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.ABSTRACT ------

This study vvas undertaken to try and find how the 

thymine analogue 5- arninouracil induces cell synchrony 

in the cell cycle of plant root meristems . It has 

previously been used as a synchronizing agent without 

knowing its mode of ac tion . 

The experiments confirmed the synchronization 

effect and that the removal of plants from 5AU 

stimulated the cells to divide . Results indicated that 

the late Sand early G2 phases of the cell cycle were 

the mos t affected, with DNA synthesis continuing in the 

presence of 5AU at a reduced rate . The inhibition of 

division caused by 5AU could be reversed by other bases 

and mixtures . 

The G1 phase was found not to be affected by 5AU 

but it was postulated that cells in early G2 were slowed 

dcwn or halted by the chemical . DNA density measurements 

were taken of nuclei treated continuously for v aried 

times with 5AU , and these result s confirmed a buildup 

of cells in the latter third of the S phase found by 

other workers . The presence of Feulgen- negative regions 

in chromat i ds of the 5AU tre a ted tissue was noted and 

linked with possible interference in heterochromatin 

synthesis . The possibility of some enzyme function 

i mportant i n the final joining together of DNA units 

being interfered with by 5AU is also discussed . 

Suggestions are made for fur ther possible av enues of 

work into DNA synt hesis . 



iii 

The significance of cell cycle studies and their 

experi mental de s ign has recently been reconsidered 

and is ment ioned in view of this work and other cell 

population studies . 
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INTRODUCTION 

5-ami nouracil is a structural analogue of thymine 

f YN 
N 

H,,/ , 
3 

thymine 
(5-methyluracil) 

H 

~ oy 
N 

IV 

5- aminouracil 

oy 
N 

TY" 

H 

I 
N 

uracil 

and uracil . Smith, Fussell, and Kuge l man (1 963) , 

(working with plant root material), published the first 

repor t of a parti ally synchronized po pul a tion of root 

cells after a treatment with 5AU . 

Previous to this publication , 5AU ha d been used as 

an inhibitor in growth studies of bacteria (Puleston et 

al, 1950; Hitchings e t al, 1950; Shive and Skinner, 

1958.). The distinct inhibition of growth in 

Streyj;ococcus _f aecalis R caused by 5AU could be reversed 

by uracil or thymine (Pulestbn et al , 1950) while folic 

acid or thymine could similarly reverse the action of 

5AU in Lactobacci]_lus ca~e i (Hitchings et al, 1950). 

These authors and others (Rogers and Shive, 1948; 

Skipper et al, 1950) sugges ted that 5AU inhibits the 

synthe ~is or utilization of the pyrimidine bases of 

the nucleic acids, and thus TINA synthesis in the cells 

since the inhibitory action could be reversed by the 

addition of such pyrimidines. Wacker et al (1950) 
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studying the metabolism of labeled L-2-c14: 7- 5AU , 

found that it was directly incorporated in bacterial 

DNA and used i n a very small amount for DNA synthesis . 

5AU is now used as a synchronizing agent for both 

plant and animal studi es concerning cell division, cell 

metabolism, effect of mutae;enic chemicals and effe~· ts of 

radiation and resulting chromosome aberrations (Chu , 

1965; Regan and Chu, 1966; Eriksson, 1966) . 

However , the mode of action of this pyrimidine 

analogue in higher organisms has still not been 

elucidated. The problem has been studied by several 

scientists and approached from different aspects . 

Reversal studies (Jakob and Trosko , 1965 ; Prensky a11ci 

Smith, 1965; Scheuermann and Klaffe - Lobs i en , 1973) 

have produced contradictory results , but the latest 

data suggest no t hyrnine/5AU or TdR/5AU competition . 

There have beGn consistant reports of a part i a l 

synchronization occurring after a certain time, when 

roots are kept continuously in 5AU (Jakob and Trosko , 

1965; Mattingly, unpublished data 1965; V.fagenaar , 1966), 

Thus it appears that the knowledge ~~in0d from the 

studies of 5AU action on bacteria cannot be extra­

polated. to higher organisms , which clearly have a 

much more comp~icatcd metabolism . 

Howard and Pel c (1951 ) found that the cell cycle 

coul d be divided i nto several stages , each h aving 

different functions which all contribute to the final 

r esul t - division of the cell. The greater part of 

the cell cycle is i nterphase whi ch is further sub-
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divided into G1 a pre DNA synthetic phase , S equated 

Synthesis 

with DNA synthesis, and G2 a post DNA synthe tic phase . 

5AU could affect one of these stages , or possibly a 

combination of them . It is generally a ccepted that 

mito s i s itse lf i s not i nterfered with i n any way . 

Labeling studi es of the G1 phase (Matt i ng ly, unpub , 

data , 1965 ) showe d no difference between 5AU treated 

roo ts and controls . 

In order t o try and answer the question of how 

5AU causes cel l s ynchrony 9 a ttention has now been 

focused on the DNA synthes is phase , and the c
2 

ph ase 

which seems to b e pro longed (Sa cher and Davidson , 1971; 

Wolff and Luipold, unpubli s h e d data , 1964 , in Mattingly 

1966a) . How ev er there are anomalies in the published 

result s concerning occurrence of peaks of division 

after 5AU treatment , (Smith , Fussell and Kugelman , 

1963; Jakob and Tro s ko, 1 965 ), and concerning actual 

DNA synthesis in the S phase (Woods and Duncan, 1952; 

Jakob and Trosko, 1 965; Scheuermann and Klaffe -Lobsien, 

1973 ). 
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The purpose of this study is to try and elucidate 

some of the anomalies as ment ioned above , in the work 

a l ready done in this field, and to a lso proceed 

further in answering the quest ion of how 5AU c aus es 

cell synchrony. 

Synchronization of di vision only c ccurs naturally 

in spec i alized stages of higher plants eg. gametogenesis_ 

whi ch has been used extensively to describe biochemical 

events by Hotta and Stern (1963a, 1963b, 1965) . The 

advantages of using artificial ly synchronized cell 

populations has a lready been noted by Regan and Chu 

(1966 ) for assaying DNA synthesis in cultures of human 

tissue , and by Prensky and Smith (1964) for studying 

chromosomal proteins u sing tritiated a r g inine in plant 

tissue . 

A knowledge of how the synchronizing agent functio~· 

i s consequently very important if 5AU io to contin-.,1e 

being used in this fiel d of research , to ensure tha t 

it is in no way g oing to i nterfer e with what is be ing 

studied . 

Synchronization studies involving DNA synthesis 

require pulse labeling of tissue as a method of mark­

i n c when DNA synthesis is occurring in cells . H3-TdR 

and H3- ca.R ar e:; the most commonly used as it i s now 

known that they are only incorporated into DNA 

(Wimber, 1960; Davidson, 1968), Autoradiography is 

required to pinpoint incorporat ion and most commonly, 

the tissue is prepared for vi ewing using squash 

techniques. Matting l y (1966b) us e d serial sections to 

reveal the pattern of mitotic divisions in the root tip 



during and after 5AU tre atment , which could explain 

reports of subpopul ations of cells (S acher and Davidson 9 

1971) . 

