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INTRODUCTION 

The meristematic cells of higher plants become mature through 

a process of differentiation. Differentiation may be divided into 

several distinct phases, each phase being characterized by a distinct 

morphological form, and the change from one phase to the next is a 

gradual process which is irreversible. The root offers a situation 

where the process of differentiation may be readily observed. 

At the apex a meristematic region produces cells, which in the 

region immediately behind the meristematic zone increase in breadth 

and then, to a greater extent, in length. The cells, newly formed 

from the meristeinatic region, are relatively small, non-vacuolated 

and isodiametric, but as elongation proceeds a large central vacuole 

develops and the protoplasm becomes peripheral in position. 1ventually 

the elongating cells come to the and of their expansion phase, so that 

behind the elongation zone there is a region of maturing cells which 

will constitute the mature tissue in the root. Such a situation 

found in the root represents not only a sequence of differentiation, 

but also a time sequence. This circumstance has been the basis of an 

extensive study by Brown and his co-workers into the metabolism of 

cells during differentiation and the mechanism which controls 

differentiation. 

Most of the data compiled by these workers has been obtained by 

using two techniques; isolated root segments cultured on different 

nutrient media after being excised from different regions of the root 

and transverse serial sections taken from the root apex towards the 

region of mature cells. 

The serial section technique depends on the observation that in 



seedling roots grown under the same conditions, cells which are the same 

distance behind the root tip are, in general, at the same stage of 

development. Using the serial section technique Brown and. Broadbent 

(1951) found that the number of cells in a similar region of different 

roots was the same, but the number of cells in different regions of the 

same root varied. By relating the changes 000uring in successive 

seotioiie, to the number of cells in these sections it was possible to 

follow Lhe changes of an average cell during differentiation in the 

intact root, although it was not possible by this technique to follow 

the changes of any particular cell. 

By culturing excised segments, taken from the expansion zone, 

Brown and his co-workers maaaired the changes ocouring in these segments 

during cell expansion and correlated these changes with the events 

taking place during cell expansion in the intact root • A relationship 

between nutrients and growth was also shown by culturing expanding 

segments on different media. 

As cells elongate, they not only increase their volume by imbibition 

of water, but they also increase their dry weight. The average dry weight 

may increase ten or twentyfold indicating that the increase in volume of 

the cell is not due simply to imbibition of water into the vacuole. 

Brown and. Sutcliffe (1950) showod that in cultured excised root 

segments, taken from the expansion zone, the amount of elongation could 

be reduced by lowaring the sucrose concentration of the incubation 

medium, while reducing the oxygen concentration produced a similar 

effect. These workers also demonstrated that excised segments increased 

their dry weight during growth mainly as a result of an increase in cell 

wall polysaccharide material. Such results indicate that elongation is 

not merely a physical enlargement., but a process dependant on metabolism. 

It has been suggested (Brown and Sutoliffe, 1950; Thimann,  1951) that 
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the absorption of water during growth is, in part, due to the active 

metabolic secretion of water into the vacuole. 

In the intact root, as cells expand they increase their protein 

contents (Brown and. Broadbent, 1951;  Heyes, I 960) ,but using excised 

segments,. Brown and Robinson (1954)  observed that although there was 

elongation during culture, there was no increase in the protein 

content. Clearly, therefore, there is no dependanoe of extension 

growth on net increase in protein. There is, however, much evidence 

that a change occurs in the protein complement during growth and 

differentiation. 

Brown and Robinson 0952, 1951, 1, 1955) have reported changes in 

several enzyme systems during growth and differentiation in different 

regions of the intact root, as well as in isolated segments during 

culture, and suggested that as cells develop from the moristematio to 

the mature state their metabolic state also changes. They postulated 

that each phase of differentiation has a characteristic metabolic state 

and that the change in metabolic pattern is probably an expression of 

a change in the protein complement. 

In this connexion Williams (private communication) has shown that 

proteins extracted from different regions of the root tip of Pisum sativum 

yield slightly different protein bands after eleotrophoresis on 

polyacrylainide gels. Using a serological method, Viright (1960, 1963) 

was able to demonstrate a change in the type of protein during the 

growth of oat coleoptilea, while changes in the composition of proteins 

in tobacco leaves during growth have been shown by Dorner, Kahn and 

Wildman (1957). Such observations as these add weight to the interpretation 

of Brown and Robinson that the change in the enzyme complement, and hence 

the course of cell development, is determined by the changing composition 

of the protein of the cell. 
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But biochemical changes during growth and differentiation are not 

confined to the changes in the protein complement. During cell 

expansion in the intact root Hayes (1960) has shown that there is an 

increase in the WA content similar to the increase in the protein. 

It was shown by Woodstock and Skoog (1960) that the growth rate of 

corn root tips correlates positively with the WA content of the tissue. 

By noting the distributions of growth, nucleic acids and nucleic acid 

synthesis in seedling roots of Zea mays, Woodstock and. Skoog (1962) 

claimed that the amount of WA synthesis by the cells of the root 

apex determines their subsequent rate of elongation. 

The observation by Cherry (1962) that there is a net decrease in 

WA content during the elongation of excised root tips seems to indicate 

that, although there is undoubtedly a link between the nucleic acids 

and growth, it is probable that, as with proteins it is the type of 

WA and not the amount which affeots growth. In this connexion Hayes 

09581, 1959, 1960) has shown a qualitative, as well as a quantitative, 

change in the WA component during differentiation. Two species of 

WA.. WA-I and WA-2 have been separated by their solubility in cold 

peroh].orio acid and during differentiation there is an increase in 

the WA-2 component, while the MA-1 component decreases. Lyndon (1963) 

has reported that although the WA in the cytoplasm increases during 

growth in the intact root, the WA in the nucleus may slightly decrease. 

Recent work (Loaning, 1961; Cherry, 1962; Hayes, 1963) has shown 

that during growth and differentiation there is a redistribution of 

WA in the soluble and particulate cell fractions. These observations 

indicate that studies relating growth to total WA content may well be 

misleading and further work in this context is necessary. 

There is, however, little doubt that the changes in the protein 

complement during growth are paralleled by changes in the WA complement. 
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Much evidence exists in the literature to link protein synthesis 

to RNA metabolism. It was shown by Jensen (1957), Using 1'C-adenine 

and 1 C-pheny1a].anine, that in the meristematic region of onion roots, 

where DNA, RNA and protein contents are low, there is only a limited 

incorporation of these substances into RNA and protein respectively, 

but in the extension zone, where RNA and protein contents are three 

times higher,there is a much greater incorporation of the radio active 

substances. Casperson (1 91 f7) and Braohet (1952) have also shown that 

high cellular concentrations of nucleic acid could often be correlated 

with active protein synthesis, while Cale and Folkes 0953). using the 

bacterium Staphylococcus aureup have also demonstrated that protein 

synthesis varies with nucleic acid content in the intact organism. 

In the seedling axis of bean, there is a proportionality between 

the rate of protein synthesis and the concentration of miorosomal RNA 

suggesting that the mniorosomnca are the major site of protein synthesis, 

(Oota, 1954; Oota and Tokata, 1959; Oota, Fujii and Osawa, 1953). 

There is, however, no direct correlation between the rate of protein 

synthesis and total TA concentration. 

These results, and many others, suggest that protein synthesis is 

linked in some manner to the metabolism of 14A, probably RNA synthesis. 

Heyes (1959) noted that in excised root tips there was a slight decrease 

in the total RNA, although there was a slight increase in the protein. 

Such observations show that the manner in which protein synthesis depends 

on RNA synthesis, existing amount or degredation, is still far from 

settled (Oota, 19614.). 

Brachet (1 954) was able to show a correlation between growth, protein 

synthesis and MA. By treating onion root tips with the enzyme 

ribonuclease Brachet depressed the RNA level, the incorporation of amino 

acids and the elongation of the root tips. It seems probable that 



elongation was inhibited as a result of reduced protein synthesis, 

preventing a change in the enzyme complement, due to the erosion of 

existing RNA, or by the prevention of MA synthesis, by the ribonuclease. 

Some evidence for this interpretation comes from the work of Groth 

(1956) and Landman and. Spiegelman (1955). These workers showed that in 

Bacillus megateriurn, ribonuolease treatment produces a strong inhibition 

of protein synthesis. The dependanoe of protein synthesis on the 

synthesis of RNA has also been shown in bacteria. Thus Pardee (1951+) 

using Esoherichia coli mutants, requiring uracil, found that enzyme 

synthesis of 3-alaotosidase stopped when there was no further supply 

of uracil, which is required for RNA synthesis in these mutants. The 

dependence of protein synthesis on RNA synthesis would carry the 

implication that as the MA complement changes so the protein complement 

also changes. 

The possibility of nuclear control of protein synthetis, and hence 

growth, is supported by observations on the distribution within the cell 

of substances which have a pronounced effect on the rate and duration 

of elongation. Woodstock and Brown (1963, a) have reported that the 

pyrimidine analogue, 2-thiouracil, stimulates extension growth in root 

cells which are in their elongation phase, while Heyea (1959 9  1963, b) 

has demonstrated that the purine analoie, 8-azaguanine, also stimulated 

extension growth in root cells, but to a lesser extent than 2-thiouracil. 

On the other hand these workers also showed that both 2-thiouraoil and 

8-azaguanine inhibited ccll division at the root apex. Using 

autoradiography Woodstock and. Brown 0963, a) and Heyes (1963, b) 

have shown that 2-thiota'aoil and 8-azaguanirie are incorporated very 

rapidly into the nucleus, particularly the nucleolus, and only 

subsequently into other parts of the cell. These workers were also 

able to show that both 2-thiouracil and 8-azaguanine are incorporated 



into WA and not into DNA. 

There is also much other evidence in the literature to show that 

2-thiouracil and 8-azaguanine are incorporated into WA. 2-Thiouracil 

is not only incorporated into the WA of higher plants (Woodstock and 

Brown, 1963, a; He s].op-Harri son, 1960) but also into the WA of 

viruses (Franoki and Matthews, 1962; Jeener and Rosseels, 1953; 

Mandel, Markham and Matthews, 1957;  Matthews, 1956), of bacteria 

(Hamers, 1956) and of animals (Cantarow, Pasohkiske and Rutman, 1955). 

The ptnine analogue, 8-asaguanine is also incorporated into the WA of 

a wide range of organisms where it replaces the natural base guanine 

(Mitchell, Skipper and. Bennett, 1950; Heinrich et al, 1952; Matthews, 

1953; Fries, 1954; Mandel, Carto and Smith, 1954; Matthews, 1954; 

Schneider, 1954; Creaser, 1956; Linder, Cheo, Kirkpatrick and Govindu, 

1960; Heyes, 1962). There is no evidence in the literature for the 

incorporation of either of these substances into DNA, although some 

analogues, for example the pyrimidine analogue, 5-bromouracil, are 

incorporated. into DNA (Litman and Pardee, 1956;  Burton, 1962; Smith, 

1962; Smith and Tomlin, 1962; (imlir, Farquharson and Leech, 1963). 

This would seem to imply that 2-thiouracil and. 8-azaguanine 

influence growth by becoming incorporated into the WA of the nucleolus 

and then passing into the cytoplasm where the WA containing the 

analogue modifies the development of the protein complement. In this 

connexion kfeyes (1963, b) has demonstrated that as a result of the 

incorporation of 8-azaguanine into the WA of growing pea root tips, 

there is a reduction of the activity of certain enzyme systems. 

The present investigation comprises a more detailed study of the 

effects of purine and pyrimid.ine analogues, and in particular 

2-thiouracil, on extension growth in the primary root of Pisuuz sativum. 

For the sake of convenience the experimental approach has been 



divided into two sections. The first section deals with the effects of 

various purine and pyriinidine analogues, and other substances, on the 

increase in length of excised root segments during extension growth, 

while the second part is concerned with the physiological and 

biochemical changes which occur when excised root segments are cultured 

under conditions where a stimulation, or inhibition', of growth is 

obtained. 

Of the methods available for studying root growth, the excised 

segment technique, based on the method of Brown and Sutcliffe (1950) 

has been used extensively. This technique has been preferred since the 

intact, or exciaedroot tip ieeds to be marked with Indian ink in order 

to follow the course of elongating cells during extension growth. The 

use of excised segments, taken from the expansion zone, also offers a 

tissue free from the complications of ineristematic and mature cells, 

but having the disadvantage that excised segments cultured in a sucrose 

medium, elongate to ibout only 3Z of the length of a comparable 

elongating region in the intact root. Since various workers (Yeoman, 

1962; Heyes, 1963; Noodstook and rown 1963) have used the subapioal 

2-4 mm. segments of pea roots, it was considered desirable, for 

comparative purposes, to use this segment , although the 1-3 mm. 

segment has a greater expansion potential. 

But measurements of cellular changes during growth have not been 

confined to the 2-4 mm, region of the root. It has already been 

mentioned that during the growth and subscquent differentiation of 

cells, changes occur in the protein and nucleic acid complements. For 

this reason metabolic changes, especially in the protein complement, 

have been followed in overlapping 2 mme excised segments, taken from 

the apical 8 mm. of the root, during culture, in order to determine 

whether cells, which mature in excised segments during culture, 



undergo similar changes to maturing cells in the intact root. The 

effect of 2—thiouracil on the changes in excised segments was also 

observed,sinoe it is possible that the effect of the analogue on 

metabolism may not be confined only to the expansion phase of cells. 

It was found necessary to modify the liquid culture technique 

of Brown and Sutcliffe (1950). This was necessary because culturing 

excised segments on sintered glass discs (Woodstock and Brown, 1963), 

or on dialysis tubing in Petri dishes (Yeoman, 1962), produced curved 

segments, making linear measurements difficult • A culture medium, in 

which all the segments are oomplete]y submerged, eliminates local pH 

effects and produces a situation in which the segments are in a 

medium of uniform aeration and nutrients. Segments cultured in such 

a medium remain straight and are easy to measure. There is, however, 

every reason to believe that segments cultured in this way are not 

aerated as well as those grown on sintered glass discs in Petri dishes. 

Thus segments grown by shaking in liquid culture always attain a 

slightly shorter final length than those cultured on sintered glass 

discs. 

The increase in lengths of excised senents is an expression of 

the increase in lengths of the cells comprising the segment. By 

cutting longitudinal sections of segments the lengths of individual 

cells can be measured with the aid of a microscope used in conjunction 

with a micrometer—eyepiece. This technique enables differences in the 

subsequent expansion of younger and older cells, of the freshly out 

segments, to be detected and also provides a method of following the 

differentiation of cells into xylem and phloem. 

It is possible that the increase in lengths of isolated segments 

is due not only to the increase in the lengths of the constituent cells, 

but also to an increase in the actual number of cells by the process of 
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cell division. The latter possibility was eliminated by determining 

the number of cells in a segment at the beginning of the culture period 

and the number of cells in segments, taken initially from similar regions 

of different roots, at the end of the culture period. 

But measurements of growth have not been confined to measuring 

changes in the lengths of segments. Another parameter of growth was 

obtained by measuring the changes in the fresh weights of segments 

during elongation. Because most of the increase in fresh weight is 

duo to the uptake of water by segments, this parameter also measures 

changes in volume and so differs from measurements of length which 

record changes in only one dimension, but the increase in fresh weight 

of segments during culture is not, however, due entirely to the 

imbibition of water, as the dry weight also increases. Changes in the 

dry weight indicate changes in other cell constituents such as proteins, 

nucleic acids, cell wall materials md sugars. The effects of 2-thiouracil 

on these changes in lengths, fresh weights and dry weights, which are 

measurements of the effect of the analogue on growth, were noted in the 

expanding excised segments. 

Preliminary experiments showed that 2-thiouracil exerted its effects 

only in the presence of a sugar, indicating that the tissue must be 

actively metabolising before the analogue is able to stimulate growth. 

This Doint was tested further by subjecting the elongating segments to 

different temperature regimes in order to show that 2-thiouracil 

stimulation is related directly or indirectly to cell metabolism. 

In order to locate possible sites of action of the analogues  

substances known to affect specific aspects of metabolism were used. 

Thus chioramphenicol, at certain concentrations, affects protein synthesis, 

while aotinomycin Faffects nucleic acietabots   , an  the chinges In 

lengths of excised segments in media containing these substances, in 

the presence and absence of 2-thiouracil, were recorded. Indole-3-aoetio 
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acid., IAA, which stimulates extension growth in roots when used at low 

concentrations, but inhibits growth at higher concentrations (Review by 

berg, 1957), has also been used in conjunction with growth promoting 

concentrations of 2-thiouraoil. It has been suggested by various 

workers (Skoog 1950, 1953; Bar  1953) that IAA affects growth by 

interfering with nucleic acid metabolism. The effect of IAA on 

expanding segments, when used in 2-thiouraoil media, is therefore of 

some importance in attempting to elucidate the mode of action of the 

analogue, which itself is incorporated into RNA. There is, however, 

only a limited amount of information which may be obtained from such 

experiments .and in order to obtain more information about the mode of 

action of 2-thiouracil it is necessary to find the physiological and 

biochemical changes which accompany elongation in the excised segments, 

and the way in which 2-thiouracil might modify such changes. To 

investigate as broad a spectrum of metabolism as possible changes in 

several systems such as respiration, oxidative phosphory].ation in 

mitochondrial preparations, enzymes, reducing sugars and inorganic 

phosphate content were noted. 

The importance of the protein complement in the cell elongation 

process has already been mentioned. In the intact root there are 

large increases in nitrogenous substances such as proteins during cell 

expansion,but in isolated segments there is no increase in these 

substances, although there is a redistribution in the forms of nitrogen 

throughout the cells (Heyea, private communication). In order to show 

possible changes in nitrogen metabolism induced by 2-thiouracil, 

determinations have been made of total nitrogen, 'trichioracetic acid 

insoluble' nitrogen and soluble nitrogen on both whole segments and on 

isolated sub-cellular fractions obtained from segments cultured in the 

presence and absence of the analogue. The absence of large changes in 
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the total amount of protein per cell during the extension growth of 

excised segments does not imply that there is no protein turnover in 

this tissue. Protein turnover has been studied by observing the changes 

in several enzyme activities which occur during cell elongation, 

although such changes are not absolute proof of protein turnover as 

inhibitors may be involved, and also by investigating the incorporation 

of 4C-leucine into the proteins of sub-cellular fractions of excised 

24 mm. segments during culture. The possibility of 2-thiouracil 

modifying the protein turnover, as measured by the changes in enzyme 

activities and incorporation of 'C-leucine into sub-cellular fractions, 

was also investigated, since a modified protein complement, where there 

is a general increase in enzyme activity, might be expected in view of 

the stimulation of extension growth in the presence of the analogue. 

Since the changes in the protein complement during growth are 

paralleled by changes in the nucleic acid complement, it is necessary 

to measure both the quantitative and qualitative changes in the 

nucleic acids during extension growth and the way in which 2-thiouracil 

may modify these changes. In this connexion changes in the acid 

soluble nucleotides during growth were also measured in order to 

determine whether the decrease in RNA was accompanied by a corresponding 

increase in acid soluble nucleotides in the tissue. 

Although there was a decrease in the total WA, there are reports 

in the literature that a redistribution occurs in the WA of various 

sub-cellular fractions in expanding cells • This redistribution of WA 

was investigated in the present study and the effect of 2-TU on this 

process was also noted. Sich information does not, however, yield 

any information about the amount Of WA synthesis in these sub-cellular 

fraotionsbxt only indicates the amount of WA synthesis relative to 

WA degradation. In the present investigation the amount of WA 



13 

synthesis in the sub-cellular fractions of expanding cells was measured 

using 3li-uridine and the effect of 2-thiouraoil on this synthesis was 

also observed,sinoe this analogue is incorporated into IA. 

Previous reports concerning the incorporation of 2-thiouracil into 

JA have been repeated in this investigation using 2-4 mm. expanding 

segments. Two techniques were used for this study; firstly the 

incorporation of '4C-labelled 2-thiouracil into the RNA of different 

sub-cellular fractions using differential centrifugation and secondly 

the incorporation of the 14C-.abelled analogue into cells using 

autoradiography. By using these two techniques the accumulative 

incorporation of the analogue was noted, while the former method also 

yielded information concerning the removal of the labelled analogue 

from RNA when the segments were transferred from a labelled medium to 

an unlabelled medium. 

The experimental techniques used in this investigation have been 

standardised, although several minor modifications have been necessary 

in some experiments. 
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CHAPTER 2 

EXPERIMTAL METHODS 

2.A. Seed Planting Technique 

The experimental material used in this investigation was the 

primary root of Pisum sativum (var. Meteor). 

Pea seeds (Supplied, by Dabbles Ltd., Edinburgh), were soaked 

in methylated spirit for 30 seconds and washed three times in tap 

water. Seeds with. damaged tet.as  were removed and the remainder 

soaked in water for six hour.. ihe seeds which had imbibed water 

were sown in vermiculite-tap water (3:1 v/v) and germinated in 

thc iLrk at 23°  for 143 hours. Only primary radicles 2.5 - 

3.5 cm. long were used as experimental material. 

For respiratory measurements it was found necessary to 

germinate the seeds under sterile conditions, Pea seeds were 

sterilized by the method of Wilson (1915).  The dry vermiculite 

was mixed with water (3:1 v/v) and after placing in a pyrex pie 

dish was autoclaved at 15 lb./sq. in. for 30 minute. terilised 

pea seeds were sown in the autoolaved vermiculite at 20 irmd 

rerminated, in the dark, at 25°  for 48 hours. 

2.13. Section Cutting Technique 

Root segments, 2 nun, long, were out by the method of Brown 

and Broadbent (1951). One minor difference in the technique 

used in these experiments was that the cutter was designed to 

produce ten segments at a time instead of eight. It was found 

necessary to use a sharp razor blade to cut the segments, a 

slightly dulled blade producing segments with poorer expansion 

potential. 

This guillotine method was also used to produce apical 

_semcuts, 2, 4 and 10 mm. long. 
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2.C. The Culturing Technique 

The segments were placed in 5 ml. of culture medium in 50 

ml. 'Monax' conical flasks, and shaken on a rotary shaker at 

about 110 rev./min. for the required time. 

It was found difficult to control the external temperature, 

so that in later experiments segments were grown in 25 ml. 

conical flasks in a Warburg water bath at 25t0.10, with constant 

shaking. A maximum of 25 segments per flask was used. 

The basic medium consisted of a 2; sucrose solution. The 

addition of mineral nutrients, as in the Loaner and. Addicot 

/j rncaium produced no greater expansion growth in elongating 

segments than a 	sucrose solution without mineral salts. 

It was not neoessarr to buffer the culture medium since a 

sucrose solution, buffered. with 0.2M sodium phosphate buffer 

pH 6.0, produced the same axnouht of cell expansion as an 

unbuffered sucrose solution. 

The volume of the culture medium in the flasks was found to 

be critical. In 10 ml. of 2 sucrose solution segments often 

failed to elongate, and even when they did expand they only 

elongated by 1004 in 24 hours. In 5 ml. of culture medium they 

elongated by 160 in 24. hours. 

The basic medium of 4. sucrose was supplemented with purine 

or pyrimidine analogues, indole-3-acetio acid, aotinomycin D or 

chioramphenicol as required. 

2.D • Measurement of Increase in Sement length 

The segments were emptied from the flask on to a Petri dish 

and measured under a binocular microscope in conjunction with a 

micrometer ayepiece. Standardisation of the micrometer eyepiece 

against a calibrated scale was carried out in the normal way. 
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When segment lengths greater than 1.Q cm. were involved, it 

was found convenient to measure increases in length by placing 

the segments on a glass plate over graph paper marked in 1.0 m. 

squares* 

Measurement of Number of Ce.il a per Segment 

The number of cells per segment was determined by the method 

of Brown and Rickless (1949), as modified by 3rown and Broadbent 

0951). 

Five segments were left in 1.0 ml. of a 1u solution of 

chromium trioxide in water for 24 hours at room temperature. The 

tissues were then macerated by forcing the segments in and out of 

a glass pipette. 

After diluting to 5.0 ml. with water, the number of cells in 

a known volume of suspension was counted under the high power of 

a microscope using a Fuchs-Rosenthal bright line haemooytometer 

slide with a counting chamber of 0.2 mm. depth. 

The number of cells per segment was calculated from the 

average value of counts made on three samples of each suspension. 

2.F. Fresh Weights 

The segments, usually 25, were blotted dry on filter paper 

and weighed in a previously weighed specimen tube on a balance to 

tO.0001 8. 

2.C. Dry '.eights 

After the fresh weight had been determiri&, the ser7rents 

were heated at 900,  in their specimen tubes, to a constant weight, 

usually for not less than 8 hours. 
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2.1I. 	esidua1 Dry Veigh 

Fifty segments were boiled for 10 minutes in 8Qjj ethanol, 

filtered off, washed in water, dried for 6 hours at 90 0 and then 

weighed. it was, hewever, sufficient to heat for only 3 hours for 

a constant weight to be attained. 

2.1. Nitrogen Estimations 

The segments were analysed for total nitrogen, and for alcohol 

or 'trioh].oracetio acid (TcA) insoluble'nitrogen. For the latter 

estimations groups of 10 segments were either boiled in 8Q6 

etha'or 10 minutes and after pouring off the alcohol dried 

and treated with 0.3 mlo of digest acid, or homogenised in 5 ml. 

	

of 10° TCA at 20 - 	and centrifuged at 500k  for 10 minutes, the 

precipitate being treated mith 0.3 ml, of digest acid. The 

digest acid was prepared by heating I .0g. of selenium, 5g. mercuric 

sulphate and 30g. potassium sulphate in 600 ml, of concentrated, 

nitrogen free sulphuric acid, until the resultix solution had 

become pale straw in colour. The inclusion of selenium in the 

digest acid has been recommended by Fawcett (1954). 

Total nitrogen values were obtained by digesting groups of 

10 segments in 0.3 ml. of digest acid for at least 6 hours, or 

until the resulting solution was clear. After cooling the 

solution was diluted to 10 ml. with water. 

Nitrogen was then estimated as ammonia by a modification of 

the Nessler reaction (Nessler, 1856). The Nessler reagent was 

prepared by dissolving 5.36. of potassium iodide in 6.0 ml. of 

water and adding a saturated solution of mercuric chloride until 

a faint permanent red precipitate of mercuric iodide appeared. 

After adding 6.0 ml. of 1C1 - NaOH, the solution was centrifuged 

at 5001, for 10 minutes and the clear supernatant diluted to 50 ml. 
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with water. 

A 1.0 ml. aliquot of the digest solution was added to 1.0 ml. 

of Nesaler reagent and 2.0 ml. of 0.5N - NaOH and the optical 

density of the resulting solution read at iflO mi (P. A) on a 

Unioam SP 500 spectrophotometer, after allowing 5 minutes for 

the colour to develop fully. By this technique nitrogen 'values 

up to iO pg./m10 of aliquot could be estimated without the 

reaction mixture becoming turbid. Determinations were also made 

on standard solutions of IARI ammonium sulphate. 

'Trichioracetic acid soluble' nitrogen values were obtained 

by subtracting the 'TCA insoluble' nitrogen from the total nitrogen. 

Protein nitrogen was estimated as the nitrogen value obtained 

by subtracting nucleic acid nitrogen (estimated by multiplying 

the total nuoloic acid content per segment by 0.14) from the 'TCA 

insoluble' or 'alcohol insoluble nitrogen values (the latter two 

values being in close agreement in segments cultured in similar 

media for the same period of time). 

To convert protein nitrogen values to protein value a 

multiplication factor of 6.25 was used. 

2.J. Nucleic acids 

(i) Estimations of DNA and RNA 

Croups of 10 segments were homogenised in 5 ml. of 0.5N- 

perohloric acid (PcA) at 0-20, and centrifuged at 500&  for 15 

minutes. After discarding the supenatant, the precipitate was 

washed and centrifuged successively in 5.0 ml. volua's of O.- 

PCA (2), 75% ethanol (20), a mixtures of di-ethyl ether and 

ethanol (1 :lv/v) at 2 and finally di-ethyl ether at room 

temperature to produce an ether dried pellet. 

The nucleic acids were extracted by treating the ether dried 
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pellet with 4.0 nil, of I .ON-NaOH at room temperature for 1 hour, 

a technique based on that of Schmidt and Thannhauser (1945) and 

modified by Sunderland and MoLeish (1961). The alkaline solution 

was centrifuged at 500.& for 10 minutes, cooled to 20 - 40 and 

1.0 ml. of 6M-HC1 added to precipitate the DNA and protein. 

Centrifugation at 500,& was carried out after the solution had 

been left at 2 for 30 minutes so that the precipitate could 

settle out. The optical density of this solution, containing 

A nucleotides, was read at 260 mp using a blank of NaOH/IWI 

in the correct proportion as zero. 

nic' phosphate detcrnint:on on digested nucleotides 

onabl Ô.A £: value to be calculated (io,000) which was u3ed to 

convert . :Lol density readings to quantity of nucleic acid. 

The precipitate of !A and protein was heated at 700  with 

1.0 ml. of 0.5N—FCA for 23 minutes, and after cooling, the LA 

was estimated by the method of Disohe 0 955), as modified by 

Burton (1956). This was carried out by adding 2.0 ml. of 

dipheny].axnine reagent, prepared by dissolving 1.5 g.  of 

diphenylamine in a mixture of 1-5 ml. concentrated sulphuric 

acid, 0.5 ml. of Z acetaldehyde and 100 ml. of glacial acetic 

acid, to 1.0 ml. of the sample. The blue colour was allowed to 

develop overnight at 250.  Standards of known concentrations 

(0 - 35p8/xn1.) of thymus nucleic acid in 0. - PUP were used to 

calculate the amount of DNA in the samples. Initially the thymus 

nucleic acid itself had been standardised against a sample of DNA 

extracted from whole 4. day old pea seedlings by Dr. 3, K. Heyes. 

It was calculated that thymus nucleic acid contained 76.4 DNA. 

The difference between the optical densities at 593 mu and 

650 mi was the value used in calculating DNA concentrations. 
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The total nucleic acid content of the ether dried pellet was 

also estimated by heating the pellet with 0.3 ml. of 73y. PCA for 

2 hours in digestion tubes, diluting to 2.0 nil, with water and 

estimating the
I 
 inorganic

I 
 phosphate in 1.0 ml. aliquots by the 

method of Allen (1940). 

