a

l e n g t h e n i n g  o f  th e  zone o f  a p p l i c a t i o n  to  30 cm. F i g  1 r e c o r d s

137th e  e x p e r i m e n t a l  r e s u l t s  when Cs was a p p l i e d  t o  the  s t o l o n s

between  th e  p a r e n t  p l a n t  and t h e  zone o f  t r e a t m e n t .  I n h i b i t o r

tr e a tm e n t  was s t a r t e d  4h p r i o r  to  t r a c e r  a p p l i c a t i o n ,  and the

d u r a t io n  o f  th e  e x p e r i m e n t ,  i n c l u d i n g  t h i s  4h ,  was 2 2 h .  The s t o l o n s

were then  segmented and a s s a y e d .  I t  i s  e v i d e n t  t h a t  t h e r e  i s  a

s m a l l  e f f e c t  a t  1 0 ”^M c o n c e n t r a t i o n .  I t  i n c r e a s e s  p r o g r e s s i v e l y  

- 3up to  5 X 10  M. At t h i s  l e v e l  no t r a c e r  a t  a l l  p a s s e s  through the
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Movement o f  Cs a l o n g  40cm l e n g t h s  o f  s t o l o n  e x c i s e d  a t

b oth  ends  and- immersed i n  5 x 10 DNP. Treatment  s t a r t e d  

1374h p r i o r  t o  Cs a p p l i c a t i o n ;  t o t a l  d u r a t io n  o f  experiment  

22h .  P arent  p l a n t  t o  l e f t .



zone o f  t r e a t m e n t .

In t h e  e a r l i e r  work (Q uresh i  & Spanner 1971)  i t  had been

found t h a t  a l o n g  w i th  the  l o n g  d i s t a n c e  t r a n s p o r t  t h e r e  i s  a lways

a s y m m e tr ic a l  s h o r t - d i s t a n c e  spread  i n t e r p r e t e d  as  t a k i n g  p la c e

p rob ab ly  i n  th e  a p o p l a s t .  I t  seemed d e s i r a b l e  t o  s e e  whether t h i s

movement was a f f e c t e d  by DNP. A c c o r d i n g l y ,  e x c i s e d  p i e c e s  o f

s t o l o n  4o cm l o n g ,  w i th  v a s e l i n e  smeared over  the  cu t  en d s ,  were

soaked i n  5 x 10 DNP f o r  4 h . They were then  su p p or ted  so  t h a t

a s h o r t  l e n g t h  a t  th e  c e n t r e  was out o f  th e  s o l u t i o n ;  and to  t h i s  

137r e g i o n  Cs was a p p l i e d  i n  th e  u s u a l  way.  A f t e r  a f u r t h e r  l 8 h  

th e  s t o l o n s  were a s s a y e d .  F i g  2 shows th e  r e s u l t s .  I t  i s  e v i d e n t  

t h a t  the  i n h i b i t o r  has  not  i n f l u e n c e d  the  movement. T h is  seems  

t o  c o n f ir m  t h a t  th e  spread  o c c u r s  as s u g g e s t e d  i n  th e  a p o p l a s t .

l 4T ransport  o f  n a t u r a l l y - a s s i m i l a t e d  C

The s l o p e  o f  t h e  s e m i - l o g a r i t h m i c  l i n e s  p rob ab ly  

r e f l e c t s  the  b a la n c e  between l a t e r a l  l e a k a g e  o f  t r a c e r  and l o n g 

i t u d i n a l  t r a n s p o r t .  I t  i s  known t h a t  DNP can a f f e c t  l e a k a g e  o f  

i o n s  from parenchyma. However,  were th e  change i n  s l o p e  due t o  

i n c r e a s e d  l e a k a g e  t h i s  would be r e v e a l e d  by a l o c a l i s e d  r a i s i n g  

o f  th e  g e n e r a l  l e v e l  o f  t r a c e r  a t  e n t r y  t o  the  zone o f  t r e a t m e n t .  

T h is  c l e a r l y  did  n ot  oc c u r ;  hence  we must con c lu d e  t h a t  i t  i s  

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

i n h i b i t o r .  Where n a t u r a l  a s s i m i l a t e s  a re  concerned  the  l e a k a g e  

i n  t h e  S a x i f r a g a  s t o l o n  i s  b e l i e v e d  t o  be s l i g h t  ( i b i d ,  1972 b ) ;

hence  i t  was o f  o b v io u s  i n t e r e s t  t o  r e p e a t  th e  p a t t e r n  o f  the

14p r e v i o u s  exp e r im e n t  u s i n g  CO^. F i g s  and r e p o r t  th e  r e s u l t s

l 4o f  a s e r i e s  i n  which CÔ  was a d m in i s t e r e d  t o  th e  s u b te n d in g  l e a f  

4h a f t e r  t r e a t m e n t  w i th  DNP b egan .  A f t e r  a f u r t h e r  4h th e  s t o l o n s  

were segmented and a s s a y e d .  I t  can be s e e n  t h a t  t h e r e  was a s m a l l



130

1
(U G
•H
rH 3
P̂ -o
Pi
aS 1—I >>

G p
T3 Pi P •H
0> Z O (4
-P A G
ttJ rH
<X> O

+» o «H L,
G G o

c O (U «H
o N rH
rH T3
o S bO G
+> o G P
(Q O •H G

. T3 U
G G G
3 1—1 <U A
O G P G
-o *4 G

-P 3
0) G <Q G
4-> O G
c3 O O >
rH P f4
•H 3

0> G O
•H > <u
CO o >to •H
cd Oi hO J3
1 OO

o A (0t G P
H 5 G-p G
«M •H CM a
o O •iH

o J4
40 >> <h G
G rH i—1 a,
(U CO X5 G G G
o O k,
> 3 O «Ho G «H o

s : •H G
P G
G O
O Si •H

rC- Ü -d" P

nJ

tobo
s



31

■p

-p CM

OiH

iH

■P

1-4

O

OO O

g
r4O
4->
m

«HO
m-p
§

<uOQ
«HO
m-p
5OP»
■i
■4

uio z  BQOL sq.tmoo ux uo%oq.s ux jCq.XAxq.ov



K A
-p

I—I

+>

pH

r4

-P •H

OOO 8

8 O

uio z  BOOL " iB d  sq.unoo u j  uo%oq.8 u t  vC q.T A T q.ov



3 3

si
■Pc<u <ua •
p 'rH
d
Q)L, d
P

O(M , «M
O dva
p

(0
d d

p
(0 pk,

p o
d A

(0d d0) d
> u
•H phO

«MOJ Oo
ü d

± o
H •H

P
P d3 k,va 3A
KN -

hO A
•rS
«M A
U 2:
O
(p 1

Ow rH
d X
(0 .

1—1 ITV
•H
d V3

p p
«u •H
A >

he
•H



-p

^  (H4-i oO
rn

O " c  
H  <a p  
Hra 0) 
o mP4

rQ) A

O K \

g
rHOP
CQ

«M0
m

p

1
(D
m

«M
o
03

p

.3oA
nd
•H

g
UlO 2  JGCi 8Q0L "18(1 sq.unoo uf uo%oq.s uf £ % j a j %o y



/' 135"

e f f e c t  w i th  10 DNP. I t  i n c r e a s e d  p r o g r e s s i v e l y  and was ex tr e m e ly  

pronounced a t  10 ^M, At t h i s  c o n c e n t r a t i o n  th e r e  was o c c a s i o n a l  

e v i d e n c e  o f  damage t o  the  e x t e r n a l  t i s s u e s .  A c c o r d in g ly  trea tm en t  

was l i m i t e d  s u b s e q u e n t l y  to  5 x 10~^M.

In o r d e r  t o  t e s t  how r a p i d l y  the p o i s o n  a c t s  an e x p e r i 

ment was run i n  which th e  t r e a tm e n t  was begun s i m u l t a n e o u s l y  w i th
l/f

t h e  a d m i n i s t r a t i o n  o f  CO^. Four hours l a t e r  the  s t o l o n s  were 

h a r v e s t e d .  I t  i s  c l e a r  from f i g  4 t h a t  a somewhat b e l a t e d  i n h i b i 

t i o n  has occu rr ed  ( c f . f i g  3 h ) .  However,  i n  view o f  the  g e n e r a l  

r a p i d i t y  w i th  which  n a t u r a l  a s s i m i l a t e  i s  formed and lo a d ed  i n t o  

th e  s i e v e  t u b e s  i t  i s  s t i l l  i m p r e s s i v e .

I n f l u e n c e  o f  DNP on s o u r c e  l e a f

I t  i s  v e r y  u n l i k e l y  t h a t  any i n h i b i t o r  reached  th e  parent

l e a f  i n  t h e s e  e x p e r i m e n t s ;  b o th  th e  xylem and th e  phloem movements

were i n  the  o p p o s i t e  d i r e c t i o n .  However, i t  seemed w o r t h - w h i l e ^ t o

i n v e s t i g a t e  th e  l e a f .  In th e  c a s e  o f  the  exp er im ent  r e p o r t e d  i n

f i g  3b l e a v e s  were a u to r a d io g r a p h e d  and n o t h i n g  abnormal was

ob served  i n  e i t h e r  th e  d egree  o f  p h o t o s y n t h e s i s  or o f  v e i n - l o a d i n g .

In a n o th e r  exp er im en t  d i r e c t  a p p l i c a t i o n  o f  DNP was t r i e d .  The l e a f

was c l o s e l y  c o v e r e d  w i t h  l e n s  t i s s u e  and th e  l a t t e r  fed  w i th  DNP

from a p e t r i  d i s h  u s i n g  a f i l t e r  paper  w ick  t o  ensu re  a s low

137c o n t in u o u s  f l o w .  A f t e r  4h the  l e a f  was w e l l  washed and Cs 

a p p l i e d  i n  a s m a l l  r e s e r v o i r  to  the  upper s u r f a c e ,  midway between  

th e  edge and t h e  m i d - r i b .  A f t e r  a t o t a l  o f  22h the  s t o l o n s  were

segmented and a s s a y e d .  I t  was found t h a t  t h e r e  was a very  low l e v e l
- 4  - 3o f  a c t i v i t y  a l o n g  th e  s t o l o n  w i th  10 M DNP. At 5 x 10 M th e r e

was v i r t u a l l y  none ,  th e  l i t t l e  t h e r e  was b e i n g  p l a u s i b l y  a t t r i b u 

t a b l e  to  xylem movement.  Leaves  were s i m i l a r l y  t r e a t e d  w i th  

3 X 10**■̂M s o l u t i o n  f o r  4 h , washed and g i v e n  ^^C0_. A f t e r  4h more
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£jj2__6 Movement o f  ^^C-nucrooo down s t o l o n  when a p p l i e d  dir. I a l l y

to  a 30cra zone t r e a t e d  c o n t i n u o u s l y  w i th  3 x 10"^M DNP.
'

Treatment a p p l i e d  4h p r i o r  to  s u c r o s e ;  t o t a l  d u r a t io n  o f ,  

exper im ent  8 h ,



-  m

th ey  were f r e e z e - d r i e d  and a u to r a d io g r a p h e d .  The a u to r a d io g r a p h s  

i n d i c a t e d  reduced p h o t o s y n t h e s i s  and very  much reduced v e i n  and 

p e t i o l a r  l o a d i n g .

Under s i m i l a r  c o n d i t i o n s  o f  l e a f  t rea tm en t  to  the  above  

137th e  r e s u l t s  o f  a p p l y i n g  ^^Cs not  to  the  lamina but t o  the  s t o l o n

was s u r p r i s i n g .  The l e a f  was t r e a t e d  c o n t i n u o u s l y  w i th  DNP

throu ghout  th e  22h o f  the e x p e r i m e n t .  Four hours  a f t e r  th e  t r e a t -  

137ment began Cs was a p p l i e d  to  the s t o l o n  about 15 cm from i t s  

b a s e .  F i g  5 shows th e  r e s u l t s  a f t e r  a f u r t h e r  l 8 h .  Transport  

s u r p r i s i n g l y  seems t o  be q u i t e  u n a f f e c t e d .  The l e a f  can h a rd ly  

have r e c o v e r e d  under t r e a t m e n t ,  and i t  seems more p rob ab le  t h a t  

th e  t a s k  o f  s u p p l y i n g  the  d au ghter  p l a n t  had been tak en  over  by 

o t h e r  l e a v e s .  I f  s o ,  i t  i n d i c a t e s  s t r i k i n g l y  th e  i n f l u e n c e  o f  the  

s i n k ,  and th e  a b i l i t y  o f  the  p l a n t  t o  re a r r a n g e  i t s  t r a n s l o c a t i o n  

p a t t e r n  under l o c a l l y  a d v e r s e  c o n d i t i o n s .