This work is repeated and correlated with si,uash 

preparations from var i ous experiments using 5AU to 

he l p determine whether the data obtained from squashes 

is still significant . Caffeine was used to try and 

determine between possible subpopulations of cel l s 

obtai ned with 5AU treatments , as woll as to morph­

ological ly l abe l cells for a short study of the cell 

cycle . 

All the repeated sy~ chronization experiments 

agree wi th the litera ture . DNA synthesis do es occur 

in the presence of 5AU out at a slower rate resulting 

in u buildup of cells in the latter third of the S 

phase . This has led to the suge est i on that the synthes~ 

of the heterochromatin r~gions i s being affected in 

some way . Previous chromosomal aberration studies 

us ing 5AU examining :b'eulgen- negati ve 'gaps ' have a l 20 

pointed towards interference with heterochromatin 

synthesis (Ki h l m~n 9 1966; Martinez- Pico and Duncan, 

1 955 ). However only one recent paper examining the 

problem of act i on of 5AU has suggested this (S cheuer­

mann and Klaffe -Lobsicn , 1 973 ). The build up of ce ll s 

in the l atter third of the S phase , tog e ther with the 

prevention of l abe led early G
2 

cells enteri ng mitosis 

in the presence of 5AU could suggest possible inter­

ference at the enzyme level of the final stages of 
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DNA synthes is. This could te over come by using an 

a lternative r epair pathwa y but only after a cri t ica l 

time period of approxi mate l y 40 hours has passed . 

Further wo r k at the enzy1!1e l ev e l could p~ovide 

more int eresting information on the probleo of mode 

of act i on of 5AU . 
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MATERIALS AND METHODS 

2-01 Growth of ~eedlj_ngE_ 

Vicia faba (var Exhi bition Longpod) seeds 2 cm 

long were rinsed in 1% sodium hypochlorite solution 

for five minutes, then s oaked for 24 hours in r unning 

tap water at 15°± 1°c. The seed coats were removed 

before the seeds were planted, radicle downwards, 

nine per 16 cm2 pot in vermiculi ~e (exploded mica). 

They were l eft in the dark at 25°~1°c to germinate 

and watered when necessary with tap water. Aiter six 

days, all those plants s i x to eight cm high with at 

l east 20 l ateral roots were transferred to continuously 

aerated 1/4 strength Hoagland's mineral nutrient 

so l ution , (T able 1) also in the dark at 20°±1°0 , This 

was renewed ever y 24 hours,. Because lateral roots were 

required, the tip of the primary r oo t was removed on 

t r ansferring the pl an ts to nutrient solution . After 

a day in nutri ent so lut io~ the lateral roots wer e two 

to three cm long and re a dy for use in experiments. 

~he temperature of the growth room was thermostatically 

controlled as this was critical to results during both 

treatment and recovery times.(Figure 1). 

Germination and growth of seedlings as well as 

all experiments were carried out in the dark, as this 

avoided any possibility of diurnal rhythms masking 5AU 

induced synchroniz2t i c.,L patterns, and resulting MI . 

Some workers (Gray and Scholes, 1951) remove the 

plumule to avoid this possibility, but because all 

the hormones involved in lateral root initiation are 
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Table 1: Hoagland's Mineral Nutrient Solution 2. 

(modified by Johnson et a l 1957) 

Compound 

KN0
3 

Ca(N0
3

) 2 .4H2o 

NH
4

H2Po
4 

Mgso
4

.7H2o 

KCl 

H
3

Bo
3 

Mnso 4 . 4H2o 

znso 
4

• ?H2o 

Cuso
4

.5H
2
o 

H2Moo
4 

(85% M03 ) 

Mol wgt 

101.10 

236.16 

115.08 

246.49 

74 . 55 

61 . 88 

223 . 06 

287 . 55 

249 .71 

161.97 

Macronutrionts 

Concn Concn Stock 
Soln Stock 

M 
g/1 

1.00 101 .10 

1.00 236 . 16 

1.00 115.08 

1. 00 246.49 

Micronutri ents 

mM 

50 3.728 

25 1 . 546 

2.0 0 . 4461 

2,0 0 .575 

0.5 0 .125 

0.5 0 . 081 

Vol 
Stock 
per 1 Element 

final 
soln 

ml 

6 . 0 N, K 

4.0 Ca 

2 . 0 p 

1.0 Mg, s 

Cl 

B 

Nn 
1.0 

Zn 

Cu 

Mo 

Na-Fe-EDTA 1.0 

Na-Fe-EDTA: Dissolve 5g of NaOH in 800 ml of distilled 
water, add 33 .2g EDTA (tetrasodium salt), stir 
until dissolved, add 24o9g FeSO~ and stir. 
Make up to 1 litre and aerate tne solution over 
night using an aquarium air pump. 

Adjust pH of final nutrient solution to 6.5. 

From Epstein - Mineral Nutrition of Plants. 



FIGURE 1 Jicia f~.E..~ pl ants continually bei ng 

supplied witl1 air , growing in a thermo­

statically controlled darkroom . 

' 
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still not completely understood, it seemed best to 

avoid any possibl e interference with normal growth . 

When it was ne cessary to examine the growing 

plants and take samples , a green safety light was 

used which was known to exc lude both blue and r e d 

wavelengths of light . 

2- 02 5- ~ i nourag il TreatmJ~~1 

5AU (Sigma ) was dissolved in nutrient solution 

10 

at a concentrat ion of 3 . 93 x l 0 - 3M ( 500ppm ) , for a ll 

experiments 9 so that comparisons could be made between 

individual experiments and with the published li terature, 

If the duration of an exper i Llent e x ceeded 24 hours , the 

nutrient or 5AU so lu t ion w2.s renewed at the end of 24 

hours . 

I t was observed that over 24 hours the 5AU solut i on 

oft en deepened i n colour . '.ro check whether 5AU was 

being me t abo li zed 9 sampl es of the solution were take n 

a t O, 12 and 24 hours and che cked for absorpt ion on an 

Hitachi recording spectrapho tometer using UV wavelengths 

(210 - 360nm) . The resulting spectrum was s i mi l a r for 

all three so lutions recording a peak at 290nm . From 

this data it was concluded that the colour chang e was 

not an indication of metabo lism of 5AU and it could 

be assumed that 5AU was fun ctional for the complete 

duration of an experiment . It was sugges ted that 

pheno lic excretions from the roots combined with 

aeration could have caused this effect . 
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2-03 C_ytolo gis_al Pro ~edures 

2-031 SAMPLING: 

When sampling , lateral r oots were put directly 

into Carnoy ' s fixative (3 : 1 ethano l: g l ac ial acetic acid) 

and left overni ght . Next day they were transferred to 

70% ethanol and refrigerated at 4°c . 

