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SUMMARY

A study of extension growth has been carried out using the 

hypocotyl of radish. Hypocotyls were excised and grown in culture 

for 4-S hours in the dark, during which a considerable amount of cell 

extension occurs.

This system is compared with other systems used for extension 

growth studies and it is concluded that the radish hypocotyl is ana 

logous to root systems, rather than stems or other hypocotyl systems, 

in its mode of extension growth*

The growth of the hypocotyl has been analysed in tnrms of changes 

in the proteins and nucleic acids, as well as the usual growth para 

meters. Changes in the protein complement have been observed by 

electron microscopy, cell fractionation, and polyacrylamide gel elec- 

trophoresis. The activity of various ensymes has been measured, as 

has their iso-eniymatic nature, as determined by assay after poly 

acrylamide gel electrophoresis. These ntudies have revealed that the 

proteins of the hypocotyl change during cell extension, A major change 

is the loss of storage proteins present in young hypocotyls, and their 

replacement by new proteins, one of which may be of plastid origin,
51 tic*-

Nucleic^synthesis is loaown to occur during growth, but the 

relative proportions of different RKA species do not change,

Growth of the hypocotyl can be inhibited by light* or by removal 

of cotyledons. The DHA binding antibiotic actinoiaycin D inhibits growth, 

as well as RI.'A synthesis. 5-fluorouracil also inhibits extension growth, 

and in this way the radish differs from tissues previously studied. The 

effects of these two inhibitors on nucleic acid synthesis, proteins and 

enzymes were determined, and the results are compared with those of studies 

on extension growth in other plant systems.

An unexpected observation is the effect of 5-fluoroucil on activity



and iso-enaymatic nature of ribonuolease, a maasive increase in the 

of the en*yme occurring in the presence of the inhibitor.
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IflTHODOCTION

The growth of a plant cell may be considered as involving 

three main stages* 'The first phase involves an increase in the 

number of cells by cell division. The second phase, commonly ter 

med "cell extension", involves an increase in the length of the 

cell, accompanied by a considerable intake of water. The third 

phase consist of an accretion of cell wall materials and other 

insoluble substances which give the cell its characteristic dif 

ferentiated features.

The phase of growth under study in this investigation is 

that of cell extension* Typically, during this process, the cell 

enlarges considerably, a large central vacuole, displacing the 

cytoplasm to a peripheral position, develops, and the shape of 

the cell changes from being isodiametric to having one axis con 

siderably elongated.

In an ideal system for the study of extension growth, vari 

ous requirements must be meti-

1) All growth should be by cell extension.

2) The amount of extenalon<*bould be quite appreciable*

3) The tissue should be composed of homogeneous cells*

4) .For biochemical studies, the tissue should be obtainable in 

adequate amounts.

5) The effect of changing conditions, suoh as nutrients and tem 

perature should be capable of easy study, as should the effects 

of added growth substances or inhibitors.

6) Conditions should be rigidly defined, thus eliminating any in 

fluence over which control cannot be exerted. 

Several different experimental systems have been used in an effort
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to neat these criteria.

The firat group inrolve studies on elongating tiaauea of in 

tact plants. Among theae, tha moat convenient organ for tha study 

of extension growth has bean the root.

The main approach to the study of extension growth of the in- 

taot root has been that employed by Brown and his co-workere aa em 

bodied in papera by Robinson and Brown (1952), Heyes and Brown 

(1956), Brown and Broadbent (1950), Heyea (i960) and Loaning (1961). 

This technique involves the analysis of successive segments, using 

the first 1.6 era of the roots of leguminous seedlings* Batches of 

successive segments from the region 0.4 to 1 am in length are 

measured for a wide range of parameters* The number of cells in 

each segment is determined, and values can be obtained relating 

changes in the "average cell" to the , rocesa of cell extension and 

early maturation. Various workers hare extended this technique to 

studies of the roots of other species, notably Woodatook and Skoog 

(i960, 1962) and Ingle and Hagemann (1964)* The successive seg 

ment technique has also been used in a histochemical study by Jen- 

sen (1957)* 1953)* The process of cell extension in monocot 

leaves haa been investigated by Collier (1969) using a modifica 

tion of the successive segment technique.

A study of the growth of hypocotyls of intact plants grown 

in darkness has been carried out by Giles and Myers (1964) using 

lupin seedlings. These workers studied changes in ribonuoleio 

acid (rtNA) and deoxyribonuoleio acid (DNA) during extension growth. 

Heyes (unpublished) has carried out a similar study on the hypooo- 

tyl of intact radish plants.

Studies on extension growth ir. intact plant systems hare the



disadvantage that the conditions of growth of the expanding cells 

cannot be adequately controlled, and hence it is extremely diffi 

cult to estimate the requirements for growth, such as nutrients, 

or the effects of growth substances or inhibitors on the cell ex 

tension process. To enable such effects to be more easily ob 

served, various systems involving extension growth of plant organs 

in an excised condition have been employed. Excised segments of 

plants grown in liquid medium provide an excellent system for the 

study of the requirements for extension growth, with adequate 

possibilities for modification.

The work on extension growth in excised, cultured plant 

tissues has been carried out in two rather different ways. Some 

organs, when excised and placed in culture show poor extension 

growth, but addition of auxin to the culture medium induces a 

marked increase in the rate of extension, accompanied by various 

other phenomena. Other tissues, however, are unaffected by auxin, 

at least as far as extension growth is concerned, or else show an 

inhibition of growth. Thus we may distinguish "normal" and 

"auxin-induced" extension growth, and comparison of results ob 

tained from the two types must be made with caution.

As regards "normal" extension growth, most of the work has 

been done on excised segments of pea roots. Robinson and Brown 

(1954) and Heyes and Vaughan (I967[l]» 19^712]) used a technique 

involving culture of isolated segments from the region 2-4 mm 

from the apex of the developing root. Heyes (1963) used a slight 

modification of this technique. Changes in nucleic acids, proteins 

and enzyme complements were studied by these workers, as also were 

the effects of various pyrimidine analogues and antibiotics on the



growth process. Gharry (1962) used excised root tips of maiM to 

investigate changes in the distribution of JWA and protein in sub- 

cellular fractions during the growth process.

The growth of sost non-root tissues is promoted by auxin, but 

K.ey, Ilanson, Lund and Vatter (1964) used the excised njesocotyl of 

maize to study "norraal" extension growth in relation to changes in 

various oytoplasaio particulates of the cell.

Kitaon and Lang (1965,1966) found that growth of the lentil 

hypocotyl occurs exclusively by extension growth. The system used 

was not one of complete excision* &s two day old eabryos were cul 

tured intact, apart from the radicle. These workers studied the 

role of DHA and I-CiA synthesis in extension growth, and the effect 

of added gibbtrellie acid on this process.

A large araount of the work on extension growth baa involved 

studies of the effects of auxin. Addition of auxin to many tissues 

produces an enhancement of extension growth, ar;d :sany studies or; 

the nature of thia auxin stimulation have provided valuable infor 

mation on the mechanism of extension growth itself* Tho addition 

of auxin acts as a "tri&ger" for ssany ^roceseos involved in growth, 

and »ay in fact exhibit the features of "normal*1 extension growth 

over a shortened time scale* Much of the work on the effect of 

auxin on nucleic acid metabolism and extension growth has been re 

viewed by Key (1969).

The studies of Key arid his co-workers on extension growth of 

the soybean hypocotyl nave groatly added to th® knowledge of 

"auxin-inuuced" cell extension. In a series of papers the group 

haa given a comprehensive account of cell elongation in this tissue, 

tooat ol the work has concerned the relationship between MSA syn-



thesis and growth, as elucidated by inhibitors of fiflA synthesis 

(Key and Shannon, 19641 Key, 19641 Key and Ingle, 19651 Ingle, Key 

and Holm, 1965* Key, 19661 Lin, Key and Braoker, 1966), but other 

effects studied include amino acid pools (Holleman and Key, 196?) 

wa>ll extensibility (Coartney, Moore and Key, 196?) and presence of 

ascorbic and de-hydro ascorbic acids (Key and Lin, 196?) 

The auxin*induced growth of segments of the oat coleoptile 

has also been extensively studied* The material moat frequently 

used has been the sub-apical 2mm segment of the ooleoptile, and 

the results have been summarised in a series of papers (Kasuda, 

1959ll]f 1959[2]f Maauda, Setterfield and Bayley, 19661 Masuda 

and <?ada, 19661 Masuda, 1969)* This work has sought to explain 

the relationship between nucleic acid metabolism and extension 

growth by the use of selective inhibitors, in a similar way to 

that used by the Soybean group* Extension growth of the oat cole 

optile has also been studied by Tester and Dure (1967) "

Penny and Galston (1966) and De Hertogh et al (1965) have 

made a study of extension growth of light-grown pea stem segments. 

This system also requires auxin for cell extension to occur to 

any marked degree.

Various workers have studied the auxin-induced expansion of 

washed discs of storage tissues, but this process cannot be regar 

ded as true cell extension, since the expansion involved is a secon 

dary process produced by the auxin after the true "differentiation" 

of the cell has been completed.

The results of some of these studies led Brown in 1963 to 

make suggestions as to the nature of the cell extension process. 

Brown rejected the earlier notion that cell extension was simply
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a process of water uptake. During  xtension growth changes occur 

in the quantity of protein and also in its qualitative nature, as 

shown by changes in the relative activities of enzymes. He sugges 

ted that the enzymes theaselves would be under the control of nuc 

leic acids, possibly in a way similar to that proponed by Jacob and 

?..onod (1961) in bacteria. Recent studies on extension growth have 

justified Brown's hypothesis of the changing nature of the protein 

and nucleic acid complement during extension growth, and the pre 

sent study was carried out in an effort to obtain further evidence 

of these changes, and their relevance to the growth process. 

The protein complement was studied in various ways.

1) Total quantity was investigated.

2) Structural changes in the cell were observed by electron micros 

copy and sub-cellular fraotionation experiments.

3) The soluble protein complement of each growth stage was charac 

terised by polyaeryland de gel electrophoresis.

4) fhe activities of enzymes were measured, and the iso-ensymic 

nature of five enzyaes was observed at different stages of 

growth.

The nucleic acids of the hypocotyl were investigated by poly- 

aorylamide gel electrophoreaie, and the relationship between nuc 

leic acid metabolism, protein complement and extension growth was 

examined by the use of inhibitors of RHA synthesis.

intension growth in th« radish hypocotyl is inhibited by 

auxin, and thus the system is similar to the root tissues previ 

ously studied, rather than the auxin induced hypocotyl and meso- 

cotyl systems.



The radish hypocotyl has several advantages for a stud/ of exten 

sion growth i -

1) All growth is by cell extension* as determined by cell counts.

2) The amount of growth over a 48 hour culture period in the dark 

corresponds to an increase in length of about <5Q/, which is 

considerably greater than in scat previous studies* which have 

tended to observe cell extension over a auoh shorter period of 

ti*«, often 12 hours or leas* In fact, man/ of the studies of 

"auxin-Induced" expansion have been concerned exclusively with 

the eeohanisms governing the induction} rather than the chan 

ges oocurring in the cell during the extension period.

3) The optimum growth of hypoootyls oooure in a aediuis consisting 

of distilled water only, giving a great simplification of tech 

nique* and removing any possibility of nassive bacterial con* 

tauaination of the medium. Competitive uptake effects are also 

eliminated*

4) Large numbers of hypocotylo can be excised in a short time, 

allowing ease of duplication for all determinations* and also 

facilitating bicohersioal investigations*

The system of culture employed falls short of the ideal in 

that the cotyledons are left attached to the hypoootyl during the 

culture period* Thus one unknown condition is present during the 

growth^ and must be taken into account*

The cotyledons were left attached for thet following reasons s-

1) Growth ia greatly incrs&sod in the presence of cotyledons, be 

ing about twice that found in their absanoo,

2) In the absence of any nutrients in the medium, increase in dry 

weight is nut possible without cotyledons. Aith tho cotyledons



present, dry weight increases by about 90, , and thus "true" 

growth is present*

3) The excision of hypocotyls is not a simple procedure in two 

day geminated seedlings. The excision point ia delineated by 

the junction of the petioles of the cotyledons* and accurate 

excision is a time consuming process. Any inaccuracy at this 

stage leads to marked variability in the tissue after culture*

If the presence of cotyledons ia taken into account, it is 

felt that the radish hypocotyl provides an excellent system for 

the study of the changes taking place over the period of exten 

sion growth.

Growth of the system.

Hypocotyls were analysed for changed in fresh weighty dry weight, 

and residual dry weight after 80 alcohol extraction (Heyes and 

Vaughan 1967[l] and [2]). Content of total nitrogen, protein nit 

rogen, total nucleic acid and acid soluble nucleotides were also 

determined* Changes in these parameters have been studied in 

most investigations into extension growth, since they provide a 

means for giving a more precise definition of growth of the tissue. 

Many of the results of earlier studies of this nature were re 

viewed by Oota (1964).

fioraally in cells undergoing extension growth in intact 

plants, protein, total nitrogen and nucleic acid increase during 

growth, while in excised tissues they normally decrease. However, 

work with labelled precursors of HNA and protein has shown that 

synthesis of these substances continues in excised tissues, despite 

a net loss as measured chemically.

The distribution of proteins and nucleic acids between the



various sub-cellul&r fractions was investigated, in conjunction 

with a study of the fine structure of the cell at various growth 

stages. Similar studies have been carried out as described in se 

veral papers referred to earlier. (Cherry 1962; Loening 19 61; Lund 

Vatter and Hanson 1958; Key, Hanson, Lund and Vatter 1964; Lin, 

Key and Bracker 1966). Any changes in the subcellular structure 

give an indication of the changing protein complement of the cell.

A further means of study of the protein complement is provi 

ded by folyacrylamide gel -%lectrophoresis of the soluble proteins. 

Steward and Barber (1964) gave an account of the applicability of 

this method to higher plant tissues, and Steward, London and Barber 

(1965) observed changes in pea seedlings during development, and 

noted differences between successive segments of roots using the 

system of Brown and his colleagues.

Tulett (1967) made a study of changes in the protein comple 

ment during- extension growth of the pea root, and extended the work 

to cover the iso-enzyme complements of several enzymes, tfost other 

studies on the soluble proteins of plants have been merely a compa 

rison between different organs of a plant, or between plants of 

different varieties or species. In the present study, a technique 

of vertical flat slab gel electrophoresis was used, rather than the 

disc method favoured by previous workers. This method has been 

described by Ahroyd (1968) and Reid and Bieleski (1968).

Enzymic activities provide a means of characterising the 

state of the protein complement of a cell. (Brown 1963). To this 

end, total activities of ribonuclease and peroxidase were measured, 

as were respiration rate and respiratory quotient. Ribonuolease 

has long been regarded as having a part to play in developmental
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processes (Oota 19641 Brown 1963)   Ribonuolease activity has been 

found in soao tissues to be related to the BHA content, whioh in 

turn has bean implicated in the growth of a number of germinating 

seeds (Ledoux et al. 1962j Barker and Douglas I960} Ingle and Hage- 

mann 1964)* These workers have generally found an increase in Ti- 

bonuclease activity during maturation of tissue, often associated 

with an increase in total quantity of RNA. Alternatively, addition 

of Kibonuclaase to the culture medium has been reported to have 

varying effects on the extension growth of excised tissua. Thus 

Yeoman (1962) found that the extension growth of pea root segments 

was stimulated by Ribonuolease, whereas Kasuda (1959) noted that 

the auxin-induced extension growth of tha oat coleoptile was inhi 

bited by the enayms.

An increase in Sibonuolease activity haa been regarded as 

normal in tissues undergoing cell extension (Key 1969)* Shannon 

at al* (19^4) reported that an increase in ribonuclease occurs 

during cell extension of the Mesocotyl of corn.

Feroxidase has been assigned a central place in plant deve 

lopment by some workers (Galston at al. 1966)* The enzyme is con 

sidered as having a role to play in the regulation of IAA quantity 

in the cell. It has been suggested that Peroxidase is involved in 

the breakdown of IAA and thus may partially control the mode of 

growth of som'i cells* Respiration rate and respiratory quotient 

(JU<t.) although representative of a multiple enzyme system, never 

theless can give an indication of the state of the protein complex, 

when taken in comparison with other enzyme activities. Several 

studies on the respiration of developing roots have been undertaken. 

Brown and Broadbent (1950) using pea root, and Jensen (1955) working
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with bean roots found that the onset of extension growth produced 

a marked increase in respiration rate. However, during the exten 

sion process itself, only a slight increase was observed. Lund, 

Tatter and Hanson (1950) suggested that the capacity for respiration 

should be increased during cell extension, as electron Micrographs 

indicate a change in the -mitochondria from relatively simple struc 

tures to those in expanded cells which contain a complex arrangement 

of criotae.

To extend these studies on the protein complement, the iso- 

enjsymio nature of five ensymes was investigated using ̂ lyaoryla- 

mide gal olectrophoresis. (.tooyd 1968$ Tulett 1967). A compre 

hensive survey of available knowledge of plant iso-enaymes was given 

by Shannon (1960). The enzymes chosen were fercxidase and ribonuc- 

lease, and three enzymes involved in respiratory metabolism, i.e. 

-malate, jlutamate and vaccinate ctjhydrogenaass. This choice was 

dictated by their suspected significance in the ^^rowth process, and 

also by the availability of techniques for tneir detection.

Little previous work has been dune on the iso-engymio nature 

of plant Tibonucleases, but the technique described here rakes such 

a study possible*

The nultiple nature of plant -paroxidases has long been known, 

and several papers have been published on inter and intra-organ 

differences during growth and development (3ee Shannon 1968$ also 

Roberts 1968, 1969j Alvarez and King 1969).

The three o/ehydrogenase enzymes chosen were studied by Tulett 

(1967) in the pea root. <jlutaraate otahydrogenaae is known to be in 

volved in the synthesis of amino acids from respiratory intermedi 

ates (Yemn and Folkes 195$)  There is also a suggestion that in
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young seedlings in which protein breakdown is occurring, da-agination 

of aone amino acids occurs , giving rise to carbon skeletons for use 

as respiratory substrates. This type of reaction involves ^lutamate 

<Uhydrogenaae, and since it seems likely that protein breakdown 

occurs in the radish hypoootyl* a study of the iso-enzymua of this 

ensyae may prove of interest In the present study.

Thuna&nn, ialin and Layoock (1965) studied the iso~en$yo«s com 

plements of Qjltttaaate dbfaydrog^nase in germinating pea seedlings, 

and observed marked changes during the early growth period.

Malate and soeeinate cUoydro^emases as part of the respira 

tory cycle Bay also provide evidence as to the role of iso-en^ymes 

during plant development*

In ea effort to study the control of growth, various methods 

of reducing growth were employed*

Kewoval of cotyledons before culture reduces growth by about 

50 '-, while growth of hypocotyls in the light has an even More marked 

effect* A comparison between the mode of growth in the control 

systea and under the conditions producing reduced growth was made.

Growth is affected by substances inhibiting HKA synthesis. If 

the effects of these inhibitors can be accurately uatunuined, then 

information on the relationship between Hi?A metabolism* protein com- 

jpleaent and growth can be obtained*

The two most widely used inhibitors far the study of extension 

growth have been Ac tineas/gin D, a DNft windln£ antibiotic, and the 

fyriodLdine analogue* 5--luorourucil (5-^). A ocaparloon of growth, 

HItA synthesis t enzysdc activities and iso-enxyiaic nature in the pre- 

senoe and absence of these inhibitors was ^ado* Actinout/cin D has 

been observed to have effects on B«v<*rul growth and development pheno-
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raena in plants, including cell division, cell extension, induction 

of flowering, bud initiation in Bryophytes and 2-dimensional growth 

of ferr garaetophy tes, among othera.