The aliquot was diluted to 3.75  nl. with water snd 0.5 in].. 

of 6 PCA, 0.5 ml. 'amidol' reagent aid 0.25 ml, of 8,3,: 

ammonium molybdate added. After allowing 20 minutes for the blue 

colour to develop fully, the optical density was measured at 

725 m. Standards of potassium dihydrogen orthophosphate containing 

0-20ig. inorganic phosphate/mi, were also used. 

The nucleic acid content, obtained from the estimation of 

tinorgaiiic'phospbate, was found to be in close agreement with the 

value obtained by adding the DNA. and RNA together. 

The general cellular RNA was divided into two fractions based 

on the method of Heyes (1959). An IA-1 fraction was obtained, by 

treating the ether dried pellet with 1.0 nJ.. of o.5N-.  PCA at 

2 - 0 for 18 hours. After centrifugation c 50 for 10 

minutes, the precipitate was treated with 2.0 mi,. of I .ON-NaOH 

for 1 hour at 25°,  and the DNA and protein precipitated by adding 

0.5 iii. of 6N-HCj at ° 	.fter this treatment the MA-2 

nucleotides remained Li solution. 

2.3. (ii) Base Compositions of the Nucleic acids. 

(A) DNA 

DNA was obtained from 50, 2-4 mm. root segments by the 

technique described previously. :f'ter precipitation with -HCl 

at 2, the precipitate was washed twice with .O ml. of 0.2-PCA 

and subsequently hydrolysed with ICV-PCA for 90 minutes at 100°. 

The hydrolysis was based on the method of Mar'shak and Vogel (1951). 
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The free bases were separated on .Thatman No • 3 chromatography 

paper 	a solvent system prepared by adding I ml. of 

15N-41-  01-1 	100 mlo  of n-butanol saturated with water 

(acNutt 1952), and running downwards for 18 hours. The bases 

were located in the dark under ultra violet light and ringed 

in pencil. Strips of the paper, each containing one base, 

were out out and the bases eluted by allowing 0.IN-HCj to run 

down the strips into graduated tubes. A strip of paper not 

containing a base was eluted in a similar way as a blank 

check. By measuring the opti3al density at the E max for each 

base aainst the blank, the quantity of free bases on the 

chromatography paper could be calculated. This technique is 

similar to that used by byes (1960). 

(B) RMA 

After extraction of the ether-dried pellet, obtained from 

50 segments, with ION-KOII, the DNA and proteins were precipitated 

with - PCA. The supernatant was concentrated by heating at 

1000 for 30 minutes and hydrolysing the resulting solution with 

0.3 ml. of 1-PCA as described above for the determination of 

the base composition of DNA. 

2.K. Respiration Measurements 

Groups of 20 segments were incubated in 3 ml. of culture 

medium in the outer well of a Warburg flask, with 0.2 ml. of 

2N-KOFI in the centre well in the normal manner. 

The incubation medium was always boiled before use,although 

sterile conditions were not used. ven after 2+ hours incubation 

only 5 of the ogen uptake was due to micro-organisms. 

The oxygen uptake of each group of 20 segments was recorded 



every 15 minutes, for hourly intervals, during the 12 hours of 

culturing. 

No substances were added from the side arms of the flasks. 

Additions were made directly to the outer well of the Tarburg 

flasks, and 15 minutes equilibration time was allowed before 

respiration measurements were continued. 

Respiratory Quotient (R.Q.) values were obtained by 

performing two parallel sets of experiments at the same time, 

One set of flasks contained 0.2 ml. of 2-KOH in the centre well, 

while the second set contained no KON. 

equation:- 

2 

u2  

where 

,co 	
= oxygen uptake per 20 segments 	, obtained from 

flasks with KOJI. 

1 02 	= flask constant for oxygen 

kco 	= flask constant for carbon dioxide 

Ii 	= change in height of Brodie' s fluid during the course 

of the experiment in the flask without KOH. 

'b Ratios 

This ratio was estimated by a modification of the technique 

used by Nielsen and Lehninger (1958), modified by 1.vron (1960)0 

(A) Preparation of Mitochondrial Suspension 

About 20g. of whole pea roots, taken from 2 day old pea 

0 seedlings, were homogenised at 2 in 20 ml. of a grinding medium 
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of composition, 0.4.10 sucrose and 0.IM phosphate buffer, pH 7.4 

(Bonner and. Millerd 1953). Bovine serum albumin, 0.31'L (w/v) was 

added to this medium as the work of Strickland (1961) suggests 

the iresence of an inhibitor of the oxidation of sucoinate in 

pea roots1  while bovine albumin can reverse this inhibition. 

The homogenate was centrifuged at 500&  at 20  for 10 minutes 

and the debris-free supernatant was centrifuged at 20,,000r, for 

15 minutes at 20.  After removal of the supernatant, the 

precipitate was re-suspended in 5.0 ml. of grinding medium and 

again centrifuged at 20,000 for 15 minutes at 2. The 

mitochondrial pellet was re-suspended in 5.0 ml. of grinding 

medium and stored at 0-2°  until required, usually within half 

and hour. 

(B) Prepration of Reaction Mixture 

This medium consisted of:- 

Sucrose 

Glucose 

Sum succina.te 

5YLlum fluoride 

1'e sium sulphate 

TP (di-sodium salt) 

32 (carrier free) 

U • 3M 

001111 

0.0114 

0.01 M 

I 

I 0 3M 

10 oounts/rnin./0.2 ml. medium. 

This reaction mixture, 2.0 ml. was pipetted into the outer 

well of a Warburg flask together with 0.7 ml. of mitochondrial 

suspension and 0.3 ml. of the enzyme hexokinase (activity 50,000 

units/mi.). The p11 of the resulting sl *.t. 	: 1::. 

After a 15 minute equilibration period, the oxygen uptake 

was measured at 10 minute intervals at 250.  The reaction was 

stopped after one hour by the addition 	. nil, of 2Q TCA. 
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After centrifugation at 50OZ for 10 minutes, 0.6 ml. 	tie 

supernatant was analysi 	32 ('organic' phosphate) 

(C) Assay of '0rgiic' 	hatc 

Acetone (1.2 mi.) was added to o.6 nl, of the supernatant, 

and the mixture shaken and then allowed to stand at room 

temperature for 10 minutes. After standing, 1.0 ml. of water 

saturated with a mixture of isobutanol and benzene (1:1 v/v) 

was added followed by 6.0 ml, of a mixture of isobutano] and 

benzene (1:1 v/v) saturated with water. Then the phases had 

separated, 0.3 ml* of molybdate reagent (1•(  of ammonium 

rnolybdate in 4.0 mi. of 1C-H2SO4.) was added to the side of the 

tube with gentle shaking. The tube was allowed to stand for 5 

minutes, then shaken for 30 seconds and finally allowed to 

stand for another 5 minutes, to allow the phases to separate, 

and the upper layer removed. 

To the aqueous layer 0.02 ml. of 0.02M sodium phosphate 

was added, followed by 3..i ml. of an equal mixture of iobutanol 

and benzene (1:1 V1"u, 	 lt 	tcr1  aij. 

for 30 seconds.  

with water and 0.2 ml. samples counted dry on aluminium planohets 

using a Geiger-Mailer tube and a ranax counter. 

2,11. £ 	nencie51stem5of excised segments during culture. 

(A) Invertase 

The technique used was based on the method of Robinson and 

Brown 0952, 1954 / . ?he segments were grown in the appropriate 

medium for the desired time, washed twice in water and frozen at 

about -180  until used, usually within 2 days. :hen required the 

segments were thawed out and washed twice in water before use. 

The incubation medium contained 20 sucrose in 0.1 N-sodium 
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phosphate buffer pH 6.2. Thawed segments, usually 10, were 

incubated, in 1.0 mle of the sucrose medium for 40 minutes at 

250. The amount of reducing sugars produced was estimated 

using the Hagedorn-Jensen technique, as described on page 27, 

but in this estimation only 5.0 ml. of alkaline ferricyanide 

solution was used and consequently only 5.0 ml. of the zinc 

sulphate-potassium iodide solution and 1.0 ml. of 15%  

acetic acid were added to the ferrioyanid.e solution. 

(B) Ribonuclease 

The technique used was based on the method of Robinson and 

Cartwright (1958). 

The segments were cultured, frozen, thawed and washed as 

described previously for invertase. Groups of 10 segments were 

incubated for 1 hour at 37 
0 in 1,0 ml. of a medium containing 

1,010 yeast nucleic acid in O.IM-sodium phosphate buffer pH6.0. 

The reaction was stopped by adding 1.0 ml. of 0,2 uranyl acetate 

in 2.5 TCA (K=its, 1940) and allowing the RNA precipitate to 

coagulate for 15 minutes before centrifuging at 500for 10 

minutes, The supernatant was diluted. to 20 ml, with water and 

the optical density recorded at 260 mi. 

A blank experiment of I .c, yeast nucleic acid without segments 

and one without the yeast nucleic acid were treated as described 

above and their optical densitie re3ordei at 6O mp. 

(c) Phosphatase 

Groups of 10 segments, which had already been cultured, 

frozen, thawed and washed twice in water, were added. to 1.0 ml. 

of 0.051-odium P-glyoerophosphate in 0 .O2'-Tris-maleato buffer, 

pH6.0, and incubated for 2 hours with constant shaking. The 

reaction was stopped by adding 0.8 ml. of perohloric acid and. 



the inorganic' phosphate liberated was estimated by the method of 

Allen (1940) as described previously. 

(D) Cytochrome Oxidape 

The activity of oytochrome oxidae was measured on groups of 

10 segments by the method of Fritz and Beevers (1955). 

In this method enzyme extracts were prepared by homogenising 

the tissue in 0.4 ml. of 0.1W phosphate buffer, pH7.7,  at 20 - 4. 

and centrifuging the homogenate at 500,L for 5 minutes. The 

resulting supernatant was used almost immediately, being maintained 

at about 2 in an ice bath until added to the cytoohrome solution 

in a ourvette. The latter solution was prepared by dissolving 

the cytochrome C in 0.03W  phosphate buffer, p117.7, to give a 

concentration of 0.66 51g./ui. Teduotion of this cytocbrome 

solution was accomplished by adding sufficient solid sodium 

1yposulphite to give a concentration of 0.004M and excess 

Iyposulphite was oxidised by passing a fine stream of air through 

the solution for about 3 minutes. Reduced oy'toohrome C solutions 

were prepared just before use. 

To determine th cytocbrome oxidase activity .1 !L. of the 

enzyme extract was added to 3.0 ml. of oyoohromc J.iution in 

a 1 cme curvette and the rate of oxidation of the cytoohrome C 

was determined by recording the change in optical density at 

550 mp on a Unicam SP 500 spectrophotometer during the first 2 

minutes of the reaction. The rate of change of the optical 

density per root per 2 minutes was used as an expression of the 

enzyme activity. 
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2., chanes in th r uoinsu xerntentof sgmcnts during culture 

The segments, usually 10, were boiled in 5.0 ml. of absolute 

alcohol for V,minutes, and the segments removed by decanting off 

the liqui.u. The alcohol was evaporated to 2.0 ml. by means of a 

hot plate, and finally completely evaporated under reduced 

pressure in a vacuum ciessicator. The reducing sugars were then 

estimated by the method ct H edorn erisezi (1 92,. fter 

dissolving the solid in 2.0 ml. of water, the ro.Luciri sugars 

were heated at 1000  for 15 minutes with 15 ml. of alkaline 

potassium ferrioyanide solution containing •.iM sodium carbonate 

and 0.005M ferricyanicic. The solution was cooled and 15 nil,, of 

a solution of 2.5,'Q'potassium iodide (w/v) and 3; zinc sulphate 

(w/v) added followed by 15 acetic acid. The iodine liberated 

was titrated against 0.005M-sodium thiosuiphate solution using 

starch as an indicator near the end point. (1.0 ml. of 0.005M-sodium 

thiosuiphate is equivalent to 0.193 mg. reducing sugar.) 

2.0 • Changes in. the 	 content of segments during 

culture. 

The 'imorganic'phosphate was measured by the method of Allen 

(1940)o After homogenising 10 segments in 5.0 ml* of water, 

0.8 nil, of 6Q PCA were added and the homogenate centrifuged at 

500& for 10 minutes. The clear supernatant was treated with 

3.0 ml. of water, 0.8 ml. of 'amidol' reagent (i.o% 2:4-diamino 

phenol hyLrochloride in 1CY sodium metabisuiphite) and 0.4 ml. of 

8. 3 ammonium molybdate solution. 

After allowing 10 minutes for the colour to develop fully, 

the optics], density was recorded at 725 T. 



2.1,'. changes in the soluble nucleotide content of seinents du.ri 

culture 

The soluble nucleotides were estimated by homogenising groups 

of 20 segments in 6.0 ml, of a solution containing 0.5% TCA and 

0.05, uranyl acetate. After centrifugation at 50C~j for 10 

minutes, the supernatant was diluted to 20 mle and the optical 

: recorded at 261.i 

itc efct cf - iou.r. cii. ui eL L. cLierci.ta'. 

The 2-4 mm. sub-apical root segments were cultured either 

in a 	sucrose medium or in a Z'° sucrose medium containing 

2 x 1OM 2-thiouracil. 

After culturing, the segments were washed twice in water and 

fixed in Navashin's fixative for 18 hours followed by 3 washings 

in water to remove the fixative. The segments were taken through 

increasing concentrations of alcohol to xylol in the normal way, 

and finally embedded in wax (MI' 560). 

Sections were out 8ji thick, u---:Lnf, a rotary microtome, and 

the sections adhered to glass glides with egg albumin for 24 hours 

before further use. After dewaxing in xylol for 2 hours, the 

seotionn were taken through decreasing concentrations of alcohol 

to water. 

Delafield' s haematoxylin was the most successful stain used. 

The sections were stained for 4. minutes, washed in tap water for 

30 seconds to remove excess stain, and 'blued' for 1 minute in 

tap water, which had been made alkaline by the addition of one 

drop of ammonium hydroxide (specific gravity 0.880) to 500 ml. 

of water. The stained sections were dehydrated using increasing 

concentrations of alcohol in the normal way, and after bringing 

them to 100% xylol, they were mounted in Canada Balsam dissolved 
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in xylol. 

Photographs of the sections were taken on 35 mm, film using 

a Zeiss photomiorosoope. 

2.R. Estimations of the Nitrogen Contents of Sub-cellular fractions 

Groups of 20 aegnenta were homogenised in 3.0 ml. of a grinding 

medium containing 0.5)1 sucrose, 4mM K!2  PO 42 
 2.5 mM Tris and. 

0.01mM magnesium sulphate pH 7.0 (Loening, 1961) and centrifuged 

at 500.& for 10 minutes. The pellet, fraction 1, was retained, 

while the supernatant was centrifuged at 20,00O.& for 15 minutes 

to yield a mitoohonth'ial fraction, fraction 2. By centrifuging 

the supernatant at 30,000.& for 30 minutes a third fraction 

(fraction X, Loening 1961) was obtained. Finally the 

supernatant was centrifuged at 140,000k for 90 minutes to 

yield a miorosoinal pellet, fraction 4, and a supernatant 

fraction 5.  ith the exception of fraction 5, each fraction 

was resuspended in 2.0 ml. of fresh grinding medium and 

centrifuged at the appropriate speed to yield a cleaner 

fraction. The entire operation was carried out at a temperature 

of about 2 0 
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5 fr.ctions wcrc obtained:- 

FJACT.ON NO. iRIiTi0N OF 	FLkCTiON 

ozude fraction ci nuclei, 

teJ. 	ceLi. 	wzis, 

LcLL.i 	.,LL.LS. 

fatri; Iiorio'eneous 

ñ1cti)n of tritochondy'ia 

and other vesicular material. 

ojoa Consisted of v.;t; 

rnitochonth'i 	. 

microsomes. 

fairly prc  

c ,o ;os 

protein and nucleic acids, 

aO.L.5, 	sULazs, 	bLL..tS, 

To each fraction 0.3 ml. of digest acid was added and the 

sautple i.••Ji Ir 	 it 	 uril a clear solution was 

obts.iiJ. 

It was foune necessary to add 	ai.. 01 iest acid to 

fraction I because of the large amoun! of polysaccharide material 

In this fraction. Fraction 5 required 0.5 ml. of digest acid. 

The resulting clear solution was diluted to 10 ni. with 



water and 1.0 ml. aliquots analysed for ammonium sulphate as 

described previously. 

(13) 13stjraat!:11  of'Insoluble' Nitrogen 

Each fraction was resuspended in 1.0 ml. of water and 

1.0 ml. of 15/'o aetaphosphoric acid (w/v) added at 2. After 

centrifugation at 500k for 10 minutes, the precipitate was 

digested and analysed for auuonium sulphate as described above. 

2.:;. stiiationsQf Nuj 	cAcidain the Sub-Cellular .?raotions 

The segments were cooled to about 2 and homogenised in 

3.0 mle of grinding medium, ph 7.0. Five sub-cellular fractions 

were obtained as described above. Each fraction was brought to 

the ether-dried pellet stage, 1.0 ml. of 0.-KQH added and the 

mixture left for 18 hours at 25°.  The DNA and protein were 

precipitated with 1.0 ml. of I .ON-PCA and centrifuged at 500 

for 10 minutes. The optical density of the soluble 1A 

nucleotides was recorded at 260 np on a Unicam S.P500 Spectrophotometer. 

The DNA was estimated by heating the precipitate with 

0.-PCA for 25 minutes at 700. After centrifuging at 5OC!F, for 

10 uv'tes, the optical density of the solution was noted at 

260 	d the DNA content calculated by as guming an E p of 

1. . Incorporation of 21.C2_1'hiouraci1  into the sub-apical 2-4

ii1limetre excised root spent durin oulture 

The segments were cultured in 5.0 ml. of a medir' of 2 

sucrose,  

Usually 	 , 9 and 

12 hours, removing 3 flasks, equivalent to 60 segments, at the 

appropriate time. 

After 6 hours of incubation some of the segments were 



transferred to a medium containing sucrose and. non-radioactive 

2-thiouracil for 3 or 6 hours, while other segments were 

transferred to . medium r-ortainine only sucrose. for similar 

periods of time. 

After washing in distilled water, the 60 senn 

homogenised in 3.0 ml. of grinding medium and sub jied- to 

differential centrifugation to yield five sub-oel1Lc frotious 

as described previously. 

Each fraction was treated with 1 .0 ;al, of 0.511- . at 20, 

and recentrifuged at 500L for 15 minutes. The precipitates were 

then brought to the ether dried pellet stage as described earlier 

under nuoleio acids. To each ether-dried pellet, 0.4 ml. of 

0.3N-KOH was added, and after mixing allowed to stand at 25°  

for 18 hours before cooling to about 2 and adding 0.4 ml. of 
I .ON-PCA. This method was based on the technique of Nieman and 

Poulsen (1963), who extracted the nucleic acids from the 

ether-dried pellet of leaves by treating the pellet with 

0.3N-NaOH for 18 hours at 300.  After centrifuging at 500E  for 

10 minutes, the optical density of the solution of 1TA 

nucleotides was recorded at 260 m.i. 

The precipitate was heated v ith 1.0 ml. of 0.5N-PCA for 25 

minutes at 70 0 to extract the DNA, cooled to room temperature and 

1.0 ml, of diphenylamine reagent added to 0.5 rn]. of the sclution. 

For radioactive determinations, 0.2 mlo of the 1A and DNA 

solutions were counted dry at infinite thinness on an aluminium 

planohet using a Geiger-MIller tube and a Panax 657 counter. 

= 	cu.;L v'Ere 	.r  

In fraction 1, the precipitate remaining after the extraction 
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of the nucleic acids was diluted with 1.0 ml. of water and 0.2 ml. 

of the resulting suspension removed for counting dry as described 

abou .. 	.s fraction contained the cell wall material and some 

pro tL. 

After the 14C-labelled. 2-.thiouracil had been used in an 

experiment it was found necessary to purify it before use in 

subsequent experiments. 

2.U. 	Purification was carried out using a Dowex i-x8 mesh, anion 

exchange rein column, using a method based on the procedure of 

Cohn (1949). 

2-.Tbiouradil is anionic due to the -OH group in the C-.6 

position: 

The  .jowex I (chloride anion) x 8 200-400 mesh, resin was 

soaked in water for 20 minutes and the water was then replaced by 

I .ON-NaOH for 1 hour. The resin was washed in water until the 

resulting solution was no longer alkaline to pH paper, and no 

longer contained chloride ions (silver nitrate teat). 

After a thorough washing with water, the resin was soaked in 

I .ON-formio acid for 1 hour and again thoroughly washed in distilled 

water to remove all traces of formic acid. 

The column was made by packing the resin in a glass tube, 

1.0 cm. in diameter, to give a resin bed of 11.0 cm. lengti. 

Before being used to purify the 2-thiouracil solution, 50 ml. of 



34 

water was passed through the column. 

The used. radioactive 2-thiouracil solution was evaporated 

down to 15 ml. then added to 100 ml, of a buffer containing 

0.02M-NH4OH and HC0(1H4, pH 11.0, and the volume adjusted to 

200 ml. with water. This solution was run through the resin 

column, the 2-thiouracil remaining on the column. The effluent 

was not radioactive. 

A similar buffer, but of p11 9.3, was run through the column 

to remove adenine from the resin. 2-Thiouracil was then eluted 

by using a 0.0IM NH4  OH and. HCOCH4  buffer,pH 7.5, -ad most of the 

2-thiouracil was eluted in the first 70 ml. of suffer solution run 

through the column (Pig.B). 

Finally the solution containing the 2-thiouracil was evaporated, 

using gentle heating, to 10 ml, and then to dryness in a vacuum 

dessicator overnight to obtain a solid, free from ammonium 

formate which decomposes on heating, which ;as dissolved in the 

appropriate volume of 2% sucrose for further use. 

2.V. N method to study the I ri'ation of2T'bjourapj1 intc the oU 

og excised seits usin ai 'a iograhy 

The 2-4 mm. sub-apical segments were cultured in 5 ml. of a 

medium containing g sucrozc icr" 1  -2--thiounci1 ii 
21 C_2_thiouraoil of activit  

After culturing for 3, 60  9 o' 12 hours, the segments were 

fixed in acetic acid - alcohol fixative (1 23 v/v) for 30 minutes, 

,. 0 given four washings in 700 alcohol at o , with 30 minutes between 

each wash, and left overnight in 700 ethanol at 2'. 

Subsequently the segments were transferred to xylol In the 
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Fraction Number (lOml./fractjcm). 

Figure 

Histogram showing the elution of 2- 14  C-2-thiouracj1 

from a Dowex Al anion exchange resin column. 
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following manner:- 

7CP alcohol for 30 minutes 

	

75 	" 	" 30 

" 90 " 

	

85% H 	ft  30 

	

904 " 	" 60 " 

	

95;; H 	" 90 

97. 	' 30 

	

100 	" 	" 60 " 

The segments were then left overnight in absolute alcohol 

followed by three changes of absolute alcohol, each for 1 hour. 

The xylol concentration was gradually increased to 7 over a 

period of 12 hours, and the segments left in I M§ xy].ol overnight 

at room temperature. Three changes of Viol were made over the 

next four hours and paraffin wax (),% 560)  was introduced over a 

6 hour period, at room temperature, to give a saturated solution 

of wax In Viol. The saturated solution was placed on a warm oven 

overnight and the segments then given three changes of pure molten 

wax at 600,  each change lasting 3 hours, lifter the third change 

the segments were embedded in paraffin wax blocks. 

Wax sections, 8 p. thick, were out with a rotary inicrotome, 

and adhered to g].ass slides, which had been dipped in a mixture 

of 0.5% gelatin and 0.05% chrome alum and allowed to drain, at 

room temperature for 18 hours. 

Al]. the sections were then do-waxed in xylol and brought into 

acqueous solution through decreasing alcohol concentrations in 

the normal manner. 

Two complete sets of sections were out, for each culture time 

in the radioactive 2-TU. One set of sections was treated with 



ribonuclease (i mg./10 nil.,, ji 5.6, for 2 hours and then placed in 

water, while the other set w given no ribonuclease treatment. 

Kodak Fine-grain autoradiographic stripping film, ARI 0, was 

then applied to the slides, and after drying for 30 minutes in 

front of a fan, the slides 0 
 were stored at about 2 for two months 

in a light proof box which contained silica gel as a dessicating 

agent. 

fter  

fixed in eo acetic acf.J. 

Preparation of stain for autcradiorap1ky r 

The stain of choice was a double stain of methyl green and 

pyronin (Casselman, 1959). This was prepared by dissolving 0.44g. 

of methyl green in 200 ml. of a solution containi 	• 

anhydrous sodium acetate and 0.44 r1. concentrated 	• he 

solution was washed with 50 ml. portions of chiorofort., until the 

chloroform layer remained clear on separation of the phase ;. 

Pyronin, 0.5g., was added and the solution filtered before 

use. 

Staining prooedure 

The section. were stained in the methyl green-pyronin stain 

for 1 hour, washed in methylated spirit for 10 seconds and in two 

changes of absolute alcohol, each for 10 seconds. The sections 

were then transferred to an equal mixture of ethanol and xylo]. 

for 20 seconds before giving 3 changes of 100 xylol, each for 

2 minutes. After the sections were mounted in Canada Balsam in 

xylol and left for two weeks at 180, the silver grains were 

counted under a microscope using oil-immersio. 
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2.7. The incorporation of 3H-Uridine into 2-4 millimetre excised 

1 oneuts after previous cu1thrinin medium of 2-Thiouril. 

The seb-iurtu were cultured for c, 3, 6, 9 and 12 hours in a 
medium of 4 sucrose oontainin 2 x 10-3  2-thiouracil. after 

the appropriate time, groups of 60 segments were transferred to 

2.0 ml, of a medium of 4 sucrose containing 	1uC 	tritiated 
uridinc, for 1 hour. At the end of this time, the segments were 

removed from the radioactive material and washed twice in cold 

water before homogenising in the grinding medium of Loeiing 

ci joj ) C1t:ilüT £sfl—fadioacUVe urii 	as ca.ria. Tin 

I1os1c);enatc 	[:JcC.1ç;d. o i'1nrn 	 ubat.on obtain 

5 fractions as described previously. 

Each fraction was brought to the ether-dried pellet stage, 

and the nucleic acids extracted by treating each fraction with 

1.0 !nl. o± 0.-i(OH for 18 hours at 250. 	;NA and proteins 

were precipitated by adding U.,5 ml. of 	- aloric acid at 2°, 

and centrifuging at 500L  for 10 minutes. 	centrifugation, 

the optical density of the supernatan, containing the IA 

a Unicam 3-P  500 

The radioactivity of each sample was measured using a 

scintillation technique. A portion of each sample, 0.2 ml. was 

pipetted on to an 'Oxoid' e].ectrophoretic strip, out to i.Q sq. cmn. 

dried at room temperature, and after immersing in 10 at. of 

scintillation liquid, counted for 600 seconds -sing a scintillation 

counter. 	 - 
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2.X. Uptake of 14C-Leuoine into thesub-apical, 2-4 millimetre excised 

root segment during culture 

The radioactive leucine, supplied by the tJ.K.A .E .I&., 

contained an equal mixture of D and L isomers. 

Two media were used for culturing:-  

(i) A ban' 	 . sucro;c containing DL 14C-leuoino 

of ac 	.. C/rt,J. 

G3i 	 -touracil. 

ated for the desired time, 0, I s  

3 or 6 hours, before washing them twice in water and homogenising 

in 3.0 ni. of a grinding medium 	.-sucrose, 2.5mM-Tris, 

0.01niJ-MgSO4  and 5mM 12C-lcuoine, pH 7.0. The 

homogenate was subjected to differential centrifugation to produce 

5 fractions as described previously. 

To each fraction was added 2,0 ml. of 5, TCA (w/v) at 0-20 
 

The suspension was poured on to an 'Oxoid' membrane 2 cm. in 

diameter, cut from Oxo±d electrophoretic strips, placed on to a 

small porcelain funnel. The precipitate was treated successively 

with 5 ml. portions of 5,o TCA at 70, odd. 5, TCA, 70/o ethanol, 

absolute alcohol, alcohol-ether (1:1 v/v) and finally di-etbyl 

ether. 

After drying, the 'oxoid discs were counted dry on a Pnnax 

counter, usini a Geiger-Mfl].ler tube for 400 seconds, with a dead 

'lied E.H.T. of 500V. 
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SUITS 

For the sake of clarity many results presented in the following 

section are in the farm of percentage changes, and tables containing the 

basic measurements are to be found in the Appendix. Unless otherwise 

stated the data presanted for each experiment are the mean values of at 

least three experiments. 

In the primary radicle of two day old pea seedlings the region of 

maximum extension growth lies approximately 1-4 nm. behind the root tip 

(Fig. i). Jxciaed segments, 2 mm. in length, taken from the sub-apical 

2 i. of the root have been used in this investigation. These segments 

consist of cells which have completed cell division and are in various 

phases of extension growth; the cells which are 2 mm. from the root 

tip are just entering their elongation phase, while the older cells, 

14. mm. from the tip, have almost stopped elongatlnt;. 

It has been reported by Woodstock and Brawn (1963) that 2-thiouracil 

(2-TU) increases the rate of extension growth both in the intact root 

and in excised segments of nsum sativum. 1?igure I shows that 2-TU 

stimulates extension growth in actively elongating cells and to a 

much lesser extent in cells which are coming to the end of their 

elongation phase in the region 5-7 mm. behind the root tip. 

Woodstock and. Brown (1963) found that 2-.TU produced the maximum 

stimulation at a concentration of about 2 x IOM and in the course 

f the present study it was also shown that the maximum stimulation 

produced by 2-TU in excised 2-4 mm. segments during culture was at a 

concentration of about 2 x 10 3M in the presence of 2% sucrose (Fig. 2). 

No stimulation was observed at concentrations of less than 5 x lb-5M. 

Figure 3 shows the amount of stimulation produced at 2 x 10-3M 2-TU, 

in the presence of sucrose, when compared with segments cultured in a 
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Figure 1. 

The increase in length of 2m. segments, excised from the 
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Fi gure 2. 

The growth cf 2 - 4m% segments in the presence of 

different concentrations of 2-thi.o .ra cii. 
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medium containing only sucrose. In the absence of sucrose, segments 

cultured in 2-TU elongated, only to the same extent as segments cultured 

in water. The effect of 2-PU on extension growth was rapid and the 

stimulation of the analogue was observed after only 30 minutes of 

culturing by using a binocular microscope in conjunction with a 

micrometer eyepiece and taking measurements at 10 minute intervals 

(Fig. 