2- 032 S TAI NI NG: 

A stainini procedure had to be chosen that made 

the interphase nucleus and chromosomes easy to see f or 

mitot ic counting of squash preparat i ons . Sev eral stai ns 

were tried . 

i ) Acetocarmi ne - (for met~od see Appendix 1) 

Reasonab l e result s were obtained but the handlins of 

indivi dual root ti ps made it i~practical for the 

vo l u~e of t is sue that needed to be processed . 

ii) Gomori's H~ematoxylin - ( for method see Appendix 1) 

Exce llent results wi th nuclE: i and chromosomes c l early 

stained; cytoplasm also stained l i ght l y . Good squ&shes 

were only obtai ned i f the roots had been l e ft in 

fixative and 45% acet i c acid for the maximum time . 

Often l a r ge clumps of cells, not thoroughly squashed 

were too dark to distinguish nuclei for counting . The 

first few synchronization experiments were examined 

using this stain but it became cle a r that the results 

were not completely satis facto ry . 

iii) Feulg en - (for method see Appendix 1) This 

seemed the most obvious re placement to Haematoxylin 

as it was also required in the autoradiography 
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experiments . However the first few attempts using 

thi s stain resulted in poor S(Uashes with the nuclei 

difficult to see clearly . It was thought that the 

basic fu chsin c ould have been too old . Several batches 

of basic fuchsin were tried before~ s upply was found 

(BDH ) that produced a clear solution and s tained the 

nuclei and chromosomes clearly? l eavinc the cytoplasm 

almos t invisible . Consequently t issue from a ll ropeat 

experiments was stained with Feulgen and it was a l so 

use<l for all the squash preparations required in the 

isotope incorporati on experiments . 

The Feul gen stai n was unsuitab le for exami ning 

binuc l eate cells obtained in the experiment using 

caffeine, as the cell walls could not be dist incuished 

to aid in counting the Marked cells . Nomarski inter­

ference mi croscopy was also found to be unsuitable . 

Consequently the t i ssue had to be embedded and 

sect i oned so that a double staining technique could be 

used . The safr anin-fast green method (see Appendix 1) 

as described by Jensen (1 962 ) was chosen as the most 

suitable, staining nuclei and chromosomes re d , and the 

cell walls a greenish-blue . 

2- 033 PREPARATION OF SLIDES: 

Microscope slides used for squash preparations 

were soaked for at least one hour in acidified 95% 

ethanol (100:1 ethano1:conc HCl). When required they 

were air dried and wiped , and squashes were made 

directly onto these . 
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Mi croscope sl i des used for mounting se c t i oned 

tissue we r e soaked i n Decon1 (di l u ted 20 : 1 wi th 

dist i lled water ) f or a t l east one h our , W~en requi r e d 

the sl i des were air dried and wi ped , then a dr op of 

Mayer's albumen (Gray 1954 ) was smeared across the 

s li de then wi ped off , The ribbons of tissue were then 

f l oated on with distilled water , positioned correct l y , 

then a llowed to dry at 30°~1 °c over n i ght , 

2- 034 USE OF COLCHICINE: 

For the purposes of counting mi toses i t i s much 

eas i er to count an accumulated number of cell s over a 

shorter t i me for sampling 9 rather than combine small 

groups oi data obtained over a longe r period , For 

this reason , colchicine (LDII ) vrhich destroys th8 

mitot i c spindl e and ac cumulates metaphases 9 was used 

when sampl i ng was carried out over peaks of div i s i on , 

'-· , 0'.51/o colchicine solution was used to avoj_d the 

abnormalities that higher concentr2.tions cause , (:Evans 9 

Neary and Tonkinson , 1957 9 Evans and Savage 9 19591' 

i'fac Lcod ajld Davidson 9 1968 ) . Co l chi cine was us ed in 

both contro ls (nutrient only) 9 and 5.A.U solut i ons for 

treatments up to s i x hours 9 wi th samples be i ng taken 

during the l atter f i ve hours of thi s t i me . 

2- 035 USE OF CAFFEINE : 

Thi s ch emi c a l produces a synchronous , morpho l og­

ica lly l ab e l ed popu l at i on of cells by vir tue o f 

preventing cyt ok i nesis i n c e lls in t e l ophase , and thus 

( i - reg iste r ed t rade mark ) 
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resulting in binucleate cells ,(Kihlman 1955 ). CaffeinB 

has been further studied by Gimenez-Martin , Gonzalez­

Fernandez, and Lopez-Saez (1965) , who emphasize three 

aspects of this method . 

'i) its specificity u pon cytokine s is 

ii) rapidity wi t h which it acts and with which its 

effe cts are elimina t ed . 

iii) low toxicity 0 . 1% in the cours e of the cell 

division cycle . Treatment for one hour i s sufficient . ' 

Caff e ine 0 . 1% (Sigma ) was use d to mar k t he s mall 

po pulation of cells in teloph a se which could t hen be 

l abe l e d with H3- CdR (short pul ses of 15 mins 4uc/ml or 

2uc/ml ) t o cat ch the begi nning and end of t he S ph a s e 

in orde r to det er mi ne the l engths of the di ffe rent 

s t ages of the cell cy cl e . Thi s was only done as a 

pr eliminar y s tudy t o determi ne whe t he r i t i s a fe a s ab l e 

a l terna tive to the mor e c onventiona l methods of using 

only pul se l abe lint wi th H3 or doubl e l alJe ling with H3 

and c14 , ( Quas t l er and Sher mc=m , 19 59; Evans and Seo tt , 

196 4; Wi mb er an d Quaat l er, 1963) . 

2- 036 ENZYME TREATMENT: 

In order to confirm t h e incorporation of H3-TdR 

solely into DNA a short experiment was done using 

enzymes . 3:1 ethanol: glacial acetic acid roots were 

thoroughly rinsed in water , then treated for two hours 

in a 5% pectinase solution ( ex !.?:2ergillus nig 1c; r ., Koch 

Light Laboratories Ltd . ) . The root tips were then 

squashed onto cleaned slides and the coverslips were 
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removed with dry ice 2nd the s lides rinsed in d i still ed 

water to remove the pect inase before storing the slides 

in 70% ethano l until ready for the enzyme treatment . 

Sl i des were treated with RNase or DNase in orde r to 

ascertain the pos ition of the H3 s ilver grains a fter 

a utoradiography . RNase treated slides were incubated 

at room temperature for three hours, whereas DNase 

treated sl i des were incubated at 37°c for six hours . 

