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To the c ourte ous and well willing reader'S :  

Al tho�h my paine s hav not beene spent ( c ourte ous 
Reader ) in the gra c i ous disc over ie of golde:n Mine s ,  
nor in the trac ing af ter silver voine s ,  whereby my 
nat ive country might be inriched w ith such merchan
d is e  a s  i t  ha th mo s t  in reque st and admiration; ye t 
ha th my labour ( I  trust ) been othe.rwi se prof itably 
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of herbes, t ree s ,  and p lant s, a s  the earth franke ly 
without violenc e  offere th unto our mos t  nec e s sary 
use s .  Where in though myne art b e  not able t.o 
c onterva ile Nature in her l ively p ortra iture s, yet 
have I c ounterf e i ted likene ss f or life , shapes and 
shadows for sub stance o Ye ,t may my blunt attamp t  
serve a s  a whe t s .tone t o  se.t a n  edge upon sharpe.y 
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b oth fined and ref ined. Faults,�� I c onfe sse have 
e sc apQ.dSl some through defe:et s in my se.lfe t o  perf orm 
s.o great a work, and some by means of the grea tne ss, 
of the La·bour, being v o id of f r iend s. to beare some 
part of the burden. I trust tha t the be .st and we :ll 
minded will not rashly c ondemne me . Theref ore .  ac c ep t  
this  at  my hands ( loving c ountrymen) as a token of 
my goodwillo 

John Ge.rard , 1 59 7  
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ABST RACT 

A me,thod was developed to measure every: minute the 
growth of' a single segment excised from the elongating 
region of' a plant. The method was used to determine 
the short term kinetics, of growth in response to auxin 
addition. The method is not dependant on the use of' 
hollow cole.optile tissue and the results are plotted as 
a growth rate agains.t time. The technique has a 
resolution qn order of' magnitude higher than those in 
current use. 

The results show that there is a latent phase 
before auxin-induced increase in elongation rate occurs. 
After this latent phase9 there is a rnp.id rise. in rate 
to a maximlli� followed by a decrease and then usually a 
rise to a s,econd maximum. Three, hyJJ othe.ses for 
explai�ng the growth rate curve are considered. 

rt was found that neither RNA nor protein synthesis 
we·re required for the initial action of' auxin but that 
protein synthesis became necessary within a few minutes 
after auxin addition. The apparent half'-lif'e of' the 
protein whose synthesis is stimulated by auxin is about 
1 2  min. This short half' life. suggests that, after the 
synthesis of' the protein, there is a limited time during 
which it can act with auxin to increase elongation. A 
mode.l which incorporated these results. has bee,n proposed. 
and its relationship to the three hypotheses for 
exp1aining the growth rate curve is discussed. 

( 1.) 
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I N T R 0 D U C T I 0 N 

The plant growth hormone, a;uxin,- which was later 

characterized as indolyl- 3-acetic ac id was "d isc overed" 

by We.nt in 1 928 . Aside f rom cell e l ongation ,  auxin is 

known to pla� a role, directly or indirectly, in many 

othe r processes such as c e l l  d ivision , absc ission and 

apical dom inance .  However ,  the pre c ise me chanism of 

a_ct.i on ,  or even the l ocale of action of this hormone is 

still unknown . The fo ll ow±ng short historical summary 

is intended to convey so me of the multipl ic ity of approac hes 

that have been made to ward eluc idat ing the mechan ism o� 

auxin acti on in cell e l ongati on. It a lso is to indicate 

the bac kground of ideas which led to the present work. 

In 1 931 , severa l years bef or� IAA was identified as 

a natural aluxin , Heyn proposed that the hormone acted by 

inc reas.ing the plastic or irre:vers ible extensibil ity of 
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the cell wall ( Heyn1 1940). This was. based on the 

obse.rvations that irreversible exte.nsibility close·ly 

paralleled growth rate whereas the reversible ( elastic ) 
component did not. Also the irreversible extensibility 

was greatly increased by hormone treatment. Heyn (1.940) 

proposed, in addition, that extension of cell wall area 

did not directly depend on the production of more cell 

wall ma:terial and that the energy for surface enlargement 

of the wall was derived from turgor pressure. 

By 1933 Banner had shown that there wa:s some 

relationship be.tween auxin action and respirat.ion. 

Banner ( 19 36) "concluded that processes of a respiratory 

nature but of relatively small magnitude form one or more 

integral steps in the chain of reactions by which the 

plant growth hormone brings about cell elongation." 

There wa .. s conside.rable controversy over ( a ) whether auxin

induced respiration occurred and ( b ) if it did whether 

it wa.s the cause or the effect of the increased growth. 

It is now generally accepted that in etiolated tissue 

there us.ually is a small increase in respiration due to 

a:uxin but that this: is an indirect effect of auxin ( Banner 

and Bandurski, 1952; Audus and Garrard, 1953). The 

respiration would supply the metabolic energy raquired 

for elonga:.tion in etiolated tissues. 

Sweeney and Thimann (1938) observed that auxin 

promoted p.rotoplasmic streaming in Avena coleoptile cells. 
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It i s, an effect that appeared within 2 minute s of the 

add it i on of auxin and c ontinued f or 30 minute s but c o uld be 

ma intained for 2 hours on the add it i on of sugar s .  Thi s  

may b e  expla ined i n  part b y  the ob se rvati on of Northe\'n 

( 1942) that b¥ w ithin 30 m inute s ( at the mo st ) afte r 

adding auxin the.re wa s a marked decrease in the viscos-ity 

of the cytoplasm in c ortical cells of young navy bean 

plants . The wo rk of Galston and Kaur (19599 1961, 1962) 

and Gal s  ton et a.l ( 1963) may be another a spect of thi s  

phenomenon. They treated et iolated pea stem secti ons with 

auxins. and auxin analogs ( which d id not promote growth) . 

They f ound that afte r  at leas-t L� hour s in auxins, the 

heat c oagulab il ity of extrac ted prote ins decrea sed . 

The re vra s no decre ase ·  in total prote in and it was the 

prote in of the partic le-free cytoplasm that wa s aff ected 

in part icular. In vitro exper iments. showed that pect in 

could de crease the heat coagulab il ity of diverse prote.ins. 

There wa.s a b a s ic evo lution of ideas c oncern ing the 

s ite and me chani sm of the p rimary action of auxin on 

e longat i on .  An early idea wa s that the s ite was the ce ll 

wa.ll ( Heyn , 1,940, Robbins and Jac kson , 1937). However 

a1.s data accumulated i l lustrating d iver se eff ec t s  on the 

c ytoplasm which prec eded effects. on the. cell wal l, 

attent ion wa·s focused om the. cytopl a sm as the s ite . of 

acti o·n . Auxin i s  also invo lved in other pro c e sses as we ll 

as. el ongatio� such as c e .ll d ivision. d ifferentiation and 

the expre ssi on of sexua l ity in. p lants. It se,emed a more 
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logical assumption that there wa:s one· site of action, 

the express.ion of that a.ction depending on the sta.tus 

of the cel1 rather than postulating a different site for 

e-ach of the many participatory roles of auxin. 

The plant ce:ll is usually in a hypotonic environment. 

The presence of the relatively rigid cell wall prevents 

the lysis of the plant cell. The cell wall exerts. 

pressure in the cyto.plasm (turgor pressure, VP) which 

is counterbalanced by the. osmotic pote.ntial (�s) of the 

cytoplas.m. During cell enlargement, deformation of the 

cell wall (Heyn, 1940) and water absorption occur. In 

principle, the de.formation could be brought about in 

either of two ways. First., an incre·ased osmotic potentiial 

could increase the tendency for wa.ter to enter the cell 

and therefore increase turgor pressure. Second, a change 

in the physical properties of the cell wall could permit 

a greater deformation per unit force to occur. Much. 

work has been devoted to trying to distinguish between 

these. alte.rnative:s. No cons:istent effect has. been noted 

on the effect of auxin on the osmotic potential ( Gals.ton 

and Purves., 1960). It now seems probable that auxin 

a·ff'ects the cell wall in such a vray that it permits a 

potential increase in cell volume and therefore of the 

e.ntry of water (Ketella:pper� 1953). 

By the beginning of the 1960's ( Cleland, 1961) it 

was acce;pte.d that with respect to e:longa t.ion the final 
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result of auxin action was an effect on the cell wall 

but that this wa� mediated by an effect on the protoplasm. 

Cleland (1968) has concluded that the irrever-sible wall 

extensibility due to auxin-induced elongatiom con&iats 

of a series of independent plastic deformations, rather 

than viscoelastic flow. Each of these plastic 

deformation events cons.ists 10f: (a) an auxin :imduced 

increase; in exte.nsibili ty by cleavage of wall polymers 

followed by (b) a conversion of this extensibility into 

extension by turgor pressure. Lockhart (1967) would tend 

to agree. Cleland has evidence that the cleavage of 

wall polymers may be a reversible reaction. The reaction 

is driven toward cleavage (and theref'ore wall loosening) 

by an e,nzyme in the presence of a sufficient supply of 

a respiratory product "X·-..IP". In the absence of x.- . .  p 

the polymer reforms. Auxin controls the amount of 

e:nzyme in the wa 11. 

The findings .of Ray and Ruesink (1962:) would tend 

to support Cleland's position. They studied the effect 

of temperature on the length of the latent phase - the 

time between the addition of auxin and the increase in 

growth rate .• They found that the Q10 �s indicated that, 

metabolic reactions we:re mora important in the subse.quent 

growth than an alt�rat.ian of the viscoelastic properties 

of the cell wall. The relationship of the viscoelastic 

behaviour has been found to follow the "W.L.F. eq_uat·ion" 

:i,n which the temperature coefficient :tncreas.es rather 
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rapidly as temperature is lowered ( Ray and Ruesink, 

1 962).  

, 
Cleland' s X-� P may be the same as. Morre and 

Eisenger' s ( 1 968 ) unknown secreted factors (SF). It is 

e;nvisaged by the latter that the.se factors a.ct with a 

"transf'ormase complex" of wall loosening enzymes to 

produce wall loosening or increased exte,nsibility. 

Turgor, with the possible involvement of an exte;nsa.se. 

complex would then cause an increase in elongation. The 

role of IAA would be that of a cofactor, in the trans-

f'ormase complex or it may effect RNA or protein s.ynthesis. 

The models of Cleland and Morre a'1d Eis.£n.ge.r seem to be 

very similar, except for differences in te.rminology. 

Cell wall loosening is a major event in auxin-

induced elongation. However several biochemical events 

appear to take place within the protopla.sm before the 

increase in extensibility can occur. It is recognized 

that even when events occurring in the protoplasm are. 

elucidated, these must be related to changes in the cell 

wall in order to gain a full understanding of the mechanism 

of auxin action. The discussion that is. to follow will 

be concerned only with the primary effects of auxin. 

It is poss.ible to s,tudy the me;cha.nis,m of a-.wtin action by 

clarifying its effects on the cell wall or by .trying to 

de;termine the site and primary mechanism of action of 
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auxin. One approach use:S the: end result and tries to 

determine the steps preceding it. The other tries. to 

find the primary mechanism and attempts to clarify the 

step& following it. This work is concerned with the 

mechaniS:IIl of the initial action of' auxin and the>re-i'ore 

of' events. which occur in the protoplasm. 

+ + + + 
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PART I 

The Kinetics of Auxin-Induced Cell E longation. 

A. Introduction 

In much of the early work on the mechanism of auxin 

action, the actual growth measurements consisted of 

incubating tissue for a period of time ( usually overnight) 
and then measuring the final length ( or weight) . vVhen 

other paramete rs were. studied, for example the effect. of 

auxin on respiration, these were, often done at times 

that bore no relationship to the final growth meas.ure

ments. Respirometer studies were usually made shortly 

after excision of the material or within a few hours. 

The assumption must have been made that the growth rate 

and the biochemical and physiological status of the 

tissues were cons,tant. Audus ( 1952) pointed out "• • • .  

· that an is,ola ted growing se.gment of a plant organ is 

not a sys tern of cons,tant properties or potentialities: 

it is from the moment of excision to the cessation of 

its. growth a constantly changing system9 not only from 



the point of view of its struc ture and its meta bol i s m  

but a l so in it s reac tions t o  the e xterna.l envir o nment " .  

In his. wo rk on arsena te inhi bi t i o n  of growth he studied 

the effe c t  on growth rate: wi th time aa we ll as on 

re sp ira tion ra te. with time . H i s  f ir s t  measure ment vms 

a t  1. 5 hour s and the shap e of his. growth curves ( using 

e t iola ted peas ) was sigmo id . Be nne t-Clark and Kefford 

( 1954) o bta ined s imi lar typ e s . of curve s, with Ave na 

c oleoptile se gments, whe n op t ima l  conce ntra t ions of IAA 

we re used . When the � concentrat ions we -re above the 

optimum, the ini t ial growth ra te was the same ,but the 

se gme nt s  gre w a t  this ra te f o r  inc re as ingly shorte r 

le ngths, of time a s  the c o nc e ntra tioru waS' inc re ased . 

S;imilar e xpe .rimental re sult s  were obta ine d by Bar low 

and Hanc ock (1959) and Bentley and Housley (1953). The se 

re sults we .re. gui te d ifftere nt from those of Bo nne r and 

his . group , under who se cond i t ions the growth rate vra s 

l ine ar from time 0 to 2·LJ_ hour s .  They f ound tha t the 

growth rate inc rea sed with inc rea s ing c once .ntrati on. of 

IAA up t o  5x1 o�6M ( Foster e ;t a l . , 1952). Beyond this 

c oncentra tion the growth rate dec rea serl  with inc rea s ing 

c once ntra tion ( Bonne r and Foster, 1955). 

Spe c if ic inhibitors of DNA , RNA or prote in synthesis 

have bee n  used by many peop le ( e. g .  Nooden a nd Thimann, 

1963; Key ,  1966) in order t o  de te rmine the site of auxin 

a c tion. The usual me thod ha s be en to incuba te se .gments 
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overnight and if the. length of the segments was: shorter 

with auxin plus inhibitor than with auxin alone, then 

the step blocked by the :iirillibitor was claimed to be' 

required for auxin-induced growth. When kinetic 

experiment& were. performed, it was: shown that often the 

claims were unwarranted. For example Penny and Galston 

( 1.966) s:howed that although after 24 hours actinomycin 

D had severely depressed the I.AA-iruiuced growth, the: 

growth for the first two hours was not affected. It 

was not until the third hour that. the growth decreased. 

L ikewise the use of data from overnight incuba tions 

with RNase to support the hypothesis of an in vivo-IAA

RNA binding was- unwarranted ( Gals;ton e;t al. , 1964); the 

RNase did not exert its e,ffect until after 8 hours 

(Penny and Galston� t966). These authors also found 

that it took 5 hours before puromycin inhibited auxiru

induced growth. E vidence with this antibiotic in an 

overnight treatment was used to support the thes.is of 

NoodEm and Thimann, (1963) that the locale of action of 

auxin vras on the nucleic acid sys.tem controlling the 

synthesis of an es.sent.ial protein. 

From the results of their kinetic experiments 

with gre en peas, Pe.nny and Galston (1966) concluded that 

RNA s-ynthesis was not necessary for the primary action 

of auxin. It was. necessary, however, for continued 

growth. Nelson et al. ( 1969) using etiolate d sunflower 

epicotyls. confirmed these results and their interpretation. 
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De. Hertogh et al. (1965) found that actinomycin D 

inhibited auxin-induced growth within one hour. They 

were using at least 5 times the conce,ntration of 

actinomycin D (50-100 pg/ml ) as that used by Penny and 
/ 

Gals.ton-9 and Nelson ( 10 ;ug/ml ) and this may have had 

effects on respiration. Nels.on et al. (1969) also 

used the protein synthesis inhibitor cycloheximide and 

found that it caused an immediate cessation of auxin-

induced growth. They concluded that auxin acts at the 

t ranslational level. 

The foregoing kinetics can be called long term 

kinetics since the growth was measured over intervals of 

one hour or more. This work illustrates the information 

that can be gained by studying the kinetics of growth. 

However more information may be obtained by the use of 

short term kinetic experimei_lts. These are experiments 

in which the growth is measured every minute or every 

few minutes- at the most. 

One of the major questions that can be answered by 

short term kinetic experiments, is "how long afte.r auxin 

addition does auxin-induced growth occur?" Clearly the 

answer to the question is important if experiments are 

to be planned which try to d.e.termine the reactions which 

cause the increase in elongation. 



12 .• 

Yarnaki ( 1954) was the first to publish results of 

short term kinetic experiments.. He. showed tha � in Avena 

coleoptile se:gments there vvas a latent phase of about 

15 minutes before an auxin induced increase in elonga�ion 

occurred. Later, Ray and Ruesink ( 1962 )  using more 

precise methods showed that the length of the latent 

phase was 1,3 minutes at 23°c and 28 minutes at 1 3°G. It 

was there�ore temperature dependant, having a Q10 of 

about 2. 

I n  both these; cas:es the work was done with Avena 

coleoptile s. There is at least one example of a. wh:c..t
genera.lizati on based on work with Avena coleoptile sA was 

shown not to hold univerBally. This was the theory of 

the mechanism of auxin action based on the IAA-induced 

methylat.ion of pectin. When studied further ( Cleland, 

196 3 )  it was found that this response occurred only in 

some monocotyledons and not in. dicotyledons. 

In the present work� it wa.s the,refore important to 

dete.rmtne whether the rapid response to the addition or' 

IAA occurs in tissues other than Avena coleoptile 

segments. Another reason for doing the short term 

kine-tics of auxin a.ction was to e-atablish the timing of 

the auxin response. This knowledge, would then be used 

to plan experiments to tr;y to elucidate the mechanism 

of the response,. 
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B. Material s and Me thod s 

1 .  Materials  

Seeds of .Alderman pea ( Pisum sa t ivum), a tall 

varie ty , and Bitter Blue lup in ( Lupinus angust ifol ius ) 

were surface s .teri l i sed by immers ion in 1 %  chlorogen f or 

20 min. They were then planted in pots  in pre-wa shed 

c oarse exploded mica and placed under c ontinuous l ight 

in a growth room with a minimnn tempera ture of 22°C. 

The l ight intens i ty wa s 1 4 . 06 W m-2 suppl ied by a 

c omb ina tion of 9 5% f luoresc ent ( Philip s  TLA 80W/55 )  and 

5% incande scent l ight-. The pots were irrigated. with 

water dai ly unt il one wee k  old and then with nutrient 

solut ion dai ly. 

Pe a plant s 1 0- 1 4 days old were carefully selec ted 

so that only those v·rhose apex wa s bare;ly showing above 

the f olded stipule s of the younge s t  leaf were used. 

Under our growing cond i tions the subap ical internode s 

( 5th or 6th) were about 20 mm long a t  this s tage. 

Lupim hypocotyl segment s were exc ised f rom plantg; 

f our days old . At thi s  s tage the leafle t s  of the f irst. 

leaf were protruding from between the c o tyledons by 7 

to 1 0  mm and the hypoc o tyl length wa s 5 0-55 mm . 

2. Methods 

The plant material wa s used in se.veral ways and f or 
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each tre me thod of trea tment was sl ightly different . 

The me thod s were as  f ollows.: 

a .  For mea suring the growth of intac t plant s 

Three day old plants were carefully removed from 

the vermicul i  te in v,rhich they germina ted. Markers. 

were placed on the hypoc o tyl with an implement which� 

had 1 1  f ine wire s 2 mm apart . A fine c oat ing of 

Ge s te tner ink in lanol in had been p laced on the wire s .  

The plant s were then pinned to f oam pla stic and the 

roo t s  rep laced in the vermiculite . A cent ime ter 

ruler wa s placed next to the plants. At interval s  

of several  hours  9 the p o t  vra s removed from the growth 

room and photographed . The total growth vra.s determined 

by mea suring the di stance be tween the markers on the 

nega t ive s usi ng an Olympus stereo microsc ope . The 

magnif ication wa s ad justed so  that the 1 00 unit s  of 

the ocular micrometer wa s e.qual to 2 cm .  

b.  For b ioassays 

5 mm segments. were exc i sed. from the ap ical e.nd of 

the e longating internode of pea s Dr from lup in hypoc o tyls . 

Only one segment wa s exc i sed from a plant . They were 

pooled in 0 .  025 M pho sphate or tris-malea te b uffer pH 
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6.1. After 1 -1.5 hours sample s of ten segment s, we.re. 

then placed in 4 cm d.iamete:r pe tri d i shes. conta ining 

the sc..me bui'fer and the compounds to  be teste.d . The 

segment s we,re incuba ted in the growth room under the 

same light and te mpe-rature co nd it i ons: under which the y  

were ;  grown. Af ter 6 hours. the t o tal length of the 

segment s was; mea sured with an Olympus ste ;re o microscope 

a t  14 X magnif ica t i on and the increa se in· length computed. 

c. For long term kinetics 

The me thod was s im1lar to that f or b ioassays except 

tha t each samp le of segment s wa s mea sured bef ore be ing 

p laced in the petri d ishes. . The segment s ware mea sured 

every hour f o r  at lea st the f irat 5 hours . 

d. For short term kinet ic experiment s. 

A segment of pea (20 mm long ) or lup in (23 mm long ) 
w� cut ( as. in Ray and Rues.ink, 1 962) so tha t a short 

f lap of ep idermal and sube ;p ider·mal ce lls extended f rom 

the ap ical e nd . Thia wa s, to allow f ocus.ing on the end 

wall of a su.bep idermali. cell which wa s used a s  the refer

ence point :1ln the growth mea sureme nt. The basal e·nd 



was clamped in the holder described below. The rate 

t.o 
of response <Jf: auxina was determined by meas-uring 

elongation of sections ev8.ry minute under a micros:cope. 

This apparatus is illustrated in Fig. 1 .  Se.ctions. 

were.: set up in a special chamber constructed s.imilarly 

to that us-ed by Ray and Ruesink (1 9 62) . The flow of 

solution through thia chamber avoided localised depletion 

of auxins .or oxygen in the solution around the section. 

The luci te ( plex:iglas.s, pe:rspex) chamber (A  on Fig. 2:) � 

5. 7 cm long by 2 .  6 cm wide by 2 �. 0 cm high intevnally, 

was mounted on one side of a plate: 5.  7 x 4. 6 ern. -1- The 

other side ( B ) was screwed to the moving sta.ge. of an 

Olympus microscope. The s-olution flowed into the chamber 

through the inlet tube (c) and out through a trough (D) 

which had a cylinder (E) at the far end. The cylinde.r 

could be screwed to any desired height thus regulating_ 

the depth of solution in the chamber. The tis.sue was 

held by the section holder ( F )  shown enlarged in Fig. 3. 

The design of the section holder was the major 

modification of the apparatus used by Ray and Ruesink. 

The body of the holder was. made of luci te and had a 

grooved, sliding panel which, when pushed down, held the 

section in place. The panel was held down by a piece of 

wire (b on Fig. 3 ) , which acted. as a spring. To make 

doubly sure the s:ection ( c ) did not move, a pin was 

placed through the holder and section at ( d ) . Because 
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Fig. 1. Apparatus used for 

short-term kinetic experiments. 
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Fig. 2. Chamber used for kinetic experiments. 
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Fig. 3. Detail of segment holder. 
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it  wa s f ound tha t the geo trop i.c re sponse of sect.i ons. 

waa rathe r  rap id ( 35 -40 min.  in lupin unde.r s ome 

c ond it i ons ) 9 tv.ro parallel  w i re s  were , placed with one e nd 

in the hold e r ,  one e ithe r s ide  of the s.e c  tion. Then a 

f ine wire c ollar ( f )  wa.s placed around the end of the 

section. The holder was he ld in pos iti on in the chamber  

( G  on  Fig . 2 )  by a me tal p in ( g ) . By ad j us ting the sc rew 

( h) the sec ti on c ould be  placed a t  any de s ired depth in 

the soluti on.  

An ocular micromete r  wa s, found to  be suff ic iently 

accurate at 1 5QX magnif ica t ion to avo id the nec e ssity 

of subme rging the ob jec t ive. Howe.ver  9 a c ons.tant f luid 

level wa s ne c e ssary when the ob jec tive was not sub me rged . 

Thi s  c re a te d  another p rob le m in the or iginal  des ign in 

which the flowing buffer outlet w�s tub ing so tha t 

s iphoning with c onsequent f luc tuat ion in fluid leve l 

oc.c urred . The de sign of the trough f or the outle t  solverl 

thi s  prob le m. Attaching the chamber to the movi ng staga 

ensured rap id and prec i se p o& i t ioning of the chambe r .  

In mo st experiment s ,  two reservo ir& were used , one 

conta ining 0 . 025M pho sphate buffe .r ,  or 0 . 02M tris-ma leate 

buffe .r, pH 6 . 1  and the other b uffer  plus indolyl- 3-acctic 

acid ( IAA ) or anothe r  auxin. The se were c onnected to a 

Hamilton f our-way valve which allowed rap id and ea sy 

c hange ove r  from one solut ion to the othe r. Be.twe :en the 
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valve and the chamber was a Gapmete.r flowme:ter. .Af'ter 

the valve was swritched from one solution to the other, 

the time it took for the new aolution to reach the 

chamber was dete-rmined using an aqueous dye. solution. 

It took, for example, 45 sac. at a flow rate of 20 ml/ 
min. 

Measurements, we,re. made. by means, of a Wa tson ocular 

micromete:r ( f ilar or moving micrometer eyepiece ) equipped. 

with a slidewire which was manually manipulate.d by 

revolving a wheel calibrated into 1 00 units. With the 

magnification used ( 1 5 J:. ocular, 1 0 X. objective ) each 

unit was equal to o. 2.3 )1· The accuracy of meas.uring a 

stationary object was± one unite The measU!:"0!'1ents 

were actually made by choosing a particular point on 

the tiss,ue, as· a reference- and every minute. the slidewire, 

moved to that refere.nce point. The distance that; 

the wire was moved could then be determined from the, 

reading on the calibrated whe.e.l. The�retically ( Francon, $ 

1 961 ) ,  the setting of the slidewire can be made 

accurately to a much smaller distance ( 0 . 03 p) than is 

possible to resolve (2)1) with the objective used ( NA 

0.25). 

The distance that the wire is moved is de·termined 

by the initial point so if there was .. any error in one 

reading ( slidewire moved too far or not enough ), there 
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would be another error in. the next to c ompensate .• 

Bec ause of thi s, the growth inc rement for each minute 

i s  pre sented as the averace of the increment f or tha t. 

minute plus. tha t pre c ed ing and fo llowing it . 