I n f l u e n c e  o f  DNP on s i n k

Of more i n t e r e s t  i s  the  p o s s i b l e  e x t e n t  i n  th e  f o r e 

g o in g  e x p e r im e n t s  o f  the  i n f l u e n c e  o f  DNP on th e  d aughter  p l a n t ,  

s i n c e  t o  some e x t e n t  t h e  p o i s o n  must reach  i t .  R a d i o a c t i v e  DNP ; 

b e in g  u n a v a i l a b l e  t h i s  was i n v e s t i g a t e d  i n  two w ays .  In  th e  f i r s t  

a 30  cm l e n g t h  o f  th e  s t o l o n  was s u b j e c t e d  t o  5 x 10 DNP. A f t e r  

kh  from t h e  s t a r t  o f  t r e a t m e n t ,  ^C-sucrose was a p p l i e d  t o  the  

s t o l o n  a t  a p o i n t  d i s t a l  t o  t h e  zone under t r e a t m e n t .  Four hours  

l a t e r  th e  exper im ent  was t e r m i n a t e d .  As i n  the  s i m i l a r  experiment  

on c y a n id e  i t  i s  e v i d e n t  ( f i g  6)  t h a t  some lo n g  d i s t a n c e  t r a n s p o r t  

had o c c u r r e d .  T h is  s u g g e s t s  t h a t  th e  t r a n s p o r t  mechanism beyond 

th e  p o i s o n e d  zone was s t i l l  i n t a c t ,  and t h a t  a l l  i t  needed was 

su gar  to  a c t i v a t e  i t .  In o t h e r  words any DNP which  had reached
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t h i s  d i s t a l  r e g i o n  and th e  s i n k  had not  y e t  a t t a i n e d  a s i g n i f i c a n t  

c o n c e n t r a t i o n  t h e r e .

In th e  s e c o n d ,  DNP was a p p l i e d  d i r e c t l y  t o  th e  daughter  

1^p l a n t s .  Four hours  l a t e r  CO was g iv e n  t o  the  s u b t e n d in g  l e a v e s ,  

and 4h l a t e r  a g a in  t h e  s t o l o n s  were h a r v e s t e d  . The r e s u l t s  

( f i g  7 )  show t h a t  w i t h  10 “^M DNP t h e r e  was s t i l l  a c o n s i d e r a b l e  

d e g r e e  o f  t r a n s p o r t ;  even  a t  5 x 10“^M i t  was a p p r e c i a b l e  c o n s i d 

e r i n g  th e  i n h i b i t o r ' s  4h s t a r t .  I t  would seem t h e r e f o r e  t h a t  the  

d au gh te r  p l a n t  was n ot  e x t r a o r d i n a r i l y  s e n s i t i v e  and d om in at in g  and 

t h a t  th e  p r e v i o u s  r e s u l t s  ( e . g . t h o s e  o f  f i g  3 a , b )  were n o t  t o  be 

a t t r i b u t e d  to  an i n f l u e n c e  o f  th e  t r a n s l o c a t e d  p o i s o n  on th e  s i n k .  

In o t h e r  w ords ,  DNP seems t o  e x e r t  an e f f e c t  s p e c i f i c a l l y  on the  

s i e v e  t u b e s  t h e m s e l v e s .

I s  th e  e f f e c t  r e v e r s i b l e ?

To t e s t  t h i s ,  th e  s t o l o n s  were t r e a t e d  w i t h  DNP f o r  8h.  

They were th en  washed i n  d i s t i l l e d  w ater  and l e f t  i n  l i g h t  and a i r .  

L a b e l l e d  CÔ  was g i v e n  t o  th e  s u b t e n d in g  l e a v e s  a t  such  an i n s t a n t  

t h a t  a t  th e  t im e o f  h a r v e s t  ea ch  r e p l i c a t e  had had 4h to  a s s i m i l a t e  

and t r a n s p o r t  th e  t r a c e r .  The s t o l o n s  were h a r v e s t e d  a t  t im e s  

v a r y i n g  from 4h t o  3^h a f t e r  t h e  t e r m i n a t i o n  o f  th e  DNP t r e a t m e n t .  

The r e s u l t s  a re  shown i n  f i g  8 .  They i n d i c a t e  t h a t  r e c o v e r y  

c e r t a i n l y  t a k e s  p l a c e .  I t  was d e t e c t a b l e  a f t e r  4h ,  but o n ly  

co m p le te  a f t e r  3&h. The c u r v e s  have a p e c u l i a r  shape;  some f u l l -  

d i s t a n c e  t r a n s p o r t  g e t s  under way v e r y  r a p i d l y .  The s i g n i f i c a n c e  

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

Does DNP promote c a l l o s e  form at ion?

T h is  p e r t i n e n t  q u e s t i o n  was i n v e s t i g a t e d  by the  method
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noted  e a r l i e r .  As i n  the  c a s e s  o f  n i t r o g e n - a n d  c y a n id e  t r e a tm e n t s  

(Q uresh i  & Spanner 1972 a , c )  no d i f f e r e n c e  from the  c o n t r o l s  could  

be o b s e r v e d .  A p r i o r i , s i n c e  DNP i n t e r f e r e s  w i th  phosphate  metab-  

o l i s r a ^ t h i s  r e s u l t  was not  u n expected .  The s i e v e  p l a t e  p o r e s ,  

however ,  as  i n  a l l  the  c o n t r o l s ,  appeared d e n s e l y  f i l l e d  w i th  

P - p r o t e i n .

D i s c u s s i o n

I t  i s  d i f f i c u l t  t o  e s c a p e  the  c o n c l u s i o n  t h a t  i n  the  

s t o l o n  o f  S a x i f r a g a  DNP e x e r t s  a p o w e r fu l  and r e v e r s i b l e  i n h i b i t o r y  

e f f e c t  d i r e c t l y  on th e  s i e v e  t u b e s ,  aid not  m ere ly  on the  t e r m i n a l s ;  

f u r t h e r ,  t h a t  t h i s  e f f e c t  i s  not  due to  a m e c h a n ic a l  b lo c k a g e  by 

c a l l o s e .  These  c o n c l u s i o n s  f o l l o w  from th e  same arguments  as  were 

employed i n  th e  c a s e s  o f  c y a n id e  t r e a tm e n t  and a n o x ia  ( l o c . c i t . )  

and t h e r e  i s  no need t o  r e p e a t  them. In a d d i t i o n ,  th e  shape o f  the  

r e c o v e r y  c u r v e s  i n  f i g  6 s u p p l i e s  an argument not  h i t h e r t o  advanced .  

I t  a r i s e s  from t h e  o b s e r v a t i o n  t h a t  a l l  th e  c u r v e s  reach  out h o r i z o n 

t a l l y  towards  th e  s i n k  en d .  T h is  appears  to  i n d i c a t e  t h a t  the  

r e g i o n  o f  th e  s t o l o n  beyond th e  zone o f  t r e a tm e n t  e i t h e r  never  

s u f f e r e d  a l o s s  o f  t r a n s p o r t i n g  power,  or e l s e  r e g a i n e d  i t  very  

r a p i d l y  ; t h e r e f o r e  a s  th e  ’ c o n v a l e s c e n t '  r e g i o n  s l o w l y  r e c o v e r s  

i t s  a b i l i t y  t o  d e l i v e r  a s s i m i l a t e ,  th e  l a t t e r  i s  c a r r i e d  away by the  

d i s t a l  r e g i o n  a t  unimpaired  s p e e d .  T h is  i s  a t  l e a s t  a p l a u s i b J e  

e x p l a n a t i o n  o f  th e  shape o f  the  c u r v e s ;  and i f  a c c e p t e d  i t  l o c a l i s e s

th e  a c t i o n  o f  t h e  DNP f i r m l y  i n  th e  zone o f  t r e a t m e n t .

That t h i s  c o n c l u s i o n  runs c o u n te r  t o  t h a t  o f  Harel  & 

R einho ld  ( I 9 6 6 ) and t o  a l e s s e r  e x t e n t  t o  t h a t  o f  W i l l e n b r in k  ( 1 9 6 8 ) ,  

r e q u i r e s  some comment. F i r s t ,  however ,  th e  i n t e r e s t i n g  q u e s t i o n  of

how th e  s t o l o n  r e c o v e r s  must be r a i s e d ;  fo r  DNP, u n l i k e  n i t r o g e n  or

c y a n i d e ,  cannot  e s c a p e  by g a s e o u s  d i f f u s i o n .  In  a p e r s o n a l



communicat ion J . B .  Pridham s u g g e s t e d  t h a t  i t  might be d e t o x i f i e d  

by g l u c o s y l a t i o n .  Another s u g g e s t i o n  i s  t h a t  i t  might be i n v o l v e d  

w ith  the  sy s te m  which m e t a b o l i s e s  t a n n i n ,  i n c l u s i o n s  o f  which can 

o f t e n  be s e e n  i n  th e  phloem c e l l s  o f  th e  s t o l o n .  Whatever the  

answer ,  i f  DNP can be d e t o x i f i e d  th e  c o n c e n t r a t i o n  i t  a t t a i n s  w i l l  

c l e a r l y  be i n f l u e n c e d  by th e  r a t e  a t  which i t  i s  s u p p l i e d ,  and i f  

t h i s  i s  in a d e q u a te  an i n h i b i t o r y  e f f e c t  may n ev er  be e x h i b i t e d .

T h is  may be one e x p l a n a t i o n  o f  the  n e g a t i v e  r e s u l t  n o t i c e d  when 

th e  t r e a t e d  zone was o n ly  2cm l o n g ;  a n o th e r  was s u g g e s t e d  i n  our  

c y a n id e  paper  (1972  c ) .

The f a t e  o f  DNP n eed s  f u r t h e r  i n v e s t i g a t i o n ;  but c l e a r l y  

h ere  i s  a c o n s i d e r a t i o n  which  may i n f l u e n c e  t h e  i n t e r p r e t a t i o n  o f  

r e s u l t s .  Of c o u r s e ,  m etab o l i sm  i s  not  th e  o n l y  way i n  which the  

p o i s o n  may be removed; the  t r a n s p o r t  p r o c e s s  i t s e l f  I s  a n o t h e r .

I f  th e  p o i s o n  s l o w s  up both  modes o f  i t s  own removal th e  l e v e l  i t  

a t t a i n s  w i l l  r e sp on d  r a t h e r  s e n s i t i v e l y  t o  the  r a t e  o f  s u p p l y ,  by 

a f e e d - b a c k  mechanism; and in a d e q u a te  means o f  a p p l y i n g  i t  may 

produce  much l e s s  than  th e  e x p e c te d  r e s u l t .  Perhaps t h a t  i s  why 

W i l l e n b r i n k ' s  r e s u l t s  w i t h  t h i s  i n h i b i t o r  were u n s a t i s f a c t o r y .

H are l  & R einh o ld  a p p l i e d  DNP o f  up t o  5 x 10 s t r e n g t h  

t o  th e  c u t  p e t i o l e s  o f  th e  primary l e a v e s , o f  G ly c in e  max. This  

would i n t r o d u c e  i t  i n t o  the  xy le m ,  but a t  an u n c o n t r o l l e d  r a t e ,  

which a t  l e a s t  i n  the  exp er im en t  o f  t h e i r  Table  4 would be lo w .