RHa:Je (Sigma , ex bovine pancreas ) was used at a 

concentration of 1 mg/ ml in phosphate buffer (pH 7), 

and DNase (Koch Light Laborator i es Ltd, ex bovine 

j_X:mcre2s ) was used at a concentrat ion of O. 2 mg/ ml L:1 

phosphate buffer ( pH 7) with 0 . 005M Mgso4,( Jakob and 

Trosko 1965 ) . After incu~ation the slides wer e acain 

rinsed in c l ass distilled water and prepared for Feulg cn 

stai n ing . DUas e treated slides remained colourless due 

to the removal of all nuclear mater i a l that normally 

stains with bas ic fuchsin . Consequent ly afte r auto ­

r~diographic processing the sl i des were examined using 

?Jomarsk i Interference microscopy so that cell outlines 

could be seen . On RNasa troat3d slides the nuc l ei 

stained norr.1ally with Feulf:en and s ilver grains could be 

seen over the nuclei ( us ing oil emersion ), after 

autoradio graphic processing . 

2 - 037 EXAIHNA'rION OF SLIDES: 

Once preparation of slides was complete, they were 

all mount ed i n Eukitt (0 Kindler W. Ger many ) so they 

could be examined as time permit ted . Preparat ions of 
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bas i c synchronization experiments were scanned randomly 

using a Visopan mi croscope (lOOx lens) to determine the 

mitot i c index; 
no of mitotic ce lls x 100 (MI) 

total no of cells examined 

counting 500 cells per slide and three slides per time 

sanple . These were compared \A!i th slides of sectioned 

material to locate recions of observed divisions in 

re l ation to other t issues i n the root tip . Slides 

fron experiments involvinc labe l wer·e scored as to 

pre sence or absence of silver grains , either in ce~cr a l 

or specifically over mitotic figures . 

D~JA syHthcsis can bG closely ::-~tuclied i n plaHt cells 

by supplyL~G them with rt·: 11.. precursors tha t s.rc:; r adio ­

c..ctivEcly labeled . In tJ:.is E:tudy n3 was used because i. t 

ic c:. low c~10rgy D p;:-.1rticle uni tter ar:d lla3 a high 

resolving power which i s suitabl e at the cellul ar and 

subcc l lul~r leve l . The l abe led compounds used were 

L IQ.~p.yl - 3W thymidine, which i s exclusivel y i ncorpor­

a ted into DNA (Rei chard and Estborn 1951 ), and deoxy­

C 5- 3HJ cyti dine whi ch h as often been su~gested. an an 

alternative (in discussion of paper by Howard a:r:d: 

Dewey , 1 960;Prcnsky and Smith, 1965) . Chemicals w0rc 

from the Radiochemical Centre , Amcrsham , UK . Speci fic 

activity 2 . 0 c i / cmol . The amounts of i sotope used arc 

ment i oned l ater wi th di scussion of indi vidual 

experi ments i n the resul ts . 
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The isotope was supplied to the plant roots in 

the nutrient or 5AU solutions and aerated as in all 

other experiments . Pulses ranged from 15 to 30 mins 

dependinb on the concentration of l abe l used . Samples 

were t aken and fixed in the usual way . When deciding 

to us e 3:1 absolute alcoho l: g l acial acetic ac id 9 it 

was noted that C8rt a in fixat i ves resu l t in substant i a l 

los ses of radioactivity ,( Kapriwa and Leblond , 1962 ) . 

The tissue was stained wi th Feulgen, squashed on 

s lide s , passed throueh on a lcohol series to water prior 

to autor adiogr aphy . Ae;ain some loss of r adioactivity 

due to hydrolysis and rinsing of t i ssue cannot be 

a voided 9 ( Baserga and r.Ial amud 9 1969) . 

I lford 14 liqui d imclca.r emulsi o~1 in c;e l fori,l 

(Il ford, UK ) with a very fine grai n s i ze ( 0 . 1 4u ) w2s 

used for autoradiography . The requi red amount of 

emul s i on was removed ~nd2r Ilford S902 saf el i g ht 

conditions and heGted to 45°c in a waterbath to mel t 

the gel . The stock was kept in a refrigerator at 4°c . 

·:Che emulsion was diluted 50 : 50 wi th warmed distillocl 

water and agita t ed slowly to avoid excess froth be i ng 

fo r Ded . Dilution a llows a thinner layer of emulsion to 

cover the tis s ue which is i mportc.nt when ·~rorki ng wi t h 

H3 • 

The prepare d slides were t h en dipped into the 

emulsion, withdrawn and lightly drained, at a rate of 

five seconds per slide . The coated slides were then 

put in black slide boxes with a s mall gauze satche t 

of self indicating silica - g el, then when dry, sealed 

with black electrical tape, wrapped in a luminium foil 



18 

and stored in the refrigerator a t 4°c . 

After exposure for varying lengths of time depend­

ine on the concentrations of r adioac t ivity used, ( three 

weeks for 4uc/ml and six weeks for 2uc/ml or less) the 

slides were developed in Kodak Dl9 for 3- 4 minutes at 

20°c . A 1% acet ic ac i d stopbath (1 0 sees ) was used, 

followed by five minutes in Amfi x 1:3 ( plus 1 part S 

type hardener to 40 parts diluted fix ) (May and Baker ), 

t hen five minute s in running tap water , followed by one 

m.i.nute in disti lled. water as recommended by Caro (1964) . 

The sl ides were then air dr i ed and made permanent by 

mounting in Eukit t (0 Kindl er , W. Germany ) . 

The tissue on each slide wa s scanned systema tic ~lly 

u s i ng an Olympus E bino cular co!'!lpound microsco pe with 

wide field lOx ocul ars , and where required a l abeling 

index was determine d using oil emersion as: 

,. 

no of labeled cells 

total no of cells examined 

2- 05 Reversal EXJ?Bl'~me~1tJ3 

x 100 (LI) 

In early stl,dies of bacterial growth 5AU was used 

as an inhibitor . Reversal experi ments showed that 

growth of bacteria would cont inue if urac il or thymine 

were a dded to the growth medium , (Puleston et a l, 1950) . 

From these results it was suggested that 5AU inhibited 

the synthesis or ut ilization of the pyri midine oases of 

nuclei c acids and thus DNA synthesis . 

Thus it seemed of interest to add pyrimidine bases 
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i n the presence of 5AU knowi ng that in h i gh0r p l ant s 

DIJA synthesis i s not compl etely hal ted by this thym i ne 

anal ogue 9 ( Jakob and Trosko 9 1 965; Matt i ng l y 1 966a ) . 

The informati on Gajne d coul d poss i b l y g i ve fur ther 

ins i ght i nto observed act i on of 5AU . Equi molar 

quant i t i es of a se l ect i on of bases were added to 5Al! 

so l ut i ons and sampl ed at the end of the fo ll ow i ng t i r,1es: 

a ) 1 2 hour s treatment 
b ) 2 4 hours tre a tment 
c ) 1 2 hours treatment followed by 12 hours 

recovery in nutrient so l ut i on 

~Ii totic f i gures were counted and compared with control 

experiments where no bases were added to the growth 

medium . The b ase s used were: ur i di ne , thyrnine 9 uraci l 

(Cal biochem) , and thymidine , deoxyuridine , thymi dylic 

~c id ( Nutr i t ional Biochemicals ) 9 each a t a concentration 

of 4rnM , the same as the 5.AU solut i on . The first f i ve 

base solutions were also combined in equal quant i ties 

to g ive a 20n~ mixture which was also used in the 

reversal experiments . 