Intension growth in all the systems used has been found to be 

inhibited by Actinomycin D. (See references given earlier).

tfork on the auxin-induced expansion of the soybean hypocotyl 

indicated that the inhibition of growth by actinomycin D *as accom 

panied by an inhibition of HNA synthesis. Key and Ingle (1965) 

found that synthesis of a fraction of HKA which they considered as 

having the properties of a "messenger" was inhibited by actinooycin D. 

They suggested that synthesis of this fraction of HNA, which they 

termed D-liNA, was necessary for extension growth.

Masuda, 3<?tterfield and Bayley (1966) found a similar effect 

of AotinonQTCin D on auxin-induced extension growth of the oat cole- 

optile, and suggested that the results were explicable by the hypo 

thesis of Key and Ingle*

Hence it has become widely accepted that the effect of Aoti- 

nomyoin D on plant tissues can be explained by the inhibition of 

synthesis of a short-lived ''messenger'1 HjlA, and many workers have 

attempted to explain their reaulta on this basis, evan if evidence 

on the effect of actinonycin D was not always obtained.

Various studies on th pyrioidina analogue 5-^luorouracil 

hava been carried out. Key (1966) found that 5-^luorouracll was In 

corporated into all fractions of KtlA in the soybean hypocotyl* but 

had no effect on protein synthesis. However, a preferential inhi 

bition of the synthesis of ribosowil RJIA was observed. The inhibi 

tor had no effect on the auxin-induced growth of tha hypocotyl, and, 

taken in conjunction with the results on actinomycin D, it was sug 

gested that ribosowol HM synthesis was not necessary for extension
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growth in this system, while synthesis of D-R7TA was required, 

et al. (1966) carae to similar conclusions regarding the offeet of 

5-fluorouracil and its failure to inhibit auxin-induced cell exten 

sion. They did, however, find that 5-fluorouracil inhibited cell 

division in roots, and suggested that ribesomal HNA synthesis was 

necessary for this process. Praser (19&8) using artichoke callus 

cultures also found that 5-fluorouraoil inhibited ribsomil RNA syn 

thesis and cell division, but had no effect on protein synthesis.

Although it api/aars that ribosomal RKA. synthesis is not necea- 

sary for auxin-induced cell extension over a short time period (12 

hours), Heyes (unpublished) using the "normal" extension growth of 

the £ea root, found that 5-fluorouracil inhibited extension growth 

by about 50,' ov^r a 24 hour period.

In the course of this investigation, the effects of Actinoayoiii 

D and 5-n.uorouracil on nucleic acids, proteins, enziymQS and growth 

were investigated, in an effort to elucidate t*ia mechanisms involved 

in the control of cell extension.



TABLE 1.

Treatment
Initial 

length (mm)

1-To cots, 
v.-ater

no cots, 
kc,l sucrose

no cots, 

2/i sucrose

lfi.o cots, 

Y/o sucrose

ITo cots , 

0.5/.' sucose

IIo cots, 2/j 

sucrose + salts

ITo cots, 

salts

Cots + water 

Cots -i water

6.1

6.5

5.88

6.9

7.1

. 83

Cots + 2;' sucrose 7.1

increase 

hours

72.9

62.9

72.9

65.3

95-8

91

126

62

increase 

hours

200

122.2

137

178

212

260

135
i

TABLE 1. The effects of different culture media on grov;th in 

length. Two treatments were tested in the presence of cotyledon:



Figure 1. 2 day germinated r£idish seedling showing 

points of excision of the hypocotyl. Magnification x 20,
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MATERIALS JtfD METHODS

Germination of Seeds.

Seeds of radish (RAPHANUS 3ATIVU3. var. White Icicle, Dobbies, 

Edinburgh) were washed for 30 seconds in methylated spirits. After 

three rinses in distilled water , the seeds were soaked in water for 

15 ainutas. Th« seeds were then surface-sterilised for 30 minutes 

in a filtered, saturated solution of bleaching powder, and, after 

three further rinses in distilled water, were placed in pyrex 

dishes in moistened tissue paper, they were left to germinate in 

the dark for 48 hours at 25°C.

For experiments requiring fully sterile tissue, the distilled 

water and pyrex dishes were autoolaved, and all operations were 

carried out in the sterile transfer suite.

Preliminary Experiments

The results of the experiments are summarised in table 1. 

Sxcieion of hyppootyls.

Hypocotyls were excised from 48 hour germinated seeds by re 

moving the radicle and cotyledons. The radicle/hypoootyl junction 

was de-lineated by the root hslro, and the cotyledons were removed 

at the junction of the petioles (See figure 1).

In the initial experiments, hypocotyls of length 6-8 mra were 

used. The hypocotyls were grown for 48 hours in 25 ml conical 

flasks in a shaking water bath at 25°C, each flask containing 10ml 

of culture mediun. The flasks were wrapped in black polythene bags 

to exclude the light.
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affects of different culture >atdia on

aypocotyle wars grown in the following culture media, groups 

of ten being grown In each flask i-

1) Distilled water

2) 3uorose 0.5,

3) oucrose I/

4) Sucrose 2.

5) Nutrient salts

6) sucrose 2/' 4- nutrient salts

The salts solution used was that of Bonner and Addioott (193?) and

Caloium titrate. ^0 236 mg/ lit 

Ferric Chloride. 6HgO C.5 sag/lit 

Potassium Nitrate 81 Big/lit 

Potassium Chloride 65 ag/lit 

Magnesium ,>ulphate. 7H-Q 13 lag/lit 

^otaaaiura ^-Hydrogen Phosphate 12 ag/lit

Lengths ware measured and are expressed as the raeans of 20 hypooo- 

tyls taken from two flasks. Growth was found to be maximum in 

distilled water, but all treatments gave highly variable results.

In an attempt to improve growth further, and to reduce vari 

ability, the cotyledons were left attached. This removed one pos 

sible source of variation, since it was not easy to remove the co~ 

tyledons at the precise junction of the petioles at this early 

stage of germination. The speed of cutting of large numbers of 

hypoootyls was also markedly increased by leaving the cotyledons

attached.

It was noted that most hypoootyls present in a dish after 43



TABLE 2.

volume

of mediuiv.(mls)

10

7.5
5-0
2.5

initial

length (mm)

*f.9

^.95
5-0
if. 85

/„' increace

2^- hours

125

102

95
90

^ increase

*f 8 hours

253

22k

198

160 i

TABLE 2. The of•• ect cf the volume of culture medium 

on the growth in length.



TABLE 3.

seed size

^ 2 Kiin

^•2 mm

initial 
length

5.06
^.99

/: increase •; /' increase 
2k hours : if8 hours

117

113

239

260

TABLE 3« The effect of size of seed on subsequent grov/th 

of the hypocotyl. The seeds v/ere graded as described in 

the text.
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hours gemination were between 4 and 6 em in length, and it was con 

sidered that these hypocotyls would give a more representative pic 

ture of the total cell extension than those originally selected.

From table 1 it can be seen that optimal growth is obtained 

in distilled water, from hypocotyls of initial length 4-6 mm, with 

the cotyledons still attached* These conditions were used for all 

subsequent experiments, determinations being carried out on hypoco- 

tyls alone , after removal of the cotyledons, subsequent to the cul 

ture period.

Effect of volume of culture medium.

Flasks were set up containing four different volumes of dis 

tilled water, each with 10 hypocotyls. Growth was measured after 

43 hours, and the results are given in table 2. It can be seen 

that optimal growth oocurred in 1C ral of medium.

Effect of seed eiae on growth.

Seeds were graded using a sieve of mesh size 2 era*. About 

30^ of the seeds passed through the sieve. Hypocotyls excised 

from seeds of the two sixes showed no difference in growth, as 

summarised in table 3.

As a result of these preliminary experiments, a star.dard 

procedure for excision and culture of the hypocot/ls was devised. 

This was as followsi-

Exoisiont After two days germination in the dark at 25°C, the hypo- 

ootyl and radicle had emerged from the testa. The radicle was re 

moved at the base of the root hair zone usin? a sharp scalpel, and 

the testa removed from the ootyledona. Hypocotyle *sre Treasured 

after excision and those outwith the limits 4 to 6 ran were rejected.
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Cultures 10 hypocotyls with cotyledons attached were placed in each 

25 ml conical flask containing 10 ml of culture medium. The flasks 

were stoppered with a cotton-wool plug, and each was placed inside 

a bag made of heavy gauge black polythene, the top of which was 

closed with a "Bulldog1' spring clip. The flasks were then subjec 

ted to shaking at 100 oscillations per minute in a water bath at 

25 C for the desired culture period.

The effect of liaht on ^qrowtht When hypocotyls wtre grown in the 

light, the flasks were shaken, without the plastic bags, in a water 

bath fitted with four kazda "Universal Daylight" 40 watt fluorescent 

tubes, giving a light intensity of 800 foot candles. 

The effect of inhibitors on growth* rfhe inhibitors used were made 

up as iOxooncentrated stock solutions, and were diluted to the 

appropriate concentration before use*

Growth Studies

All determinations ware carried out on the hypocotyl alone, after 

removal of the cotyledons. In all cases at least two flasks of 

each treatment were set up, and the contents randomised after cul 

ture to eliminate differences between flasks. 

Length: Hypocotyls *ere measured by placing them on i sheet of 

glass overlaying lorn squared paper.

Fresh '.-.ei^hti Hypocotyls were weighed in batches *f ten, after be 

ing blotted dry with filter paper.

Dry '.'/eight; Hypoootyls in groups of ten were placed in tared tubes, 

and were dried to constant weight at 80 C.

Residual Dry .'.'eighti Hypocotyls in batches of teri wer* boiled in 

three changes of 80. ethanol for ten minutes before beinj dried to
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constant weight. This treatment eliminates weight changes due to 

low molecular weight compounds being imported, as havens in the 

presence of the cotyledons. (Heyee and Vaughan 196?[l]) 

Cell Number: Cell mashers were determined by the method of Brown 

and Ricklecs (1949) aa modified by Brown and Broadbent (1950).

Ten hypocotyle wore left in 5ml of 5.' chromic "a-oid for 24 

hours at room temperature. The tissue was then macerated by for 

cing the hypocotyle in and out of a capillary pipette. The number 

of cells in a known volume of suspension was counted under the 

40xobjactive of a microscope, using a Pucha-Koaenthal bright lino 

haemocytometer slide, with a counting chamber of 0.2 mm depth. 

The number of cells per hypocotyl was calculated from the average 

value of counts made on five samples of each suspension. 

Nitrogen determinationsi Tha nitrogen determinations were carried 

out by a method of micro-diffusion analysis as outlined by Gonwoy 

(1962), Two types of determination were employed, one to esti 

mate the amount of total nitrogen in the tissue, the other to 

estimate the amount of protein nitrogen.

Total Nitrogeni Groups of ten hypocotyls were placed in a heat- 

resistant centrifuge tube and digested in 0.4 ral of digest acid 

on a Gallenkafflp digestion rack.

The digest acid was made up as follows:

Suphuric /Usid 50C ml 

Selenium 1 g 

Mercuric Sulph vte 5 g 

Potassium Sulphate 30 g

Protein Nitrogen* Ten hypoootyls were ground in 10 ' trichloraoetic 

(?GA) in a motor-driven glass homogeniser, and the homo^enate
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spun at 20COxg for ten minutes. The supernatant was discarded and 

the pellet digested in 0.4 ml of digest acid t as described above. 

jUstination of Nitrogen; In both oases, digestion took from two to 

three hours, after which the tubes were removed from the rack. 

After allowing them to cool, distilled water was added to a total 

of 10 ml. The ammonia in each digest was estimated using micro- 

Conway units, as described by L>underland, Heyes and Brown (1957). 

The outer wall of each unit was divided into two compartraents with 

petroleum jelly. 0.5 nil of the diluted digest was placed in one 

outer conpartnent, and 0.25 ftl of 40 sodium hydroxide was placed 

in the other. 0.2 ml of bromocresol green/methyl red indicator 

W'ts placed in the centre well. The lid was put in jplace and se .led 

with petroleum jelly, and the unit placed on crushed ice for two 

sainutea. After cooling, the contents of the two outer conpartiaents 

were mixed by careful swirling, and the ammonia allowed to distil 

over for 15 hours at room temperature.

The amount of nitrogen was determined by direct titration
>j
T? sulphuric acid, using a Beckman Spinoo i'icrotitrator.

The method was checked with a standard ammonium oulphate 

solution, and was found to give an accuracy of - 2 . 

The method of Lowryt In the cell fractionation studies, where a 

large number of protein estimations were required, the method em 

ployed by Lowry et al. (1951) for the determination of protein was 

employed.

lOp TCA was added to each sample, »md, after centrifugution, 

the protein was solubilised by standing in 4 ml of 0.1 N sodiuns 

hydroxide overnight.

The solutions for the estimation were made up as followsi-
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Solution A. 2;' sodium carbonate in 0.1 N sodium hydroxide 

Solution B. G.5;' copper sulphate. 5H 0 in 1 ' sodium tartrate 

Solution C. 2 ml of 3, freshly mixed, added to 100 nil of A. 

0.5 ml of the protein was added to 5 ml of C and mixed rapidly. 

After ten minutes standing, 0.5 ml of the Folin-Ciocalteti reagent, 

diluted Itl with water was added. After siixing, the tubes were 

left for twenty minutes, and the colour read off in an ilEL oolori- 

raeter, with red filtor. A standard curve was produced from solu 

tions of bovine ssrura albumin, and the values of protein were read 

off.

Unfortunately, it was found that this method was rather un 

reliable for general use, and consequently it was only employed 

when quantities of protein were extremely small, or when acid di 

gestion of the samples was inadvisable. 

NuolQJO acid eatImationa t

HNA. An attempt was made to estimate .INA and DNA separately using 

a method similar to that described by Hey as (19^0), which was it 

self a modification of the method of iJohraidt and Thannhauser 

(1945)" T®n hypocotyls were ground in 5 &1 of water in a motor- 

driven glass hoaogei'dzer* and the homogenate was made up to IN 

perchloric fc.oid (PCA) by the addition of 2N i-'CA. The above proce 

dures were carried out below 4°C. After oentrifugation the preci 

pitate was washed sequentially in 0.2 N ;'CA (o°j)j 80,' ethanol 

(0°C)| absolute ethanol (0°C)| absolute ethanolsetherj 1»1 (room 

temperature) i and ether alone (room temperature). The ethor dried 

pellet was incubated at 35°G for 18 hours in 0.3H -potassium hydro 

xide. The extract was made up to 0.2II i'CA, to precipitate 3" *, and 

the absorption spectrum measured using a Unioam o.' . 000 recording



O.D

225 26O 275 
wave|en<£h(nm)

325

Figure 2« . bsorptioii spectra of nucleic acid 

hydrolysates prepared uy various methods as

described in text.
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spectrophotometer. The spectrum produced by this method is shown 

in figure 2A.

The ratio O.D. 26Cnm/O.D. 235 nm ia less than two, and thus 

the sample cannot be considered to be of sufficient purity. In an 

effort to purify the extract in a more satisfactory way, washes in 

methanol, and methanolichloroform, 111, were substituted for the 

ethanol and ethanoliether washes* Once again, however, the absorp 

tion spectrum was found to be unsatisfactory for quantitative de 

terminations. (See figure 2B).

The method finally adopted was based on that of Schneider 

(1945)» The ether dried pellet was prepared as in the firat 

method above, and was then extracted for twenty minutes in IK PC A 

at 70 C, The absorption spectrum is as shown in figure 2C, and 

it can be seen that the ratio O.D. 260 nra/Q.D. 235 && is greater 

than two. The extract was thus considered sufficiently pure for 

quantitative determinations. This method extracts both RNA and 

DHA, but the amount of SNA present in the tissue is extremely small, 

(see below, and results section), and thus the value for total nuc 

leic acid can be regarded as being representative of lift A alone. 

Acid soluble nuoleotides ; The PCA supernatant obtained after homo- 

genisation in the above method was assayed at 260 nia in the S.p. 

500 apectrophotoffieter to £ive a measure of soluble nucleotides pre 

sent in the tissue. The absorption spectrum of the extract indi 

cated that the majority of the absorption at 260 ma was due to so 

luble nucleotides*

i)KA. DUA was estimated using the method of Burton (1956). T1*« 

hydrolyaate of total nucleic acids, prepared as above, waa incu 

bated with a solution of diplienylamine in acetic acid at room tem 

perature, overnight. The resulting blue colour was assayed speotro-
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photometrically at 60C ma. The values obtained for 3NA were ex 

tremely low and variable, and presumably the amount of DNA present 

was below the limit of sensitivity of the technique. Confirmation 

of the small amount of DNA present in the tiosue was obtained by 

the Feulgen squash technique as described in Jensen (1962). 

Measurement of respiration rate and respiratory quotient.* Respira 

tion rate and R.I. were measured using the 3'arburg apparatus. 

Groups of ten hypoootyls were placed in Warburg flasks in 2 ml of 

O.IK phosphate buffer, pH6.4, and oxygen uptake and CO output 

measured at 25 C»

AnatOBioal Studies 

Light raioroaoQpy>

Wax embedding. Hypocotyls were fixed in 3»1 glacial acetic 

acids ethanol overnight. They were then dehydrated in ethanol, 

Cleared in xyl«ne and embedded in paraffin wax (melting point
rt 'rrv42-46 C), Sections 12 thick were cut using a rotary /icro- 

torae, and stained with Delafield's haematoxylin. Permanent 

preparations war© made in Canada balsam, for microscopic exa 

mination.

2) AoryjLaroAde embedding, Hypocotyls were rapidly frozen by im 

mersing in K-Heptane at -170°C for a few seconds. They were 

then transferred to a solution oontalningi-

Acrylamide 5/

Dime thy Isulphoxide 50,'

THIS HCL (p H?i9) °- 1M

After standing in this solution for three hours at -20 C, the 

hypocotyls were transferred to a solution containing 3'
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instead of the dime thy Isulphoxide. After two changes of this solu 

tion the acrylaaide was polynerised with 0.2 ml Teraed, and 0.25 

mg/ml riboflavin in the light. Sections were cut on a freezing 

microtome rind mounted in gelatine, after staining in methylene blue, 

Kleotron Microscopy*

Hypocotyls were fixed in 2.5'.''- glutaraldehyde in phosphate buffer 

(pH?,2 at 4 C for two hours f and post-fixed in 2# osmium tetro- 

side in uranyl acetate (pH7.2) at 4°C for one hour. After dehydra 

tion through an alcohol aeries to propionic oxide, the tissue was 

embedded in "Araldite" epoxy resin. Sections were out on an L.K.B. 

ultramicrotome, and examined under the 3.1!.6 electron-microscope.

Cell Fractionation

In an effort to study changes in distribution of nucleic 

acids and proteins in oub-cellular organelles during growth, two 

techniques of cell fraotionation were employed. 

1) Density Gradient Centrifugation.