It is a feature of 2-TU stimulation of extension growth that only 

the growth rate is affected, the analogue having virtually no effect 

on the duration of extension growth (Figs. 3 and 5), although oodstock 

and Brown (1963) reperted that this analogue affects the duration of 

growth as well as the growth rate. In the present investigation the 

maximum stimulation was observed after 10 hours of culturing, at a 

period during which the growth rate of the segments is at a !laxtulum. 

Figure 5 also shows that after 20 hours of culturing the analogue 

probably produces a alight inhibition of the growth rate when compared 

with the aicrose control. 

By counting the number of cells in excised segments, taken from 

the same region of different roots, at the beginning and end of the 

experiment, by the method described previously (page 16 ), it was 

possible to show that by using the culture conditions, described in 

the experimental methods chapter, there was no cell division in the 

2-4 mme excised segment (Table i), or in any 2 mm. excised segment 

taken from the apical 8 mm. of the root (Table 2). The elongation of 

the segments during culture was, therefore, due only to the increase 

in the length of the cells* 

The value of much data obtained in this investigation depends 

ultimately on the nature of the culture medium used. Such a medium 

must support extension growth, but at the same time allow substances 
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TABLE 1:- Changes in the number of cells in 2-4 mm. 	after  

culturing in different media for 18 hours. 

!EDIUM NUMBER OF CELLS PER SET 

Fresh Tissue. 107,900 t 4000 

Water. 1014. ,400 ± 39500 

2% Sucrose. 103,800 t 3,700 

2 Suorose+10 3M 2-Thiouracil. 104,500 t  4,000 

2 Sucroae+10.5M Uracil. 106,000 ± 4,100 

23 Suorose+10 314 5-Nitrouraoil. 108,100 t 4,300 

22.,  Suorose+10M 5-Bromouracil. 107,000 ± 39900 

2% Sucr03e+103M 8-Azag'uanine 1089000 t  3,800 

2, .3ucrose+10 3M 2-Thiothymine. 107,700 ± 49 100 

TABLE 2:- C.ha.nges in the number of calla in 2 mm. senents, exoiaed 

froz the apical 8 mm. of the root, afterculturnJ 

hours in sucrose, in the presence and absence of 

2-thiouraci].. 

SEGMENT FRESH TISSUE SUCROSE 
__________________ 

2% StJCROSE+1 0- 
2-THIOURAC IL 

0-2 mm. 152,500 6,200 160,000 ± 6,300 157,4.00 ± 6,200 

1-3 mm. i86,000 ± 7000 190,000 ± 7,100 185,000 1 7,300 

2-4 mm. 110,000 1 4,300 107,500 t 4,100 105,000 t 4,000 

3-5 mm. 64,800 1 3,000 66,700 ± 2,900 659500 1 3,000 
4-6 mm. 4.0,500 ± 2,300 4.1 3,000 ± 2,100 39,700 t 2,300 

5-7 mm. 28,000 t 1,4.00 27,800 ± 1,300 28,100 ± 1,200 

6-8 mm. 22,000 ± 1,100 22,100 t 1,200 21,800 - 19100 

The standard deviations shown in Tables I and. 2 are 

calculated from the results of four replicates* 
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which stimulate growth to be detected easily. All media used for 

culturing segments in this investigation were unbuffered because it 

was found that segments cultured in 0.1 M sodium phosphate buffer, 

pH 6.0, elongated at the same rate,and to the sane final lengtn, 

as segments grown in unbuffered media. 2otasaiuni phosphate buffer 

was not used since it is known that rotaium ions stimulate cell 

expansion in excised root tissue (Brown and Sutcliffe, 1950), and 

this stimulation may tend to mask the stimulation produced by 2-TU 

or any other analogue. Measurements of the pH of unbuffered culture 

media revealed that during the first 18 hours of culturing, when the 

maximum growth rates of segments were observed, there was only a slight 

change in the pH (Fig. ). or these reasons a simple culture medium 

of 2o sucrose was used 	various analogues and other substances 

added to this medium. 

2-. 	 the 	 - .y 1. 

fructose and giucse being less effective than sucrose, although 

fructose is more effective than glucose. A mixture of all three 

sugars (0.67 of each sugar in the mediurn) -.,-as found to be less 

effective than 2 sucrose alone (Fig. ; . Lure 8 shows that in the 

absence of the analogue sucrose was still iore effective in promoting 

extension growth than fructose, while fructose was more effective than 

glucose. cgments cultured in a medium of glucose and 2-TtT only 

elongat . slightly more than segments cultured in a medium of sucrose 

without the analogu . 

Table 3 shows tio 	f 	 •1i.ic 

arialoies on the extension growth of 2-4 rm. excised segments. Only 

8-azaguaniine, 8-AG, stimulated cell expansion to a greater extent than 

the basic 2 sucrose niediuzn. The stimulation produced by 8r-AG became 
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Table 3:- Showing the effects of purine and pyrimidine analogues, in 

the presence of sucrose, on the extension Mqwthof exoi5e, 

2-4 mm. segmts. 

ic 3: :2 
2-TJ 5-BU 5-rU 2-PfliO- UAC1L 

39.2 2,1 0.9 29.6 29. 

( 56.3 74..7 51.1 3.2 2. 5.i 

110.9 79.9 611.6 

93.6 14.3.2 102.1 1W ..) • 

''. 139.7 15 • ,' . 

.- 

.3 ').j.1 176. 15S.9 1rL.., S - 

171 .7 86.8 16/,) 111.) j).; 

'1 254.5 191..2 I /6., fU.j  
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app arent after a relatively long period, of culturing, about 18 hours, 

an .b ervatlon which agrees with that of Heycs (1959, 1963). Unlike 

2-TU, which stimulated extension growth by about 8C$ above the 

sucrose control, 5-ItO stimulated growth by only 14;'j'after 30 hour. 

The analogues 5-bromouraoil, 5-nitrouraoil, thiothymine and the 

pyrimidine base uracil, in the presence of sucrose., produced the same 

amount of extension growth as the sucrose medium itself. In the 

absence of sucrose every analogue used produced the same amount of 

extension growth as in segments cultured in water (Fig. 9). 

During the initial investigation it was observed that occasionally 

the excised 2-4 mm. segments failed to elongate in 10 '. of the basic 

eloneatedin5ml.oft1- srnedj:m. .Hing 

5-nitrouracil, in t.L 	r:ence o 

the volume of culture medium was found to be critical in relation to 

the growth rate of the segments 	. 	5 ml. ef culture medium 

the segments increased in length by 200, after 18 hours, but tn 8.0 ml, 

of the medium their lengths increased by only 96, after the same period 

of time. On the other hand the volume of 	medium for 2-TU 

stimui 	 t 	 se I:t$ cultured in IC) ml. 

analogues do not stimulate extension growth they may depress the 2-PU 

stimulation by competing with the analogue for an active site responsible 

directly, or indirectly, for growth. Various combinations of these 

analo,us v.cre,thereforeue•d with 2-'TU (Fig. ii), and it was found that 

no analogue bad an izthiiLtorr effect on the stimulation of extension 

growth produced by 2-Ta • 	t the pyrimidine base, uracil, reduced the 

stimulation produced by 2-TEl, the greater the concentration of uracl, 
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relative to 2-TJ, the greater the reduction of the 2-TU stimulation 

(Fig. 12). 

.Lxtension growth, even in the presence of 2-TU, depends on the 

presence of sucrose in the medium, indicating that the cells must be 

actively metabolising before they can expand to any large ext. By 

using substances known to affect specific aspects of metabolism it 

is possible to localise, to some extent, the site of action of other 

substances stimulating growth. Two such substances known to affect 

specific aspects of metabolism are chlorampheniool and. actiriomycin D. 

Chioramphenicol, a powerful inhibitor of protein synthesis in 

higher plans, (Jacoby and Sutcliffe, 1962), almost stopped cell 

elongation at high concentrations (2g./litre i.e. about 6 mM), even in 

the presence of 2TU  (Fig. 13).  At a lower concentration (0.2g./litre), 

the antibiotic had no effect either on cell expansion in the presence 

of sucrose, or the 2-PG iti 1'tion of 	 - c -t', Lut 

0.7g./litre of chioramphenicol auxarec. .o inLfht 2-'' st:iu1tion 

while having no effect on the elongation due to sucrose. 

The chemical structure of purina and pyrimid.ine analogues, and 

the observations of the incorporation of these analogues into the 

nucleic acids points to one possible mode of action on growth as 

being mediated through the nucleic acids. By using actinomycin D. 

which inhibits var 1;: .:: cts of nucleic acid synthesis depending on 

its concentration 	101, it is possible to obtain some information 

on the mann, 	measuring the 

increase ifl 	 V(U1'jOu8 

concentrations of actinomycin D in the presence and absence of 2- 

In a medium containing only 	sucrose, 3.75 i/m1. of AM]) sligia 

inhibited cell expansion, but at a concentration of C.75 1ig./rnl. cell 

expansion was slightly stimulated (Pig. 14.). At lower concentrations 
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AM appeared to have no effect on extension growth. It is interesting 

to note that in the presence of 10'3M 2-TI!, 3.75 jig./nil. of 4JD did 
little more than completely abolish the 2-TU stimulation of elongation 

(Fig. 15). At a concentration of 0.75ig./m1.  MAD did not enhance the 

2-TO stimulation of cell elongation, neither did it have any effect on 

the 2-TI! etimulation when used at lower concentrations. 

Although not as specific in its action on metabolism as 

ohloraiaphenicol anti aotinoniyoin D, indole-3-aoetio acid, IAA, doss 

affect extension growth in roots (Review by Aberg, 1957), probably by 

being intimately concerned with nucleic acid metabolism (Skoog 1950, 1953), 

particularly the ])NA/RNA balance. At low concentrations this substance 

stimulated growth1but at higher concentrations growth was inhibited. It 

is, therefore, of interest to know whether 2-'TU is able to stimulate 

growth when used in culture media containing IAA at concentrations which 

inhibit growth. Figure 16 shows that in the presence of sucrose, IAA, 

at concentrations less than 5 x 10M, stimulated cell expansion vthen 

compared with the sucrose control, the maximum stimulation,about 25, 

being observed at an IAA concentration of 5 x 10 1M. This stimulation, 

however, was only about a quarter of the stimulation produced by an 

optimal concentration of 2-TO. IAA at all concentrations greater than 

10 -11  M reduced the stimulation due to 2-IJ, the reduction of the 

stimulation becoming more apparent as the mount of IAA in the 

10M 2-TI! medium increased. 'ihen used in quantities less than 

5x10 13?!, MA had no effect on the 2-TI! stimulation, neither enhancing 

it nor reducing it. 

It was also found that 2-TU stimulation of extension growth may be 

inhibited at any stage during the elongation phase by transferring 

segments from the 2-TO medium to a 2-TI! medium containing 	IAA. 

This is shown in Figure 17. The segments were transferred to the 
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PLAT A. 

-. 	- .' UF- 	 I 

The effect of culri&tfferent regions 

of the root tip in various media for 18 hours 

SI • 0 - 2 mm. segments 

2 - 4 mm. segments 

4 - 6 mm. segments 

SZ. 	6 - 8 mm. segments 

Culture media 

A 2% Sucrose. 

 2% Sucrose + 10 	IAA + 10M 2-TU 

 2% Sucrose + I0 0M IA1. + 10 -3M 2-TU 

B. 2% 3uorose + 10 3M 2-TU 

 water. 

 io"ii 2-rU 

2-TU, a 2-Thiouracil, 

IM, 	= Ind.ale-3-acetic acid.. 

I'- 



PLATE B. 

in 1 	LJL.0 JtCU.u,. 

2 - 4. mm. region of an intact root cultured in wttcr. 
2 	Sucrose + 10M 2-TU. 

 ,uorose. 
 :7ter 
 Sucrose + 0.2g.,/litre C}AP. 

Sucrose +2.0g./litre (IMP. 
C. 2/ Sucrose + 2-T&J + 002g./litre Cii. 

 Sucrose + 10 3M 2-TU 4 2.0g./litre CM?. 
 Sucrse + 10 3M 2-PU # 10:r1OL 	IAA. 
 2 	Sucrose 10 	M 2-PU + 10 	M IAA. 

2-PU, = 2-Thiouracil 
CUP, = Ch1oramphiicol 
IAA, 	= Indole-3-Acotio A--i. 
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medium containing IAA after i, 9 and 18 hours of culturing in 2-PU. 

In each case elongation stopped within 5 hours of transfer to the IM 

medium. Transferring segments from a 2-PU medium to a 2-PU medium 

containing 5x1 0-13 M IAA produced the same amount of stimulation as in 

segments cultured continuously in 2-TL. be results obtained using 

IAL do not, however, enable the site of action of 2-PU to be 

elucidated, particularly as the mode of action of IAA itself is far 

from settled. But the observations do show that 2-G stimulation is 

dependent on metabolism and can be modified by using other substances 

whion affect growth. 

In view of the observations that factors affecting metabolism siso 

affect the 2-PU stimulation of extension growth, experiments designed to 

alter the rate of metabolism ,by using four different temperature regimes, 

were carried out (Figs. 18, 19 and 

o 	o 
Attemperaturesfrom1

-
_ to 37, 

0 
expansion than In the sucrose controls. 	15 there was a lag phase 

before the maximum rate of elongatioa a., 3 attained, but immediately 

after the lag phase the 2-TU stimulation was observed. Figure 20 shows 

that the 2-PU stimulation is related to the rate of extension growth. 

The optimal temperature for extensiofl growth in pea roots is between 

25
0  and ) , - d at these temperatures 2-PU produced its maximum 

stiinulati:' o cell elongation. t the lowest temperature used, 4, 

there was hardly any coll. expansion and no stimulation was observed 

in the presence of 2- • 	. stimulation due to 2-PU is, therefore, 

temperature dependant anu mediated through cellular metabolism. 

The question now arises as to whether 2-tJ is bie tcs tLulate 

extension growth to the same extent throughout the entire period of 

cell expansion, since the wz'k of brown and his co-workers has indicated 

that the metabolic activity changes during the process of cell elongation * 



THE 1CT OF TEMPERATURE ON THE ELONGATION OF 2 - nm. SEGMENTS. 

Figure 18. In a media containing 	sucrose. 
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The effect of transferring elongating 2-4iin. segments from 

a sucrose media to sucrose media containing 2-thiouracil. 
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A 	segments transfrred after 3 hours. 

B 	segments transferred after 7 hours. 

C 	segments transferred after 12 hors. 

D 	segments transferred after 23 hours. 
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(Fig. 23).  Segments incubated in a sucrose medium containing 2-TU 

elongated by 225k after 34 hours. The meristematio cells do not, 

therefore, prevent 2-PU stimulation of extension growth. It is shown 

in figure 24 that the apical 10 mm. excised segments, consisting of 

meristematie, expanding and mature cells, are also stimulated by 2-TU. 

Since 2-TU did not promote extension growth in cells which were still 

dividing, nor initiate expansion growth in mature cells (Fig. 1),  the 

observed stimulation due to 2TU  must have been produced in the 

elongating cells. This has also been demonstrated by marking the 

2-4 mm. zone in the apical 4. mm. and 10 mm. excised segments with 

Indian ink* 	is zone elongated to the same extent in the J+ mm. and. 

10 mm. segnionts cultured in sucro s, and the stimulation produced by 

2-TU was also the same for both sets of segments (Fig. 25).  It is also 

shown in figure 24 that the 2-4 mm*  region in the intact root elongated 

to a greater extent than the same region in excised segments, even in 

the presence of 2-TU. 

It has already been stated that the increase in length of a segment 

during extension growth is the sum of the total expansion of the 

individual cells comprising the segment and gives no indication of any 

variations in cell expansion in different parts of the segment. A 

study into the changes in cell lengths during culture, by measuring 

cells in longitudinal sections of segments, proved to be inconclusive,, 

although there was some evidence to suggest that the younger cells, 

near the 2 mmo end of the 24 mm. segment were stimulated earlier and 

to a greater extent than the older cells in the segment. 

The study of longitudinal sections of segments removed from culture 

media at different times during extension growth also allows the process 

of c! i.kr.r.ti- ion f 1 	. H.. 	•:. 
	this technique no xylem 

ti.:s: ccuia t: bnine. ku T.. • 	 .. segments, cultured in 
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sucrose, in the presence or absence of 2-TU, for 14 hours, although there 

was phloem formation (Plates J and. E). After 30 hours xylem, as well as 

phloem1waa observed in segments cultured in the presence and absence of 

the analogue. There was, therefore, no lignification during the period 

of maximum growth rate, about 10 hours after the start of culturing, but 

after this lignifLcation did occur and 2-TU did not interfere with this 

process. 

Measuring the changes in length of expanding segments is only one 

means of recording extension growth. Another parameter of growth may 

be obtained by measurin, changes in the fresh weight of segments during 

culture and figure 27 shows that the increase in the lengths of segments 

was paralleled by an increase in the fresh weight • 2-Thiouracil, in 

the presence of sucrose, stimulated the increase in the fresh weight 

when compared to the sucrose controls. In the absence of sucrose, 

2-TU produced only the seine increase in fresh weight as in segments 

cultured in water. 

Most of the increase in fresh weight was due to the uptake of 

water, but there was also an increase in the dry weight (Fig. 28 ) 

indicating the synthesis of substances within the tissue. 2-Thiouracil 

slightly stimulated the increase in the dry weight, when compared to 

segments cultured in sucrose, and there was also an increase in the 

residual dry weight (Fig. 29), which was again slightly greater 

in segments cultured in the presence of the analogue. The residual dry 

weight (alcohol insoluble materials) represents mainly the cell wall 

polysaccharide., protein and nucleic acid components of the segments. 

By subtracting the protein and nucleic acid contents (pages 50, 53) 

from the residual dry weight, a value for a polysaccharide component 

was obtained. (Fig. 30 ), although such a value does not represent only 

cellulose. The increase in this polysaccharide component was greater 

- . 	 • 



Figure 26: Radial longitudenal sections of 2-4 mm. segments showing the 

effect of 2-thiouraofl on cell differentiation during the period of 

maximum extension growth. 

;

ZT 

- 
JJ- V-.   

. ¶ 	 : : • 	.-•W. ' •g 	" ;.' 

. 	. 	L_ 	A 	- 	... 	c 	. - 	• - - 	' 	.. .. 
•. .- ... •:', • 	•• 

H 	i 	i 
1mm 	 2m m. 	3mm. - 	4mm. 

Plato : 1.L.S. of the sub-apicai i-.. mm. region 
of the pea root. 

, t 	•..,'. 

••••• 

III  IP 	¶' 

• 
ti I 

• .: 	
t:] '• 

• a 

' q 

' 	r . - a 	 ••!••' • I' 

plif ' : 	•..i 

• I 

•- 

.4  i 	•, 	, 	fl• 
)•. 	'-I' 

':;3 : ': 1t 

'.:a 	•• 
.4.... 

•• 	.• 

•• ••,d 

::; 

a 
FFF  

,4. 
4,4 

4 	I4•• 
T j J 

. 	'• 
I 	Hi-. 

•••: jj• 
I 

Plate D: R.L.S. of a 2-4 mm. 
segment cultured in a 

/ ..3r.i ,Q—TLJ 
euoroae,me&Lum for l)i. hours. 

Plate E: R.L.S. of a 2-4 mm. 
segment cultured in a sucrose 
m3dium ea" ainIse, i 	.2 QA; 
for 14 hours. 

(In plates D and 7 the distance between the 2 black lines is equivalent 
to 1 .0 mm. of thu: xparided :ogment). 



250 

200 

ISO 

5C 

2 
MM 

0 	 tO 	20 	30 
	

40 

Time (hours)* 

Pigire Zk 

Changes in the fresh weight of excised 2-4u 

segments in the presence and absence cf 2-thiouracLi. 

sucro so + 1073M 2-TU. 

-. - 	sucrose* 

-0- Water( 10 M 2-TU). 



4.9 

in the presence of 2-PU than in the absence of the analogue. 

During extensionxowth changes in the contents of sugars, a::ino 

acids etc., also contribute towards the changes in the dry weight. ii 

estimate of these changes was obtolnod. by subtracting the residual dry 

weight from the dry weight (Fig. 31), although more accurate methods for 

calculating the change.- 

discussed 

hangez

discussed elsewhere (pa,, ., 17,27, 29  

.• amino acids, etc., are 

c alcohol soluble substances 

were produced in segment 	• ... che presence of 2-TU than in the 

absence of the analogue, althcugh dui'.........'eriod when the 2-PU 

stimulation was at its maximum therc. 	Iitrk i'erence in the alcohol 

soluble substances accumulated in the presence or absence of 2_ . 

In this connexion there is the possibility that 2-PU stimu].ateL ue 

uptake of sucrose from the extenial ndium which then accumulates in 

these segments to a greater 	er2't tb.r, .r  

absence of the analo,: 

Since the extension 	.c boki eieu 	 aru intact 

tissues is accompanied by changes in the nucleic acids and protein 

complements, it is possible that the mode of action of 2-TU may be 

elucidated by finding the biochemical changes occurring during growth 

and the 	:i.n which the analogue affects these changes. 

Bioehernic cii :tes produced in the excised 2-4 mm. seents dur1n 

culture 

(A) Nucleic acids. 

The DNA content change 	. ilure (Table    '. 

There w 	1ecrease from . 	1u . er e1'::i H 	fresh material 

to 2.4 	. cr segment aft : • 	ours culturing and no significant 

difference could be detected in the r.NA content of segments cultured 

in the presence or absence of the analogue. 
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Table 4.: The changes in DNA content of excised segments during  culture 

U 
6 22. 36 9. 

.:-., o4./.-) .LlL.23 

.•;SoJ I 

2. :•30 .. 

3 2.52 .21 s 2C , 

Thcrc 	, owevcr, a significant change Ln F durinL. c1ture 

(Fig. 32 . ::ments cultured in the presence of sucrose, with or 

witiort r 	 Lust RNA at the same rate, but this loss was less than 

in a water medium, or a medium containing 2-TU without sucrose. The 

loss of RNA was continuous throughout the 46 hours of culturing. 

Heyes (1959, 1961) has shown that RNA may be separated into two 

components, !A-1 and RNA-2, which differ in their solubility in cold, 

normal perohiorlo acid, }A-1 being more soluble than RNA-2 at 20, 

It was shown that most of the decrease of the IA during culture of 

the segments, was due to the loss of the 7,".-1 component. Figure 33 

shows that the Toss of the FA-1 component was Ereater in the absence 

of the analog. 	s only a slight decrease in the 1A-2 and this 

lose was alighti, less 	t!c  

basic sucrose mci 

Determinations- O.L tile base coapositi.n::i 	aud 	.Cor 

erlent, 

culturing (able 5). In the table an arbita.ry value of 10 is used 

for the amount of adenine present per segment of fresh tissue and the 

ratio of other bases present is adjusted to correspond to this figure. 
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Table 5: showing the base comp9sitton of DNA in excised 2-Jk  mm. 

se:fcrn 

• I 	OUR3 
gRos 

• 

JtOE  

'•• 	Ia-. 
.1 

The base content of the J-1A fraction did chance uLwinC, culture 

since there was a decrease in the IA content. If the adenine content 

of the JA component in the fresh tissue is taken as a value of 10, 

then the decrease in the nucleic acid bases may be observed (Table 6). 
Adenine decreased from 10 to 6.8 after culturing fbr 18 hours in a 

sucrose mec • 	lar decreases were recorded for other }A bases)  

but no 	 .ference was observed between segments cultured 

in the presence or absence of 2--. :. 	o 2JTU was detected in the 

RNA of segments cultured in the presence of the analogue (Table 6). 
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Table 6: Changes in content of TVA bases during the-culture- of excised  

segrnent. 

c i 	JIS I 
+ 

i o-½ 2-TU 

dellino 72 

Guanine  

Cytosine .O 6.1 6.14- 

Ira dll  

1. 

RNA-2 are different, a change in the base compod LEon of the 1A 

during growth woi4d be expected as the ratio .- NA-2 changes. 

Assuming that the amount of adenine pz'eser er segment at the 

beginning and 4en4 of the experiment 	 oe seen from Table 7 

that there was no major change in the 	. . position during culture 

and the purine to pprimidine ratio remained constant.-lie data 

presxted in Tables 50  6 and 7 are the mean results of two experiments. 

Table  7: Changes of base composition of I&L during the-culture of 

- 

21 

11.c 

V V 

3.'..- 

V 
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Figure 34 shows the transmission spectra of MA soluble nucleotides, 

in C.IN-HC'I, extracted from fresh 24 mm. segments and from segments 

cultured in different media. All spectra were similar and showed a 

max.muui peak of absorption at 260 m6 but the amount of RNA nucleotides 

in cultured segments was less than in the fresh tissue. 

Similarly the ratio of optical densities 25 	and -22u-112P- 
0 

6Qn
0  

were smiThr fc'r cultured -t)d fresh sement. (r31C 

Some TI 	 nts 

It has u.Lru.y been sated (se-  introduction) that other workers 

using excised segments found no C1 .j .. .i the protein content of cells 

during extension growth, although there were changes in other nitrogenous 

substances. In the present study changes in nitrogenous substances have 

been investigated using expanding excised 2-4 mm. 	 well as 

2 mm. segments taken from the apical 8 r 0 	 which 

elongating and mature cel 

(1 	4 rum, segments. 

-here was virtually no change in the protein content of 24 rume 

segments during the first 30 hours of culturing (Table 9). No 

significant difference could be detected between segments cultured in 

the presence or absence of 2-TtJ when analysed for total nitrogen, 

'TGA inaolu1 1.i_' nitrogen and nucleic acid nitrt 	these 

substances decreased throughout the 46 hour per 	Lturing, but 
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Tab le 9- The eftect of -TU on the chani.es in the nLtrogen coponts 0:1' excised 24. 
ants during culture. 

rjP . PER SEM2T _________ ___________  X 10 7-1  X 10 °  

TTL 'TC 'TCA MUCLiG ?R0TEfl PR0TE] MEDIUM  rd, 3LUiLi' XYLUBLL' ACE NIT OG /cLL 
NITROGM N iTh0G N ITR0GI'  

C 	taut. 19.6 17.2 2.4 3.0 14.2 9.0 8.5 
2UCR0. 	) 3 19.1 17.1 2,0 2.7 14.4 9.1 

+2-TU. 	hrs. 19.1 1/.1 2.02.7 14.4 9A601. 

TUCROSE 	8 1900 16.8 22 2.6 14.2 9.0 3.5 
S+2TU. ) 	hxs. 1990 16.8 2.2 266 14..2 9.0 8,5 
UCROs. 	) 12 13.9 16.6 2.3 .4. 14.2 910 6.5 

3+2U. 	) hrs. 19.0 16.7 2.3 2.4 14..3 s.Q 

SJCROSI. 	) 18 18.5 16.7 1.8 2.3 14.14. 9.1 6.6 
+2-'1U 	) bra. 13. 16.7 1.3 2.. 14.4. s.1 30.  

tiCROSi. 	24 18.3 16.3 .0 2.0 114.3 9.0 3.5 
3+2-TU. 	) hrs. 18.5 16,4 2.1 2.0 14.3 9.0 

SUCROSE;'. 	) 30 18.3 16.1 2.2 1.8 14.3 9.0 8.5 S+ 2-7,'U. 	)hrs. 18.616.4 2.2 1.9 14.5 9.1 3.6 
36 18.2 15.6 2.6 1.7 13.9 3.7 8.3 +2-TU. 	) hrs. 18.4 15.8 2.6 1.6 14,64 8. 8.4 

JCRuSE. 	4-0 l8.1 15.2 2.9 1.5 13.7 3.6 3.2 
+2U 	) hr. 1.1 15.2 2.9 1.5 13.7 3.6 3.2 

SUCROSE. ) 4.6 17.9 14.3 3.6 1.3 13.0 3.0 7.6 
) br. 11.3 14.5 3.3 j. 13.2 1.9 

3, 2%.ucrose. 	2-TtJ, = 2-Thioi.aoi1(/O'n). 



the 'TCA soluble' nitrogen component showed only a slight decrease 

during the first 18 hours of culturingfoUowed by a significant 

increase. Figure 35 shows in histogram form the changes which occurred 

in the nitrogen substances during culture in a sucrose medium, but 

identical changes also occurred in the sucrose medium containing 2-TU. 

In the presence of chioramphonicol (1 00g./litre) there was a 

alight decrease in protein content, about 10, after 4.6 hours, but 

again there was no significant difference between segments cultured 

in the presence or absence of 2-TU (Table 10). The total nitrogen 

fraction showed a greater decrease in the segments cultured in the 

presence of ohlorampheniool than those cultured in the absence 

of the antibiotic, while the 'TCA soluble' nitrogen decreased 

steadily throughout the culture period in the presence of chloz'aznpheniool. 

From the data presented in tables 9 and 10 there is some evidence 

that ohloramphon.tool inhibited the decrease in nucleic acid nitrogen 

throughout the 4.6 hour culture period, especially during the period 

of maximum extension groivth. Since only the RNA component of the 

nucleic acids was decreasing (page 50), it is probable that to some 

extent, chioremphenicol was preventing the breakdown of RNA. 

(ii) Overlapping 2 mm. Segments. 

Overlapping 2 mm. excised segments, out from the apical 8 mm, of 

the root, were cultured for 18 hours in sucrose media, in the presence 

or absence of 2-U. The results are shown in table 11 and are expressed 

on the basis of a percentage change in the nitrogen components after 18 

hours of culturing when compared with the fresh tissue. 
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Table 10: The effect of 2-Thiouracil on the changes in the nitrogen components of excised 2-4 mn. 

segments during culture in the presence of chioramphenicol. 

TThIE AND pg._R SEGNT g. x 105 g. x 10-10 

PROTEIN PROTEIN TOTAL TCA 'TCA NUCLEIC PROTEIN 
tEDIUM NITROGEN INSOLUBLE' SOLUBLE ACID NITROGEN /SEGMEN /CELL 

NITROGEN NITROGEN NITROGEN 

0 hours 22.2 19.2 3.0 3.0 16.2 10.1 9.2 

2X-SUCROSE. 	3 22,2 19.3 2.9 2.8 16,5 10.3 9,4. 
3+2-TU. 	) hrs. 22,2 19.3 2.9 2.8 16.5 10,3 9.4. 