2- 06 Sectioning_ of i'fiaterial 

To enabl e exami nat i on of longitudinal sections 

of t he root t i p , t i ssue was i nfil trated and embedded 

in par affin , then sect i oned a t l Or m f or doub l e 

ctai n i ng i n safr ani n - fast green 9 or 6µm f or auto r adi o ­

eraphi c procedures . ( Fo r ful l de t a ils see Appendi x 2 ) . 

~~hi s enabled squ as he d prepar ati on s t o b e compare d wi t h 

se ctione d ma t eri a l 9 in order t o orienta te the di s trib ­

ution of pa tches of dividing c e lls seen in s qu a shes , 

with long i t udina l se c tions , (Figure 2) . 



FIGURE 2 

FIGURE 3 

Longitudinal median sect i on thr ough a root 

showi ng the d i ffe rent ce ll types: stele 1 

cortex 1 root cap and mer i stem that a r e 

pr esent in the squash prepar ations . (x 80 ) 

Fl uorescing nuclear DNA of ce lls i n squash 

prepar at ions stai ned wi t n BAO. (x 600 ) 
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2- 07 Measurement of Relat ive DNA content per 

cell nucleus 

21 

2-071 To be able to accurately measure the relative 

DNA content of individua l cell nuclei , tissue prep­

aration had to be very uniform . An ammended procedure 

of Feulgen stai ning was followed: a 10 mi nute hydrolysis 

in l N HCl at 60°c, followed by a 30 second rinse in 

distilled water then stai ning for one hour in Schiff's 

reagent . The tissue was squashed and mounted on 

cleaned sli des as described in Appendi x 1 . For the 

best results, it was found by expBrience that the 

sli des h a d to be permanently mounted in Eukitt rather 

-chan just viewed -u.n cler oil . 

The re l a tive DNA content of the cell nucleus was 

measured with a Vickers M85 I ntegrating Microdensitom­

e ter a t t he Cytogenetics Unit , Christchurch Hospit a l, 

under the following conditions : ocular l Ox; objective 

lOOx (oil emersion ) nA 1 . 25; s i ze of measuring spot -

0 . 4um. A wavelength of 590nm was u s ed for al l 

measurements as recommended by Dr P Fitzgerald of the 

Cytogenetics Unit . (Maximum abs orption for Feulg en -

575nrn in Atkin, 1970, whi ch cannot be used due to the 

high optical density of cell nuclei . ) . The subtrac tive 

method of measurement was used because the s lides were 

permanently mounted . This involved t aking measurements 

of several individual nuclei within a small area, and 

then taking a density measurement of the clear back­

ground close to each group of nuclei measured . This 

second reading was subtracted from each nucleus 
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reading to g i ve the density of the nuc l ear DNA. Several 

nucle i were measured three times to determine a 

reproducibility of measurements . A typical exampl e 

gave 716 , 715 , 710 . In general , any mean measurement 

could be considered correct wi thin 3 units but after 

subtraction eg . (764 + 3 )-(623 + 3 ) = 141 ~ 6 , ie - . ....,. ... 
there may be an error of 6 units in any indi v i dual 

measurement . But this averages out as seen i n Table 6 

where there is very good agreement between prophase 

me t a phase and anaphase , and telopl:ase val ues being 

half of these . The results are given in re l ative units . 

2- 072 

Before the availability of the Vickers M85 

Integrating Microdensitometer was knov/11 other me thods 

were used in an attempt to meast1re DNA content . Root 

meristem tissue was stained \v i th E~ fluorochrome BAO 

(Fluka AG) , (Ruch 1966 ), (See Ap pendix 1 for details ) 

suitable for the Feulgen re a ction and rel a tively stable 

to UV irradiation . Using a Carl Zeiss (67896 W,Germ ) 

fluorescent microscope, the fluorochrome was exci ted 

using a BG3 filter which peaked a t 365 nm, and vi.e;,ved 

us ing a BG12 barrier filter which cut out any wave ­

lengths below 500 nm . Photog raphs were taken of the 

fluorescence using Kodak Tri - X film at 400 ASA , (F~gure 3 ) 

Exposure times of 5 to 10 minutes were necessary and. 

this i ncreased with the length of time the tissue had 

been stained . Kodak Tri-X film was a l so pushed to 

2400 ASA using Diafinei two bath f ilm developer to t ~y 

( i - regi stered trade mark ) 
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and have shor t er exposure times, but this was 

unsuccessful. The develo ped negatives were scanned 

using an Automatic Re c ording Microdensitometer (Joyce/ 

Loebl) . However the maximum width of the scanning beam 

was too small compared with the di ameter of individual 

nuclei, and the machine only satisfactori l y sc anned 

1;..rho le frames measuring parts of several nuclei, rather 

than go ing backwards and forw2.rds over one nucleus . 

2- 073 

A se c ond method agai n us e d the fluorochro ne BAO, 

but utilized a photoce ll which directly measured the 

amount of fluorescence and recorded it directly onto an 

Electrometer 61 00 (Keithl e y I nstruments ) . The system 

was suitably sens itive but only an averr.1ge value of 

fluorescence from approxi mately 20 to 30 nuclei in the 

f i e l d of view could be obtaine d . 

The poss ibility of using a computer progr amme 

des i gned for analysing dat a gai ned from X-ray Cr ystal -­

lography was also consider ed . Because the cell s were 

randomly distributed in the sq_uash pre par 2 t1ons, r atl1er 

t han uniform, the progr amme was unab le to i ntegrato the 

values correctly . It would have taken several months 

to write and tes t a satisfactory programme, so 

cons eq_uently this idea was abandoned . 
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RESULTS 

Each experiment was des i gned to provide information 

to he l p in answer i ng spec i f i c questions which when 

considered together would provide further kn owledge 

of how 5AU a chiev0d. synchron i zation of roo t meristern 

cel l s . 

3- 01 Doe s 5AU I ndu ce Synchrony? 

The f i rst experi rne:et us i ng 5AU to part i ally 

synchron j_ ze a popu l at i on ol root ce lls was r eported 

by Smi th , Fuss e ll and Zug0 l rnann (1963) . These authors 

g::we a 24 hour trecttrnent of 5AU ( 5 . 5 x l 0- 3M) and 

obtained a peak of mi tot ic fi gures (42% ) at 14 hours 

after r 21:,oval from 5.AU . This v.,as not r epeated through 

& second cel l cyc l e, a l thouGh the ir data di d show a 

small rise another 12 hours l at Gr ( 26 hour s after 

r emoval fro m 5AU) , which they could not explain . 