All segments were pre treated for about 1 .5 t o  2 hr 

in flowing a evat-ed buff e r .  I t  vms found i n  prel iminary 

experiment s "IIY i  th lup iny e xamples of which may be seen 

in Append i x  1 9 Fig . 1 that the endogenous growth rate· 

had been atab i l i sed by thi s  time. The tempera ture of 

the solut i on varied between 23. 5
°

0 g_nd 25. 5.
0

0 in d ifferent 

e xperiment s but the variat ion in each experiment wa s 

le s s  than 1°c. rn c o lder weather cons tant temperature 

ab ov,e amb ient wa s, ob ta ined by immers.ing the re se:rv o irs 

in a c ons tant temperature water bath .  

C. Re s"l!.Lt..§: 
1. Long Term Kine tics 

a .  Growth of intac t plant s, 

Exc i sed hypoc otyl segment s of 4 day old lup in 

seedl ings were used for most of this  work. Some of the 

charac teris t i c s  of growth of intac t plants a t  the stage 

used were de .termined by photographing p lants on which 

had been p laced markers 2 mm apart. Init ial ly the 

p lant s were 3 days o ld .  On Fig .  4. i s  plot ted the 

d i stance b e tween the marke.rs a t  various, times ( usua l ly 

every 4 hr ) f or a 24 hr peri od . The arrow indica te:s. 

the stage of the plants that were used in all  the 

f o llowing work wi th lup ins . 
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The region of' most rapid e.longa tio n wa s tha t portion 

that initially constituted the upper third of' the pla nt. 

The bottom portion did not elonga t e  at a ll, and at this 

time secondary thickening is taking place ( R . G e  T homa s $  

pers onal communication) . The amount of' elonga tio n  pro-

gresaively incre ases: f' rom the bott om toward the top of' 

the plant and the length of' time during which elongation 

is taking pla ce also increases tow ard the. top of' the pl ant. 

T he segments used in the following work were exc ise d 

f' rom the rapidly elongating region of' the plant. At the 

time at which they v,re.re excised the top 1 1  to 1 5  mm 

were elonga ting at a rate of' 2 . 9% per hour. T his is the 

average of' 8 dif'f' erent plants measured during the sta ges 

indicated on Fig. 4. B uis ( 1 967 )  he::# shmv� that. in 

e,tio la ted L upinus albus hypocotyl most of' the cel l 

division h!l d occurred by the time the elongati on rate 

had reached a maximum. In the work to be discussed 

later in which 32P wa s use d to detect RNA synthesis., no 

pl ant D NA synthesis was eve r detected in the segments. 

The increase in length of' the segments used therefore 

resulted mainly, if' not e ntirely, f' rom cell expansion. 

b. L ong term kinetics of' excised segments . 

When 5 mm segments are cut 2-5 mm below the 

cotyled ons and incubated w ith or without IAA, the long 

term kinetics illustrate d in Fi g. 5 are obtained. Under 

(' 
these conditions the I.AA t� �te d se.gments. grovv at the 

rate of about 3% per hour for the f' irst 5 to 1 0  hrs� a · 
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ra te which i s  comparable to the growth rate of the same 

porti on of hyp ocotyl on the intac t  plant . Af' ter 5 t>o 

1 0  hr s the growth ra te falls  to a n  average of ab out 1 %  

per hour . The effect of act inomyc in D i s  di scussen on 

page s 1 1 1  t o  1 1 4 .  

2. Short Term Kinetic s.  

a .  Effec t of IAA on the growth rate of lup in 

hypoc o tyl segment s . 

i .  IAA pre sent cont inuously 

It .  should be p ointed out tha t  all the short-term 

kine t ic re sults  will be pre sented as a ra te of el ong-

a t ion which provides mor e informa t ion than the c onvent ional 

me thod of pre sentation.  ( i . e .  total increa s.e in length 

see F ig . 35 ) . The effec t of IAA on the growth ra te of 

lup in hypocotyl segment s i s shown in Fig . 6 .  Thi s graph 

i s  illustrat ive of the 1 1  segment s  trea ted with 3 x 1 0-5M 

IAA. The latent pha se i s  defined a s  the time lnp se af ter 

the additi on of auxin before the growth ra te is 3 uni t s  

above the endogenous ra te . The average length of the 

latent pha se for  the 1 1  experime nt s  was 1 7 . 5  min . with 

two segments havi ng a la tent pha se of 1 5  min. 9 one of 1 6  

min. and the re s t  1 8  and 1 9  min.  The growth rate ro se to  

a peak at  about 32 min . ( the range be ing 28  to  38  m1n . ) and 

sub se quently fell  to a lowe r  rate . Us.ing IAA c oncentrat ions 

-4 -5 6 of 1 0  M 9  1 0  M and 3 x 1 0- M the t iming wa s  the same .  

Further example s of segments. trea ted wi th different con-

centra t iona of IAA may be seen in Appendix Fig . 2 .  
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i i .  Short term IAA treatme nt s  

Lup in hypoc otyl segments we re pretreated f o r  1 . 5  t o  

2 hrs i n  tris:-maleate buff e r  and then expo sed t o  IAA for 

varying lengths of  t ime � fo llowed by buf'f'er . When the 

change to  IAA wa s made � the flow rate wa s inc rea sed t o  

about 50 ml/min. �  30 sec . befo re the indicated ti me ,  

and thi s fl ow rate maintained f or 45 sec . Thi s  wa s done 

to ob ta in an LAA c oncentrati on wi thin the chamber app

roaching that of the re serv o ir in a s  short a t i me a s  

pos s ib le .  Thi s  procedure wa s repeated when the change 

to buffer wa s. made . 

F ig .  7 and Appe·nd ix: Fig . 3 i llus.trate. the re sponse; 

in grovvth Pa te f oP 5 ,  10 or 1 5  min. e xposure s t o  IAA . 

It can be  seen tha t even though the IAA wa s. removed 

bef ore an incre a se in growth ra te wa s expec ted , the 

inc re a se neverthe le ss d id occur .  The Pe did no t see m  t o  

be any apprec iab le effec t e ithe r  o n  the length of the 

lag pha se ,  the t i me at which maximum growth ra te occurred 

or the max imum growth ra te . The growth rate c urve s of 

the se c t i ons given short term exposure s to IA.A,. d iffe.r 

mainly fro m tho se given IAA c ont inuously in the gradua l  

dec l ine of the growth to ab out endogenous leve l .  The 

f inal growth rate wa s ab out the same f or al l the sec ti ons . 

In the one s  shown here. it  wa s 20 t o  25 units/min . , whi le 

in two other exper iments ( of a total of e ight ) i t  wa s 1 5  

to 20 uni ts/min. The e ndogenous growth rate , i mmedia tely 

af ter pre-trea tment , of segment a .  wa s abnorma l ly low ,  

but the sec tion. appeared t o  have grown a s  much a s. usual 

dur ing pre-treatment . Thi s  is  probably a manif e stat ion 



2 9. 
of the varia t ion in e nd ogenous growth ra te . Under the 

c ond i t i ons used here the vari a ti on neve r  exc e eded 1 0  

uni t s  in 20 min. and wa s USllal ly much le s s .  The growth 

ra te of s e c t i on b .  bef ore IAA wa s added is ind icative of 

the varia ti o n ,  when i t  oc c urred . 

The se re sul t s  ind i c a te tha t the t ime , re quired f or 

the se,  t i s s.ue s t o  reach maximum growth ra te , which is 

longer· than f or Avena ( 1 0-20 min. Ray and Rue s ink , 1 962 ; 

Evans and Ray ,  1 969) , i s  no t due t o  pene tra ti on 

d iff icult ie s .  I t  see ms theref ore tha t  thi s i s  c harac ter

i s t ic of lup in hypoc o tyl and tha t the t iming inv olved i s  

d ifferent for d iffere nt t i s sue s .  

The se re sult s show tha t  onc e  IAA ha s be e n  added t o  

the t i s sue , even only f or f ive min. , i t  cannot be 

prevented fro m  e lic it ing its eff e c t by e xtre me d i lut i on.  

Theref ore , if the pri mary ac tion of auxin i s  a b ind ing 

to a macromo l e c ule , i t  is a f irm b ind ing . If auxin 

ac t s  b y  se .t t i ng in mo t i on a cha in of b ioche mical event s , 

the n thi s cha i n  i s  irrevers ible . 

i i i .  Eff e c t  of light on IAA- induced growth ra te . 

B ioassays w i th lup in hypoc o t yl t i s sue are inc ub a ted 

unde r  the lights in the growth ro o m .  In the kine t ic 

exp eriment s the sec ti on, apart f rom the flap , i s  exp o sed 

to a light inte ns i t y  s o mewha t be low normal lab ora t ory 

iliumiTI4_t ion a t  bench t op level . In the following 
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experiments , a desk lamp with a 40W bulb ( tungsten) 

was placed 6 in. from the sec tion. The lamp increased 

the Light intensity within the chamber from approximately 

0.5 w/m2 to 3 w/m2 • 

Using 3 x 1 0-� IAA in tris-maleate, buffe,r 9 four 

replic ates were, c arried out under the se condi t:ions, and 

one of these is illustrated in Fig. 8 and Appendix Fig . 4. 

The latent period before the IAA-induced increase in 

growth rate was 1 7  to 1 9  min. The growth rate reached 

a peak in 32 to 36 min. and a minim�� in 45 to 54 min. 

before rising to a second maximum in 69 to 77  mino  After· 

up to 20 min. at the second maximum growth rate gradually 

fell, presumably to that which is de:tected in bioassays 

using 5 mm sections. ( c. 0 . 2� mm/hr ) . In these experiments 

the la tent phase has. not been altered but there, are now 

hvo maxima and the overall growth rate is much higher 
• p 

than in those sections not tre ated w1th suplementary 
1\ 

light ( see Fig. 5) . 

These results confirm our experience with the 

bioassays. When the dishes were left in the growth room , 

but not directly under the lights , the IAA-induced growth 

wa�s small. However " when they we:re placed under the 

lights the respons:e WB.s large and the rate maintained for 

about 20 hr. The cells of hypocotyl segments contain 

chloroplasts and it is thought that the suppleme;ntary 

light may affect the growth rate by increasing, photo.-
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synthes i s  a nd thereby ava i labl e  re sp iratory sub s.tra te . 

In all s-ub se quent short term kine tic experiments ( wi.th 

the exc ep t i.on of' those de scrib ed in the next sec t ion on 

the effect  of phosphate buffe r ) , supplementary l ight 

wa s used , unle s s  it i s  otherwi.se statecii' . 

iv . Effe c t  of pho sphate buff e r .  

The effec t of' IAA on the growth rate of lup in 

hypocotyl se:gments in phospha te buffe r  9 pH 6 . 1 , 0 .  02M , 

is  shown in Fig .  9 ,  a plot of a s ingle segment which i s  

typ ical of the nine replicates us ing thi s buffe r  ( o ther 

e xample s are illustra ted in Appendix Fig .  5 ) . It c an 

be  seen tha t the mai n  d ifferenc e of segment s treated in 

tris-malea te buffer from those treated in. phosphate. 

buffer is tha t the la tent per i od is shorter than in tris

maleate buff e r .  In all  case s ,  the growth rate increa sed 

1 3- 1 5 min. af ter the application9  rising to a max i mum 

a t  28-32 min. and the n  starting to  decrease at 35-40 min. 

The final growth rate wa s always somewhat l owe:r than 

the maximum. The se kinetic s occurred in all IAA 

c oncentrati o ns used ( 1 0-5 , 3 x 1 0-5M ,  and 1 0-4M) . The 

decrease. in the growth rate immediate ly af ter the add i t i on 

of IAA exhib ited by the par t icular sec t i on shown wa s; not 

usua l and general ly a growth rate c ons is.tent with the 

b a sal growth rate occurred o 

v. Exper iments wi thout a buffer solut ion. 

In the ex;pel"iment s already de scribed a buffer wa_s 
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always included o It wa s c onsidered p o s s ib le that some 

molec ule s or ions:. in the external med ium were e s sent ial 

f or the segment s to respo:rd to auxin, e . g _  the segments 

af ter add i t ion of auxin c ould accumulate mineral ions , 

inc rea s0, the osmot ic potent ial of the cell and hence 

inc re a se the pre s sure exerted aga ins t the wall . In 

several e xper iment s  the segme nt s  were pre-trea ted in 

d i s t illed water and then treated with IAA d i s solved in 

d i s.t illed wa te r , The d i st il led wa ter had a pH of about 

6 and s o  was s im:Uar t o  tha t. of the buffer . 

A typ �.cal  re sult with a segment in disti lled wa te.r 

i s  shovm j_n Pig . 1 O o  Further re sults are shown in 

Append ix P.:i.g , 6 .  There is no doub t  tha t in this  tis sue 

a full  re sponse to al� in occur s  in the ab senc e  of an 

exogenous supply of nutrient s ,  and it wa s to dec ide. thi s  

po int tha t the expe rime nt was undertaken ( there were. a 

total C't' 5 rep J j  � 8  t0. s ) " j !:nwever another ininor problem. 

arose in tha t the I'e sults with d i s t illed wa ter gave a 

maximum grovv-th ra te 20-30 uni t s  a minute higher  than when 

buffe r  we. s used . The probab le exp lana t i on is. that the 

slightly higher o smot ic c once ntra t i on of the buffer  

re sults  in  a sl ightly l o·wer value of the turgor pre ssure 

and c onse quently a sl ightly reduced growth ra te . The 

buffer i s  a 0 . 0211 tri s,-ma leate  buffer which g ive s a 

f reez ing p o int depre s s ion  of O o 08°C which could c orre spond 

to an o smot ic c oncentra t ion of . 043 o smola r .  This c ould 

re sult in  a reduc tion on the growth rate in the order  
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of' 20 - 25% f' o r  Avena c oleoptil.e s. ( Cleland , 1 959) .  

Neverthele s s, buff'er ha & been used iru the ma jority of' 

experiments because f' requcntly other  chemical s ,  e .• g .  
32p phosphate o r  inhib itors are added . However there 

is no doubt  that no exogenous chemicals are needed to 

get a f'ull re sponse. to  auxin and this would elimim.te 

the orie s that  required an ac tive uptake f'rom the medium. 

b .  Ef'f'ec t of' other auxins on the growth rate� of' 

lup in hypo�tyl segments . 

It was e s-tablished that in tris-malea te buffer 

lup in hypoc otyl se,gments. have a latent period of' about 

1 8  min.  bef'ore an I.AA-induced increase. in growth rate 

occ ur s . At this. point it wa s nece s-sary to determine 

whether this, la tent period wa s a general auxin response.  

Also , c ompound s. postulated to be metabolised to a.uxin 

may be expected to have a longer late:nt period . This, 

could be of'f'ered as evidence of' the c onverS'ion of' that 

c ompound to a growth ac tive compound . 

i .  2 , 4-d ichlorophenoxyacet ic ac id .  

The kine tics of' · re sponse to 2 , 4:-:u are ill.ustra ted 

in Fig . 1 1  and Append ix Fig . 7 .  A total of' 4 treatment s· 

were carr ied out in phosphate buf'f'er and without 

supplementary l ight . This should be c ompared with the 

IAA treated segment· in Fig .  9 .  The same gene;ral 

charac teristic s a s  with IAA may be seen --- the late.nt 
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per i od i s  the same length and the f' i nal growth rate i s  

lmve r than the maximum. 

i i .  Indoleace tamidc . 

The r e sp onse to indoleacet�mide wa s rather str iking 

a s  may b e  seen in Fig . 1 2  and Append ix F ig .  8b . A 

d o sage re sponse c.u...nve. i s  shown in Appendix F ig .  8a . All 

5 repl ic ate s we re perf' ormed with t r i s-malea te. buf'f e r  and 

supplementary l ight . With indole a c e tamide , the timing 

of the la tent pe riod ,  f ir s t  maximumy minimwn, and 

se c ond maximum i s  the same a s  with IAI\. .  However ,  the 

minimum i s  very marked . Thi s  inc rease:s the probab il ity 

that the minimum manif' e s ted with IAA treatme nt s ,  while, 

sta t i s t ically si gnif' ic ant ( see Table I )  is  a l so b io

logically s ignif' ic ant . 

i i i .  Indolebutyr ic ac id . 

In Fig . 1 3  and Jwpend ix Fig . 9 are plot ted the 

re spons;.; of lup in hyp oc o tyl segment s to 3 x 1 0-5M 

ind olebutyr ic a c id .  The la tent per iod with this c omp ound 

is  c ons iderably longer than with any of the other c o mp ounds 

te s ted . It ranged f'rom 22 t o  34 min. If' all owanc e i s  

made f' or the inc rea sed length of the latent pha s e , then 

the otho r  charac teri s t ic s  of' the growth rate curve are 

s imilar t o those with IAA that i s  the t iming of the 

f ir s t  max imum, minimum and sec ond mximum. Be cause the 

re sponse of the t issue , excep t f' or the la te.nt period , i s. 

s imilar to  IAA , this c omp ound may be c onve rted t o  Il\A 
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TABLE 1 R e sp o n s e  o f  Lupin hypo c o t y l  s 0 g m e n t s  t o  3 x 1 0-5M IAA . The v a l u e s  a r e  t he durat i o n  o f  

( m i nu t e )  and a v e r a g e  ra t e  ( uni t s/m i nu t e )  during t he l a t e nt pha s e ,  t he t i me that t h e  s e gme n t s  

fi r s t  r e a c h  e i t h e r  t he f i r s t  maximum , t h e  m i h i mum o r  t h e  2 n d  maxi mum ra t e . 

l a t e nt p e r i o d  1 s t p e ak mi ni mum 2 n d  maxi mum 

1----------J.---------:--------t----;-------+------:-------+--- ------
a v e r a g e  maxi mum m i n i mum maxi mum 

Expt N o . dura t i o n  t 
t i m e  

t 
t i me 

t 
t i m e 

ra e ra e ra e ra t e  

---------+--------f---- . - ----

1 2 5  1 9  1 7  35 90 49 73 69 83 
1 29 1 9  1 8  36 60 56 53 69 63  

1 30 1 7  1 5  38 7 9  53 65 66 70 
1 33 1 8  1 7  33 87 54 6 8  77 79 

f 1 40 1 6  1 3  2 9  1 01 52 84 64  1 04 
* 1 43 1 6  20 39 64  6 3  55 76 6 6  

1 91 1 7  8 34 58 59 46 77  58 
J 2o4 1 5  �1· 25 I 29 1 05 4o 90 57 1 1 1  

, , 205 l 1 4  , 23 j __ 2 9  1 1 2 1 42 , 92 6 3  _L__1 1_7 
__ 

f s e gm e n t s  i n  d i s t i l l e d  wa t e r  plus IAA 
* s e gm e n t s i n  1 0  mM phospha t e  c i t ra t e  bu f f e r  pH 4 . 8  

____ .l 

\..N 
CO 
• 
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v ia a B oxida t i on me c hani s m  b ef ore i t  c a n  exe r t  an ef'fe c t .  

iv . Ind o le a c e t a ldehyde , nap htha lace tamid e , 

naphthoxyac e t ic a c id ,  e thyl- ind o l - 3-yl- ac e ta te . 

With the excep t i on of' nap hthoxya c e t ic a c id ,  the s e  

c omp ound s a re thought t o  b e  c o nve r ted t o  IAA or t o  the 

aux in naphtha l e ne ace t ic ac id b ef ore they c an be ac t ive 

as aux ins . I t  c o uld b e  expe c ted than tha t l ike 

i nd o lebutyr ic a c id ,  they may have a longer la t e nt p er i od 

bef' ore an i nc re a se in growth ra te o c c ur s . 

Re sul t s  of e xp e r ime nt s w ith the se c omp ound s are 

i l lus trated i n  F ig .  14. I n  no c a s e i s  the l a t e nt 

per i od longe r  t han tha t of IAA . Whi le the minimum i s  

l e ss p ronounc e d  tha n  w i th IAA , i t  i s  apparent with a l l  

the c ompound s exc ept i nd o l e a c e t a ldehyd e . Howeve r  with 

ind oleace tald e hyd e the f' ina l  growth ra t0 me a sured i s  

l owe r tha n  the ma x i mwn. There i s  no ev idenc e  tha t the 

growth ra te c urve i s  very d iff' e r e nt to tha t of IAA . 

c .  Effe c t  of aux ins on the growth rate of pea s t e m  

s e gme nt s .  

i .  IAA . 

Plot ted i n  F ig .  1 5  a nd  Appe nd ix Fig . 1 0  a re the 

ef'f e c t of IAA ( 3 x 1 0-5M)  on 1 0  day old pea ste m s e gmrnnt s .  

I t  c an be s e e n  tha t  the la tent p e r i od occur s  with thi s 

t i s s ue a s  we l l  a s  w i th lup in. Howeve r  i t  i s  ab out 5 min 
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Fig.  14 . Effect of dif ferent auxins in tris-maleate buffer on the 
growth rate of lupin hypocotyl segment s .  Wi th supplementary 
light . 1 unit = 0 . 2 3 �m . 
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shorter ,  be ing 1 2-1 4 min .  Tw o  maxima occur a s  they d o  

wi th lup ins . The f ir s t  maximum occur s. about 5 min s oone r  

than i t  doe s with lup ins , perhap s because the latent 

per iod is shorter .  The main a spe c t. in which the tw-o 

t is sues di.ffe r  i s  the more pronounc ed minimum with peas . • 

In Appendix Fig . 1 1  a re plot ted the re sul t s  f rom 

some early exp e.r ime nt s .  The se were  d one wi th phospha te 

buffer  9 'N i thout suppleme ntary l ight . The exper ime nt s  

we re started 2 0-9 0 min. af ter c ut t ing .  The re sult s arc 

an ave rage of 8 indiv idual exper i ment s  f or 1 0-4M IAA 

and 6 e xperiments f or each of 1 o-5M and no IAA. This  

proc edure wa s adopted because it wa s f ound tha t  the 

end ogenous growth ra te wa s extre me ly var iab le . The 

re sul t s  do  show tha t the la tent p e r i od wa s sl ightly 

shorter with pho sphate buffer than with tris-ma lea te 

buffe r .  This  wa s a l so the case wi th lup ins . 

i i .  2 , 4-dichlorophenoxyace t ic ac id and indoleace tamide.  

The resul t s  f or 2 , 4-D ( 1 0-4M )  are  plotted in Fig . 1 6  

and Appe nd ix F i g .  1 2  and those for  ind oleac e,tamide in 

Fig . 1 7  and Append ix Fig e 1 3 . Both the se c omp ound s 

produce effec t s  s imilar t o  those of IAA, except that the 

minimum is  not as apparent . 

, , 
D .  R� sume-- The rate of re sponse of segme nt s  to auxins • 

Thi s work ha s extend ed the f i nd ings of Yamaki ( 1 954 ) 

and Ray a nd  Rue sink ( 1 9 6 2 )  t o  show tha t the latent per i od 
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F i g .  16 E f f e c t  of 1 0- 4M 2 , 4 -D in phosphate buf f e r  on the growth r a t e  

o f  p e a  s t ern s egment s .  Without supplement ary l i ght . 1 uni t  
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on t h e  g r owth rate o f  p e a  s t ern segmen t s . With supplementary 
l ight . 1 uni t  = 0 . 2 3 pm . 
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b e f o r e  aux i n  i nd uc ed inc re a se in growth ra t e  o c c ur s  i n  

hyp oc o tyl s and ep i c o ty l s . It a l s o, oc c ur s  in d ic o tyled on

ous p lant s a s  we l l  a s  mono c o tyled cmous plant s .  

B e c au s e  the t e c hni g_ue i s  more se ns it ive tha n  tha t  

prev i ou s ly used , i t  wa s p o s s ib l e  t o  me a sure the growth 

ra t e  ra the r  t han t o ta l  i nc re a s e  in l e ngth. AB a re sul t 

of t he i nc re a s e d  s e ns i t iv i ty ,  i t  wa s p o s s ib le t o  d e te c t 

two max ima s e p a ra t ed by a minimum wh i c h  i s  more appare�nt 

w i th p e a s  trea t ed with IAA than wi th lup ins . H owev e r , 

the m i n i mum in lup ins i s  s ta t i s t ic a l ly s ignif i c a nt 

{ p o. 001 ) whe n a t - te s t  i s  used w i t h  p a i red samp l e s; . 

Tab l e  I g iv e s the re sul t s  of the 9 mo s t  re cent e xp e r ime nt s  

w i t h  lup in hyp o c o tyl s .  I t  c an b e  se e n  that in e a c h  of 

the e xp e r ime nt s , the growth r a t e  f a l l s  t o  a minimum wh i c h  

i s  8 3% o f  the f ir s t  max i mum . 

The re are a t  l e a s t  three p o s s ib le explana t i ons of 

the g r owth rate c urve . 

( i ) IAA may b e  aff e c t i ng two p r oc e ss e s  whi c h  are 

separa ted in t ime . The g r owth ra t e  c urve would the n b e  

the r e s ul ta nt of the two p r oc e s s e s . Shown in F ig .  1 8  a s  

a d a shed l ine , the f ir s t  would b e  t ra ns ie nt a nd  i t s  

eff e c t o n  gro�nh wo uld o c c ur  a t  the e nd of the l a t e nt 

pha se .  It wo uld g_u i c kly re a c h  a p e a k  a nd  the n  d e c l i ne 

rap id ly . Thi s  \'VO Uld a c c ount f or the f ir s t  p e a k .  The 

se c ond p r oc e s s  would s ta r t  af'f e c t i ng gr owth a t  ab out 
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T I M E  AFTER I AA ADD I T I ON --+ 

Fig . 1 8 . A hypothe t ical explanat ion of the growth rate curve 
involving two separate processes . 
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35 to 40 mine a� ter add ing auxin and its  effec t  would 

incre a se more s lowly than that of the first but it 

would be more long la s.ting .  

( i i )  The sec ond hyp othe si s  to  acc olli�t f or the 

growth ra te curve is  tha t negat ive feedback with under

damp ing is involved . Auxin would ac t on an exi s t ing 

pool of macromolecule s and the f ir st increa se in growth 

rate lead ing to the f irst  peak would occur . But this 

would lower the c oncentrat ion of the mac romolecule s 

re sulting in an inc rease in the ir synthesi s .  By the time 

the growth rate ha s reached the f ir s t  maximum, the rate 

of ut ilization i s  still greater than the rate of 

synthc s i& theref ore the growth r::1te decrease,s . This  

would acc ount f or the minimum. The growth ra-te wo uld 

reach the se c ond maximum a s  the rate of synthe s.i s  of 

the mac romolecule cont inued to inc rea se to a new steady 

state leve 1 .  