H are l  & R e i n h o l d ' s  c o n c l u s i o n s  are  q u e s t i o n a b l e .  The d a ta  o f  t h e i r  

Table  2 show a h ig h  im port  o f  l a b e l l e d  s u c r o s e  from the  t e r m i n a l  

l e a f l e t  i n t o  the  l a t e r a l  o n e s .  In a l e a f  mature enough to  exp or t  

s t r o n g l y  t h i s  i s  u n u s u a l ,  and s u g g e s t s  xylem movement,  a p o s s i b i l i t y  

t h e i r  d e s c r i p t i o n  o f  method o f  a p p l i c a t i o n  i c  n e t  f u l l  enough to  

r u l e  o u t .  A gain ,  t h e y  s e v e r e d  the  t e r m i n a l  l e a f l e t  i n  f u l l  e x p o r t ,  

at  th e  i n s t a n t  when DNP was a p p l i e d  t o  the primary p e t i o l e s ;  on



II
the premise of the Munch hypothesis, which they appear to support, 

the severance of the central vascular bundles would bring the export 

process in them to an abrupt halt. Of course there remained the 

bundles to the lateral leaflets; but if these leaflets had enough 

sink potential to import as much as they did, why should they turn 

suddenly to rapid export? Finally, they suggest three explanations 

for their observation that DNP appears actually to promote downward 

translocation; and one of these is readily compatible with the view 

that ATP participates in pumping processes in the sieve tubes. 

Everything considered, therefore, their evidence is hardly in open 

conflict with that presented in this paper.

We conclude therefore that our results are antagonistic 

to the Munch hypothesis and favour a theory of active mass flow, 

such as that invoking protein contractility or potassium 

electroosmosis.
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Sub-sect ion: ( i v )

Experiments with valinomycin  

» or

The e f f e c t s  o f  valinomycin on the transport  

o f  ^^C-ass imi lates  i n  p l a n t s .



The E f f e c t s  o f  Valinomycin on the Transport 

o f  ^^C-a%similates in  P lants

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

The e le c tr o -o sm o t ic  theory proposes a c i r c u la t io n  

o f  a t  each s ie v e  p la te  a s so c ia te d  with a d if f e r e n c e  in  the  

e lec tr o -c h e m ic a l  p o t e n t ia l  o f  across  the p la t e .  As the  

suggested  c ir c u la t io n  o f  i s  regarded as caused by an a c t iv e  

transport tak ing p la ce  across  the plasmalemma o f  the s i e v e  tube. 

P ig .  1 p resen ts  a th e o r e t i c a l  scheme o f  the c i r c u la t io n  o f  

around the s ie v e  p la t e .  I f  t h i s  i s  the governing mechanism in  

phloem transport then i t  would c l e a r l y  be i n t e r e s t i n g  to  f in d  out 

the e f f e c t s  o f  u p s e t t in g  the K c ir c u la t io n  on the tran sport o f  

a s s im i la t e s .
.

Some m acrocyclic  compounds are now known to  g r e a t ly  

f a c i l i t a t e  p a ss iv e  ion  permeation in  b io lo g i c a l  membranes, i . e . ,  

to render them extrem ely "leaky"'. Tosteson ( I 968) has reported  

the comparative e f f e c t s  o f  various such compounds (P ig .  2) on the ‘ 

e l e c t r i c a l  r e s i s ta n c e  o f  l i p i d  b i la y e r  membranes, Valinomycin, an 

a n t i b i o t i c ,  i s  one o f  the th ree  compounds which has the most 

marked a f f i n i t y  fo r  This compound forms a complex with K**” io n ,  

enormously in c r e a s in g  i t s  p a r t i t io n  c o e f f i c i e n t  in  l i p i d  phases;  

thus i t  causes a marked r i s e  in  the s e l e c t i v e  p erm ea b il ity  o f  the  

membrane fo r  io n s .  On the b a s is  o f  t h i s  property  Valinomycin  

was s e le c t e d  in  an attempt to  u p se t  the K c i r c u la t io n  in  the s ie v e  

tube. Although t h i s  compound d id  not prove an id e a l  one because o f  

the la rg e  s i z e  o f  the m olecule (M.¥t. 1111 .36) and i t s  very  poor 

s o l u b i l i t y  in  water, the attem pts to  t e s t  i t s  e f f e c t s  on the  

tran sport o f  a s s im i la t e s  are worth rep o rt in g ,  • /
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Suggested  scheme fo r  around the s ie v e  p la te s  (From 

D.C,Spanner and R.L.Jones 1971 a f t e r  some m o d if ic a t io n s)
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r:c. 2. EiTcct of macrocyclic compounds on resistance of thin 
lipid membranes. .

Flf? 2 Note pronounced e f f e c t  o f  Valinomycin in  presence o f  

KGl. (Prom D.C.Tostenson I 968)
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M ater ia ls  and Methods:

Various experimental p la n ts  were grown under normal 

greenhouse co n d it io n s  and subsequently  prepared as fo l lo w s ,  the 

o b je c t  b e in g  to  secure the entry o f  Valinomycin in to  the p lant  

body. The s to lo n s  o f  S ax ifraga  were prunned o f  l a t e r a l s  and the  

daughter p la n ts  were f lo a te d  on the su rface  o f  water in  dark chambers. 

A fte r  about 3 weeks, v/hen the daughter p lan ts  produced abundant 

r o o ts ,  the parent p la n ts  were not watered fo r  a t  l e a s t  one week.

At t h i s  s tage  the p la n ts ,  having a reversed  xylem flow  in  s to lo n s  

towards the parent p lan t  and th a t  o f  phloem towards the daughter 

p la n t  (Qureshi and Spanner 1971)» were used fo r  the experiments.

F u lly  expanded mature le a v es  o f  Nymphoides poltatum with long  

p e t i o l e s  were s e le c t e d  and the cortex  was removed from the two 

s id e s  o f  the p e t i o l e  with the help  o f  a double c u t t in g  assembly, thus 

exposing  the c e n tr a l  v a scu la r  t i s s u e .  These le a v es  with attached  

ro o ts to ck  were then l a i d  f l a t  in  shallow  trays  o f  water a t  l e a s t

24 hours before  the commencement o f  the experiment. P lants  o f  maize 

and b a r le y  with a t  l e a s t  one f u l l y  expanded l e a f  e n c lo s in g  another  

immature l e a f  was ex c ised  j u s t  below i t s  node and used as experimental 

m a te r ia l .

The s o lu t io n  o f  5*5 mg o f  Valinomycin (Messrs,

Calbiochem) prepared in  O.S ml o f  lOĈ o eth an o l,  was run with

con tin u ou sly  s t i r r i n g  in to  500 ml o f  d i s t i l l e d  water in  an

u l t r a s o n ic  bath . Sometimes the detergent B r ij  55 was added to  the

-5d i s t i l l e d  water. The f i n a l  concentration  o f  Valinomycin was 10 M 

w ith  0 .1 ^  ethanol and 0 .1^  B r ij  35» About 5 ml o f  Valinomycin 

s o lu t io n  were su p p lied  to  th e  shaved p e t i o l e s  o f  Nymphoides, and

25 ml to  the t ip - e x c i s e d  roots  o f  the daughter p la n ts  o f  Sajcifraga, 

the  d ecap ita ted  ro o ts to ck  o f  Nymphoides or the l e a f  bases  o f  the
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le a v es  o f  maize and b ar ley  fo r  a t  l e a s t  24 hours before the adm in istration  

o f  to the appropriate part o f  the various p la n ts  in  the manner

descr ibed  e lsew here . U su a lly  10-40 uCi o f  r a d io -a c t iv e  carbon d iox id e  

was provided to each r e p l i c a t e .

At the con clus ion  o f  the experiment, the s to lo n s  or  

p e t i o l e s  were harvested , segmented as in d ic a te d  on the h o r iz o n ta l  axes 

o f  the f ig u r e s ,  and counted by Packards Tri-Carb u s in g  the Triton 100-X- 

to lu en e  s c i n t i l l a t o r  p rev io u s ly  d escr ib ed . The le a v es  o f  maize and 

b a r le y  were fr e e z e -d r ie d ,  spread out on a paper and p ressed  before  

producing auto-radiographs in  the conventional manner.

R e s u l t s ;

In v iew  o f  the m olecular s i z e  and i n s o l u b i l i t y  o f  

Valinomycin, i t  was decided to  apply the s o lu t io n  to  the daughter 

p lan t  with detipped r o o t s .  I t  was hoped th a t  the s o lu t io n  would be 

drawn in to  the open v e s s e l s  w ith  the xylem stream and thus reach the  

phloem t i s s u e .  Such a treatment was provided fo r  a lengthen  period  

(about 24 hours) b efore  the ad m in istra tion  of. gas to  the

subtending le a v es  o f  the parent p lan ts  o f  S a x ifr a g e . The s to lo n s  were 

then harvested  a f t e r  a fu r th er  4 , hours and segmented to  be counted  

fo r  Tiie r e s u l t s  are presented  in  F ig .  3* C lea r ly ,  t h i s  rev ea ls

no e f f e c t  o f  Valinomycin on the p attern  o f  t r a n s lo c a t io n  o f  the  

”*^C -assim ilates as compared to  the c o n tr o ls .

In an experiment with Nymphoides, Valinomycin was supplied

to  the shaved p e t io l e s  (over a 20 cm le n g th )  in  the manner described
*
 ̂ 1 4 *e a r l i e r  fo r  a t  l e a s t  24 hours b e fore  the a p p l ic a t io n  o f  COg to

the lamina. The ^^COg was su pp lied  fo r  1 hour. A fter  another 3 hours

fo r  t r a n s lo c a t io n ,  the p e t io l e s  were harvested  and counted with the

r e s u l t s  shown in  F ig .  4 . Again, th ey  su ggest  no d if fe r e n c e  in  the

tr e a te d  p la n t  as compared to the c o n tr o ls .
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F i jU . Movement o f  ^ ^ 0-ass im ila te s  doim the s to lo n  when detipped  

roo ts  o f  d a u ^ t e r  p lan t  were tr e a te d  con tin u ou sly  with  

Valinomycin (10”  ̂ M), Treatment a p p lied  24h p r io r  to  

g iv in g  o f  ^^COg to  subtending l e a f .  Total duration o f

o f  experiment 28 hours.
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A further attempt with Kyir/phoides followed a different 

pattern making use of the xylem vessels and the xylem flow. Valinomycin 

solution was supplied to the detipped roots of the Mymnhoides plants, 

the petioles not being shaved. Labelled CO^ was then supplied to the 

laminae in the usual way for 4 hours. At the conclusion of the 

experiment the petioles were segmented and counted and the results 

are presented in Pig. 5» I'hey clearly are comparable to those presented 

in Pig. 4.

Finally, in another series of experiments the solution 

of Valinomycin was supplied to the bases of leaves of maize and barley 

held in test tubes. After 24 hours labelled COg was provided to the 

terminal 5"8 cm section of the mature leaves for the usual time 

(4 h ). At the end of the experiment the leaves were freeze-dried and 

autoradiographs were prepared. The prints of the autoradiographs are 

presented in Figs. 6 and 7* The treated and the control leaves show 

more or less the same pattern of distribution of labelled assimilates 

in the leaf blades and leaf bases, and so again the results must be 

considered negative.

D iscuss ion:

Valinomycin i s  l i p i d - s o l u b l e  and i s  reported to  "enclose"

c a t io n s ,  e s p e c ia l ly  K^, very  e f f i c i e n t l y  forming charged complexes on

which i t  con fers  i t s  l i p i d  s o l u b i l i t y .  These complexes are thus so lu b le

in  the hydrophobic i n t e r i o r  o f  the  membrane and thus in crea se

enormously the ca t io n  permeation. I f  such a compound does change the

s e l e c t i v e  p erm eab il ity  o f  the c e l l  membrane, i t  would, in  the case o f

s i e v e  elem ent, short c i r c u i t  the mechanism o f  a c t iv e  in f lu x  o f  K*

in to  the s i e v e  tube as i s  in d ica te d  in  P ig . 1 on the up stream s id e .
+

Such a change in  ion  permeation would prevent the accumulation o f  K 

on the up stream s id e  o f  the s ie v e  tube and d estroy  the e lec tro -ch em ica l  

p o t e n t ia l  grad ient across  the s ie v e  p la t e .  Under such con d it ion s  the
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F ig  6 Autoradiograph o f  frozen  dried  le a v e s  o f  b a r le y .