Jakob and Trosko (1 965 ) repeat i ng the experiment had 

a pe ak of divisions 15 hours aft er removal from a 24 

hour 5AU treatment . 

I r epeat ed the experi ment using a 24 hour treat­

ment (3 . 93 x 10- 3r1 ), then sampled half hourly over the 

expected peak , and two hourly before and after . One 

seedling was used per sample, but it was found that the 

timing of divisions in individual seedlings varied 

considerably (as with Jakob and Trosko , 1965), so that 

the gr a ph (Figure 4) gave sharp peaks and dips which 

were not characteristic of the general trend . 
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To check that these sharp peaks were due to dif ­

ferent seedlings having different cell cycles , repeat 

experiments used two roots per seedling from three 

seedlings, for each sample . The results gained from 

the three seedlings were then averaged and are included 

in Figure 6A . All repeat experiments had the sampling 

peri od extended to 36 hours to investigate a sharp 

rise which appeared at the end of the first experiment , 

(Figure 4) . In all cases the control srunples, taken 

whenever 5AU treated plants were sampled, fluctuated 

about a mean of 10 divisions per 100 cells . 

These results confirm that 5AU definitely causes 

the parti al synchroni :ation of a population of root 

ce lls . The peak of divisions occurs between 14 and 

15 hours after 5AU treati:1ent, (Figure 7) , with a 

maximum NI for one root of 45 , The data plotted in 

Figure 6A is averaged from three duplicate experiments 

involving 3000 to 5000 cells per sample time . 

The synchronization only l c1sts one cell cycle, 

and after the peak, the MI often varied considerably 

in a random fashion . There was a lways a small peak at 

10 hours which may have been a fast dividing population 

of cells . 

3- 011 

Most workers used a treatment of 5AU then removed 

the tissue to gain synchronization . Control tissue had 

always been in nutrient solution. Was the synchronizing 

effect caused by the period of treatment in 5AU, or the 

r emoval from the 5AU solution? I thought that a 
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treatment using continuous 5AU should be given as a 

different type of control. Tissue was sampled 3 hourly 

from Oto 48 hours and showed a. peak of divisions 

occurring between 37 and 41 hours, (Figure 6B), which 

indicated that the pl ants had been abl e to overcome the 

effect of 5AU . This peak occurred at the same total 

time a s the peak obtained i n the 24 hour treatment , 

(Figures 6A&B) . I s then , the removal of tissue from 

5AU important in obtaining the synchronous division of 

cells? How is 5AU causing this effect? The continuous 

5AU experiments will be di scussed in detail i n section 

3-05; but it was the result of this experiment that l ed 

to the design of a third synchrony experiment . 

3- 012 

Would the observed peak of di visions still occur 

at the sane total time if a 12 hour 5AU treatment was 

given instead of a 24 hour one , or would the peak of 

divisions appear 12 hours earlier because of the shorter 

5AU treatment? This would indicate whether the observed 

peak of divisions is a r esponse by t he seedlings to 

being removed from 5AU, or whether it i s just that the 

plants can overcome the effect of the chemical after a 

certain minimum treatment time anyway as observed i n 

Figure 6B . Smith e t al (1963 ) suggested that the 

removal of roots from 5AU to nutrient resulted in the 

synchronous division they observed, while Mattingly 

(unpublished data 1965)found that after recovery from 

mitotic inhibition, cells in roots exposed to 5AU for 

sever al days went through repeated divisions . 



FIGURE 6A 

FIGURE 6B 

F'IGURE 6C 

Graph showing recovery after a 24 hour 

5AU treatment (500 ppm) using averaged 

results from duplicate experiments . 

(Dotted line is average control) 

Graph of mitotic index durine continuous 

5AU treatments (500 ppm) using averaged 

results of du plicate experiments . 

(Dotted line is averaGe control ) 

Graph showing recovery after 12 hour 

5AU treatments (500 ppm) using averae;ed 

results from duplicate experiments . 

(Dotted line is average control) 
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Plants were given a 12 hour 5AU treatment (3.93 

x l0-3M) then returned to nutrient and sampled hourly 

for the next 36 hours, (Figure 6C). Averaged results 

from duplicate experiments (at least 3000 cells examined 

per sample) showed a sudden rise 13 hours after removal 

from 5AU, peaking at 15 hours and dropping below control 

levels again by 18 hours. A second peak (although 

smaller) was evident at 26 hours after removal from 5AU 

but the MI had dropped to O again by 30 hours. This 

second peak is at the same time (38 hours after 5AU 

a ddition) as the peak of 15 hours in the 24 hour treat­

ment, (Figures 6A & C). In both Figures 6A and 6C 

there is a peak approximately 15 hours after removal 

from 5AU, which shows that it is probably removal it­

self stimula ting the cells to divide, with a delay of 

a t least 13 hours before mitotic figures are seen. 

These results suggest that removal from 5AU 

s timulates the cells to divide which would explain the 

appe arance of the first peak a t 15 hours after r emoval 

from 5AU, while the second peak, 26 hours aft er r emoval 

could be due to cells naturally recovering from the 5AU 

treatment. Would the cells that are seen dividing at 

the same total times in the different experiments all 

be found in the same regions of the root if the tissue 

was examined longitudinally? This was done with a view 

to determining the geographic distribution of dividing 

cells seen after 5AU treatment. 



FI GURE 7 

FIGURE 8 

Partially synchr oni zed ce ll div isions 14 

hours after a 24 hour 5AU treatnent (500 ppm) 

Note the presence of prophase 9 metaphase 

and anaphase . (x 640 ) 

No ce lls dividi ng at the end of a 24 hour 

treatment with 500 ppm 5AU . ( x 640) 



30 



31 

3-02 

Longi tudinal sections were prepared from tissue 

sampled over the peaks of division, in order to determire 

the distribution of the mitotic figures seen in squash 

preparations of the respective synchrony experiments, 

(Figure 6A, B & C). All mitotic figures were recorded 

diagrammatically from 6 to 8 sections passing through 

the centre of the root, which made the distribution of 

cell divisions very clear . 

In the 24 hour 5AU treatment, tissue was prepared 

from samples taken between 10 and 15 hours after removal, 

(Figure 9) . This clearly showed that the small rise at 

10 hours (Figure 6A) was mainly due to cells dividing 

that were surrounding the quiescent centre . The 

distribution of mitotic fi gures over the main peak was 

more even, extending up into the cortex and stele for 

the l½ to 2 mm that were examined . The denses t area 

of divisions, (when present) , progressed further back 

the root with time . 

These observations at first seemed difficult to 

account for compared with those of Mattingly (1966b) . 