( i i i )  Tho third hyp o the sis  i s  mo s t  easily v isua l

ized by an analogy with the work of Ray ( 1 96 2 ) . Short·. 

term kine tic s we re used to de termine the effec t of 

mannito l on the e ndogenous growth of Avena c ole opt ile 

segment s . As seen in Fig . 1 9a ( Ray ' s data ) when 

mannitol is added the segment shrinks , the growth rate 

is negat ive . Vihe n  af ter some time the mannitol is 

replaced by wate r , the growth quickly re sume s . The 

growth rate ( F ig .  1 9b ,  Ray ' s  data repiotted a s.  a rate,) 
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b 

Fig . 19 . a )  Effect o f  t rans fer from water to 0 . 2 5M mannitol 
(first arrow) and back to water (second arrow) . Coleop
tile 6 mm long . B roken line is an extrap olation of  the 
original growth rate , which may be compared with the 
actual expansion which occurred after return to water , 
shown by the experimental points . Data o f  Ray ( 1 961 ) . 
b )  Points under arrow in a) replot ted as growth rate/ 
min . 
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inc rea se � rap idly and reache s a max imu� much gre a ter 

than the original rate . The rate then decl ine s to  the 

prev i ous leve l . The ne t re sult i s  tha t  the to tal 

growth of' the segment i s  the same as it would have been 

if' the segment had not been in mannit o l . Ray ' s. 

explana t ion wa s tha t  dur ing the t ime � rnannito�,  the 

protopla smic proce s se s leading to growth cont inued . The 

growth requir ing p roduc t s  were " s t ored " unt il the 

turgor p re sBure wa s: re stored . The burs.t of' growth 

oc curring af'tcr the mannitol was removed ha s been called 

" s tored growth" . F ig .  1 9b is the porti on of' Ray ' s  

c urve under the arr ow . It i s  plot ted vvi th an expanded 

t ime scale . 

The f' irst peak of' the growth rate c urve of' the 

re sponse to auxin c ould be ana lo gous to the inc re a s e  in 

growth ra te af' ter mannitol removal and/or to the re lease 

of' s tored growth . The re s.t of' the curve ·would repre sent 

an inc re a se in growth rate owing to the me tab ol.i.c 

proce s se s  af'f'ec ted b y  auxin. 

The f irst  and third hypo the sis  se em quite simila r .  

However they are separated because the pr oce s se s. lead ing 

t o  the f'irst  peak are  postulated to be  d if'f'erent . In 

the f' irst hyp othe s i s  they are independant of the sec ond . 

In the thi rd an ac t iva ti on of' the proc e s se:s lead ing to 

the se c ond maximum is re qu ired f' or the expre ss i.on of' the 

f' irst . 
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The se hyp othe sB s have been outl ined at  thi s p o i nt 

because they were imp ortant in dec id ing the t iming of 

the b iochemica l  e xper iment s .  The late st t ime s  ( af ter 

add ing auxin) by which event s must have occurred 1 if it  

i s  to  be  sa id tha t  they caused the growth are d iffere nt 

f or the d ifferent hypothe se s  and are as  foll ows : 

Hypothesis 

1 

2 

3 

Time ( s ) -min o 

20 and 40 

20 

20 inc re as ing to 60 

In the ory at  lea st , it should be p o s s ib le to  d i s t inguish 

be twee n  the se hypothe se s because they all have d iffere nt 

t iming re quire me nt .  

+ + + + 
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PART I I  

The effect of Auxi n  on Macromolecules 

A. Introduction 

Very low concentrations of auxin induce very large 

effects on growth. It has been postulated that the 

mechanism of the primary action of auxin mus:t include an 

ampl ificat ion step ( e. g .  Kefford et al . , 1 963;  Ke;y and 

Ingle, 1 968 ) . If' as the result of the action of one 

molecule of IAA 1 0  molecul0 s of a substanc e re q_uircd for· 

groHth 2. re produced then the effect of IAA can be consid

ered amplified . For example one molecule of IAA could 

stimulate the production of one molecule of m-RNA for a 

growth act ive protein . S:ince each m-RNA molecule, maybe 

"read " many times , then the effect of the I.AA would b e  

amplifi ed . 

The apparent need for an amplification step is one 

reaaon that an action somevrhe re in the S:eq_ue,nce DNA -
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RNA:. - p r o te in synthe s i s  ha s se e,med part i cularly a t t.ra.c -

t ive . rt. ha s· ·b e e n  sugge sted tha t  in. yea st aux in 

i nterac t s  w i th RNA ne ar the c e l l  surfac e· to inc re a se 

permeab i l i ty to pyronin B (Masuda , 1 959) . Thi s  was 

o r igina l ly used a s  evidenc e to support the id ea tha t 

the DNA t o  prote,in synthe s i s  se que nc e i s  imp ortant . • 

Howeve r  the f a c t  tha t this par t i c ular se que nce. ha.s 

be e n the c e nt re of a t tentiore in b i o l o g i c a l  re se a r c h  f or 

the la s t  15 ye ars i s  p r obab l y  prima r i ly re sp ons ib le . 

For ins tanc e ,  the w o r k  of S ie ge l  and Ga l ston ( 1953) 
I tl A 

showing an inte rac t i on betwe e n  �, � and a TCA inso lub l e  

c omp one nt of the non part iculate p o r t i on of the cytop l a s m  

of p e a  r o o t  tip s wa_s, interpre ted a t  the t ime a s  d.e�mon-

stra t ing a n  inte ra.c ti on. with prote in. La te.r a s  unde.r -

s tand ing of the ro l e  of RNA inc rea sed the se re sul t s  were 

interpre ted a s  d e mo ns tra t.ing an auxin-RNA b ind ing (Gal s.  ton 

e·t a l . , 1 964) . For the ne ed of a me ans. of a mp l if ic a t i on 

t o  b e  s a t i sf ied the re is no- inhere;nt rea s on. f o r  c ho o s ing 

the se ma'c ro mo le cule s ove r othe r s , f o r  e xample. 

p-olysac c ha r ide s ,  e x c e p t  tha t l i t tle i s  known a"b o ut the m ,  

the range of techniques i s  no t ava i lab le and they are no t 

"fa shio nab le '! .  

The current the o rie s of the p r ima ry ac ti o n  b e ing 

wi thin the cytop l a s m  c a n  be sa id to p o s tula te one part or 

anothe r  af the DNA t o  protein synthe s i s  sequenc e a s  be ing 

ne ar the t arge t p o int . The work of Thi ma nn  and Be th 

( 1 959) showed tha t  in Acetab ula r ia auxin c ould s t imula te 
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stalk growth and cap differentiat ion whe ther or not the 

plant a we,re e nuc lea tad.. Thi s. demonstrated tha t the; 

nucleus wa s not required f or auxin ac tion. Howeve r·, 

one of the current the or ie s in e s sence postula te s the 

s ite of ac ti on within the nuc leus . 

The theory i s  that Jl':t'OI" 1.!!0\j n.g "!;:M-t m-RNA synthe s i s  

i s  nece s sary f or an auxin- induced re sponse to occur . 

( Key e t  al . ,  1 967) . This i s, b a sed ma inly on the effec t s  

of vari ous ·mc le ic ac id and protein synthe si s inhib it-ors  

on auxin induced growth. Key and Shannon ( 1 9 64)  showed 

that af ter a lag , 2 , 4-D and IAA inc rea sed ne t RNA 

synthe s i s  in e t iola ted soybearu hypocotyl . It appeared 

that the RNA synthe s is - occurred in the nucle us. and then 

the RNA wa s transferred to the c ytoplasm . Ac ti nomyc in 

D inhib its  both growth ( af ter a lag of abo ut 2 hours , 

Penny and Ga l ston, 1 9 66 ) and RNA synthe s i s  ( with 

e s sential ly no lag ) while 5-f luorura c i l  inhib it s  RNA 

synthe s i s  but not growth ( Key and Ingle , 1 964; Key ,  

1 964) . It was found that 5-f luorourac il inhib it s  ma inly 

r-RNA and s-RNA synthe sis  but ha s little effec t  on the 

synthe s i s  of a DNA-l ike RNA fra c t ion whereas Ac tinomyc in 

D inhib i t s  this  f rac tion in particular ( Key and Ingle , 

1 968 ; Key , 1 966 ) .  

The DNA-l ike RNA a s  the name would imply ha s, a 

nucleotide c omposi t i on s.imilar to tha t of DNA. Ft ha s  

an apparent ha.lf-like in e tiola t-ed s oyt:>ea.n hypoc otyls of 

1 . 5 to 2 hours ( rngle et  al . ,  1 965) . It i s  the. synthe s i s  
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of this f r�c tion 9 also cal led "growth e.s se.nt ial RNA"·, 

which is p o s tula ted to  be  stimulated by auxin. 

Spe c if i cally ,  it is thought that  the, rate: of RNA synthe s i s 

i s  l irni ted by RNA :p]ymera se ac t iv i ty and auxin increa se s. 

this; a c t iv ity ( 0' 1 Brien e t  a l .  9 1 968 ) thereby stimula t ing 

DNA-like RNA synthes.is . This  "growth e s sent ial R.J."'{A" 

fra c t ion which i s  a s s.umed to be m-RNA is  po&tulat.ed t o  

c ode f or "growth e.s se.nt ial prote in" ( Ke,y and Ingle , 

1 968 ; Ma suda and Tanimoto , 1 967 ) . 

Nooden and Thimann ( 1 96 3 ,  1 965 9 1 966 ) favour the 

ab ove hyp o the s i s  over othe r  pos sib le alte'rnat.ive s .  

They ba sed the ir choice on the close corrB la t i on between 

the a c t ion of inhib itors on Rl'lA and protein s·ynthe s i s  

and the inhib iti on of growth. Extend ing the work of 

Siege l and Gal s ton ( 1 953 )  9 Gal s ton e.t al . , ( 1 9 64) 

reported IM. is  c onverted by peroxidase to an  unknown 

de,r ivat ive cal led IAA ' . In the ab sence of a re ceptor 

molecule , the IM 1 became IAA" .  In the pre senc e  of 

RNA howeve·r IAA 1 became b ound to the RNAo Thi s  was 

de termined by ge l f iltra t ion on Sephadex G-50 where 

c ompounds that absorbed 260 nm rad iat ion and we:re.. 

Salkow&ki p o s it ive eluted toge the r .  I t  wa s la ter ghown 

( Kci'ford e t  a l .  Y' 1 963 )  that IAA' by itself e luted at. 

the s.ame volume as  RNA. IAA 1 may have been a p:iymer o:e 

IAA. Although the se ob servat ions of the interac t ion of 

IAA ' and RNA proved to  be  f ortuitous , they d id se rve to 

dire c t  attent ion to the possib le interaction of IAA 
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itse lf' with RNA . 

Bendana e t  al ( 1 965 )  rep orted the rec overy :from 

gree n  pea s te m  segment s  of labe lled RNA af ter the 

adminis tration of carboxyl labe lled 1 4C-IAA.. The label 

wa s preferent ially incorporated into 4s,-RNA , a s  judged 

by suc rose dens ity centrifuga t ion. It wa s p o s s ib le 

tha t the IAA. wa s decarboxyla ted and the 1 4co2 sub se quently 

f ixed by photosynthe s is .  Some of the 1 4c c ould have 

been incorpora ted into RNA by normal anabolic pro c e s se s .  

It wa s found tha t  me thylene label led IAA wa s s l ightly 

le s s  than half a s  eff ic ient at labelling RNA as IAA-1 - 1 4c. 

Therefore some but not all of the c ounts may be acc ounteQ 

for by f ixati on of 1 4co2 from IAA-1 -·1 4c .  In a d oub le 

lab3l experiment usi ng IAf�- 1 - 1 4c and 3H-urid ine , it  wa s 

f ound that  while 3H was inc orpora ted into all the 

1 4 frac tions , the C was, not .  Radi o a c t ive IAA c ould be 

re c overed from hydrolysed 4s-RNA.  The se author s 

c oncluded tha t IAA b ind s  with 4s-RNA. Furthe r  work 

demonstrated the.\ p o s s-ib le signif i c ance of thi s  binding .  

Eendaiia and Gal s t on ( 1 965 ) showed that  4s-RNA extrac ted 

from IAA traated green pea stem segment s wa s more 

re s i s tant to r ib onuc lea s.e de.gradat i on than the same 

frac tion from t i s sue tre ated without �. Kaur-Sawhney 

e·t a l . , ( 1 967 ) showed tha t  the b ind ing was c ovalent and 

primarily to  an RNA f r� c t i on. That wa s re s is.tant t o  

degradation b y  snake venom phosphod ie s terase but not t o  

spleen phosphod iestera se . 
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Arms.trong ( 1 .9 66 ) has po s.tulated a_ d ifferent f'unc t ion 

to  the b ind ing of IAA to  4s�RNA. According to  hi s model 

auxin func ti ons a s  a signal for p olypept ide cha in 

ini t iatiorr. This would re quire: an auxin specif' ic sRNA 

f' rac tion. Armstrong ( 1 966 ) assume s the auxin- induced 

RNA synthe s i s  to be analogous to amino ac id depen1ant 

RNA s-ynthe s is; in bac terial systems . Auxin would then 

p lay a ro le s imilar to that of' amino a c id s  in the 

quant itative regula t ion of' both RNA and prote in synthe s i s . 

Sarkis s:ian ( 1 9 66 ) , Sarkiss-ian and S;pelsberg ( 1 965 ) 

and Mitchell  and Sark i ssian ( 1 966 ) have shown tha t  IAA 

enhance s. the synthe s is of c i  trate by c i  trate c onde-ns ing 

e nzyme pur if'ied fro m  c a stor beans , Phase olus vulgaris  

and fre sh p ig heart . Mitchell  and Sark i s s ian ( 1 966 ) 

showed that 1 . 5 days af' ter irrigat ion of �.vulgaris  

plant s with 1 0-7M IAA the c i trate content of the shoot 

had incre a sed by 70% over controls . Sarkis s i.an ( 1 966 ) 

proposed that the pri mary ac ti.on of' IAA wa s with e o-

enzyme A and probably with the c oe nzyme A - sub strate -

enzyme comp lex. It wa s sugge sted tha t  IAA may e lev'3.te 

the rate c onstant of the rea c ti on of the enzyme-sub s:trate 

c o mp lex to f' orm produc t s  plus enzyme ( Michae l is-Menten k3 ) . 

The lyp o,the se s that we.re current when this work vva s  

atarted c ould be  d iv ided into three main cate gorie a. 

The f' irst wa s that  auxin ac ted within the nuc leus,, 

s_.timulating RNA synthe s i s .  I t  c an be symbolised a s  follows : 



IAA 
i/ ,  

DNA �A � Pro te in synthe s i s  ---+ 

Ac t D 
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Increa sed 
� e longation 

--------------------------Time-----------------------------+ 
Hypothe s e s  in this  category were held by Key and his  e o �  

, 
workers �  Masuda and Nood�n. 

The second c ategory inc luded those that auxin 

exe rted i t s  effec t  on RNA a.:r on s.ub s.equent s tep s �  It 

can be symb o1ised a s  f ollows:  

DNA 

IAf�) 
--tf-+RNA ---+

.r 
Ac t degra-

D d a t ion. 

Protein synthe s i s  � Inc rea sed --4- e longa t.ion 

--------------------------Time-----------------------------+ 

Acc ording to the se hypothe se s, auxin ac tion depe:hd a; on 

preexist ing RNA ( e ither d i re c tly or indirectly) and 

synthe si s of RNA i s  nec e s sary only nf te.r its level fal l s . 

e . e . Bendan'a e t  al. 9 1 964 ; Arms:trong , 1 966 : ; Ne l son e,t 

al . 1 969 ) . Mechani sms which re quire prote in synthe s i s  

(but not RNA synthe s i s.) would b e  involved af ter the add ition 

of auxi n and before e longa ti on incre a se s .  

The third cate gory i s  tha t auxin ac t s. on or with 

exist ing p.rote ins.. It  c an be symboli sed as. f ollows : 

IAA 
J 

DNA ---7RNA � Prote in synthe sis � Inc reased 
--7 e longat ion 

---------------------------l' ime----------------------------� 

Auxin would no t d ire c tly sti mulate pro tein synthe s i s .  Any 
stimulat ion of prote in synthe s i s  would b e  a re sult of 
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feedback.  Sarkis sian ' s. ( 1 966 )  work would be  in this 

category. 

Mos t  of the ev idence pre sented in favour of the se 

hypothe se s ,  part icularly tho se in the fi rst category , 

wa s the re sult of long term experiment s of at  lea s t  an 

hour ' s  durat ion or more . In all t i s sue s. that have been 

s tudied , IAA exerts  its  effe c t s  wi thin 20  min.  The 

evidenc e  the ref ore i s  irre levant and the :twPothe se s  

needed to  be reexamined in light of known short t e:rm 

kine t ic s .  A dec i s i on had to  be made a s  to the be s t  

p o int at  which t o  begin i n  the DNA , RNA, prote in se que.nce 

-vvhich would yie ld the most  p otent ial in terms of planning 

f uture work , and sec ond , hav ing made that  dec i s i on, the 

method of approach or the hypo the s i s  to  be  te s ted whic h 

would g ive the mos t  c lear cut re sult s . 

It wa s decided to stai't at RNA and to  ask the que s·t

ion is RNA synthe s i s  nece ssary f or the init ial ac ti on 

of' auxin? There we re two rea so ns . Fir stly,  the answer 

t o  the que st i on wo uld point to  another part of the 

se quence which wo uld warrant further attention, s o  tha t  

if the answer wa s ye s one would look to  the nuc leus and 

p o s s ib ly DNA f or the s ite of auxin ac ti on but not a t  

the prote in synthe s i s  level . Sec ondly, the the ory tha t 

auxin induc ed spec ific m�A synthe s i s  wa s in v ogue at  

the t ime . 
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In o roer to show th at RNA syntheS'ia is. re g_uired 

for auxin a ction , several cruc ia l events have to be 

demonstrated - and it must be demon s �rated that they 

oc c ur  before the end of the latent p eriod. It must be 

shown that : 

1 .  Auxin-induc ed synthe sis of ( plant ) " messenge.r " 

lli{A oc c urs wi thin the latent period. 

( It is in f a ct diffic ult t o  show that the IDTA synthesis 

is "messenger " and bacterial co ntamination must be 

eliminated. ) 

2 . This "messenger 11 RNA is transported f rom the 

nucleus to the c ytoplasm again within the latent 

period. 

( There are two main diffic ulties in this step. Apparently 

much of the RNA synthesised in the nucleus of eu1Ctu'yotic 

cells "turn over " i. e. is degraded "'Vi thin the nucleus 

( Harris , 1 96 3 ; Loening , 1 968 ) , and secondly the time 

taken to transport RNA from the nucleus to the cytoplasm 

may be in the order of an hour from the time of synthesis 

(Barlow, 1 9 70 ; Tata , 1 96 7 ;  Loening , 1 968 ) . Certainly 

it is-. inadc g_ua te- to assume that be c ause RNA is syntheS.Sed 

within the latent period that it will quickly appear in 

the c ytoplasm . 

3 .  Dur ing the latent p eriod there is an increase 

or alteration in prote in synthesis. and that this 



change is dependent on the RNA synthes i zed in 

re sponse  to  auxin and already transported int o 

the cytoplasm . 
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( It  i s  of' c ourse insuff ic ient t o  shovr that both prote in 

and lli'\fA synthe s i s: are altered d u:r ing the la tent peri od . 

To give any support to  the hypothe s i s  it mus t be shown 

that the alterat ion in rate or type of prote i n  synthe s i sed 

is dependent on the RNA synthe s i sed in re sponse to the 

add it ion of auxin and not dependent only on �'\fA synthe s ised 

bef o re auxin add it ion. ) 

4. The a lterat i on to the pro te ins synthe s i sed i s  

d irec tly related to the change i n  rate of 

e longat ion. 

( They could be invo lved in, f or example c ell d iv is ion,  

c on jugat ion of IAA with a spartate , e tc . ) 

The minimum that is nec e s sary to  e s tabl i sh that 

ill{A synthe sis  is no t nec e s sary ( category 2)  wo uld be t o  

show that  auxin- induc ed growth occurred before Rl'TA 

synthe s is wa s s timulated , Even more c lear-cut would be 

to demonstrate auxin act ion in the ab senc e  of RNA 

synthe s i s . 

The la t ter approach wa s. the one taken , but f irst  

it  was nec e s sary to de termine whe ther the re sponse of' 

lup in hypoc otyl segments to ac tinomyc in D wa s si milar 

to  that of other t i s sue .  
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1 .  Eff e c t  of ac t inomyc in D 

a .  Long term kine t ic s 

59 . 

S.inc e the eff e c t  of IAA on RNA synthe s i s  wa s of 

part icular intere st , it wa s neces sary t o  determine whe ther 

the re sponse of lup in segment s to ac t inomyc in D wa s 

similar t o  that in other t i s s ue s . Af ter the usual p�e

trea tme nt ,  5 mm se gment s  we re placed in solut i ons 

c onta ining I_� and/or ac t inomyc in D . Add itiona l  seg

ment s were plac ed in ac t inomyc in D and af ter 2 ,  4 or 6 

hr were plac ed in solut ions c ontai ning IAA and ac t ino

myc in D .  Fig , 20 illustrate s the re s ults  of one 

eA�eriment in which there were 5 segme nt s  per trea tment 

and each trea tment wa s tripl icated . 

Ac t inomyc in D d id not prevent an auxin- induced 

inc re a se in growth o In f a c t  segment s trea ted with 

ac tinomyc in D for 6 hr bef ore IAA wa s added had the 

same growth rate f or the f ir s t  two hours after IAA 

addit ion a s  those to which IAA and a c t inomyc in D were 

added c oncurrently.  Compared with the se , those segments 

treated f o r  2 and 4 hr with ac tinomyc in D bef ore IAA 

add ition had an eve n  higher growth rate f or a t  lea st the 

f ir s t  2 hr after IAA aan it ion. This  may be si milar to 

the c a s e  with pea s where buffe r  tre a t ment enhanc ed the 

re sp onse to auxin ( Penny and Galston, 1 966) . Although 

ac t inomyc in D d o e s  not reduc e  the init ia l  growth ra te , 

the t otal amount of growth i s  reduced with longer 
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ac t inomyc in D treatme nt s  prior t o  the add ition of auxin.  

In the experiment shoun in Fig . 20 , the d ifferenc e  

be twee n  the le ngths of the segme nt s  a t  2 hr of IAA a lone 

and lAP_ p lus ac tinomyc in D treatments was abnormally 

high. The d ifference vm s 1 . 1  mm ( co mparing the 1 5  segment s  

in each  treatme nt )  but the average d ifferenc e  f or the 5 

experiment s that have been perf ormed , inc lud ing this 

one , wa s 0 . 3 mm. The d ifferenc e  is no t stat i s t ically 

s ignif icant . W 0. 5 ) .  Add ing 30 ug/ml ac t inomyc in D 

conc urrent ly vri th IAA d id not inc re a se a.c tinomyc in D 

inhib iti on of IAA induced grovrth . 

The se re sults show tha t  the effec t of ac t inomyc in 

D on lup in hypoc otyl segme nt s  is s imilar to that  shown 

by PerL.vzy and Gal sto n ( 1 9 66 ) , Cle land ( 1 965 ) and Ne l son 

et a l . ( 1 969 ) on othe r  t i s sue s . 

b .  Short term kine t ic s .  

Fig .  2 1  is a plot  of the growth rate per minute of 

a 2 3  mm lup in hypoc o tyl segment treated vri th IAA a nd  

ac t inomyc in D a t  time o . For a t  lea s t  the f irst  90  min 

the curve is s imilar t o  those ob tained f or lAA alone . 

The length of the latent peri od ,  the time of the minimum 

and the sec ond maximum are all within the range of those 

ob ta ined with IAA. The t ime for  the f irst  maximum occur s  

4 min sooner ( in anothe r  exper iment , 2 min soone r )  than 

the shorte st  t ime of the range f or auxin alone ( cf Table 1 ) 
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A 27% inhib it ion of the growth rate by ac t inomyc in 

D oc c urred by 1 50 min ( in another experiment the inhib it

ion wa s 1 5%) . It can be eeen tha t the inhib ition wa s 

much more marked by 1 80 min. 

The se re sult s strongly support hypo the ses  in the 

sec ond and third categor ie s 9 that auxin ac t s  on exi s t ing 

RNA or on step s after RNA in the DNA to cell e longation 

se quenc e . They could p o s s ib ly be rec onc iled with tho se 

in c ategory 1 in at  lea s t  2 ways ; ac tinomyc in D c ould 

inhib it RNA synthe s i s  only in the pre sence of auxin or 

alternative ly there could b e  regions of DNA which do 

not b ind with ac t inomyc in D ( Stern and Fr iedman,  1 9 70 ) , 

S ince there wa s a chanc e  that ffi�A synthe s i s  wa s 

nece ssary f or IAA- induced growth,  the possib il ity was 

inve &t igated in the f ollow·ing exper iment s .  

2 .  Effec t of L\A o n  RNA synthe s is  

a .  Exper ime ntal d e s ign 

The basic protoc ol f or the experiments wa s a s  

follows : 

treatme nt 
number  

1 

2 

3 

4 

0 

I � 

20 

t iAA 

- WC4 

40 1 OD 

t iAA .J.. 

1 20 

WUL =m�s A. • •t _ .... _.. ... , ,. 

+ lAA 
··- -· ...,..... - - --... . . ..... - - - - - -""b - - ··-

340 



The treatments fell  into 4 group·s.. In each group 

there were 2 sa·mp le s of 1 5  segment s  one of which c ont-

a ined auxin. At the time indicated by the arrow the 

samp le s  were transferred to  solut ions containing 

labe lled· RNA pre c ur s o  ( e .ither 32p or 1 4c-urac i l )  for 

the length of t i me indicated by the sol id l ine .  The 

broken l ine in treatment s 3 and 4 ind icate s the length 

of treatment t ime in buffer or auxin plus buffer before 

the segment s  were placed in similar solution c ontaining 

i s o tope . 

The 20 minute period ( treatme nt 1 )  was chosen 

be cause it  wa s the approxima te length of the latent 

pe riod .  If RNA synthe s i s  wa s nec e s sary f or a uxin 

ac tion, it would have t o  occur in this t ime . ( Hypothe se s 

1 and 2 of page 55� However one of the interpre tat ions 

of the kine t ic s  of growth of this  t i s sue is tha t there 

are two s eparate  effects. of auxin, the second bec oming 

apparent a t  ab out 40 min ( hypothe s is 1 ) .  It wa s 

possib le that  R..T\fA synthe s i s  wa.s req_uired for the second 

effect  and not the f irs t ;  hence treatment 2 .  This  

time would also t e st hypothe s i s  3 .  