' Valinomycin (10 ^M) was su pp lied  to  cut base  o f  l e a f  

24h b efore  (lOA-i>) was provided to  ^cm o f  apex.

Total duration o f  experiment 28 hours. The region  fed  

with was removed b efore  the preparation  o f  auto

radiograph. Exposure 4 days.

A= Control

B= .10 Valinomycin
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F ig  7 Autoradigraph o f  le a v e s  o f  maize a f t e r  a s im i la r  experiment

to  th a t  in  f i g  6. The apex (8cm) was provided with  

( 1 0 A ^ ) .  Total duration  o f  experiment 28 hours. Exposure 

4 days.

A= Control

B= 10"^M Valinomycin
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olectro-osrnotic mechanism would not be able to operate, causing a 

possible halt in tlie transport of assimilates in the sieve elements.

The results presented here do not suggest an effect on 

the pattern of transport of ^^C-assimilates in the four experimental 

plants. Such results might indicate that has no role to play in the 

mechanism of phloem transport; but they are hardly conclusive. The 

difficulties lie with the large size of the molecule of Valinomycin 

and especially its property of insolubility in water. This makes it 

problematical whether or not the antibiotic reached the important site; 

and if it did. whether its concentration was high enough. Clearly a 

higher concentration is very desirable, and to achieve this is 

difficult. Perhaps comprehensive tests with a controlled use of 

detergents are the best way to approach the problem.
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S u b-section : (v )  .

The e f f e c t  o f  in h ib i to r s  on s i e v e  p la te  c a l lo s e  

• o r

The e f f e c t s  o f  in h ib i to r s  on c a l lo s e  formation  

in  the s ie v e  tubes o f  Sax ifraga  sarmentosa.
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THE EFFECT OF INHIBITORS ON CALLOSE FORMATION IN THE SIEVE 

TUBES OF SAXIFRAGA SARMENTOSA L.

ABSTRACT

E le c t r o n  m icro sco p e  s t u d i e s  on s t o l o n s  u n d ergo in g  t r a n s p o r t  

i n h i b i t i o n  under n i t r o g e n ,  HCN and DNP tr e a tm e n t  show no e v id e n c e  o f  

c a l l o s e - b l o c k a g e  o f  th e  s i e v e  p l a t e s . I n h i b i t i o n  must t h e r e f o r e  be 

in t e r p r e t e d  i n  term s o f  i n t e r r u p t i o n  o f  th e  s i e v e  tube energy  

su p p ly ;  t h i s  w e ig h t s  th e  e v id e n c e  in  fa v o u r  o f  t h e o r i e s  o f  a c t i v e  

mass f lo w  such  a s  t h o s e  in v o k in g  e l e c t r o o s m o s i s  or p r o t e i n  

c o n t r a c t i l i t y .

INTRODUCTION

In s e v e r a l  r e c e n t  com m unications (Q u resh i & Spanner 1972 a ,

b , c )  th e  au th ors  have r e p o r te d  th a t  n i t r o g e n - in d u c e d  a n o x ia ,

c y a n id e  and d in i t r o p h e n o l  e x e r t  a s t r o n g  and r e v e r s i b l e  i n h i b i t o r y

e f f e c t  on phloem tr a n s p o r t  a lo n g  th e  s t o l o n  o f  S a x i f r a g a  sa rm en to sa .

F u r th e r ,  t h i s  e f f e c t  seems w ith o u t  doubt to  be e x e r c i s e d  on th e

s i e v e  tube c o n d u i t s  th e m s e lv e s  and n o t  s im p ly  on th e  lo a d in g  and

u n lo a d in g  p r o c e s s e s  a t  th e  t e r m in a l s ;  and to  be unaccompanied by
l 4  137

l a t e r a l  le a k a g e  o f  th e  t r a c e r s  u s e d — a s s i m i l a t e d  C and Cs 

among o th e r s  —  in  th e  r e g io n  o f  th e  i n h i b i t e d  z o n e .  T h is  e v id e n c e  

i s  v e r y  damaging to  th e  p r e s s u r e - f lo w  h y p o t h e s i s ,  f o r  the  f a i l u r e  

to  t r a n s p o r t  l o n g i t u d i n a l l y  cannot s im p ly  be e x p la in e d  by damage to
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th e  s i e v e - t u b e  membranes in  th e  i n h i b i t e d  r e g i o n .  H ow ever ,the  

p o s s i b i l i t y  i s  s t i l l  open o f  b e l i e v i n g  th a t  i t  m ight be due to  

p h y s i c a l  b lo ck a g e  o f  th e  s i e v e  t u b e s ,  a p o s s i b i l i t y  which would not  

be i n c o n s i s t e n t  w ith  the  p ressu re-f low  t h e o r y .  The most l i k e l y  

method o f  b lo c k a g e  i n v o l v e s  th e  c a l l o s e  mechanism. Thus i t  remained  

d e s i r a b l e  to  i n v e s t i g a t e  th e  s t a t e  o f  th e  s i e v e  p l a t e s  i n  th e  

i n h i b i t e d  s t o l o n s ,  more so  s i n c e  i t  i s  g e n e r a l l y  r e a l i s e d  ( f o r  

r e f e r e n c e s  s e e  C r a f t s  & C r is p ,  1971) th a t  a v a r i e t y  o f  p h y s i c a l  and 

c h e m ic a l  a g e n c i e s  have been  shown to  promote c a l l o s e  d e p o s i t i o n .

I t  i s  t r u e  th a t  t h e r e  have been r e p o r t s  (E s c h r ic h  e t  a l ,  1965;  

W ebster & C u r r ie r ,  19&5) t h a t  c a l l o s e  fo rm a tio n  has no e f f e c t  on th e  

t r a n s p o r t  o f  a s s i m i l a t e s ;  but t h i s  v ie w ,  a p r i o r i  u n l i k e l y  as  a 

com p lete  s t a t e m e n t ,  has been  c o n tr o v e r te d  by l a t e r  work (McNairn & 

C u r r ie r ,  I 9 6 8 ) .  In any c a s e ,  were i t  t r u e ,  i t  would i t s e l f  deny th e  

p o s s i b i l i t y  j u s t  n o t e d ,  i . e .  th a t  th e  i n h i b i t o r y  e f f e c t s  were to  be  

e x p la in e d  by c a l l o s e  b lo c k a g e  and not by i n t e r f e r e n c e  w ith  th e  

m e ta b o l ic  en ergy  req u irem en t o f  s i e v e  tube pumps. I f  t r u e  i t  would 

t h e r e f o r e  ren d er  th e  p r e s e n t  work m ere ly  red u n d a n t .

MATERIALS AND METHODS

The a n a to m ic a l  work was p lanned t o  be p a r a l l e l  w ith  th e  

p h y s i o l o g i c a l  e x p e r im e n ts ;  r e f e r e n c e  t o  th e  p r e v io u s  p ap ers  w i l l  

t h e r e f o r e  p r o v id e  d e t a i l s  o f  th e  tr e a tm e n ts  to  which th e  p la n t s  were  

s u b j e c t e d .  In v iew  o f  th e  s m a l l  s i z e  o f  th e  s i e v e  p l a t e s  e a r l i e r  

e f f o r t s  t o  exam ine them by l i g h t  m icroscopy  were abandoned i n  favou r  

o f  e l e c t r o n  m ic r o sc o p y .  For f i x a t i o n  a s l i g h t  v a r i a t i o n  o f  th e  

te c h n iq u e  o f  E s c h r ic h  & C u r r ier  (1 9 6 4 )  was u sed ;  th e  w hole  s t o l o n  

was dropped i n t o  a m ix tu re  o f  95% a l c o h o l  and g l a c i a l  a c e t i c  a c id  

( 3 :1  V / ) a t  -20°C  and k ep t  i n  t h i s  f o r  a t  l e a s t  24h . At th e  end o f
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PLATE 1

L o n g i t u d in a l  s e c t i o n s  throu gh  s i e v e  p l a t e s  from th e  s t o l o n  

o f  S a x i f r a g a  sa r m e n to sa  a f t e r  20cm l e n g t h s  had been f i x e d  as  

d e s c r ib e d  b e lo w .

A. F ix ed  in  6% b u f fe r e d  g lu t a r a ld e h y d e  f o r  4 h . Note th e  t h i c k  

d e p o s i t  o f  c a l l o s e .  The p o r e s  c o n t a in  P - p r o t e i n .

B. F ix ed  i n  a c e t i c - a l c o h o l  a t  -20°C  f o r  a t  l e a s t  24h . N ote a b sen ce  

o f  c a l l o s e .  C o a g u la ted  P - p r o t e i n  f i l l s  p o r e s .

. Ï
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C. F ixed  i n  g lu t a r a ld e h y d e  (a s  A) fo l lo w e d  by a c e t i c - a l c o h o l

(a s  B ) .  N ote t h a t  c a l l o s e  fo r m a t io n  i s  com parable to  t h a t  in  A.

D. F ixed  i n  a c e t i c - a l c o h o l  (a s  B) a f t e r  tr e a tm e n t  w ith  h o t  w ater  

(4 5 ^ 0 )  f o r  15 m in . - N ote t h e  f a i r  amount o f  c a l l o s e  p r e s e n t  

and th e  d e -n a tu r e d  P - p r o t e i n  i n  th e  p ores*
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t h i s  p e r io d  i t  was a llo w e d  to  warm up to  room tem p era tu re  and was 

th en  th o r o u g h ly  w ashed, d ehyd rated  and prepared  fo r  e l e c t r o n  

m icr o sc o p y  i n  th e  u s u a l  way. The u s u a l  s t a g e s  o f  f i x a t i o n  i n  

b u f fe r e d  6% g lu tu r a ld e h y d e  and p o s t - f i x i n g  i n  OsO^ were in c lu d e d  

f o r  c o m p le t e n e s s ,  s e c t i o n s  b e in g  examined a f t e r  s t a i n i n g  w ith  le a d  

c i t r a t e .

RESULTS

C o n tr o l  t r e a tm e n ts

In ord er  t o  p r o v id e  a b a s i s  f o r  com p arison , n o r m a lly -  

c o n d u c t in g  s t o l o n s  were f i x e d  i n  6% g lu ta r a ld e h y d e  a t  room tem per

a tu r e  f o r  4 h , i n  a c e t i c - a l c o h o l  a t  -20°C  f o r  24h , or i n  th e  f i r s t  

fo l lo w e d  by th e  s e c o n d .  The segm ents  immersed were a t  l e a s t  20cm 

l o n g ,  i . e .  n o t  in  su ch  s h o r t  l e n g t h s  th a t  th e  su g a r  c o n te n t  o f  th e  

s i e v e  tu b e s  cou ld  d i f f u s e  r a p id ly  away. T y p ic a l  r e s u l t s  are  g iv e n  

i n  F ig s .A » B  and Q. They show f i r s t ,  th a t  f i x a t i o n  in  g lu ta r a ld e h y d e  

under t h e s e  c ir c u m sta n c e s  r e s u l t s  i n  th e  appearance o f  a f a i r  amount 

o f  c a l l o s e  on th e  p l a t e s ;  s e c o n d ,  th a t  f i x a t i o n  i n  a c e t i c - a l c o h o l  

a t  -20°C  g i v e s  an image show ing v i r t u a l l y  no c a l l o s e ;  and t h i r d ,  t h a t  

when a c e t i c - a l c o h o l  f o l l o w s  g lu ta r a ld e h y d e  a t h i c k  d e p o s i t  o f  c a l l o s e  

i s  p r e s e n t ,  sh ow ing  th a t  th e  second  r e s u l t  i s  n o t  due t o  d i s s o l u t i o n  

o f  c a l l o s e  by th e  a c e t i c - a l c o h o l .  The f i x a t i o n  im ages a f t e r  a c e t i c -  

a l c o h o l  a r e ,  a s  would be e x p e c t e d ,  c o a r s e ,  and th e  P - p r o t e i n  has been  

s e v e r e l y  d e n a tu r e d .