Groups of twenty hypoootyls were ground in a chilled mortar 

and pestle in 2.5 ml of grinding medium, containing! -

Sucrose 0.1M 

Tris HCL pH?.4 0.1M

Biaminoethanetetra-aoetie
Acid (S.D.T.A.) disodium salt 0.05M

The homogenate was squeezed through a double layer of muslin 

and 2 ml were layered onto a discontinuous sucrose density gradient 

consisting of 2 ml each oft l.?M, 1.4Mf 1-l^t °«a^ 0.5M» 0.3M, 

0.11K» «ach buffered at pH?-4 with C.B5 trie HCL. The gradient was 

spun at 20,000 x g in an M.S.E. Superspeed 50 refrigerated ultra-
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centrifuge with swing-out rotor 2410. 

Analysis of Gradients.

Gradients were fractionated by piercing the base of the centrifuge 

tube with a hollow needle. The effluent from the gradient was rioved 

by a peristaltic pump, giving a constant flow rate, through a flow- 

through cell in conjunction with the Unican 3. P.800 spectrophotometer, 

equipped with a constant-wavelength scanning device. The effluent 

was scanned at 280 nm and collected in 16 fractions using an auto 

matic fraction collector. Fractions were analysed for nucleic acids 

and proteins by addition of perchloric acid, and subsequent treat 

ment of the precipitates as described previously. 

2) Pi fferential Gentrifugation .

Owing to various difficulties inherent in the above method of 

cell fractionation, notably the collection of reproducible fractions 

from the gradients, an attempt was made to simplify sub-cellular 

fractionation by a process of differential centrifugation on total

homogenates.

Groups of twenty hypocotyls were ground in a motor-driven 

glass homog«aiser in a medium consisting ofi-

Sucrose 0.4^

TrisHGL (pH?.4) °- 01M 

Magnesium Chloride 0.005M

On various occasions, l£ deoxyoholate (DOC) in i; Tween 80 was also 

used in the medium.

The homogenates were transferred to glass centrifuge tubes 

and spun at 1000 x b for 10 minutes to give a "debris" fraction. 

The eupematants were then spun at 10,000 x g for 15 minutes in a 

Spinco Model L ultracentrifuge to give a mitochondrial fraction.
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The supematants fr^a the abovo »ere then s^un at 1CO,CCC£ 

for 30 ainutas to &iva & "aiorosomal" fraction, and the supernatant 

was retained as a "aolublo" fraction.

Tha pellets obtained were suspended in 0,2 E i CA and centri- 

fu#sd to give a nucleic acid precipitate, whloh wa» washed and ex 

tracted aa desoribsd previously for total nucleic acids. Similarly, 

PCA was added to a ooaoatitration of C*2fi to the soluble fraction 

ar^d after oer^trifu^atiun the pellet was treated in a siciilar numner 

to the above pelleta,

In some oases fractions wvre investigated for protein, either 

by the method of l^owry (1951) or by digestion aud mioro-uif fusion 

analysis, as previously described*

Studiea on Jil^A 

Sxtreotion of

Grotipa of twenty hypocotyls were ground in a ohillo.: mottaT 

and pestle in 2 ml of a medium containing!

;>odiua 4«Anino aalioylate ( VA3) 6;' 

Sodium Tri-isopropylnaphthaleneBulphonate (TN3) I/ 

Sodiuia Chloride 5^» ^ 

Tris H CL (p ?'7.4) O.C1M

(Kirby 1965)

De-pro teini sat ion was effected by eisulslfyiiu;. with 2 ml. of ;hanol/ 

cresol mixture, made up as follows i

Phenol 50Ctf 

M-Qresol 70 nl 

Water about 150 nl 

8-Hydroxyquinoline 0.5f;
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The organic and aqueous phases were separated by oentrifuging at 

300C x g for 1C minutes. The phenol layer was discarded and the 

sodium chloride concentration of the aqueous phase increased by 

addition of 0,1 ml of 5M sodium chloride. The aqueous phase and 

interphase were re-extracted with 2 ml of phenol/cresol , and after 

separation, the aqueous phase was extracted for a third time in 

this way. HI»A was precipitated by adding 2,4 volumes of ethanol 

and storing overnight at -20°C. 

Purification of RHA.

The iiNA precipitate, obtained as above was dissolved in 0.5 

ml of buffer containing!-

Tris 36 B M 

Sodium dihydrogen phosphate 30 m M 

Di sodium tlDTA 1 m M 

Sodium lauryl sulphate 0.2,,'

Impurities were removed by precipitation with two volumes of 

ethanol, and standing overnight at -20 G. The precipitate thus 

obtained was washed twice in QGfa ethanol before separation by

electrophoresis.
32flli.A with ? orthQtjhosphate.

Groups of hypocotyls were set up for culture in the usual 

way in 25 ml conical flasks* Initially, in order to nullify the 

effects of bacterial contamination, 50 Mg/ml of d-threo chlorara- 

pheniool was incorporated in the culture medium ( Sobota et al. 

I960). However, contrary to the findings of these workers, the 

HIU labelled in thene experiments was found to be chiefly of bac 

terial size, as shown in the results section.

Consequently, it was found necessary to autoclave all glass-



ware and media for use during germination of growth of the tissue, 

and all handling was done under sterile conditions. Chloramphenicol 

was omitted from the culture solutions under these conditions. 

High specific activity 32P orthophosphate (25 to 97 o/mflr,

Hadioohemioal centre, Amershan), was dried under vacuum to reraove
•>2

hydrochloric acid. The J ? was taken up in sterile distilled

water and added to culture flasks to give a specific activity from 

10- 30^x0/0! , Incubation was carried out with shaking in a water 

bath, in the dork, at 25°C. The nonaal time of incubation was six 

hours. In the case of newly excised tissue, hypocotyls were pre- 

inoubated for one hour before addition of the isotope* 

Effaot of Inhibitors.

10 x concentrated solutions of the inhibitors were added to 

the autoclaved culture flasks using a raillipore filter of pore size 

0.22 it in conjunction with an autoclaved Swinney syringe adaptor. 

Effect of

To study the effect of light on incorporation, the flasks 

were incubated without the black plastic bags, and illumination 

was augmented by a bank of T'azda "Universal Daylight'*, 40 watt 

fluorescent tubes placed above the bath. 

Preparation of labelled tissue for extraction,

At the completion of the labelling period, a 10/ui aliquot of 

the incubation medium was removed for counting (see below). The 

hypocotyls were removed frora the medium by inverting the culture 

flasks over a tea strainer. Hypocotyls were transferred in the 

strainer to vessels containing distilled wator, and were washed for 

ten seconds. They wero then placed on a glaso plate and the coty 

ledons texcised.
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Estimation of Label Incorporated into Total Nucleic Acid.

Total nucleic acid was extracted using the hot perchloric 

acid method as described previously. Ali^uota of each wash were 

retained for counting, as was an aliquot of the final hydrolyoate, 

which was assayed spectrophoto&etrically before counting. 

Counting of Itedio-aotivit/.

The 10 ILA^ aliquot of incubation medium was diluted with 2 nl 

of water, while the washings arid final hydrolysat* were counted un 

diluted. 20 AA& samples were applied to filter paper and allowed 

to dry before being placed in counting vials containing 10 nl of 

liquid scintillater, made up as follows i~

Toluene 1 litre 

2,5 - Diphenyloxazole (POP) 5 8 

2»p - Phenylenebis (5-- henyloxasole (FCPOi-) 0.03 S 

Samples were counted in the Packard "Tri-carb" liquid cointilla-

tion spectrometer*
32 Preparation of r labelled .Phenol-extracted RTU.

HHA was prepared by the phenol method as described previously, 

An aliquot of the supernatant from the first alcohol precipitation

was taken for counting, to give an approximate measure of total up-
^2 take of P into the tissue.

Polyaorylagii.de Gel llectrophoresis of RM.

Gels were prepared as described by Loening (1968), The gel 

was aiade up using 15- aorylaruide and 0.03,^ KN bisacrylaraide, both 

recrystallised, (Loaning 19^5) and a buffer containing!

Trio 21.7 g/litre 

Sodium di-hydrogen phosphate 23*3 g/litre

to give a final p H of 7.6 - 7.8.
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The final aorylaaide concentration in the gels was 2,4 » 

the volume of water and buffer used gave a buffer concentration in 

the gels corresponding to that in the buffer compartments of the 

electrophoresis apparatus.

The gel solution was mixed rapidly, de-gassed, the catalysts 

temed and ammonium persulphate were added, and the mixture pipetted 

into 7»5 om long perspex tubes, having an internal diameter of 

0.25 ins. The tubes were sealed at the lower end with a rubber 

stopper. Each tube was filled to within 0.5 on of the top and the 

gel carefully overlayed with a layer of de-gassed distilled water 

to ensure uniform polymerisation of the top of the gel* The gels 

were allowed to set for 30 minutes at room temperature. After 

setting, the rubber stoppers were carefully removed from the bases 

of the tubes, and rubber rings inserted to prevent the gels from 

sliding out of the tubes during electrophoresis. 

Sleotrophoreaifl procedure.

Eleotrophoresis was carried out in the apparatus described 

by Loaning (1965)* The buffer used was a 5 x dilution of the stock 

buffer with the addition of 2 g/litre of 3LS (specially pure grade). 

Gels were , re-run for 30 minutes to remove the catalysts and any 

impurities, und also to allow the 3L3 to penetrate into them. The 

HKA sample, after washing as previously described, was dried under 

vacuum, and then taken up in a convenient volume of 5/' sucrose dis 

solved in the running buffer to give a concentration of RliA of 

approximately 1 mg/ml. Normally 25 M^ of sample was applied to 

the top of the gel. Eleotrophoresis was continued for two to three 

hours at 50V giving a current of 5m Amps, per gel.
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Washing and Scanning of Gel a.

After eleotrophoreais, the gels were gently blown out of the 

perspex tubes, using a rubber teat. The gels were washed for three 

hours in distilled water, and were then scanned in a parallel-sided 

quartz container in a Joyce-Loebl Chromoscan at 265 ran using a light

•lit 50 to 150 JA- wide, by 1 to 2 am. 

Scir.nlnj* gels for radioactivity.

Indian ink ©arks were inserted into the gels using a fine 

syringe needle, before optical scanning, in order to give a check 

on the coincidence of radioactive and optical scanning. The gels 

were then fromen in open aluminium troughs by placing them on powde

red carbon dioxide* Care was taken to ensure that the gels were
*
frozen at the exact length at which they were optically scanned. 

The solid gels were sliced on a modified Mollwain chopper, (Mollwain 

and Buddle 1953) into 0.5 am slice®* The slices were placed on the 

non-emulsion aide of 16 mm film, and the radioactivity of each slice 

detected using a geiger tube with an associated sealer and control 

unit, which advanced the film strip past the gei&er tube and opera 

ted the print-out unit*

Studies on Proteins and ingyraes 

Preparation of solublte protein extract.

Groups of 50 hypoootyls were ground in chilled mortar and 

pestle in 2 ml of a medium oontainin&i-

Sucroae 0.5 M 

Tris 30 » M 

Hydrochloric acid 2.4 & M 

Magnesium acetate 1 m M 

Potassium chloride 50 m M



*

nnportment

Figure 3. Apparatus used for polyacrylamide 

electrophoresis of proteins.
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The homogenate was squeezed through two layers of muslin and 

centrifuged at 100,000 x g for twenty minutes in the opinco model L 

ultraoentrifuge. The supernatant contained about 80^ of the protein 

of the tissue and was used for all subsequent experiments. Extracts 

were stored, when necessary, at -20°C. 

Slectrophoreais of soluble protein extracts»

Separation of protein components was achieved by electro- 

phoresis on polyaorylaraide gels, A vertical flat slab technique 

was used, similar to that described by Akroyd (1968) and Reid and 

Bleleski (1968). The flat slab technique has several advantages 

over the commonly used disc eleotrophoresis method, notably the 

uniformity of gel and running conditions for all samples, and also 

the ease of comparison of large numbers of samples. 

Apparatus uaed.

The apparatus is shown in Fig. 3* 

Glaas pell.

The monomer was polymerised in a cell consisting of two 

sheets of 16 m& glass, separated by two narrow strips of 24 raa 

glass. The spacer sheets were cemented one to each end of one of 

the large sheets with "araldite" epoxy resin, and to complete the 

cell, the other sheet was olaraped to this using strong spring 

clips. 

Eleotrophoresi s tank •

The apparatus, which was constructed of "perspex", consisted 

of an upper and lower buffer compartment, each being supplied with 

a platinum wire electrode connected to the power supply. The glass 

cell was held vertically in the lower compartment, and was connec 

ted to the upper compartment by means of a wick consisting of three
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•beets of "Whatman" 3 MK filter paper. 

Preparation of gel solution.

Th« gel solution and buffer system used were ao described by 

Tulett (1967). 10 al of stock acrylaaide monomer solution contai 

ning 15:' acrylamide, and 0.3?~ NH bisaorylamide, were added to 10 ml 

of 0.1 M tris/glyoerine buffer (p H8.0). The gel mixture was de 

gassed for 15 seconds and 0.15 »1 of 10*-' ammonium persulphate and 

0.15 nil of 10f' temed in ethanol were rapidly added to initiate 

polymerisation. 

Casting of Gel.

The glass cell was first assembled by smearing the two spacer 

strips lightly with vaseline and then clamping on the loose plate 

by means of two strong spring clips. The lower end of the cell was 

sealed by inserting a strip of "plasticine 14 modelling clay and 

carefully smoothing the excess strip around the edges of the cell.

The gel solution was quickly pipetted into the cell after 

the addition of the catalyst and initiator, and the cell was filled 

to within 1 cm. of the top. To facilitate uniform setting of the 

gel, de-gassed distilled water was carefully layered over the top 

of the gel to a depth of 2 ram. Setting of the gel usually occurred 

within five minutes. 

Application of samples.

When polymerisation of the gel was complete, the water was 

poured from the top of the gel and replaced by tris/glyoine buffer 

(p H 0.9) at the running concentration. (0.05 M). Temporary sample 

compartments were constructed by inserting 0.8 OB strips of "2soo- 

rubber" translucent oilicone rubber tubing, having a bore of 1.5 nan 

and wall thickness 0.5 ram, into the cell so that they made contact
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with the surface of the gel. Samples of protein extract, usually

were introduced using "microcap" capillary pipettes. A 

araall volume of C.02/' bromophenol blue in 5/ sucrose was added to 

eaoh compartment to act as a marker. 

Slectrophoresig procedure.

The strip of "plasticine" was ra^oved from the base of the 

gel compartment which was then placed in the lower buffer tank, 

ensuring that no air bubbles were present at the base of the gel. 

The filter paper wick surrounded by a polythene sleeve was posi 

tioned to connect the upper buffer compartment with the buffer 

solution overlaying the gel. The electrode of the lower compart 

ment was connected to the anode of the power supply, and that of 

the upper compartment to the oathode, and a voltage of 200V, giving 

a current of 20m Amps was applied across the gel. After twenty 

minutes, the current was switched off and the compartment spacers 

reraoved to ensure that current density was uniform throughout the 

width of the gel. Slectrophoresia was continued until the bromo 

phenol blue tracker dye just reached the base of the gel, the time 

taken usually being approximately two hours. 

Removal and staining of the gal...

After completion of electrophoresis, the glass cell was re 

moved from the buffer tank, and the free glass plate carefully 

lifted from the cell. The gel could then be lifted from the other 

plate and placed in a staining tank. For the detection of protein 

bands, the gel was stained for one hour in a solution of Cooraasaie 

brilliant blue, made up to 0.2?' in methanoliglacial acetic acidi 

water (5ili5), and destained overnight in the solvents only. The 

proteins appeared as blue bands on a clear background. Gels were
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stored in 7, acetic acid, which caused then to expand, thus impro 

ving apparent band separation, 

Photography and scanning of protein <^els.

The gels were photographed under uniform illumination against 

a white background using Ilford Pan P 35 nun film in conjunction 

with an orange cellophane filter.

Gels were cut into individual strips and scanned in a "Chro- 

moscan" using a tungsten lamp and 55 r n°i filter. 

Detection of Isozyine patterns.

Changes in isozyrae patterns of five enzymes were investigated 

using the polyaery1amide gel electrophoresis technique. The pro 

teins were separated by eleotrophoresis as described above, and 

then the gels were stained by incubation in ways which revealed the 

position of bands of specific enzymic activity. 

Ribonuolease

Ribonuclease isozymes were detected by a technique developed 

by Reid and Bieleski (1969).

The gel mixture was made up as follows:- 

10 ml stock acrylaniiie solution 

10 ml gel buffer with O.OJ/ cuprous chloride

2 mg radish RNA extracted with phenol, as described 
earlier.

The gel wafl made up in the usual way, and run at C C. After 

electrophoresis, the gel was incubated in 0.01 MEDTA in 0.1 M sodium 

acetate (p H4.5) for one hour at 0°C, It was then transferred to 

a 10 x dilution of this solution and incubated for one hour at 37 C. 

The gel was then fixed in 1# TCA for 30 minutes, and after washing 

in running tap water was stained for 30 minutes in 0.02;' toluidine 

blue in water. Bands appeared after de-staining overnight in running
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tap water* Ilibonuolease shoved up aa clear bands on a blue back 

ground. The gels were photographed and scanned as described for 

protein gel a.

The method waa also found to be successful when phanol ex 

tracted bean lift A was used, but oorarnercial yeast UNA gave poor re 

sults, presumably dua to th© large amount of low molecular weight 

material present in commercial preparations,

Gels were prepared and run as for protein staining, and were 

incubated in a solution containing! -

Hydrogen peroxide 5 & M 

Phosphate buffer (pH5.8) 0.1 M 

Guiaool or ryrogallol 5 w '" 

as described by Siegel and Gals ton ^1967).

Peroxidasea appeared as brown bands on a clear background. 

The use of two different substrates produced slight differences in 

isoa^ymes detectable. (See results section). It was also discovered 

that up to three bands of peroxidase activity appeared when electro- 

phoreeis was carried out with tho current reversed, i.e. the lower 

buffer compartment acts as the cathode, and the upper as the anode.

Gels were photographed as before, except that & dark blue 

filter was used.

Th* method used waa that of Thorae et al. (19&3). Extracts 

were separated by eleotrophoresis in the usual way, and the gels 

were incubated in a aediuffl containing**
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Uicotinamide Adenine Dinucleotide (NAD) 0.7 mg/ml

Phenazine Methosulphate (KJS) 0.05 ng/ml

Nitro-Blue Tetrazolium (1TBT) 5.0 ng/rnl

Trie HCl*(pH8.4) G.I M

The substrates were used in the form of neutral solutions of the 

potassium salts of auooinic, malic, and glutamio acids.

Bands of dehydrogenase activity appeared purple on a clear 

background, and the gels were photographed as before, but without 

a filter.

Estimation of total activity of enzymes.

liibonuclaasei The method used was basically that of Kunitz (1940). 

0.2 ml of protein extract were added to a medium consisting of 1, 

yeast MA in the diluted buffer solution used in the isozyme eluci 

dations. The yeast UNA was dialysed for 4Q hours in the cold prior 

to use.

After incubation for 30 minutes, the reaction was stopped by 

adding 1.2 ml of 0.25;' uranyl acetate in 2.5,' TGA. The precipi 

tate was allowed to coagulate for 15 minutes and was then centrifu 

gal down at low speed. The supernatant was diluted six fold with 

water, and the optical density at 260 nm read off in a Unican S.P, 

500 spectrophotometer. Two controls were required for this deter 

mination.

1) A zero time blank containing MA solution but no protein ex 

tract. This solution was used in the reference cell in the 

spectrophotometer.

2) A blank containing no substrate, which was incubated with the 

experimental tubes to account for any nucleotides present in 

the protein extract.