The que stion tha t the experiments. conta ining thes e  

trea tme nt s  were de signed to  answer 1:va s  " Is RNA synthe s i s  
.. 

nece s sary fo r auxin- induc ed growth? " rphe answe r could 

be p o s i t ive or nega t ive . If it  we re negat ive , then the 

p o ssib il ity of inade .qua te te chnique could not be ruled 
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out . It was therefore nec e ssary t o  include treatme nt s  

t o  che c k  this p o s sib il i ty .  Treatment s 3 and 4 were 

used for this rea son.  The timing in treatment 3 wa s 

cho sen be cause . . Trewa.va s ( 1 968 )  had shmvn tha t in 

etiolated pea IAA.-stimulmted RNA synthe si s. could be 

detec ted af ter about 1 hr in IAA. Treatment 4 was 

chosen because. the actinomyc in D re sult s ind icated tha t 

Rl'i.A synthe sis  wa s.  nece s sary f or growth at 5 hr after 

auxin add ition.  If RNA synthe s i s  could be detec ted in 

e ither of the se tr·eatment s ,  then the techniq_ue s vmuld 

be s.hown t o  be ade q_uate . 

Each exper iment cons i sted of treatment s 1 and 2 ani 

e i ther 3 or 4.  In some experiment s duplicate s of s.ome 

treatment s  containing 1 0- 3M 6-me thyl-pur ine or 1 0  ug/ml 

ac tinomyc in D were included . The me thod s of RNA 

extrac t ion, dete:rmina ti on and separat i on. are given in 

Append i x  I I .  

b .  The short term eff e c t  of IAA on RNA synthe s i s· .  

The rea son for studying RNA synthe s i s  at short 

intervals  wa s to de,termine VJhe ther IAA stimulated RNA 

synthe s i s  e ither before the end of the late.nt peri od or 

before the second maximum. 

F i g .  2 2  illustrate s some of the re sult s of an 

exper iment composed of treatment s 1 , �  and 4 using 32p 

as RNA precursor . The top ,  solid line i s  the opt ical 



dens ity in UV l ight of one gel .  Superimposed on the 

graph are the cpm/mm gel of RNA from:  curve a ,  treatment 

2 with IAA ( 40 min IAA and 32P ) ; and curve b ,  treatment 

4 w ithout IAA ( 32p f rom 5 hr to  5 hr 40 min) . In no 

experiment wa s RNA synthes is, de tec ted in treatment s 1 ,  

2 ( e . g . Fig . 22a )  or 3 , with the excep tion di scus sed in 

the following sec ti on .  This  wa s so even when 20 mc i 

of' 32p were used in each experiment . However it could 

be read ily de tec ted in treatment 4 .  Thi s  shows tha t a 

40 min exposure to labe l led precursor i s  suff ic ient 

length of time to de tec t  RNA synthe s i s  in this t i s sue 

and theref ore tha t the technique s are ade qua te .  

With re spec t to  tre a tment 4 , it i s  intere st ing t o  

note tha t there is  more lli�A synthe s i s  i n  the samples 

without IAA than tho se wi th IAA. In long term kine t,ic 

exper iments , the growth rate of segment s  in the buffer 

c ontrols inc rease s markedly at about 5-6 hrs .  RNA 

synthe s i s  may play an important role in this inc rea se . 

The c onc lusi on from thi s  work i s  that again there 

is support f or the hypothe se s in the second category 

that RNA synthe s i s  i s  not re quired for the initia l  a c t ion 

of auxin on e longat ion .  

Fig . 23 shows RNA separated b y  1WC c olumn 

c hromatography . It i s  inc luded to illustrate that the 

RNA extrac ted from lup in hypoc otyls g ive s similar type s 
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of patte rns when separa ted in this manner t o  those 

pub lished by other workers . 

c .  The s mal l rad i oa c t iv ity peaks in the r-RNA 

region of ge l s .  

In some of the lli�A sample s there were two sma l l  

peaks of rad i oactiv i ty i n  the r-RNA region of the ge l s .  

Fig . 24 is  an illustra t ion and other example s may be 

seen in Appe ru:lix I I I  9 Fig . 1 4 . In Fig . 2L!- 9 the c ont inuous 

line is the reflec tance scan of the UV pho tograph and 

the dashed l ine is the cpm/mm ge l .  The large rad i o

ac t ive peaks on the right hand s ide (bot tom of the ge l )  
() r!,_ 
is di scussed in Apperu:lix IV o 

The s.ma l l  peaks oc curred in 1 1  out of a t o tal of 

54 treatment s .  The ir appearance seemed to be random9  

re gard le ss of the pre senc e  or ab sence of IAA or 6-me thyl 

pur ine and regard le ss of the length or time of treatment . 

In later work when 3H-RNA wa s run on ge ls  c onc urrently 

with e xp erime ntal samp le s 9  it  wa s p ossible to determine 

that the se peaks c orre sporu:led to  23s  ( 1 . 1  x· 1 06 daltons ) 

and 1 6 s ( 0 . 5 x 1 06 daltons ) RNA. Thi s is shown in Fig . 

25 ,. where the upper l ine i s  the ·3E-RNA and the lower one 

the e xper imental ,  32p labe lled RNA. It· can be see·n tha t 

the small peaks corre sp orld quite we:ll to the l ighter 

r-RNA .  Because of this ev idenc e ,  it  wa s c oncluded tha t 

the radioac tive RNA re sul ted f rom that synthe s i zed by 

bac teria c ontamina ting the segme nt s .  The bulk of RNA in 
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the small UV ab s orb ing peaks wa s  lup in c hloropla s.t and 

m� tochondria l  RNA. 

In one experime nt a sample of segments wa.s 

a c c identally c ontamina ted with water from the water bath 

ab out 30 min pri or to incuba t i on with 32P .  Wh.cm the 

RNA frac t i on from thi s  sample wa s analysed f or rad io

a c t iv ity , tha re sul t s  in Fig . 26 we re ob ta ined . Not 

only we re 23s and 1 6s-RNA labe lled and 28s and 1 8s-RNA 

not labe lled 9 but t he DNA was rad ioac tive too indic a t ing 

that DNA synthe s i s  had occurred . In this case it  i s  

quite c lear that bac terial lli�A synthe s i s had occurred , 

d .  Uptake of 32P .  

The inability t o  de tec t RNA synthe s i s  at  short 

t ime s  c ould be c r i t ic i sed on the ground s that the 32p 

d id not enter the plant ' s  cells � or if it  entered it  wa s 

not me tab o l i sed . Thi s  c ritic i sm may be counte red on 

several ground s .  

In 5 experi ment s the rad ioac tiv i ty in 5 out of the 

1 5  treatme nt se gment s wa s de termined ( the other 1 0  ware 

used for  RNA extrac t i on) . It should be noted tha t  the 

se gment s  were rinsed for  30 sec s .  in 2. x 30 ml of buf'fer· 

i mmed ia tely af ter trea tment and before c ounting .  In 

a l l  experiments  there wa s rad i oac tivi ty in the segment s .  

An e xample f rom one e xperiment i s  given in Table I I .  
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Table I I  Rad ioa c t iv ity per  lup in hypoc o tyl segment. 

af ter trea tment in 32p f or various ti me s , 

with or wi thout IAA. 

t ime of IAA IAA i + -
treatme nt I 

0 to  40 m in I 287 , 600 ( 270 , 000) / 288 ' 200 ( 1 8 , 400)  
' 

' 

! ' 

5 hr to  5 hr 40 � 460 , 400 ( 37 , 400)  ; 81 5 , 400 ( 1 1  8 9 900 ) .i J 
I i I 

• 

The f igure s in bracke t s  are the standard errors 

of the mean . 

It c an be sean tha t  32p wa s taken up into the t i s sue . 

There wa s more up take in the treatme nt s at  the sec ond 

t ime than the f ir s t ,  but IAA d id not ina rea se uptake . 

The se gments f rom  which the RNA illustra ted in. F ig .  22 ..,.,� e<.t.ra.ctut 

were tre a ted f or the se t ime s .  ] t  c ould b e  said tha t  the 

leve l of RNA synthe s i s  at  the se t ime a wa s the aame but 

because the re wa s le s s  tracer  taken up in the earl ier  

t ime ,  the synthe s i s. was not de tec ted o However in some 

e xperiment s  very high leve ls  of radi oact ivity were used 

( 3 mci 1 0 ml med i  urn) and in those experiment s the amount 

of 32p in the segment s wa s greater and still no RNA 

synthe s i s, wa s de te.c ted at the earl ier time s .  

The na ture of the non-UV ab sorb ing 32p polymer i s  

d iscus sed  i n  Appe nd ix N .  Further evidence tha t 32p wa s. 
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me tabolised i s  shown in Fig .  2 7  which i s  a plot of the 

t o ta l  organic phosphate s with time . lAA wa s added a t  

1 20 min . It. can be seen tha t the leve l of organic 

phospha te s  inc re a se s  with time . There is  an appare;nt 

effec t  of IAA on the level a t  1 80 min. However ,  it is 

more probab le tha t the sample s wi thout IAA were low 

s inc e the curve leve l s  off so abruptly .  

c .  Prote in synthe si s 

1 .  The eff e c t  of cyc loheximide on IAA- inducei growth. 

It wa s known fro m  l ong term lcine t ic s  tha t cyc l ohexi

mide inhib ited auxin- induced e longat i on in lupin 

hypoc otyl s e c ti ons . Sinc e cyc lohex-imide. is an inhib it or 

of cytopla sm ic prote in synthe si s ,  it  wa s used to e«amine 

the ne c e s s ity of pro te in synthe s i s  f or the init ial 

ac ti on of auxin. Thi s  wa s done by us ing short term 

kine t ic s .  Each of tho se cycloheximide treatment s  wa s 

repea ted at  lea s t  4 time s 9  and each  l ine in Fig . 28 and 

Fig . 29 repre sents the re sponse of a typ ical segment . 

The re sul t s  are shown in Fig . 28 . Curve 28 shows the 

usual re sponse to IAA a lone with the la tent per i od ,  f i r st 

peak and sec ond maximum. Curve 28 shows the effec t of 

cyc l oheximide added toge ther with IAA. The second peak 

ha s been e limina ted by cyc loheximide . It theref ore 

appea r s  that prote in synthe s i s  is nec e ssary for the 

se c ond maximum to  oc cur . The f i r s t  peak is reduc ed 

sl ightly but is  still  promine nt .  With re gard to  the 

f ir s t  peak i t  can be c oncluded e:·ither  ( a ) that prote in 
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synthe sis. is no t nec e s sary , or (b ) tha t for so me rea son 

( e . g .  sl ower up take ) cyc loheximide iBkes longe r  to , a c t  than 

IAA . 

In order to he lp dec ide b e twee n  the se p o s sib il i t ie s ,  

cyc loheximide wa s added 1 0  min before IAA. Fig . 28 shows 

that the IAA induc ed growth i s  grea tly reduc ed . Fig . 28 

is  a c ontrol wi th cycl oheximide alone and shows: a gradual 

reduc ti on of e nd ogenous growth during the time stud ied 

here . 

A que stion now ari se s. which ha s a bearing on the 

interpre tation of the growth rate curve . It c o nc erns 

the minimum length of cycloheximide treatment re quired 

to prevent the occurrenc e  of the sec ond maximum. 

Experime nt s  were done in which cyc l oheximide wa s added 

at var ious t ime s  af ter IAA add ition.  F ig . 29 illustra te s  

the re sult s .  IAA wa s added at ze.ro t ime and cyc loheximide  

wa s added a t  the sec ond arrow at 1 5  min in curve A ,  30 

min in B and 40 min in C .  I t  should b e  po inted out 

tha t the minimum in the growth rate c urve can be expec ted 

at 45 to 54 min and the, second maximum at 69 to 77 min 

af ter auxin add it ion.  Cyc l oheximide added af ter IAA 

inhib ited c omple tely the sec ond maximum even when the 

addition wa s made a s  c l o se to the Edni mum as  40 min af ter 

IAA add iti on. It should be empha si zed tha t  IAA wa s 

pre sent c ontinuously af ter time zer o . - In the trea tme nt s  

pre sented i n  Fig . 29  the latent pe ri od wa s unusually 
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short .  This  may be  owing to the high te mperature s ( 2-7 .... 

30° ) in the growth ro om a t  the t i me the plant & were 

grown . The s ignif icance ( if any) of the sl ight inc rea se 

in growth rate af ter cyc loheximide addition in clirv e s  

B a nd  C is unknown . 

The lack of inhib i ti on of the first  peak by 

cyc loheximide when added a t  the same time a s  I�\A may be  

because prot e i n  synthe s i s  is not ne ces sary ;  i . e .  f o r  

i t s  init ial  ac t i on IAA ac ts  on a n  existing p oo l  of 

prote in. The prote in would have been synthe s i zed only 

1 .0 min before auxin add ition. '.rhe p o s s ib il i ty tha t 

cyc loheximide take s longer to a c t  than IAA seems le s s  

l ike ly s ince Chr ispe e l s  ( 1 970 ) ha s recently shown tha t 

in c arrot t i s sue inhib i tion of prote in synthe s i s  i s  95% 

c omple te within 2 min of add ing the inhib itor . 

2 .  The eff e c t  of IAi'L on prote in synthe si s . 

a .  Exper ime ntal de s ign. 

I t  wa s rec ognizeQ that the p robab ility of d e te c t ing 

a single ( or a few)  prote in( s ) , when none of i t s  propertie s, 

were known , wa s s l ight . However the cycloheximide re sul t s  

were suff ic iently e ncouraging to  '��arrant a few 

exper iment s wi th 1 4C-leuc ine in c a se the task wa s a 

s imp le one . The proto c o l  wa s a s  f ollows. 
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0 
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+ IA.A 
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2 0  40 60 

2 ---------r-±AA-----�'L.· -----

3 � + IAA 

The segments. were p re trea ted in buff' er  f'or  ab out 

90 min prior t o  time zero . The sample s vm,re wG ighed 

and tra.nsf'erred to so lut ions with or wi thout auxi n at  

time 0 .  The a rrows ind icate: the t ime s a t  which they 

were placed in fre sh med ium contai ning 
1 4C-leuc ine and 

the solid l ine s  ind icate the le ngth of' t ime bef ore they 

were removed f' or extrac tion. The f'low chart on page 

outline s  the procedure s used to  ob tain various f rac tions . 

A f'ull d e s c ripti on of a l l  the mffihod s occurs in Append ix 

I I .  

b .  Re sul ts  

The perc entage of' rad ioa c t iv ity detected in each 

f rac ti on are given in Tab le I I I .  The last  l ine s of' the 

tab le show the total dpm de tec tod o There wa s no 

c ons i s te nt ef'f'ec t  of' IAJ\ on any of' the frac tions .  The 

amount of rad i oa c t iv ity de tec ted localized in the 3rd 

tre a tment wa s p roportiona l ly the same a s  the o ther 

trea tment s .  Ye t the percentage in both the DOC s o lub le 

and ins o lub le frac t ions inc rea sed . This  can be 

interpre ted to  mean tha t a proporti onally greater  amount 

of' protein wa s inc orpora ted into the me mb rane s during 

this time o A greater spe c if ic ac t ivity of' the leuc ine 
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f il trate· 
centr i�uge 4000 g 

1 5  min 

L 
JLpellet  

l,. 
superna tant 
1 00 '  000 g 1 

t 
hr 

1 
JiSUperna tant T pelle t  

r e  suspend in 
grind ing med ium 
1 00 , 000 g ,  1 hr 

�· t 
JLsuperna tant I I  pe lle t 

re suspend in 
0 . 03% de oxycholate . 
room te mp .  30 min 
1 00 9 000 g 9 1 hr 

r J, 
JLsupe rnatant 
"DOC soluble " 

t 
JLpe lle.t 
1 1DOC ins.olub le 1 1  

I 
ac rylamide ge l elec trophore s i s  

:E Al i quot s  re moved f or radioact iv ity d e termina tion.  
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Table I I I .  Effect of IAA on the inc orpora tion of 1 4C-leuoine 

into various centrigual f ractions . 

4 , 000g pellet 

1 s t 1 00 , OOOg 

superna tant 

2nd 1 00 , 000g 

superna tant 

2.nd 1 OO , OOOg 

· pellet 

DOC 

so lub le 

DOC 

insolub le 

TOTAL dpm 

. . 
J 

. 
' 

I 

* I  
I 8 1 ' "" ] 

� �  re: 
(::] I ,_.j 

�:5" I I 

1 

2 .  
I 

r 1 , I 
2' ! 

\ 
1 ! . l 
2 1 

J 
l 

1 l I : : 
2 ! I I 

1 ! 
l 
l 

2 I 
I 
I 

1 I I \ 2 I 1 
1 

1 

per.ce,ntage of total  1 4c in ea.ch f rac tion 

period of exp osure to 1 4c-leuc ine 

Treatment 1 Treatment 2 Treatment 3 

0-20 min. 40-60 min. 0-6 0  min . 

I I I I I 
- IAA + IAA - IAA I + IAA ! -I.AA I + IAA ! I l I 3• 7 2 . 5  2 . 6  2 . 1 1 . 93  3 . 6 I 6 . 3 5 . 3 5 . 0  4. 8  7 . 6 6 . 8  

I 
90 . 8  ! 92 . 0 93 . 1 93 . 8  9 1 . 6 89 . 4  

; 
86 . 9 I 89 . 4 90 . 0  89 . 9  84� 0  86 . 7  \ ' 

2 . 2:'  l 2 . 6  1 • 8 1 . 9 1 • 9 '2 . 2 I 2 . 8  1 . 7 1 • 2 1 • 2 2 . 2  1 . 4 i 
j I 

I -

3 . 3 l ' 2 . 9 2 . 54 2 . 35 4 . 7 4". 8 
l 

4 . 0  j 3 . 6 3 . 9  3 . 2  6 . 3 5 . 1 
J 

2 . 0  t 2 . 1  1 . 8 1 . 6  3. 48 3 . 4  
\ 

1 • 9 I 1 • 6 2.. 0 1 . 5 2 . 9  2 . 1  
l 
l 

1 •. 3 ' 0 . 8  . 74 0 . 75 1 . 3 I 1 . 4 I i l 
3 . 4 2 . 1  I 2 . 0  1 . 9 1 . 7 3 . 0 ' 

_i 
l I 

53 , 622  65,9071 70,871 1 86,593 1 88,946 

' .. : 

i 

: 

.' �6 1 , 450 
i 1444 9250 991 ,691 ! 1 2 74,7 86 l 32 1  , C4  7 333 ,897 1 997, 637 

I I ! ; i .. 
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pool of the segments  in trea tment 3 c ould account f or 

this , and/or i t  c ould be  acc ounted for if the uptake 
a.(\d 

of leuc ine , synthe sis  of prote in, 11 prote in inc orporat ion  

into the memb rane to ok a signif icant proportion of the 

20 min in treatments 1 and 2 but not in treatment 3 .  

The re sults i n  Table I I I  ind icate that  the rate of 

synthe s is of the prote ins did not increase wi th t ime 

since  the prop orti on of label in the sec ond 1 00 , 000g 

pelle t in treatment 2 was not greater than in treatment 

1 • 

However ,  it was rec ognized that  ·.determination of 

to tal prote in synthe sis in this way may disguise an 

inc re a se, in one protein.  Therefo re the pro te ins we.re 

separa ted by acrylamide gel ele c trophore sis  and the 

radioac tiv ity determined . In experiment 1 only the DOC 

soluble and insoluble frac tions were run. In experiment 

2 the firs,t 1 00 , 000g supernatant wa s run as. we ll . Fig . 30 

illus trate s two gels  from the DOC soluble frac tion of 

treatment 3 .  The top ( a )  gel wa s the prote ins extrac ted 

from segments with no IAA. whereas those of the bottom 

gel (b )' had I.AJ\.. ( 3 x 1 o-5M) . The arrows point to two 

peaks of radioa c t iv ity pre sent in b but not in a .  

( They occur a t  just le s s  than 1 0% and 40% along the ge l 

length) , It  appears tha t there were at  least  two 

prote ins whose synthe s i s  was s.timula ted by IAA. These 

result s did not occur in the second experiment ,  e;ven 

though condi tions were apparently the same . No difference  
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Fig . 30 . Acrylamide gel electrophoresis of p ro teins of the "DOC " soluble 
frac tion o f  segments treated : a) without IAA and b )  with IAA 

UV op tical density o f  s tained gel ; - · - · - ·- dpm/mm gel . 



be twean IAA and no IAA treatments were de tec ted in gels  

of any other frac tion.  

At this  point i t  wa s dec ided that  another approach 

to the problem would be more produc tive in terms of 

time , energy and lab oratory e q_uipment than to  c ontinue 

the QUe st  for  the e lusive pro te ins . The approach vra s  

to determine the timing of the effect  of cycloheximide 

on growth which c ould give information ab out some of 

the characteris tic s of the prote in. However 1 before 

tha t  c ould be done � the effect  of cycloheximide on 

re sp iration had to be checked in order to  determine 

whe ther it wa s having such non- spec iftic effec ts  on 

lupin hypoc otyl segme nts . 

3 .  Effec t of Cyc loheximide on re spirati on 

MacDona ld and Ell is ( 1 9 69 )  reported that cycloheximide � 

a t  c oncentrat ions normally used to  inhib it pro te in 

synthes i s  ( 1 0  ug/ml ) also unc oupled re spirat ion in stor

age tissue s such as carrot and beat . Since in this work 

much we ight has been  put on re sults  of experiment s us;ing 

cy,cloheximide , it wa s imperative to  check  the effec t of 

cycloheximide in lup in hypoco tyl t i s sue .  Using a Gil son 

d ifferent ial resp irome ter the oxygen uptake of segment s  

treatment with IAA ( 3  x 1 0-5M)  a nd  various concentrations 

of cycloheximide ( 1 ,  3 ,  1 0 , 30 , 75 ug/ml ) wa s determined . 

In add it ion the effec t of the pre sence  of 1 %  s,ucro se was 

also  checked . There was no effec t of suc rose , Pig • 31 



illustrate s the ef'f'ec t of' cyc l oheximide on oxygen uptake . 

Each c olumn i s  the mean of' the re sults  with and without 

suc rose a t  each c once ntrat ion.  The length of' each bar 

is  e.quiva le;nt to twi c e  the s tandard e rror of' the mean.  

The re wa s no appare nt effec t of' cyc lohe ximide on oxygen 

uptake . 

In the experiments the re sults of' which are illus t-

ra ted in F ig .  31 the t i s sue wa s added to solut ions alre ady 

c ont':l ining cyc lohex imide.. The oxygen up take wa s not 

d e te rmined until af ter  the e quilibra t ion period during 

which the segments we re in cyc loheximide . In order to  

de te rmine whe ther the se  were trans.ient ef'f'ec ts of' cyc lo-

he ximide or  re sp ira tion oc curred dur ing the e quil ibra t ion 

per iod , a f'urthGr exp e r iment wa s set up . The oxygen 

up take of' al l treatme nt s  wa s measurGd f' o r  one hour before 

cyc lohe ximide ( to give a f' in-a l c o nce ntra tion of' 1 0  Jlg/ml ) 
or wa te r wa s t ipped into the ve s s e l  fro m  a side <:trm.  The 

re sults  are pre sented in Tab le IV .  

Tab le IV .  Ef'f'e c t  of' cyc loheximide ( 1 0;ug/ml ) on the 

oxygen up take of' lup in, hypoc o tyl segme nt s. trea ted with 

3 x 1 0-5M IAA and 1 %  suc ro se . 

J11 ojgm f' r . wt . /hr o j 
Solut ion t ipped I 

H Q 
2 cyc lohex imide j 

I I bef ore t ipping 

· af ter  t ipp ing 

1 89 

1 92 

1 93 

1 93 

! 
I 
I i 
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Aga in it c an be c oncluded that cyc loheximide had no 

effec t on oxygen up take . In :fact thi s table and Fig . 31 

illustra te s tha t the variab il i ty of the tis sue wa s much 

greater than the eff e c t  of cycloh6ximide . 

4.  The timing of' the effect  of cyc l oheximide . 

It wa s not p o s s ib le vri th centrif'ugati oru and 

e lec tropho r esis to d e te c t  d i re c tly the pro te in( s )  who se 

ay.nthe s i s  wa s stimulated short ly af ter the init ial ac t ion 

of auxin. However , some of the proper t ie s  of the pro te in( s )  

c ould be d e te rmined by indire c t  means . 

The tempe·rature fo r a l l  the f o l l owing expe riment s  

via s ma inta ined a t  28 °C .  The variat ion in te mpera ture 

ove r  a l l  the experime nt s  wa s ± 0 . 5 °C .  The rela t ive ly 

even tempe ra ture wa s acc omp l i shed by using a per i sta l t ic 

pump to pump the soluti ons through the chamber at  a ra te 

of about 50 ml/min. Whe:n a change of s olution wa s 

re quired , the tub ing wa s simp ly removed f rom one re servo ir 

to the next . This  meant that the tub ing wa s already 

e quilibrated at the d e sired temperature . 

( a )  Pre treatment in IAA 

Re sul t s  of experiment s  in which c yc loheximide wa s 

added af te.r IAA add i t i on were p re sented earl ie r .  They 

indicated that after a c erta in t.ime. in auxin ( for e xample 9 

40 min. ) the re. wa a a very rap id effec t of cyc loheximide. on 

auxin- induced growth. Howeve r ,  the rap id ity of the effec t 
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wa s. d iff i c ul t  t o  judge s inc e the auxi n- induc ed s-teady-

sta te growth ra te had no t b e e n  a chieved . 

In o rder to de termine more prec i s e ly the t iming of 

the cyc l oheximide inhib i t i on �  the IAA;.. induc ed s te ady 

sta te� growth rate wa s ob t a i ned by pre tre at ing e ::t c h  

se gment i n  IAA ( 3 x 1 0-5M)  f o r  100 m i n .  before c yc lo

hex imide ( 1 0 jlg/ml ) wa s added . F ig o 3 2a ill us tra teB the 

re sult s .  Plot ted i s  the ave r a ge of 4 indiv idua l  se gment s 

t rea ted a t  2 8 °C .  The IAA- induc ed gr owth ra te i s  ma in

ta ined f o r  only 6 min.  bef o re it  star t s  abrup t ly t o  

decrea se . The f a l l  i n  growth ra te, appe a r s  t o  s,how two 

pha se s .  The two p ha s e s  are, more appare nt on a se mi-log 

p l ot as i n  Fig . 32b . The s i gn if i c ance of the se pha ses 

is U1knmm , howeve r they c ould me an that tvvo f a c t o r s  

be c ome ra te l imit i ng a t  d iffere nt t i me duri ng c yc lohexi mide 

inhib i t i on of gr owth . 

The s e  re sul t s  show tha t t he amount of pro te in 

a¥a i lab le f o r  growth b e c o me s  l imi t i ng so on af t e r  p r o te in 

synthe s i s  is s t opped . It app e a r s  that growth may be 

depe ndent on two proc e sse s each of which re quire prote in 

synthe s i s .  