As a f u r t h e r  b a s i s  f o r  com parison  s t o l o n s  were s u b je c t e d  to  

two o th e r  t r e a tm e n t s ;  h e a t in g  to  45°C f o r  15 m in s ,  and s e v e r e  w i l t i n g ,  

w a ter  b e in g  w ith h e ld  f o r  a t  l e a s t  two w e e k s .  The r e s u l t s ,  a f t e r  

f i x a t i o n  in  c o ld  a c e t i c - a l c o h o l ,  are  shown i n  F ig s .D  andB . Both have
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E. F ixed  in  a c e t i c - a l c o h o l  (a s  B) a f t e r  s e v e r e  w i l t i n g .  Note th é  

heavy  d e p o s i t  o f  c a l l o s e  and th e  d e -n a tu r e d  P - p r o t e i n  in  p o r e s .

F . F ix ed  i n  a c e t i c - a l c o h o l  (a s  B) a f t e r  s u b j e c t i n g  to

f o r  5 h . N ote a b sen ce  o f  c a l l o s e ,  and u s u a l  p lu g g in g  o f  p o res  

w ith  P - p r o t e i n .  |
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G. F ixed  i n  a c e t i c - a l c o h o l  ( a s  B) a f t e r  s u b j e c t i n g  to  HCN gas  o v er  

10"^M KCN f o r  Note a b se n c e  o f  c a l l o s e .

H. F ixed  i n  a c e t i c - a l c o h o l  ( a s  B) a f t e r  im m ersion  i n  5 x10  DNP 

f o r  5 h .  N ote  a b sen ce  o f  c a l l o s e #
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J .  F ix ed  i n  a c e t i c - a l c o h o l  ( a s  B) a f t e r  t r e a tm e n t  i n  5x10  S r C lg  

f o r  l 8 h .  N ote a b sen ce  o f  c a l l o s e .
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r e s u l t e d ,  i n  c o n t r a s t  to  th e  trea tm en t  o f  fig^B » in  marked c a l l o s i n g  

o f  th e  p la t e s *  T h is  i s  i n  accord an ce  w ith  e x p e c t a t i o n s  (McNairn & 

C u r r i e r , 1 9 6 8 ; Cronshaw & A nderson , I 9 6 9 ) .

I n h i b i t o r  t r e a tm e n t s

When s t o l o n s  were s u b je c te d  to  n i t r o g e n  i n  th e  dark e i t h e r  

f o r  5h or 22h t h e r e  was no d i f f e r e n c e  from t h e  c o n t r o l s  in  a i r  and 

l i g h t ;  i n  a l l  c a s e s  c a l l o s e  was p r a c t i c a l l y  a b sen t  (r*ig.jp). Ir; th e

c a s e  o f  g a se o u s  HCN th e  r e s u l t  was th e  same; ? i g ,  G shows th e  r e s u l t s

- 3  -3when th e  s t o l o n s  was exposed  above 10 M KCN f o r  ?h , but above 5x10 M

th e  i n d i c a t i o n s  were s i m i l a r .  Nor was th e  r e s u l t  d i f f e r e n t  w ith  

d in i t r o p h e n o l ;  F ig .H  shows th e  ap pearance a f t e r  8h i n  5x10 DNP. 

Lower c o n c e n t r a t i o n s  appeared i d e n t i c a l  i n  t h e i r  e f f e c t s .

One f u r t h e r  exp erim en t was done, r e l e v a n t  t o  some e a r l i e r

89work i n  w hich Sr  was used a s  a t r a c e r  (Q u resh i & Sp ann er , 1 9 7 1 ) .

The s t o l o n  was immersed i n  8rC l_  f o r  l8 h  b e fo r e  e x a m in a t io n .

Calcium  a t  a s t r e n g t h  o f  I .5  x 10 has been  re p o r te d  t o  provoke

“ 6  -2c a l l o s e  f o r m a t io n .  However, s tr o n t iu m  a t  5x10 . M and 5x10 M 

appeared to  be w ith o u t  e f f e c t ;  Tig.J shows th e  r e s u l t  when th e  h ig h e r  

c o n c e n t r a t io n  was a p p l i e d .  ,

DISCUSSION

I t  seem s c l e a r  from t h e  r e s u l t s  r e p o r te d  above th a t  c a l l o s e  

fo r m a t io n  cannot be th e  e x p la n a t io n  o f  th e  t r a n s p o r t  i n h i b i t i o n  

e x e r c i s e d  by a n o x ia ,  cy a n id e  and DNP. The method o f  f i x a t i o n  

em ployed , w h i le  i t  n a t u r a l l y  r e s u l t s  i n  c o a r s e  f i x a t i o n  im a g e s ,  

would seem t o  y i e l d  r e l i a b l e  in fo r m a t io n  on th e  abundance o f  p re 

e x i s t i n g  c a l l o s e .  Not o n ly  would i t  r a p id ly  d en atu re  th e  enzymes
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in v o lv e d , ,  but th e  tim e f a c t o r  would p erm it  the  e sca p e  by d i f f u s i o n  

o f  th e  su gar  w hich forms t h e i r  o b v io u s  s u b s t r a t e .  F u r th e r ,  i t  i s  

c l e a r  th a t  th e  f i x a t i o n  i t s e l f  does not le a d  to  a c t u a l  rem oval o f  

c a l l o s e  ( H g . Q ) .  That i n h i b i t o r s  which p r e v e n t  th e  m e ta b o l ic  su p p ly  

o f  h ig h -e n e r g y  in t e r m e d i a t e s  re q u ir e d  f o r  normal s y n t h e s i s  sh ou ld  

f a i l  to  s t i m u l a t e  p r o d u c t io n  o f  c a l l o s e  i s  not s u r p r i s i n g ;  but th e  

d e m o n str a t io n  i s  im p o rta n t  in - s h a r p e n in g  th e  c o n c l u s io n s  to  w hich th e  

i n h i b i t i o n  work seem s to  p o i n t ,  namely th a t  th e  s i e v e - t u b e s  r e q u ir e  

en erg y  to  perform  t h e i r  t r a n s p o r t  f u n c t i o n .

The n e g a t iv e  r e s u l t  w ith  s t r o n t iu m  i s  perhaps to  be ex p e c te d  

U n lik e  th e  work o f  E s c h r ic h  e t  a l  ( I 9 6 5 ) who i n j e c t e d  c a lc iu m  c h lo r id e  

i n t o  th e  p i t h  c a v i t y  th e  s t r o n t iu m  had t o  p e n e t r a t e  th e  c u t i c l e .  The 

r e s u l t  t h e r e f o r e  m ere ly  i n d i c a t e s  th a t  in  th e  t r a c e r  ex p er im en ts  

( Q uresh i & S p ann er , 1 971 )  th e  f a i l u r e  o f  s t r o n t iu m  to  move in  th e  

phloem was n o t  due to  c a l l o s e - b l o c k a g e . The i n t e r p r e t a t i o n  th e r e  

g iv e n  t h e r e f o r e  seem s v a l i d .

One f i n a l  p o in t  w hich seems t o  emerge i s  th a t  b lo c k a g e  by 

P - p r o t e in  r a th e r  th a n  by c a l l o s e  i s  an u n l i k e l y  e x p la n a t io n  o f  th e  

i n h i b i t o r  a c t i o n ;  th e  i n d i c a t i o n s  are  t h a t  th e  c o n t r o l  s t o l o n ,  

presum ably t r a n s l o c a t i n g  n o r m a lly ,  p o s s e s s e s  th e  same d i s t r i b u t i o n  

o f  t h i s  m a t e r ia l  a s  th e  i n h i b i t e d  s t o l o n s  (compare F ig .3 w ith  F ig s .

F, G a n d H )•  I f  t h i s  be a c c e p t e d ,  th e  i n h i b i t o r  s t u d i e s  c o n s t i t u t e  

e v id e n c e  a g a in s t  th e  p r e s s u r e - f lo w  h y p o t h e s i s  v e r y  d i f f i c u l t  to  

r e f u t e .
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S ection :  I I I

Twin tracera.
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S ub-section : ( i )

The comparative movement o f  two ions  

■ or

The simultaneous movement o f  two ions in  the phloem 

o f  Sax ifraga  sarmentosa.
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The S im u lta n eo u s  Movement o f  Two Ion s  in  the Phloem o f  th e

S a x i f r a g a  S to lo n

Summary P a ir s  o f  t r a c e r s  were a p p l ie d  s im u lt a n e o u s ly  to  th e  lo n g  

t h i n  s t o l o n s  o f  S a x i f r a g a  s a r m e n to s a . A f te r  s e v e r a l  hours o f  

t r a n s l o c a t i o n  th e  v ery  p r e c i s e  p a t t e r n  o f  e x p o n e n t ia l  f a l l - o f f  

was examined and i n t e r p r e t e d  in  the  l i g h t  o f  a model o f  mass f lo w

w ith  l e a k a g e .  ap p ears  to  le a k  f a s t e r  than  ^^Na; i s  v ery

4 ?  82  1 3 7c l o s e  to  K. The an ion  Br shows a low er  f a l l - o f f  than Cs;

t h i s  i s  t e n t a t i v e l y  regard ed  as  due to  a much-reduced le a k a g e ,

though i t  m ight im ply a h ig h e r  v e l o c i t y .  The i m p l i c a t i o n s  o f

t h e s e  f i n d i n g s  f o r  s i e v e - t u b e  mechanism are  u n c e r t a in .
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I n tr o d u c t io n

Comparative s t u d i e s  on the movement o f  t r a c e r s  in  the

phloem have an ob v io u s  i f  l i m i t e d  i n t e r e s t  in  c o n n e c t io n  w ith  th e

problem o f  mechanism. The h a s ty  v iew  th a t  m a ss - f lo w  in  th e  s i e v e

tu b es  n e c e s s a r i l y  i m p l i e s  th a t  a l l  m o le c u la r  s p e c i e s  t r a v e l  a t

th e  same r a t e  has l o s t  i t s  p l a u s i b i l i t y  s in c e  chromatography

became such  a common t o o l ,  and i t  i s  now w id e ly  r e a l i s e d  th a t  th e

minute s c a l e  o f  th e  s i e v e  tub e c o n d u i t s  makes i t  a p r i o r i  v ery

l i k e l y  th a t  d i f f e r e n t  s u b s ta n c e s  w i l l  t r a v e l  in  them a t  d i f f e r e n t

r a t e s .  T h is  makes d a ta  on com parative  r a t e s  l e s s  c r i t i c a l  but

s t i l l  i n t e r e s t i n g ,  f o r  c e r t a i n  h y p o th e se s  o f  phloem mechanism,

such  as  th e  p o ta ss iu m  ( e l e c t r o o s m o t i c ) t h e o r y ,  appear to  e n t a i l

im p ortan t  r e s t r i c t i o n s .  In p a r t i c u l a r ,  t h i s  th eo ry  has been h e ld

to  im ply  a n io n ic  im m o b il i ty  in  th e  s i e v e  tu b es  (MacRobbie, 1971)*

P r e v io u s  s t u d i e s  on com p arative  movement have in c lu d e d

32th e  p io n e e r in g  work o f  Swanson and Whitney (1 9 5 3 )  who used P 

42 137w ith  K o r  Cs. They conclud ed  th a t  io n s  showed " independent

and d i f f e r e n t "  r a t e s  o f  movement in  th e  phloem . The e v id e n c e ,

while'feomewhat damaging" to  the  p r e s s u r e - f lo w  h y p o t h e s i s ,  was not

" c r u c ia l" .  L ater  Bukovac and W ittwer ( l 9 5 7 )  r e p o r te d  ex p er im en ts

d es ig n ed  to  t e s t  th e  r e l a t i v e  m o b i l i t y  o f  a wide range o f  i o n s ,  but

t h e i r  d ata  h a r d ly  perm it p r e c i s e  a n a l y s i s .  B iddulph  and Cory (1 9 5 7 )

conducted  a more s t r i c t l y  com parative  s tu d y  w ith  t r i t i a t e d  w a te r ,

32 l 4■ P and C g iv e n  s im u lta n e o u s ly ;  amd r e c e n t l y  C a ta ld o ,  C h r is ty

and Coulson (1 9 7 2 )  have c a r r ie d  t h i s  approach f u r t h e r  u s in g  t r i t i a t e d  

14w ater and C -s u c r o s e .  Both p apers  r e p o r te d  a d i f f e r e n c e  in  

v e l o c i t y  betw een  t r a c e r s ,  but conclud ed  th a t  t h i s  v;as not in c o m p a t ib le  

w ith  mass f lo w .