SUCROSE. 	) 6 21.8 18.4 3.4. 2.8 15,6 908 8.9 
S+2-TU 	) hrs. 21.9 18.5 3.4. 2.8 15.7 9.9 9.0 

SUCROSE. 	) 11 21.5 18.6 2.9 2,7 16.0 10.0 9.1 
3+2-TEl. 	) hrs. 21.7 18.7 3.0 2.7 16.0 10.0 9,1 

SUCROSE. 	22 19.8 17,3 2.5 2.4. 14..9 9.4. 8.5 
8+2-TU. 	) bra. 201 17.6 2.5 2.5 15.1 9.5 8.7 

SUCROSE. 	26 18.8 17.6 1.2 2.4. 15.2 9.5 8.6 
3+2-TU.. 	) hrs. 18,9 17.3 1.6 2.2 15.1 9.4. 8.6 

SUCROSE. 	) 30 18.4. 17,4- 1,0 2.2 15,2 9.6 8.7 
S+2-TU. 	) hrs. 18.4. 17.6 0.8 2.3 15.3 9.6 8.7 

SUCROSE. ) 4-6 17.5 16.5 1.0 1.6 14..9 9.3 8.4. 
3+2-TU. 	) bra. 17.9 16,5 1.4- 1.5 15.0 9.4 8.5 

S. =2Zsucrose. 	2-TU, = 2_lrMiourac1l(161). 
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Except for the nucleic acid nitrogen, which decreased after 18 

hours of culturing, there were in general only slight changes in the 

nitrogen fractions when segments were cultured in the absence of CLIP. 

In 2 mm. segments, out from the apical 3 mm. of the root, there was a 

slight increase in the protein nitrogen, but this nitrogen fraction 

decreased in other 2 mm. segments. Similarly there were increases 

in the 'TCA soluble' nitrogen in 2 mm. segments taken from the apical 

5 mm. of the root, particularly in the 0-2 mm. and 24 mm. segments. 

No significant differences were found in the nitrogen fractions in 

segments oultured in the presenos and absence of 2-TU. 

A greater change in the various nitrogen fractions was, however, 

observed when the 2 mmo segments were cultured in the presence of 

I .0g./litre ohlorainphenicol for 18 hours (Table 11), but again there 

was no significant difference between segments cultured in media with 

or without 2-TU. In the presence of ohioramphenicol there was no 

increase in the protein nitrogen in segments taken from the apical 

3 nun, of the root, indeed there were large losses. The loss of total 

nitrogen and. 'TCA insoluble' nitrogena were also greater in the presence 

of the antibiotic for each root region studied. 

From the data in this experiment there is again some evidence 

that ohloreunphenicol inhibited the rate of decrease of nucleic acid 

nitrogen during culture, especially in the sub-apical 1-3 mm. of the 

root (Table 11). 

Table 11 also shows that the changes in the solub1e' nitrogen 

fractions obtained when segments were cultured in the presence and 

absence of chlorasnpheniool were quite different and the results are 

difficult to interpret. 



Table 11:- Percentage cnges irflitroKen croneitsof different regions of the root 

after cultrinr for 1,3 our. i &Lf'ereit tndia. 

ROC t GL1thICL 
I 	2-THIOIACIL 

/ (JL ii UCLiiC - UBL' NUCLEIC Pri.:: 
1, 	00 CID NI?RCLi 

GEN  

0-2 i.J -3. -.. -i. 1.1 -28.2 -17.9 

1-3 -3. -7.3 .i -.3.i ~.? -.3 4-.-j. -22.6 -12.- 

24 -1.5 -5.6 .1 - 5. -:.1 -.1 -14-.3 -20.5 

3-5 -O. -i.  4 	.9 -_3.6 -.9 - - 6. +6)f -34.3 - 2.7 

-5.6 - i.5 -.j. . -j.3 -17... tLj.)~ -22.6 -14 

-'-.2 -2.3 -2.)4- -1.) -21. 7.5 -17.3 

-. •7 -, 	. T 

- 	-•9 -15. _i.5 -18.4- -5.7 
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Changes in the Enzyme Complements of Excised Segments During Culture. 

Although there was only a slight change in the protein fraction 

during the first 30 hours of culturing in a sucrose medium (Table 7)0 

changes have been observed in the enzyme systems of these segments 

(Robinson and Brown 1954.). But such changes do not necessarily mean 

that protein aynthesi s is involved, as the inactivation of inhibitors 

acting on these enzyme systems could account for their increase in 

activity during growth. It is, however, probable that the changes in 

enzyme activities do reflect an actual change in the amount of enzyme 

present (see Introduction page 3 ). In this investigation several 

enzyme systems have been studied in 2-4 mm. segments cultured in 

various media and in 2 mm. overlapping segments taken from the apical 

8 mm. region of the root and cultured for 18 houl-s in different media. 

Invertase (2-4 mm. segment) 

A correlation was noted between segment growth rate and invertase 

activity; the longer the length of the segments after Z hours 

incubation the greater was the invertase activity, irrespective of the 

medium used. (Fig. 36). Thus segments grown in sucrose in the presence 

or absence of uraoil had the same lengths and the same invertase 

activities after 24 hours. The correlation between growth rate and 

invertase activity was observed best after 10 hours when the maximum 

growth rate was attained (Figure 37). During incubation in a sucrose 

medium there was a slight decrease in invertase activity during the 

first 3 hours followed by an increase in activity, which reached a 

maximum after 10 hours before decreasing again. 2-TU did not modify 

this course of events,but the enzyme activity was always greater in 

the presence of the analogue. 

Culturing the segments in water resulted in a decrease in invertase 

activity throughout the incubation period. Segments cultured in 2-TU, 
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in the absence of sucrose, showed similar changes in enzyme activity 

to those occuring in segments cultured in water. 

Chlorampheniool, in the presence or absence of 2..TU, resulted in 

a continuous loss of invortase activity, but not as much as in segments 

cultured in water. 

PhosphataBo (2-4 mm. segmazts). 

When segments were cultured in 2) sucrose there was an increase 

in phosphatase activity during the first 12 hours followed by a slight 

decrease in activity (Pig. 38). 2-.TU did not modify the sequence of 

events, although in the presence of the analogue the enzyme activity was 

always higher than in its absence. The segments cultured in water 

showed a slight increase in phosphatase activity during the first 12 

hours of culturing followecL by only a alight change in activity during 

the following .34. hours. The largest increase in phosphatase activity 

was observed in the sucrose medium containing 2-TU. In the absence of 

sucrose, 2-TU produced only the same changes in phosphatase activity 

as in segments cultured in water. 

Ribonuci. ease (2-4 mm. Segment). 

During the culture of segments in 27"a sucrose there was a large 

increase in ribonuclease activity during the first 6 hours, followed 

by a sharp decrease in activity (Fig. 39). 2-TtJ incubated segments in 

the presence of sucrose followed a similar sequence of events, but 

the enzyme activity was always higher than in segments cultured in the 

basic sucrose medium. Segments cultured in water followed a similar 

course of evente,although in this medium the enzyme activity was much 

lower than in the sucrose medium. 

The addition of 1.0g./litre ohioramphenicol to a sucrose medium, 

produced a different developmental sequence for ribonuolease activity. 

After a slight increase in the enzyme activity during the first 2 hours 
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of culturing, there was a rapid decrease to a level well below that of 

segments cultured in water. In the presence of ohioramphenicol there 

was no significant difference in the ribonuclease activity of segments 

cultured with or without 2-TU. 

Invertase (Overlapping 2.0 mrs. segments). 

In the fresh material the invertase activity expressed on a 

per cell basis increased from the root tip to 8 mm. behind the tip. 

After incubating for 18 hours in a sucrose medium there was an increase 

in the enzyme activity of the apical 3 mm.)but the older regions 

decreased in activity (Fig. 4.0) when compared with the fresh tissue. 

The presence of 2-TU in the sucrose medium did not modify this 

developmental change in invertase activity, but the activity was 

always higher in the presence of the analogue. 

The addition of 1.0g./litre obloramphenicol to a sucrose medium 

resulted in a decrease of invertase activity in all regions after 18 

hours culturing and the presence of 2-TU in the chioramphenicol 

medium did not prevent this decrease in invertase activity. 

Phosphatase (Overlapping 2 mm. segments). 

In the fresh tissue the phosphatase activity, calculated on a 

per cell basis, increased from the root tip to the 8 mm. behind the 

tip, which were analysed. The incubation of overlapping 2 mm. segments, 

taken from the apical 8 mm. of the root, for 18 hours in sucrose)  

resulted in a further increase in phosphatase activity (Fig. 4.1). 

Segments cultured in a sucrose medium ccntaining 2-TU for 18 hours had 

almost the same phosphatase activity as those cultured for the same 

period of time in a sucrose medium. when water was used as the culture 

medium the enzyme activity underwent a similar change to that observed 

in segments cultured in a sucrose medium, but the increase in activity 

was much less. 

p 	 p 

. 	_' 



300 

I 
1 200 

100 

l 50 

] 
3.0 	5.0 	7.0 

Distance from root tip (iailhinetrea). 
1.0 

4.50 

4.00 

pig.ars O. 

The effect ce 18 hours culturing an the changes in 

invertaas activiir of 2mm segments, ezulseci from the 

apical 8m. of the root. 

—A-- fresh seNsenta. 

-- 	suose + lO 3M 2-TU. 

-. - 	sucrose. 

—a - 	sucrose + 1.0g./Litre CMP t 16 	2-.U. 



59 

After 18 hours culturing in the presence of 1.0g./litre 

chioramphenicol the phoephatase activity was the same as that found in 

the fresh tissue and the presence of 2-PU did not alter this. 

ifl,pnuoleaae (2 mm. Qverlapin Segments). 

Figure 4.2 shows that the change in this enzyme system during the 

culture of 2 mm. overlapping segments was much more complex than in 

the two enzyme systems described previously. 

The fresh tissue showed a continuous increase in ribonuolease 

activity, expressed on a per cell basis, from the root apex to 8 mm. 

behind the tip. After culturing in a sucrose medium for 18 hours there 

was an increase in the enzyme activity in the apical 2 mm., but in the 

next 6 mmo the enzyme activity was less than that found in the fresh 

material. In the presence of sucrose, 2-PU produced a similar change 

in the ribonuclease activity, but the activity for each root region 

was always greater in the presence of the analogue. The ribonuclease 

activity was increased to the highest value 2 mm. behind the tip and 

depressed to the lowest level 4. mm. behind the tip. 

After culturing for 18 hours in the presence of 1.0g./litre 

ohlorampheniool the ribonuclease activity was slightly lower than that 

fbunl in the fresh material, but at a distance 5 mm. from the root tip 

the activity was the same as that found in the fresh tissue. The 

ribonuclease activity of segments cultured in a sucrose medium 

containing ohioramphenicol was the same in the presence and absence of 

2-TU. 

When water was used as the culture medium the ribonuclease 

activity in the 2 mm. segments, taken from 2-8 mm. behind the root tip 

was higher than in the corresponding regions cultured in sucrose, but 

in the expansion zone (1-4 mm. behind the tip) the ribonuclease activity 

was higher in the segments cultured in sucrose. 
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It is interesting to note that for phosphatase and ribonuclease 

the effect of ohioramphenicol was greater in the 0-3 mm. region than 

in older regions of the root,while for invertase the antibiotic 

inhibited to a greater extent in the more mature regions. 

It is reasonable to assume that because the enzyme systems of 

excised segments changed during incubation there was also a change in 

the substances associated with these enzymes. Expanding segments 

(2-4 mm. behind the root tip) were, therefore, analysed for reducing 

sugars, 'inorganic' phosphate and soluble nucleotides, during culture 

in sucrose media in the presence and absence of 2-TU. 

Reducing sugars. 

In a sucrose medium there was an increase in the reducing sugar 

content during the first 30 hours of culturing, but after 30 hours 

there was little or no further increase (Fig. 43). It is probable 

that most of this reducing sugar was glucose (Hellebust and Forward, 

1962). The amount of reducing sugars produced in the presence of 2-TU 

is slightly greater than in segments cultured in the basic sucrose 

medium. 

These values are in close agreement with the values obtained by 

subtracting the residual dry weight from the dry weight (page 1.9 ), 

although the latter value includes amino acids, etc., as well as 

non-reducing sugars. 

Inorganic phosbate. 

Figure 4.4 shows that there was a continuous increase in the 

amount of inorganic' phosphate in segments cultured in sucrose. After 

30 hours there was no further increase in the amount of inorganic 

phosphate. 

2-TU did not apparently affect the amount of inorganic phosphate 

produced. 
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Soluble nILc]tids. 

The amount of soluble nucleotides decreased during culture 

in both a sucrose medium and in a sucrose medium containing 2-TU. 

During the first 10 hours there was little or no change in the soluble 

nucleotide content of the segments, but during the period between 10 

and 30 hours of culturing there was a rapid decrease (Fig. 4.5), The 

rate of decrease in a sucrose medium was slightly greater than in a 

medium containing 2-TU. 

Preliminary experiments showed that there was no increase in the 

optical density of the sucrose e&5.urn at 260 rnp. during the first 10 

hairs of culturin,but after this period there was a. rapid increase in 

the optical density 1probably indicating the release of nuoleotides 

from the segments into the medium. This could not be repeated for the 

medium containing 2-TU since the 2-TU shows an £ wax. at about 274 np. 

Repjz'atjon Measurements 

2-4. mm. Senient 

Changes in the rate of respiration of excised segments during 

expansion have been shown by Brown and Sutcliffe (1950) and in the 

present investigation there was a gradual increase in the rate of 

respiration during the first 9-10 hours of culturing in a sucrose 

medium. 2-Thiouracil, in the presence of sucrose, stimulated oxygen 

uptake, the maximum stimulation, 16 greater than in the sucrose 

control, being reached after 9-10 hours of culturing (Fig. 4.6). 

Segments cultured in water showed a gradual decrease in their 

respiration rates throughout the 12 hour incubation period. In the 

absence of sucrose, 2-TU had only the same effect on the respiration 

rate as water indicating that the stimulation of the respiration rate 

due to 2-TU is dependent on metabolism. 

The stimulation of respiration due to 2-TU, in the presence of 
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sucrose, was cyanide sensitive. The addition of 10M oy&nide, at any 

time during incubation,resulted in an immediate decrease in the 

respiration rate of both sucru se and sucrose and 2-PlY cultured seers 

(Fig. 14.7) although respiration was never completely stopped. In view 

of the inhibitory effects of cyanide on the cytochrozne system, 

experiments were carried out to determine the effects of 2-PU on the 

oytoohrome system of excised segments. A preliminary experiment using 

cytoohrome oxLdase showed that there was about a 100-1%o increase in 

the activity of the oytoohrome-C system during the period of maximum 

coil expansion. 

Chloramphenicol, at a concentration of 1.0g./3.itre, in the presence 

of sucrose, or sucrose and. 2-PU, slightly increased the oxygen uptake 

of excised segments during the first 14. hours of culturing )followed by 

a gradual decrease; but the 2J1'IJ stimulation of the rate of respiration 

did not occur in the presence of the antibiotic. It is also pertinent 

to mention at this point that although a 10M solution of IAA prevented 

the expansion of excised 2-4 me, segments, this substance did not 

completely prevent the stimulation of respiration in the presence of 

2-TU (Appendix i). This would seem to imply that the metabolism of 

segments producing only a limited amount of extension growth in a 

medium containing sucrose, 2-PU and 10 M IAA is different from the 

metabolism of segments producing only a limited amount of extension 
	I 

growth in a 2-'TU medium which does not contain sucrose. 

2:14.-Dinitro'henol, (5x10'5  M), which is known to uncouple oxidative 

phosphory].ation in many tissues, did not appear to have any effect on 

the rate of respiration of 2-4 mm, segments cultured in sucrose, or 

sucrose and 2TU, for 12 hours (Table 12). 
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Table 12: The effect of 2:4.-dinitropheno]. on the rate of rerni'ation 

of excised  2-4 mm. segments during culture. 

INCUBATION 

MEDIUM No DNP 5x10 5M DNP 
for 1 hour 

2% sucrose,  14.5.2 4.5.9 
12 

2% Sucrose + 	hours 
103M 2-TU, .6 51,2 

Table 13 shows that the 	ratio,whioh is a measurement of 

oxidative phoaphorylation, of oenents cultured in sucrose, in the 

presence of 2-TU was slightly higher than In aegnents cultured in 

the absence of the analogue. The results were obtained from only a 

single experiment, due to the limitation of the amount of 32 P 

available, so that the slight difference in the 	values between 

the two treatments is probably not significant. 

Table 13: The effect of 2-•thiouraoil on theratio of mitochondria 

iaolatod from pea roots. 

MEDIUM 11102 taken up/ pig. 'organic phosphate' P, 	RATIO 
..t/hour produced/a-t,/hour 

Mitochondria 27.6 ) 55.2 
+ ) 	29,14. 57.3 1.36 

 

2% Sucrose 31,2 ) 59.4  
Mitoohondria 30.1 	) 54..1 	) 

+ 27,7 56.2 1.44  
2,. Sucrose + 

25.3 38.3 10M 2-TU 

No 
Mitochondria 0 	0 2,1 	2,3 - 

+ 
2 	Sucrose 0 2.5 

Similarly it is shown in Table 14. that there was no significant 

difference in the change in the Respiratory Quotient, R.Q., of 

segments cultured in a sucrose medium, or in a sucrose medium containing 



2-TU. This result suggests that since the R.Q. was almost unity 

mainly carbohydrates were used in respiration and 2-TU did not induce 

a change in the emphasis of the substrate used in respiration. 

Table l!f: Changes in the P.O.- daring the culture of 2-4 mm. segments 

in the presence and absence of 2-Thiouracil. 

TIME 2 	SUCROSE 21,SUCROSE + 10 3M 2-TU 

0"2) hours 1.04. 1.03 

0.95 0.96 

(5-6) 	" 1.04. 1.03 
(9..lo) 1.04 1 01 
(11-12) " 1.01 1.03 

Overlapping 2 mmo  segments from the apical 8 mm. rgion, 

2-Thiouracil did not stimulate the rate of respiration in cells 

which had stopped elongating (Fig. 4.8). The maximum stimulation was 

observed in the rapidly elongating cells of the 2-4 mmo segments,but 

there was some stimulation in the 1-3 mm. segments. 

It is interesting to note that there was some stimulation of the 

respiration rate by 2-TU in the apical 2-0 mm. where all the cells are 

meristematlo and do not elongate under the culture conditions used. 

Results of ..xperiments Inyolving the Isolation of Sbe:Irlu].ar 

fractions from 2-4. mm. Excised Segments. 

Changes in sub-cellular fractions during culture. 

Several workers have shown that during growth there is a redistribution 

of nucleic acids and proteins in the sub-cellular fractions (see 

Introduction) and it is, therefore, possible that 2-PU exerts its 

effects on growth by modifying this re-distribution. In this study 

after being incubated for the desired time, the segments were homogenised 

and the sub-cellular fractions obtained by differential centrifugation 
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as described in the methods section (page 29). 

Nucleic acids. 

Most of the DNA was present in the 500 fraction (ri). Table 

15 shows that there was only a alight decrease in the DNA of this 

fraction during the 24. hours of culturing, but there was no significant 

difference between segments in sucrose with or without 2-TU, 

A small quantity of DNA was found in the 20,000.S fraction, P2, but 

this did not apparently decrease in amount during culture. 

No DNA was found in the remaining 3 fractions. 

With the exception of P1, all fractions showed a decrease in their 

RNA contents during the 12 hours of culturing. Most of the RNA. decrease 

was in the micro somal fraction, P4. (Table 16), which in the fresh tissue 

contained, about 4.7, of the total RNA of the cell. 

The mitochondrial fraction, P2, contained, only 5.3% of the total 

call RNA in the fresh tissue and was the sub-cellular fraction 

containing the least RNA. 

Table 16 shows that no significant difference in the changes in 

the RNA contents of the sub-cellular fractions could be detected in 

segments cultured in sucrose with or without 2-TU. 

Total hitrogen 

The changes which occurred in the total nitrogen are shown in 

Table 17 on the following page. 

The fraction with the most total nitrogen was the supernatant 

fraction, P5, which contained. about 4.2% of the total nitrogen of the 

cell. Fractions I and. 4. each contained about 2 of the total 

nitrogen while the remainder was distributed between fraction 2, 

containing about , and. fraction 3 containing about 1(). 



Table 15:- The effect of 2-Thiouracil on the change in DNA c.ntent 

Insub-cellular fractions of excised. 2-4 mm. segments 

during culture. 

Results expressed az;- 	DNA/segment 

TIME AND FRACTION NUMBER 

MEDIUM Fl P2 P3 P4. P5 

0 hours 2.14. 0.32 0.05 0 0.05 

''Sucrose. 	
)3 2.16 0.37 0.08 0.04. 0.06 

'Sucrose +/i3f1hra. 
2-Thiouracil.j 1.98 0.36 0 0 0.07 

Sucrose. 2.21 0.37 0.04. 0 0.05 
Sucrose + 	)hrs. 
2-Thiouraci]..) 1.98 0.35 0.05 0 0.06 

Sucrose. 1,92 0,34. 0.06 0.05 0 
Sucrose + 	hrs. 
2-Thiouraci]..) 1,93 0.33 0 0.04. 0 

Sucrose 	)12 1.83 0.4.1 0 0 0 
Sucrose + 	) hrs. 
2-Thiouracil.) 1,91 0,38 0.04. 0 0.08 

Sucrose.  1.89 0.33 o.o6 0 0 
Sucrose +1u's, 
2-Thiouracjl,1 1.89 0.32 0 0 0 



Table 16 	The effect of 2-Thiouracfl on the change in iNA_content 

of sub-cellular fractious of excised 2-4 mm. segmen1 

nurig culture, 

Results expressed as 1.g.INA/sement 

TILE 	\i: :PCTI 0I 	NtJER 

21 .13 F14. ciDItTh 

s.io c.J1 I .37 7. 3.5 

Olcro SC. 07 L.1) 1.2 655  3.45 
01 .2" 

±/O1 / 	ioUJ 3.03 0.80 1.21 7.59 3.32 -i XU'lXC1. 	) 

ucrose ..0) ,7. 1.23 7. 3.33 

:jcrose + /.3v 3.1219 2-  hIouraei1)  

.uorose 	) J. 0,7  
) 

.ucrose + . 	- . . . 

hours 
 .31 
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Table 17: The effect of 2-thiouracil on thO changes in total nitrogen 

of sub-cellular fractions of 2-4 mm. eeentaolture. 

TThE AND fig. N/FRACTION/SEG.NENT 

Fl F2 F3 F4. F5 MEDIUM 

0 hours 4.61 1.64 1.86 4.36 872 

2, 	SucroSe, 4..60 1.64 1.75 4.28 8.83 
2'Sucrose + 
10-3M 2-Thiouraoi1S' 4.63 1.63 1.79 4.31 8,69 

Sucrose. 4.69 1.64 1.78 3.92 8,72 
21eb Sucrose + 
io½ 2-Thiourcil' 4.73 1.61 1.76 3.86 8.58 

Sucrose. 	
) 

4,61 1.59 1,70 3.39 8.62 
2 	Sucrose + 
10-3M 2-Thiouraoil.j 4.67 1.57 1.73 3,41 8.71 

2 	sucrose. 	)12 4.53 1.38 1.52 3.19 8.57 
a Sucrose + 	) hrs. 
1ó3M 2-Thiouracil) 4,55 1,39 1.56 3,17 8.63 

There was only a slight change in the total nitrogen of fractions 

I and 5 during culture of the segments in a sucrose medium, Fraction 

2 showed only a alight loss of total nitrogen after 6 hours of 

culturing ,but after 12 hours there was a loss of 11w. There was a 

continuous loss of total nitrogen in fraction 3 and. after 12 hours 

the loss amounted to 16. The rnioroeomal fraction, P4., also lost 

total nitrogen continuously during culture and after 12 hours of 

culturing 2r,, of the total nitrogen had been lost. 

No significant differences were found between segments cultured 

with or without 2-TU. 
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Protein nitrogen. 

These values were calculated by subtracting the nucleic acid 

nitrogen from the 'TCA insoluble' 'nitrogen. The results are shown in 

Table 18. 

In fresh 2-4 mm. segments about 437u of the protein nitrogen was 

found in fraction 5, 17.6% in the ribosoma]. fraction, 9.5% in the 

30,000 fraction and 8.8% in the mitoohondrial fraction. 

With the exception of fraction 1, all the fractions showed a 

slight decrease in protein nitrogen during culture of the segments 

in sucrose. Fraction i showed a slight increase during the first 6 

hours of culturing followed by a decrease during the next 15 hours, 

but the heterogeneous nature of this fraction makes this observation 

of limited value. 

The loss of protein nitrogen from the ribosomal fraction, F, 

was much greater than from any other fraction and P2, the mitochondrial 

fraottonshowed a much greater loss of protein nitrogen than either of 

fractions 3 or 5. 

The changes in protein nitrogen in the sub-cellular fractions 

during culture in a sucrose medium was the seine in the presence or 

absence of 2-TU. 

4QaM,iments following incorporation of radio-active substances into  

the sub-cellular fractions of 	 mm, segments during culture. 

By using radio-active substances it is possible to find the relative 

amounts of these substances incorDorate,. into the different sub-cellular 

fractions during growth and hence to detect differences in the rate of 

syntheses of proteins and nucleic acids in these fractions. 

It is also possible to detect small amounts of radio-active 2-TU 

incorporated into the TVA of all sub-cellular fractions as well as the 

effect of this analogue on the syntheses of both nucleic acids, using 



Table ta:— The effect of 2-Thioural on the chanjes iitht protein 

n:trogen of -sub-cellular fractions of 2-h. mm, segments 

during culture. 

Res-alts cx 	ieó ispr.  prot11 	frn,"ement. 

Ai'i LLDIUM 
.I?1 

1.20 

2ucros. 1.4- 1. j.ji+ 7-33 - 

7•34. 
2-.hiouraci 1J  

cro 3C, 2.61 (.27 
Oro 	how. ..J 1.5) ./b 

' -fhiouracil.

1.3 3110 Se. 
9 1.2 12 7.1 

.1csc 
2-Thiouracil. 1  

ro$e. 	12 .i.65 i.L I.55 2011 7.21 
:ce + 1 . '5 
-2hiouraoil.1  

uerosc. 	) 
S 	I c i.65 1.02 1. 1.75 6.81 

.78 
2-Thiouradfl'  

:,ucrose. j .42 0.93 i,6 1.6. 6.68 

1 .6 6.59 
/ 2-hiouz'acil. 
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labelled uridine and parotein synthesis, using labelled leuoine, in the 

sub-cellular fractions. But it was not possible to detect 2-PU 

incorporation into messenger-RNA, because it was calculated that only 

of the natural base uraci 1 was replaced by the analogue and 

measenger-A itself accounts for only about 5% of the total RNA of 

the cell (Loening, 1962). 

The incorporation of 14.0-labelled 2-Thiourpcil int9aents 

The incorporation of labelled 2-PU into the sub-cellular fractions 

is shown in Fig. 14.9 and Table 19 

F1  (5WI, fraction). 

There was a rapid incorporation of 2-PU during the first 6 hours 

of culuring,but after 9 hours there was a slight loss of 2-ITT from 

this fraction. 

The transfer of segments to a medium containing either sucrose or 

sucrose and un]. lied. 2-PU resulted in a continuous loss of radio 

activity during the 6 hours after transfer (Table 19). 

(20,000 fraction) 

During culture there was a steady increase in the radio activity 

of this fraction. The specific activity of this fraction was about 

half the specific activities of P1 and P5, but much higher than P3 and 

P4. (Pig. 4.9). This was interesting in view of the fact that this 

mitoohondrial fraction contained only 5.3 of the MA of the cell. 

Although these results are expressed as specific activities the actual 

amount of 14.0-1abellcd 2-PU t&ca up by P2 was still much greater than 

P4.. 

The transfer of segments back to a sucrose medium lead to a rapid 

loss of labelled 2-J.PU during the first 3 hours after transfer, followed 

by a smaller loss during the following 3 hours. A similar loss of 

labelled 2-TU occurred when the segments were transferred from a labelled 
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Table 19:- 	 of 1 C,leflod 2-Thiouracil into the 

sub-cellular fractions of excised 2-4 nun. segments 
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Segments transferred from a -2- TJ medium to one containing 

only Z sucrose after 6 hours. 

Segmes tramferred from a t4-labelled 2-TU medium to one 

containing ZL sucrose and t-2-TU after 6 hours. 



2-TU medium to an unlabelled 2-TU medium (Table 19). 

ZI (30,000 fraction). 

The pattern of incorporation of labelled 2-TU was essentially the 

same as for P2, but the specific activity at any particular time was 

much lower than P2 (Fig. )9). 

'When segments were transferred from the labelled 2-TU medium, 

after 6 hours culturing, to a sucrose medium there was a large loss of 

2-TU during the first 3 hours after transfer followed by a smalr loss 

in the ±bllowing 3 hours (Fig. 19). 

A similar loss occurred what the segments were transferred from a 

labelled 2-TU medium to an unlabelled 2-TU medium, but the lose of 

labelled 2-TU was slightly greater than the loss which occurred when 

the segments were tranafcrrcd to a sucrose medium (Table 19). 

(14C.00qj fraction). 

There was only a. very limited incorporation of 2-TU into this 

fraction expressed on a specific activity basis, but the uptake of 

labelled. 2-TU was continuous throughout the 12 hour incubation period 

(Fig. 5,. 

After transfer from a labelled 2-TU medium, after 6 hours of 

culturing, to a sucrose medium, containing or not contaning unlabelled. 

2-TU, there was a continuous loss of the labelled 2-TIT throughout the 

6 hour period after transfer (Table 17. 

The law rate of incorporation of 2-UU by this fraction is interesting 

since )i-7, of the MA in the cell was found in the ribosomal fraction. 

(iL.o,000 supernatant). 

The uptake of labelled. 2-TU into this fraction was uost rapid 

during the first 6 hours of culturing, but there was a continuous 

incorporation throughout the 12 hour culture period (Fig. 14.9). The 

specific activity was only slightly lower than the specific activity 
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of Fl at aii particular time during culture. When segments cultured in 

labelled 2-TtJ for 6 hours were transferred to a medium of sucrose ,or 

sucrose and unlabelled. 2-1)"U, there was a rapid loss of the labelled. 

2-TU during the first 3 hours after transfer followed by a slightly 

lower loss during the next 3 hours (Table 19). 