(b ) Pre tre a tment in cycl ohexi mide • 

.One of the p r op e r t i e s  tha t  can be stud ied i s  the 

ha lf- l ife d ur i ng wh ich the p r ot e in i s  ava i lab le f or auxin 

ac tion and/or growth p romo t i o n .  Thi s  wa s, de termined by 
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s topping p r o te in synthe s i s, f' or various t ime s  before IAA. 

wa s added . The re sulting IAA.- induc ed growth wa s. 

de termined by short term kine t ic s  and wa s a measure of' 

the amount of' prote in avet ilab le f'or  grov1th promot ion. 

i )  Me thod 

To ob tain the to tal auxin- induced growth � the area s  

under the peak dur ing the time which the growth wa.s 

ab ove the init ial e ndogenous growth , are integra ted . 

Thi s  wa s done by sub trac t ing the endogenous rate � a s  

de te rmined f'rom the rate s bef o re and dur ing cyc l oheximide 

add ition, f'rom the rate, obtained af' ter auxi n stimul a t i on.  

The dec is ion to use thi s. procedure wa s made af ter seversl 

exper iment s  had been done and f'or some of' the se experi me nt s  

the e nt ire c urve had no t been obtained . For the se the 

ra te s were e st ima ted by e xtrRpol:J. ti on.  The f'o llovling 

t ime s of' cyc l oheximide ( 1 0  rg/ml ) pre trea tments vrere. 

used : 0 ,  5 , 1 0 , 20 , 30 , 60  min . 'l'here were at lea s.t 5 

replicate s f'o r  each t ime and an aver3.ge IAA.- i.nduced growth 

wa s ob tai ned f' o r  each time .• 

i i )  Re sults  

On Fig.  33 is  p lo tted a . curve f'or each  of the pre 

treatment t i me s  ( curve s· B-H) . Eac h  of the se wa s c ho sen 

b e cause the IAA induced growth illus-trated by them wa s 

c lose  to the average ob tai ned f' or each t ime .  Curve A i s  

IAA ( 3  x 1 0-5M )  a lone a nd  i s  given as  reference . The 

la tent period i s  so mewha t shorter a t  28° tha n  at  24 ° ,  
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light . 1 unit = 0 . 2 3 pm . 
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1 4  m in.  inste�d of 1 8  min . With the po s s ib le excep ti ons 

of the 30 and 60 min. pre t re a tme nt ( G  & H) p r e treatment 

in cyc l ohe ximid e d o e s not aff e c t  the length of the la tent 

pe r i od . The IAA- induc ed growth d e c re a se s  a s  the length 

of pre tre a t ment incre s se s .  Whe n a 60 min. p re t re a tment 

vm s used , the growth rate d id inc re11 sc somcvJh::t t 'lf t e r  

2uxi n  add i ti o n. Howeve r in no c a s e  d id it d e c re a s e onc e  

agR i n  t o  the e nd ogenous leve l .  I t  i s  no t known the refore 

whe the r the eff e c t i s  the s a me as tha t being me a sur•ed for 

the sho r t e r  pre trea tment ti me s .  The 60  min. pre- trea tment 
o rrlt' 6/; u  

wa s the ref o re :t:;IDgle• ted f ro m  furthe r analys i s .  

'ilhen the average of :1uxin- induc od growth f o r eac h  

pre trea tment p e r i od wa s p l o t ted q ga i n pre tre a t ment t ime , 

the re appe ared t o  be an exp onent i s l  d e c ay of auxin-

induc e d  gr owth . Such an e xp one nt ia l d e c ay c a n  be 

de s c r ibed by the e quati on of the f o r m :  

A = A e- kt 
0 

( 1 ) 

V'The re A i s. the a mount of aux in- induced growth whe:n auxin 

is added a t  a g iv e n  t ime t af ter cyc l ohex imide 

add i t io n ,  

A
0 

i s  the amount of aux in- induc ed growth when auxin 

a nd  cyc l oheximide are added s imul tane ous ly , 

k rate c o ns tant 

t t ime ,  in minute s ,  af ter cyc l ohexi mide add i t i on .  

To c he c k  t ha t  the curve wa s ,  in f ac t ,  e xp one nt ial a 
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p l o t  of the a uxi n- induc e.d growth ( ave.rage of a l l  the 

rep l ic a te s ) aga inst pre trea tm.:mt t ime in cyc l oheximid e  

wa s made . The e qua t i on of the l ine of b e s t f i t  wa s 

c a lc ula ted by the me thod of least squa:f'e s a s  out l ine in 

Re mington a nd Sc hork ( 1 9 70 ) . rt wa s :  

Y = o . o26x + 3 . 077 ( 2 ) 

Thi s  l ine and the exper i mental p .oi nt s; are p l ot ted in 

Fig . 34. E qua t i on ( 2 ) pe .rm i t s  the eva lua ti on of A
0 

a.nd 

k in e qua t i on ( 1 ) :  

A
0 

= ant il o g  3 . 077 = 1 1 94 

k = 2 . 303 X -0 . 026 = - . 060 

Equa t i on ( 1 ) become s :  

- .ot.o b  
A = 1 1  9 4e _ • o 6 at. ( 3 )  

Af te r one ha lf l ife the amount of auxin induc ed gr owth 

( A) would be a half of tha t  a t  zer o  t i me . Theref ore : 

A 1 1 94 A = z = -2- = 597 

So lv ing e qua t i on ( 3 ) t = 1 1 . 6 .  

The ave rage time fo r inte ra c t i on of the pro te in 

with a uxi n  i s  c al led the me an l ife ( T ) . The mean l if e  

i s  the rec ip rocal of the ra te c ons tant ( Montg ome ry and 

Swe nso n ,  1 969 ) : 

?!'\ 1 ·1 · . 
.L- = 'k = :o6 = 1 6 .  7 • 

Some of the para me te r s  of the intera c t i on of aux in 

with the p r o t e i n  are now d ef ined . The ha lf l ife f or 

int e ra c t i on i s  ab out 1 2  min.  and the mean l if e  i s  abo ut 

1 7  min.  
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D I S C U 8 8 I 0 N 

The a im of t h i s wo rk wa s t o  e l uc id a t e  t he na ture 

of the p r i ma ry a c ti on of aux i n  on c e ll e l onga t i on . In 

o rd e r  t o  d o  s o , it wa s ne c e s sa ry to e s t ab l i s h  t he t iming 

of the re sp onse of lup in hyp oc o tyl s e gme nt s  to aux i n .  

The sh or t te r m  kine t i c e xp e r i me nt s  we r e  s ta r ted vri t h  

t h i s  e nd i n  mind . Howev e r ,  o nc e  the t e c hn i que wa s 

e s tab l i s hed i t  b e c a me app a r e n t  tha t i t  c o uld b e  u s ed t o  

a nswe r s o me c r i t i c a l  que s t i o ns regard i ng the p r i ma ry 

e ff e c t  of auxi n .  I t  ha s b e e n  p a r t i c ul a r l y  useful i n  

d e te r m i n i ng the na ture of t he growth ra t e  c urve , and i n  

trying t o  under s ta nd  the und e r lying c a u s e s .  

A. Sho r t  t e r m  Kine t i c s .  

1 .  C o mme nt s  on me thod s 

The re a r e  two ba s ic me thod s ,  b a sed on t he numb e r  of 

s e gme nt s used p e r  tre a tme nt , tha t have b e e n  u sed f o r  

s h o r t  t e r m  kine t ic s  i n  the p a s t . The f i r s t  vva s the use 



of a c ol umn of se gme nt s .  Thi s  me t hod wa s used b y  Yama ki 

( 1 954) and Evans and Ray ( 1 9 69 ) and sub s e que nt work b y  

Evans . Ya rna ki t o o k  re ad i ng s  manua l ly e v e ry m i nute us i ng 

a m i c r o s c ope . Eva ns ' appa ra t us \Va s aut o ma t e d  suc h tha t 

a s had owgraph r e c ord ing wa s made in a r o t a t i ng d rum 

every 24 s e c . Ya ma k i  and a l so Eva ns and Ray me a sured 

t o t a l  inc re a se in le ng th .  

I n  the s e c ond me t hod a s i ng l e  se gme nt wa s used . 

Th i s  me t hod wa s e mp l oyed by Ray a nd Rue s ink ( 1 9 62 ) 9 

N i s s l  and Zenk ( 1 969 ) , Kbnle r  ( 1 95 6 )  and in t h i s  the s i s .  

In a l l  c a se s r e ad ing s we re talc i ng manua l ly us i ng a 

mic roscope . The d a t a  of Ray and Rue s i nk and a l s o  of 

N i s s l and Zenk vm s e xp re s sed a s  the cumulat ive inc re a s e  

i n  l e ngth , whe rea_s  g r owth r a t e s were i mmed ia t e ly d e r ived 

f r o m  the me a sur.::; ment s in K6nle r ' s vro r lc a nd i n  thi s  the s i s .  

'Jilhe n t he d a t a  output vra s a gr owth rate t he 

d e t e r mi na t i o n  of the l e ng t h  of' t he la t e nt pe r i od and 

o ther c ha ra c te r i s t ic s o f  the grovvth c urv e  'Va s s i mp le . 

Howe v e r  the s e  d e t e rm i na t i ons were no t s o  ea sy when the 

!) ye, 
d a t a  wa£ pr e se nted a s  t o tal i nc re a s e i n  l e ng t h .  An 

extrapolati on procedure wa s used . Thi s  i s  i l lus t ra t e d  

in Fig .  35 i n  whi c h  the da ta f or � and Q were ob ta ined 

by summation of £ and � re spec tive ly . It  can be seen 

that the la tent p er i od wa s about 20 min and tha t  it 

apparently took 5 min in .§. a nd 3 m i n  in b b e f o re a 

maximum growth rate wa s achieved . From c a nd d the 
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Fi g .  35 . E f fe c t  o f  IAA ( a , c , e )  and indo l e a c e tamide ( b , d , f )  on the g rowth 
of lup i n  hypo cotyl s egment s .  a and b ,  t o t a l  growth ; c and d ,  g r owth 
r a t e ; e and f a c c ele r a t ion . 3x l 0-SM IAA and ind o l ea c e t ami d e . 
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gr owth rate c urve s i t  can b e  seen tha t  the se value s  are 

unde r-e s t ima te s .  Thi s  i s  a l so il lustra ted by the 

a c c e le ra t ion c urve s shown in e and f. .  ( The a c c e le ra t i o n  

i n  unit s/min. - 2 
wa s d e t e rmined b y  averaging the value f or 

e a c h  minute with half the value of aach of the minute s 

p re c ed ing and f o l l owi ng it . ) 'l'he growth rate i s  inc re a s -

ing a t  a l l  ti me s  of p o s i t ive ac c e le ra ti on. Fro m Fig . 35 

� and f' the a c t ua l  length of time during which the 1�a te 

·�!Va s inc re a s ing wa s 1 7  and 1 5  min c o mpared w i th the 

apparent val ue s of 5 and 3 min from � and g . 

.Je ..-� • 
In this the s i s ,  the data wa-s ob talned a s  a gr ovvth 

rate in d igital f or m  and w i th a higher re solut ion tha n  

prev i ous ly repo r ted . Suc h data permit ted the cha rac ter-

i s t ic s of the gr owth ra te curve to b e  a""b served muc h I110re 

e a s i ly than the mea sure ment s on total inc re a se in 

leng th .  It may b e  f or this reason tha t  prev iously the 

la te nt period ha s b e e n  stud ied extens ive ly but o ther 

cha rac te r i s t ic s  have pa s sed unno t i c ed . For example , 

the da ta of Barkley and Evans ( 1 970)  on e ti olated pea 

stem s e gment s can be repl o tted to  y i e ld a peak i n  grO'i'th 

ra te f o ll owed by a l ower steady- state growth rate v�ry 

c le ar l y .  Thi s  c an b e  seen in Fig . 36A VJhich shows the i r  

data c o nve rted t o  rate . The fac t tha t  a sec ond maximum 

i s  no t apparent may be due t o  the l owe:r re solut i on of 

the ir sys tem or to  the e rrors invo lved in the procedure.  

used for ob ta ining the f ir s t  d iffe,rent ial '.Vhich i s  

d iff icult and very ted i qus ) . 
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Rayle e t  al . ( 1 9 70 )  have pub l i shed growth rat e  

c urve s for  mai ze which were ob ta inc::d by calcul a t ing 

ra te s from the total inc re ·::t se in growth data . The se 

c urve s i llus tra te that  for ma i ze the re is no minimum. 

That is , the growth rate inc rea se s t o  a maximum rate  

which  i s  appare ntly s table . However ,  the data vrere . 

ob tained f or co lumns of up to  20 se gment s .  Any s light 

d ifferenc e  be:; twe e n  the ind iv idual se gment s  in the timing 

of the peaks would tend t o  smo oth out the curve . Thi s  

can  b e  seen in F ig . 37a ··vhich is  a plot of the average 

growth rate  of 7 lup in hypoc o tyl se gment s . Tho growth 

ra te curve of each se gment d i splayed the first  and 

se c ond maxima and thE.: minimum ( they we:ce the f ir s t  7 

se gme nts  in Tab le I ) . Howeve r , thC; var iati on of the 

t iming of the se charac te r i s t ic s ,  vrhile smal l ,  wa s almost  

suff ic ient to  ma sk the minimum c omple te ly .  Fig . 37b is  

the summa tion of F ig .  37a and il luo tra te s  the type of 

data from which Rayl.::; e t  '3. 1 . ( 1 9 70)  d e r iv...;d the ir growth 

rate s .  To ob tai n  fro m  it  the graph in Fig.  36a wo uld be 

d iff icult , e spec ially if the r2 so lut i on was reduced by 

an order of rnagni tudc . 

The mai n  d isadvantage s with the technique used in 

thi s  the s i s  are tha t the mea surement s were made manual ly 

and that the segment is  placed hor i z ontally in the chambe r .  

The latter c � n  lead t o  bend ing of the segme nt s  which 

would re sult in l o s s. of accuracy.  The bending wa s minimized 

by the use of c ollars ( Fig 3 ) ,  and could be read i ly 
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d e te c ted b e c ause of the amount of ref oc us s ing re q_u i red . 

The p r ob l e m  of b e nd i ng should be e l i mina ted by the 

p1anned de s ign improve me nt s  of the appar a tu s . 

The advantage s of us i ng c olumns of seve r a l  segme nt s ,  

pa r t i c ul a r ly if the sys t e m  i s  auto ma ted such a s  tha t of 

Evans i s  tha t a n  ave rage re sp o nse i s  e a s i ly ob t a i ned 

a l though the re so lut i o n  p o s s ib ly may be l ovm r . The 

advanta ge s of the sys te m  used in thi s t he s i s  are tha t  

the re s o lut ion i s  highe r , t he output i s  d i g i t a l  ''lh ich 

le ad s t o  e a se of d a ta hand l ing and ind iv idua l d ifferenc e s  

be twe e n  se gment s c an b e  ob ta i ned . C l e a r ly e a c h  sys t e m  

ha s adv a nt age s ove r  the o t he r  and i t  vrould dep end on 

the typ e  of prob le m  a s  to which would be mo s t  su i t able 

in par t i c ular s i t ua t i ons . 

2 .  The growth ra te c urv e  

The latent p e r i od wa s d e s c rib ed by Ya maki ( 1 954) 9 

K�hler ( 1 9 56 )  Ray and Rue s ink ( 1 96 2 )  a nd  Evans and Ray 

( 1 969 ) f o r  Ave r12.  c ole op t i lc s . To d a t e  it ha s b e e.n shown 

to oc c ur  in c orn ( Evans and Ray ,  1 969 ; Rayle e t  al . ,  

1 970 ) and e t iola t ed p e a  ep i c o tyl ( Barkley and Evans , 

1 970) . Thi s  wo rk e s tab l i shed tha t i t  o c c ur s  w i th lup in 

hypoc o tyl . and l i ght grown pe a ep ic o tyl a s  we l l .  It 

appear s that the l a t e nt p e r i od b ef o re an inc re a se in 

growth ra t e  i s  a c harac te r i s t ic re sp o ns e. t o  aux in und e r  

the c o nd i t i ons used her•e . However , the length of the 

la tent pha se i s  d if f e re nt f o r  d iff e r e nt spe c ie s  and i t  



1 03 .  

i s  a l so different for the same species  treated under 

d ifferent c ond i ti ons . Under the same conditions , using 

the same spec ie s  it i s  QUite reproducable . 

Rayle e t  al . ( 1 9 70 ) have reported that the grov'lth 

rate decrease s within a few minute s  of g_dd ing IAA - that 

is  within the latent period . They have only been able 

to detect the decrease in about 5 0% of the sample s . It  

should be  noted tha t  their  result s  are obta ined �n  analog 

form l ike a graph with the axe s increase in length and 

t ime .  The de.crea.se in grov1th rate  i s  detec ted as  a 

decre a se in the slope of the line . The results  pre sented 

here shows that a decrease in growth rate sometime s d o e s  

occur ,  but probably not to  the extent that vmuld be  

detec table by  their me thod s . When a drop in growth 

rate  occurred during the :pre sent 'HO J.."k it vYa s attributed 

to any or all of the following : -

( a ) a poor reference  point lead ing to variabil ity 

in the posit ion in the s l idewire or 

(b ) a change in temperature or 

( c ) bending . 

In a ll the work ( except f or the last  experiments  with 

cyc l oheximide ) , the re servoirs were kept in a water baths 

however the tub ing conne c ting them with the chamber was 

not .,  Therefore , when a change to  a new solut ion was made 

there could be  a lowering of temperature ( e spec ially in 

winter ) because the f irst  of the new solution was at  

room temperature and it  would take some time for the 
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tub ing to reach the, higher temperature . 

The length of the latent phase c ould be used to 

de termine whether a .  comp ound vrhich has the propertie s of 

an auxin �  is  ac tually an auxin or whe ther it ha s to be 

changed to  an auxin before i t  is ac tive . It c ould also  

be used to  te st  postulated intermed ia te s  in  IAA b io-

synthe s i s .  It would be expected tha t the closer the 

c ompound was to  the start of the pathway , the longer  

would be the latent phas.e . Several compounds in the se. 

categorie s have been tes ted and indolebutyric ac id was 

the only one to give a s ignif icantly longer latent pha se .  

Pos s ibly this compound i s  me tabolized to IAA before an 

increa se in growth rate occurs . Recently Evans and Rayle 

( 1 9 70 ) have shm¥n that indoleacetontrile which give s an 
t extended latent pha se in corn and wiW. t is converted t o  

IAA during the latent period . 

There are three knovm ways of al  fer:ing ttie Ie'nkt:h.� 
of the la tent pha se .. One i s  by altering the tempera"ftire; • . 

Thi s  has been shovm by Evans and Ray ( 1 969 )  and Nissl 

and Zenk ( 1 969 ) . Ray and Ruesinlc ( 1 9 6 2 )  showed tha t 

the Q1 0 for the length of the latent period .:W�, ,ab..p�jt 

1 • 
�), • .., n -;-/•,: lll- .,. , • 

It  has been,\ in this  the s is that :i.t'l.creas ing ,..the J�v ,  ·�·"t 
i.l .g.i:f'J j ,.._ ... ...... , , _)': 

temperature to· 28° decrease s the length of the laten-t 

period .. He:rt'el e t al . ( 1 9 70 )  have shown that whe.n 

segments are treated with very low c oncentrations of 
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IAA and short s e gment s ( 4  mm instead of 8 mm) are used 

the latent per i od is shorter than when high c oncentrat ions 

are used . N i s s l  and Zenk ( 1 9 70 )  on the othe r hand have 

ob served the oppo s ite effect  of I_� c oncentrat ion. That 

i s , the lowe r  the IAA c oncentra ti on the longer the la tent 

peri od .  The third way of ob ta ining a decrea sed la tent 

period is by usi ng the e thyl e ster of I�� ( e thyl- indol 3-

yJ...- ace tate ) . 'l1his  has been reported by Polevoy ( 1 96 7 )  

and Rayle e t  a l . ( 1 970) . \'t'hen thi s comp ound wa s used 

with lup in ( Fig . 1 4D) no signifi cant alterat i on of the 

latent peri od wa s no ted in the four experiment s . 

At the end of the latent pha se , there i s  a rap id 

inc rease  in growth ra te f or 1 2- 1 5 min. before the rate 

de c l ine s to a minimum and then inc rease s  to a sec ond 

maximum. Thi s  wa s unexpected because prev i ous reports  

( Yamaki 9 1 954 ; Ray and Rue sink ,  1 96 2  ) had shown tha t  

the rate inc rea sed f or only a short t ime bef o re a new 

steady inc re a se in groVJth ( i . e .  stab le growth rate ) wa s 

ob ta ined . La ter Evans and Ray ( 1 9 6 9 )  also stated that 

the period of inc rea se in growth rate wa s 3 min. The 

c o nf lic t with the se obse rvati ons may be f or one or both 

of two rea sons . First , the ir re sul t s  were all  ba sed on 

hollow c ole op t i lo t i ssue. . The IAA would reach the inner 

c e l l s  s oone r  in  such t i s sue than in the solid hypoc o tyls 

and stems used in thi s  wo rk . Thi s  could mea n  that the 

ind ividual c e l l s  would all re sp ond within a f ew minute s 

of e ach other whereas in lup in hypoc o tyl t i ssue they 
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would take longer .  The second reason may be because. 

their output was in terms, of inc rease in length as  

illustrated in  Fig 35 a and b .  

The decl ine in growth rate after the f irst peak 
ot. 

ha s not ye t been reported . Hertle e t  al . ( 1 9 70 )  and 

Barkley and Evans ( 1 9 70 )  have published graphs of total 

increase in length ( trac ings of the ir analog output ) .  

The curve s for some of the ir trea tments  part icularly 

those of e t iolated peas  are very si milar to Fig . 34 a 

and b .  N o  comment was made about the decrease in growth 

rate . However when the rate is measured from the ir 

graphs and then plotted a s  in Fig . 36 it can be seen that 

the re sult ing curve s are s imilar to those obtained in 

this work. It i s  in fac t QUite diff icult ( and tedi ou� ) 
to  ob tain d ifferentials from such  data and tho errors 

i nvolved in obtaining the data f or Fig . 36 are large . 
The method i s  also 1 0  time s  le s s  sens it ive than that 

used here . This may account for the fact tha t  a §e6'6:hd 
maximum i s  not shown in Fig . 36a . Al s-0  it  ma·y acdoun� 

for  the lack of the f irst peak in those growth rate 

c urve s for ma ize pub l ished by Rayle e t  al . ( 1 9 70) . 

- ·""'- '"'..:. -.. 
It has now b een  e s.tablished tha t the la te;n�t. ,P�r.i.o?-_. , _  

- � . ¥-
i s. a typ ical auxin re sponse . At the end of th�-"" la tent 

..-�, . .. #· 

peri od there is a rapid tncrea se in elongct'tfo!Il ·ra te to -·· 

a maximum . In some ti s sue s. a t  least the re is  a decl ine 

in growth rate a few minutes af ter the maximum is  
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reached so tha t  a lower growth rate i s. attained . .Af ter' 

this minimum the growth rate inc rea.se s to a sec ond maximum 

which may be lower than the f irst  maximum. 

3 .  Explana ti ons of the growth rate curve 

Evans and Ray ( 1 969 ) construc ted a model to  account 

for the la tent pha se .  Thei r  a s:aump ti ons , based on the ir 

experimental evidence were tha t there wa s. a la te.nt phase 

of approximately 1 0  min af ter which it took only 2 - 3  

rnin bef ore a new s teady sta te ra te occurred . ( This 

assumpt ion ha & now been shovm to be too low by a fac tor 

of 3-5 f or lup ins and pea s) . They a l s o  assumed a ser ie s  

of irreversible , f irst order rea c ti on step s which were 

at e Quil ibrium. The t ime c ourse s of c oncentrati on change 

of end produc t following a step up change at the beginning 

of the pathway c an be predic ted . The nature of the t ime 

course depend s  on the number  of step s between the initia l  

and final  step s -- a s  they increase a latent pha se 

appears and ge ts  longer,  and the length of t ime bef ore 

steady- state c oncentrati ons are reached incre a se s .  They 

showed that an apprec iable ab solute la tent per i od is  to 

be expec ted if four or more kine t ical ly comparab le st�p s  

are inv o lved iru the chain of re sponse . 

Ano ther source of de lay bef ore an auxin- lnduced 

re sponse could be the time re Quired to assemb le p olyme r s  

such a s  RNA o r  p rotein fro� their  monomers ( if the 

synthe s i s  of macro molecule s is involved in the re sponse 
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t o  auxin) . The s e, d iffe re nt source s  of latenc y  

c ontributing t o  the la tent period would have add i t ive 

effe c ts . Evans and Ray ( 1 969 ) c a lc ulated tha t  t o  reach 

steady-state c oncentra ti ons would take ab out 5 t ime s  the 

ha lf l ife of the intermed iate tha t  ha s the l onge s t  half 

l ife . 

Having made the se c onc lus ions � Evans and Ray ( 1 9 69 ) 

used them to  e xam ine c r i t ically some of the hypo the ses 

for auxin acti on .  The f irst two were : 

1 )  the g-:;ne ac t ivation hypothe s i s  Yrhich cla ims tha t  

auxin cause s c e l l  enlargement b y  the induc t i on of certa in 

spe c i e s  of lli�A which c ode f or prote in( s) tha t promote 

cell enlargement , ( Ca tegory I y  P · 54 ) and 

2 )  tha t  auxin a c t s  a t  the trans la t ional level  t o  f orm 

a growth spec if ic enzyme ( Ca te gory I I , p . 55 ) . 

In ·the ir v iew the se hypo the se s f a i l  because p red i c ted 

inc re a se s  in the length of the latent peri od do not 

oc cur wi th inhib itors of RNA ahd prote in synthe s i-s and. 
because the known half-l ive s of ffi..,.;RNA and e'ilzyrne·i a·r-e� 
too l ong to ace  ount for the la te'nt per iod and the rap'id '· 

a tta inment of the new - -steady- state growth ra te leve l . ·  

�J- �·-,- , �  ... �--�-·:. 

Evans and Ray ( 1 969 ) p ropo sed that growth depe�� . 

on the c ont inual f ormat ion of a st�b-1�"� prcrtle ii1 _v�hich >wo-uld _ 
-� . ... ;J;.� � •. 