The r e s u l t s  a v a i l a b l e  from com p arative  s t u d i e s  are  h a rd ly  

e x t e n s iv e  enough t h e r e f o r e  to  en a b le  us to  in vok e  them in  a c r i t i c a l

R v a l n a t i n n  nf -h V» A n y - i  o c m f m c o Vi o n-i c? im j j-  — -----------j
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w orth w h ile  to  i n v e s t i g a t e  the  q u e s t io n  f u r t h e r  u s in g  th e  r a th e r  

fa v o u r a b le  o p p o r t u n i t i e s  a f fo r d e d  by the  lo n g  s t o l o n s  o f  

S a x if r a g a  s a r m e n to s a . T h is  paper i s  a r e p o r t  o f  some p r e l im in 

ary work and a d i s c u s s i o n  o f  some t h e o r e t i c a l  i m p l i c a t i o n s .

M a te r ia l s  and Methods

The p r e p a r a t io n  and use o f  th e  p la n t s  have been  

a d e q u a te ly  d e s c r ib e d  in  an e a r l i e r  paper (Q u resh i and Spanner,  

1 9 7 1 )» The t r a c e r s  were a p p l ie d  in  p a ir s  made up in  50 or 75 

o f  n e u t r a l  0.05M p hosp hate  b u f f e r .  D e t a i l s  o f  th e  approxim ate  

d o se s  and c o n c e n t r a t io n s  a p p l ie d  a re  g iv e n  in  Table  1 .  The p la n t s  

were grown under o rd in a ry  greenh ou se  c o n d i t io n s  w ith  su p p lem en t

ary l i g h t  o f  3700 lu x  from low p r e s s u r e  mercury lam ps, t h i s  b e in g  

m a in ta in ed  d u rin g  the w hole co u r se  o f  th e  e x p e r im e n ts .  These  

l a s t e d  f o r  7 or l8 h  a s  s t a t e d  in  the  l e g e n d s .

At th e  c o n c l u s io n s  o f  th e  e x p er im en ts  th e  s t o l o n s  were  

h a r v e s t e d ,  segm ented and a ssa y e d  a s  p r e v i o u s ly  d e s c r ib e d .  The 

i s o t o p e s  were se p a r a te d  by means o f  th e  d i f f e r i n g  d ecay  c o n s t a n t s .  

In order  to  s e c u r e  comparable s t a t i s t i c a l  a ccu ra c y  th e  s h o r t - l i v e d  

i s o t o p e  sh o u ld  i d e a l l y  be about tw ic e  as  a c t i v e  i n i t i a l l y  a s  th e  

o th e r ;  in  f a c t  in  most c a s e s  i t  was made r a th e r  more than t h i s .

I
R e s u l t s

Three p a ir s  o f  t r a c e r s  were used in  t h e s e  com parisons:  

and ^^Na, ^^Rb and ^^Na, and ^^^Cs and ^^Br. The r e s u l t s  are  

p r e s e n te d  in  F i g s .  1 ,  2 ,  3 and 4 ,  and in  Table 2 .  For r e a so n s  o f  

c l a r i t y  some o f  the i n d i v i d u a l  cu rv es  have been s h i f t e d  v e r t i c a l l y  

by a r b i t r a r y  a m o u n t s ,  a n d  i n  t h a  r a s a  o f  F ig  - ^ , h o r i z o n t a l l y  = 

R e g r e s s io n  l i n e s  have been  added; th e  h o r i z o n t a l  e x t e n t  o f  th e s e  

i n d i c a t e s  th e  o b s e r v a t io n s  th ey  take  i n t o  a c c o u n t .  I t  w i l l  be se e n
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F i g . l  S im u lta n eo u s  movement o f  two c a t i o n s  and

down the  s t o l o n  o f  S a x i f r a g a ; i n  t r i p l i c a t e .  The 

v e r t i c a l  p o s i t i o n  o f  each  p a i r  o f  c u r v e s  ( r e l a t i v e  th a t  

i s  t o  o th e r  p a i r s )  i s  s e t  a r b i t r a r i l y  f o r  c l a r i t y .  The 

e x t e n t  o f  th e  r e g r e s s i o n  l i n e s  i n d i c a t e s  th e  p o in t s  

which th e y  c o v e r .  For r e g r e s s i o n  c o n s t a n t s ,  s e e  

' . T ab le  2 .  D u ration  ? h .
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F i g .  2 S im u lta n eo u s  movement o f  two c a t i o n s  (^^Na and 

down th e  p e t i o l e  o f  Nym phoides; i n  d u p l i c a t e .  

See f u r t h e r ,  le g e n d  to  F i g . l .  D u ration  7h .
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th a t  t h i s  a v o id s  th e  r e g io n  o f  u n p o la r is e d  movement near th e  t r a c e r  

r e s e r v o i r  (Q uresh i and Spanner, 1 9 7 1 ) .  The c o n s t a n t s  fo r  th e  

r e g r e s s i o n  l i n e s  in  Table 2 en a b le  th e  a c t u a l  l e v e l  o f  t r a c e r  

p r e s e n t  to  be a s c e r t a i n e d  and compared, where a p p r o p r ia t e ,  w ith  th e  

t r a c e r  th a t  has accum ulated  in  the d aughter  p l a n t .

D is c u s s io n

I t  has a lr e a d y  been e s t a b l i s h e d  th a t  a f t e r  an ex ten ded

p e r io d  o f  t r a n s l o c a t i o n ,  th e  f a l l - o f f  p a t t e r n  o f  t r a c e r  d i s t r i b u t i o n

down th e  s t o l o n  i s  a c c u r a t e ly  e x p o n e n t ia l  (Q u resh i and Spanner, 1 9 7 1 ) .

That b e in g  s o ,  the  s lo p e  o f  the s e m i- lo g a r i t h m ic  p l o t  p r o v id e s  a

f a i r l y  p r e c i s e  param eter to  d i s c u s s .  The e a r l i e r  s t u d i e s  l e a v e  no

doubt in  our minds th a t  we are d e a l i n g  w ith  a phenomenon..' o f

u n i d i r e c t i o n a l  m a s s - f lo w ,  and th a t  the f a l l - o f f  in  a c t i v i t y  i s

prob ab ly  to  be accou n ted  fo r  i n  term s o f  l a t e r a l  l e a k a g e . T h is  i s

not i n c o n s i s t e n t  w ith  th e  l e v e l  d i s t r i b u t i o n  c u r v e s  o b ta in ed  w ith  

1^C ( ib id  1 9 7 3 a ) 1 s i n c e  a s s i m i l a t e s  under c e r t a i n  c o n d i t io n s

(p rob ab ly  h o ld in g  in  an ephemeral organ l i k e  the  s t o l o n )  may show

l i t t l e  l a t e r a l  movement. With t h i s  u n d e r s ta n d in g ,  th e  s lo p e  o f

th e  s e m i- lo g a r i t h m ic  l i n e s  i s  a measure o f  (Spanner and
r

j^ebble, 1962; compare H orw itz ,  1 9 5 8 ) ,  where v̂  i s  th e  l i n e a r  v e l o c i t y  

o f  th e  t r a c e r ,  k the  v e l o c i t y  c o n s ta n t  o f  l a t e r a l  l e a k a g e ,  ^  the  

c r o s s - s e c t i o n  o f  th e  c o n d u c t in g  c h a n n e ls ,  and _s_ th e  a rea  per cm 

l e n g t h  open to  l a t e r a l  l e a k a g e .  In o th e r  w ords, th e  s lo p e  m easures  

the f r a c t i o n a l  l o s s  o f  t r a c e r  from th e  stream  per u n i t  l e n g t h .  In  

a g iv e n  c o n t e x t  d i f f e r e n c e s  i n  s lo p e  can., be r e l a t e d  e i t h e r  to  y_ or 

to  k., and in  t h i s  c o n n e c t io n  i t  i s .  im p ortan t to  r e c o g n i s e  th a t  y_ i s  

not a magnitude common to  a l l  m o le c u la r  s p e c i e s ;  th e  s i e v e  p l a t e s  

may impose f r i c t i o n a l  or e l e c t r o s t a t i c  r e s t r a i n t s  which d i f f e r  from 

one s o l u t e  to  a n o th e r .  The e l e c t r o o s m o t i c  t h e o r y , in  p a r t i c u l a r .



. .

has to  reckon  w ith  t h i s  p o s s i b i l i t y .

The r e s u l t s  are perhaps b e s t  d i s c u s s e d  in  terms o f  th e  

r a t i o s  o f  th e  s l o p e s  f o r  th e  p a ire d  io n s  (T ab le  2 ) .  P otass iu m  

and sodium have a c o n s i s t e n t  r e l a t i o n  h e r e ,  w ith  th e  former  

showing the  g r e a t e r  s l o p e ,  e s p e c i a l l y  i n  th e  c a s e  o f  N ym phoides, 

whose p e t i o l e  had, s i g n i f i c a n t l y  p e r h a p s ,  s u f f e r e d  a c e r t a i n  

amount o f  s u r g e r y .  The g r e a t e r  s lo p e  fo r  p o ta ss iu m  may r e f l e c t  

e i t h e r  a low er  v e l o c i t y ,  or a h ig h e r  le a k a g e  r a t e .  The l a t t e r  

seems more p r o b a b le ,  s i n c e  th e r e  i s  much e v id e n c e  th a t  o f  t h e s e  

two io n s  p o ta ss iu m  p e n e t r a t e s  th e  c e l l u l a r  membranes a p p r e c ia b ly  

f a s t e r  ( D a in t y , 1 9 6 2 ) .  In the  p r e s e n t  e x p er im en ts  f o r  r a d io 

ch em ic a l r e a s o n s  p o ta ss iu m  had to  be a p p l ie d  a t  c o n s id e r a b ly  

grea ter  m o la r i t y  (T ab le  1 ) ;  i t s  n a t iv e  abundance in  th e  s i e v e  tu b es  

would a l s o  be e x p ec te d  to  be c o n s id e r a b le .  As a r e s u l t  i t s  co n cen 

t r a t i o n  th e r e  would be much g r e a t e r  than th a t  o f  sodium , and t h i s  

may have in f lu e n c e d  th e  com parison , though i n  what way i s  not  

im m ed ia te ly  c l e a r .  The Rb;Na com parison  i s  v ery  c l o s e  to  the  

K;Na in  th e  c a s e  o f  S a x i f r a g a . Taken t o g e t h e r  t h e r e f o r e  the  

e v id e n c e  i s  n o t ,  prima f a c i e , o f  any s t r i k i n g  d i f f e r e n c e  o f  

b eh a v io u r  f o r  th e  th r e e  io n s ;  and i f  p o ta ss iu m  has some unique  

r e l a t i o n  to  the  s i e v e - t u b e  f u n c t io n  i t  i s  n o t  a p p a r e n t .  N e g a t iv e  

a s  t h i s  r e s u l t  i s  hov/ever i t  does draw a t t e n t i o n  to  an im p ortan t  

c o n c lu s io n ;  th a t  p o ta ss iu m  u n dergoes  major t r a n s p o r t .  T h is  i s  not  

o f  co u rse  n o v e l ,  but i t  i s  one which th e  th e o r y  ( c f . Spanner and 

J o n e s ,  1 9 7 0 ) has somewhat o v e r lo o k e d .  I t s  i m p l i c a t i o n  i s  th a t  i f  

any p o ta ss iu m  i s  r e c i r c u l a t e d  a t  th e  s i e v e  p l a t e  i t  i s  p robab ly  

on ly  a s m a l l  f r a c t i o n  o f  what t r a v e r s e s  them. S in c e  th e  e n t i r e  

p o ta ss iu m  c u r r e n t  would be e l e c t r o o s m o t i c a l l y  a c t i v e ,  w h i le  o n ly  

th e  r e c i r c u l a t e d  f r a c t i o n  would be in v o lv e d  in  membrane t r a n s p o r t ,  

t h i s  r e c o g n i t i o n  g o es  some way to  a l l e v i a t i n g  one o f  th e  main



o b j e c t i o n s  to  th e  t h e o r y .  Of co u rse  th e r e  i s  a l i m i t  t o  th e
CouK>t£/v'vt̂

e x t e n t  to  w hich the r e c i r c u l a t e d  p o ta ss iu m ^ c a n , i n  th o u g h t ,  be 

reduced*, i f  i t  be im agined too  s m a l l ,  th e  s i e v e  p l a t e  p o t e n t i a l ,  

s h o r t - c i r c u i t e d  by the main c u r r e n t ,  would f a l l  to  a v a lu e  too  

low to  a l lo w  fo r  a s i g n i f i c a n t  power in p u t .  There would seem to  

be an in v e r s e  r e l a t i o n s h i p  here  betw een the r e c i r c u l a t i o n  c u r r e n t  

which m ight be proposed and th e  d e n s i t y  o f  " p lu gg in g"  o f  th e  s i e v e -  

p l a t e  p o r e s .  I t  seems premature to  t r y  to  d e c id e  w hether t h i s  

r e l a t i o n s h i p  i s  such  as  to  p r e c lu d e  a p o ta ss iu m  r e c i r c u l a t i o n  

s m a l l  enough to  be c o n s i s t e n t  w ith  our knowledge o f  membrane 

p r o p e r t i e s  and y e t  l a r g e  enough to  o p e r a te  e f f e c t i v e l y  in  th e  way 

the  th e o r y  requires*, th e  problem n eed s  more e x p e r im e n ta l  and 

t h e o r e t i c a l  i n v e s t i g a t i o n .