Fraction 1, the most heterogeneous of the fractions, was further 

separated into the 3 components DNA, RNA. and a cell well component. 

Figure 50 showed that most of the labelled 2-.TU incorporated into Fl was 

incorporated into the RNA component, but there was also incorporation 

into DNA and cell wall components. Since the cell wall component was 

treated three times with 1.ON HC10 at 700,  there seems every reason to 

believe that the incorporation of labelled 2-TU into the cell wall 

was a real one, although the incorporation into the DNA component 

may be doubtful. 

.An interesting feature concerning the incorporation of labelled 

2-TU into the cell wall and. DNA components is that most of the incorporation 

took place in the first three hours of culturing (Fig. 50). 

Vhen the segments were transferred after 6 hours incubation1  from 

a labelled 2-TU medium to an unlabelled sucrose medium there was only 

a alight loss of radio activity from the DNA and cell wall fractions, 

but a continuous loss from the RNA fraction (Fig. 50). 

Autorad.ioaphy was used to supplement the results obtained, using 

the differential centrifugation technique. Figure 51 shows the results 

Of only a single experiment • There was a rapid incorporation of 2-TtJ 

into the nucleolus, especially during the first 6 hours of incubation. 

The inccrperetion of the analogue into the rest of the nucleus was 

less than into the nucleolus, but was continuous throughout the 12 hour 

incubation period. There was also a large amount of incorporation of 

2-TU into the cytoplasm, much more incorporation than was expected on 
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tho basis of the analogue becoming incorporated initially into the 

nucleolus and then travelling outwards, probably in the MA, into 

the relatively large volume of cytoplasm in the cell. 

Autoradiographa showed that there was a slight amount of 

incorporation of labelled 2-TTJ into the cell waUs,but this 

imcrperation only took place 	fle first 6 hours of oulturiu. 

Theinoationoftritjated Ur.tdine into the sub-cellular 

fractions of_exe.ed 2-4 mm, segments. 

The segments were cultured in sucrose, or sucrose and 2--U, for 

0, 3, 6, 9 and. 12 hours and then for 1 hour in a medium of tritiated. 

uridine. The results are the values of a single experiment. 

Urid.ixie was incorporated into all the sub-cellular fractions 

irrespective of 'thether or not the segments had been cultured initially 

in the presence of 2-TU. There was a greater incorporation of uridine 

into segments which were previously cultured in 2-TU (Fig. 2.o ith 

the exception of the sub-cellular fraction .?3,  ±'_e incorporation of 

uridine into the fractions was greater after the segments had been 

previously cultured for 3 hours. The fresh segments had the largest 

potential for the incorporation of uridine into P3 and culturing lead 

to a loss of potential for incorporating uridine into this fraction. 

Although the incorporcion of uridine was greater in the segments 

which had previously been cultured. in 2-.TU, there was no difference in 

the incorporation pattexn into the sub-cellular fractions in segineits 

cultured previously in the presence or absence of the analog,:,,-. 

Fraction I had the highest specific activitybut the activity of 

the mitoohonc3rial fraction, P2, was also high, being more than twice 

that of the ribosomal fraction and showing an increase of uridine 

incorporation during the first 6 hours of culturing. 

The low incorporation of uridine into the ribosomal fraction is 
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in agreement with the work of Loening (1965), which showed that there 

is a reduced amount of ribosomal INA synthesis in cultured excised 

segments. 

The incorporation of 14C-labelled Leucine into the sub-cellular 

potLons of ?-± mme excised segments during culture. 

Segments were cultured in the labelled ].euoino medium, in the 

presence or absence of 2-TU, for 0, 1, 3 and hours and then the 

sub-cellular fractions were isolated. The results are the values 

obtained from a single experiment. 

No difference in the incorporation pattern was noted between 

segments cultured in the presence or absence of 2-TU. Fractions 1, 2 

and 3 showed a greater incorporation of the leucine in the presence of 

the analogue during the 6 hour period of oulturin:. 

Although the incorporation of leuoine into Fl was high, it is 

difficult to interpret this result becau.e of the heterogeneous nature 

of this fraction. 

Figure 53 shows tiat the incorporation of the aaiino acid into 

fractions 4 and 5 was greater in the presence of 2TU during the first 

3 hours of culturing, but after 3 hours the presence of the analogue 

seemed to make no difference to the rate of incorporation of the 

Leucine. 

The highest specific activity after 6 hours w.-.s noted in fraction-

ut jain the iiitochonirial fraction, F2, had a very high specific 

activit1. 

It is interesting to note that there was a tendency for the rate 

of 14C-leuoine incorporation into fractions 3, 4 and 5 to increase 

during the 6 hours of culturing,, but for 3H-uridine there was a decline 

in the rate of incorporation into these sub-cellular fractions after 

6 hours of culturing. 
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DISCUSSION OF RSULTS 

It is evident that the pyrimidine analogue 2.'.thiouraoil stimulates 

extension growth in cultured pea root segments. 11roodstock and Brown 

(1963) have reported similar effects of the analogue on the in vivo 

root systems of Pisum sativum and Zea mays as well as in the cultured 

segment. 

The maximum stimulation of extension growth in the root is produced 

by the relatively high conoentration of about 2 x 16-3M 2-.TU and no 

effect of the analogue has been observed at concentrations baa than 

5 x 1OM. These observations are in agreement with those of itoodstook 

and Brown (1963).  2-Thiouracil stimulates only the growth rate of the 

extension zone, the maximum stimulation being observed after 10 hours 

of culturing, a. Vero is little or no increase in the duration of 

extension growth. 

In contrast to 2-TU, -aaaguinine, öM, creases the duration of 

extension growth of cultured pea root segments,but only slightly 

stimulates the actual growth rate. This observation confirms the report 

of lires (1963),  but the concentration of the analogue used, 	was 

higher than the 5 x 10M concentration used by Heys. 

Other analogues, -.nitrouraoi 1, 5-bromouraoil, and 2-thiothymino, 

have no effect on the elongation of pea root segments, although 

benzimidazole slightly inhibited extension growth. 5-Nitrouracil, 

although producing no stimulation of growth, had an inhibitory effect 

when used in a large volume of culture medium (more than 8,0 ml. of 

medium in 25 ml. conical flasks). In 1.0 ml. of culture medium, 5-NU 

had r:. effect, neither did this analogue have any inhibitory effect on 

segments cultured on sintered glass discs in Petri dishes and it was 

concluded that under poor aeration conditions 5U inhibited extension 
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growth. In contrast, a 2 x 10' 3M solution of 2-TU always stimulated 

growth and this was independant of the volume of culture medium used. 

There is no evidence of coil division during the elongation of 

excised segments in the presence of purine and pyrimidine analogues. 

The increase in length of these segments is, therefore, due entirely 

to the increase in the length of the cells. 

Experiments using 2 mm, excised segments taken from the apical 

8 mm. of the root; tip showed that although 2-TU stimulated the 

extension growth of elongating cells the analogue did not induce cells 

which had completed their expansion phase to elongate. 

Although the analogues 5-NU,, 5-BU and 2-thiothymine do not stimulate 

extension growth, thr do not significantly decrease the stimulation 

produced by 2-TtJ,but uracil, however, does Inhibit the stimulation 

produced by 2-f U. it ha already been stated (page )f2), that the 

greater the concentration of uracil relative to 2_.7U, the greater is 

the decrease in the 2TU stimulati.:. . 	similar observation has been 

reported by ioa1atook and. Brown (I') , hUe Ber (1 949) has also shown 

that uracil is an antagonist of 2-TU. Ber observed that when uracil 

is added. to 2-TU, the growth of plants is promoted to a degree 

dependant on the proportions of uracil and 2-TU. Other workers have 

also reported that uraoil is an antagonist of 2-TU. Thus the inhibition 

of the germination of cress seeds produced by 107314 2-TU can be 

reversed by adding twenty times the amount of uracil to the 2-TU 

(Trotter, 194.9). H'O'IIZI  (1955) has reported that the inhibition of root 

elongation produced. by 2-TU can be annulled by using similar 

concentrations of uracil.-'Ti antagonistic effect of uracil on the 

inhibition of the bacterium Esoherichia coli produced by 2-TU has been 

observed by Chargaff and. Davidson (1955). This antagonistic effect 

of uracil on 2-TU seems to suggest that the analogue exerts its 



75 

influence through PNA, or other soluble nucleotides. 

It is an interesting feature of 2-PU stimulation that expanding 

segments must remain in the presence of the analogue in order to 

maintain the maximum stimulation. Removal of the cultured segments 

from a solution containing the analogue results in an immediate 

lowering of the growth rate. This feature is more pronounced during 

the earlier stages of cell expansion. 

Previous work (see Introduction) has shown that 2-XU and other 

purina and pyrimidine analogues are incorporated into the nucleic 

acids, 2-PU being incorporated into the I/t component. During the 

present investigation it was found impossible to detect any 2-1PU in the 

IA of expanding segments using normal chromatographic techniques even 

after 24 hours. It was, therefore, concluded that only small amounts 

of the analogue arc roorporated into the PNA and this view was 

supported by later experiments using 11+ -labelled 2-TU,which enabled 

a value of 3.kl,  replacement of uracil by 2-TU to be calculated. It can 

be seen from the data of figure 49 that when segments are transferred 

to a medium not containing 1 C-labelled 2-TU,the label associated with 

the R'IA of all cellular fractions decreases at a rate which is almost 

proportional to the rate at which it was incorporated. There may be 

a connexion between these observations and the decrease in the rate of 

extension growth observed when segments are transferred to a medium 

which does not contain 2-TU. 

Many workers have reported the amounts of natural bases replaced 

by their corresponding analogues in the IA of various organisms. 

Matthews (1 956) could not detect any 2-..TTJ in the IA of Tobacco Moasiac 

Virus, 3WU in the presence of the analogue by normal chromatography, 

but using 35 S-labelled 2-TU he calculated that only 3J of the uracil 

was replaced by the analogue. On the other hand llamers (1956) using 



76 

Bacillus megpterium concluded that as much as 2CO of the natural base 

was replaced by 2-TU, while Jeener and Rosseele (1953), using 

35S-labelled. 2-PU, showed that 2Cr/a of virus uracil is replaced by the 

analogue. Mandel, Markham and Matthews (1957) have also shown that as 

much as 20; of the uracti is replaced by 2-PU, much of which is present 

as 2-thiouridino and its 2 5 -diphosphate. These workers suggest that 

the 2-TU is incorporated mainly at the ends of the WA molecules. 

Using 8-azaguinine, Heyes (1959, 1963) has calculated that in pea 

root tips some 7-9% of the guanine was replaced by 8-AG in the RNA, 

but concluded that not more than 1.7j of the guanine was replaced by 

8-AG in the DNA, and there was probably no replacement. It has been 

reported by Matthews and Smith (1956) that there is a low replacement 

of about I .0-3.0% of WA guanine in many organisms, but in Bacillus 

ereus as much as 28' of the guanine is replaced by 8-AG. The 

replacement of the natural bases in WA by their corresponding 

analogues is perhaps further evidence in favour cf these analogues 

exerting their effects through nucleic said., particularly the WA, 

or other nuoleotid.es. 

fleyos (1963) has reported that as a result of the incorporation 

of 8-AG into MA in pea roots, the synthesis of WA, DNA and proteins 

is reduced to approximately the same extent • This would suggest that 

the synthesis of WA, MA and proteins is dependant upon the integrity 

of the WA)or at least some WA component. It has been shown by 

Chantrenne and Devereux (1958) that in Bacillus cereus, 8-AG at a 

concentration of 2.4 x 10M inhibited protein synthesis,but did not 

inhibit the synthesis of WA or DNA, while at 2.4. x JO-4 M the synthesis 

of DNA and protein was inhibited, but WA remained unaffected. After 

a short length of time at this higher noncentration all syntheses were 

inhibited and growth ceased. It may, therefore, be, concluded that these 
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analogues produce widely differing effects when used at different 

concentrations and this probably depends upon the amount of 

inoorperation of the analogue into the nucleic acid, and upon the 

tissue being investigated. In the present investigation it was shown 

that 2-TU, at a concentration of 10 3M, did not inhibit the uptake of 

uridine into RNA, or leuoine into proteins. It has also been shown by 

Cantarrow, Pascbkiake and Rutman (1955) that the incorporation of 2-TU 

into the RNA of rats did not prevent uraoil incorporation. 

2-Thiouracil appears to stimulate the normal metahiIsnt of expanding 

cells rather than producing a modification of the normal pattern of 

metabolism. This is clearly demonstrated by the effect of the analogue 

on respiration. In the root, the segment showing the highest rate of 

respiration is in the region of maximum cell expa or, an obsorvation 

which confirms the work of Brown and Broadbent (i 5'i i, i1k .liaon 

(1955) has also demonstrated a connexion between respiration gradient 

and growth rate in wheat roots. /hen segments, taken from the 

expansion zone, are cultured in 2Yo suorose,there is an increase in 

their rate of respiration which reaches a maximum after 10 hours, when 

the growth rate is also at its maximum; an observation which is in 

agreement with that of Brown and Sutcliffe (195U). The respiration rate 

of excised segments taken from the expansion zone of the root is 

stimulated by about 15b in the presence of 1C > 	L, the maximum 

stimulation being observed after 10 hours. ieither 8-G (Hayes, 1963) 

nor ribonuclease, which also stimulates extension ''uwth (Yeoman, 1962), 

were inund to stimulate the respiration rate of cultured root segments, 

when used at concentrations stimulating extension growth. It has been 

reported (Heyea, 1963) that 8-AG slightly inhibits oxygen uptake during 

growth in excised root tips. 

Although not incorporated into RNA, ribonuclease penetrates the 
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roots of higher plants and then has a pronounced effect on TVA metabolism 

(Braohet 1954, 1955 1, 1956). &inson (1960) has shown that this enzyme 

has an uncoupling effect on oxidative phosphorylation in corn shoot 

mitochondria,, while Key, Hanson and BUs (1960) have demonstrated that 

ribonuclease uncoupled an increased phosphorylation due to the action 

of 2 4.-diohlorophen,pxyaoetic acid on mitoohondria isolated from 

soybeans. In view of these observations it was thought that 2-TU might 

also stimulate the rate of respiration by uncoupling oxidative 

phosphorylation in the same way as DNP stimulates oxygen uptake in many 

tissues, but no such uncoupling was observed and the P/o ratio remained 

the same in the presence and absence of the analogue. It was also 

noticed that DNP itself had no effect on the respiration rate of 

expanding segments cultured with or without 2-TU. 

2-Thiouracil does not stimulate respiration in cells which have 

already completed expansion. The maximum stimulation was found in the 

most rapidly expanding cells of the 2-4 mm. segment, while there was 

some stimulation in the potentially more vigorous cells of the 1-3 mis, 

segment, probably due to the older cells in this segment which are 

about the same age as the younger cells of the 2-4 mm. segment. No 

2-TtJ stimulation of the respiration rate was observed in the segments 

in the absence at sucrose, indeed the respiration rate decreased 

throughout the culture period in the same manner as in segments cultured 

in water. Brown and, Sutcliffe (1950) have also observed that sucrose 

must be supplied in order to maintain, or increase, the respiration 

rate during the first twelve hours of culturing. This suggests that 

the 2-TU stimulation Is probably linked directly to metabolic activity. 

A similar conclusion was reached from the results of experiments carried 

out using four different temperatures. tt low temperatures, 4., when 

there is hardly any metabolic activity, -TU has no effect on extension 



15 

12,50  

79 

growth and the maximum stimulation is observed, at temperatures of 25°  

and 300  which are the optimal temperatures far the growth rate of 

excised secients  

Temperature (°c) 
Figure A: Diagram showing the relationship between 2-thiouracil 

stimulation and the growth rate of excised 2-4 mm. segments 

(-<---_ 	sucrose + 10'M 2-thiouracil, -. - 2) sucrose) 

It has been svxi by Avery (19.rt) that auxins also stimulate 

metabolism, measured in terms of respiration, and isonner, Baxiw.u-slci. 

and Miflerd (1953) have suggested that this increase in respiration, 

due to auxins, is caused by the rapid utilisat.in .'f ATP. This 

increases the AD]? and hence the respiration rate in order to maintain 

the ATP level by oxidative phoaphorylation. It is possible that this 

explanation is also valid for the increase in respiration due to 2-TU. 

By stimulating specific energy requiring systems, for example the 

incorporation of amino acids into proteins, there would be a rapid 

utilisation of AT]?. Since there is no change in the F/o ratio, the 

rate of respiration would have to be increased in order to maintain 



a high level of AT? by cocidative phosphorrlatiori. 

During ecU elongation in the intact pea root, there is a twofold 

increase in the DNA content (Hoyes, 1959, 1960) and a similar change 

in the intact bean root has been noted by Holmes, Mee, Hornsey and 

Gray (1955). This is probably due in part to the development of an 

endopolyploid condition. Experiments carried out by Lydon (1962), 

which involved the isolation of pea root nuclei in sucrose media, have 

also indicated that there is an increase in the DNA content during 

elongation in the intact root. There is, however, no change in the 

base composition of the DNA during cell elongation (Heyes, 1960). 

On the other hand in the excised root segment there is apparently 

a slight decrease in the DNA content during culture and again no change 

in the base composition. The presence of 2-TU in the ou2.ture medium 

has no effect on the DNA content during culture, neither has it any 

effect on the D. base content. Heyes (1959) has observed a alight 

increase in the DNA component of cultured whole root tips, but in 

the presence of 8-azaguanine this synthesis of DNA was inhibited. 

Differences in the behaviour of expanding cells in intact and 

excised roots are not only confined to the DNA oontcntbut also occur 

in the dry weights, IA and protein contents. It is pertinent to 

mention in this connexion that the 2-4 mm. zone of the intact root 

elongates by about 5OO in 2Z3  hours, but the 2-4 mm. excised segments 

cultured in a sucrose medium containing 2-TU elongate only by about 

220 in a similar period (Figure 2). 
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Figure B: Graph showing the growth of 2-4 mm. segments cultured 

in a 2-thiouracil medium and the growth of the 2-4 mm. region 

in the intact root. ( -. - 2-4 mm. zone of an intact root, 

-- 	2-4 mm • segment cultured. in 2 sucrose + 10-3M 

2-thiouracil,) 

During the - hrse of cell e.msion in intact pea roots the average 

dry weight per cell increases some tenfold (Brown and Broadbent,, 1951) 

and there follows a much slower but steady increase as the cell matures. 

This increase in dry weight is due mainly to an increase in the cell 

wall material, although there are also increases in the DNA, 1A and 

protein components. In the excised segment, however, there is only a 

twofold increase in the residual dry weight, and since experimental 

results showed that there was no increase in 	RI'U or protein, it 

was concluded that the increase in residual dry weight was due to cell 

wall polysaccharide material • Drown and utoliu1e (1 950) have also 

reported a slight increase in cell wall polysaooharide materials during 

the elongation of cultured segments. In the absence of sucrose in the 

medium there is only a slight increase in the dry weight of cultured 



segments and only a limited amount of cell expansion. It has been 

suggested by Brown 0963, b) that cell wall formation is a necessary 

condition fcr cell expansion. In this connexion it may be significant 

that 2-TU slightly stimulated an increase in the dry weight of excised 

segments, especially the cell wall polysaooharide material. 

The observations of Brown and Sutcliffe (1950) that there is an 

increase in interns], sugars of segments during culture have been 

confirmed in the present study, but 2-TU did not appear to stimulate 

the production of Internal sugars, soluble in alcohol, during culture. 

Increases in the internal concentration of sugars seems to be a general 

phenomenon of expanding cells Thus Hellebust and Forward (1962) have 

shown that throughout the growing region of the maize root tip there 

is an increase in the concentration of sugars, particularly glucose. 

It might, therefore, be expected that 2-TU would stimulate an increase 

In the internal concentration of reducing sugars during growth ,but 

this does not appear to be the case. Similarly there is an increase 

in the inorganic' phosphate during culture, but again 2-TtJ has no effect. 

In the intact root there is a progressive increase in the IA 

content of the cells from the apical meristem through the zone of 

enlargement (Jensen 1957, Heyes 1960). But in other intact tissues, 

for example corn mesocotyl, there is a net decrease in MA per cell 

associated with cell expansion and. maturation (Key, Hanson, Lund and 

Vatter, 1961). It was observed in the course of the present 

Ion that there was a general decrease in the }A content of 

Cc/Sec( oot segments during culture and the presence of 2-TU did not 

I.Io course of events. Cherry (1962) has also reported a net 

decrease in RNA during cell elongation in excised corn root tips, 

while :.;aclabblan and Duds (1965) have reported a similar observation 

using excised pea-epicoty]. tissue. Using cultured whole pea roots, 



Heyes (1963) demonstrated that there was an initial decrease in the 1A 

content during culture before net synthesis became apparent, but the 

presence of 8-AG resulted in a lower RNA content throughout the culture 

period.. 

It is known that actinomycin U inhibits DNA dependant 1A synthesis 

at high concentrations (Hurwitz, Furth, Malcmy and. Alexander., 1962). 

Ferry (1963) has demonstrated that at a concentration of I 

actinomycin D inhibits all RNA synthesis, but at 10 7M there is appreciable 

RNA synthesis oocuring in the chromatin portion of the nucleus, showing 

that the effect of actinomycin B on RNA synthesis probably depends on 

the concentration of this substance used. Levinthal, Keynan and iiiga 

(1962) have reported that 'messenger' 1A turnover and protein 

synthesis are stopped by actinomycin D in Bacillus ubtilis. it is  

probable that by combining with the DNA template, aotinomycin U is 

able to inhibit nuclear MA synthesis (Shaticin, 1962; Reich, Goldberg 

and Rabinowitz 1962; Brachet and Denis, 1963). 

In the present study aotinomy  

does not inhibit elongation, indeed  

but 	nr:Jc o' .75 pc;./ml. actinomycin D not only slightly 

inhi. 	:ic:: i...... 	c.r..u:.um but completely prevents the 2-TIJ 

stimulation. Such an observation supports the idea that 2-TU stimulation 

of extension growth is linked to nuclaic acid riicVboliam, if it is 

accepted that actinomycin B is a specific agent for blocking the 

synthesis of various nucleic acids. 

Other workers have also attempted to lixx& the effect of purine and 

pyrimidine analogues to nucleic acid metabolism in various systems. 

Waddington, Feldman and Perry (1955) implicated the nucleic acids in 

the protein producing system on the effects of 8-Ac. and benzimidazole 

on embryonic development in the chick and newt, whore the inhibition of 



differentiation was proportional to the intensity of methionine 

incorporation. in higher plants Banner and Zeevaart (1962) and 

Zeeyawt (1962), using 5-fluorouracil and 5-fluorodeoxy uridine, 

concluded that IA synthesis in the meristem is essential for the 

development of the response to the dark period of induotici. it has 

been shown by Heslop-Harrison (1960) that the floral mit 	plants 

were retarded by spraying the youngest fully expanded leaves of 

Cannabis sativa with 2-PU Just before the start of the inductive dark 

period. There was an accumulation of 14 C -labelled 2-PU in the young 

leaf primordia and most of the analogue was recovered from the INA 

fraction. 1'4arushige and Marushige (1 962) demonstrated that 8-AG and 

2-PU suppressed flowering in Farbitis nil and also interfered with 

nucleic acid synthesis. It has also been reported by Hess (19 1  

1961, 1961, 1961) that when 2-PU was applied to a leaf of unifo.Late 

Streptocarpus u i1landii, maintained for 8 weeks on an inductive 

short day schedule, the production of infloresence prinordia vas 

suppressed. Hess suggest'd 1 --  2-TU affects a minute portion of the 

leaf 1A, which he termed 'renrouctive RNA' since the induced leaf 

differed very little from the non-induced one :ith rL:spect to 

RNA-phosphorus. 

Raghavan (196) has re-.orted th.t 8-±G, 2-TU, -i U and 6-azauracil, 

which are incorporated into RNA, inhibited two-dimensional growth of 

the fern gametophyte of Asphenium nidus, but 5-bromouracil and 

6-azathymine, which interfere only with DNA synthesis (Broobinan and 

Anderson 1963; Harbers, Chaudhuri and Heidelberger 1959; Cohn, F].aks, 

Barner, Loeb and Lichatenstein, 1958) did not inhibit induction of two 

dimensional growth in the gametopbytes. Raghavan implied that 

inhibition of 1A synthesis leads to an inhibition of two dimensional 

grrth of the gsmetophytes. Hotta and Osawa (1958) have also reported 



that 8-Ar, prevented the differentiation of the gametophyte from the 

filamentous form of a germinating ferm spore, while Bell and Zafar 

(1 961) found that 8-AG prevented sporophyte production from gametophyte 

tissue in the prothallus of Dryopteris borreri. 

Several workers, Franold. and Matthews (1962) franoki (1962) and 

Nichols (1953), have reported that TMV multiplication is depressed by 

adding 2-TU during the early stages of infection. It has already 

been stated in the Introduction that 2-TtT is incorporated into viral RNA. 

These result 	est that it is probable that the effects of the 

nucleic acid analogies on growth and differentiation u.ght be a result 

r' their incorporation into the !TA fraction. )ther workers (see 

I. ro&ioton) have also suggested that the effects of growth promoting 

bstances such as auxins, particularly IAA, may be explained by their 

affecting nucleic acid metabolism. But the observation of Biese].e 

(1955) that the inhibition due to 6-méroapto-purine could be relieved 

by Co-A would appear to point out that purine and pyrimidine analogues 

can have effects on metabolism other than by incorporation into the 

nucleic acids. 

The existence of two 1A species, P1U-1 and PNA-2, which differ in 

their ease of extraction with cold perchloric acid and base composition, 

has been reported by Hayes (1959), while T'so and Sato (1959) have also 

reported a difference in RNA species in ca eedlini-s. Puring cI::tension 

growth in pea roots Heyes noted that t1i'e i in increase,  in Lhe 

BNA-2 species at the expense of T11.'-  • The present investigation showed 

that In the expanding excised segment there is a decrease in RNA-1 and 

a smaller decrease in TA-2. .2-Thiouraoil had little or no effect on 

this change. No change in the base composition of tn-. total YVA was 

noted during cell elongation, although a change would be expected 

according to Hayes (1959), since the WA-1 and RNA-2 species differ in 
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base composition. However Martin and Morton (1956) obtained two iA 

fractions from Beet leaf particulates,, comparable to the fractions of 

Heyea, and found them identical in CODpOsiticL.i. 

Heyos (1960, 1961) has tentatively suggested that ±t-1 is a 

precursor of WA-2, since the former RNA species is predominant in 

men stematic tissues, ard it was suggested that IA-1 is attacked by 

nibonuclease and converted into JA-2 which continues to accumulate. 

An increase in ribonuclease activity during ocil expansion in the 

intact root has been shown by Robinson (19%).  Lund, Vatter and 

Hanson (1958) have noted that while rniorosomos at the root apex are 

rich in RNA the relative abundance of these particulates decreases with 

age. It was suggested by Hayes that the erosion of FA-1 leads to the 

disruption of the micro some and an accumulation of RNA-2 which is more 

tightly boun: • 	+:if is probably an oversimplification to talk in 

terms of a ch 	fpn -1 to A-2 	bein; responsible for the manner 

in which RNA n 	ri cell grow-t'-,. 

During cell expansion in the iLitaot root, whion ceases about 3 mm. 

from the root tip, there is an increase in the protein content of the 

cells (Brown and Broadbent, 1951; Erickson and Goddard 1951; Robinson 

and Brown 1952; Jensen, 1957; Sharon and. Hanson 1962). Blank and 

Frey-Vyssling (1944) have also reported a parallelis:: 	: 'en protein 

synthesis and growth in the enlargening cells of the 	.;hium of 

Cenothera. In excised root segments on the other ha.-- .e is no 

increase in the protein content when the segments are cultured in a 

sucrose medium. iven in the presence of 2-TU there is no increase in 

the protein content of excised segment-,-. 	rown and Robinson (1 951k) 

showed that excised expanding root se:r ,c. :re 	ruoroce uedium 

did not lose protein-nitrogen dining 

cultured in water there was an appreciable loss even after 24 hours. 



In the course of the present investigation it was noted that segments 

cultured in 2—TU9  in the absence of sucrose, lose protein nitrogen to 

the same extent as segments cultured in water. 

Other workers (Hanson and. Key, 1960; Key and Hanson, 1961; 

Shannon and Hanson, 1962; Cherry, 1962) have also reported decreases 

in the protein content during cell expansion in excised. tissues. 

Clearly,, therefore, there is little or no rect connexion between 

exten'iori rowth ond total protein content in expanding cells. 

There is , ovevcr, no re000ri to aure that protein synthesis is 

not involved in extension grol7th. The work of Nooden and Thimann 

(1963) sugosts that the response of plant coils to auxins depends on 

protein synthesis. 

Several workers have reported changes in the enzyme activities of 

elongating cells in intact roots and cultured root segments (Borger 

and. Avery 1943; Brown 	GbiOn 1952, 1954; Haskins 1955; 

Robinson 1956; Brown and .o intha, i957; Robinson and Cartwright 

1958). DUjn the present investigation it was observed that there 

was an increase in the invortase activity of the cells during 

elongation, the maximum invetase activity being observed at the 

period of maximum growth rate. Brown and Robinson 0952, 1954s 1955) 

have also reported higher invertase activities during the period of 

'maximum cell elongation, while Warmer and Leupold (1947)  have shown 

that the ±nvertase activity in the differit regions of broad bean 

roots increases f'rcrn the first to the fourth millimetre behind the 

tip, where elon:rtion is occuring, and then decreases. Changes of a 

similar nature have been reported in root tips of Zea mays by Hellebust 

and Forward (1962). 

Similar changes have also been observed for ribonuclease 

(Robinson 1956; TZObinson and. Cartwright 1958)  and for pho3phatase 

(Robinson and Brown 1952, 1954). It is important to note, however, 



that the relative change in enzyme activities is not the same for 

different enzymea,but constant for a particular enzyme. 

The results obtained in the present study confirm the observations 

of Brown and Possingham (1957) that the pattern of enzyme activities 

changes throughout the whole period of growth and development, not only 

during cell expansion. The enzyme activities of excised segments, taken 

from the regions of the root which hvc 3topped elongating, change 

during culture, although not necessarily in the same manner as in 

elongating segments. There is, therefore, little doubt that the 

enzyme systems, and hence protein complements, of cells are changing 

continuously throughout elongation and subsequent differentiation. 