• 
func ti on to  promo te growth only a t  the time 

"
of :f:·o rrna't iC>n.- , 

It would the ref o re be a " st ruc tural prote in" . Further�-

ev idenc e  that t he prote in would be s truc tural ra ther 



than e nzyrna t ic came from the exp e r iment s of Evans and 

Hokans on ( 1 969 ) . They f ound.. tha t  the growth ra te s tar ted 

to  dec rease ab out 1 0  min af ter re mov ing auxi n .  If the 

pro te in invo lved we re an e nzyme 9 then it wo uld have a 

ha lf l ife shorter than that know·n of higher p lant e nzyme s 

such a s  nitra te reduc ta se in caul if lower ( Af r idi and 

Hewi tt , 1 964) . Neverthe l e s s  Evans and Ray ( 1 969 ) were. 

s t i l l  no t ab le to prop o se a mode l which would explain 

both the la tent peri od and the c omparative ly rap id r i se 

to a new growth rate . 

Rayle e t  al . ( 1 970) , a s  ment i oned before , have. shown 

two short te rm effe c t s  of auxin - the reduc ed la tent 

pe ri od with l ow c once ntrati ons , and the trans ient 

decrease in growth rate when a large step-up in aux in 

conc entra t i on occurred . Using the se fac t s , ( al though 

the la t ter may be  in d oub t ) Rayle et al . ( 1 9 70 )  c ons truc ted 

two a l terna t ive hypothe se s . The :f ir s t  was tha t auxin 

inte rac ted wi th rec ogni tion s ite X but when a high 

conce ntration of auxin wa s appl ied it wo uld inte rac t 

a l s o  w i th a d iffe rent s i te Y .  The re sult of the inter

ac t i on with Y would be an inhib i t ion which dimini shed 

with time .  

The ir s e c o nd  hypothe s i s  aga in involve s the inte r

ac ti on. of auxin with a re c ogniti on s i te , but when· a 

large s tep up in auxin c onc entra ti on oc curred , the 

b ind ing to the s ite would c ause an ove rexc ita t i on and 
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para lys i s . They p ropose tha t  the s i te n�y b e  o n  a 

me mb ra ne . This  i s  because He rte l e t  a l  ( 1 96 9 )  have shown 

tha t there is a c lo se corre la t ion be tween the a mount of 

growth induced by auxin ana logs and the ir pola �  transport . 

Rayle e t  a l . 1 ( 1 9 60 )  have shown tha t auxin s t i mul ate s 

its own polar transport within 20 min of app l i c a t i on.  

This  i s  another of the early effe c t s of auxin all of 

which can be e xp la ined by auxin ac t ing ont the p la sma 

me mb rane . The b ind ing to· the pla sma me mbrane wo uld 

cause rever s ib le cha nge s t o  the me mb rane conforma t i on 

which co uld prov ide a ba s i s  for ac t ive secre t ion . ( Rayle 

et a l . 1 1 9 69. Her te.l and Flory 1 1 968 ) . Anke r ( 1 953 )  
' 

also prop o sed tha t the site of auxin a c t i on wa s, on the 

me mbra ne . He thought tha t the si  tc wa s on the l ipophil ic 

interfac e s  making food re se rve s more accessib le t o  

me tab ol ic proc e s se s . 

Nis s.l and Zc nk ( 1 969 ) a gree with this hypothe s i s  
in that the primary s i te of auxin ac t i on 6aus i·ng t:h& 
init ial e longa ti on. mus t be on a preformed systerri'; ThGyr 
postulate. tha t it may involve an a l l o s teri.c ac t iva t i on 

of an e nzyme such a s  tha t prop osed by Cle land ( 1 9 68� 

which med ia te s the c leavage and ref o rma t ion of c e l l  wall 

p olymer s . 

The re sults of the kine t ic experime nts in thi s  

the s i s  will be c onsidered a long with the resul t s  o n  RNA 

and pro te in synthe s i s  at the.  end of this discus s ion where. 



a l l  the re sul t s  wi ll be inte gra ted into a mode l .  

4 .  "End ogenous Growth11  

At this p o int so me comme nt must  be made cb out the 

re la tionship o:f auxi n- induc ed growth to e.nd ogenous growth. 

With re spe c t  to e xc i sed tis sue s  the term end ogenous 

growth ha s been used in the l itera ture to describe 

gr owth oc curring w i thout exoge nously supplied aux ins . 

tJ..;5 
However , wha t i s  meant by � term var i e s  from author to  

author . For e xamp le N i s s l  and Ze.nk ( 1 969 ) :pre trea ted 

the i r  segment s  f or 1 hour be:f ore mea sure ment ; Evans 

and his group :for up to 0 . 5hr . ; in the pre sent wo rk 1 . 5 

to  2 hr . Se gments :f or b ioa s say s c ommonly are cut a nd  
p ooled in a c omp ara t ive ly smal l v o lume o:f med ium before 

the s tart o:f the b i oa s say . It i s  ...-m ll knovvn tha t aux i n  

i s  tr•ansp orted i n  a polar manne r and that thi s  transp ort 

oc c ur s  in exc i sed se gme nt s .  The amount o:f end oge nous 

auxi n in the t i s sue would de c re a se with incre a s ing 

length o:f pre tre atment . The endo genous growth would 

pre sumab ly vary acc ord ingly . I t  i s  probable tha t seg-

me nt s  that we re be ing pre trea ted to  dep le te the 

end o genous a.ux in we re be ing ba thed in d ilute exogenous 

auxin. The amount o:f auxin would dep.end on the amount 

of t i s sue ,  the v olume o:f medium a nd the length of ti me 

the se gme nt s  were in the ·  med ium. 

An imp l ic i t  a s sump t ion is usua l ly made tha t 

endoge nous growth i s  due to  l ow endo genous leve l s  o:f 



auxin and that auxin- inducGd growth i s  me re ly a mag

nif icat ion of endoge nous growth . In other wo rd s , tha t  

Gxoge nous- auxin a c t s  i n  the; same; way and o n  the samG 

p roce s se s  a s  tho s0 lead ing to  0ndoge nous grovvth but 

inc re a se the ir ra te s . The f o l l oriing ev idenc e indicate s ,  

however , tha t thG two proc e s se s  may be d iffere nt : 

1 .  It take s muc h l ongG r for cyc l oheximide to 

inhib it  e ndo genous growth than auxin- induced 

growth . Aux i n- induced growth re quire s a prote in 

• who se mean l ife of ava ilab i l ity f or auxin ac t i on 

i s  ab o ut 1 7  min. It follows tha t if the same 

prote i n  i s  re qu ired fo r G nd o ge nous growth , 

inhib i t ion af te r cycloheximide add i t ion should 

occur within thi s t ime .  It  do e s  no t .  The re i s  

a gradua l inhib i t ion bec oming apparent a t  40-50 

min, but growth is still oc curring a t  200 min. 

2 .  The grow·th rate of segme nt s  tre a ted wi thout 

auxin i s  unaffe c ted by ac t i nomyc in D for 6-1 0 

hr . However af ter 6-1 0 hr se gment s in buf'fe.r 

without a c t inomyc in D of ten shov.r an increase. in 

growth ra te and thi s inc rea se is prevented by 

a c t inomyc in D ( see F ig . 5 ) . Thi s  inc rease may 

re quire add iti onal RNA . synthe s i s  and may not 

theref ore be wha t i s  norma l ly thought of a s. 

e ndo genous growth. Aga in, this nff a c t  occur s  

af ter a much longe r length of t i me than the effe c t  

on auxin- i nduc ed growth. 
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3 .  Cle lancl ( 1 9 59 ) ha s shown that the eff e c t of 

turgor pre s sure on the two type s of' gr owth i s  

d iffe rent . For aux in- induc ed growth the re i s  

a c r i t ic a l turgor pre s sure b e l ow wh ich au.xin-

induc ed growth d o e s  no t o c c ur .  Thi s  i s  no t the 

c a se f o r  end oge nous growth . End ogenous growth 

var ie s d i re c tly w i th turgor pre s sure as long a s  

i t  i s  gre a te r  than zero . The eff e c t s  of turgor 

p re s sure on gr owth are paralleled by effec t s  on 

c e l l  wall exte ns ib il i ty .  

4 .  Ana e r ob ic c ond i t i ons reduc e  the aux in- induc ed 

growth rate by ab out 80% t o  a l ower leve l of 

ab out 1 0  uni t s/min ( 2 . 3 ;um/min ) ( unpub l i shed 

work f r o m  thi s  lab oratory ) . Thi s  rate i s  

c ons tant and not due to pho t o synthe t ic oxygen 

ev olut i o n  be c ause it i s  not aff e c t by DCMU 

( 3- ( 3 , 4-d ichl o r ophe nyl ) - 1 , 1 -d ime thylurea ) . · If 

the e nd ogenous ra te is r e la t ive ly high ( 30 uni t s/ 

min) the n it  i s  reduced t o  ab out 1 0  unit s/min 

by anae r ob ic c ond it i ons . Thus the e ndogenous 

ra te is d iffe rent f r om. the l ower ba sal ra te and 

may approach it a s  the endogenous auxin i s  l o s t  

from the s egme nt . 

� .  Compe t it ive inhib i t o rs of aux in- induced growth 

d o  no t affe c t  end ogenous growth,  The re sul t s  

of Mc Ra e  and Bonne r ( 1 9 5 3 ) show 
• 
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4-chloro:phe,noxyisobutyric ac id ,  2.,4-d ichloro

phe noxyi s obutyric ac id a nd  2 , L+-d ichl oroanisole 

a ll inhib it IAA - and 2 , L�-D- induced grovvth but 

have no effect  on e ndogenous growth. 

The rela t ionship be tween auxin- induced growth and 

endoge-nous growth remains to be e l  uc ida ted . In the 

short- term kine t ic experiments in this the s i s , each 

se gment (unle s s  otherwise  s.ta te.d ) wa s pre trea ted for a t  

lea s t  1 • 5 hr i n  flowing buffer .  Excep t  f or the expe riment s 

using c ycloheximide a t  28°C ,  the buffe r  wa s not re

c ircula ted . The rate of auxin transp ort ha s been rep o rted 

to be 1 0-1 5 mm/hr ( Morris  e t  al . , 1 969 ) , therefoi'e the 

segments were probably almo s t  comple tely deple ted of 

diffus ib le auxin. 

B .  Bioche mical The or ie s .  

1 .  Categ0ry I - ill�A synthe sis  is  re �uired . 

The c urrent the orie s of auxin a c t i on,  ba sed on short-

term kine tic evide nc e , have been out l ined . The ma j or 

the ory which is  b a sed on b iochemical ev idence wa s first 

propounded by Key and his  group ( e . g . Key and Ingle , 1 964 , 1 968 ) 
and Nooden and Thimann ( 1 96 3 ,  1 965 , 1 96 6 ) and la ter j o ined 

and extended by Masuda ( e . g � Masuda 1 1 968 ; Ma suda and 

Wada , 1 966 ) . In e ssenc e , IAA is. postula ted to st imulate. 

the synthe sis  of DNA-l ike RNA which i s  termed 1 1growth 

e ssent ial RNA11 • ( Ingle and Ke;y , 1 965a , b ) . The ac tual 

mechani sm by which auxin d o e s  so , is  by stimula t ing RNA 
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polyme ra se a c t iv ity which i s  thought to be l imit ing 

( O ' Brien e t  a l . , 1 968 ) ..  The " growth e s sent ial  ffi�A " 

fraction which  i s  a s sumed to be  rn-Ri"iA ( and ha s a ha lf

life of 1 . 5 to  2 hr s ( Ingle e t  al . 9 1 965 ) ) i s  

:pos tula ted t o  code f o r  "growth e s sent ia l  prote in11 ( Key 

and Ingle , 1 968 ; Ma suda and Tanimoto , 1 967 ) . Ma suda 

( 1 968 ) p o s tula t e s  that thi s prote in is a he :nic e lUl.a se 

such as ;8 - 1 , 3  glucanase which loo sens the cell wa ll , 

inc re a s i ng the reversib le extens ib il ity ( Ma suda , 1 969a ) . 

In short term ldne tic exp e ri Plont s thi s enzyme appl ied 

externa lly inc rea sed the growth rate of e t iola ted pea 

stem se gment s in 1 0 IJ.in . ( Ma suda and YvCJ.da , 1 96 7 )  and 

inc re a s e s  reversib le extens ib il ity by 30  Bin ( Ma suda , 

1 969b ) 0 

The a rguments of Evans and Ray ( 1 9 69 ) g ive 

the ore t i c a l  evidence against the s t imL;.la tion of rn-RNA 

synthe s i s  a s  one of the f ir s t  acti ons of auxin,  part

icularly b e c ause of the long ha lf - l ive s ( hours to days ) 

of RNA a nd  p rate ins of higher organi sms . Hovrever the 

vror l{ of the group s  of Key and Ma suda can b e  c r i  t ic ised 

on othe r ground s . The f irst  i s  ba sed on evidenc e f rom 

the short term kine t ic s .  Most  of Key ' s  work,  is  ba sed 

on labell ing per iod s  of 2 hours - a time in which the 

auxin- induc ed e longation ha s been proceed ing for a t  

lea st  1 . 5  hour s .  To de termine ca�-oa l  rela ti onship s  

under such c ircums tance s is  not pos s ibl e . The shorte st 

labell ing time used by Ma sudr:1. in v:hich und e na  tured RNA 
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wa s. extrac ted and separa ted (by �.WC c olumn c hrornatogi•aphy ) 
i s  one hour . He ha s reported work ( 1,ia suda and Kamisaka , 

1 969 ) in which t i s sue wa s treated for  1 0  minute s and 

then the total RNA extrac ted by the perchloric ac id 

me thod . In this me thod the lli�A is  hydro lysed and the 

rad i oa c t ivity of the hydro lysa te i s  d e termined . He found 

25% inc re a se due to auxin,  but it was not determined 

whe ther the lab e l  was in the m-RNA frac t.ion . There are 9 

howeve r more se r i ous ground 3  f or c r i t i c i sm.  

In  thi s the s i s  DNA synthe s i s  only oc curred when 

the incub 3.ti on med iun1 vm s acc identally c ontaminated . The 

re sul t s  of the expePime nt s of Ma suda ' s group ( e . g . 

Masuda and Tanimoto 1 967 )  shO'i!S tha t DNA synthe s i s  

occurred . I n  fac t i n  those treatme nt s i n  v1hich mRNA 

synthe s i s  wa s enhanc ed 9 e nhanc ed DNA synthe s i s  also  

occurred . I:ia suda did not use a bac terio static  c ompound. 

in the incubat i on medium .  The plant ma terial used by 

Ma suda ( Avena cole optile s and et iola ted pea third inter

node ) under the ir c ond it ions was growi ng by c e l l  e longation. 

It vvo uld be expec ted·  · the ref ore that  DNA synthe s i s  would 

be  very low. Theref ore it  s.ee ms prob able that the DNA 

wa s synthe s i zed b y  a c ontaminant . I t  f ollows tha t i t  

would a lso  b e  synthe sis ing RNA . It i s  necessary to 

de termine whe ther the lli�A synthe s i s  occurring during the 

1 0  minute s af ter auxi n add iti on wa s due to auxi n or to  

a c ontamina t i on.  



1 1 7 . 

The same c r i t ic isms c an be leve led at  the wo rk 

prior to about 1 967 of Key ' s  group ,  a lthough 9 this is 

denied by Sab ota et a l .  ( 1 9 68 ) . Af ter that t ime they 

inc luded s tl"ep t omyc in in the growth med ium. Hoc k  

( 1 967 ) ha s shown that re sults s i milar to tho se obtained 

by the group s  of Ma sud8. and Key wi ll ari se when 

Pseudomonas i s  added to the incub a t i on med ium of 

asep t i�ly grown t i ssue .  With the se bacter ia even high 

c oncentrat ions of penic ill in or s trep tomyc in had no 

eff e c t  on bac ter ial growth. 

TreweTI. s  ( 1 56� ) agre e s  with Key and Masuda tha t 

the ac ti on. of auxin is on RNA synthe s i s  but di sagre e s  

on the f ra c ti on tha t is synthe si zed . Spec if ica l ly his 

hypothe si s  i s  that auxin inc reases  the rate of synthe s i s  

of r-&T\JA and the ref ore inc rease s· the level of p oly

rib osome s .  By DNA hybrid izati on and d iffere nt ial 

centrif ugation technique s Trewevas ( 1 968 ) showed that 

the f ir s t. de tec tab le IAA- induc ed inc rea se in r-illfA wa s 

one hour af ter the addition of auxi n.  The f irst  

inc re a se in labe l of lliiTA wa s d e tec ted in the nuc lear 

frac t i on and by 2 hours some appeared in the c ytoplasm. 

By 1 2  hours the leve ls of p olyr ib o s ome s had inc re a sed 

( Trew;evas. , 1 968 ) • While in 1 2 hours -there. i s  no 

inc re a se in total pro tein ( 1 9 68b ) , by 1 hour there i s  a 

c hange in the pattern of pro te ins as  e.luted f ronr. 

Sephadex G-1 00 ( Pa t  tei•son and Trewevg, s , 1 96 7 )  



1 1 8 . 

Tre �a s ha s made so me s ignif i c ant cont r ibut i ons 

to the understand i ng of auxin ac tion, both in the 

que sti ons he ha s tried to  ansYver and in the techni que s 

he ha s used . However his c onc lus i on that an inc rease 

in r-RNA cause s c e ll elongati on is d iff icult t o  

unde rstand sinc e  he himself ha s shovm that it to ok 2 

hours b efore it reaches the cytopla sm .  

Thi s  point s to  the ma j or crit ic i sm of the hypothe ses  

in category 1 .  Lit tle attempt ha s been made by the 

group s  of' Key or Ma su.da to determine whe ther the 

re quire me nt s  outl ined on P 57 are me t . It is  i mp ortant 

that the se criter ia be me t in e stab l ishing a the ory . 

2 .  Category I I  - Pro te in synthe si s i s  required 

The pre sent work ind icate s tha t the hypo the se s in 

Ca tegory 1 are: not tenable . The long and short term 

kine tic  expe r iments with ac tinomyc in D provide sub

stant ial indire c t  ev idence against the se the or ie s .  The 

f a ilure to  dete c t  auxin- s-t imulated RNA synthe s i s  within 

20 rnin or 40 min seems to rule out the possib i l i ty that 

the stimulat ion of RNA synthe s i s  can b e  the cause of 

e ither of the maxima of the growth rate curve . Although 

thi s  i s  the most d irec t  demonstrati on that the pr imary 

ac t ion of auxin doe s not involve st imulati on of lli�A 

synthe s i s , the we ight of i:rnd irec t evidenc e  ha s bee,n 

aga ins t it  for  so me time .  Pe.nny and Gal s ton ( 1 96 6 ) , 

Ne l son e t  al . ( 1 969 ) and Nis sl and Ze,nk ( 1 969 ) , on the 
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ba s is .  of' long term kine t ic ev idence with a c t i nomyc in D ,  

all usi ng d iffe re nt type s of' t is sue s came to this  

c onc lus i on.  They all f ound tha t prote in synthe e.i s 

inhib i tors reduced auxin- induced growth so one r  than 

d id a c t i nomyc in D .  In add i t ion,  Cle land ( 1 9 65 )  f ound 

that ac t inomyc in D had l i t tle eff e c t  on the e x te ns ib il i ty 

of' the c e ll wal l . Taking a more the ore tical approach in 

as se ss ing vari ous theorie s ,  Evans and Ray ( 1 9 69 ) showed 

that the stimula ti on of' RNA synthe s i s  wa s not l ike ly to 

be the primary a c t i on of' auxin.  

The wo rk of' Fan and Mac lachlan ( 1 967 )  can be 

interpre ted as  ev idence aga ins t  the hypothe s i s  as  we,ll .  

They rep laced the apex of' e ti ola ted pea seed l ings vrith 

lanol in vrhich conta ined auxin. In some of' the treatment s ,  

the lanolin a l s o  contai ned ac tinomyc in D or puromyc in.  

The plant s were ob served over severa l days . Tho re plant s 

which  had IAA a lone formed a large callus jus t  under the 

lano l in ;  there wa s a very large s t i mula tion of' ID�A 

and ce llulose synthe s i s ,  and an increase in fre sh we ight . 

On the other hand , those pla nt s. which were trea ted with 

a c ti nomyc in D and puromyc in a s  well  showed greatly 

enhanced e longat i on,  no sv1e lling and l it tle inc rea se, in 

fresh we ight . RNA and prote in synthe s i s  ( in thi s, c a se 

c e llula se in part icular ) were re q_uired for the inc rea se: 

in fre sh we ight and f or cell  d iv is ion (both of' which 

were stimula ted by :\:AA) , but they vvere not re quired f or 

e longati on. It f ollows that an "unma s king"  of' DNA wa s 
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re quired f o r  c e ll d iv i s i on but not for elonga t i on.. 

Since el ong�t i on c ont inued for several days af ter the 

decap itati on, it  f ollows to o tha t the half - l ife of the 

m�RNA f or the enzyme s re quired f or e longat i on must be  

rathe r  long- in the order of days rather than hours . If 

the DNA - l ilm RNA descri-bed by Ingle e t  a l . ( 1 965 )  doe s 

par t ic ipate in auxi n- induced e longation,  it s short half 

l ife  may be an illustra ti on of the c ons tantly changing 

proc e s se s  occurr ing af ter exc i s i on that  vrere described 

by Audus ( 1 95 2 )  ( see p .8 ) . · 

A further illus tra t ion of Audus ' de script ion occ ur s  

i n  the . pre se nt wo rk. The amount of RNA synthe s i s  change s 

with t ime after exc i sion.  For example no RNA synthe s i s  

c ould be  de tec ted immed iate ly af ter the pre trea tment 

peri od ( 1 . 5  hr . ) but it c ould be detec ted read ily 5 hr . 

later ( 6 . 5  hr . af ter cut t ing ) . The inc rease in synthe si s 

wa s gre a ter in the c ontrol  segment s  than tho se treated 

with IAA. Thi s  may be a s s oc iated with the inc rease in 

growth which of ten occur s  in control segment s 6-1 0 hrs 

af ter the start of lo'ng term 1-cine tic  experime nt s . The 

same inc rease d o e s  not seem to occur with IAA. treated 

segment s . The same eff e c t  on green pea stem segme nt s  

ha s b e e n  reported bef ore � PenRV and Gal sto n,  1 9 66 ) . 

The we ight of the evidence is  against hypothe se-s 

in category 1 ,  They are , therefore , improbab le even 

although one of them ha s reached text-b ook status 
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( Thirnann, 1 969 ) . 

The re sults of e x:r;cr iments inve s t igating the 

re Quire ment :for p ro te in synthe s i s  c an be c ons idered in 

relat ion to hy-p othe s e s  in ea tegory 2 .  The se p o s tulate 

lAA ac ti on at the ill�A level to  stimulate synthe s i s  of 

prote in re Quired :for grovlth . 

Dire c t  attempts  to d e t e c t  auxin- s t imula ted prote in 

synthe s i s  led to amb iguous re sult s . Ac c ordi ng to the 

p o s tulate of Evans and Ray ( 1 9 69 )  a�xin st imulated 

inc orp ora t i on into memb rane :f rac ti ons ( DOC s olub le and 

DOC inso lub l e )  could be  expec ted . In one exper iment 

the synthe si s of two prote ins in the DOC solub le :fra c t i on 

appe ared t o  b e  stimulated by auxi n. They were not 

dete c ted i n  a sec ond exper iment . Patte rson and Trewava s 

( 1 9 6 7 )  have shovm that the synthe sis  o:f some p rote in 

:frac tions e luted o:f:f Sephadex G 1 50 c olumns is sti mulated 

by IAA af ter 1 hr treatment . 

The re sults of the cyc loheximide experi ment s  were  

le ss  amb iguous . When auxin wa s suppl ied to  segments 

s imultane ously with, or up to 30 min af ter cyc l oheximide , 

auxin- induced growth occ urred , but wa s not sus tained :f or 

long peri od s of t ime .  IAA the refore see ms to act  on 

pre-exist ing p rote in but :furthe.r prote in synthe s i s  is 

s oon re quired . Similar re sults  with cyc lohexi mide pre

treatment :f or 35 min have been ob tained by Barkley and 
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Evans ( 1 9  70 ) ( see. Fig .  36b ) a 1 though they d id not 

conc lude tha t  auxin ac ted on a preex i s t ing prote in. 

It appears  then,  tha t  the hypothe s e s  in ca tegory �I 

must  be re j e c tcd . Sinc e  prote in synthe sis  is. r e quired 

soon af't e r  the init ial ac ti on of' g,uxi n,  it can be 

c one l uded tha t 

a ) the si te of' prima ry auxi n acti on i s  in the 

DNA � RNA � prote in - - �  cell  e longat i on 

se quence and 

b )  tlllt any p o stula te of' pri��ry auxin ac tion would 

be i n  cate gory I I I .  

By ca l c ulat ing the amount of' aux in- induc ed growth 

which occurred af' ter prote in synthe s i s  had been stopped 

f'or var ious leng ths of' ti me in cyc loheximide � it  wa s 

p o s s ible to e st i ma te the half'-l if'e f'or  the ava ilab ility 

of' a prote i n  on rvh ich auxin ac t s .  This half'-l if' e  wa s 

approxima te l y  1 2  min. wi th a mean l if'e of' abo ut 1 7  min. 

If' mo re than one prote in is inv o lved , then the 1 2  min 

would repre sent tha t of' the prote in havi ng the shorte st  

ha lf-life , because i t s  concentra t ion would bec ome 

limit ing b ef ore the other ( s ) . 

The se c oncl us i o ns have been d ravm with the 

a ssump tion tha t cyc lohe ximide inhib its only prote in 

synthe s i s . 'l'herc ha s been ind ire c t  ev idenc e. ( MacDonald 

and Ell i s , 1 9 69 )  tha t cycloheximide may af'f'ect other 
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proce s se s  such a s  unc oup l ing re sp i r a t i on a nd thereby 

d e c re a s i ng i o n  up take in c a rrot d i sc s ,  a l though 1\J. rk 

( 1 9 70 )  f ound no suc.h eff e c t  in :Euglo na o Howev e r in the 

pre s e nt wo rk , no eff e c t on oxygen up take vra s d e tec ted . 

In an exp e r i me nt no t rep o rted he re , the re wa s very l i t t l e  

effe c t  of a 6 0  min tre a t me nt of c yc l oheximid e on t he 

inc o rp ora t i on of 32p int o organic pho sp ha te s .  It  appe a r s , 

the n t ha t  the a s sump t ion wa s v a l id f o r thi s t i s sue . 

c .  The p rima ry s i te of aux i n  ac t i o n .  

The W,yp othe s e s cur r e nt a t  the s t a r t  of the vro rk 

ranged f r o m  a c t i o n  wi thin the nuc leus to d i re c t a c t i on 

on the c e l l  wa l l . The range of alterna t ive s f or 

exp e r i me ntal hwe s t i ga t i o n  wa s very laPge . The ref ore 

the b a s i c  appro a c h  used r1a s to a s k  a que s t i o n  vrhich 

d iv ided the range of a l t e r na t ive s int o two ma j o r group s . 