A unit oi' enzfrn® activity was defined as the amount of acti 

vity required to produce an increase in optical density of 0.01 

units.

Peroxidaset The method uaed was that of Alvarez arid Kin*; (1969). 

A 0.1 ml aliquot of the protein extract was transferred to a teat 

tube containing 2.5 &1 of 0.1 M phosphate buffer (pH 5.$, and 

0.25 al of hydrogen peroxide (0.1L). At time aero, C.25 sis of 

0.01 M pyrogallol was added, and the reaction allowed to proceed 

for ten minutes. The optical density of the solution was read at 

470 am in an 3. P. 5&C apectrophotoiaeter. For each determination 

a control tube containing no substrate was incubated with the cx- 

i^erim3;;tal tubo, and was used as the roferer.ce solution in the 

epectrophotometer. A unit of enzyme activity was expressed as the 

amount of activity required to increase thy optical density of the 

solution by 0,01 units.

In the cess of both enzymes, activity was expressed as 

activity/unit protein nitrogen, as determined by the nicro-conwsy 

method.
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flSSULTS

Hypocotyl growth

The number of cells in hypocotyls out from 48 hour germinated 

radish seedlings was 1,717056 £ 20,000 per ten hypocotyls. After 

growth in culture with cotyledons attached for 48 hours, the number 

was 1,709,229 - 35»700. These results show that there was no sig 

nificant growth by cell division during culture. This is confirmed 

by the fact that milotic figures were never seen in sections of the 

material.

The changes in length and fresh weight of the hypocotyls are 

shown in figure 4. Growth in both length and fresh weight are 

approximately linear processes during the culture period, and the 

increase in length is about 260,' after 48 hours, while the increase 

in fresh weight is about 35C/. Fresh weight is a more convenient 

parameter to determine, and hence was used subsequently as a rou 

tine measure of growth under all conditions.

Changes in dry weight and residual dry weight are shown in 

figure 5. Dry weight shows no change during the first twelve hours 

of culture, but increase by about 90/' over the 48 hour culture pe 

riod as a whole. Comparison of these data with those on fresh 

weight reveals an increase in water content from 85. 3, to 94*^ . 

The net increase in dry weight during culture must be due to trans 

port of aaterial from the cotyledons, as the growth medium contains 

no growth supporting substances.

Residual dry weight is the dry matter remaining after removal 

of material soluble in boiling 80;' ethanol. A small decrease occurs 

over the first 24 hours, followed by an increase over the second 24 

hours. 80, / aloohol removes all soluble nitrogen compounds such as
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amino acids and purine and pyriWiie bases and nucleotides, and 

also low molecular weight carbohydrates.

The difference between the two lines of figure 5 represents 

the weight of alcohol soluble substances present. It can be seen 

that the propotion of these substances increases during the growth 

period. In fact, incorporation of insoluble material into the 

hypoootyl occurs only to a small extent, during the second 24 

hours of the culture period*

Changes in cellular constituents.

The changes in total nitrogen, protein nitrogen and soluble 

nitrogen are shown in figure 6. Total nitrogen in the tissue in 

creases by about 47, during the 48 hour period of culture. Any 

increase in total nitrogen must be due to transport of material 

from the cotyledons. As might be expected from the dry weight 

data, the increase in total nitrogen is small initially, indica 

ting the lag in transport from the cotyledons, After this initial 

phase, increase in total nitrogen parallels the increase in fresh 

weight and dry weight, until the last twelve hours of culture, 

when a decline in the rate of increase is apparent. This may be 

due to a greater permeability of the cell membrane at this advan 

ced stage of growth.

Protein nitrogen is measured as the nitrogen component of 

the cell insoluble in 10/ TCA. This remains almost unchanged 

throughout the period of culture, although there is a slight but 

significant fall during the first twelve hours, followed by a re 

turn to the initial level.

Soluble nitrogen is regarded as that nitrogen soluble in 

1C;- TCA, and is determined from the difference between the two
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lines of figure 6. Since protein nitrogen remains constant, the 

amount of soluble nitrogen will be a reflection of net import from 

the cotyledons. It can be seen that this quantity increases quite 

markedly during the culture period.

Changes in total nucleic acid and acid soluble nucleotides 

are given in figure ?• Mucleio acid ia expressed as^ g/10 hypo- 

cotyls, and nucleotidea as arbitrary optical density units.

Total nucleic acid remains constant throu^iout the culture 

period. As regards the DMA component the results are doubtful 

(see Materials and Methods section), but the results of one set 

of determinations give a value of 4«6/Xg/io hypocotyls at 0 hours, 

and 7-7^/10 hypocotyls at 40 hours, It soeras as though there 

raight be an increase in the DNA content during growth, but little 

weight should be given to this result.

Aoid soluble nuoleotides are regarded as being responsible 

for the absorbance at 260 nm of PCA soluble materials. Any in 

crease in their amount is due to import from the cotyledons. In 

fact the pattern of increase is similar to that of soluble nitrogen, 

The rise is saall during the first twelve hours of oulturo, and 

then becomes linear over the next 24 hours before levelling off, 

or actually decreasing during the final twelve hours. This loss 

may be due to an increase in the permeability of the cell membranes 

or possibly to transport of material baok into the cotyledons.

o 
Cell fraotljriation studies.

l) Density gradient oentrifwcation.

Whole cell homogenates were layered on aucrose density gra 

dients and centrifuged at 20,000 x g as described. At a given cen 

trifugal force, the diotanoe of travel of particles through a
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H'i.^ure 8. Scans of sucrose densit
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Figure 9. Electronrnicro.^raph of pellet obtained from 1.1M 

fraction of sucrose density ivradients. >?ai>-nificution x 75OO.
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will depend on their site and mass, and on the density of the suc 

rose. In a gradient consisting of disoontinuous la/era of sucrose 

of different densities, particles of siailar size/mass ratio will 

tend to aggregate at the same interphase in the gradient. Punctu 

ring of the tubes and optical scanning of the effluent should give 

an indication of the position of these large numbers of particles. 

Gradients were scanned as described at 260 nm, and changes in the 

distribution of material absorbing at this wavelength were followed 

during the culture period, l^rpical scans are given in figure 8.

Fairly reproducible scans were obtained for each age of hy- 

poeotyl used. A feature of the gradients from tissue at all sta 

ges of growth is the large amount of optically dense material at 

the top of the gradient. This represents the soluble protein and 

HM of the system, which remains in the layer of sucrose of lowest 

density. &oate of this soluble material may well have arisen as a 

result of the disruption of cryanellea during the homogenisation 

process, and thus may give a misleading impression of the true 

amount of non-particulate material in the tissue.

ooans of the gradients from tissue cultured for three dif 

ferent periods of time are given as figure 8a (0 hours), 8b (24 

hours) and 80 (48 hours). All have in common the major peak cor 

responding to the 1.1 M sucrose layer of tho gradient. The height 

of this peak increases with time of culture and must represent an 

increase in the number of particles having a similar range of size/ 

mass ratios. Scan 3d, obtained from a homogenate of pea root tis 

sue shows a similar large peak in the same position. To test the 

possibility that these particles may have a similar oobility in a 

gradient to that of plastids, a gradient was run on a total homoge-



43

nate of green radish cotyledons. A scan of this gradient at 660 na 

is shown in figure Oe. One of the major peaks of absorbanoe in this 

tissue corresponds to the peak found in the dark-grown radish and 

pea root tissue. Thus it would seem that the component which is in- 

creasing in amount during culture has a similar size/mass ratio to 

that of chloroplasts of the sane plant.

In an effort to elucidate the fine structure of the particles, 

a pellet was prepared fro® the appropriate fraction of the gradient 

for ultras true tural examination. An electronmicrograph of a small 

part of the pellet is shown in figure 9. The pellet consists of a 

large amount of membranous and vesicular material, the nature of 

which is not readily apparent. There is some evidence of plastid 

and mitoohondrial material, and possibly some lipid bodies. It 

would appear that the pellet represents in the main the ruptured 

membraneous portions of cell organelles, the soluble contents of 

which have been released during the homogenisation process.

A further component on the gradients, located in the 1.3 M 

sucrose layer, is present in the gradients from 24 and 40 hour cul 

tured tissue, but is absent in gradients from uncultured hypoootyls.

Another minor change is the disappearance of a component pre 

sent in the 0.8 tt sucrose layer in uncultured tissue. There is no 

trace of this peak after 24 hours culture.

It is apparent from this study of the gradients that some 

quite major changes are occurring in the distribution of the cellu 

lar constituents during growth of the cell.

In an effort to establish the contribution of proteins and 

nuoleio acids to the optical density scans of the gradients, six 

teen fractions were collected and analysed for protein and nuoleio
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add*. The debris pellet, which travelled to the bottom of the 

tube was also analysed, and ia labelled as fraction C.

It was found to be extremely difficult to obtain reprodu 

cible results froa these determinations, *iainly due to the seutll 

aiaounts of ^roteina and nucleio acids present in each fraotion. 

Plots of the distribution of protein found in two typical expe 

riments, for two ages of tissue are shown in figure 1C. Ifce two 

experiments show a similar distribution of protein for tissue of 

the sane age. Most of the protein is located at the top of the 

gradient, as would be expeotad. In gradients fron 48 hour cul 

tured tissue, a large peak of protein is found in fractions 2, 3 

and 4> corresponding to the major peak in the optical dansity scans. 

This peak is absent in the gradients froa uncultured hypoootyls. 

It does seea that there is a redistribution of proteins into par 

ticles of a lover size/ aass ratio during culture.

Experiments on the distribution of nucleic acids in the 

^radiant wera wholly unsuccessful, tjid no results are presented.

2. Differential oentrifugation.

.foole tissue homosanates were separated into four fractions 

by ultra-centrifugation. The four fractions were as follows* -

1) "Debris" fraction - The pellet obtained after spinning at

1COO x g.

2) "Mitochondria! " fraotion - The pellet obtained by spinning 

the 10GQ x g supernatent at 10 fOCC x g.

3) "Microsoraal" fraction - The pellet obtained by spinning the 

supernatant from abore at 100, COO x g.

4) "Soluble" fraction - The final supernatant.

Hucleic acids and proteins were determined in the four frac 

tions obtained froa different ages of tissue. The results obtained



Age Recovery (ug) lOOOg 10,000g 100,000^ Supernatant

0

0+DOC

24

P4+DOC

48
48-^DQC

266
^•52

461
374
34 1
*5if

67.7
17.9
57.0
2-1.1

32.6

16.7

6.8
6.5
8.2

6.1
14. 4

5.4

;4.5

8.8

3.9
7.8

10.3
?9.e

21.0

6-S.8

30.9
65.0
^2.7

^8.2

Table ff(g.) Distribution of protein nitrogen in various Bub- 

cellular fractions. Fifrur^r denote percent''^6 i n e--ch 
fr-;ct- on.

A'-e Recovery (u^) 1000- 10,000r 190 ,000;* Gup^rrr f.nr.t

0 

0+DOC

2 4 -* DOC

48+DCC

3-00

251
398
2R6'

422
279

67. 8
•"-5.3
4J.4
24.9
46.8
26.1

10.9
"1 *^ *-l

"11 r^

11.2
14.3
10.2

5.6
39.^

19.6
47.5
20.4
46.1

1 5.3

22.2
25.4

16.5

18.5
17.6

Table 4(b) Distribtvtion of nucleic acid ir. vriou^ p

lular fractions. Figures denote p^rcentnge in each fraction
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were scaewhat variable, but rsoults of a typical experiment on 

nucleic acids &re given In table. 4.

The results ar* presented on the basis of percentage of nuc 

leic acid in each fraction. However it should be noted that the 

total recovery increases with age in homogenates Bade with the 

simple buffer grinding medium. This effect does not occur when 

BOG is included in the grinding medium. Because of this apparent 

increase in recovery, the results must be treated with caution.

It can be seen that in uncultured tissue, approximately 70 x 

of the nucleic aoid is spun down at IGOOxg. This amount falls to 

about 50;< after 48 hours culture, and the proportion in the 

100,000xg "miorosoaial" pellet increases. The proportion of nuc 

leic acid in the 10,OGGxg mitochondria! fraction remains approxi 

mately constant.

If G.5/ 30C is included in the grindirftmedium, a larger pro 

portion of the nucleic aoid is found in the "microsome" fraction. 

In this case, only about 25/ of the nucleic aoid is located in 

the lOOOxg pellet. This suggests that a large amount of the 

"debris" p«llst nuoleic acid spun down in the buffer - only grin 

ding medium is associated with membranes. The disruption of the 

membranes by DOC results in the release of the nucleic acid par 

ticles, which arc presumably ribosomas. The results of an expe 

riment on the distribution of protein are also given in table 4. 

Ones again, apparent recovery increases with age in buffer horao- 

geriiaed tissue « whilw m'1"?"""^ «*»y« nririMimit. wh*n nnn ia ^reamr

In the young tissue, most of the protein is found in the 

lOGOxg "debris" fraction. Iharing growth, the proportion in this



TABLE 5.

Time of culture 

(hours)

mean cell length (u) 
apical basal

0 15.3

21.7

25.2

27.5 

if 3-2

65.3

TABLE 5. Kean cell length (ji) at base and ^pex of hypocotyl 

at various stages of culture.



A

£S — - .

Figure 11. Photomicrographs of ^arts of longitudinal sections 

of hypocotyls at various stages of growth. A. 24 liours after 

imbibition. H. At time of excision. C. »fter 48 hours culture. 

Magnification x 15.
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fractions falls, while the proportion in the other three fractions 

increases, so that after 48 hours the supernatant fraction is 

richest in protein, having 4};% while the "debris'* fraction has only 

3X'« "Mitochondria!" and "miorosomal" fractions contain a small 

proportion throu^iout, but show a definite increase during culture. 

In the DOC- treated homogenates, most of the protein is found 

in the "soluble" fraction, although the proportion decreases during 

growth. As the proportion of protein in the "debris" fraction re 

mains virtually the same, the main increase is in the 100,000xg 

"mioroaomal" fraction.

Changes during growth

microscopy.

Tissue was examined at various stages of growth. All lengths 

are given in table 5, and photomicrographs in figure 11.

1) 24 hours from imbibitions- At this stage it is impossible to 

distinguish between root and hypoootyl tissue. All the cells 

are small and uniform in siae, with densely staining cytoplasm 

and prominent nuclei. The cells are non-vacuolated and are in 

regular rows extending from the root apex, although there is 

some evidence in the proximal region for the origin of some of 

the cells from the shoot apex.

2) 48 hours after imbibition*- It is at this stage that hvpo- 

ootyls are excised for culture. The hypocotyl has a prominent 

hook near the point of attachment, and meet of the extension 

growth is confined to the portion of the hypocotyl between this 

hook and the junction with the root. At this stage the cells 

are still in an undifferentiated state. 

After 24 hours of culture i- The majority of the cells are still



47

snail, with densely staining contents, although the cells in 

the straight portion of the hypocotyl have already become vacu- 

olated to a certain extent,

4) After 36 hours of culturei- At this stage, the hook has straigh 

tened out* and all cells show a marked degree of vacuolation 

and increase in length.

5) After 4Q hours of culture»- All cells are now yacuolated and 

elongated, with only a thin layer of cytoplasm lining the in 

terior of the cell wall. The vascular tissue is quite well 

developed in the centre of the hypocotyl. There is, as yet, 

no aign of the secondary thickening which occurs later in the 

duvelopoent of the intact plant to give rise to the swollen 

"radish".

The results of measurements of cells from two regions of 

the hypocotyl at different stages of growth indicate that the 

colls at the apical end increase in length only slightly during 

culture, while the cells at the basal end increase in length to 

the extent predictable frora the total growth in length of the 

whole hypoootyl. Thus, expansion throughout the hypocotyl is not 

unifora, but it seems that the number of slowly expanding cells 

nuot fora only a snail proportion of the whole, both from viju.il 

observation, and also by consideration of the total expansion

occurring.

These observations support the finding that no cell division 

occurs during the growth of the hypocotyl, and that changes occur- 

ring in the hypoootyl during growth can be regarded as occurring 

in «ost cells simultaneously*
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Figure 12. ^lectronmicrographs of cells of radish hypocotyl 

taken at 2 different stages of »;rowth. v. Uncultured tissue. 

The cell is packed with protein bodies (l .>'..) ii. After 48 

hours culture. The cell is vacuolated markedly, and no protein 

bodies are visible. Magnification x 10 ,000 .
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Electron microscopy.

Sections of hypocotyls before and after culture are shown in 

figure 12. The cells of uncultered tissue are packed with amor 

phous bodies, whose staining characteristics have led Heyea (un 

published) to state that they contain protein. The osraiophilic 

globules which show signs of disintegration are considered to be 

lipid bodies, and mitochondria are visible in the dense cytoplasm. 

After 48 hours culture, the cells are seen to be highly vacuola- 

ted, with an extremely narrow layer of cytoplasm lining the cell 

wall* Plastids and mitochondria are visible, as is a certain 

amount of endoplasmic retlculum, but there is no evidence of the 

protein bodies at this state, and it appears that they break down 

during extension growth.

Modification of Growth. 

Inhibition of growth.

The effects of various concentrations of Actinomycin D and 

5-Fluorouracil on increase in fresh weight are shown in figure 13« 

Actinoajyoin D at a concentration of 5/^3/al inhibits the increase 

in fresh weight by about 33/ after 24 hours, and by about 50,' after 

48 hours. Thus the major inhibition occurs during the first 24 

hours of culture. The lower concentrations of Aotinoiaycin D used, 

i.e. 0.5.aj/ml and C.C^/ial have only a slight, insignificant 

effect on growth as measured by increase in fresh weight. 5-flu- 

orouracil at a concentration of 10 Tli the highest used, also 

markedly inhibits growth. After 24 hours of culture, growth is 

inhibited by about 20', and after the 4# hour growth period as a 

whole, the inhibition is approximately 5Q/ t similar to that found 

with the highest concentration of Actinomycin J.
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A concentration of 5-fluorouracil of 10 iJ produces an inhi 

bition of growth of about 20,.' after 48 hours, although no inhibition 

was observed after 24 hours. 10~Ta 5-fluorouracil had no signifi 

cant effect on growth.

Culture in the light, and in the absence of cotyledons also 

effects growth considerably. The effect of growth in light and 

dark, with and without cotyledons in the presence or absence of 

5-fluorouraoil or actinomyoin D is shown in figure 14.

Hypocotyla grown in the light show greatly reduced growth, 

together with a change in colour due to the synthesis of antho- 

oyanin pigments and chlorophyll. The increase in fresh weight is 

inhibited by about SO,' after 24 hours of culture, and about 75 ' 

after 43 hours culture.

Kemoval of the cotyledons before culture also causes a re 

duction of growth* After 43 hours, fully-excised hypocotyla have 

their growth reduced by about 50A ^hia inhibition is probably 

duo simply to the loss of the nutrient supply of the cotyledons, 

thus resulting in a requirement for use of some of the insoluble 

material of the cell, both as respiratory substrate, and also as 

soluble raaterial for the vacuole.

Growth of hypocotyls in the light is slightly inhibited by 

1C*"\ 5-fluorouracil although the effect is not marked. However, 

the inhibitor does prevent the synthesis of anthocyamin pigments 

at this concentration.

Actinomycin D at a concentration of 5^3/nl inhibits growth 

in the light by about 35;' after 48 hours. It seems that the ef 

fects on growth of li$ht and actinoaycin D are additive, while 

those of light and 5-fluorouraoil are not.
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Both actinotayoin D and 5-fluorouracil produce an inhibition 

of the growth of fully-excised hypocotyls, in each case the inhi 

bition being similar to that found in the cotyledon-attached systera. 