The incorporation of purine and pyriniidine analogues results in 

changes in the development of enzyme activities in growing systems. 

In excised segments, invertase, phosphatase and ribonuclease reach 

their optimal activities during the first 12 hours of culturing when 

the maximum growth rate is attained. 2.-Thiouracil does not modify 

2—PU increases the activities of several enzyme systems, particularly 

invertase since this enzyme serves several purposes which are important 

for extension growth. i'iratly it provides a substrate for respiration 

which releases energy required for growth, secondly it produces 

substrates necessary for the fonnation of new substances and thirdly it 

supplies osmotically active substances which help to maintain the 

osmotic pressure of the cell during expansion. But Heyes (1963) has 

shown that 8—AG decreased the activity of several enzyme systems in 

1 cm. root tips cultured for several days under aseptic conditions. 

It has been shovn by Bhuvaneswaran, Speenevasan and fleege (1961) 

that the induced synthesis of catalase by yast cells is dependant upon 



an unmodified. FVA component, being inhibited by 8-AG and 2-TU. The 

development of invertase in discs of storage tissue, taken from 

Helianthus tuberosus, has been studied by Edelman and Hall (1963). 

These workers found that 2-PU inhibited invertase development, but 

uracil had no effect. In the bacterium Esoherichia coil Horowitz and 

Chargaff (1959) found that in the presence of 5-fluorouracil the 

activities of oatalase and succlxic dehyd.rogenase are increased, but 

the induction of f3-galactosidase by lactose was inhibited. using 

disrupted. Staphylococcus preparations Creaser (1956) showed that 8-As 

inhibited different enzymes at different rates, probably by 

incorporation into the MA. This worker suggested that the formation 

of different enzymes is promoted by types of F&A with different lengths 

of active life. The existence of an unstable information-carrying IA 

has been reported by various workers (Jacob and Monod 1961; Levinthal, 

Keynan and Higa 1962; Loening 1962; 'tdiey and McCarthy 1962). 

Pardee (19%), studying the fbrmation 	-alactosldase by 

uracil-requiring mutants of Escherichia call, found that enzyme formation 

took place only in the presence of added uracil, and he concluded that 

RNA synthesis was essential for induced enzyme formation to occur. The 

observation by Chantrenne and Courtois (1953) that the inhibition of 

catalase formation by purine and pyrimidine analogues in Baker's yeast 

can be reversed by adding the natural base to the system is evidence 

that these analogues affect protein synthesis through being incorporated 

Into some 1A component. 

Cook (1959) has considered the possibility that the increase in 

activity in growing root cells may be explained by increases in 

particular elements of the cell structure. Thus the increase in some 

enzymes (phosphatase and transaminase) is in the same order as the 

increase in cell wall area or volume of the cytoplasm. This worker 



suggests that the tonoplast might account for the much greater 

augmentation of invortase activity and the enzyme may exert some 

influence over the passage of sugars into the vacuole. It is a 

feature of 2-TU stimulation of expanding root segments that the 

invertase activity is greatly stimulated, the maximum stimulation 

being reached when the elongation of the coil, and therefore the cell 

wall, is at a maximum. In view of thic T1gestion it is interesting 

to note that some of the 2-TU is incorporated into the cell wall 

fraction from which it cannot be extracted with hot perohloric acid 

in which nucleic acids are soluble. however the exact way in which 

this 2-TU is incorporated into the cell wail is unknown. 

There seems, however, much evidence that proteins are involved 

directly in the growth process. Chioramphenicol, CMP, which is a 

powerful inhibitor of protein synthesis (Sutoliffe and. Jacoby 1962; 

Rab son and Novel U, 1960; Okamoto and. Mi zuno 1962; Khurd.uk and 

Mezgovarova, 1962; Aronson and Spiegelman 1961) also inhibits 

elongation in excised segments when used at concentrations which 

inhibit protein synthesis, measured in terms of changes in enzyme 

aoti'v1.tiea, but does not result in a decrease in the protein content. 

This antibiotic prevents the 2-TU stimulation of elongating segments, 

and the increased respiration due to the analoie, but does not 

depress the respiration rate below the value of the sucrose controls. 

Ellis, Joy and Sutcliffe 0961+) have also reported that high 

concentrations of CMP (2g./litre) do not inhibit oxygen uptake in pea 

root apices of 4. day o]4 pea seedlings but there is some evidence 

that CMP, at relatively high concentrations, inhibits oxidative 

phosphorylation and. AP' ase activity in plant mitochondria (Hodges 

and Hanson, 1964.). 

At concentrations inhibiting extension growth CMF also inhibits 



the development of enzyme activities in excised root segments. It is 

probable that CLT inhibits extension growth by its action on protein 

pnthesis via IA. 'Several ioxkers (iendi and Oohoa, 1961; Kuóan and 

Lipmri, 1964; Wolfe and Hahn, 1965) have reported that CMP combines 

with ribosomal TWA so that it is possible that CMP prevents 2-TU 

stimulation by binding with ribosoma]. 1A • olfe and Hahn (1 965) 

have proposed that ribosome bound CMP interferes with a function of 

'messenger' FL.. This would seem to suggest that 2-TU, and possibly 

3-i& end ribonuolease, exert their effects on growth through the 

proteins via the IA component, probably the unstable 'messenger'-MA 

which requires an unmodified ribosomal structure for its operation. 

It is, however, clear that there is a limitation on the value of 

observing gross changes in DIL't, RNA and proteins during extension 

grow . 

kL 	 J.5 	L)Lo1aria 

of the roots of Zea mayp during cell development. In meristematic cells 

the mitochondria appear to have no internal structure, but the normal 

oriatae develop during extension growth at the same time as respiration 

reaches a maI. 	e workers also showed that there were changes 

in the oompo i 	ihe 'heavy' mitoohond.rial fraction which showed 

an increase in the JA:protein ratio, but in microsomal fractions this 

ratio was lower in the mature tissue than in the meriatematic tissue. 

It was demonstrated by Loening (1 961) that the ribosomes in mex'isteniatio 

cells are predominately free in the cytoplasm, but in expanding cells 

they are probably organised on to membranes in the typical microsome 

structure. These observations point to a ch.-age in the sub-cellular 

fractions during growth and differentiation. 

A change in the association of WA with different cell organelles, 

as measured by differential centrifugation, during cell expansion has 
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been shown by Cherry (1962), Key, Hanson, Lund and Vatter (1961), Lund, 

Vatter and Hanson (1958) and Setterfield (1961). During the present 

investigation it was shown that in the excised segment only the 500& 

fraction did not lose 1A and protein during culture. Al]. other 

sub-cellular fractions lost RNA and protein, and 2-TU in the culture 

medium had no significant effect on this loss. The largest loss was 

in the miorosornal fraction which is an active site of protein 

synthesis. Cherry (1962) has found that although there is a general 

loss of }A during the growth of excised ooni root tips, and a loss of 

miorosomal and soluble 1A there is an increase in mitochondrial and 

nuclear 1A. Oota and Takata (1959 a, b) have described changes taking 

place in a single sub-cellular fraction, f o niiorosomal ribonucleoproteins, 

from bean hypocotyl and cotyledons dur Tennination. There is a 

decrease in the quantity of RN,but no change in its base composition. 

Changes in the 	cntent of nitochondrial, microsomal and cell sap 

fractions during the gerir.at on of corn seedlings have been reported 

by Cherry and .Hagernan (1961). These observations revealed that there 

was a decrease in miorosornal TA, but an increase in the mitorial 

RNA in the ra.dicle. In the intact pea root Heycs (-?' 	!: ;oted 

that there is a twofold increase in MIA in the micro sor 

increase in the mitochondril TA during extension grov. ".ore Is 

also a decrease in the WA:protein ratio in the microsome fr..ction. 

Loening (1961) has shown that the TVA-protein ratio of the purely 

ribosomal fraction actually increases slightly during extension growth 

In the intact plant, but the total cantity of ribosomea per cell falls 

considerably. 

It has been shown by Heyes (1963) that in the intact expanding root 

there is an increase In protein in all the sub-cellular fraction. In 

both the miorosomal and supernatant fractions there is a fourfold 
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increase,but in the mitoohondrial fraction a fivefold increase occurs. 

It is clear that during cell elongation the IA and protein are 

not only undergoing considerable d1ane)  h t this change is not uniform 

throughout the various fractions. 

Although 2-TU did not affect the changes in 1 aii protein in 

the sub-cellular fractions during elongation the analogue is incorporated 

into MA. It was observed that the analogue was incorporated into all 

sub-cellular fractions, but least of all into the ribosomal fraction 
S 

which is the fraction containing the largest amount of }NA. An 

explanation for this may come from the ,.or.-.of LoeninL  (1965). 

Loening has reported that in excised elongating segments there is 

probably a much reduced ribosomal IA synthesis. The initochondria]. 

fraction Is very active in incorporating the analogue, and much is also 

incorporated into the MA of the supernatant fraction. '!'raction 1, 

containing cell walls, nuclei, undamaged cells, large mitochondria 

etc., incorporates a large amount of the 2TU taken up by the expanding 

segment. But some of the analogue is aparexit]r incorporated into a 

non-nucleic acid fraction in the cell wall. A similar observation has 

also been made by Brown and Woodstock (private communication). 

Heyes (1963) has studied the incorporation of 8-AG. into the 

sub-cellular fractions of cultured pea root tips. The greatest 

incorporation was in the debris fraction, while ti s.apernatant 

fraction also attained a high incorporation. As with 2-TtJ, the 

mitochondrial fraction Incorporated. 8-AG to a much greater extent than 

the microsomal fraction, but the ndorosomal fraction incorporated 8-AG 

over a 24 hour period whereas the mitoohondrial fraction reached a 

maximum value after only 6 hours then declined slight 1 • ignett 

(1963), using the bacterium 11taphylocoocus aureu, su . that 5-FU 

was rapidly taken up by soluble 11.7A,but there was slower incorporation 
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into ribosomal 1A • It is unlikely that in this bacterial system there 

is no ribosomal 1A synthesis, unless 5-FU is able to inhibit 

ribosomal RNA synthesis in the in vivo system. 

By transferring cultured segments from a medium containing 

1 C-labe1led 2-TU to one containing the non-radioactive form, or a 

sucrose medium, there is a loss of radio-activity from the RNA of all 

coil fractions • It has already been stated that segments must be in 

contact continuously with 2-PU to produce the maximum stimulation of 

cell elongation. 

AutoradiograpIy confirms the 2-T1 incorporation pattern observed 

from sub-cellular fraction studies. - re is a rapid incorporation of 

the analogue, particularly into tie nucleolus. The cytoplasm also 

becomes labelled rapidly, but to a lesser extent than the nucleus. 

Nevertheless the large amount of labelling of the cytoplasm wouio not 

be expected from the distribution of labelling within the cell using 

the differential centrifugation technique and it is difficult to find 

an explanation for this discrepancy. Noodstock and Brown (1963) 

have also observed a rapid incorporation of 2-TU into the nucleus, 

particularly the nucleolus, followed by the appearance of activity 

in the cytoplasm and these workers also report that the analogue can 

be detected after very short exposures. This is not surprising since 

the effects of the analogue on elongation can be noted after an 

exposure of less than an hour. It has been observed by Heyea (1963) 

that 8-Ac is incorporated rapidly into the nucleolus, but to a lesser 

extent into the cytoplasm  than was noted with 2-TU. 

These observations are consistent with the view that 2-TV and 8-Ag 

are first 	orporated into the nucleus and then travel into the 

cytoplasm. This view is also supported by the observation of Harris 

(1963) that in He La cells, after 10 minutes incubation with 



95 

1 C-adenine and 5 minutes in unlabelled adenine, 86,6 of the activity 

is in the nuclear RNA. During a subsequent 5 hours incubation in 

non-radio-active adenir, the 14C-u1.enine p.es from the nucleus to 

the cytop].as. 

Experiments using 'H-labelled-Uridine have shown that 10M 2-!'U 

does not prevent the incorporation of uridine into the RNA of elongating 

segments. The most rapid incorporation was again into the debris 

fracti on, but it is perhaps aigni'ieant that there was more incorporation 

into the mitochondrial fraction than into the microsomal fraction. 

Cherry (1962) has reported that during extension growth in excised corn 

roots, the greatest incorporation of uracil was into the nucL, then 

the mitochondria and finally the microsomal and soluble fractions. 

The incorporation of uridine into the mitochondrial RNA of rat liver 

has been reported by Winteraberger (196.). Later, Winteraberger 

(1 964) showed that the incorporation of uridine into mitoohondrial 

IA was strongly inhibited by actinozyoin, indicating a DNA dependant 

RNA synthesis within the mitochondria. Cantarow, Paaohkirke and 

Rutr.n (1955) have also reported that although 2-TtJ is incorporated 

into the BNA of rats it does not prevent the incorporation of uracil. 

Similarly Creaser (1956) has demonstrated that the addition of 8-AC. 

does not diminish nucleic acid synthesis by wahed suspension of 

Stgpbyloc000ua aureus, as measured by the incorporation of 14C-uraoil, 

but the analogue does become incorporated into the nucleic acid. But 

Perry and Drwald (1962), using animal cells, fth that 8-AC. inhibited 

the synthesis of RNA in the nuclear debris fraction by 10-15% as shown 

by 34 inoorpratLon. Incorporation of P into IA of the mitoohonth-'ial 

fraction was inhibited by 20-30. Similarly Rey and Fernandes (1962) 

fouth that in Trypanooma oruzi, the incorporation of 1 C-uracil in the 

synthesis of pyrimidine nuoleotid.es  was inhibited by 5-fluorouracil. 



It is of interest to record that 2U, which stimulates extension 

growth in pea roots, slightly stimulates the incorporation of uridine 

into all sub-cellular fractions • It would appear that there is little 

similarity between the effects of various analogues, or even the sane 

analogue using different tissues, upon IVs. synthesis in the various 

sub-cellular fractic. 	c present investigation is the only case 

where a stimu1atioi of ji th and a slight stimulation in R1'A 

synthesis have bLi 	id using an analogue, but i.ey ano. Shannon 

(1964) have observed that growth stimulating amounts Of auxins 

enhanced 14.0-nucleotide incorporation into RNA during -t e extension 

growth of excised soybean hypocotyls. 

The incorporation of 14  C-leucine into cultured segments was 

highest in the debris and supernatant fractions. rhere is, however, a 

higher incorporation of the amino acid into the mitoohondrial fraction 

than into the miorosonial fraction. 2-TU stimulates the incorporation 

of leucine into the mitoohondria6 fraction,but has little or no effect 

on the incorporation of the amino acid into the miorosomal fraction. 

That there could be incorporation of 14C-leuoine even, in the 

presence of a nucleic sold analogue was demonstrated in Bacillus cereus 

by Grti'nberger (1949). 

Webster (1955) has shown that the crude mitochoncirial fractions 

from pea roots had a greater capacity to take up amino acids than the 

ribosomal fraction. It was observed by McLean, Cohn, irandt and 

Simpson (1957) that laxoine was incorporated to the same extent into 

the mitochondria and micro somes of rat skeletal muscle in vivo while 

Simpson and. McLean (1 955) showed that rat muscle mitochondria are as 

acilve as 	ribosomes in incorporating leucine. Using disrupted 

Y-:: st cel:., Coper (1962) reported that the 200000L fraction, 



corresponding to the rnitoohondria 1 fraction, incorporated more labelled 

amino acids than the 130,000 fraction, although the sap received the 

largest amount of label. out Stephenson et al (1956), using discs of 

tobacco leaves found that 14- C-1enoine was incorporated more into the 

microsomal than into the mitochondrial fractions • It thus appears 

that in most systems, including the pea root, the mitochondrial fraction 

is at least as, but usually more, active in incorporating amino acids 

than the miorosomal fraction. 'iu servation of dense particles within 

the mitochondria by Roody. • .SJtt le and ilo (1962) of the same size as 

those in the micro some fractiuu 	support to the suggestion of 

Rendi. (1959) that these ribosome particles are responsible for protein 

synthesis in mitoohonciria. Recently Elaev (196) isolated ribosomes 

from cytoplasm, nucleus and mitochondria and found the structure of all 

three to be similar. 

From the discussion of the results two major points arise. Firstly 

that 2-TU and other analogies are incorporated into TA, probably in 

the same manner as the natural bases, and secondly that 2-TU not only 

stimulates extension growth,but also increases the rate of metabolism. 

Any theory on the mode of action of purine and pyrimidino analogues 

must explain these observations • From the evidence available there 

seems little doubt that there is a parallelism between incorporation 

growth of expanding pea root segments. A iürther point arises in 

connexion with the rate of metabolism. Is this increase in the rate of 

metabolism a result of 2TU stimulation, or is 2-.TU stimulation of 

growth a result of the increase in metabolism? 

11 several suggestions may be pat forward to aoc'ount for the effect 



of the analogues on growth although none are totally satisfactory, 

especially as the effect of different analogues on the same system 

varies. Thus 2.'TU stimulates the growth rate of expanding excised 

segments but has little effect on extending the growth phase, 8-A( 

prolongs the growth phase but has no effect on 	 rY, 

while 5-NU has no effect at all on cell expanaL.. 

Brown (1963 a, b) has implicated the inesse 

responsible for the effect of these analogues on grovth. In order to 

explain the possible manner in which these analogues act it is rteoeasary 

to give a brief description of this the,: . 	has been suggested by 

Brown and Robinson (1955) that the whoi 	of  ceL1 3evelo (.nt 

is determined by a change in composition of tbc. rrotci 	:J elf 

is reflected by a change in the activities of enzyme se ntroduotion). 

In the root the young meristematic cells can be represented as 

possessing a protein state P1 and before cell elongation can occur 

there must be a char: 	rotein state vAUch will support the 

elongation phase (r: 	milarly elongation of the cell will cease 

when the protein st 	has been reao:o. 	oh protein state will 

be oharacterised by its own enzyme complernem: 	. Pe growth of 

cells will, therefore, depend on the activiti.... : the enzymes in E2 

and the rate of change from E2 to E3. 

MPlSTElTi :. ::r; 	 lNC ZONE 

The parallelism between changes in nucleic acid and protein systems 

during growth has already been discussed. Heyes (1960) showed that as 

cell differentiation proceeds there is a change in the IA component, but 



not in the DNA component. The possibility of 1A control of growth 

is suggested by observations on the distribution within the cell of 

substances which affect growth. Thus 2-TU and 8-AG, although 

distributed throughout the cell, are incorporated initially in the 

nucleolus and tend to be concentrated in this part of the nucleus 

during growth. The demonstration of an information-carrying, unstable 

1A in bacteria (Jacob and Monod 1961) and later the demonstration of 

a similar 'messenger' PNA in pea roots by Loening (1961) lead Brown to 

postulate that the nucleus may r:. 	cries of messengers that 

control the biological characteristics 	the protein. This must 

carry the implication that the messenger life is of a limited duration 

and in this connexion it has been shown by Levinthal, Keynan and. iTiga 

(1962) that part or all messenger RW is unstable in many systems. 

It is possible that the effect of the analogues, and of ribonuclease, 

is to disturb the normal messenger mechanism. Aronson (1961) has 

produced indirect evidence that the incorporation of an analogue into 

PS.1A may inhibit the production of a specific protein and the effects 

of 5-fluorouracil on protein synthesis are ascribed to its particination 

in RNA synthe&. . 

Voodstock  

stimulation of growth in - n±a-!' pea r;ots 2-TU inhibits further growth. 

This is due to the analoic . ulatin rovth in eindini cell ,hut 

inhibiting growth and ciivIion in youne' celll rear the root 

Once the older cells have fully expanded there will be no more cells 

to expand and hence the later inhibition of 2-TU on the growth of 

intact roots. This explanation would also appear to be applicable to 

the results of Hb'im (1955) who found that 10 -5  M  2-TU inhibited the 

growth of intact roots especially in Lepidium. Heyes (1963) has also 



reported that 8-azaguaniue has a marked depressing effect on the growth 

of young cells in pea roots. brown postulates that these analogues 

depress growth by decreasing the rate of change from P1 to P2, and 

stimulate growth in excised segments ,taken 1.ro:lkt'e o3ansio 	Lf 

decreasing the rate of change from P2 to P.5. ..n Loth tiooe 	oc Ue 

analogues are incorporated into the messenger 1A, but the effect on 

the young cells is to depress growth and on the expanding Ue,'11:3 to 

stimulate g 

Ribonii 	 - 

destroying the 'messenger' 141A. It has been demonstrated by Arnstein 

(1961) that in vitro short treatments of ribonuclease in isolated 

ribosomes have the effect of removing associated ;ncsscncr 	it"-Lout 

altering the ribosome structure. 

Loening (1965) has reported that in excised pea root segments 

messenger I'TA continues to be snthesisoc, 	inthesis of 

ribosomal 1A is dooreasd. .ia obser - 	 seem to indicate 

that several meesengex's' are e.bi.e to use the same ribosome during 

expansion, and ribosomes do not carry the information for the type of 

protein to be prouoed, it is, therefore, the messer.ger RNA which 

carries the information on the type of protein to be formed. 

The possible inter-relationship between nucleic acids, protein 

synthesis and ptu'ine and pyrimidine analogues is shown in the diagram 

(Figure c). 
- - - - 
	(!Phiotkymino 

- - - C in D 

-k- 	
( cS-AG. 

-.---- 	J,•o.Aolease 

Amino C.L 3 



101 

This scheme is probably an oversimplification of the actual system 

especially as it does not include the nucleolus. Sirlin .ud Jacob 

(1962) consider that one function of the nucleolus seems to be the 

amplification of 'messenger' RNA, although Perry (1962) has shown 

that the nucleolus is also a special site for ribosomal RNA synthesis. 

It has been shown by Sirlin, Jacob and. Kato (1962) that riucleoJ..ar RNA 

synthesis depends on primer DNA, the primer DNA being the chromosomes. 

There is also the possibility that some of the messenger RNA, made 

in the nucleolus, may be modified to ribosomal RNA and. Kitazuine, 

Yaa and. Vincent (1962) have prezented evidence that messenger RNA can 

be converted to ribosomal RNA. by re-arrangement of the nuclootiu.ez. 

It has also been reported. by Sirlin, Jacob and. Kato (1962) that 	e of 

the messenger RNA is able to by- .pa'.' the nucleolus amplification system. 

By the ;chore 	in figure 	hor.ev€r, it is possible to explaln 

lithibitory eeet ci ro':t. f :ctinomyoin 1) and. ohloramphenicol. 

Aot.inoniycn D may inhibit the production of the normal messenger RNA, 

while ohloramphen.col combines with the ribosomal RNA and inhibits protein 

8ynthesis. It is possible that the slight stimulation of growth noted in 

the presence of low cc;ncant.~-a-'L-,L=6 of aotroycJn B can be explained in 

terms of the production of :. 'irsgurJ - 	 : BTA. Perry (1962) has 

shown that although high conoentrtn,: of actinoniyoin I) (10i) inhibit 

irA depe.ant hh synthesis, at lower concentrations (10-714 to 10 M) DNA 

dependent RNA synthesis is not affected while nu3leolar RNt synthesis is 

completely stopped. it is, therefore, conceivable that the DNA. dependant 

synthesis of RNA, at law aoncenrationo of actinoinycin D, results in the 

formation of an irregular messenger RNA. able to by-pass the nucleolarRNA 

amplification mechanism ami exert its effects on growth. Analogues 

incorporated into the DNA. do not affect extension growth. It would, 

therefore, seem possible that Dfilk containing these analogues is still 
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capable of producing the normal messenger Rh. 

But the theory does not fit ail the experimentaj ocrvi,3. 

The effects of 2-TU, 8-AG and ribonuolease on extension growth are 

quite different. It has already been stated that 8m.azaguanine stimulates 

growth by extending the duration of elongation, although 2-.TU, and to 

a lesser extent ribonuclease, stimulate the growth rate without 

appreciably altering the duration of the elongation phase. Furthermore, 

in the presence of 2-, oxygen uptake, 1 C-leucine incorporation and 

several enzyme activities are actually increased. It is 'iffioult to 

correlate these observations with the 'nonsense' messenger rtNA 

hypothesis. 2-TU sould either mainta&n the seine metabolic activity 

or decrease it as elongation proceeds, since in the prese:ice of the 

'nonsense' messenger iIA the complete normal enzyme complement should 

not be synthesised. Indeed it way be doubted whether these 'nonsense' 

messengers are capable of allowing protein synthesis at all. 

There is no evidence that the normal enzyme complements are not 

developed in the presence of 2-YU, although the activities of these 

enzymes are increased. similarly the elongating segments becomes 

lignifiod at the same period of grovrth whether the segments have been 

cultured with or without 2-U. 

It is, however, probable tnat PJA is involved in the stimulation 

of growth by 2-TU and. 8-AG and it is also possible that these analogues 

produce their effects in different wejs. Thus the effect of 8-AG may 

be exp].eined within the terms of the messenger RNA hypothesis since 

only the duration of the elongation phase is extended. By producing 

'nonsense' messages it is probable that the phase of maturation, 

following the elongation phase, will be delayed since the normal protein 
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complement for this phase cannot develop. The 8.-AG segments will then 

remain in the elongation phase only as long as there are enough enzymes 

to maintain them in this phase. When the enzymes are degraded, and 

there will be hardly any re-synthesis because there will be no more 

messenger RNA, growth will cease. It may be envisaged that the 

synthesis of normal messenger RNA., by the DNA dependent IA synthesis 

mechanism, ceases when 8-AG is added to the system, but there will 

still be some synthesis of the normal messenger RNA as a result of the 

amplification mechanism in the nucleolus. Ultimately, however, because 

of the unstable properties of messenger 1A, and the lack of further 

normal messenger by DNA dependent 1A synthesis there will only be 

'nonsense' messenger RNA present. In a sucrose solution the phase of 

elongation will be a little shorter since proteins, typical of the 

maturation phase, will begin to be synthesised while the cells are 

still in their elongating phase, as a result of the production of a 

different normal messenger RNA complement. 

The effect of 2-TU on growth cannot be explained in the same way 

because the duration of the elongation phase is not extended to any 

appreciable extent. While the cell is in its elongation phase the 

growth rate is actually increased in the presence of the analogue, as 

well as in the presence of ribonuolease. In this case it is possible 

that the mitochondria are responsible for the increase in the growth 

rate. 

Roodyn, Reis and Work (1961) have reported that amino acid 

incorporation depends on the maintenance of oxidative phosphorylation 

and is promoted by ribonuolease. By preinoubating mitoohondria with 

ribonuclease Truman and Korner (1962) observed that the incorporation 

of amino acids was stimulated, and the rate of incorporation of amino 
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acids acids was shown to be correlated with the efficiency of energy 

production by oxidative phosphorylation. It  was shown by Peterson 

et al (1951) that amino acid incorporation into mitochondria is 

stopped by stopping oxidative phosphorylation. This suggests that 

the mitochondria have their own energy supply for amino acid incorporation. 

2-Thiouraoil is incorporated to a large extent into the 

mitochondria, as well as stimulating amino acid incorporation into 

this fraction and increasing the respiration rate. The analogue does 

not affect the 1/3 ratio. 

It is possible that the inhibition of 2-PU stimulation,or even 

growth itself, by relatively high concentrations of chloramphenicol 

is due to this antibiotic inhibiting oxidative phosphorylation. An 

inhibition of oxidative phosphorylation by high concentrations of 

obloramphenicol has been demonstrated by Hodges and Hanson (1964). 

The inhibition of 2-TU stimulation by aotinomyoin 1)  can be 

explained by the observation of Wintersberger (1964) that aotinomyoin 

inhibits DNA dependant RNA synthesis in mitochondria. It is thus 

possible that 2-TU stimulates growth by becoming incorporated into the 

IA or soluble nucleotides of mitochondria. Key, Hanson and Bus 

(1960) concluded, after experiments with mitochondria from soybeans, 

that growth by auxins, synthetic or natural, involves an increase in 

the mitoohondria and they postulated that this increase is regulated 

through nucleotide metabolism. It is suggested that 2-PU may exert 

its effects by becoming incorporated into iYIP or UDP-gluoose,or a 

similar substance which is directly concerned with metabolism,where 

it replaces the natural base uracil. The unnatural substance, 

containing the analogue, may act in such a way as to increase the 

amount of high energy phosphate, e.g. IT?. This could be achieved by 
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preventing the conversion of TJDP to TITP as outlined in the diagram:- 

ADP x UT? 
ATP 	UDP 

The antagonistic effect of uracil 	2-TU stimulation may then be 

explained as being due to a lowering of the amount of 2-TU incorporated 

by competition with the natural base. 

It is, however, safe to say that at present there is no satisfactory 

explanation which accounts for the various effects of purine and 

pyrimidine analogues on growth, although it is probable that RUA and 

possibly the mitoohonciria are involved directly. The largest change 

in any systen during extension growth is in the cell wall area, and it 

is perhaps of some significance that 2-TU is incorporated into the 

cell wall, apparently into a non-nucleotide fraction. A similar 

observation has been made by Woodstock and Brown (private communication) 

that 2..TU is incorporated into a cell wall fraction from which it is 

difficult to remove the analogue. In this oozmexion it is perhaps 

of some sLgnificanoo that invertase, an enzyme characteristically 

bound to the cell wall fraction, is also increased markedly in the 

presence of 2-TTJ. It has been suggested (Tomasz and Borek (1960), 

Rogers and Perkins (1960), Jacobs, Moorman and Brockrnann (1961)) 

that the fcrmation of unnatural nucleotide precursors of the cell 

wall is the mechanism by which the normal cell wall synthesis is 

affected. It is, therefore, conceivable that 2-TU becomes associated 

with unnatural nucleotides in the cell wall which then affects 

extension growth by producing a larger elongation of the cell. Such 

an hypothesis, however, would not account for the increase in 

metabolism, although it is possible that metabolism increases as a 

result of the increase in the rate of the cell wall growth. 



SUMMARY 

The material used in this investigation was the primary root of 

Pisum sativum L. (var. Meteor), harvested after about 48 hours growth 

at 23°. 

Preliminary experiments were carried out to establish the zone of 

extension growth in the root and subsequently the region 2-4 mm. behind 

the tip was excised and used as experimental material. By Using a 

liquid culture technique, it was shown that of several purine and 

pyrimidine analogues tried only the pyrimidine analoe, 2-thiouraoil, 

and the purine analogue, 8-azaguanixie, stimulated an increase in the 

lengths of expanding segments. The related pyrimidine analogues, 

5-nitrouracil, 5-broinouracil, 5-methyl uracil (t1ymine) and 2-thio-5-methyl 

uracil (2-thiothymine), had no effect on extension growth. No analogue 

stimulated cell division in the extension zone, so that the increase in 

the lengths of segments was due entirely to the increase in the lengths 

of the cells. 