The answe r to the que s t i on wo uld the n  ind icate which of 

the trvo group s  of a l  tcrna t ive s c ould b e  d i sc a rd ed a s  

not c onta i ning the s i te o f  a c t i on . The p r oc e s s  c ould the n  

b e  rep e a ted on the range of a l t e rna t ive s tha t re ma ined . 

The f ir st que s t i on tha t wa s a sked VT3. S 1 1Doe s aux i n  

a c t i o n  d ep e nd on an eff e c t  o n  RHA s;<{nthe a i s? " The 

a nswe r wa s no . The ref ore al l p r oce s s e s pre c ed i ng R.T\TA 

synthe s j_ s , f or examp l e  eff e c t s on DNA t ransc r i p t i on ,  

c ould b e  i gnored . The r e ma ining range o f  n l terna t ive s 

i nc l ud ed the int e rac t i on of the vari ous sp e c i e s of ill�A 



in the synthe s i s  of the p ro tein,  synthe s i s  of' prote in 

itself' or many other p o s s ib il i t ie s vrhich would not 

inv o lve the se proce sse s such a s  ac ti on in me mb rane s .  

Thi s  r3.nge of p o s s io il i t ie s  wa s div ided iato two group s  

by a sk ing the llUe sti on "Doe s aux in ac t ion depend on an 

effe c t  on prote in synthe s i s ? " Aga in the answor wa s no , 

but this time i t  was �ua l if ied . Auxi n  doe s  not re�uire 

pro tei n  synthe s i s  in order  tha t el onga t ion be inc rea sed , 

however protein synthe s i s  i s  soon re quired , a nd  some 

of the chara c te r i s t ic s  of the prote in( s )  are kno'lrn . 

Thi s  prec lude s a ux i n  ac ting a t  the translat iona l  level 

and sugge s t s  that it  ac t s  on or with a protei n .  

The half l ife that 1.va s ob tai ned f or the prote in wa s 

unusua lly shor t .  ( It i s  s imilar to tha t e s t i ma. ted by 

EvanG and Hokans on ( 1 969 ) ) .  Thi s  suggc sts  tha t the half 

l ife ob tained wa s a mea sure me nt not of rate of d egrada

tion of an enzyme ( usu.al ly much longer f or higher 

organisms Evans and Ray ( 1 9 69 ) , DoVJb in ( 1 969 ) b ut of 

the time that the prote in i s  ava ilab le to be ac ted 

upon or \Ni th o.uxi n .  In other wo rd s af ter synthe s i s  

the prote i n  mov e s  t o  a c ompa rt ment where i t  i s  not 

acce s s ib le to auxi n,  and auxin  may only act  on or with 

it during the per i od af ter synthe s i s  a nd  bef ore 

entering the compartment . The ha lf l ife is  the average 

length of tha t t ime period fo r the prote in mole c ule s . 

This interp re tati o n  i s  si mila1· to tha t  of Chr i spee l s  

( 1 9 70 )  f o r  the hydr oxyla ti on o f  pro l ine in the 
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hyd r oxyp r o l i ne - r ic h  c e l l  wa l l  p r o t e i n. Chr. i sp e e l a  ha s 

ev·ide nc e  tha t the p r o l i ne in the pro te in c a n  only b e  

hyd roxyla t e d  f or a sho r t  t i me ( ab o ut 1 0  m ins ) b ef o re 

i t  e nt e r s  a me mb ra ne -b o und c o mp a r t ment and b e c o me s  

inac c e s sab le t o  hyd r oxy l a t i ng e nzyme s . 

Chr i sp e e l s  wa s. ab le t o  i s o la t e  me mb ra ne -b ound 

orga ne l le s  whi c h  c o nt a i ned the hyd r oxyp r o l ine - r ic h  

p r o t e in b y  d if f e re nt i a l  c.e nt r if uga t i o n .  A s earch wa.s 

n�d e  of e l e c t r o n-mic r ographs of lup in hyp oc o tyl s e gme nt s  

t o  s e e  if' the r e  we re organe l lc s wh i c h  c ould p o s s ib ly 

fulf' i l l  a s i mi la r  r o le f o r the p r o t e in p o s tul a ted t o  

a c t w i t h  or t o  b e  a c ted up on by aux i n .  F i g . 38a 

i l lus t ra te s  a c e l l  whi c h  is typ i c a l  of the non-V!a s c ul a r  

c e l l s  of lup in hyp oc otyl . They a re highly va c uo la ted , 

c onta i n  c hl o r op la s t s  a nd o the r s t ruc t'LU'O S c o mmon t o  

mo s t  c e l l s  of h i ghe r o r ga n i s ms suc h  a s  nuc le i , 

m i t o c ho nd r ia , g o l g i  b od i e s ,  r ib o s o me s ,  e nd op la smic 

re t i c ulum e tc .  They a l s o c onta in p a r a mural b od ie s ,  

s t ruc t'll.I'8 s  whi c h  arc p o s tula ted t o  b e  invo lved in c e l l  

wa l l  s ynthe s i s  ( Marchant a nd  Roba rd s ,  1 9 68 ) . Examp le s  

of p ar a mura l  b od ie s  a r e  ind ic a ted in F i g .  38a . F i g . 

38b i l l us tra te s a p a r a mura l  b ody a t  h i ghe r ma gnif i c a t i o n .  

The s truc turc i s  enc l o se d  b y  the p la s ma l e mma and the 

t onop l a st me mb ra ne a� c o nt a i ns ve s ic le s . The p a r a mura l  

b od ie s are e x t re me ly c ommon . In � l ow p owe r e le c tron 

mic r ographs of s e c t i ons f'rom two d if f e rent p l a nt s  the re 

we re approx i ma te l y  2 per c e l l .  The average c e l l  l e ng th 



Fi g .  3 8 . El e c t r on mi c r o graphs o f  t r a n s v e r s e  

s e c t i o n s o f  lup i n  hypo c o t y l . 

Magni f i c a t i o n  ( a ) 8 , 500X ( b ) 53 , 000X 
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wa s 1 5  Jlill• Sinc e  the secti ons were 5 0  - 70 run thic k 

there mus t  be abo ut 300 - 5 00 paramural bod i e s  per c e l l . 

The paramural b od ie s  are abundant in. both auxin 

tre a ted ( f or 35 min ) and non-auxin trea ted t i s sue and 

oc c ur more f requently than golgi b od ie s .  They may p lay 

a role in cell e longation in lup in hypoc otyl and if so 

may be the compartment to which the growth-re quiring 

protein i s  transported . 

D .  A Model  f or the Pr imary Mechanism  of Auxi n  Ac tion. 

Fig . 39 i s  a d iagram of a portion of a transversa 

sec ti on of lup in hypoc o tyl . The organe lles which 

probab ly do not c ontain the site of aux in ac t i on are 

ind ica ted with a b roken l ine . The c hloroplas t  is  not 

ne c:e s sary since auxin-induced el ongat i on occur s  in 

t i s sue s  that  do not c ontai n  chloropla s t s .  The nuc le us 

ribo so me s, and e nd op la smic reticulum can all be  d iscounted 

be cause lli�A and prote in synthe s i s  are not required for  

the initial ac ti on of auxin.. Mit ochondria are nec e s sary 

only to  prov ide the energy f or growth and the vacuole 

supp l i e s  the force v ia turgor pre s sure . 

qr'L- • • On p . 48 � outl2ned three p o s s,lble Jtrwpothe se a to 

a c c ount for the growth rate curve . The evide nc e  f or 

each of the se will be c ons idered •. 

The f irst e xp lana t ion is tha t  auxin affec t s  twd' 



128 . 

nucleus - -

mitochondrion - - - - - - -

endoplasmic reticulum - - -- - - - -

vacuo l ar membrane ---------------� 

chloroplas t - -- - - - -

vacuole - - - - -

Fig . 3 9 . Diagram o f  t ransverse sec t ion of  lupin hypocotyl . The dashed 
l ines indicate those structures which do not contain the s i te of  
primary ac t ion of  auxin . 
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proc e s se s  vvrhich are separated in time . The f' irst  

proc e s s  would oe of short durati on and the sec ond would 

b e  of much longer duration ,  and e.quivalent to that- which 

i s  measured in long term kine ti c s .  It wa s Cle land 

( 1 9 67a ) who f irst sugge sted this p o s s ib il i ty to 

re:e onc ile hi s find ings that max imum pla stic extensib ility 

occurred 90-1 20 min af ter add ing auxin while the growth 

rate reached a maximum after ·1 0-1 5 min. He p o s tulated 

that chsnge s in turgor pre s sure c ould have acc ounted 

f or the d iff erence . He worked wi th Avena. c oieop ti le s  

and it ha s been found tha t lup ins react  in a. si milar way , 

( Penny e t  a l . 9 1 971 ) . The pla sti c extens ib il ity start s 

to increase  at  ab out 40 min - a t ime vvhen the 

ac cele rat.ion of growth i s  at a minimum - reaching a 

maximum at ab out 60 min. Thi s  c ould acc ount f or the 

sec ond maximum in growth rate . The work of Yoda ( 1 9 6 1 ) 
and Yoda and Ashid� ( 1 96 1 ) de mons trated tha t in 

e t iola ted pea ste m se gme nt s the "e were transient change s 

in osmot ic p otential af ter aux in trea tment . They found 

that  auxin rap idly inc rea sed the os·mot ic p otent ial unt il 

30 min,  af ter which there wa s an e q_ually rap id dec l ine. 

to  value s le s s  than b efo re auxin wa s added . Although 
. 

the se kine t ic s do no t f ollow exa c tly the kine tic s of the 

f irst growth rate peak � they c ould be a p o s s ible 

exp lana ti on for i t .  The p o s s ib il ity wa s c hecked oy 

d e te rmining the free zing po int depre s s ion of the sap_ 

var ious time s  af ter add ing aux in. This wa a done by the 

me thod of . Gross ( 1 9 54 ) a s  modified in Fig . 1 2 . 6  of Gie s,e· 
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( 1 968 ) . Howeve r  no si gnif ic ant d ifference s were de tec ted . 

Al s o· no s i gnif icant d ifferenc e s  we re de tec ted in the pH 

of the c e l l  sap at var i ous t i me s  af ter auxi n add i t i on.  

At this s tage Y it doe s. no t seem l ikely that c hange s 

i n  o smot i c  potential c an acc ount for the f i r s t  pea k .  

The inc rea se i n  pla s t ic extens ib i l i ty oc cur s  a t  the 

c or re c �  t ime to acc ount f or the se c ond max i mum. However y 

thi s  t iming may be c o inc ide ntal .  The se gme nt s up on which 

the mea sure ment s we re made. vre rc killed and . dehydrat ed af ter 

auxi n treatme nt and the extens,ib i l i ty of the rehydra ted 

ce l l  wa lls mea sured us i ng an Ins tron stre s s- s:tra in 

ana lyse r .  The re i s  no ev ide nce tha t such me a surement s 

ref l e c t  the, dynamic state of the ti s sue par t i c ularly 

s inc e the e le me nt t i me i s  no t inc luded in the mea sure ment . 

The hyp o the s i s  ha s been inve s t igated i n  a d ifferent 

way . If the two maxima are due to d iffere,nt reac t ions 

and if there are d ifferent rec ep t ors f or the two 

re a c t ions , then it may b e  po s s ib le to f ind c o mp ound s  

tha t would e l ic it one of the rea c t i ons more than the 

o the r .  The re have b een sugge sti ons t o  expla in re sult s 

ob t a i ned with some synthe tic  aux ins that the re may be 

more than one s ite tha t  re sp ond s. to a.uxi ns. and that so me 

synthe t ic auxins d ire c t  or may a c t ivate one more than the 

othe r  ( e . g .  L ibbert , 1 95 7 ;  Burstrom and Hans e n , 1 956 ; 

Ka t sumi , 1 961 ) .  It should be no ted that the sec ond 

hyp othe s i s. ( the negat ive feedba.c k  hypothe s i s ) would 
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lead to d ifferent predi c ti ons in this re spec t - it  should 

not be p o s s ib le to f ind comp ound s that would e l ic i t  one 

of the two growth maxima to a muc h greater extent than 

the other.  

Jltt> 
'l1ft€ evidence for  two d i sc re te s i te s  wa s f ound from 

the small numb er of auxins tested but there is some 

ev idence tha t  different auxins c ould re sult in a different 

re la t ive he igh� of the first  peak to the second maximum. 

The ma in  support for  thi s  hypothe s is i s  the increase  

in  p la st ic e xtensib il ity which c o inc ide s with the second 

maxim��. AB yet there i s  no exp lana t ion for the f irst  

maximum s ince the pos s ib il ity of a n  increase in o smot ic 

p o tential doe,s not seem l ike ly . However , a sugge s t i on 

of Cleland ( 1 96 7b )  would be worthwhile inve st i gat ing . 

He sugge sts. tha t  two type s of b ond may need to  be broken 

:Do  ge t deforma t i on of the cell  wa ll . One i s  strong 

and the othe r  i s  vreak ( hydroge n? ) b ond s .  The Ins.tron 

technique may only mea sure the c ontribut ion of the strong 

bond s .  The f irst peak could b e  the re sult of breaking 

the weaker b ond s .  Uhrstro�m ( 1 9 69 ) , using a dynamic 

tec hnique to mea sure e la s,tic i ty ,  found a more rap id 

inc re a se in the ela stic ity of the wall and it i s  p o s s ib le 

that this tec hnique could mea sure a change in the se 

weaker bonds o 
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The second hyp o the s i s  p re sented on p . 48 t o  exp la in 

the growth rate c urve wa s tha t  of ne gative feedbac k  

w i th underdamping .  T}i.i:s mod e l  a s sume s only one eff e c t  

o f  auxin,  and the ref ore tha t the eff e c t  on the p l a s tic 

e x tens ib i l  i ty i s  not the cause of the ac tua l  e l onga t ion 

p roce s s  b ut is a c o ns e quenc e of it . 

Out l ined in F ig , 40 is a model inc orpora t ing the 

known fac t s  of the init ial ac t i on 6f auxin .  The 

imp ortant f e a ture s  of' this inc lude an inte,rna l pool of 

IAA in the cytopla sm which change s with the externa l  

c onc entra t i on because the growth ra te i s  propor t i onal 

t o  the exte rna l  c onc entra t i on of I.Ai\ .. and not t o  the 

t o t a l  IAA taken up by the ti s sue ( i . e .  the. t o tal inte rna l 

c oncentra t i on ) ( And reae , 1 967 ) .  It as sume s that IAA a c t s  

o n  a p o o l  of rec ently synthe s i sed prote in and c ause s the 

f i r s t  peak . Because of the cyclohexim ide pre trea tment 

re s ul t s  it i s  conc luded tha t the p rote in i s  in thi s 

p o o l  ( "ac tive pra te in p oo l " ) f or about 1 0 minute s b efore 

i t  i s  re moved to an " ina c t ive protein p o o l " .  Evans and 

Ray ( 1 969 ) have po inted out that i t  i s  unl i ke ly tha t  in 

p lant c e l l s  prote ins are synthe s ised and hydrolyseQ a t  

such short i nterva l s . For thi s rea son i t  ha s been 

a s sumed tha t  prote in from the "ac t ive p oo l 1 1 is  transpo rted 

into an inac t ive compart ment ( whe re IAA c annot ac t on it ) 
perhap s in a me mbrane or cel l wal l or so me me mb rane-bound 

c ompar tme nt . 
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(including 
conj ugated , 
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POTENTIALLY 
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EXTERNAL IAA 

ACTIVE 
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log [IM] 

133 . 

CELL WALL 

���NGATION 

Fig . 40 S chematic representation o f  a model to account for the 
interac t ion of IAA and protein in cell elongation . 



The minimum and se c ond maximum in the growth ra te; 

( Pe nny e t  a l .  9 1 9 71 ) can be expla ined if the : rac tive 

p r o te in pool " inhib i t s  its own synthe si s e i the r d i re c tly 

or ind ire c tly . In the ab senc e  of I1�\ a steady s ta te 

would be a t ta ined . The add i ti on of Iili\ re sults in a 

deple ti on of the "ac tive pool " ( he nc e  the minimwm) but 

thi s reduc e.s the inhib iti on of synthc:: s i s  of the pro te in 

and a new steady s t a te deve l ops . Onc e thi s ste ady

sta te ha s  bee n  reached , c ont inuous pro te in synthe sis 

would be re quired and the rate of prote in synthe si s 

would be l imit ing .  A s i milar , but le s s  detai led mode l 

ha s. been prop osed by Ga l s  ton and Davi e s  ( 1 969 ) . 

To be useful a model should mee t  a t  le a s t  two 

c r i te r ia . I t  mus t  f i r s t  be shown tha t the moQe l i s  

va l id i n  that it c an quant i ta t ively and no t just 

qua l itat ive ly pred ic t the observed phenomena . And then 

i t  should lead to pred i c t i ons tha t  can be te sted by 

add i ti onal exper iment s. The mod e l  prop o sed here ( F ig .  

40 ) ha s been evalua ted quant i ta t ive ly on a d igi tal 

c omputer using a qtandard d igital analog s,i mula tor 

program .  By cho o s i ng su itab le ti me and rate c onstant s 

i t  i s  p o s,s ib le to dup l icate the growth c urve s f or IAA . 

I t  should b e  p o inted out that thi s mode l could e xplain 

the second part of the growth ra te curve in hypo the s i s  Y. 

The third model a s sume s tha t the f irst maximum i s  

the re sul t  of "nasc ent growth" which re quire s auxiru 
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f' o r  e :x-p re s si on. The sec o nd  max i mwn would be the re sult 

of' auxin- s t i mula ted b i oche mi c a l  proce s se s ,  such a s. 

tho se out l ined in the mode l .  The ma in su�p ort f' o r the 

hyp othe s i s  c o me s  f' r om the f'ac t that it  i s  po ssib le! to 

ob tain the f irst p e ak in. the ab senc e  of' the s e c o nd . 

Thi s  may be done by g ivi ng short tre a t ments of' IAA 

only 5 min i s  re quired f' o r  the f irst peak to o c c ur where

a s  more than 1 5  min of' IAA are r e quired f' or the s�eco nd . 

Whe n cyc l ohe x imide i s  added c oncur rently with IAA , or 

at 28° 30 rnin befo re IAA only the f i r s t  peak o c c ur s  

( a lbe it grea tly reduc ed ) . Thi s  would imp ly ( ac c o rd i ng 

t o  thi s  model ) tha t the 1 1nasc ent grovrtht t  was a re sult of' 

prote in synthe s i s  which occurred bef o re IAA add i tion.. 

Thi s  in turn wo uld i mply tha t the f'ac t o r ( s ) re sp onsib le 

f' o r  t tna s c e nt growthtt  we re in a s teady-state s i nc e  the 

he ight of' the f ir s t  p eak d o e s  no t 8ee m  t o  be a s s oc iated 

with le ng th of pre t rea tment in b uf'f'er . If' it vrere not 

turning ove r ,  the he i ght of' the peak. would be p r op or t

iona l  to the length of' pre treatment . 

The ma j or d if'f' icul ty wi th the model i s  tha t  it  i s  

not p o s sib le a t  thi s ti me t o  pred ic t a c a'U.se f' o r  the 

f' ir s t  peak - e spe c i a l ly one which would require such a 

l ong la tent peri od f'o r exp re ssi on. The· anal ogy tha t 

wa s g ive n wa s with the re turn of' a se gment f' ro m  mannito l 

to wa t e r  and the co nse quent re turn of' the c e l l s  t o  f'ull 

tur g id ity and the e xp re s s ion of stored growth . The 

f' orme r  wa s ins tantane ous , a l t hough the la tte r may have 
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t a ken l o nge r .  

A p o ssib le c au s e  f o r  the f i r s t  p e a k  w ould be a n  

IJL\- induc ed a l t e ra t i on of the refl e c t i on c oeff i c i e nt . 

I t  i s  the ra t i o  of : 

the f l ow of wa t e r  due to ne rme a t ing s o lut e s 
the f low of wa t e r  due to non-p e r me a t ing so lutE- s 

The refle c ti on c oeff ic ient i s  an imp ortant parame te r  

o f  the me mb rane and i n  the e q�� t i on d e termining the f l ow 

of wa t e r  a c ro s s  a me mb rane due to p e r me a t ing so lute s 

i t  mul t ip l ie s the d iff e re.nc e in o smo t ic pre s sure on. 

e i the r side Of the me mb rane ( Da inty 1 969 ) .  The ra t io 

i s  ne ga tive whe n the me mb rane i s  mo re p erme ab l e  t o  the 

p e rmea t ing s o lute than to wa t e r ; i t  i s  z e r o  when the 

p e rme ab i l ity to the s o lute and wa t e r  i s  the same , a nd 

p o s i t ive when the me mb rane i s  le s s  perme able t o  the 

s o lute than to wa t e r . An inc re a s ed ref lec t ion c oeff ic ient 

i nd i ca t e s a de c re a s e d  perme ab il i ty t o  p e rme a t i ng s o lute s .  

If aux i n  inc re a s ed the ref l e c t ion c oeff ic ient then the 

me mb rane would b e  l e s s  pe rme ab l e  and the ra te of out-

f l ow of s o lute s. f ro m  the c e l l s  d e c re a sed .  Thi s  wo uld 

inc re a se the o s mo t ic p o t e nt ial , inc re a s ing the inf l ow 

of wa t e r  the reby inc re a s i ng the turgo r p re s sure of the 

c e lls . 

The second maxi mum c o uld be c aused by any of the 

p r oc e s s e s  p o s tula ted in mod e l s  1 and 2 .  
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So far al l a t temp ts to d e te.rmine the eff e c t  of 

auxin on pro tein synthe s i s  d i re c tl y  have led t o  nega t ive, 

re sult s .  It wa s the ref ore ne c e s sary t o  re sort t o  

ind i re c t  me thod s t.o d e termine so me of the prope r t ie s of 

the prote in( s ) invo lved . Now tha t  some propert i e s are 

t.o 
known , it  should be p o s sib leA ma ke d ire c t  mea sure ment s .  

I t  should be re l a t ively e a sy to de termine wh ich ( if any ) 
of th& propo sed model s i s  opera t ive because of the 

st r i c t  t iming requ i re ment s  v1hich are imp os ed on each 

by the growth ra te curve . 

+ + + + + 
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Theori e s  a re ne t s :  only he 
who casts w i l l  ea tch.  

NOV.ALIS. 



A P P E N D I X_ I 

Add i t i onal exa mple s of kine t i c  e xp eriment s . 

The f ollowing f igure s are inc l ud ed to ind i c a te the 

range of r e sults ob ta i ned in the e xp e r iments out l ined i n  

Part I .  
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A .  immediately after cutting 
B .  after 145 min . in flowing , aerated buffer 
6. after 130 min . in flowing , aera t ed buffer 
D .  after 120 min . in flowing , aerat ed buffer . 
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Effec t o f  IAA in tris-maleate buffer on the growth rate o f  lup in 
hypocotyl segments . No supp lementary light . 1 unit = 0 . 2 3 pm .  

A & B 3xl0- 5M 
C 10-SM 24°C 
D & E 3xl0-6M 24°C 
F 10-4M 2 30C 
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Ef f ec t  o f  short t erm iAA treatment on the growth rate of lupin 
hypocotyl segments .  3xl0-5M IAA in tris-maleate buffer . No 
supplementary l ight . IAA removed af ter : A, 15 min ; B ,  12 min ; 
C ,  10 min ; D ,  5 min . 1 unit = 0 . 2 3 pm .  

A 
cw. .  

TO 

.· 
. ... . 

. . 

. . . . 

. . . ... 

. . ... . 

· .... .. . ..... ... .. A 

. . . 
. 

. . . ··.· .: · . ... ·· 
8 

� ,.  � 
w 

60 1-
<( 
a: 

:I: 1'0 
1-3: 0 ... 
a: 
(!) 

10 

20 

10 

w 

.Jo 

» 

10 

Appendix Fig 4 .  
Effect o f  IAA ( 3xlo-5M i n  tris-maleate buffer) on the growth rate 
of lupin hypocotyl segments exposed to supplementary l ight . 
1 uni t  = 0 . 2 3 pm .  
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Appendix Fig . 6 .  
Effec t of  IAA ( 3xl0-5M) in d istilled water on the growth rate o f  lupin 
hypo co tyl segments . With s upp lementary light . 1 unit = 0 . 2 3 pm . 
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Appendix Fig . 7 .  
_4 Effect o f  2 , 4-D (10 M) on the growth rate o f  lupin hypocotyl segments . 

Phosphate buffer , wi thout supplementary light . 1 uni t = 0 . 2 3 pm .  
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Effect of indoleacetamide on the growth o f  lupin hypoco tyl s egments .  
a .  Total increase in length , in 5 hr , of  5 mm segments treated 

with various concentrat ions o f  indoleacetamid e .  The bar 
represents the response of segments treated with 3xlo-5M 
IAA in the same experiment . 
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App endix Fig 9 .  
Effect of  indole butyric acid ( 3xl0-5M in 
growth rate of  lup in hypocotyl segments . 
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Appendix Fig . 1 0 .  
Effect o f  IAA ( 3xl0-5M i n  tris-maleate buffer) o n  the growth rate o f  
pea epicotyl segment s .  With supplementary light . 1 unit = 0 . 2 3  pm .  
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Appendix Fig . 11 . 
Effect of IAA in phosphate buffer on pea stem s egments . Measurements 
started between �� and 90 min after cutting . 10-4M IAA , an average of 8 
experiments . 10 M and no IAA an average o f  6 experiments . No sup
plementary light . 1 unit = 0 . 23 pm . 
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Appendix Fig . 1 2 . 
Effect o f  2 , 4-D (l0-4M) on the 
growth rate of p ea stem seg
ments . Phosphate buffer . 
Supplementary light . 
1 unit = 0 . 2 3 pm . 
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Appendix Fig . 1 3 .  
Effect o f  indo leacetamide on the growth rate o f  pea stem segments . 
Tris-maleate buffer . Supplementary light . 1 uni t  = 0 . 2 3 pm .  

A . · 10-SM .  B .  2xl0-5M . 



A P P E N D I X II 

Techniq_ue s use& in Part II  

A.  Incub a t ion of plant t i ssue 

1 48 .  

After pre treatment in 0 . 02 M tris-maleate buffer 

pH 6 . 1  for  1 - 1 . 5 hour s , the 1 0  mm segment s were placed 

in 1 25 ml e rlenmyer f la s ks c onta ining buffer  and addenda 

such as IAA , and rad i oac tive lli�A or prote in precursor . 

The incub a ti on took place  a t  24-25°C in a constant 

tempera ture shaking wa te r bath.  The segment s were; 30 cm 

f rom a Phil ip s  TLA 80W/55 fluore scent tube . Af te r  

incubation the se gment s we re rinsed twice for 30 sec ond s  

i n  30 ml tr i a-malea t e  buffe,r pH 6 . 1  • 

B .  Extrac tion of macromolecule s .  