Thus actiromycin D at 5/3/ml produces an inhibition of fully exci 

sed growth of 40,' after 48 hours culture. lCf\i 5-fluorouracil in 

hibits fully-excised growth by about 20< after 24 hours, and 46' 

after 48 hours, relative to a fully-excised control. Hence the 

effacts of removal of cotyledons and growth in actinomycin D and 

5-fluorouracil are additive, and in fact inhibition produced in 

the fully-excised hypocotyl is about the sa-ne as in the hypocotyl 

with attached cotyledons, de^ite the former's reduced capacity 

for growth. It seems that tho effect of the inhibitors is more 

than some simple interference with transport of materials from the 

cotyledons.

The effect of actinorayoin D and 5-fluorouracil on nucleic 

acid contents of hypocotyls are shown in figure 15•

5 nL-q/ml of actinomyoin D brings about a fall in nucleic acid 

content of about 20^ after 48 hours culture, conp&red with the con 

trol, in which the amount of nucleic acid remains constant. The 

loss over the firat 24 hours, during which most growth inhibition 

occurs, is insignificant. The lower concentrations of actinomycin 

D have no significant effect on nucleic acid content. Actinonqrcin 

D at all concentrations used has no effect on protein content, the 

values being no different from those given in figure 6 for water 

grown tissue.

Hypocotyls oultured in 10""\I 5-flurouracil exhibit a loss in 

nucleic acid of about 3C$ after 40 hours, as compared with the con 

trol. The loos appears to be continuous over the entire period,
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unlike that occurring with actinomycin 3. In 10"^,: 5-fluoroura-

oil, a small but significant loas of nuoleic acid occurs, while at
-5.

1C :!, 5-fluorouracil has no effect.

The effects of growth in the light,in the presence and ab 

sence of inhibitors, and growth without cotyledons, also in the 

presence and absence of inhibitors, on the amount of nucleic acid 

in thefypocotyl are shown in figure 16.

Growth of hypocotylB in the light results in a loss of nuoleic 

acid of about 20, y- after 48 hours, mainly during the second 24 hours 

of culture. 5 M/ml of aotinonyoin D, which inhibits growth in the 

light, also reduces the lerel of nuoleic acid by about 40/, com 

pared with the light-grown control,

10*"Ti 5-fluorouraoil, which has only a slight effect on 

growth of hypocotyls in the light, reduces the level of nucleic 

acid by about 30,'.

Hypoootyls grown in the absence of cotyledons show a marked 

loss of nucleic acid, ae well as reduced growth, compared to hypo 

cotyls with attached cotyledons. The loss of nucleic acid amounts 

to about 50;' after 48 hours, Actinoraycin i) at a concentration of 

5ixi/ml causes an inhibition of growth of fully excised hypocotyls, 

and also enhances the loss in nucleic acid. After 24 hours, total 

nucleic acid level ia 53/1 of the fully-excised control, and after 

48 hours culture, the level is 6?,' of the fully-excised control, 

representing a loss of over 60/ from the unculterod condition,

1C~\ 5-fluorouracil, which inhibits growth of fully-excised 

hypocotyls, reduces the level of total nucleic acid in this case 

by about 40^, which represents a loas of 65,' froia the uncultured

hypoootyl.
0

Thus the additive effects of actinonyoin D and 5-fl^jrouracil



Figure 17 . Pattern of soluble proteins of the hy> ocot.yl 

obtained by polyacrylamide n:el electrophoresis and staining 

in Ooomassie blue. A. Uncultured tissue. -. 24 hours 

cultured in distilled water. C. 48 hours cultured in distilled 

water. i». 4R hours ciiltured in distilled wat
er in the li 

i'1. 48 hours cultured in 10 V 5-f luorouracil. K. 48 hours 

cultured in 5ii#;/ml actinomycin D.
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figure 18 1 Pattern of soluble proteins after 

polyacrylamide ;^el electrophoresis followed by 

staining with Coomassie blue. Conditions of culture 

were as follows: 0 - uncultured tissue; 24c - tissue 

cultured for 24 hours in distilled water; 4Bc - 

tissue cultured for 48 hours in distilled water; 

481, - tissue cultured for 48 hours in distilled 

water in the light; 48fu - tissue cultured for 48 

hours in 10"*" M 5-f luorouracil ; 48act - tissue

cultured for 48 hours in 5±g/ml actinomycin 1).
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on the growth of li^t- treated and fully-excised hypocotyls also 

to the loss of nucleic acid,

Changes within the Protein Complement,

rjctraets of soluble proteins were prepared from radish hypo- 

ootyla as described, and were separated by polyacrylaiaide gel elao- 

trophoresis. The gels were stained for protein, and the separa 

tions obtained under various treatments are shown as photographs 

in figure 17 » and diagraraaatically in figure 18. Eleven bands are 

present in radish hypoootyls, and their distribution changes du 

ring growth. Bands are numbered according to their electropho- 

re tic mobility, the faster moving bands having higher numbers, 

Uncultered hypocotyls have bands 1, 2, 3 and 6, with tracas of 

some of the more rapidly moving components. The main feature at 

this sta#e of growth is band 7» which is intensely staining, and 

extremely broad, and seems to represent a large proportion of the 

soluble protein of the hypocotyl. It is suggested that this band 

represents the storage protein which can be seen in the 

micrographs in the form of protein bodies, and seems to 

aost of the protein of the cell. It eeecie likely that the homogeni- 

sation process will disrupt these large bodies, thus explaining the 

appearance of the storage protein in the soluble phase.

After 24 hours culture in water, band 7 is diminished in 

width and intensity, and bands 1, 2, 3 t 4 and 5 are visible, as are 

the more rapidly moving bands* After 48 hours, band 7 is completely 

absent, but all other bands are present. The disappearar ce of band 

7 coincides with the breakdown of the protein bodies which is evi 

dent from the •leotronmicrographs. The products of this break 

down are resynthesised into other proteins which appear as the new
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bands apparent in -els from cultured tissue. Changes in the pro 

tein complement mi^t be expected from the results of density £ra-
o 

dient ai.d cell fracti^iaticn studies, which seen to indicate chants

in the distribution of protein in the various subcellular fractions.

The distribution of soluble proteins grown in 5 A/Lg/ml of ac- 

tinoroycin ^ and 1C* d 5-fluorouracil are similar to those in con 

trol tissue. This might ba expected, since neithsr inhibitor haa 

any effect on the total amount of protein in the tissue. Any chan 

ges in the protein complement in tht- presence of the inhibitors 

will thus presumably be of a minor nature. Staining with an unepe- 

cific dye such as coomassie blue cannot be expected to reveal such 

minor changes, which will probably be mas-.ed by the staining of 

the major conponenta.

Growth of hypocotyls in the light results in a marl.ed in 

crease in intensity of band 5« Since it is known that chlorophyll 

content of the hypocotyl increases in the light (Heyes, 19^9) it 

could possibly be the casa that this band, also present in the 

dark may represent plastid protein, especially as its electropho- 

retic mobility is similar to that of fraction 1 protein from

green leaves.

The possibility that band 5 represents plastid protein waa
/ ^~ 

tested by growing hypoootyls in 50 Me/ml of U-threo chlore([pheni-

ool or 5)ULg/ml of oyolohexinide. Humorous workers have reported 

that cyclohexiraide specifically inhibits protein synthesis on BOS 

riboaomes, as found in the cytoplasm of higher plants. Chloran- 

phenicol, however, has been observed to have a prefemtial effect 

on protein synthesis of JQ$ ribosomes, which occur in higher plant 

chloroplaats and mitochondria. Eence, radish hypocotyls ^rown in
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ityure _19. Scans of polyacrylamide L-e] separations of

hypocotyl proteins. - uncultured tissue; - cultured 

in liv;ht in distilled water; C - cultured in the li-ht 

with oju^'/ml of cvcloVieximide; i> - cultured in the li o t

with 50ijLc;/ml of chlornmnhepicol .



A

0 Cue. Cmp.

Figure 20 . Pattern ol soluble nroteitis obtained 

after polvacrylamxde gel electropUoresis. 0 

represents uncultured tissue, the others represent 

tissue cultured for 48 hours in the light, in 

distilled water (Li^ht), 5M-g/ml cycloheximide (Cyc.) 

or 5CHxe:/ml chloramphenicol (Cmp.)
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the presence of ohlorampheniool should show reduoed development of 

band 5 if it is of plastid origin. In cyoloheximide treated tissue 

it would be expected that band 5 will be unchanged in intensity, 

whereas the other bands Bay show a reduction in staining. The pro 

tein patterns from tissue grown in li*ht or dark, in the presence 

or absence of cyolohexiiaide or ohlorampheniool are shown in figures 

19 and 20. In the presence of chlorampheniool, band 5 is markedly 

reduced in intensity both in light-and dark-grown tissue, whereas 

in the presence of oyoloheximide the intensity of band 5 is hardly 

affected, whereas all other bands are reduoed in intensity. This 

result provides a certain amount of evidence for the suggestion 

that band 5 protein is synthesised on ribosomes of plastids or 

mitochondria, Since the intensity of the band increases in the 

light it can be postulated that the band in fact represents frac 

tion 1 plastid protein.

The fact that oyolohexioide reduces the intensity of the 

bands on the gel suggests that new protein synthesis is required 

to produce these bands, and presumably this occurs at the expense 

of the large band of "storage* protein whioh disappears during 

culture*

Changes in enaymio activities. 

Hibonuolease*

The total activity of ribonuclease under various conditions 

of culture io shown in figure 21. During growth in distilled wa 

ter only, the activity of ribonuclease increases by about 170,' 

during the 48 hour cultura period. In tho light, ribonuolease ac 

tivity increases to a slightly greater extent, in fact, by about 

220, '•• In tissue grown in 5-fluorouracil, the increase after 24
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Figure 21. Increase in ribonuclease activity 

during culture under various conditions: control; 

light; 5/u^/ml actinornycin D; 10 'M 5-i'luorouracil
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hours is 285', and alter 43 hours culture represents about 2,4^0, . 

This increase during culture in 3-fluorourioil is abcut ten times 

grautar th^ that found in the oontrgl tissue. Hie incra .ae in ac 

tivity of ribonuclease in tisauo cultured in the presence cf 5 ^/ci 

of actino^ycin j is similar to that found in the control.

The total activity of ^eroxidase under various conditions of 

culture was determined using pyrogallol us electron donor, and 

the results are embodied in figure 22. In the «ater-grovim hypoco- 

tyl, poroxi&jbse activity increases ^ore thua six fold during the 

43 hour culture period» the aain increase occurring over the second 

24 hours of culture. In the light, activity of peroxidases also 

increases , but W .*. slightly smaller extant in dark-grown tissue. 

In the presence of ICT & 5-fluorouracil the increase in activity 

over the first 24 hours is similar to that found in the control » 

but the increase is much smaller over the second 24 hours, and 

the overall increase is abuut three fold. I'eroxidaae activity in 

the presence of 5 M-S/&1 of s*otinoiaycin D remains almost constant 

throughout the growth poriod. 

iieapiratiQn rate and Respiratory quotient.

The rate of oxygon uptake per hypoootyl and respiratory quo 

tient at different stages of growth are shown in figure 23. Oxy 

gen uptake inoreaaes slightly on & hypocotyl or unit protein basis 

during the culture period. Aaifiratory quotient is extremely low 

at all stages of culture. It incroases from 0.49 to C.6l during 

the 40 hour growth period.

Figure 24 ohows the effeoto of added actinoiaycin D and 5- 

fluorouraoil on the rate of oxygen uptake of uncultured liypocotyls.
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Figure 24. The effect of addition of actinomycin D 

(ow-g/ml) or 5-f luorouracil (10 M) on rate of oxygen 

uptake. Inhibitors were added after 60 minutes.



TABLE 6.

Treatment

Control

5-flucrouracil 

actinonycin D

Op uptake 
uI/hyp o c o t y1/hr

77.3 

73.5 

75-6

TABLE 6. Effect of actinomycin D (5 ug/ml) and
-3 

5-fluorouracil (10 M) on oxygen uptake (ul/hypo-

cotyl/hr) after 48 hours culture.
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There Is no significant effect of either inhibitor on oxygen up 

take over a short period of time, suggesting that the inhibition 

of growth by these substances is not simply an uncoupling effect 

on oxidative phosphorylation.

Table 6 shows the values for oxygen uptake per hypoootyl 

obtained from tissue incubated in actinomyoin i) at a concentra 

tion of 5yxg/nl, or ltf*\l 5-fluorouracil for 48 hours. On a per 

hypoootyl basis, the oxygen uptake is slightly lower in the pre 

sence of the inhibitors than in control tissue, but this is to 

be expected aa the amount of growth is not as great as in the con 

trol, and thus the increase in respiration rate which occurs as an 

accompaniment to growth will be correspondingly smaller.

From the above data on enzyme activities it can be seen that 

the relative activities are changing during growth, and that these 

Changes are affected by inhibitors of nucleic acid synthesis. The 

data also demonstrate that changes are occurring in the protein 

complement during growth, even though the total amount of protein 

remains constant. 

Changes in iao-enayrae complements*

Iso-enzyme complements of 5 enzymes were determined by poly- 

aorylamide gel eleotrophoresis* Changes ocauring during growth 

under various conditions were noted, and the patterns are ahown as 

photographs and diagrams.

The iao-ensyae patterns of ribonuolease grown under various 

conditions of culture are shown as photographs in figure 25, and 

diagranmatioally in figure 26.

In uncultured tissue, three bands are clearly visible. Af 

ter 24 hours growth in water, five bands ore present, ar.d this



Figure 25. Ribonuclease iso-enzymes detected by polyacrylarnide 

ejel electrophoresis followed by staining. .; is uncultured 

tissue, the others represent tissue cultured for 4^ hours in: 

D - distilled water; 0 - distilled water in the light; D - 

10~'~ M 5-f luorouracil; K - Su-g/ml actinomycin D.
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Figure 26. Iso-enzyrnes of ribonuclease as detected 

by polyacrylamide gel electrophoresis and suitable 

staining. 0 represents uncultured tissue, 24c 

represents tissue cultured in distilled water for 

24 hours. The others represent tissue cultured in 

distilled water (48c); distilled water in the liu,-ht 

(48L); 10~3M 5-f luorouracil (48fu) ; c. 

actiriomycin I).



[r i_%ure 27. Photographic ;jnd dia^ramm-'.tic representation of 
riboriuclease iso-enzymes obtained from tissue culture in 
10 "M 5-fluorouracil (fu) in the presence or absence of

actinomvcin j (act) or ojijur/ml cycloheximide (Cyc.)
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pattern remains unaltered till 43 hours. Hypocotyls ^rown in the 

light show a similar pattern to those in the dark. itypocotyls 

grown in the presence of 5 1M5/"1 °r aotinomycin D show a further 

band after 48 hours, but apart from this are similar to the con 

trol tissue.

Tissue cultured in 10 *{ 5-fluorouracil shows a draaatic 

change during culture, compared with control tissue. After 48 

hours culture, all bands are of & very high intensity, and four
irv

bads are present which are absent in the control. A characteris 

tic feature of the 5-fluorouracil treated tissue ia band nine, 

which has a mobility almost as great as the bromophenol blue 

tracker dye.

This increase in number and intensity of bands in the pre 

sence of 5-fluorouracil coincides with the remarkable rise in to 

tal activity of the enzyme, which occurs in the presence of this 

inhibitor.

To find out whether the new bands of ribonuclease activity 

arising in the presence of ^-fluorouraoil require synthesis of 

protein or RKA, hypoootyls were grown in the presence of 5-fluo 

rouracil (10^0 together with 5 t^'^1 of cycloheadLiaide or 5/^g 

of aotinomycin D. The iao-enzyme patterns ^reduced are shown in 

figure 27, It can be seen that actinomycin J hud no effect on the 

production of new bands, whereas oyoloheximide reduces the number 

of bands, and also their intensity. It seens that the 5-fluorou- 

raoil induced production of new ribonuclease requires new protein 

synthesis, but does not require actinomyoin D sensitive RNA syn 

thesis.

It is possible that the new bands cf ribonuclease activity
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in hypocotyla grown in 5-fluorouracil may represent released ensy- 

mea, formerly bound to particles, which would not normally appear 

in the soluble fraction. In this case, the enzymic complement of 

5-fluorouracil treated tissue in the pellet normally discarded, 

would bo deficient in some enzyme bands aa compared to the control. 

Hence, the pellet derived from centrifugation a£ 100,COX) x g of 

the first horaoganata was re-auspanded in a raedium containing XC. 

The suspension was re-contrifugated at low spaed, and the superna- 

tent subjected to polyacrylaaide gel elactrophoreeis in the normal 

way. The iso-enajyme patterns obtained were identical in both con 

trol and inhibitor treated tissue. It does appear that the ribc- 

nuclease bands which appear in the presence of 5-fluorouracil 

arise by new protein synthesis, and are not merely a result of 

some effect of the inhibitor on ^enbrana-bound ribcnuclaase. 

Peroxidaae .

Two substrates were used as electron donors in the detection 

of the bands of enzymic activity on the gels. Both pyrogallol and 

guiacol gave good resolution, but it was found that the products 

of reaction of the latter were rapidly washed from the gel, neces 

sitating rapid recording of the results. Previous studies using 

starch gels have indicated that most tissues contain forma of pero- 

xid&se which move towards the cathode, even at high pli. Accordingly, 

in the study of i so-enzyme pattern of peroxidaae, gals were run with 

the lower buffer compartment acting as the cathode, as well as in 

the nonsal way. In fact, staining with cooaasie blue indicates two 

faintly staining bands of protein moving towards the cathode, and 

quite intensely staining bands of peroxidasc activity, correspon 

ding in mobility to the protein bands » are visible.
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Figure 28. Peroxidase iso-enzymes as detected by 

polyacrylamide ?el electrophoresis and staining 

with pyrogallol as substrate. 0 represents 

uncultured tissue, the others represent tissue 

cultured for 48 hours under the following 

conditions: c - water; L - water ia the light; 

fu - 10~ l M 5-f luorouracil; act - 5/Cg/ml actinornycin D
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29. Peroxidase iso-enzymes as detected

by polyacrylamide gel electrophoresis and 

staining with e;uiacol as substrate. 0 represents 

uncultured tissue. The others represent tissue 

cultured for 48 hours under the following- 

conditions: c - water; L - water in the light; 

fu - 10 M 5-f luorouracil ; act - 5u, 

actinomycin D.
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The baiidt of activity A reduced using pyrogallol as electron 

donor are represented in figure 2^. Three anodic bands are vi 

sible, but the intensity of staining is low in unoul tured tissue. 

After 40 hour* of culture in the dark, light and in the presence 

of 10* ̂  5-Huorouracil all thre« bands of activity are clearly 

defined. However, growth in 5 M€/K! of notinomyoin D reduces the

intensity of bands a9 and a.,.«- j

The oathodic peroxidase are present as three bard a when 

atained with pyrogallol. Intensity of staining is very low in 

uncultured tissue and in tissue cultured for 48 hours in the ^re- 

senoe of actinooycin D. In the water grown tis-ue, a "band, nura- 

ber&d C,.? arises after culture. This band does not occur in any 

of the hypocotyls cultured in growth reducing conditions, i.e. in 

the light, or in the ^reoence of the inhibitore of nucleic acid 

synthesis.