Since 8-azaguanine had been used by Heyes (1959, 1963) in studies 

involving root growth, 2-thiouracil was selected for further detailed 

study in this investigation. 

A concentration of about 2 x 10M 2-thiouracil, 2-TU, produced 

the maximum stimulation, but only in the presence of sucrose. The 

monosaccharides glucose and fructose were loss effective than sucrose, 

not only in enhancing the 2-TU stimulation of extension growth, but 

also in promoting extension growth in general. 

Freshly excised segments, taken from the 2-4 mm. region of the root 

and cultured in the presence of 2-TU, were stimulated to the maximum 

extent after about 10 hours, at the same time as the expanding segments 

would normally reach their maximum growth rate in the absence of the 
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analogue. 

The effects of 2-TU on growth are rapid and can be observed after 

culturing segments for less than an hour. But 2-TU does not stimulate 

segments which are already in their expansion phase to the same extent 

as freshly excised 2-4 segments. Thus segments cultured in sucrose 

and transferred to a sucrose medium containing 2-TU after 3 hours, 

elongated at the same rate as segments of the same age already in a 

similar medium, but segments transferred under similar conditions after 

23 hours in a sucrose medium, elongated only at the same rate as segments 

of the same age cultured continuously in sucrose. 

It is also a feature of 2-TU stimulation that segments must remain 

in the presence of the analogue throughout their elongation phase for 

the maximum stimulation to be obtained, but the presence of the 

analogue is probably more important during the initial 18 hours of 

extension growth, when most of the elongation of the segments occurs. 

The 2-TU stimulation of growth, measured in terms of increases 

in length, is also paralleled by a stimulation in the increase in the 

fresh weights of the elongating segments, indicating that 2-TU 

stimulates the uptake of water by the expanding cells. On the other 

bath there is only a slight stimulation in the increase in dry weight 

and welt of alcohol insoluble substances of expanding segments, 

which suggests that the stimulation of increases in the volumes of 

exnding segments is not accompanied by corresponding increases in 

the cellular components such as proteins, nucleic acids and cell wall 

polysaooharide materials. 

Observations of longitudinal sections of expanding excised segments, 

cultured in sucrose media, revealed that the differentiation of cells 

into xylem and phiosm occurred at the same time and to the sane extent 



in the presence and absence of 2-TU and there was no evidence of greater 

wail formation in segments cultured in the presence of the analogue. 

In the absence of suoro se, 2-TU had no effect on extension growth 

suggesting that only actively metabolising tissue is stimulated by 

the analogue. Some evidence for this view was obtained from experiments 

using four different temperature regimes. At 4.°  there was no extension 

growth and no 2-PU stimulation, but at 25°  and 30°, the optimal 

temperatures for extension growth in this tissuc, 2-TU produced the 

maximum stimulation. 

In this connexion substance..; ffecting metabolism were also used 

in conjunction with 2-TIJ. Chloramphenicol, used at concentrations 

which affected the development of the enzyme complements of elongating 

cells, not only prevented 2-PU stimulation of growth, but segments 

cultured in media containing this antibiotic elongated only as much as 

they would have done had they been cultured in water. Aotinomyoin D. 

which interferes with nucleic acid itaboliam, inhibited the growth of 

segments cultured in sucrose when used at a concentration of 

3.75 ig./ml. and also prevented the 2-PU stimulation of growth. At 

a concentration of 0.75 jig./ml., however, aotincmyoin 1) slightly 

stimulated the elongation of segments in a siorose medium, but did not 

enhance 2-PU stimulation. 

Another substance used, which affects elongation and is probably 

concerned with nucleic acid metabolism, was indole-3-acetio acid 

(IA A). At a concentration of 10-5  Ms   LAA afloed only a limited 

amount of extension growth to take place and completely prevented 2-TU 

stimulation. Elongating segments transferred from a sucrose medium 

containing 2-PU to one containing Id"5M IAA, stopped elongating about 

one hour after transfer. Growth stimulating concentrations of IAA, 
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about id-"M,,  did not enhance the 2-TU stimulation of growth. 

Since various substances affect 2-TU stimulation of growth in 2-4 

inni, excised segments, the meristematic and more mature tissues of the 

root might also be expected to exert an effect, especially as the 

meristematic region produces auxins. Lxperimenta using the apioal 

14 mm. and 10 mm. regions of the root indicated that both the 

meristematic and mature tissues of the root have little effect on 

2.'TU stimulation of elongating cells. 

Because there is only a limited amount of information which can 

be obtained by studying the elongation of segments in different media, 

measurements were also made of the Physiological and biochemical 

changes taking place during extension growth in the presence and 

absence of 2-TV. 

Excised 2-4 mm. segments cultured in sucrose increased their 

respiration rates during the first 12 hours of culturing and 2-TU 

stimulated, this increase in respiratiofl by about 16i,,  after hours. 

This stimulation was sensitive to I 0M cyanide and chloramphenicol at 

A concentration of 1g./litre (about 3mM). No difference in the 

Respiratory Quotient could be detected between segments cultured in 

the presence and absence of 2-TV. Similarly there was no change in 

the ?/o ratio of xnitoohondria isolated from roots and incubated in the 

presence or absence of 2-TU, suggesting that the increased rate of 

respiration was not due to an uncoupling of oxidative phosphorylation. 

By using overlapping 2 ma, excised segments, cut from the apical 8 mm. 

of the root, it was shown that the stimulation of the respiration rate 

by 2-TU was only produced in expanding cells, the young and more mature 

tissues showing no effect due to the analogue. 

It might be expected that changes in metabolism during growth 
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would be accompanied by changes in cellular constituents such as the 

nucleic acids and proteins. During the first 18 hours of culturing the 

amount of DNA., total nitrogen and 'triohioracetic acid insoluble' nitrogen 

remained, almost constant, but then began to decrease. The RNA per 

segment decreased continuously throughout the whole period of extension 

growth, but no significant difference could be attributed to the 

analogue. It was found that the RNA could be separated into two 

fractions, RNA-1 and. RNA-2, differing in their solubilities in cold 

perchioric acid. There was a large decrease in the RNA-1 component 

during culture, but only a alight loss of RNA-2. No change in the 

base compositions of DNA and. RNA could be detected after culture in 

sucrose media in the presence or absonco of 	•xperiments in 

which the sub-cellular fractions of elongating soments were isolated, 

revealed that most of the RNA was lost from the rnicrosomal fraction, 

but the mitoohond.riaJ. and 30,000 fractions also lost RNA. It was 

also shown that most of the D:A was present in the 500, fraction, 

which contains the nuclei. 

A decrease in the amount cf RT'A does not necessarily inply that 

no RNA synthesis occurs in expanding excised segments. Using 

tritiated uridine it was shown that not only was there RNA synthesis 

in all cub-cellular fractions, tut 2-tU &ctually stimulated the 

incorporation of this nuclactid.e into the RNA. Most of the uridine was 

incorporated into the 500, fraction, but more of this nucleotide was 

incorporated into the RNA of the mitoohonrial fraction than into that 

of the mloro8omal or supernatant fractions. 

An attempt was made to derjonstrate the incorporation of 2-TU into 

RNA using ordinary chromatographic teobniques,Iut this proved 

unsuccessful. 
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However, incorporation of the analogue into RNA, but not DNA, was 

demonstrated using 14-C-label].ed-2--TU. Most of the analogue was 

incorporated into the RNA of the 5001,  and supernatant fractions, but 

there was also a high incorporation into the mitochondria]. DNA. It 

was calculated that about 3.4c of the naturalbase, uracil, was 

replaced by 2-thiouracil. The removal of segments from a radio active 

2-TU medium to an unlabelled medium resulted in an immediate loss of 

the label from all sub-oellular fractions,, an observation which is 

probably related to the loss of 2-TU stimulation of extension growth 

when segments are removed from a medium containing the analogue. 

Antoradiography showed that 2-TU was rapidly incorporated into the 

nucleus, especially into the nucleolus, and only later into the 

cytoplasm. 

During the first 18 hours of culturing there was little change in 

the protein content of the cells, but after this period there was a 

more rapid decrease in this component. Most of the observi loss of 

protein in the first 18 hours of culturing was from the microsomal 

fraction, but the mitochondrial and 30'0001  fractions also lost some 

nitrogen. 

Although there was little change in the protein content during 

the first 18 hours of cell expansion, there were changes in the protein 

complement. These changes were measured for invertase, phosphatase and 

ribonuo].ease using 24 mm. segments, cultured in sucrose media in the 

presence or absence of 2-TU. There were increases in the activities of 

these three enzymes during the phase of cell elongation and 2-TU 

stimulated a further increase in activities, but chioramphenicol, at 

a concentration of 1g./3itre, prevented these increases. A close 

oonnexion between invertase activity and the rate of elongation of 
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excised segments was demonstrated using not only 2-TU, but also 

5-bromouracil, 5-nitrouracil ath 8-azaguanine. There were also 

increases in the amounts of substances associated with these enzymes, 

namely reducing sugars, 'inorganic' phosphate and acid soluble 

nuoleotides, during culture, but 2-TIJ did not stimulate these increases. 

Protein synthesis in the expanding segments was also followed 

using 1 C-label].ed. leucine. This amino acid was incorporated into the 

proteins of all fractions during culture, especially into the 500 

and supernatant fractions. However, the incorporation into the 

mitoohondrial fraction was greater than into the micro somal fraction. 

2-'rbiouraoil did not modify this course of events, but did appear to 

stimulate the incorporation of the leucine into all fractions, 

particularly the 500, mitochondrial and 30,000 fractions. 

An attempt was also made to demonstrate the possibility of isolated 

2 mm. root segments progressing the same developmental sequence as they 

would have done in the intact root , and the possibility of 2-PU 

modifying this sequence has been examined. 

Overlapping segments, 2 mm. in length, were out from the terminal 

8 mme of the root and after culturing for 18 hours in various media 

were analysed for RNA, DNA, total nitrogen, protein nitrogen and 

'triobloracetic acid insoluble' nitrogen. Segments grown in similar 

media were also analysed for invertase, phosphatase and ribonucloase 

activities. 

The ItA content remained almost constant, but the WA content 

decreased in all segments, but by a greater amount in the I - J. mm. 

zone of the root. 

The enzyme activities changed in a pattern which was constant for 

a given enzyme system,, but which differed for different enzyme systems. 
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2-Thiouracil did not modify the course of enzyme development, but 

produced a higher enzyme activity for almost every segment. High 

concentrations of chioramphenicol prevented the normal development 

of the enzyme activity, but affected different enzymes to different 

extents. It was shown that excised segments taken from different parts 

of the root tip had different sequences of enzyme development during 

culture depending on their state of development within the intact 

root at the time of their excision. 

These results are discussed in relation to other work and a 

possible mechanism is suggested for the mode of action of the 

analogues stimulating growth. It is suggested that by becoming 

incorporated into MA they alter the metabolism of the cell, 

particularly the protein complement, The possibility of purine and 

pyrimidine analogues affecting growth by different meohanisms is also 

discussed, particularly as 2-TU stimulates the actual growth rate of 

elongating cells, whereas 8-azaguani. increases the duration of the 

gritb phase. 

The possible significance of the incorporation of 2-TU into a 

non-nucleotide fraction of the cell walls of expanding, excised 

segments is also discussed. 

From the results obtained in the present investigation, however, 

it is not possible to formulate the precise manner in thich purine and 

pyrimidine analogues exert their effects on extension growth. 



APPENDIX (i 

Tables containing basic data 

The term 2-4 mm. segment refers to the sub-terminal 2 mm. region 

of the root. 

Standard deviations have been calculated using the U8UaJ. 

formula: - 

stand.aai devia:'tions have been calculated when less than four 

values have been used to determine the mean. 

The value opposite the letter n below each table refers to the 

number of experimental values from whi each mean in that table has 

been calculated. 



Table (i):- The growth, of 2 run. segments, excised frorn the terminal 8 mm, of the root, in the 
presence and absence of 2-thiouracil. 

ROOT 
REGION 

CULTURE 	DIW(Fot 	19 hots,) 

2. SUCR0L 	+ 
103M 2-'i'Tj 

0-2 2.0210.08 2.47o.o8 2.54-11C-1. 06 

1-3 2.6810,09 5.32±0.23 7.0310.28 

2-4 2.61±0.08 5.0410.30 6.56±0.2 

3-5 2.5OC.09 3.390.17 4.5310.20 

4-6 2.29±0,08 2.7110.10 3.3±0.13 

5-7 2.211-0,09 2.6110.08 2.8210.14 

6-8 2.47±0.09 2.54±0.09 

(n= 30) 

H H 



Table (ii):- The effect of different concentrations of 
2-thiouracil on the elongation of 2-4 mm. 
segments in the presence of 2 sucrose. 

2-THIO!JRACIL CONCENTRATION 
(molar) 

LENGTH AFTER 15 HOURS 
(millimetres) 

0 

106 3.811.t0.19 

5x10 6  .80±O.20 

10 .96t0.18 

5X1 1,52±O.20 

A+.85o.26 

5x1 -  5.28to.21 

1.73  5.58±0.22 

2x1 5.7010.25 

4.x10 5.70±0.21 

8xicr3  5382:0.27 

10_2  5.21±0.20 

116 

(n = .30) 



Table (iii):- Growth of the subterminal 2.0 mm. segments of seedling pea roots in the presence and 

absence of 2-thiouracil. 

TThE 
(hours) 

2 	JUC..0E 2 	3UCRCE + 
2x10M 	2-TU 

ATER 2 x 10 	2-111U 

0 2.010.08 2.010.08 2.010.08 2.010.08 
3 2.3210.08 2.5510.09 2.14.10.10 2.1810.09 
6 2.58±0.08 3.3510.18 228±0.13 2.30±0.12 
9 2.86±0.114. 3.60±0.16 2.46±0.14. 2,43±0.15 

12 3.21±0.1.3 4.56±0.19 20 50t-0.19 2.48±0.17 
15 3.5210.16 5.18t0.22 2.61±0.16 2.59±0.16 
18 3.9610.18 5,8510.23 2.7310.18 2.75±0.20 
21 4.24±0.19 6.1110.26 2.73±0.18 2.75±0.20 
24. 4.3810.19 6.3610.27 2.7310.18 2.75±0.20 
27 4..68t0.1 6.64±0.29 2,7310.18 2.75t0.21. 
30 4.74.10.26 7.06±0.36 2.7310.18 2.7910.21 

7.12100 7Q 2.73 2,7910.22 
37 5.16±0.22 7.18±0.3 2.77±0.19 2.79±0.21 
40 5.3610.23 7.20±0.39 2.77±0.19 2.7910.22 
46 1 	5.3710.23 7.2010.39 2.77±0.19 2.79±o.2 

(n = 4.0) 



Table (iv):- Changes in length of subterminal 20 mm. segments of 

pea roots during the first 3 hours of culturing in 

the presence and absence of 2-thiouracil. 

Time 
(minutes) 

25 Sucrose + 
103M 2-?hiouraci1 

26 Sucrose 

0 2.0 	o. r. 

10 2.0 2.,- 

20 2.0' 

30 2.06 2.0 

4.0 2.0 2.07 

50 2.11 2.10 

60 2.18 2.11 

70 2.20 2.1 -- 

80 2.15 

90 2.2! 2.1$ 

100 2,27 2.20 

110 2.I 

120 2._4. 

130 2.39 2.2 

140  

150  

160 2. 2.5 

170 2.. 2.41 

180 2.6. 2.i16 

(n 	10) 
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Table (v): - Changes in the pH of media during culture of 

elongating 2-4 mm. aegnienta. 

TflE 

(HOURS) 

pH OF MEDIUM 

VLATER 25 SUCROSE SUCROSE + 
10I! 2-TLT 

0 5.75 5.85 5.72 

3 .5.70 5.86 5.74- 

6 5.72 5.35 5.70 

9 5.71 5.84 5.69 

12 5.72 5.84. 5.69 

16 5.65 5.80 5.69 

21 5.61 5.57 5.57 

24. 5.58 5.43 5.44 

27 5.55 5,31 5.21 

30 5.53 4.96 4.89 

33 5.4.9 4.83 4.74 

36 5.4.1 4..70 4.62 

4-6 4.83 4.16 4.03 

(n = 3) 
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Table (vi):-  Growth of 2-4 Lm, segments in the presence of fructose, glucose and. 

aucroso. 

TIE 
(hours) 

21,"" FRUCTOSIF; 2' 	LUCC 2 	SUCROSE ALL SUGR.S 
(0.67 	of 
each sugar) 

0 2.010.08 2.010.08 2.01-0.08 2.0±0.08 

3 2.1110. 06 2.07±0.08 2.21±0.10 2.13±0.08 
6 2.33±0.09 .24.±O.1i 2,61±0.10 2..7±0.09 

9 2.5,.10.09 2.1.0±o.12 2.80±0,13 .63±o,11 
12 2.7710.10 2.52t0.12 3,12±0.13 2.931-0.12 
18 3.07±0.13 2.84t0.13 3.80±0.17 3.37±0.1; 

21 3.18±0.1, 2.93±0.13 4.0l.±O.18 3,!0.14. 
26 3.21±0.19 3.0 10.12 4.10±0.19 3.50±0.14 
32 3.24.10.14. 3.034.13 4.161-0.18 3.59±0.15 
36 3.31t.0.14. 3.07t.0.12 4.,230.19 3.6310.17 
46 .2.42-0.15 3.10±0.1. 4.23±0.19 3.6t0.16 

(n = 30) 



Table (vii):- The effect of 2-thiouracil on the growth of 2-4 nan e  segments in the presence 

of fructose, glucose and sucrose. 

TINE 
(hours) 

10 3M 2-TTJ 
± 	Fructose 

103.n 2-.TU + 
2-iucose 

103M 2-TU 
+ 2; 	ro -  

10M 2-'flT + 
SUGARS (0.67 

or each sugar). 

0 2.0 +-0,09 2.0-+  0.09 _ 2.0-+  O.09 + 2.0-0.09 
3 2.13±0.09 2.17±0.09 2.40±0.09 2.21±0.10 
6 2.76±0.16 2.57±0.09 3.03±0.12 2.63±0.11 
9 3.46±0.13 3.03±0.13 3.80±0.17 3.37±0.13 

12 4.02±0,18 3.34±0.14. 4.1!.3-0.f9 4-.,0±0.19 
18 5.04±0.22 4.0240.19 5.42±0.21 5.19±0.21 
21 5.33±0,24. 4.10±0.19 5.89±0.24. 5.40±0.24 
26 5.!.0t0.24 4..21t0.19 6.0 ±0,26 5.51±0.24. 
32 5.50±0.25 4.26±0.20 6.13±0.27 5.61±0.2. 
36 5.50±0.26 4.30±0.20 6.164.28 5.73±0.28 
46 5.52±0.25 4.30±0.20 6.19±0,28 

(n = 30) 

H r\) H 



Table (viii):- The growth of 2-4 mm. segments 1±1 the presence of various purine and pyrimidine 

analogues, but in the absence of sucrose. 

TiME 
(hours) 

5-BJJ 5-.1flJ 
io-;.: 

URACIL 
10-3;.: 

2-Tb 
io-3 

8-Ac- THIOTHMTh WATER 

0 2.0.0.03 2.00.0b 2.00.0 2. 01r--  2. 	0.)8 2.0±0.03 2.:4 o.18 

3 2.1 2.1 2,1 2.15 2.10 2.15 2.15 

5 2.25 2.30 2.25 2.30 2.30 2.25 2.30 

7 2.35 2.40 2.40 2.4.0 2.35 2.35 2.4.0 
3.O.14. 2.95.O.14. 2.95-0.14- 3.0±0.14. 3.OtO.lii. 2.95±0.12+  3.0±0.14 

20 3.05 3.0 3.05 3.10 3.05 3.0 3.05 
25 3.05 3.0 3,05 3.10 3.05 3.3 3.05 

30 3.05 3.0 3.05 3.10 3.05 3.0 

4.0 3.050.15 1 	3.00.1  3,050.15  3.10-u.15 3.0:,-0.1:, 3.0-0.12 3,0:,0.15 

(ii = 30) 



Table (ix):-  The effect of different volumes of 2. sucrose media 

containing 10 3M nitrouracil on the growth of 2-4 mm. 

segments. 

VOL1JLE OF CULTURE 

DIt.Thr (ml.) 

INTh OF SEGNTS AFTER 

Id HOURS (mm.) 

3 5,39±0.24. 

4. 5,18±0.25 

5 5.35±0.24. 

6 5.18±0.23 

7 

8 3.50±0.14. 

9 2.65±0.13 

10 2.6610.17 

12 2.79±0.10 

15 2.6510.08 

123 

(n =30) 



Table(:- The elongation of 2-4 mm. aegnents in the presence of 

2/116 sucrose and different concentrations of 2-thiouracil 

and uracil. 

CULTURE MEDIUM LEN(TH AFTER. 18 HOURS 

10 3M 2-TU, 6.10±o24. 

1012-TU + 10M Uracil, 5.94.±O.24.. 

10M 2-TU + 10M Uracil 5.56±0.23 

2-TU + 10M Uraoil 5.06±0.24. 

10 -3MUracil. 1..22±0.19 

2 	Sucrose only. 4..16±O.19 

124. 

(n = 30) 



Table (xi):-  The effect of different concentrations of 

ohioramphenicol on the elongation of 2-4 mm, 

segments in the presence and absence of 

2-thiouraoil. 

CONCENTRATION OF 
CHLORAP1ENICOL 

(g./litre) 

INCUBATION 	ELJ1 

2$ SUCROai. 2$ SUCROSE + 
10 3M 2THIOUrAcJL 

0 4.16±0.19 6.4.6±0,25 

0.1 -.12±O.20 6.32±0.25 

0... 1+.20±0.18 6.4.0±0.27 

4.14±0,19 5.7610.24. 

4.12±0.20 4.96±0.21 

3.60±0.17 3.72±0.17 

1.0 2.98±0,14 3.08±0.15 

2.0 2,40±0.12 2.30±0.10 

125 

(n = 30) 



Tab].e(xi4:- The effect of different concentrations of indole-3-acetic 

acid on the elongation of 2-4 mm segments in the presence 

and absence of 2-thiouracil. 

CONCENTRATION OF 
IAA (molar) 

2% SUCROSE 211'o' SUCRO 	+ 

10M 2-THIOURACIL 

5 x 10 2.56 1  0.08 2.14 t 0.10 

5 x 10 2.52 ± 0.09 2,44 t 0.09 

x io 2.60 t 0.09 2.50 ± 017 

5 x 10 6  310 t 0.09 2.96 t 0.12 

5 x 10 4.16 t 0.19 4..38 t 0.19 

5 x  10 -8 4.60 t 0.21 5.78 ± 0.25 

5 z 1079 5.08  0.23 6.10 ± 0.26 

5 x 10-10   5.12 t 0.22 6.60 t 0.28 

5 x 10 1.96 t 0.27 6.97 ± 0.35 

5 x 10 12 '72 ± 0.20 7.16 t 0.39 

0 4.52 ± 0.19 7.16 t 0.39 

126 

( n= 30) 



Table (xiii): - Growth of 2-4 mmo segments in the presence of 2 sucrose and different concentrations 

of actirioucin D. 

(hours) 
CONCENTRATION 	P ACTIN0iYCIN D_(pg./nl.) 

0 0.075 0.375 0.75 3.75 

0 2.00.08 2.6±0.08 2.610.03 2.0±0.08 2.0±0.08 
.3 2.3t0.08 2.57±0.10 2.51.0.10 2.51±0.08 2.42±0.09 
6 2.99±0.12 3.03t0.14  2.99L.12 2.96±0.11 2.82±0.11 
9 3.45±0.13 3.52±0.13 3.148tO.14 3.48±0.13 3.21±0.13 

12 3.86±0.18 3.82±0.19 3.93±0.19 4.11±0.19 3.52±0.14 
Ij 4.21±0.19 4.14.10.19  4.4-310.20  4.4.9±0.19 3.86±0.13 
12 4,4.9±0.21 4.4210.24. 4.75±0.20 4.8910.22 4.26±0.20 
24- 4.96±0.25 4.93±0.23  5.18±0.23 5.20±0.23 4..64.±0.21 
30 5.29±0.24 5.25±0.24 5.36±0.24. 5.54.10.25 4.9610.22 
36 5.43±0.25 5.39±0,25 5.4.610.27 5.63±0.28 5,19±0,24 

5.64±0.28 5.55±0.26 5.5210.26 5.8210.0 	1 5.,±0.24- 

(n = 30) 



Table (xiv):- Growth of 2-4 mm. segments in the presence of 10111  2-thiouraoil media containing 

25 sucrose and different concentrations of actinozyoin 1). 

T E 

(hours) 

NE.RATIJN ü? ACTINOLIYCIN B (1ig./mi. 
0 3.075 0.375 3.75 

3 2.o0.35 2,0±0.03 2.0-0.08 2.ot0,08 

3 2.79tO.14. 2.75±0.12+ 2.72±0.124  2.72±0.12+ 2.53±0.10 

C 3.53±0.17 3.50±0.1? 3.47-O.17 3.5010.18 2.99t0.12+ 

9 4.32±0.19 4.211c.18 4.23±0.19 4.23±0.27 3.50±0.12+ 
12 5.14±0.23 4.93±0.21 /+.91±0.20 4.93±0.22 4.02±0.19 

5.51±0.25 5.4ltO.23 5.3620.25 5.41±0.24 2.35±0.23 

13 5.85±0.28 5.78±0.28 5.75±0.22+ 5.83±0.224. 4.57±0.21 
24 6,13±0.29 6.2120.25 6.1820.26 6.18±0.27 4.861-0.21 
30 6.35±0.33 6.39±0.26 6.39±0.25 6.41±3.28 5.c4±0.23 
36 6.52±0.34 6.48±0.27 6.48±0.27 6.48±0.28 5.11±0.23 
2+6 6.73±0.34 6.58±0.28 6.62t0.29 6.52±0.30 5.16±0.24- 

(n = 30) 

'-I 
r\) 
CO 



Table (xv): - The effect of transferring 2-14. mm, root 3eneIitB from sucrose media to sucrose media 

containing 2-thiouracil on the subsequent growth of the segments. 

Iv1EDIUM TflE OF T7CUR&TI0i'1(Hou11..)  
0 3 7 12 16 19 23 28 35 4.6 

2 	Sucrose + 2 •0t 2.391 3,4.0± 4,721 5,79± 6.32 6.681 6.78± 6.89 7.01± 
10 3 4 2-flJ 0.9 0.12 0.17 O.2L 0.28 0.32 6.34 0.33 0.3L, 0.35 

2-TU 2.01  2.321 3,351 4.64± 5.72± 6.291  6.621  6.74 6.86± 6.94 
(3 hours) 0.9 0.11 0.17 0.22 0.26 0.32 0.34 0.35 0.36 0.36 

2-.TU 2.0-k  2,32± 2.81± 3.721 4-.65- 5.28± 5,93± 6.01  6.08 6,19 
(7 hours,) 0.9 0.11 0.14 0119 0.25 0.27 0,30 0.32 0.30  0.31 

2-TTJ 2.0± 2.32± 2.81± 3.2.O1 4.11± 4.65± 5.17± 5.392 5.68± 5.721 
(12 hours)*  0.9 0.11 3.14 0.17 0,22 0,21 0,214. 0.28 0.31 0,32 

2-TU 2.01  2.321  2.81± 3,l.0± ,35± 4,13± 4..61t 4.96± .17± 5,29- 
(23 hours., 0.9 0.11 0.14. 0.17 o.20 0,21 0.24. 0.24. 0.24 0.25 
2 	Sucrose 2.0± 2.321  2,81± 3.4.0± 3.85± 4.13 4.61± 4.921  5.11 5.62± 

0.9 0.11 0.14 o.i7 0.20 0.21 3.24 0.25 0.26 0.29 

(n = 30) 
Transfer from a 2r sucrose medium to a sucrose medium containing 10 3M 2-thiouracil. 

Time of transfer shown in brackets. 



Table (xvi): - The effect of transferring 2-4 mm. aeent a from sucrose media containing 2-thiou.racil 

to media containing only sucrose on the subsequent growth of the aegnenta. 

1,DIU1J   TIE OF INCUBATION (Houis)  
0 4 10 lb 20  

2ucroze +w3swj 2.0± 2.46 3,93± 5.21 It  6261 6.92+± 7.02± 
2-TU O.lu 0.11 0.27  0.2 0.31+ 0.35 
(If  hours)"-  2,0± 2.461  2,97 3.64.± 1+,21± If.99± 5.28± 
Oucrose .10 0.11 0.20 0.21 O24. 0,26 0.28 
(10 hours)"' 2,0± 2.461. 3.93- 1+.82± 2. 3.68± 5.89± 
Sucrose 0.10 0.11 0.27 0.27  0.31 0.33 
(20 hours 2.0 2.46 3.95 5,21± 6,26± 6.851. 6.96± 
Sucrose 0.10 0.11 027 0.22 0.32 0.33 0.31+ 
2% 
Sucrose 

2,0± 
0.10 

2.261  
0.10 

2.09 
0,19 

3,5i± 
0.20 

J.1L1 . 
0.20 

L.95± 
o.24 

5.25± 
0.29 

(n = 30) 
4r Time of transfer from a 	sucrose medium containing 10M 2-thlouracil 

to a sucrose medium not containing the analogue. Transfer time shown 

in brackets. 

H 
0 



Table (xvii): - Growth of 2-4 mm* aenents cultured in media containing 2, sucrose and 

10 	2-thiouracil after transferring to similar sucrose and. 2-thiouracil 

media contairung i0M inioie-3-aceti acid. 