This author sampled up to 10 hours and used colchicine 

to collect metaphases , as she was following the 

distribution of the few divisions that occur before the 

synchronous peak . My observations started when 

Mattingly's were completed . The lack of mitotic figures 

in the vascular cylinder at 10 hours (as compared with 

Mattingly ' s data) could have been due to my not using 

colchicine, which would have collected any cells that 

divided in this region a few hours before sampling . 
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3-021 

In the 12 hour 5AU treatment divisions occurring 

at 12 9 13 and 14 hours after 5AU r emoval were mostly 

distributed in the first mi llimetre behind the root 

cap 9 but also extended up the cortex for the next l ½ mm 

in smaller numbers 9 (Figure 10). The majority of 

fi gures present over the 24 to 27 hours peak were a l so 

directly behind the root cap 9 but extended further 

back in smaller number s as well. 

These re sults s L1ge;e st that there are not two 

geographically separate cell popul at ions dividing at 

different times to give the 

the 12 hours 5AU treatment. 

two synchronous peaks after 

However there i s still the 

possibility that a few cells close to the quiescent 

centre are dividing twice 9 while those further back 

into the cortex only divide once . This possibility i s 

discussed later in section 3-11 . 

Preparat ions from the peak of the continuous 5AU 

truatwent 37 to 44 hours showed similar results t o the 

previous ly discussed longitudinal sections 9 with 

mitotic figures being evenly distributed but in smaller 

n u ~bers in each section . 

Now that the synchronous effects of 5AU have been 

confirmed, they mustbc studied to find out how these 

effects are achieved. This involves looking at each 

stage of the cell cycle separately using different 

exper i mental techniques of which pulse labeling of cells 

in the S phase , with radioactive DNA synthesis 

precursors, is the most universally used . 



FIGUnE 10 Diagrruns of l ongitudinal median sections of 

roots collected over pea~s of divisions 

after a 12 hour 5AU treatment showinc the 

ecocraplncal distribution of the dividing 

cells seen in the squa.s.1 preparotions . 
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3 - 03 Effect of 5AU on G1 and G2 phases 

Duncan and Woods in 1953 working with All i um cepa 

r eported that 5AU affected the metabo lism of nucleic 

ac ids . It was a lso about this t ime that Howard and 

Pelc (1951 , 1953 ) published evidenc e for the cell 

cycle showing that interphase had three i mportant 

s t ages : G1 , S , G2 ; which had to be complet ed before 

cell division c ould occur . Duncan and Woods had shown 

that 5AU affected the S phase , but it was not until 

1966 that the G1 or G2 phases wer e studied by Mattingly 

to determine whether they were also int er fe red with 

·by 5AU . 

3- 051 c1 phase 

The experlment reported by Mat tingly (196 6a ) was 

r epeated a...'1.d s i milar rcsul ts were obtai ned . S8cdline:s 

w8r8 pulsed over seven hours with 2 uc/1:11 H3 - Td.R i n 

the presence or absence of 5AU so l ut i on (3 . 93 x 10- 3n ) . 

Samples wer e taken hourly from 2 to 7 hours , stained 

wi th Feulgen , auto r adiographed, and were compared for 

labe l whi ch i ndicated entry into the S phase from G1 • 

I f c8lls were being held up in the G1 phase and 

prevented from entering S, the initial LI of 20 should 

not have significantly increased . In ea ch case result s 

were simi lar (Table 2), especially at the l ater times 

indicating no signifi cant effect on the G1 phase . 

This conclusion is also confirmed by Prensky and Smith 

(1965) . 



Table 2: Labe ling Index recorded in the presence or 

absence of 5AU over seven hours , 

~~..,,_,.~ __ . ..._ ___ .,,.. 

THIE CONTROL 5AU 
- ~-~--_......-_____ 

2 hrs 26 20 

3 hrs 44 20 

4 hrs 42 30 

5 hrs 40 40 
6 hrs 46 40 

7 hrs 40 40 
................. ,. .... _ ....... ., 

3--032 G2 phase 
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Severa l authors including Mattingly (1 966a ), Wolff 

and LuipoJ.d (1964) have sucgested the poss i b l e 

olo21gation of the G2 phase 2.s a cHrect result of 5AU 

truatuent , An unpubl.::.shed experiment of Wolff and 

Luipold (19 64 ), reported by Matt i ngly (1 966a ) , who 

Jnd.c pencJ..·1_; ~ }.Y confirmed their resul ts , vras repeated 

to co~1sider the c:d'f'ectr3 again . Plants were pulsed for 
'7. 

one hour with H.:>--11dR (4- uc / ml) in nutrient so lution , 

then some were transferred to fresh nutri ent while 

others were put intc 5AU solution , Sampl es were taken 

at 2 , 4 , 6 , 8 , 10 and 11 hours , Metaphases were 

collected with 0.0 5% colchicine , Slides wer e exam­

ined to determine the appearance of l abe l e d mitotic 

figures . All cells in S and those that passed from S 

into G2 during the time of pulsing were labeled . 

Therefore if label ed cells were not seen in mitotis , 

the G2 cells must have been held up . This is what 
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was observed . Label was present over chromosomes in 

the control by 4 hours after pulsing ~ indicating an 

approx imate G2 duration of 4 hours (Table 3). There 

Table 3: Labeling Index of mitotic figures observed 

over 11 hours 5AU treatment or nutrient 

control. 

THIE CONTROL 5AU 
~ ,-~~· 

2 hrs 0 o.o 
4 hrs 6 o.o 
6 hrs 14 o.o 
8 hrs 7 0 . 1 

10 hrs 1 0 o.o 
11 hrs 0 . 5 

.. r .... ~~,......._--=_,., . .: 

wac no l abel over mitotic figures i n 5AU treated saRpl es 

aft8r 11 houis . What was seen at 8 and 11 hours i s 

dub ious because of heavy back ground . These r8sults 

a r e s i milar to those obtained by oth0;r authors who 

have interpret ed them as the G2 phase being interfered 

with by 5AU such that cells are prevented from contin­

uing into mitoci s . My suggestion is that only cells 

early in the G2 phase are affected by 5AU . A longer 

veriod of labeling prior to 5AU treatment could 

poss ibly confirm thi s theory . 

After examining the G1 and G2 phases of the cell 

cycle for their response to 5AU treatment , the S phase 

of cells dividing in the synchrony experiments was 

studied using pulse labeling . 
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3-04 DNA synthesis at the end of a 24 hour SAU 

treatment 

Pulse labeling in the last hour of a 24 hour 5AU 

treatment resulted in a LI of 3. Samples taken over 

the peak of divisions 14 and 15 hours later had a MI of 

17 and 24 respectively but there was no label in these 

mitotic figures. From this it could be concluded that 

DNA synthesis for cells appearing in the peak of 

divisions at 14 to 15 hours after the end of a 24 hour 

5AU treatment, does not occur in the last hour of 5AU 

treatment. Possibly these cells were held in early G2 

by the 5AU after having undergone DNA synthesis near 

the baginning of 5AU treatment. 