In figure 29 , the bands of peroxidase activity appearing 

when guiaool is used as ©lectron acceptor are shown. The anodic 

bands are similar to those f</imd frith pyro^rallol, «-ind their re 

lative intensities undor different conditions of culture are si- 

nsllcir.

The cathodio peroxidas© detectable w'th guiacol oonaiat of 

two regions of activity, with very little evidence of staining at 

all ir uncultured tissue. Hypocotyls cultured under all cor.di-

show a similar pattern, and there is no evidence for the

extra band c? » which occurs in control tissue when pyre-gall ol ic 

used* It appears that at least one of the iso-enzymes of peroxi- 

dase which arises during culture is substrate specific, ard pos 

sibly, use of further substrates mi^ht reveal more binds of acti 

vity*
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Figure 50. Iso-enzymes of e;lutatnate 

dehydrogenase as identified by polyacrylarnide 

*5el electrophoresis. 0 represents uncultured 

tissue. The others represent tissue cultured 

for 48 hours in: c - water; L - water in the 

; fu - 10""3M S-f luorouracil; act - 

actinotnycin D.
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Kit?lire 31. Iso-enzymes of m^late debydro^ennse 

as detected by polyacrylamide ;re 1. electrophoresis 

and suitable staining. ( represents uncultured 

tissue and the others represent tissue cultured 

for 48 hours as follows: c - distilled water; 

], - distilled water in the li^ht; i'u - 10 ' V< 

5-f luorouracil; act - ~> u- -/ni 1 actinomvciu u.
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. Iso-cn7,yrnes of succinic detiydro:

under various conditions of culture. (• - uncultured; 

48c - 48 hours culture in distilled water; 46L - 

48 hours culture in li r:ht; 48fu - 48* liours culture 

in 5-f luorouracil ; 48act - 48 hours culture in

actinomvcin D.
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Qlutamate dehydrogenase.

The distribution of glutamate dehydrogenase activity on 

aorylamide gel electrophoretio separations of soluble protein ex 

tracts is shown in figure 30.

All protein extracts show two major zones of activity.

1) A heavily staining area, numbered 2.

2) A less intensely staining zone of activity labelled 1, which 

may possibly represent two bands.

Tissue cultured under all conditions shows a similar pattern, 

Uncultured tissue, however, has a low intensity of staining of band 

1. 

Palate dehydrogenase.

The pattern of iso-enzymes of raalate dehydrogenase under va 

rious culture conditions are shown in figure 31. Five bands are 

present in uncultured tissue, two of which are lost during culture, 

Growth in the light, or in the presence of actinomycin D or 5-flu- 

orouracil does not affect the disappearance of these bands. 

Succinate dehydrogenase.

lao-enzynes of succinate dehydrogenase are shown in figure 

32. Bands do not appear in freshly made extracts, but after sto 

rage for ten days at -20°C, one band of activity is present on 

incubation with the tetrazolium salts. The single band occurs un 

der all conditions of culture used, although in uncultured tissue 

the band may perhaps have a slightly greater mobility than that 

occurring in cultured tissue.

Changes in BIT A,

Changes in the amounts of total nucleic acid occurring 

during culture have been described earlier. During growth of the
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figure 3_3_. Typical scans of electropboretic 

separations of hypocotyl :lJS/i. - is a 2.4'; £el, 

B is a 5' p;el. Numbering of peaks is described

in text.
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1

29.0

29.5
(
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97.0
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45.7 
45.7 

28.0

44.-2 
53.5

6.1

6.3

5.5

26.6
9.5

3-0

3- ;+

32.8

33-2
i

4.7

37.3

4r . 3
, 

i
•

48.2
51.8

26.1

43.0 
46.7 

28.7
i 

i

47.0 
56.5 

28.0

8.7 
W
f

4.9

42.1

3.0 
41.. 1.

i

7.1 
! 

3.5 
A-3.4

i

' 
total 

;,i

16.2 
|i

17.8 
!j

22.9 
ii

24. 5 
!

21.2 
ji1

25.3 
iI

21.5 
!

TABLE 
7. 

Changes 
in 

the 
amounts 

of 
various RNA 

species 
and DNA during 

growth in 
distilled water,

5 ug/ral 
actinoinycin 

D, 
or 

10"-5 M 5-fluorouracil
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hypocotyl in water, the amount of nucleic acid remain* constant. 

Growth of the hypocotyl in the light, or in the presence of 5img/oil 

actinooycin D or 10"^ 5-fluorouracil produces a loss of total 

nucleic acid.

Changes in the qualitative nature of nuoleic acid during 

culture were investigated by polyaorylaaide gel electropboresis 

on saoples of RI.A prepared by the phenol method.

Samples of RNA from tissue cultured under various conditions 

were separated by eleotrophoreeis on poly aery 1 amide gels of two 

different concentrations.

1) Gels containing 2.4 ' aorylamide which were run for three hours, 

followed by three hours washing in distilled water.

2) Gels containing 5 aorylamide, which were run for two hours

and washed for one hour.

All the HIIA samples showed the same components, as shown in figure 

33» which gives typical scans of 2,4, atid 5, gels. Peaks are num 

bered in descending order of molecular weight, as determined by 

Loening (1968).

On scanning 2.4/' gels, three peaks are visible.

Peak 1 represents DiiA, while peaks 2 and 3 are the riboeoctal 

components. The larger, slower moving peak 2 of riboeomal HI!A has 

a molecular weight of approximately 1.3 million* Peak 3» the 

"light" ribosoisal iiBA has a molecular weight of about 0.7 million. 

5',' gels show two closely running peaks, which are only partially 

separated under the conditions of eleotrophoresis employed. Peak 

4 represents the $3 peak found in many organisms, while peak 3 is 

the 4^> transfer RNA. Quantities oi eaoh Ki^A species and of DNA 

were estimated by weighing tracings of the peaxs, and the results 

are given in table 7.
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It can be seec that In all oases the amount of DSA present is 

leas than 5r. MA appears to increase during growth In distilled 

water, supporting the rather tentative evidence obtained by cheoi- 

oal determinations.

Before culture, riboaowal HM represents about 60... of the 

UNA of the cell. This remains almost constant throughout the cul 

ture period. The ratio of 4C/53 itNA falls slightly during the cul 

ture period .

Tissue grown in 5 JU-€/al of aotinomyoin 1) shows a slight loss 

in the percentage of riboaomal Hr'A after 24 hours culture, but 

this shows ft return to the control situation after 48 hours. The

ratio of 4£, 5*J -&A increases slightly during culture.
-1 

Culture in 10 -id !>»nuorouracil results in a 10, fall in

the proportion of ribosoaal ,U,A. t'his fall can be attributed to 

a loss of ao&e of the heavier ribosomal component. The ratio of 

l.iS/G.TM a»A falls fro® 1,?Q to 1.5 after 40 hours culture* Th« 

ratio of 4^/5-' i&A increases froa ;>*33 to 8*44 during culture , 

compared with a alight fall in ths control tiaaue.

Thua the ohanges occurring in the relative proportions of

Hi A apeoiea during growth are relatival/ win or.
•*? 

Utake of ? Orthophogphate ai^aL inoororation into

Hypooot/ls ta^;en at the stage immediately after excision

32 
wars incubated for three, six or nine hours in Jf to determine

the rate of uptake aad incorporation of the isotope* The results

32 
are given in figure 34(*)» ?a« distribution of the ¥ in the va-

"** O

rious washes ia given in figure 34(»). Uptake of J i* is linear 

between three *ud nine hours, and raost of the ouunte are contained 

in the initial i CA supernatant*



TABLE 8.

"""

Treatment

Control

actinornycin D

5-f luorouracil

!

uptake (cpra)

26,058

10,626

25,698

RHA (cpm)

109S

^77

908

TABLE 8. Uptake into the tissue and incorporation into total 

KNA of P-orthophosphate. Results ere for uncultured tissue 

incubated for 6 hours in (a) distilled water, (b) 5 ig/"l

actinonycin D, (c)
.•2;

5-fluorouracil.
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RNA from radish hvpocotvls incubated for 24 hours
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density, histogram is radioactivity.
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under sterile conditions. In each case the labelling time 

was 6 hours.
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Incorporation into HSA levels off after six hours incubation, 

but still shows an increase up to nine hours.

The incubation time chosen for further study was six hours.

Table g shows the uptake of 32P into the tissue, and its in 

corporation into total KiiA as extracted with hot perchloric acid, 

during incubation in distilled water, 5yUL<5/zal aotino^ycin D or 

10 \ 5-fluoroucraoil. The result* given are those for u^cultered 

tissue, as later experiments revealed that at later stages of growth 

the results are markedly affected by bacterial contamination.

32 
5-fluoroucracil has no effect on uptake of r into the

tissue, but inhibits the incorporation into iU'A by about 20'.

Actinoaycin D reduces both uptake of P into the tissue,

and incorporation of label into i&A by about 5v •

32 Incorporation of ? into phenol extracted it^A moiaties.

figure 35 shows a scan of KUA from uncultured tissue label-

32led for 24 hours in P. It can be seen that both ribosomal peaks

are labelled, with a small amount oi label in Jl.A. Tharo is no 

label in the positions corresponding to ribosonial .lu'A of bacterial 

size, suggesting that there ia li tie dan^.er of bacterial conta 

mination of material immediately after excision.

Figure 36 shows optically density and radioactivity scans

32 of tissue incubated in P after 4^3 hours cultures-

a) in the presence of 50 JU-c/ml chlorampheniool

b) under sterile conditions, without chloraciphenicol. 

Both treatments show the characteristic features of bacterial con 

tamination of i labelled iiliA, i.e. a l«tr£e peak in the region of 

the J*.A, and peaks of activity in the l.li-1 and U.6L molecular 

weight positions.
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TABLE 9.

Treatment

control

5-f lucrouracil

actinonycin D

ribosomal RNfl 
total counts

5,080

2,765

1,728

counts/ug

'nS.5

227.8

119.3

polydisperse 
total counts

51£5

5550

3020

?J>7A 
counts/up

427.1

398.7

208. 
i

po c--(-s. -

32 TABLE 9» The incorporation of "P into ribosomal and polydisperse

SNA in the presence or absence of 5-fl--"crouracil(lO H) or 

actinorr:^cin D (5 y^g/nl). Incorporation is expressed as ccv.nts / 

100 seconds. The counts are expressed both as totals, and on a

basis of tigs of ribosomal RITA.
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All efforts to eliminate this contamination of 46 hour oultu-
•>« 

red tissue were unsuccessful. Studies on the incorporation of P

were hence confined to the initial stages of culture.

Figure 37 shows the labelling and optical density pattern of 

K#A prepared from tissue incubated in the presence or absence of 

aotinoujyoin D, at a concentration of 5>Lg/mlt or 10"**M 5-fluorou- 

raoil. Incubation was for six hours, after one hour's pre-incuba- 

tion. The counts in ribosemal RKA were determined by adding up 

the counts present under the ribosomal peaks and correcting for 

background counts on the gel. The number of counts in polydisper-

sed MA was expressed as the number of background counts in the
•>2 

first 100 slices of the gel. The amount of incorporation of P

into ribosomal and polydiapersad RHA can hence be calculated.
32 The incorporation of P into the different types of HNA is

given in table *f. The control tissue has an equal amount of label 

in ribosoraal and polydispersed HNA. Aotinoayoin B inhibits the in 

corporation of Ubel into both ribosomal and polydispersed HKA to
32 a considerable extent, but it should be noted that uptake of P

into the tissue is also inhibited by 70,' in the presence of this 

antibiotic.

10""TS 5-^luorouracil inhibits the incorporation of label in 

to ribosomal RHA by 45>, but has no effect on incorporation into

32 polydispersed HHA. Uptake of P into the tissue* as measured by

the oounts in the first aloohol supernatant in the phenol extrac 

tions is inhibited by
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3I3CT3SIOH

The characteristics of the ideal system for studying exten 

sion growth are given in the introduction, and it is felt that the 

radish hypoootyl fulfils most of the criteria, with certain reserva 

tions*

The results given in the "Materials and Methods" section 

give some idea of the optimal conditions of growth, and the reasons 

for the choice of the tissue.

l) All growth must be by cell extension i~ The results of the cell 

counts indicate that there is no change in cell number during the 

48 hour culture period. Similarly, anatomical studies and the appli 

cation of the Peulgen staining technique provide no evidence of 

cells undergoing: division. It can thus be said that all .growth of 

this tissue, during th« period of study, is by cell extension. 

2) The amount of expansion should be quite appreciablet- Before 

culture hypocotyls are approximately 5 mm in length, and after 40 

hours culture they reach a length of about 20 ran. This represents 

an increase in length of about 280;% which is quite a narked expan 

sion, especially when compared with previous studies on extension 

growth. The rate of expansion is about 0.29 mra/hour. Increase in 

fresh weight is about 350T'. The increase in volume in intact plants 

nay be as rauoh as 100 fold (Brown 1963)» but in experimental systems 

this figure has never been approached. In the excised root sognents 

system of Brown and Robinson (1955) an increase in length of about 

500;' is possible on a medium without nitrogen. Heyeo (1969) has ob 

served that the intact radish hypoootyl grown in the dark increases 

by about 60C ' over a four day period. Most studies on auxin-induced
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expansion have been over much shorter periods of time, and accordingly 

the net amount of expansion is much less. The studies on the soybean 

hypoootyl by Key and hia group were over a period of twelve hours, in 

which the increase in freeh weight of the tissue wae approximately 100,',

Heyes and Vaughan (l96?[l]), in their study on excised pea root 

segments obtained an increase in length of about l$tf after a 40 hour 

culture period, optimal growth occurring in a Zf> sucrose medium.

Growth of the Avena ooleoptile as studied by Masuda and his 

colleagues comprises an increase in length of about 20/' over a 24 hour 

culture period, The radish hypoootiyl system shows a greater degree of 

expansion over a longer period of time than many previous studies, end 

this must be borne in mind when interpreting the results.

3) The tissue should be composed of homogeneous cells i- Anatomical 

studies indicate that most of the cells of the hypocotyl are of the 

parenohymatouB type, and the amount of vascular tissue present does 

not increase to any degree during the culture period. It is felt 

that the amount of apparent "differentiation", as opposed to cell ex 

tension, occurring is not of importance, and hence the average cell 

concept of Brown (1963) m®y be applied to this system. The degree 

of expansion of the cells varies along the hypoootyl, cells in the 

basal region having a greater degree of expansion then those in 

the apical region, but it appears that the great majority of the 

cells are of the rapidly expanding basal type.

4) The tissue should, be^ available in adequate amountsi- Ten to twen 

ty hypoootyls, representing one or two culture flasks are sufficient 

for all determinations* The growth of each batch of hypocotyls can 

be checked quickly by fresh weights, and any experiments in which 

the controls show abnormal growth are rejected.
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5) and 6). The conditions of growth should be rigidly defined, and 

the effects of additives on growth should be capable of easy study t 

Optimal growth of the system occurs in distilled water, which greatly 

simplifies the interpretation of results of experiments on the effect 

of added growth substances and inhibitors, since competitive uptake 

effects are eliminated. An ideal system is one in which the tissue 

studied is present in a fully excised form, so that no uncertainty 

as to the effects of substances from other parts of the plant exists. 

In the system used, however, the cotyledons were left attached for 

the reasons described in the introduction. Consequently, the possible 

role of the cotyledons must be borne in mind.

Growth of the hypoootyl.

Fresh weight increases by 350;-, and the increase is almost 

linear over the culture period. The anatomical studies indicate 

that the cells are not vacuolated at the time of excision, and thus 

the culture period can be regarded as encompassing most of the ex 

pansion of the oell.

Dry weight increases by about 90/£ during culture. This in 

crease in dry weight must be due to import of material from the co 

tyledons, since the culture medium consists of distilled water only. 

In an attempt to characterise the type of substances involved in 

this dry weight increase, the dry weight of hypocotyls boiled in 

80$ ethanol was determined. This residual dry weight increases by 

about 2Q? during culture, and this increase is probably due mainly 

to deposition of cell wall material (Heyes and Vaughan, 196?[2]).

The dry weight can be subdivided into various classes of 

materials as followsi-
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Figure 38. Changes in dry weight components 

of the hvDocotvl during culture. The 3 phases

of growth are marked by the broken lines.
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1) Protein, The weight of protein is derived by multiplying the value 

for TCA insoluble nitrogen by a factor of 6.25, and subtracting 

the weight of nucleic acid, estimated as described earlier.

2) Kuoleic acid.

3) Soluble nitrogen ooci&ounda. The weight of soluble nitrogen com 

pounds is calculated from the difference between the amount of 

protein nitrogen and total nitrogen, multiplied by a factor of 

6.25.

4) Soluble carbohydrate and lipids. The loss of weight caused by 

80;' ethanol treatment, minus the estimated weight of soluble nit 

rogen compounds gives a value for soluble carbohydrate and lipids,

5) Insoluble oarbohydratea • The residual dry weigjit after boiling 

in 80 ' ethanol consists of protein and nucleic acid together with 

insoluble carbohydrate. Thus the weight of the latter caat&rial 

may be estimated.

Changes in the dry weight components are shown in figure 36. 

Axes are not shown, since the main interest lies in the trends shown, 

rather than in actual values.

It can be seen that growth nay be divided into three main 

phases t-

1) The initial twelve hoursi- A lag phase, with no changes in total 

dry weight, and a slight loss in protein.

2) The period from 12 to 36 hoursi- The main growth phase, with most 

components increasing.

3) The final twelve hours t- A slowing down of the growth proceas, 

with possibly leakage of some soluble components.

The first period is characterised by the constancy of dry 

weight, and tho loss of residual dry weight. No import from the
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cotyledons occurs over this sta^a, but the amount of soluble nitro 

genous material increases slightly, with a corresponding loss of 

protein nitrogen. From the evidence of polyaorylaraide gel electro- 

phoresia and electron microscopy, it appears that a large auount of 

protein is present in the form of protein bodies in the newly ex 

cised hypocotyl. This protein disappears during growth and new 

proteins arise by re-synthesis. It is suggested that the loss of 

protein over the first twelve hours of culture is due to the break 

down of thio storage protein at a rate more rapid than that at which 

re-synthesis is taking place. During this first phase, soluble oar- 

boydrato Iso falls, presumably due to its use as respiratory sub 

strate. Over the second phase of growth, dry weight increases by 

a considerable amount, as do the soluble constituents. The increase 

in these components is due to import from the cotyledons, since the 

insoluble components remain approximately constant, protein rotur- 

ning to its initial level after 24 hours of culture. The increase 

in soluble material ia necessary to provide solutes required as the 

vaouole develops and increases in si20. juring this phase of growth, 

a small amount of insoluble carbohydrate material is deposited, pre 

sumably aa cell wall material.

In the final phase of growth studied, the dry weight increase 

levels off slightly, as do the increases in soluble components. This 

may be due to a natural cessation of growth, due to a reduced supply 

of nutrients, or possibly to an increase in the permeability of the 

plasmalemma. The first suggestion seems unlikely as the cells of 

the intact seedling are capable of ouch greater expansion. (Heyes, 

I960). However, the loss of acid soluble nucleotides during this 

phase, and the increase in ultraviolet absorption of the culture
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medium after 48 hours growth may lend support to the leakage theory, 

which may represent the onset of senescence of the cells of the hypo- 

cotyl.