Of r a th e r  d i f f e r e n t  i n t e r e s t  i s  th e  com parison betw een  

137 82Cs and Br, s i n c e  h ere  a d i f f e r e n c e  o f  i o n i c  s ig n  i s  in v o lv e d  

v/ith  a q u i t e  n e g l i g i b l e  d i f f e r e n c e  i n  i o n i c  m o b i l i t y .  The r e s u l t  

i s  s t r a ig h t fo r w a r d  : the  s lo p e  f o r  th e  an ion  i s  about h a l f  th a t  f o r  

th e  c a t i o n .  How do we understand  t h i s  w ith  r e f e r e n c e  to  y  and k?

I t  seems l i k e l y  th a t  th e  p e r m e a b i l i t y  o f . t h e  s i e v e  tube membranes 

to  bromide i s  v ery  a p p r e c ia b ly  l e s s  than th a t  to  caesium  ( c f .  

MacRobbie and D a in ty , 1958; Hope and W alker, I 96I ; S pansw ick ,  

S t o la r e k  and W il l ia m s ,  1 9 6 7 )* T h is  w i l l  mean l e s s  l e a k a g e ,  w ith  a 

co n seq u en t r e d u c t io n  in  s lo p e  f o r  brom ide. I t  i s  argued e lse w h e r e  

(Spanner , 1973)  th a t  th e  e l e c t r o o s m o t i c  th eo ry  d oes  n ot r e q u ir e  

th e  n o n - tr a n s p o r t  o f  a n io n s ,  but o n ly  t h e i r  t r a n s p o r t  a t  a reduced  

v e l o c i t y .  T h is  reduced  v e l o c i t y  w i l l  e n t a i l  a s t e e p i n g  o f  the  

bromide l i n e .  On balance, i t  would seem q u i t e  p o s s i b l e  to  m a in ta in  

th a t  th e  e f f e c t  o f  reduced  le a k a g e  (k )  would ou tw eigh  th a t  o f  

reduced v e l o c i t y  ( v ) , / th e  c o n c lu s io n  th a t  th e  ob served  r e s u l t s  

w h i le  not le n d in g  the  th e o r y  p o s i t i v e  s u p p o r t ,  are  not i n c o n s i s t e n t
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w ith  i t .  An in d ep en d en t a s se ssm e n t  o f  th e  r e l a t i o n s h i p  between  

the  v e l o c i t i e s  o f  caes ium  and bromide t r a n s p o r t  i s  in  p r i n c i p l e  

p o s s i b l e  by comparing th e  a c t u a l  q u a n t i t i e s  o f  t r a c e r s  d e l i v e r e d  

to  the d aughter  p la n t s  (T ab le  2 ) .  T h is  seems to  s u g g e s t  a h ig h e r  

v e l o c i t y  f o r  bromide; however the amounts d e l i v e r e d  depend a l s o  

on th e  c o n c e n t r a t io n s  in  the  c o n d u c t in g  t r a c t s ,  and owing to  the  

d i f f e r e n t  l e a k a g e s  f o r  th e  two io n s  th e  c u r v e s  ( F i g .4 )  g iv e  l i t t l e  

gu id an ce  on t h i s  p o i n t .

We co n c lu d e  t h e r e f o r e  th a t  t h i s  p r e l im in a r y  s t u d y ,w h i le  

i n d i c a t i n g  a method o f  r a t h e r  p r e c i s e  com parison ..throws l i t t l e  

fu r t h e r  l i g h t  on mechanism.



Table 1 * D e t a i l s  o f  t r a c e r s

A p p l ic a t io n  was in  p a ir s  in  50 or 75 ^  

o f  n e u t r a l  0.05M p hosphate  b u f f e r .

Tracer H a l f - l i f e  S p e c i f i c  A c t i v i t y  T y p ic a l  Dose C o n c e n tr a t io n
as  a p p l ie d  

( a p p r o x . )

^^Na 2 . 6  y 100 mCi/tng 10 jJiCl 9 X i o “\

1 2 .4 5  h 250 mCi/g 100 ytCCi 0 . 2  M

^^Rb • 1 8 .7  d 2 -1 0  mCi/mg 30 a c i 7 X 10”

50 y 25 mCi/mg 10 yxCi 5 X 10"^M

. 56 h 2 0 0 -4 0 0  mCi/mg 30 ykCi 2 . 5  X 10“ '
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Table 2 . R e g r e s s i o n - l i n e  c o n s t a n t s

The e q u a t io n  f i t t e d  i s  : In ( c o u n ts  per 2cm p er  1 0 0 s )  = a + bx 

Where x i s  d i s t a n c e  in  cm from c e n tr e  p o in t  o f  f i r s t  segment

in c lu d e d  in  r e g r e s s i o n .

P aired  t r a c e r s  

P la n t

R e g r e s s io n c o n s t a n t s
ir

R a tio  C ontent o f  s in k  
o f  (d au gh ter  p la n t )  

s l o p e s  Counts per 1 0 0 s .a b

1 8 . 3 1 9 - 0 .1 4 2 4 1 . 1 3
S a x if r a g a 8 . 9 6 6 - 0 . 1 2 6 1

( F i g . l ) 2 6 . 4 7 8 - 0 .0 4 4 8 1 . 0 5
7 . 1 6 1 - 0 .0 4 2 5

3 6 . 7 5 3 - 0 .0 4 4 8 1 .0 2  .
7 . 6 9 3 - 0 .0 4 3 9

1 8 .1 2 7 - 0 . 0 2 3 3 2 . 6 8
Kymphoides 7 . 3 2 1 - 0 . 0 0 8 7

( F i g . 2 ) 2 8 .4 8 2 - 0 .0 3 1 7 1 . 5 5
8 . 8 9 9 - 0 .0 2 0 5

®^Eb, i 1 1 .6 8 6 —0 «1094 1 .0 2
S a x i f r a g a 8 .4 6 1 - 0 . 1 0 7 0

( F i g . 3) 2 1 1 .5 7 6 - 0 . 1 0 3 7 1 . 0 6
7 . 5 4 7 - 0 . 0 9 8 3

1 8 . 8 3 2 - 0 .0 6 1 9 1 . 2 6 990
S a x i f r a g a 8 . 7 9 3 - 0 .0 4 9 3 2010

( F i g . 4 ) 2 8 . 3 5 4 - 0 . 0 7 7 5 2 . 0 6 1008
7 . 0 9 0 - 0 . 0 3 7 6 2142

3 9 . 0 3 7 - 0 . 0 5 7 3 1 . 8 3 3530
8 . 6 9 8 - 0 . 0 5 1 3 8507

D i t t o 4 7 . 9 8 6 - 0 .0 4 6 8 1 . 9 0 2584 .
(n o t  p l o t t e d ) 7 . 9 1 4 - 0 .0 2 4 6 10634

.11 5 8 . 9 4 3 - 0 . 0 4 5 4 1 .2 1
9 . 5 8 3 - 0 . 0 3 7 4

II 6 9 .2 1 4 - 0 .0 4 4 5 1 . 7 1
9 . 4 9 3 - 0 . 0 2 6 1

II 7 1 0 .1 7 8 - 0 .0 5 3 7 2 . 0 8
1 0 . 5 8 5 - 0 .0 2 5 8 Mean 1 .7 2

-  0 . 1 3 5

The num erals r e f e r  to the  r e p l i c a t e s ;  a g a in s t  t h e s e  are l i s t e d  the

i s o t o p e s  in the  order s t a t e d  in th e  e n t r y .

&- With stand ard  d e v ia t i o n  o f  th e  meanof y  V&lues,
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General C onclusions.

137The s tu d ie s  on the transport o f  Cs a lon g  the s to lo n  o f  S axifraga

89imply th a t  t h i s  n o n -p h y s io lo g ica l  tr a c e r  u n lik e  Sr undergoes p o la r ise d

lo n g  d is ta n c e  transport in  the same d ir e c t io n  as the a s s im i la t e s .  Thus i t s

89movement must be predominantly in  th e  phloem in  co n tra s t  to  Sr which i s  

transported  mainly in  the xylem. The d is t r ib u t io n  pattern  o f  ^^^Cs a lon g  

the s to lo n  a f t e r  a s u i t a b le  length  o f  time shows very  p r e c i s e ly  the w e l l -  

known exponentia l f a l l - o f f  p a ttern . This su ggests  an ap preciab le  leakage  

out o f  the s ie v e  tubes and makes i t  d i f f i c u l t  to  c a lc u la t e  with any 

ex a c t i tu d e  the l in e a r  v e l o c i t y  o f  movement sim ply by ob servation s  on the  

' f r o n t '  (See Spanner & Prebble I962) .  On the contrary , the p a ttern  o f  

d is t r ib u t io n  o f  e i th e r  ap p lied  ^^C-sucrose or n a tu r a l ly  assim ilated-^^C  

shows l i t t l e  f a l l - o f f  and i s  f a i r l y  l e v e l .  In t h i s  case  the l i n e a r  v e l o c i t y  

may be estim ated  as about 20 cra/h, A s i g n i f i c a n t  p o in t in  connection  with  

the d i s t r ib u t io n  o f  ^^C -assim ilates i s  th a t  the a c t i v i t y  a t  the proximal 

end o f  the s to lo n  a f t e r  a time f a l l s  below th a t  lower down, producing a 

'hump'. This co n d it ion  in  the tr a n s lo c a t in g  a x is  i s  d i f f i c u l t  to  exp la in  

in  terms o f  the a n a lo g u e -d if fu s io n  theozry. The conv incing  demonstration o f  

th e  f a c t  th a t ,  apart from a symmetrical s h o r t - d i s tance spread o f  the  

t r a c e r s ,  ^^^Cs and ^^C-sucrose always show a u n id ir e c t io n a l  lo n g -d is ta n c e  

movement a lon g  the s to lo n  again  t e l l s  a g a in s t  the  analogue d i f f u s io n  theory ,  

and supports the id ea  o f  some so r t  o f  mass flow mechanism. The evidence o f  

t h i s  work thus s tr o n g ly  "opposes the v a l i d i t y  o f  any mechanism, based e i th e r  

on protoplasm ic stream ing or a c t iv a te d  d i f f u s io n ,  which permits simultaneous  

b id ir e c t io n a l  movement a t  a s in g le  c e l l u l a r  lo c u s .