1 • Undena tured. RNA 

The RNA was extrac ted by a mod � .. f ied f orm of the 

me thod of P igott. and Midg�y ( 1 96 8 ) . The ti s sue · .:samp le s  

( usual ly c o ns is t ing of 1 0  - 1 0  mm segments ) were grown 
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in a mortar in 2 ml of a phenol mixture and 2 ml of 
/ S  t4d:. cf P.c,i!Lt /

buffer . The. c omp o s i ti ons of the phenol mixture" and tf, dc;-i� y  ( �<TU) 
� 

c.,J thr.. buffe,r s o lut ion;,s:t i sted in Tab le 1 .  The mortar and pe s tle 

we re prec o oled on ice and the pheno l and buff e r  so lut i ons 

we re kep t  on ice . .Af' ter gr i nding the mixture wa s trans.-

ferred t o  a pre c o oled gl a s s  centrif uge tube and stored 

on ice unti l  it wa s centrif uged . For a l l  cent r ifuga t i ons 

a -.BTL b e nc h  top c entr ifuge wa s. used and run a t  9 1 O OO g  f o r  

5 minute s .  Just p r i or to c entrif uga t i o n  the tub e s  were 

p laced in the p re c oo led c e nt r �uge holders and were 

c ushi oned with i c e  and wa te r . By the end of the sp in,  

the tub e s were a t  room te mpera ture . 

Af ter the f i r s t  c entrif uga t ion9  the phe nol layer 

wa s re moved vvi th a :Ba s teur p ip e t te . Care wa s used to 

prevent the removal of plant ma te r ial . 1 IT'� of 2 M  NaCl 

and 2 ml of pheno l  mixture wa s add ed , the tub e  sea led 

with Pa raf ilm and the c onte nt s thoroughly mixed and then 

recentr ifuged . The aque ous laye r wa s transferred to 

anothe r  centr ifuge tube , leav ing b e hind the whi te 

dena tured prote in vvhich c ol le c t s  a t  the inte·rf ace. b e twee n  

the phe no l ic and a que ous laye r s . A f ur ther 2 ml of phenol 

mixture wa s added t o  the tub e  and the c ontent s throroughly 

mixed a nd centrit'uged . The a que ous pha se wa s. a ga in 

removed , mixed wi th 2. ml of phenol and rec entr ifuged . 

Thi s  p roce s s  wa s repea ted ( usually three or f o ur t ime s ) 
unt i l  the interf ac e  b e twee n the phenol and a que ous layer s  

wa s only s l ight ly opaque owi ng t o  the dena tured prote in.  
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( The se s tep s are known a s  deprote -iniz ing steps . )  The 

aque ous pha se wa s re moved , the volume me asured and 2 . 7  

t ime s tha t  v olume of ab s o lute ethanol added and stored 

f or a t  lea st 1 hr at -1 0°C .  The flocc ulent prec ip itate 

wa s c o lle c ted by centrif ugation,  the ethanol decanted and 

1 . 0 ml of 0 . 02M s od ium a c e tate added to d i s so lve the 

pel le t .  The solut ion vra s then mixed wi th 3 ml of ab 8o lute 

ethano l and sto red at -1 0 °C for at lea st an hour , but 

often overnight . The cyc le of c entrifugati on, re-

d i s s.olving and precip ita t ion wa s repeated onc e  more . The 

f inal precip itate wa s aga in collec ted and then red i s 8o lved 

in 0 . 5 ml of e lec trophtt'esis running buffer wi thout s,od ium 

lauryl sulpha te . 

2 .  Total RNA .  

The total RNA ¥m s extrac ted by the me thod of Heye s 

( 1 96 3 ) . The t i ssue wa s ground in 2 ml of ice cold wa ter 

in a chilled mortar and transferred to a centrifuge tube . 

The �ortar and pe s�le we re rinsed with 3 ml c old water 

and this wa s added to  the tube . The mortar and pe stle 

were the n r insed with 5 ml of cold 2N perchlor ic ac id 

which \7a s also  added to  the saml}le . The sample wa s then 

centrifuged a t  3 , 000 rpm at  0°C for 5 minute s in a 

refrigera t�d Interna ti onal  Ce.ntrifuge . The pelle t  was 

wa shed suc.c e s s ively with : 

0 . 5N HC104 at 0°C 

80% e thanol a t  0°C 

Absolute ethanol at  0°C 



Ab s olute e thanol 

Ethe r a t  40°C .  
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e ther ( 3 : 1 )  a t  40°C 

Af ter a ll the e the r had evap ora ted f rom the pe l le t 

af ter the l a s t  wa.shing , it  wa s re suspended in o .  3N KOH 

and inc uba ted a t  35°C f or 1 5  hour s .  Perchlor ic ac id wa s 

added to a f i na l  conc entra t i on of 0 . 2N .  The superna tant 

wa s removed af ter centr ifuga t i on and UV ab s o rbanc e  

spe c trum ob tained . The he i ght s of the peaks a t  260 nm 

gave e st i ma te s  of re l a t ive RNA c onc e ntrat ions b e twee n  

samp le s .  

Thi s  me thod wa s pref e rab le to use f or e s t i ma t ing 

total RWA b e c ause very l i t t le or no l o s s  of RNA dur ing 

transf e r  ope r a ti ons would be expe c ted . 

3 . Organic pho spha te s .  

Al i�uot s  of the iN perc hlor ic ac id supe.rna tant 

re sul t ing f ro m  the to ta l RNA e xtra c t i on ( see ab ove ) were 

used to de·t e r mine t o ta l  organic phospha te s . The method 

used wa s t ha t  of Nie l se n  and Le,hninger as out l ined in 

Avron ( 1 960 ) .  Thi s  me thod depend s on rea c t ing t he 

inorganic pho sphate 'Ni th molybda te reagent and extra c t ing 

it out of t he aQue ous pha se int o  a n  isobutanol : benz i ne 

pha:s:e . The organic pho spha te s are lef t behind in the 

a que ous laye r . Al itiLlO' t s  of this frac ti on we,re used f or 

rad ioac t iv i ty de termi na ti ons . 



4 .  Pro tei n  

The prote in extracti on procedure i s  sho\vn o n  the 

flow chart (r. 79 ) . The t is sue wa s ground wi th 3 ml of 

"gr ind ing med ium" in a homogenizer and then f i l  te.red , 

under s.uc ti on in a funne l ,  through ( 68 r) 2 me sh nylon 

cloth .  The homogenize;r wa s rinsed t1fvice wi th 1 ml of 

gr ind ing med ium. The c omp o s i t ion of the grind ing med ium 

wa s a s  f ollows: 

0 . 03  M tr i s. - HCl buffer Ph 7 . 5  

0 . 001 M Mg Ace tate 

0 . 005 M KCl 

0 . 5  M suc ro se 

1 0-3 M Na d ie thyld ithiocarbama te 

The f il tra te wa s c o lle c ted in a calibra ted 1 5  ml 

pla s t i c  centrifuge tub e  which was packed in ice and 

NaCl during f i l tra ti on.  The tube wa s re moved and stored 

on ice  and the cell wal l  material on the nylon c loth wa.s 

rinsed with d i s t illed vva ter . The cloth wa s re moved , 

fold ed in ha lf wi th the cell  vvall  material ins ide . It 

wa s b l otted dry with p aper  towe l and the we ight of the 

cell  wal l material de te.rmined . Two we ights of thi s 

mater ial we,re p laced in pre-we ighed sc int illation vials  

dr ied overnight at 80,°C a:nd the dry we,ight d e termined . 

The rema inder of the c e l l  wa ll material wa s placed in 

0 . 3% de oxycholate in gri nd ing med iQm. 

Meanwhile the f i ltra te wa s centrifuged at 4 , 000g 
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f or 1 5  minute s i n  a refrige rated MSE centrifuge . Af ter 

de cant ing the superna tant , the pellet  wa s re ?uspanded in 

grind ing solut i on and a liquots removed for rad ioac t ivity 

de terminati ons, . The superna tant was centrif uged f o r  1 

hour in a Beckman model L ultrac entrifuge us ing the. 

head 40 , a t  38K rpm giv ing a centr ifugal force of 

approximately 1 00 , 000 g .  ( All sub se.quent centrifugati ons 

were under the se c ond itions ) � Af ter the f ir st 1 00 , 000 g 

sp in, the superna tant wa s decanted , the volume dete,rmined , 

and al iquo ts removed fo r rad i oa c t iv ity determinati ons 

and e lec trophore s i s. .  The pe lle t  was re suspended in 5 ml 

of gr ind ing medium and recentrifuged . Again the super

natant was decanted and al iquot s. removed fo r rad ioac t iv i ty 

de terminati ons . The pellet wa s re suspended in 0 . 3% 

de oxycholate in grinding med ium and left at room temp

erature f or 30 minute s af ter which it v1a s centr ifuged 

f or the la st time .  The superna tant wa s decanted and the 

pellet re suspended in 0 . 03% de oxychola te in gr ind ing 

medi urn. Al iquots.  of both the se fra c t i ons vrere removed 

for  rad ioac t ivity de termina t i ons and e lec trophore s i s . 

C .  Elec trophore s i s . 

1 .  Polyacrylamide ge l e lec trophore s i s  

With two mod if icati ons the proc edure of Lo�ning ( 1 9 6 7 )  

f o r  the prepara t i on of polyacrylamide ge ls wa s f ollowed 

throughout . The cross  l inking agent used by Lo�ning 

( 1 9 67 )  wa1s b isac rylamide and this v.r.a s used for  some of 

the work. In the re st of the work e thylene d iacrylate , 
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a-n alkal i-lab ile c ro ss l inker ( We inb urg e;t a l . ,  1 967)  

wa s used . Elec trophore s:i s  waa carr ied out a t  room 

tempera t·ure . 

a RNA 

For RNA work,  2 . 2% gels  were used when the cross

l inker was b i sacrylamide and 2 . 7% when ethylene d iacryla te 

wa s used . The c o mp o s i t ion of' the running buf'f'er vta s :  

Tris  

sod ium d ihydrogen phospha te 

disod ium EDTA 

sod ium lauryl sulphate 

glycerol 

36 mM 

30 mM: 

1 mM 

2 mg/1 .  

1 O% V/V 

The ge ls we,re generally run for 1 .  5 t o  2 hour s . 

b Prote in 

Af' te r  experi menting wi th d ifferent c once ntra t ions 

of' acrylamide f'or prote in separa ti ons it wa s dec ided to  

use 7% acrylamide . The me thod of Dav i s  ( -1 964) wa s used 

with the f ollowing modif icati ons . The main ge l wa s made 

f irst , using ammonium persulphate and TEMED a s  ca talysts . 

Af te r  this ge l had set the so lut i on f'or  the space r  ge l 

wa s placed on top .  
o.l 

This, wa s r ib oflav in photoca wsed , 

Af te r  the spacer ge l had s.e.t the sample was, layered on 

�op . 

2 .  Ce llulose acetate . 

Ce llulose. ace tate e le c trophore s. i s  wa�s. used f' or 

separa t ing the nuc 1cotide s of hydro lysed RNA. The RNA 
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wa..a hydrolysed in  0 . 3N KOH a t  37°C f or  1 8  hours . It was 

neutral ized with " ze,ocarb 225 " in NH
3 

f orm and then dried 

at 5 0°C :Ln the air for about 1 . 5 hour . It was redissolved 

in water and 5 Jll applied to each atrip . Ammonium formate 

buffe r ,  pH 3 . 05 to 3 . 1 , 0 . 0 1 5M v;a s. used . Elec trophore s is  

wa s stopped when , by  means of UV l ight , i t  could be  seen 

that the nuc leo t ide s had separated . 

D .  Column chromatography 

1 .  Methylated albumin kie selg-uhr ( MAK) 
Kieselguhr coated wi th methylated albumin v1!a s. 

prepared as  outl ined in Mandell and Hershey ( 1 960 ) . I t  

was placed in  0 . 5 x 1 0  cm  co lumns . A Buchler varigrad 

was used to make the NaCl grad ient and the UV absorbance 

wa s monitored d irec tly using an ultrav iole t analyser 

made by Is.c o  Instrumentati on Spec ialtie s  Go . Inc . 

2 .  Hydroxyapatite 

This  type of chromatography wa s carried out accord ing 

to  the method of Bernardi ( 1 965 ) . It  was prepared from 

brushite by the method of Tiselius et al  ( ·1 9 56 ) , and 

stored at 2 . 5°C in 0 . 01 M phosphate. buffer  pH? . O . Care 

wa s taken to avo id breaking the large , fragile crystal s  

by  p ipetting or  repeated suspens ion ( Sutton , 1 969 ) . The 

sample , in 0 .  01  M phosphate buffer vvaa applied to  the 

top of the 3 c m  x 1 cm  d iame ter c olumn. The co lumn was 

rinsed wi th 5 ml 0 .  01 M phosphate buffer and the compounds 

eluted with a l inear gradient s tarting with 0 . 01 M  and 
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a-f!d e nd i ng w i th 0 . 05M p h o spha te buff e r . Eac h  of t he t ube a 

c o l l e c t i ng the e lua t e wa s a ss.ayed f' o r UV ab s o rbanc e and 

rad i oa c t iv i ty . 

E .  De t e rm ina t i on of RNA . 

1 T o t a l  RNA in e x.t rac t s  

The f ina l e thano l p re c ip i t a te c onk t ining RNA via s 

usua l ly d i ss-o lved in 0 . 5  ml of e le c trophore s i s  running 

buff e r .  A 0 . 1  ml a l  i qu o t  vro. s re moved and d. i l  uted ( usua l l y  

1 : 30 )  w i t h  wa t e r .  A UV ab so rban c e  s c a n  of th i s  a l i q_u o t  

wa s ob ta i ned us i ng a H i t a c h i  d oub le b ea m  re c o rd ing 

sp e c t r opho t o me te r .  The ra t io of t he ab s orb a nc e  a t  2 6 0  n� 

t o  t ha t  a t  2 8 0  nm wa s used a s a c he c k  on the pur i ty of 

the RNA . In thi s rro rk t he ra t i o wa s always mo re t ha n  2 .  

The he i ght s of the p e a k s  a t  2 5 7  nm we re used t o  g ive 

e s t i ma t e s of the re l a t iv e  c;_uant i t ie s  of RNA in d i ff e r e nt 

t r e a t me Ylt s  i n  a n  e xp e r i ment . Thus , the amount of 

und i l uted e x trac t s  of e G.c h  t re a t me nt th2. t wa s p la c ed o n  

the g e l  c o uld b e  c a l cu l a t ed s o  t ha t  the t o t a l  numb e r  of 

OD un i t s  would be the s a me f o r  e a c h  t re a t me nt . 

2 .  RNA in a c ry l a m i d e  ge l s . 

Af te r  e l e c trop h o re s i s  the ge l s  we re sc a nned by UV 

l ig h t  us i ng a Joyc e L o eb l ge l s c anne r c onne c ted t o  a 5 mV 

re c o rd e r  ( C o nt r o l  Ins t rw�e nt s Co . ) . The ge l s  we re the n 

f r o ze n  unt i l  they we re S·l ic ed w i t h  a Mc iwa i n  Ge l S l i ce r . 

The s tage of t he ge l s l i c e r  wa s p repared by p lac i ng on i t  

two s trtp s of " c e l l o tape " ( " sc ot c ht a p e " ) . Thi s wa s t he n  
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c overed with a dilute prote in solut ion ( saliva ) onto 

which the gel was :fro zen by means of powde.red dry ice . 

The gel remained in place juring cutt ing a s  long a s  it  wa s 

frozen.  The sl ice s, were placed ind ividually in 

sc intillation vial s ,  0 . 5  ml NH4oH added (We inburg e t  al . , 

1 96 7 )  and the ammonia allowed to evaporate before adding 

sc int illation fluid . 

The diff icultie s enc ountered in trying t o  localize 

the radioac t ivity with re spec t  to a visual recording of 

optical dens i ty are outl ined in Appendix I I I . The 

following method proved sa tisfac tory .  Reference RNA wa s 

prepared from lupin hypoc otyl segments which were 

incubated with 3H-uridine for 8 hr .  All the frac t ions 

of RNA were labelled . Af ter the RNA ob tained from 

experimental treatments had been placed on top of the 

acrylamide gel , a 1 0  Jll sample of the reference Rl�A wa s 

added . The �0ference and the experimental RNA <;vere r-Lm 

toge ther in e lec trophore s i s .  

F .  De terminat ion of prote in in acrylamide gels . 

After extrusion, the gels  wa s s tained f or 20 minute s 

in 0 . 1 %  amido black in 50% a.c etic ac id .  Af ter  de st3. ining 

in a'.cetic ac id the p ositi on of the bands  was recorded 

using the Joyce-Loebl gel scanne r .  In order t o  determine 

the d i stribution of rad i oactivity in various portions of 

the gel , the gel wa s; sl iced with a Mc ilwain gel slice;r . 

The alice s  were placed individually in sc intillation v ials 
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and 0 . 5  ml of a papain solution added t o  de grade the 

prote in and relea se the amino acids into the medium; 

The solut i on wa s sa turated with papain and contained 5 mM 

cys.te in (which i s  an ac tivating agent f or papain) and 1 

mM EDTA ( Kimmel and Smith � 1 954) . They were lef t over

night before add ihg scintilla tion fluid . 

G .  De termina t ion. of Radioac tivity . 

Most  of the determina ti ons of radioac tiv ity were 

made using a Packard liquid s.c intillation counter .  T1No 

type s: of sc intilla t ion fluid vre:re used . The f irst was 

a modif ied Bray ' s  solution consisting of 60 g naphthalene , 

4 g PPO ( 2 , 5-d iphe.nyloxazole ) , 0 . 2 g POPOP ( 2 � 2..:.p

phenyleneb i s.( 5;?h::nYloxaz.ole ) )  per litre of dioxane . Water 

is misc ible with this solution. It  i s , however ,  

comparat ively expensive and t o  rGduce cost thG syste;m 

of· Pa.tterson and Greene ( 1 9 6 5 )  was used in later worlc .  

The mixture is  1 part of the de.tergent Tr i ton X-1 00  t o  

2 parts of toluene . The sc int illat0rs (PPO and POPOF) are 

added to this  mixture . Water forms an emulsion with this  

mixture which is  stable at the temperature of the 

sc intillation ( 3-5°C ) . 

H .  Meacs:urement of Re spiration .  

The oxygen uptake of approximately 0 . 2g of lupin 

hypoc otyl t i s sue was determined by s tandard manometric 

technique s .  A Gilso n Differential Respirome te.r vm s used 

and the technique i s  well described in Dunn and Ardi t t i  
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( 1 9 68 ) . The incubation s.olutions consi sted of 0 . 02M 

tria-malea te buffer 3 X 1 o-5M TAA and 1 0  � 1 ml 

cycloheximide o In some experiments 1 %  sucrose was also 

included . 

I .  Preparation of t i ssue for elec tron micros:copy o 

Piece s  of ti s sue; 1 -2  mm long were cut from lup in 

hypoc otyl segments  which had been pre treated in 0 . 02M 

tris-maleate buffer , pH 6 . 1 9 for 2 hr and then trea ted 

for a further 35 min with or without 3 x 1 0-5M IAA in 

tri s  maleate buffer . The piece s  of tissue were. f ixed 

ove rnight in 3% glut3.raldehyde in 0 .  01 M phosphate buffer  9 

pH 7 .  2 . They were rinsed three time s. in phosphate buffer 

and pos.t-f ixed in 1 %  osmium te troxide. in phosphate buffer . 

Af ter  dehydration through an alc a.hol serie s  propylene, 

oxide, was substituted . They were then inf iltrated with 

ar aldite ( the c omple te. re s in mixture , including catalyst ) . 

They '.'Ve,re. sec ti oned with a. diamond knife using a LKB 

m�rotome type 2. .  The sec tions we.re, s;tained Vli th  ura.nyl 

nitra te in wate r , rinsed and sta ined with Reynold ' s  lead 

c itrate . 

+ + + + + 
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De.tec t i on of RNA on acrylamide gels . 

1 60 .  

Three methods for the detec t ion of RNA on the gel s  

we.re. used : photography in UV l ight , staining with 

toluid ine blue , and the addi tiorr of 3H RNA marker in the 

running of the gel and then scanning for UV ab sorption. 

A Joyce-Loeb l  Chromoscan was used to obtain reflec tance 

scans of the UV photographs . The gel s  were stained in 

Toluidine blue in 40% me thoxyethanol . After one hour 

in the stain the gel s  were. dec olourized ove.r night in 

40% me thoxye thanol . They we.re; then placed in 30% and 

then 20% me thoxyethanol for  one hour and stored in 1 0% 

methoxyethanol .  Absorbance  scans we·re obtain us ing a 

Joyce-Loebl Chromo scan. UV absorbance  scans of ge ls  

we,re obtained using a Joyce.-Loebl gel scanner .  

To dete.rmine the radi oac tivi ty in various portions 

of the gels , they we.re froze.n and s-l iced with a Me Ilwain 
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k 
ge l s.l icer made by Mic,;Le Engineering Co . , Surrey . The 

s� ice s  were placed in sc intillation vials , 0 .5  ml NH4oH 
added ( We inburg et  al . , 1967) , and the ammonia allowed. 

to evaporate , and then 1 0  ml of a d ioxane based 

sc intillation f luid wa s added . The vial s were c ounted 

in a Packard Tri-Carb sc intillation counter .  

The se three me thods repre sent a progre ssion in 

attempts  to determine accurately relative positions of 

the radioactiv ity as detected. in the gel sl ic e s  and the 

RNA a s  detec ted on the scans. Appendix Fig . 1 4a 

illustrate s a reflec tance scan arid a plot of the radio-

ac t iv ity . It can be seen that there are two small peaks 

of radi oac tiv ity ( 32P )  in the UV ab sorb ing region, but 

it  was, impossible to dec ide whe ther or not they corre s-

ponded exac tly to the RNA. This  wa s because the gels  

were e�s ily d istorted when placed on  the gel slicer .  This 

\va s overcome partially by s ta ining the gels  with toluidine 

blue because it v�s poss ible to identify those slices  

which contained the heav ily stained r-RNA ( 1 . 3 and 0 . 7 
-6 ) x 1 0  daltons and s-RNA. The counts did not appear to  

be  a s s.oc iated with the se  fractions . This  c an be  se.en in 

Appendix Fig. 1 4h ( a dup licate gel of .Appendix Fig . 1 4a )  

vfhere the heavily s tained regi ons are indicated on the 

abs ic is sa .  

The method us ing sta ining was not comple tely sat is-

fac tory and the method de scribed earlier was used unle s s  

otherwise s·ta ted . 
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A P P E N D I X  IV 

IJVhen 32p wa a used a s. the. RNA :precursor , a high 

:proportion of the counts we.re not as soc iated with RNA. 

With e le c trophore si s  the ma j ority of the counts move 

faster than s-ID�A as  sho�m in Fig . 23 and 25 and Appendix 

Pig • .  1 4 . In gel s  run for  time s  of 1 . 5 hr or le s s , 

such a s  Fig . 25 , there are two fast running :peaks. that 

contain more than 99% of the total radi oac t iv ity of the 

sample . This wa s c onfirmed with chroma tography in 

hydroxya:pt i  te c olumns v1hich we.re performed as de scribed 

by Bernardi  ( 1 965 ) . As. see,n in Appendix Fig . 1 5 , the 

radioac t iv ity e luted as two :peaks that did not absorb 

UV light at  lower phosphate mo1aritie s  than doe s RNA. 

The, large peak of optical de:ns i ty in tube 36 was 

identif ied a s. phenol ( spec tral comparison with the 

authentic  phenol ) . The gel in Appendix Fig . 1 4b a 

duplicate of that shown in F ig . 1 4a ,  i s  a s ta ined gel .  
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It c a n  b e  se,en tha t the rad i oac t iv i ty leac hed o ut dur i ng 

the s t a i ning proc edure . The s e  f a s:t running non- RNA 

32 
p e a k s  o c c urred o nly when P wa s used t o  lab e l  t he RNA 

and not whe n 
1 L!-c o r  3H-ur id i ne were used . 

A s g_rnp le of 32P lab e l le d  ru"JA WR. s hydro lysed and cm 

al i quo t s  app l ied to c e l lul o se ac e ta te;; s trip s f o r  

e le c tro,phore s i s. .  Af te r  the nuc le o tide s had separa ted 

the l oc a t i on of the rad i oa c t iv ity v<ra s de.te rornined us ing 

a strip- scanne r .  Thi s i.s i l l ust ra t ed in Appe nd ix F ig . 

1 6 . The peak on the far r i ght i s  a rad i oac t i v e  marke r  

app l ied j u s t  b e f o re;; sc anning . The p eak sec o nd  f ro rrr the 

r ight i s  the or igi n .  The p o s i ti on of the nuc le o ti d e s  

may be s e en o n  the d:L�ra rn o f  the s t r ip . The f a st 

running non-RNA p e aks are no t l o c a ted on_ the g e l s  shown 

in F i g .  22  b e c ause of the l e ng th of the ru...'l ( 2hr 40min) . 

They c onta ined approxima te ly 5 t i me s  a s  muc h rad i oa c t iv i ty 

in t he 5 hr 40 min trea tm::mt a s  in the 0 - 40  rnin 

tre a t ment . ( e s t i ma t ed f r o m. d up 1 ic a t o. ge l s  run f or 1 hr  

30 rnin� the he i ght s of the p e a ks of the f orme P vifePc. e a . 

� , 000 cpm: and of the la t te�r we re e a . 2 � 000 c p m ) . This 

may ind i c a te 3. f ur the r p rope r ty of the se c o mp ound s : 

name ly t·ha t the i r  ra te of s ynthe s i s  inc r ea se s- w i th t i m.c . 

Howeve r  thi s may b e  r e la t ed t o  inc re a sed 32P up t a ke ( cf . 

Tab l e  I I ) . The p o r t i on of grea to s:t UV ab s o rb a nc e  i s  

marked w i t h  a d o t . It c an b e  seen tha t the thr e e  pea.k.s, 

of rad i o a c t iv i ty do � no t c orre sp ond t o  the nuc l e o t id e s .  
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Appendix Fig . 16 . 
Electrophoresis o f  hydrolysed RNA sample on c ellulo se acetate (inse t ) . 
The posit ion of  the nucleotides i s  marked wit h  band s ,  The position o f  
the rad ioac t ivity is  indicated b y  the t rac ing of  the radioac tivi ty s can . 
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Thi s  i s  further e�idencc that the 32p i s  not 

assoc iated wi th RNA or nuc leotide s;. 

+ + + + + 
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