The protein content of the cell remain* constant throughout 

growth, except for a small drop after twelve houra. Previous studies 

have shown that many fully excised systems show a loss in protein 

even when growth is occurring, and in a similar way in intact plant 

systems, net protein often increases* For example Brown and Broad- 

bent (1950), Heyes (i960), and Jensen (1957) using intact pea roots, 

and Shannon and Hanson (1962) found increases in total protein dur 

ing extension growth. However, in excised systems, Key and Hanson 

(1961), West, Hanson and Key (i960) using soybean seedlings, and 

Shannon and Hanson (19&2) using excised corn mesocotyl reported a 

net loss of protein during growth. Burroughs and Bonner (1953) 

found that protein remained constant during excised growth of oat 

coleopiles, which is a similar situation to that found in the ra 

dish hypo cotyl. Thus it seems that there can be little connection 

between amount of protein and growth.

Although the total amount of protein shows little change, 

the protein complement of the radish hypocotyl undergoes qualitative 

modifications during growth. Ultras true tural and sub-cellular frac- 

tijnation studies reveal that the components of the cell change 

during the extension growth process. Before the commencement of ex 

pansion, the cell is packed with amorphous bodies which resemble 

the protein storage granules found by sev^ral workers in seeds (Alt- 

sohul et al, 1966| Daussant et al, 19691 Morton, Palk and ilaison, 

19641 Dieokert et al, 19^2). Heyes (19^9) using histochemical tech 

niques oonfinaad that these bodies contain protein, and it is eug-
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gested that the storage protein of radish hypocotyls occurs ae a single 

band roadily identifiable after polyaerylanide gel electrophoresis. 

during growth, the protein bodies disappear and after 48 hours culture 

the cell is markedly vaeuolated with a thin layer of cytoplasm con 

taining mitochondria and plastid-like structures. There is no evi- 

denoe of the increasing complexity of mitochondrial structure obser 

ved by Lund, Vatter and Hanson (1958),

Changes in the sub-cellular constituents are also indicated 

by the suorose density gradients of whole cell homogenates. The 

gradients, on ultra-violet scanning* show features in common, notably 

the large amount of optically dense material in the sucrose layers 

of least density, bubaequent analysis shows that the majority of the 

protein is located in the top four fractions of the gradient. The 

main changes during growth occur in the component travelling as far 

as the 1.1M suorose layer. This component increases two-fold by op 

tical density in the scans, and is known to contain a large amount 

of protein* ^experiments with green radish cotyledons suggest that 

the material comprising the peak may have a similar •iae/uass ratio 

as chloroplasts. Kxacination of the pellet obtained from this frac 

tion of the gradient by electron microscopy indicates that it con 

sists of membranous material, the nature of which is a little obscure 

due to its disruption during honogenisation. It is apparent that 

during growth there is an increase in sone type of membranous material. 

It seeas that any soluble protein associated with these membranes will 

have been released during the disruption ^rooeso, and will be present 

at the top of the gradient in the "soluble" protein fraction.

The gradients were divided into sixteen fractions and assayed 

for proteins. In gradients from uncultured tissue quite an appreciable
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amount of protein is found in the pellet fraction, indicating the 

presence of unbroken cells. The amount of protein in each frac 

tion increases from the bottom of the gradient to the top at this 

age. Although it might be expected that the protein bodies night 

be present in the gradient, the work of Daussant et al (1969) sug 

gests that osmotic shock will disrupt them when tissue is homoge 

nised in an aqueous medium, and so their contents will be present 

at the top of the gradient.

After 48 hours culture the distribution of protein in the 

gradients shows a large peak in the position corresponding to the 

peak in the scan. This peak represents the membranous material 

found in the pellet from this fraction. It is possible that this 

represents the 20,000 x g fraction found by Lund, Vatter and Hanson 

(I95tf) in corn zaesoootyls, and by Cherry (1962) in corn root tips. 

These workers observed an increase in this fraction on differential 

oentrifugation and suggested that it represents an increase in rJLto- 

chondrial and membranous material.

The distribution of protein in sub-cellular fractions by- 

differential centrifugation was investigated, but the recovery was 

highly variable, and the results cannot be regarded as meaningful. 

Jio explanation can be given for these anamalous results.

To investigate further changes in the protein complenent 

during growth, soluble protein extracts from hypocotyls were sepa 

rated by polyacrylamide gel electrophoresis. Eleven bands of pro 

tein are detectable by staining with coonas&ie brilliant blue. It 

may seem surprising that only eleven bands are visible in extracts 

which must contain a nuch greater number of different proteins, but 

there are two possible explanations for this. virstly, it is
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that most proteins are present in minute amounts arid that the staining 

technique used is not sufficiently sensitive to datect them, secondly 

it is unlikely that each band represents a single protein and almost 

certainly each band represents a large number of proteins having sind- 

lar eleotrophoretic mobility.

In uncultured hypoootyls the main feature is band 7, which 

appears to represent most of the protein of the hypoootyl at this 

stage, Iftis band almost certainly represents the storage protein 

found in the bodies visible in~the electron micrographs. :«loat sto 

rage proteins are thought to travel as a single band during electro- 

phoresis, as stated by Altsohul at al (1966).

During culture of the tissue band 7 disappears and this cor-
X

'*•».

responds with the disappearance of the protein bodies from the cells 

during vacuolation and extansion growth.

Coincident with the disappearance of band 7 is a general in 

crease in the intensity of staining of the other bands, and two new 

bands appear. Since no net change in the araount of protein occurs 

it appears that the breakdown products of band 7 became incorporated 

into the protein comprising the other bands, especially the newly 

formed bands 4 and 5. Growth of the hypoootyl in 5jLLg/n$l of cyclo- 

heximide reduces the intensity of the bands, suggesting that possibly 

new protein synthesis is necessary for their production. Various 

worker* have used oycloheximide as a specific inhibitor of protein 

synthesis in plant tissues in connection with a range of phenomena. 

(Ohrispeels and Vamer, 1967» Key, 1966 1 Noode'n, 1968, Joartney, 

Mcrr£ and Key, 1967j tucker, 19681 Prenkel, Klein and Dilley, 196s)* 

However, Haodonald and ,;ilis (19^9) have observed effects of oyclo- 

heximide on oxyfren uptake and chloride ia* uptake which suggests that
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th* effect of the inhibitor soy not necessarily be a specific ono on 

protein synthesis. Howover, the differential effect of the inhibitor 

on pigment synthesis found by Heyes (unpublished) in the radish hypo- 

cotyl, suggests that cyclohaxiraide oar. be regarded as being an inhi 

bitor of protein synthesis in this tissue. Heyes has shown that con- 

aer,trati:,ns of oyclohexiraide which inhibit markedly the appearance of 

anthocyanim pi^nents in the lix;ht have little effect on the ;.reduction 

of chlorophyll. This apparently greater effect on products of pro 

teins synthesised on 80o ribosomea, as opposed to those from 70:> ri- 

bosomes suggest that the effect of oyclohexivside is specifically one 

of protein synthesis in this tissue. In the course of the ^resent 

study no attempt has been made to investigate the inhibition of 

growth by oyclohexiiaide, and obviously any attasapt to study the re 

lationship between protein synthesis and growth would require a de 

tailed investigation of the effocts of the inhibitor on other aspects 

of TTietabolisa.

A certain amount of evidence regarding band 5t one of the 

new bands of ^rotein which appears during culture has t>eur obtained. 

Heyes (unpublished) has observed that the chlorophyll content of 

hypoootyls increases in the li^ht, and the density gradient studies 

provide an indication that particles of plastid size are increasing 

in number during culture. Growth of hypocotyls in the li^ht pro- 

ducaa a aarked increase in intensity of band 5» and this increase 

is reduced selectively by ohloraraphenicol. Appemrarioe oi band 5 in 

dark-&rown tisr.ue i» also inhibited by chlorate,heuioolf und the 

effect is selective for this band, uyoiohexiraide, while markedly 

reducing the intensity of oast bands of tha tiatme, h«s only a 

slight effect on the intensity of bard 5- "he selective eflfcot of
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chloraaapfaenicol on syr.thesis of chloro^last proteins was first ob 

served by Pogo and ?ogo (1965) and work by .\ndsroon and onillie 

and 3raillie et al (1967), has given further evider.ee for the 8;aci- 

ficity of this inhibitor on 7CIi rather than 8CS ribosoraes. Uitenour 

et al (1967) and .iohrader et al (196?) have extended this knowledge 

to £reen tissues of higher plants where they have found that the 

synthesis of nitrate reductaao in chloro^lasts is much more sensitive 

to ohloramphenicol than the oyto^-lasmio synthesis of this ensyae.

Cycloheximi',]®, however t has been noted to selectively inhibit 

protein synthesis on QOii rather than 7'-^ riboaofiuea (.-Innis and Lubin 

1964) in animal tiSBue, Mid more sifinifioantly in the lit̂ ht of the 

present investigation, 3wiliis et al (1967) observed that the s;. .-;- 

thesis of fraction 1 protein in ^rlena is inhibited by ohloraaphs- 

niool, but nut by cyclohexinide* Consideration of these results 

together with the evidence for the specific effect of ohlorar^heni- 

col on development of band 5? &iri<i *^e increase in intensity of the 

barid in the light* le.ids to the suggestion that band 5 of radish 

hypoootyls in fact re, resef''cn fraction 1 ivlastid protoin. rlirther 

support for this hypothesis is ijiven 'by the electropboretic mobility 

of the band, which is identical to that of fraction 1 protein of 

bean loaves under similar conditions of electrophoreois.

Thus the soluble protein complement of radish hypocotyie cm 

be seeij to b® undergoing considerable change during growth*

Tulett (1967) also observed ohan^-^s in soluble protein con- 

plenent during extension growth of uea roots. Jhan^ew in intensity 

of nany of the binds ocourreU during extencion growth, and one new 

band, characterised by rapid turnover .-And intense stainiu«f develo 

ped. The work of Steward and Barber (1964)1 Lynaun, steward and
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Barber (19^5) and Mornis (1966), also with pea roots, gave similar re 

sults. In each case, only a small number of bands of protein were 

stained on the gels.

To extend the study of the protein complement, the activities 

of ribonuclease and peroxidase were assayed, as were respiration rate 

and R.Q£. The iso-«nzymic nature of 5 enzymes was also determined. 

The relevance of changes in enzymes will be discussed in terms of 

their indication of the changing nature of the protein complement. 

The possible role of each enzyme in the growth process will be dis 

cussed later.

The activities of peroxidase and ribonuclease increase during 

growth, as does respiration, and their relative activities also 

change. Thus the enzymic complement of the tissue is changing dur 

ing growth. Robinson and Brown (1952, 1954) and Heyes and Brown 

(I956)t using the pea root systero, found that the activities of va 

rious enzymes change relative to each other as the cell expands. In 

these investigations, protein amount also increased, but changes in 

enzymic activities on a unit protein basis were found to occur. From 

these and similar studies Brown (19^3) suggested that the growth pro 

cess can be considered as a series of steps, each characterised by 

its own enzymic complement. He suggested that the new enzymic com 

plement, indicative of a modified protein complex will arise as a 

result of modification of the protein synthesising mechanism, either 

at the transcription or translation level.

Studies of the iso-enzymic nature of the enzymes of the hypo- 

•otyl give further evidence of the changing nature of the protein 

complement, and also, perhaps, indicate changes in the protein oythe- 

sising mechanise) itself.



TABLE 10.

Enzyne

ribonuclense

peroxidase (a) 

peroxidase (b) 

glutamic dehydrogenase 

irialic dehydrogenase 

succinic dehydrogenase

bands of activity detectable 

0 hours . A-8 hours

k

2

5

1

5

6

5

2

TABLE 10. Changes in the number cf iscenzy:::es detectable 

during culture in distilled v;ater. T-ercxidase (a) represents 

bands detectable i;ith pyro.callol, v/hile (b) shcvs bands

detectable with guiacol.
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Polyacryla&ide ^el elcctrophoresia followed by suitable stain 

ing techniques indicates that the activity of certain enzymes is lo 

cated in more than one region of electrophoretio mobility.

The appearance of multiraoleoular forms of an enzyme on electro- 

phorasis does not necessarily imply true structural heterogeneity, but 

in the present study, the term iso-engymes will be used to describe 

such forms. Multiple bands raay represent truly different proteins 

having the same enssynic activity, and arisi^ig as the products of two 

or more different genes, or may represent the results of physico- 

chemical phenomena such as condensation of polypeptide sub-units in 

to two or more multiraario forms, or alternatively the folding of sub- 

units into different configurations. (See Shaw and Koen, 1968; Shannon 

1968). As regards the results presented here it is felt that in vitro 

effects such as those of buffer solutions can be ruled out, since all 

extraction and eleotrophoresis was carried out under uniform condi 

tions, and reproducible changes occur during growth. This does sug 

gest that the changes in iso-enzyraic pattern are due to changes with 

in the cell, and quite possibly to changes in the protein synthesis 

apparatus itself, either at the transcription or translation level.

The changes in iso-enzyraee are summarised in table 10. It can 

be seen that of the enzymes studied, ribonuclease and peroxidase show 

an increase in the number of bands present during growth, while malic 

deydrogenaae shows a reduction in the number. Glutacic dehydrogenaae 

and succinio dehydrogenase rer^ain unchanged as regards number of bands

throughout growth.

These changes give further evidence of the modification of the 

protein of the cell which occurs during growth and it can be suggested 

that nucleic acids have a part to play in these changes.
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The total amount of nucleic acid regains constant during 

growth, although it seems as though this is a chance occurrence, 

rather than having any relationship to the control of extension growth. 

Various workers have studied changes in total nucleic acid occurring 

during extension growth. Heyes (1960) and Jensen (195?) using the 

intact pea root system reported an increase in UNA per cell during 

extension growth, while Key, Hanson, Lund and Yatte^ (I96l) using 

intact corn meeocotyl observed a net loss. In excised tissues, a net 

loss of RKk has been noted by several workers, (Cherry, 19621 Key, 

Hansen, Lund and Vatter, 196lf Lund, Vatter and Hanson, 1958> Wood- 

stock and Jkoog, I960; Heyes and Vaughan, 1967 ( 2 j.

In the case of the radish hypocotyl, it can be assumed that

breakdown and resynthesis of HKA are occurring, as shown by the in-

32 corporation of ? into RM. The rate of breakdown must equal that

of re-synthesis, thus keeping the total amount constant.

The results of gel electrophorosia studies indicate that there 

is little change in the relative proportions of the various UNA com 

ponents during growth. Changes in perchloric acid extraotibility, 

as reported by Heyea (I960) ana in the association of ribosomea with 

membranes (Loening, 1961) would not be detected by a phenol extrac 

tion technique. The failure of the differential centrifugation 

method to give a reasonable recovery precludua any conclusions on 

the distribution of UNA in sub-cellular fractions from being drawn.

The amount of DNA appears to increase in the cells dnri^ the 

growth process^ both chemical determinations and phenol extraction 

leading to this conclusion. A similar finding was reported by Nitsan 

and Lang (1966) in Lentil hypoootyla. rhe increase in Di-A, if real, 

must be due to endopolyploidy, since no cell division occurs during 

the period oi study.
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____ of extension growth of the hypocotyl. 

Hypcotyl growth involves increases in fresh weight, dry weight, re 

sidual dry weight and total nitrogen. Protein and nucleic acid re 

main constant .

The protein complex is undergoing change during the growth

process, as indicated by»-
N o

1) Ultras truotural and sub-cellular fr act ̂nation investigations.

2) Polyaorylaiaide gel elootrophoresis of soluble proteins. 

3} Changes in the ena^ymic complement. 

4) Changes in iso-enzymes.

RNA is undergoing breakdown and re-synthesis, but the rola- 

tive proportions of the major components remain unchanged.

All these changes indicate that the extension growth ^recess 

is a phenomenon involving a considerable amount of cellular activity, 

and cannot be regarded merely as a passive process. 

Modification of growth.

In order to investigate the relationship between -juantitative 

and qualitative changes described above, four growth reducing treat 

ments have seen employed.

The DHA binding antibiotic .actinouycin D has been observed to 

be a potent inhibitor of DJA-dapendent KHA synthesis in micro-organ 

isms, animals and plants (Reich and Goldborg, 19^4). At a concentra 

tion of 5K)/ml, actinomycin i) inhibits c^owth of the radish V. 

by about 5C/ f and results in a loss of total nucleic acid of about

,^ after 40 hourc.

The pyrimidine analogue, 3-fluorouracil ic also known to be

an inhibitor of r.NA synthesis, and inhibits growth of the radish hypo

cotyl by about 50.' at a concentration of 1C* .'. 4bout 3C ' of the
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ie lost during the 40 hour culture period.

When hypocotyle are grown in the light, their appearance 

chan&es oarkedly, and growth is inhibited by 60// > accompanied by a 

small loss of HHA.

Finally, removal of the cotyledons before culture reduces 

growth by 50,', and results in a marked loss of SNA.

It can be seen that in each case reduction of growth is accom 

panied by a loss of RTiA, although protein is not affected aa regards 

quantity. In the case of de-oc.tylised hypocotyls, it can be proposed 

that the loss of R&A, and also the inhibition of growth are due to 

the lack of nutrients normally provided by the cotyledons. The coty 

ledons may have a role as source* of vital materials for RM syn 

thesis, or more simply it could be that as MA breaks down during 

turnover, the requirement of the hypocotyl for low molecular weight 

substances as respiratory substrates, and also as solutes for the de 

veloping vacuole will result in the re-chanelling of nuoleotides into 

other metabolic pathways, and hence reduce the pool available for the 

re-synthesis of RKA.

The reduction of growth may simply be due to the lack of osiao- 

tically active substances required for expansion of the vaouole, al 

though this could well be an over-simplification.

The inhibition of growth by light is probably a more complex 

process, and may involve transport of materials to the cotyledons and 

shoot axis, which represent the main growing region of the tissue in 

this situation. In a study on the extension growth of lupin hypooo- 

tyls of intact seedlings, Giles and Hyers (1964) observed a loss in 

UNA sjid a reduction in growth on exposure of dark-grown seedlings to 

the light. They suggested that the function of the hypoootyl is simply
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to lift the shoot axis out of the soil, and when this occurs, the 

role of the hypoootyl i» complete* and the stimulus of light results 

in a cessation of its growth, with a transfer of metabolic activity 

to the shoot axis. As previously stated, growth of radish hypoootyla 

in the light brings about a degree of pigmentation by anthooyanine 

and chlorophyll, and there is evidence for the appearance of ehloro- 

plaets.

Experiments with 5-n.uorouraoil and acttnomycin D indicate 

that the reduced growth produced by light and removal of cotyledons 

can be further inhibited. This suggests that the effect of inhibi 

tors is a real one on the metabolism of the hypocotyl, and cannot be 

explained simply as an effect on some aspect of the ootyledon/hypoco- 

til relationship.

Studies on the effects of the inhibitors on incorporation of
32 P orthophosphate were made difficult by the problem of bacterial

32 contamination. Polyaorylamide gel eleotrophoreais of P labelled

RNA provides a convenient aasay for bacterial contamination, especi 

ally in a non-green tissue. Any counts occurring in molecular weight 

positions corresponding to 1.1 Million and 0,56 Million will be bac 

terial or plastid RNA. The presence of a large peak of counts in the 

MA region, often slightly displaced from the optical density peak, 

confirm* bacterial contamination in a non-dividing tissue.