TLT: OF LCUB!:I0N 

0 1~ 6 b 20 25 41+ 

?. 	ucroe 20± 2.751 3.36± 4..14 6.33 - S,93 7,10± 7,211 

10L; 2-TU 0.08 0.14 0.18 0,20 0.27 0.32 0.32 0,4 
i1 IL'. 2.01- 2.75± 3.11w 3.25± 3,33 3•35 3,37 3.37- 

(4 hourz 0.03 0.14 0.13 0.13 0,15 c.16 0.17 0,17 
I0fr1 Ik[ 2,01 2.75± 3.36± 4,14± 4,93± .96- 4.961 4.96 
(8 hours)* 0.08 0e1)+ 0.18 0.20 0.21 0.22 0.22 0.22 

1I'1LA. 2.0± 2,75± 3.36± 4.14± 6.38± 6.791 6.791 6.91± 
(20 hours) 0.08 0.14. 0.18 0.20 0.27 0.29 0,29 0.30 

2 	Sucrose + 2.0± 2.33± 2,46± 2.61± 2,72± 2,79. 2.79± 2.961 
103M 2-TU + 
10 5M IAA 1 	0.08 1 	3.13 1 	0.14 0.12. 0.15 1 	0.15 0.15 o.16 

2 	s Sucrose 2,0± 2.571 2.72± 3,11± 4,11. 4..48 4•43± 5,± 
0.08 0.1&. 0.15 0.17 0.19 0.20 0.20 0.19 

(n = 40) 

Time of transfer to media containing Iki.. 



Table (xviii) - Growth of 2-1, mm. segments at different temperatures in media containing 

sucrose. 

(hours) 

TBIIE  

37 
0 - 	o 0 0 25 15 0 0 

0 2.0±0.08 2.010.08 2,010.Uo 2.010.08 2.U..ud 

3 2.30±0.09 2.3020.09 2.25±0.10 2.07±0.09 2.0310.08 

5 2.4520.12 2 .63±O.11  2.8tO.11 2,12±0.11 2.0720.09 

7 2,57±0.10 3.06±0.1, 2.82±u.13 2.25±0.12 2.0720.09 

9 2.7520.12 3.3920.15 3.60.14. 2.910.1 .6±0.09 

11 2.8510.12 3.63±0.16 3.360.f4. 2.4.020.13 2.iO40.09 

13 2.9710.14 3.890.18 3.E4±o.lo 2.58±0.l2 2.10±0.09 

15 3.0810.15 .12±0.19 3,98±0.18 2,7020.I4. 2.1310.10 

22 3.31±0.13 4..391-0.20 4.,4.2t0.16 3.2910.15 2,1.3±0.10 

24 3.397-'0,14. 4..7310.21 4.,6010.20 ),33±c.16 2.13±0.10 

30 ).4.±ui4. .8210.22 4..74.0.21 3.90±0.17 2.13±0.10 

38 3.50t0.1 ,94.±0.23 4..82.O.24- 4..1010.19 2.13±0.10 

4.6 3.50t.o.15 5.1+8±0.25 1  5.15±0.24. 4.2110.19 2.13±0.10 

(n = 1+0) 



Table (xix): - Growth of 2-4 !illfl. segments at different temperatures in media containing 2% 

sucrose and. 10M 2-thiourcil. 

TI! 

(hours) 

 TEl?  
370 ) 

30 25°  15 

U 2.010.09 2.O.09 2.0.09 2.0±0.09 2.040.09 
3 2.3b±0.10 2.56±0.1, .45±0.13  2.13±0.11 .03±0.f0 
5 2.53±.O,11 3.26±0.1L, 2.93±0.13 2.231 .11 2.07±0.10  
7 2.737-'0.13 3.86±0.17 ..S7tO.1S 2.40±0.12 ,iOt0iO 
9 2.93±0.13 4.30±3.19 4.0 ±0.17 2.53±0.12 2.10±0.10 

11 3.13±0.124. 4.86±0.21 4..6OtO.20  2.80±0.13 2.13±0.12 
13 3.27±0.13 5.34±0.24 4-.86±0.21 3.13±0.16 2.13±0.12 

15 3.40±0.17 5.5.±0.25  5,10t0.21 3.37±0.17 2.13±0.12 
22 1,.0 ±0.19 6.061-0.28 5.60±0.24. .40±0.18 2.13±0.12 
24 4.06±0.19 6.201-0.29 5.86±0.27 4.52±0.17 2.13±0.12 
30 4.10±0,f9 6.3010.30 5.96±0.28 4.70±0.17 2.13±0.12 
38 4..10t0.1 6.4.010.32 6.0210.28 4.93±0.18 2.13±0.12 
4.6 4.10±0.19 6.40±0.32 6.021u.28 4.83.0.18 2.13±0.12 

(n = 40) 

H 



Table (xx): - Changes in the invertase activity of isolated 2-4 mm, segments cultured in the presence 

and absence of 2-thiouracil. 

TIME 

ours) 

mg. GLUCOSE" 	oRED/i 0 0IC1TS/H0UR 

2. C0E + 
ib3 	2-TU 

25 ;UCcy3T 1031 	2-TU 2,," FU(2CE + 
1g./L1U C? 

2-T-1J 

C 1.i1 .i8 i.i-o.iJ  
3 6.98±0.17 0.931 0.1 0.7tO.10 0.9710.1 0.37±0.13 
6 1.05±0.17 0,9510.1/ .9t0.07 0.74.±0.12 0.77±0.13 

10 1,0±0.24 1.131-0,19 j.4210.06 0.4810.0o 0.530.08 
12 1.15±0.19 1.06±0.14 0..7'0.C/ C.420.06 0.4.7±0.06 
18 0.82±0.15 0.74.10.12 0.20o,c2 0.20±0.02 0.220.03 
24. 0.74.10.12 o.64.±0.lu 0.1510.02 0.20±0.02 0.201-0.02 
30 0.60±0.11 0.5t0.bu .154. G2 0.221O.01 0.2210.02 
.36 0.7t0.10 0.5210.80 0.15±0,C 0.22±0,0. 0.24.10.02 
4-6 0.5310.07 C.5010.9 U.i 0.410.02 

(n = 6) 

H 
4:- 



Table (xxi):- Changes in the phosphatase activit zf excised 2-- ;u. segiierite cultured in the 

presence and absence of 2-thiourac.IL. 

(hours) 

'I:. 	./ 	 o JIr 7  HOUR 

2 	 + 2 	UI 10 
10 -fl 	2-IU 2-THIOUIUL IL 

0 u-. ' -. .i8--.L 2,08+0.19 

3 2,38±0.23 ;I.30±O.24. 2.3010.24. 2.4.0±0.26 

2.80±0.25 2.50±0.26 2,55t0,24 

8 3.207LO.28 2.79.0.22 2.60t0.2o 2,62±0.24 

12 3.60±0,32 3.15tO.28 2.65±0.23 2.65t0.24 
18 3.5G0.31 3.10t.0.29 .60±k),23 2.651-0.24 
22 .40-0.32 3,0 tO.24. .65±0.24. 2.65±0.24 

25 3.30±0.36 2.85±0.26 2.60±0.23 2.60±0.25 

.50 3.20±0.33 2.3Ot0.26 2.601-0.28 2.602;0.25 
56 3,10±0.34. 2.50±0.24 2,60±0.29 

46 2.70t0,2 2.60±0,23 2.4.0tu.6 12. 55tO -21- 

(n = 5) 



Table (xxti) : - Changes in the ribonuclease activity of excised 2-4. '=. segments cultured in the 

presence and absence of 2-thiouracil. 

TIME 

(hours) 

flCR];ASE IN OPTICAL D1NiITY AT 26C m,a../SLCri[EflT/H0UR 

2 	SUCR0 	+ 
10 3M 2-TU 

2 	SUCIWSE 
(±10th 2-U) 

..,. SUCROSE 
+ 

21<6V SUCROSE + 
10M 2-TU + 

1g./LITRE CMP 1g./LITRE C!P 

0 2.64.-0.18 2.J+. 2.64±0.18 2.64.±O.18 2.6Zê±0.18 

2 4.10±0.35 3.84±031 ,.36tO.22 2.84±0.25 3.56±0.27 

4. 5.42±0.4.3 5.02±39 4.1210.31 1.96±0.16 2.2610.14. 

6 5.8210 .51 5.30± 0  4.16±0.29 1.82±0.12 2.14±0.17 

8 5.56±0.4.2 5.07t 0 .1  3.62±0.27 1.740.18 1.96±0.18 

12 4..4.6±0.4.1 3.8iO3 2.68±0.23 1.52±0.14. 1.52±0.13 

18 3.20±0.39 2.8°-2.g 1.88±0.18 1.11±0.09 1.0610.09 

22 2.211;0.31 1.84±02.3 1.5±0.13 0.822;0.05 0.84±0.08 

26 1.8910.18 1.42- 0-117 1.32±0.09 0.80±0.05 0.801-0.06 

30 1.4.610.16 1.18± 02_I  1.080.08 0.72±0.08 0.78±0.06 

36 1.06±0.19 o.98tO. It. 0.92±0.10 0.72±0.08 0.74±0.07 

4-6 0.94±0.06 0.89± 0.13 o.84±006 0.7010.08 0.71±0.07 



Tale (xxiii): - The effect of 18 hours culturing in different media on the changes in enzyme 

activity of 2 mm. segments, excised from the apical 8 mm. of the root. 

(A) ThVERTSE 

iWOT 
RECION 

(mm.) 

10 	mg. 	IJUCO5 	:3R:ED / Ci 	/ HuL 

2 	.:;J Cc 2 	SUCROSE UCOE .iJCC:E 	+ 
E TS + ic:./LITE 0P 2—TU  

i o-3 	2—TU I g./LITRE Ch 

7.7 i.6 19,3 3.2 0.2 

1-3 17.2 4.6.3 53.0 .8 8.8 

2-4. 70.2 6..i 74. / a 20.5 

3-5 150.0 42 .2 73.5 10.0 20.1 

4.-6 233.9 54-.4. 84.,L. 15.8 15.3 

5-7 319.6 62. 914 11.8 11.8 

6-8 4.20.6 J3.I 39.,7 I.0 15.0 

(11 = 3) 



Table (xxiii):- Continued 

(B) PHOSATASE 

ROOT 10 	pg. tLORCAflICf PHOSIi 	1OR1ED/CELL/2 HOUFLO 

REG
TRESH 

IGN 
2, 	SUCIOSE 2Y 2:co. 	± :' 

(mm.) SEGMENTS 103i 	2-7b +1g. 	LITIE 

0-2 13.7 15,0 15,6 11.1 

1-3 13.2 17.2 16.14. 12.9 13.8 

20* 16,7 22.5 22.8 20.7 16,9 

3-5 16.9 29,2 22.5 25.4 19.9 

4-6 19,5 56.6 39.0 29.3 20,7 

5-7 27.9 ,d.2 22.1 35.7 22,2 

o-3 - 4.l r 	r ?!.., 536 33.6 Aw 

(n = 3) 



Table (xxiii):- Continued.. 

(c) RIBONUCLEASE 

ROOT 
REGION 

  IIONUCIASE ACTtVIT 

FRESH 2 	CROSE 2 	SUCRCE .AYF CRUSE 
/ 	\ 
lfflflSj 

SENT . 	+ 1g./litre + (2-Tu) 
1O1 2-U flF 1g./litre 

0-2 7.5 9.6  
i-.3 0.8 9.8 13.7 7.5 5.4 6.1 
2 12.3 7.0 8.7 9.2 o.9 9.4 
3-5 15.1 3.7 7.4 7,5 11.1 13.5 
4-6 15,7 7.6 11,0 8.8 1.2 15.6 
5-7 17.5 8.6 14.3 11.8 15.0 14.3 
6-8 20.9 11.4 15.9 

(n = 3) 
* Ribonuclease activity expressed as: 

6  increase in optical density at 260 xyz./ce2]./hour x io. 

H 

\0 



Table (xxiv): - The effect of 2-thiouracil on the changes in the fresh weight of 2-4 mm. 

segments during culture. 

TIME 

(hours) 

WEIGHT EXPRESSED AS mg./ 	SEGMENTS 

WATER (±1 0)M 2-qU) 2 	SUCROSE . SUCROSE + 
0M 2-Thiouracil 

0 1,810.16 1.8±0.16 1.8±0.16 
3 1.89+10.16 1.96±0.17 2.12±0.19 
6 1.984.17 2.4.310.24 2.3810.23 
9 2.1610.21 2.8810.25 2.8410.29 

12 2,27±0,22 3.4.9±0.28 4..i0±o.32 
18 2.34.±.0.23 3.69±0.29 5.03±0.37 
21 2.392;0.23 3.84.10,36 5.31±0.34. 
27 2.4.1±0.23 4..4.1±0.33 5.76±0.37 
36 2.4.110.23 4..64.1-0.35 6.07±0.38 
4.0 2.41to.23 4..75±0,36 6.16±0.39 

(n = 6) 



Table (xxv) : - The effect of 2-thiouraoil on the changes in dry 

weight of 244 mm. segments during elongation. 

Changes in Dry Weight s  

(mg./O segments). 

TE 
(HOURS) 

2, 	TJCROSE 2 	SUCROSE + 

10 3M 2-ThIou.ucIL 

0 0.24 0.24. 
5 0.37 0.37 
0 0.4.6 0.4.8 

12 0.51  0.59 
15 0.52+ 0.63 
21 0.57 0.65 
28 0.61 0.68 

(n = 3) 

Changes in Residual Dry Weight. 

(mg./? segments) 

TIME 

(HOURS) 

SUCROSE 2 	SUCROSE + 

2-THI0UCJ1 

0 u.21 0.21 

3 0.25 0.26 

6 0.29 0.33 
9 0.36 0.40 

12 0.39 0.43 
13 0.41 0.46 
24. 0.44 0.48 
30 0.45 0.50 

(n = 3) 

14.1 



Table (xxvi):- A. Changes in the content of reducing sugars of 2-4 mm. segments during culture 

in the presence 	:ence of 2-thiouracil. 

± 

u.68 0,70 

IC 1.1 1e24. 
1,20 1.311 

4 	i A .52 
2.01 2.014  
2.0 2,02 
6. -s 

2.2 2.65 

= 3) 

H 

M 



Table (xxvi):- B. Changes in the 'inorganic phosphate' of 2-4 mm. aegments cultured in the 

presence and absence of 2-thiouracil. 

TThrE 

(hours) 

i.g. 'INORGAI'IC'?HOSIiA 	"10 SECrMENTh 

2 	SUCROSE SUCROST + 
10 	i 	2-ThIOURACIL 

3 1.6 1.7 
8 2.0 2.0 

15 2.7 2.8 
23 3.2 3.1 
27 14.4. 2f.4. 
30 4,3 4.8 
4.6 5.1 5.2 

(n = 3) 



Table (xxvi - C. Changes in the acid, soluble nucleotide content of 2-4 mm. segments 

cultured in the presence and absence of 2-thiouracil. 

TI 

(h0ur3) 

0F1'ICAL DENSITY PT 260 

2 	[UCROT 2 	JR3ii 
10 	222I0UJhC1h 

0.31 0.81 

.78 0.82 

.79 0.62 

0.81 

20 j.62 o.68 

27 0.51 0.54,  
30 0.44. 0.4.8 
35 0.39 0.42 
4.0 0.30 0.4.1 

(n = 2) 



Table (xxvi.i : - Changes in the RNI. content of 2-4 mm. segments cultured in the presence 

and absence of 2-thiouradil. 

T 	1fl 

(hours 
f. PJij'T 

2, 	,: :•.' 	+ 
2-'2U 2—Tü 

ib .L-O.5l ' 	r o.-O.)l + 	I  
lt:.o-U. d: 

- 	-- 

-15 15.9±).53 14.910,44 110 *46 
615 1 215.3±0.2+6 13.8±0,4.5 13.9±c.44 
9 14.20.43 14.2±0.39 12.9±0.38 

12 13,4±0.39 ;.5±0.36 11.0±0.37 Ir 

18 11.9±0.36 12 .12:0 .35 1.3±0.32+  10. 610.2 
102±0.36 1C.4.±0,. -.5±O.25 8.4.±0.23 

3.7tu.29  6.9t0.26 7.0±0.26 
3 

7.5:,23 7.4.±0.26 5.8±0.26 5.70.29 
10 6.6.32 6.8±o.2 5.32:0.25 5.5±0.29 
46 5.5±0.19 5.710.2 

(n = 6) 

H 
Ui 
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Table (xxviU.):. Clmnges in the RNA-1 and. A-2 content f : 	-4 

iI. segments cultured in the presence and absence of 

2 --thiouracil. 

(1;) 	' -'aan,  ges in RNA-1 

TIME 

(hours) 

p. RN-1/2ii%2NT 

2; 	:;uc.o 21, 	cwsi 	+ 

1O- 	2-T'J 

1 3.4 13,4 
3 12.7 12.7 

$ 11.9 11.8 

9 11.1 11.1 
12 10,2 10.2 

9.1 

22. 7.2 2.7 
a 

1 
(S 

-* 

(11 

(2) 2hanes jnTJ.-2 

TThE 

(hour3; 

12 -2/SEG-MENT 

2 2 	2150:1:2, + 
jo3 	2J2U 

0 3.21,  

3 3,23 3.29 

6 2.90 2.83 

9 2.91 2.25 

12 2.81 2.; 

12 2,71 2.$ 

2 2.67 2.7 

27 2q74 2.7 

2.97 

( 	3) 



Table (xxix) : - The changes in the r;e of oxyen uuta:c of 2- 	c: iseI root 	000nt thrinc culture 

in different media. 

2 
- 2- 

+ + 103 	2-Th + + +10)M 2-Th 
1g./Lr 1g./LITR, 10' 	I' 

I 	I —i + 	
-, 

SOLO +_, - 	r-- 
-

-
•

-
-.-' • 

-, L-) + 4103-41.8-3.I C' )~ 	1-,- .9-).b - 

	

-_-+_, 1:z -, 	+ 

40.03. ..o.53.E 4.133,9 
o-O.213o6 4.2.43.t 1 .0 ,7 35.214.a 35-413.2 42.213-S 43.60.6 

-o -3.11 .) 343.3.3 42.53.9 42.404,5 
7.-d 38.415.5 4,9iL..2 0 .73.9 30,03,6 30 53.6 39-913.5 40-3130:21, 
9-10 j3,63.1 )6,9±4.3 5.114.2 2S.013.7 38.61.7 
-
-o 11 -12133 012.6 .)Je'- 	.'- --.j 	- 

- 
_.'

_) - 
' -i .003 . k  - 

	

•-. - 

+ 

(ii = 



Table (xx. ':- The oxygen uptake f 2- n • 	et; n tk. 	o2 10 

TI pl.,2O JT 

(ho')2 2 STJCFOSE 
+ 

10 	2-LW 
+ 

2.JPtJ 
+ 

2-k 
± 

2i 

.7 40.7 	(..) !1 .7 	(. L1 . L0.7 L1 .7 
2-3 :J.2 L j-52 36.8 37.2 2.2,2 (B) () 2.3 452 

15.8 16.4 34 33.9 429 47.2 
6-7 41,.1 1~7.c 5, 6.4. fc. 1Oo 14.1 

50.3 .1 4.8 +..5  
10-11 15.1 49.7 

r'S 3.2~ 2.L 2.2 33.0 34.i 

(n = 3) 

Cyanide added. after:-

A, 

fter:-

A. i j- hours culturing 

3 hours culturing 

9 hours culturing. 

H 
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Table (xxxi.) - changes in the rate of oxygen uptake of 2 mm. segments, 

excised from the apical 8 mm. of the root. 
In 2;, sucrose media 

TIME 
(hours) 

11.02/CELL/HouR x 10 

0-2 mn. 1-3 mm. 2-14. mm. 3-5 mm. 4-6 mm, 5-7 r:n. 

1-2 0.72() 0.98(3) 1.75(3) 2.62(3) 3.08(3) 3.6(Z) 
3-4 0.80 1.05 1,81 3.11 3.53 4.10 

6-7 0.72 1.28 1.89 3.11 3.4.2 4.10 
9-10 0.65 1.23 1.93 2.95 3.08 4.02 

12-13 0.76 1.23 1.80 2.62 3.02 3.69 

(n =23) 

In 2. .surose media eonainin 10' 2-thouracU. 

(hours) 
TDE  pI.02/CELL/113JR_c 10 

0-2 mm. lr3 mm. 2.4 mm. 3-5 mm. 4-6 mm. 5-7 	rn. 
1-2 0.50(2) 1.03(3) 1.67(3) 2.34(3) 2,95(3) 3.91(.) 
34+ 0.55 1.08 1.74 2.47 3.15 4.06 
6-7 0.65 1.33 2.03 2.56 3.15 4.36 
9-10 0.75 1.29 205 2.68 2.87 4.06 

1213 0.81 1.32 2.05 2.54 2.95 3.74. 

(n =2s3) 



Table (xxxii ):- Changes in the nitrogen components of different 2 mm. regions of the apical 8 mm, 

of the root tip after culturing for 18 hours. 

REGION 
ROOT % * 2 	SUCROSE 

SUCROSE + 
1OM 2-THIOURACIL 

T.N. Tnsol 3o1. ., :.. P/cell T.I\,. Iroi. o1. . 	. yC11 iisol. .o1. N.A.  

0-2 15.9 14.0 1.9 2.2 .. 15.8 13.6 2.2 1.63 11.97 4. (D 15.7 13,6  2.1 1.b5 11.95 4.9 
1-3 23.9 17.7 6.2 3.49 14.21 4,77 23.1 16,1- 6.7 2.10 14.3 4.81 23.2 16.6 6.6 2.06 14.54. 4.8c- 
2-4 20.3 16.2 4.1 2,87 13,33 7.50 20.0 15.4 

.o'
2-4. 4.6 1.62 12,78  7.21 0.1 15,2 4.9 1,60 12.6 700 
3-5 13.9 9.4 4.5 1.58 7.82 7.54. 13.6 3.7 4.9 1.11 7.59 7.29 13.8 8.8 5.0 1.10 7.7 7.40 
4-6 11.8 7.8 4.0 1.04. 6.76 10.75 11.5 7.6 3.7 0.97 6.63 10.35 11,3 7.5 3,8 0.94. 6.56 10.25 
5-7 11.5 7.2 ..3 0.98 6.22 1.89 11.1 6.9 !.2 0.76 6.14. 13.71 10.9 6.9 4.0 0.8 6.1 13.6 
6-8 10,9 7.0 3.9 0.68 6.12 17.4.0 10.6 6.6 4.0 0.72 5.83 16.79 10.5 6.7 3.8 0.70 6.0 17-014- 

(n = 3) 
Sutton's Seeds (Supplied by Sutton & Sons Limited, Reading) 
T.N. Total Nitrogen 
Insol. N. 'TCA Insoluble' Nitrogen 
Sol* N. 'TCA Soluble' Nitrogen 
N.A.N. Nucleic Acid Nitrogen 
P.N. Protein Nitrogen 
P/cell Protein per cell (iO 10) 

jig ./Seneitt 



Table (xoii :- Changes in the nitrogen components of different 2 mm. regions of the apical 8 urn, of 

the root tip after culturing for IS hours in media containing chloraznphenicol. 

ROOT 
REGION FRESH TISSUE * 

2 	SUCROSE + 
1g./litre CHLORAPPENICOL 

2 	SUCROSE + 1014 2-THIOURACIL 
+ 1g,/litre CHLORAMPINICOL 

(nun.) I 
T.N. InsoL Sol. N.A. P.N. P/cell T.N. Insoi. Sol. 

I  
N.A. P.N. P/cell T.N. Insol, Sol. N.A. P.N. P/cell 

N. N. N.  N. N. N.  N. N. N.  

0-2 19.4. 17.6 1.8 2,04. 15.56 6.4.9 16.3 l).3 2.0 1.46 12.84. 5.35 16.2 14..4 1.8 1.4.5 12.95 5.35 
1-3 23.8 2008 3.0 2.84. 17.96 6.03 21.6 17.9 3.7 2.18  15.72 5.29 21.3 18.4. 2.9 2.22 16018 5.4.3 
2-4 21.4. 16.8 4..6 2.24. 15.56 8.76 20.3 14.3  6.0 1.92 12,38 6.97 20.1 14.4. 5.7 1.89 12.51 7.05 
3-5 17.1 13,8  3.3 1.4.1 12.39 11.9  15,7 13.6 2.1 0.92 11.68 11.23 15.4. 12.9 2.5 0.98 11.92 11.4.6 
4-6 13.8 11,5 2.3 0,97 10.53 16.04. 13.0 9,7 3.3 0075 8.95 13075 12.9 9.4. 3.5 0.78 8.62 13.36 
5-7 12.4. 8.4. f.0 0.76 7.64- 17.07 9.6 6.7 2.9 0.63 6.07 13.78 9.7 6.5 3.2 0.62 5.88 13.32 
6-8 11.6 1 	7.713.9 10.65 7.05 20.04. 9.3 1 	6.5 2.8 0.53 1 5,97 17.18 1  9.3 1 	6.5 2.8 1 0.52 5.98 17.22 

(n = 2) 
* Seeds supplied. by Dobbies Limited, Edinburgh 

T.N. 	Total Nitrogen 
Insol. N. 	'TCA Insoluble' Nitrogen 
Sol. N. 	'TCA Soluble' Nitrogen 	 ,.zg./Segment 
N.A.N. 	Nucleic Acid. Nitrogen 
P.N. 	Protein Nitrogen 
P,/Dell 	protein per cell (g x 10 10) 



! 	 ' 	 - 	••:w 	- 	 I- 

A 

: 	t 
- 

4 	 - 	 - 



152 

Table (xxiv a):- 1he distribution of 1 C in fraction I 

(500.& fraction) after culturing 2-4. nun • seguent a 

in media containing '4.0-labeUed. 2-thiouraoil 

for 12 hours. 

TTh 

(hours) 

COUNTS/l00 SEC= 1/ 10 3E(MT2 

R1A DNA 'CELL 	ALL 

3 3,266 507 621 

6 9 3E2 317 615 

9 6 p47 362 73C 

12 609 543 

Table (x x ivb) - The effect of tranzf, ring segments culturea for six 

hours in 14C-labelled. 2-thiouraoil to an unlabelled. 

2-th.Lourao±l medium on the distribution of the labelled 

analogue in fraction 1. 

TILE 

(hours) 

COUNTS/lao SEC0NT1,/10 

DNA 'CELL 	LL' 

3 3,266 307 621 

6 5,362 317 515 

9 ,21 6 2?? 

12 2,517 	1 236 497 

* Time of transfer to thc. unir.belled medium. 

Results in tables ;c IV a and b are the values of a single 

experiment and have been correcter for background radiation. 

The results for fraction I ii: data. :omprisi Tbkt'Ire lower 

than thoae for the, oorreepondA 	'aotion in the tables 

comprising xxxjV 2iis is because the former values were 

obtained using a CeiCer-!lller tube, while the latter values 

were obtained by sintillation counting. 
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Table (xxr) : 	The effect of 1U 	2-thiouracil on the 

incorporation of tr3tiato uridi.ne  into the 

RN.A of sub-cellular fractions, 

1DIUM AND COIJNTS/600 SECONDS/jig._R1'A 

Fl U314 P5 TIME (hours) 

Fresh senent 343 324 259 177 230 

%Sucrose ~' 561 473 238 183 232 
,aM2-TU. 	5 	3 

uoro se. 383 212 161 258 

.:Lcroe +) 530 464 188 116 161 
2-ilL 	) 	6 

ucrose ) 559 437 169 106 181 

uorose 372 77 145 52 110 
2-TU. 	) 	9 
tcroee. 	) 308 155 61 90 

ucrose .i-) 4  16 134 58 97 
2-TU. 	) 12 

Sucrose. 	) 381 224 139 51 71 

.1esuls re th values f a sinslc e;perinent and have 

been ôor?eoted for background radiation. 
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Table (xxxvi) :- 	The effect of 2-thiouracil on the incorporation 

of 1 C-leuoine into the protein of sub-cellular 

fractions of 2-4 mm. segments during the first 

6 hours of culture. 

MOM couwro/60 	CQND/,ucr. PROTEIN NITROCEN 
and 

TIME. (hours) Fl F2 F3 P4 P5 

2% 	io4i 
TtL .>ucrose + 2- 21 ..6 28.3 45.6 22.5 65.8 

ucrose(Z'/a). 	) 18.3 31.6 35.2 16.4 57.6 
Sucrose + 2-TU. ) 143.8 216.7 188.4 119.4 219.1 
Sucrose. 	)3 96.5 159.4 123.2 99.3 180.1 

Sucrose + 2-TU ) 459.7 365.4. 256.8 262.3 592,9 
ucroee. 372.4. 302.5 236.4 278.6 593.1 

The results are the values of a single experiment and have 

been corrected for baoiround. radiation, 
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ist of ornani.3 suppiyiug 1-"eagcni4 

-Eurine and Pyriniidine Analogues 

8-Azaguanine 	L. Light & Co. Ltd., Bucks, England 

Benziaidazole 	: 	British Drug Houses (B.D.H.) Ltd., Poole, 

England. 

5-Bromouraoil 	: 	L. T.iht & Co. 

5-Nitrouracil 	: 	L. Light & Co. 

Thiotbyinine 	 L. Light & Co. 

2-Thiouracil 	L. Light ec Co. 

Purine and Pyriniidine base 

Adenine z 	B.D.H. Ltd. 

Guanine B.D.H. Ltd. 

Thymine : 	L. Light & Co. 

Uraoil : 	B.D.H. Ltd. 

Cytosine B.D.H. Ltd. 

Suara 

Sucrose 	 B.D.H. Ltd. 

D-C-].uoose 	 B.D.H. Ltd, 

D-Fructose 	B0.1I. Ltd. 

(if) Microscopic Stains 

Evan's blue 

Methyl Green 

Pyoflifl 

George P. Gurr, London 

B.--.H. Ltd. 

George T • Gin-r, London 



156 

faeniatoxylin 	 cargo T. uuxr, London 

afranin 	 • 	 Lt. 

C) Rac3ioaotive Materials 

These were all supplied by the United Kingdom Atomic Energy 

icrit I,  

A. 	•.. 	-. J) 	 iL 

Sodium i3-Glyceropho aphate 

Yeast Iuclejo Acid. 

Cytoohrome C (Typo II) 

ox horse heart 

: B.D.H. Ltd. 

: b.L.h. 

S.gina Coman.y, U.s.A. 

(7) Miscellaneous Substances 

Aetinomycin D 

Bovine Serum Albumen : 

D-Chloramphenicol 

2:4-'Dinitro-phenol 

Dipheny].rniine 

Indole-3-acetic acid : 

L-Leuojne 

Tris 

A gift from Dr. U.E. Loening, University 

of ;1b-gh 

L. Light & Co. 

Parke Davis ' Co., Hounslow,, London 

B.D.H. Ltd. 

B.D.II, Ltd. 

L. Light Co. 

L. Light & Co. 

B.D.H. Ltd. 
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