That the t r a n s lo c a t in g  channels require m etab olic  energy not  

e x c l u s i v e ly  a t  the source and s ink but a l s o  a l l  a lon g  t h e i r  le n g th ,  i s  a  

conclus ion  s tr o n g ly  emphasised by the various experiments performed with  

n itr o g e n ,  cyanide and DHP. When a len g th  (10-30 cm) o f  the c e n tr a l  p ortion  

o f  a t r a n s lo c a t in g  s to lo n  i s  subjected  to  these  m etabolic  i n h ib i t o r s ,  the
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tran sport  o f  both  ̂ Cs and ^^C -assim ilates i s  s tr o n g ly  in h ib i t e d  in  a 

fa sh io n  which seems to  he c l e a r ly  both l o c a l i s e d  and r e v e r s ib le .  In the  

p resen t  experim ents, th a t  the  treatment with in h ib i t o r s  does n o t  seem to  

a f f e c t  the p h y s io lo g ic a l  a c t i v i t i e s  o f  source and s in k  i s  in d ic a te d  in  

s e v e r a l  ways, most d i r e c t l y  by the use  o f  r a d io a c t iv e  cyanide. Some o f  

t h i s  in h ib i t o r  tr a v e ls  indeed to the  daughter p la n t  e i th e r  in  the xylem 

stream or w ith  the a s s im i la t e s ;  but the con cen tration  o f  the  accumulated  

cyanide i s  n ot o f  the l e v e l  which could apparently  i n h ib i t  th e  a c t i v i t i e s  

o f  th e  s in k .  There i s  o f  course no m igration o f  cyanide to  the parent p lan t  

so  the question  o f  source in h ib i t i o n  does not a r i s e .  Probably a s im ila r  

s i t u a t io n  a p p l ie s  to  the o th er  in h ib i t o r s ,  i . e . ,  LNP, n itr o g e n .  That the  

in h ib i t i n g  e f f e c t  i s  l o c a l i s e d  in  the trea ted  reg ion  o f  the con du its  i s  

fu r th e r  im plied  by the experiments showing that the p ortion  o f  s to lo n  

beyond the tr e a te d  reg ion  (and the s in k  i t s e l f )  i s  s t i l l  ab le  to  su s ta in  

transport when provided l o c a l l y  with su crose .  The presence o f  the tr a c e r  

in  the proximal reg ion  o f  th e  s to lo n  i s  n a tu r a l ly  a d i t io n a l  ev id en ce ,  i f  

more were needed, o f  e x c lu s io n  o f  in h ib i t o r  a c t io n  from t h i s  p art  o f  the  

system . ■

The in h ib i t i o n  o f  transport caused by the m etabolic  in h ib i t o r s  

used i s  r e v e r s ib le  conforming the work o f  o th ers .  Recovery i s  s tead y  

and takes d i f f e r e n t  times fo r  d i f f e r e n t  in h ib i to r s ;  fo r  in s ta n c e ,  4 h 

s u f f i c e s  fo r  n itro g en ,  24 h fo r  cyanide, w hile  DNP requ ires  56 h .

The p resen t  work a l s o  su p p lie s  evidence a g a in s t  two in te r p r e ta t io n s  

o f  the in h ib i to r y  e f f e c t  which would le a v e  the l a t t e r  c o n s is t e n t  w ith the  

Mtinch h y p o th e s is .  In the f i r s t  p lace  the pattern  o f  d i s t r ib u t io n  o f  

tr a c e r s  in  the tr e a te d  s to lo n  does not su ggest  an abnormal leakage and 

accumulation o f  the tra ce rs  in  or b efore  the t r e a te d  region  under the th ru st  

o f  th e  a s s im i la t e  stream. This means th a t  the in h ib i t o r s  do n o t  merely  

damage the i n t e g r i t y  o f  the  s ie v e  tube membrane and render i t  permeable. In 

the  second p la c e  the transport in h ib i t io n  i s  n ot due to  the formation o f



c a l l o s e  a t  the s ie v e  p la te  in  a manner which could b lock  the s i e v e  pores .  I t  

i s  true that the s ie v e  p la te  pores appear c l o s e l y  occluded w ith  P -p ro te in  

in  trea ted  s t o lo n s ,  but th e  same i s  true  o f  c o n tr o ls ;  thus in h ib i t i o n  o f  

tran sport  cannot be due to  t h i s  f a c to r  e i th e r .  Further u l t r a s t r u c tu r a l  

examination o f  tr e a te d  s i e v e  tubes i s  d es ira b le ;  n e v e r th e le s s  the con c lu s ion  

seems to  be s tr o n g ly  in d ic a te d  that in h ib i t i o n  must be a t tr ib u te d  to  

in te r fe r e n c e  with an energy-dependet d r iv in g  mechanism.

These various  l i n e s  o f  evidence s tr o n g ly  oppose the Münch h yp oth es is  

and favour some so r t  o f  a c t iv a te d  mass flow  mechanism, i . e . ,  a mechanism 

which required d r iv in g  energy everywhere a lon g  the conduit and most probably  

a t  the s ie v e  p la t e s .  There are two th e o r ie s  which regard the s i e v e  p la te s  

as a c t iv e  pumps, one dependent on p r o te in  c o n t r a c t i l i t y  (Mac Robbie 1971» 

Pensom 1972) and the o ther  invoking potassium e lec tro o sm o sis  (Spanner 1958» 

Spanner and Jones 1970). An attempt to  t e s t  the potassium theory  was made 

u s in g  valinom ycin . I t  proved to be a f a i l u r e ,  p o s s ib ly  because o f  the  

d i f f i c u l t i e s  a s s o c ia te d  w ith  the b ig  s i z e  o f  the valinom ycin m olecule and 

i t s  i n s o l u b i l i t y  in  water. I t  i s  doubtfu l i f  in  th e se  experiments valinom ycin  

ever  reached the important s i t e  in  enough concentration  to  in t e r f e r e  with  

the proposed r e c ir c u la t io n  o f  potassium ion s  around the s i e v e  p l a t e s .  This 

approach c a l l s  fo r  fu r th er  in v e s t ig a t io n  perhaps s o l u b i l i s i n g  the valinomycin  

by a c o n tr o l le d  use o f  s u i t a b le  d e te r g e n ts .

The exp on en tia l f a l l - o f f  p a ttern  o f  d is t r ib u t io n  o f  th e  tracers

a lo n g  the le n g th  o f  the s to lo n  provides a f a i r l y  p r e c i s e  parameter fo r

comparative s tu d ie s  o f  simultaneous tr a c e r  movement. This was e x p lo i te d  with

p a ir s  o f  tr a c e r s  in  the hope o f  g a in in g  evidence o f  a d iscr im in a to ry  natu re ,

s in c e  the e lec tro o sm o t ic  theory  seems to  e n t a i l  consequences o f  i t s  own in

42 22 86t h i s  r e s p e c t .  The s tu d ie s  w ith  K, jja, Rb, show no s t r ik in g  d if fe r e n c e  

o f  behaviour between the io n s ,  and i f  potassium has some unique r e la t io n  to  

the s ie v e  tube fu n c t io n ,  i t  i s  not apparent. The r e s u l t s ,  however, did  

su g g est  th a t  th ere  i s  a major transport o f  potassium along the s i e v e  tubes  

and i f  any potassium i s  r e c ir c u la te d  a t  the s i e v e  p la te  i t  i s  probably on ly
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a sm all f r a c t io n  o f  what tra v er ses  them. The d i f f e r e n c e s  between the transport
82 157o f  Br and Cs were more marked, but more ev idence i s  needed b efore  i t  

can be decided whether or not anions t r a v e l  a t  the same v e l o c i t y  in  the  

condu its  as c a t io n s .  However, a s t a r t  has been made on a prom ising approach.

The con c lus ion s  drawn from th e se  s tu d ie s  may be summarised as

fo l lo w s :

1 . Phloem transport in  the s to lo n  o f  S ax ifrage  i s  undoubtedly  

u n id ir e c t io n a l ,

2 . n itr o g e n ,  cyanide and BMP e x e r t  a  strong  e f f e c t  l o c a l i z e d  in  the  

s i e v e  tubes them selves (as w e ll  as a t  th e  t e r m in a ls ) .  The e f f e c t  

i s  r e v e r s ib le .

3 .  The in h ib i t i o n  o f  transport i s  n o t  due to  c a l lo s e  blockage or membrane

damage,

4« Anion transport fo llo w s  a s im i la r  p a ttern  to  c a t io n .

These con clus ion s  are very adverse to  the Münch h y p o th e s is ,  and to

any d i f f u s  ion-analogue theory; they  favour a th eory  o f  a c t iv e  mass flow . I t  

i s  n o t  p o s s ib le  fu r th er  to  p inpoint the exact mechanism fo r  th e  p r o p e l l in g  

f o r c e s .
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APPEMniX I

Photographs o f  experimental se t -u p  used  

in  in h ib i t o r  s tu d ie s
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APPISBIX I I

Autoradiographs o f  subtending le a v e s  o f  Saxifra.ga  

given  in  in h ib ito r  s tu d ie s .

Note: l ig h t  areas rep resen t a c t iv i t y .



P la te  1 A. Stolon' in  dark s le e v e  in  a ir  (c o n tr o l)

( s e e  pp. ) B. " " " " ” Ng

C. Subtending l e a f  exposed to  Np except fo r  15 m ins, in  

in  l i g h t  w ith

Note th a t th ere i s  l i t t l e  d if fe r e n c e  between A & B; C shows 

reduced v e in  lo a d in g  a t  base and in  p e t io l e .
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AVVW^mX I I  ( c o n t . )

Autoradiographs showing e f f e c t s  o f  m etabolic  in h ib ito r s  

on p h otosy n th esis  and v e in  lo a d in g  in  le a v e s  o f  Rijnner 

beans ( Phaeolus m u lt i f lo n is ) ,
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APpaîDIX I I I

L ongitud inal s e c t io n s  through s ie v e  p la te s  from the s to lo n  

o f  S ax ifraga  a f t e r  in h ib ito r  treatm ent and f ix a t io n  in  

a c e t ic -a lc o h o l  a t -2 0 °  0 .



P l a t e  A, C o n t ro l :  s t o l o n  s u b j e c t e d  t o  5 hours  l i g h t  and a i r .

h o t e  absence  o f  c a l l o s e  and c o a g u la te d  P - p r o t e i n  f i l l e d  p o re s .

P la te  B. S to lo n  su b jec ted  to  5 hours dark and a ir .  

No c a l lo s e ;  b locked  p ores.
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« â t e _ Ç . S to lo n  su b jec ted  to  l i g h t  and a ir  fo r  22 hours. 

Ko c a l lo s e ;  pores plugged*
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PlateJD » S to lo n  su b jected  to  "zero HCN" ( i . e . ,  c o n tr o l)  fo r  7 hours, 

No c a l lo s e  but de-natured P -p ro te in  p resen t in  s ie v e  p ores.

P la te  S to lo n  su b jec ted  to  HCN ( 10  ̂ M) fo r  7 hours.

Note absence o f  c a l lo s e  and plugged s ie v e  pores,
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P la te  f . S to lo n  su b jec ted  to  HCÎ! ( 5 x 10"^ M) fo r  7 hours. 

Comparable to  P la te  F, (C o n tr o l.)
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P l a t e St ol on tr e a te d  with "zero .DÎTP" ( i . e . ,  co n tr o l)  fo r  8 hours 

Note the absence o f  c a l lo s e  and plugged s ie v e  p ores.

P la te  H . S to lon  tr e a te d  w ith PKP ( 10  ̂ M) fo r  8 hours, 

Comparable to  co n tro l (P la te  J ) .
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P la te  «T S to lon  tr e a te d  w ith PÎ P ( 10“  ̂ m) fo r  8 hours.

Comparable to  co n tro l (P la te  j ) .

!K P la te  Kv S to lon  tr e a te d  w ith I21P (10  ̂ m) fo r  8 hours. 

Comparable to  con tro l (P la te  j ) .



2 /33



2,34

P la te  L . S to lo n  tr e a te d  w ith M SrClg fo r  18 hours.

Note absence o f  c a l lo s e  and coagu lated  P -p ro te in  f i l l i n g  

s ie v e  p o res .

,1