Sobota, Leaver and Key (1969) were able to characterise the 

RNA labelled with ^2P in soybean tissue crown under various conditions 

of sterility. They found that non-sterile tisoue synthesised DNA-like 

RNA to the same extent as sterile tissue. In non-sterile tieeue they 

found a G-C rich DNA component which they attributed to bacterial con 

tamination. 50/^g/ml of ohlorampheniool was observed to effectively
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remove incorporation into Rl'A OP SNA by contaminating bacteria, and

32 
suggested its use for all studies of incorporation of F into atiola-

ted plant tissue. Unfortunately, in the caae of the radish hypocotyl, 

the use of ohlorarapheniool failed to eliminate bacterial contamination 

in 4*3 hour cultured tissue, and ita effects on the protein complement 

of the hypocotyl are marked, even at this concentration. It appears 

that the findings of iiobota ot al cannot be applied to all tissues, 

and the use of ohloraapheniool a» an anti-bacterial ajent seems ill- 

advised unless steps are taken to ensure that the noraal growth and 

metabolism of the higher plant tiusue involved are not affected by

the antibiotic. In the present atudy, observations on tha incorpora-

32tion of P were confined to newly-excised tissue.
32

The use of polyacrylainide gel electrophoresis of P labelled

RNAf both by Sobota et al, and by workers in this laboratory suggests 

that checks of bacterial contamination by such methods as bacterial

counts cannot be regarded as reliable, and it appears that much of

32 
the published work on the incorporation of F into Hi: A of higher

plants must be interpreted with caution, oven where inhibitors such 

as ohlorampheniool have been used.

Experiments with aotinonnyoin ^ indicate that the incorporation 

of ^P into total HEA is inhibited to a considerable extent. However, 

uptake of ^2i: into the tissue us measured by the activity of the rCA 

supemataat is inhibited to U>* sajae extent. Consideration of the 

incorporation of ^2P into phenol-extracted BHA reveals a similar situ- 

ation. Uptake of 32P into the tissue, as measured by the counts in 

the first alcohol supernatant after precipitation of the ILSA, is in 

hibited by 7Q/ by 5 g/ml of aotinomycin J. The incorporation into 

rlbosomal SNA is inhibited by 71. . «d thut into poly dispersed RKA
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by 51$. The possibility arises that apparent inhibition of inoorpora-

1?tion of I into UNA by actinomyoin D may be due to inhibition of up 

take of the isotope, rather than a true inhibition of RNA synthesis. 

Table 11 shows the results of some previous studies on the effects of 

actinomycin D on RNA s,/nthesis, as measured by incorporation of 

labelled precursors. It can be seen that several papers reporting an 

inhibition of tfliA synthesis do not include figures on the uptake of 

precursors into the tissue. However, those uptake figures which are 

given tend to show that inhibition of uptake is small in comparison 

with the inhibition of incorporation into RNA. llaghavan, however, 

using "^H uridine, arid Parthiar, using 1* both found a raarkod inhi 

bition of uptake by actinoiaycin D and in the former paper, the "effi 

ciency" of incorporation is greater in the inhibitor-treated tissue

than in the control. Only one reference quotes uptake figuraa for

32P. It does seem from the available figures that in i-nost oasec the

effect of actinomycin B is a true one on ItllA syntheois, especially 

as the effects have been confirmed in vitro by O'Brien ot al (19&0 

and Stout and Mans (1967). However, it is suggested that the effects 

of an inhibitor on incorporation of labelled irecuraor cannot be re 

garded as evidence of an effect on RNA syntheois, unless the uptake 

of the precursor in the presence of inhibitor is taken into consi 

deration. It is possible that the low rate of uptake in the presence 

of actinoEiycin D may be due uiraotly to the decreased requirement for 

-*2P by the R2U synthesising apparatus, especially in a tissue starved 

of phpsphate, tui is the case in the present study. It does seem 

apparent that a critical study of the effects of inhibitors on all 

aspects of metabolism should be made before any suggestions as to 

their role as growth inhibitors are put forward.



In the present atudy, the differential effect of actinoc^'cin 

on incorporation into ribosoaal KKA and polydisoersed RHA seems to 

auegost a true effect on £,A synthesis. In fact, the inhibitions of 

incorporation are similar to those described by Key a;;d Ingle (1965) 

in work on the soybean hypocotyl. This statement rests on the aasua 

tion that the polydia^ersed ;xNA en the gel is of a similar nature to 

that separated aa a single fraction on "Ar columns and tensed D-rtin. 

(Ingle, Key and HoLa, 1965$ Ingle and Key, 1965). Cn the basis of 

its properties, K«y and Ingle su&v^sted that this fraction fulfilled 

most of the requirenants of a "messenger" SNA as proposed by Jacob 

Honod (1961). husi-

1) A. ra^id uptake of label.

2) Heterogeneity of sise on sucrose gradients

3) A high Ajvii content with a I'iVi-'/AMi' ratio sirailar to soybean DL'A.

4) A mean life of about two houra.

5) General biological activity.

?rora its polydis^eraed distribution on jela, and its rapid 

labelling, the ^:I>A of the radish hypocotyl may be tentatively su^- 

^eated aa being equivalent to D-iU«A, esiecially aa t-ie ef/eotj of 

i-ctinomycin i) and ^-fluorouraoil on ita labelling are similar to 

thoao i\,itfu by 'ngle and i'.ey. In the soybean tissue, the - " \ 

was assigned a role in the central of £Tc*th, since when its syn 

thesis *as inl-iibited by actinoaiycin D growth was also inhibited. 

However, when ^rown in the ^-.vjrce of 5 fluorourtcil, the synthesiu 

of D-ivliA was nut inhibited, although ribosonal ..ha synthesis was, 

and growth was not effected, in the basis of these results Key and 

Ingle sut&ested that J-;^A synthesis was necenrary for auxin-induced 

extension growth, while the synthesis of ribosouial iiiiA was not n^s
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»ary for thia process to occur. The work of Ma*uda,S*tterfield and 

Bayley (1966) on oat ooleoptilea led to similar oonolusic the 

rule of IJ-T&A being drawn.

It has been widely aaeusied that the effect of actinonyoin 3 

on many plant growth and development phenomena can be explained in 

terms of inhibition of ayntheaia cf a "raessender" ift'A. (Brachet and 

Denis, 19631 Bruohat, ^enis and i)e Vitry, 1964$ .iohweifrer and ;;ohv*i- 

g@r, 1963? Lan^e and Mohr, 1963| Nakazawa ar,c; "anno, 1965? Ra^havan, 

19681 Cherry et al 196^1 renn^- u.d Galston t 19661 rlatcher and OB» 

borne, 1966). However, any basis £<jr implicating nasasiL er iSJ\ in 

these phenomena has often beer flimsy, and has bean stated aim;>ly or. 

the b**8ia of inhibition by actinonycin D.

4a already stated* the evidence for the requirement f(^r Din 

like ii&A oynthoais for /jrovfth of the soybean hypocotyl wua based 

^htuftly on the finding that 5-fluorour«cil, althou,»^h oalectively in 

hibiting the eyntheaia of ribosomai tt]«At h'^1 no effbot on growth. 

In the radiah tiaauts, 5-fluorouracil is found to selectively inhibit 

the synthesis of ribosotaal &»A t having no effect on ^xjlydie^erae IIIIA 

ayathesis. .Vpart Irom tho work on tho soyberin, othar tiojues have 

been observed to be insensitive to 5-fluoruuracil as regards exten- 

aion growth (Masuda, s^etterfield anti Bay lay, 19 (>6j Iloode'n, 196C). 

7ha expansion of the axis of bean aeede, a "normal" cell extei sion 

has aiao bean found to be insensitive to f>-fluorour '.oil (valton, 1966; 

Valton and .ioofi» 1969). 'Tie reeults of thia previous work 6 

that riboaomal i^'A aynthesis is not neceasary for extenaion ^j

i'rora the data presented on the nucleic aoida of the r-tdioh 

>L/i>oco1iyl, It can be seen that no statement 11 to a roquire-oent for 

a certain type of rtt'A synthesis o-xn be made. However, aince the
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effects of actinomycin J) and 5-fluorouracil on RKA metabolism seem 

to be similar to those previously found, it ia neceasary to auggest 

a reason for the inhibition of growth by 5-fluorouraeil. It seene 

that there are two possibilities*

a) The radish hypocotyl as studied differs from tissue previously 

investigated and in fact has a requirement for ribosooal RKA syn 

thesis for extension growth to oocur to its full extent.

b) 5-fluorouraoil in this tissue has an effect other than on RKA 

aynthesis , which brings about an inhibition of extension growth.

The first possibility may be valid if the time of atucly ia 

considered. A 4$ hour incubation period is much greater than ob 

served in previous studies, and it may be that over such a long 

period of time, the level of rlbosoaal HKA has been so reduced as 

to reach a threshold value* below which growth is inhibited. How 

ever, the fact that growth inhibition over the first 24 hours ia as 

great as that over the second 24 hours may rule out this hypothesis*

Consideration of the results on ribonuolease activity gives 

an indication of a rather abnormal response of this tissue to 5-flu~ 

orouraoil. Hibonuoleaae activity in the control tissue increases 

by about Bix fold after 48 hours culture, which can be regarded as 

normal in a growing system (See Key, 1969). In the presence of gxwth 

inhibitory concentrations of 5-fluorouracil , however, the inor*«.s« 

in rlbonuclease activity is ten times greater than that found in the 

control. Although little is known of the meaning of in vivo concen 

trations of ribonuolease, it does seen possible that such a dramatic 

departure from the normal state of the tissue may have some effect 

on the nucleic acid metabolism of the cell, bringing about a reduction 

in growth.
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Several workers have found that the addition of ribonuolease 

to the culture medium causes a change in the pattern of growth (Bra- 

ohet, I954j Masuda, 1959| Yeoman, 1962). 3rown (1963) has suggested 

that added ribonuclease may destroy newly synthesised "messenger" 1C:A 

moleculas, producing inhibition of growth, but evidence of this ha* 

not been obtained. It does, however, aeem that the increase in ribo- 

nuoleaae activity may have a possible role to ^lay in the inhibition 

of £rowth brought about by 5-fluorouracil.

The effects of uctinoraycin I) and 5-fluorouracil on the protein 

complement as characterised by polyacrylamide gel electrophoresie 

are minimal. This is similar to the finding of Tulett (1967), who 

noted that actinomyoin 1) at concentrations of up to 2C/u.g/ral had no 

effect on the appearance of new protein bands during growth of in 

tact or cultured pea roots.

These results suggest that nucleic acid synthesis is not ne 

cessary for the changes in the protein complement which are visible 

on the gels to occur* As already stated, however, each band may re 

present numerous proteins, arid it muj well be that minor components 

are effected by the inhibitors, but such effects are not visible. 

The results of th® en^ymic determinations suggest that this is, in 

fact, the case*

AB previously discussed. 5-fluorouracil has a marked effect 

on ribonuolease activity. This increase in activity is accompanied 

by an increase in the number and intensity of iso-enzynae bar;ds of 

ribonuclease on gefe. Experiments with oyoloheximide and actinornyoin 

D suggest that the ^reduction of new bands in the presence of 5-fluo- 

rouracil requires protein synthesis, but not actinOaycin D-sensitive 

RNA synthesis.
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The new iso-en^/aee produced ciay be indicative of naw DNA 

template activity producing genuine naw molecular forms of ribonuc- 

leaae. This would involve "switching on" of new genes by 5~fluorou- 

racil, either diractly or indirectly.

If new £b A template activity is involved, then the ;CiA syr.the- 

sie necessary to produce the new protein molecules must be actino- 

raycin i> sensitive.

If the effects of cyclohexiciide and actinomyoin D are inter 

preted as being on the transori tion and translation stages respec 

tively, then it eoeraa that the effect of '3-fluorouracil ia at the ; 

level of the riboaoiae. c;n this basis, it could be sugf^ted t-;at A 

the effect of Ij-fluorouracil isiiy b© aimply one on the linkage of 

the polypeptide chains, which in turn oould off act trie folding and 

mobility of the enzyme molaculea. (Jharmon, 1S60). nowovor such an 

effect would not account for the vast increase in total activity 

which occur a.

A aechanism for control at tha level of translation hua heer, 

proposed as a result of work on duck eiy throb lasts (:iherrer et al 

1966). It hj.8 been au^^oated in tids tissutu, that the genome is 

transcribed in large batches to polycistronic messengers, selected 

regions of which are then transported to the cytoplasm. ?hia hypo 

thesis makes the su^geation that a charge in cell growth, rossibly 

by tho action of an inliibitor or horuone will result in no o!i.anire 

in trnnacri, tion if the reotuirQd gene ^roduct can be selec'od from 

those already available. ->uch a iseohanisr ri-;ht explain th« ap^arar.t 

induction of ribonucleaaa activity in a *ay which is re-3ist-i:;t to

i J* 

Curioualy enough, aotinoEycin J inhibits the increase in rlbo-
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nuclease activity of water-grown hypocotyls to a certain extent, al 

though no effect on the iso-enzyme pattern is discernible.

The riae in ribonucleaee activity during normal growth of 

radish hypocotyls is similar to that observed by Shannon, Eanoon 

and ,'vilson (1964) in expanding corn mesocotyl. These worriers found 

that growth-inhibiting concentrations of auxin inhibited the increase 

in ribonuclease activity.

Key and Ingle (1964) found th it the rise in ribonucleas acti 

vity in corn mesocotyl was inhi jibed by actin •n^ycin J, but was in 

fact stimulated by 5-fluorcuracil. although the increase in ^-fluo- 

rouracil was only US'/' of the control, it should be noted that this 

value was obtained after a ten hour incubation period. It is possible 

that a longer period of incubation may have shown an increase in ribo 

nuclease activity similar to that found in the radish tissue.

The activity of peroxidaoe in control tissue increases about 

six fold during th® 4^ hour culture period. ,;-fluorourHCil (icT'Yf) 

inhibits this increase by about 50,', and actinoqycin D stops it en 

tirely, while light has little effect.

These changes in activity are reflectad in the iso-enzyiae 

patterns obtained from tissue under various conditions of culture. 

Uix bands are detectable when pyrogallol ia used as elect-Ton donor, 

and five when guiacol is used.

Band C9 occurs only in the control tissue after 48 hours cul 

ture, and is detectable by pyrogallol only. All conditions which 

inhibit Orowth prevent the appeorarce of thij band, which su^acts 

that it may ariso as a result of considerable extension ^rovth, sinca 

the afi'eots of the various crowth inhibitors on total activity ,re 

vastly different. The effect of aotinomycin D on total activity and
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iso-en*yme complement sweats that synthesis of RNA may be required 

for an increase in peroxidase activity to occur.

Various workers have assigned peroxidaae a role in growth and 

development on the basis of tha known activity of peroxidase on break 

down of IAA. Thus Siegel and Galston (1966, 196?) found different 

activities and iso-enzyadc complements of peroxidases in different 

organs of plants, and also changes within organs during growth of the 

plant. The activity of peroxidase could be altered by chan^in^ the 

growth conditions, and also by adding physiological concentrations 

of IAA to the medium. These workers were also able to detect de novo 

synthesis of five bands of peroxidase activity in germinating seedlings 

of winter rye. In a study of the peroxidases of developing seedlings 

°^ Vaa&a (Orchidace»e), Alvarey and King (19^9) also observed changes 

in peroxidaae activity and iso-en^ytae complement during the develop 

ment process. They noted that the level of peroxidase activity at 

various stages of growth of the seedling was the reciprocal of the 

auxin concentration. Thus peroxidase activity was highest during 

the early stages of development, and lowest during the phase of maxi 

mum growth. Later an increase occurred possibly coincident with the 

development of roots arid vascular tissue. Histocbemical studies re 

vealed that the parenchymatoue region contained little peroxidase, 

while the vascular tissue was heavily endowed. The roots c<* the plant, 

usually low in endogenous auxin, contained a higher peroxidase activi 

ty than the rest of the seedling. They *tl«*c> found changes in the num 

ber of iso-enzyme bands during development, and that externally applied 

auxin increased the peroxidase activity by lOO/.

The results reported here, over a short time period, and with 

a single plant organ, tend to support the view that the iso-enzyme
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Pattern of peroxidaae changes during growth. The new band which 

arises is a basic protein, as observed by Siegel and Galston (1966) 

who observed the production of a new band of cationic peroxidase du 

ring extension growth of the pea shoot. They suggest that the basic 

proteins which appear to be associated with growth on differentiation 

may be of interest in connection with the findings of Allfrey et al 

(1964) on the role of basic proteins as modifiers of gene action.

The appearance of a new band of activity of peroxidase in 

tissue which grows optimally may possibly be connected with the in 

creased deposition of lignin which will occur in a growing system. 

Giegel (1954) has demonstrated the role of peroxidase in biosynthe 

sis of lignin. In hypocotyls with reduced growth it is possible that 

lignin formation does not occur to the same degree as in water-grown 

hypoootyls. The fact that light-grown hypocotyls show the full in 

crease in total peroxidase activity, and yet still lack this band 

gives support to the hypothesis that the new band arises as a re 

sult of growth, rather than vice-versa.

The three dehydrogenase enzymes studied show little change in 

isozyme patterns during growth, with the exception of malate dehyd 

rogenase. This enzyme shows a loss of two band of activity during 

culture under all conditions. As a respiratory enzyme, malate de 

hydrogenase may be expected to be located in the mitochondria (Beevers 

1961), and a differential extraction of mitochondrial material at 

different stages of culture may be involved, although this seems un 

likely. Actinomycin D and 5-fluorouracil have no effect on these

changes.

Tullet (1967) found no change in malate dehydrogenase isozymes 

during growth of the pea root.

Glutamate dehydrogenase shows an increase in intensity of one
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band during growth in control tiaaue, and also in light, aotinoayoin 

D and 5-fluorouracil. Prerioua etudiea on glutwnic dehydrogenase in 

planta have revealed a loaa of bands during development, often aa 

many as seven being present in very yo\ing tissue. (Thurman, Palin and 

Layoock, 19651 Tulett, 1967),

Aa found by Tulett (196?), suocinic dehydrogenaae haa only 

one iso-en«ateie, and the patterns remains constant throughout growth.

These results for dehydrogenaae enayraes might b© expected 

when it is considered that respiration rate shows little change 

during extension growth.

Actinonsycin 33 and 5-n.uorouraoil have no effect on respira 

tion, even after 48 hours, which suggests that their effect on 

growth is not merely one on oxddattLve phosphorylation.

The relative stability of the dehydrogenase ieozyma patterns 

suggest that they are either stable protein molecules, or that their 

re-synthesis does not require the synthesis of aotinonycin D-sensitive 

RHA.

In fact, from the acrylaraide gel separations of total protein 

extracts it can be a$an that most ( rotelns of the hypoootyl are si* 

ailarly unaffected by inhibitors.

Thus the results of the studies on modification of extension 

growth reveal that reduction of growth is accompanied by a loss of 

total KB At although no causal relationship haa been eatabliahed bt*- 

ween these events. Reduction of growth by removal of the cotyledons 

nay B imply be due to a loss of anutrient source, and reduction of 

growth by light is obviously a complex phenomenon. The effect of 

light on the protein complement ,-ives sorae information on chan^os 

in proteins during etiolated growth of the tissue.
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The affect of actincqyoin D seams to surest that UNA synthe 

sis is necessary for extension growth although no particular RNA 

species has been implicated. The tissue responds in an anomalous 

manner to 5-fluorouracil and the effeot of the inhibitor on ribo- 

nuolease activity may hare some bearing on this response. Both 

iotinomyoin D and 5-fluorouracil cause modification of the protein 

complement, as shown by enzymic activities and iso-enz^yiae patterns.
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