3-041 DNA synthesis after a 12 hour 5AU treatment 

The appearance of the second peak in the 12 hours 

5AU treatment at 26 hours after removal from 5AU 

(Figure 6C) immediately posed further questions, Is 

this a second population of cells dividing, or is it 

the same population as the first peak having undergone 

a rapid cell cycle? Or could it be cells that had an 

extended G
2 

phase but were still all the same pop­

ulation? 

Pulsing with H3-Td.R would indicate whether DNA 

synthesis was occurring between the observed peaks. 

Two different pulse experiments were carried out. 

They used H'-TdR (2 uc/ml} pulsing from 

1) 2 to 6 hours 

2) 16 to 20 hours 

after removal from 12 houre 5AU treatment. The LI at 
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the end of the 2 to 6 hour pulse was 72. Samples 

collected over the two peaks were examined for labeled 

mitotic figures which would indicate that the dividing 

ce lls had undergone DNA synthesis during the time of 

the pulse. Over both peaks all mitotic figures seen 

were labeled; but the MI did not suggest the presence of 

a peak of divisions as observed in all previous 

replicate experiments. Consequently these results could 

not be considered as a completely representative sample. 

How2ver they do support the idea that the two peaks 

observed in the original experiments could be all from 

the same group of cells with some having a longer cell 

cycle than others. 

At the end of the second pulse (16 to 20 hours) 

a LI of 55 was recorded. A MI of 22 was noted at 20 

hou ·s, which immediately explained the lack of mitotic 

figures over the sampling of the first pulse - the peak 

of divisions had been delayed by five hours. 

Consequently, ~s was expected , the MI over the second 

pca.k was also lows and it was questionable whether the 

figures were labeled compared with the heavy hackground. 

This apparent lack of label again supports the 

conclusion that the cells seen dividing over the two 

peaks in the original experiments are not from two 

different groups of cells or parts of the root. This 

experiment could not be repeated due to the two months 

required for its completion, but further information 

can be gained from another labeling experiment design­

ed to determine DN~. sy.r~thesj s recovery after a 12 hour 

5AU tre8tment . 
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3- 042 

Half hour pulses of H3-TdR (4 uc/ml) were given 

in nutrient solution at 3, 6 and 9½ hours after the 

12 hour 5AU treatment. Some tissue was fixed immed­

i a t ely after the pulse, while the rest was allowed to 

continue growing so that further samples could be 

taken at 12, 13 and 14 hours, the beginning of the first 

expe cted peak of divisions (Figure 6C). The initial 

LI was recorded after each pulse, and then the MI 

and percentage of labeled mitotic figures noted for 

each pulse time over the peak of divisions. 

Table 4: MI and percentage of labeled figures occur­

ring over the peak of division after a 12 

hour 5AU treatment. 

I nitial s amples . . 
3 hours puls e 
6 hours pulse 
9½ hours pulse 

12 hours samples 
3 hours pulse 
6 hours pulse 
9½ hours pulse 

13 hours samples 
3 hours pulse 
6 hours pulse 
9t hours pulse 

LI 
11 

18 

16 

MI 
3 
3 
5 

5 
3 

10 

% labeled mitotic 
50% 
80% 

10% 

0% 
90% 
50% 

figur e s 



T~blc ~ Cont i nued 

1. 1! nours s8.nples 

3 hou:cs pulse 
G hour s :p1J.l se 
9-;i 11011.1:s pulse 

16 
10 

22 

85% 
50% 

0% 
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J.n 7-he 12 and 13 hour s amples the LI for the 6 

£.,.our pulses was high , but the MI was notably low. 

·_;_·he se few cells could have been strays from the main 

populat ion in which the MI had increased by 14 hours. 

This sampl e cle arly showed that the majority of cells 

entering the peak of division between 13 an 16 hours 

Ui1derv1ent DNA synthesis between 3 and 6 hours after 

rc:.-,oval from 5AU, and is confirmed by Jakob and Trosko 

(1965). 

However the question of whether the second peak at 

26 nours a:.':ter removal fr om 5AU, were different cells 

compared with the first peak has still not been clearly 

._:_nswered: 

Ano ther method used to help determine whether the 

ce l J s in the s econd peak had undergone DNA synthesis 

after the fj_rst peak of divisions, and consequently a 

raDic1. cell cycle, was the use of caffeine to mark cell.s 

in telophase a t the end of the first peak. Tissue 

collected over the second peak (25 to 28 hours) was 

then exar:1ined for the presence of binucleate cells in 

division. These preparations were longitudinally 

sectioned a~d doubl e stained with safranin and fast-
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green to clearly distinguish cell walls and chromosomes. 

No dividing binucleate cells were observed in any 

preparations. 

The longitudinal sections discussed in section 

3-021 (Figure 10), of preparations of tissue sampled 

over both peaks also suggested that there are not two 

distinct populations of cells dividing at different 

times. 

All these experiments lead to the conclusion that 

DNA synthesis for cells appearing in both peaks occurred 

before 12 hours after removal of the tissue from 5AU. 

Therefore the second peak is not due to some of the 

cells from the first peak dividing a second time. 

Furt her half hour pulsing experiments would be 

required to indicate the exact t imes and duration of the 

S phase for each of the groups of cells from the 

different peaks. 

3-0~ Effect of 5AU on DNA synthesis itself 

This set of experiments was designed to see whether 

DNA synthesis and ultimately cell division will occur 

in the presence of 5AU. Samples were taken 3 hourly 

through a 36 hour treatment of 5AU (}.93 x 10-3M) . 

Because additional seedlings were available samples 

were also taken at 40, 42, 44 and 48 hours continuous 

5AU. The resulting graph of MI showed a decline of 

divisions to almost zero by 12 hours and the MI stayed 

at this low level until 36 hours (Figure 8). However 
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some divisions were present in the 42 hour sample, 

(Figure 5). There could have been a peak between 36 

and 40 hours which was not sampled so this time was 

included in a repeat experiment. 

Samples were taken hourly from 36 to 48 hours in 

the repeat experiment . The MI reached a peak between 

37 and 42 hours (Figure 6B), which was similar to data 

of Jakob and Trosko (1965). These authors found that 

root tip cells of some seedlings did not divide at all, 

resulting in large ranges of data. As temperature was 

kept constant at 20°~ 1°c and could be excluded as a 

reason for this large variation, the fact that other 

authors have found wide variation between seedlings, 

could explain why the peak in my data ranged over five 

hours in duplicate experiments. 

The results of this experiment indicate that SAU 

does not completely block the cell cycle (and 

consequently DNA synthesis), as a synchronous division 

of cells can occur in its presence. These findings 

confirm those of Jakob and Trosko (1965). 

3-051 

If DNA synthesis is not completely halted in the 

presence of SAU, when does it occur for those cells 

observed in division between 37 and 42 hours? Two 

times were chosen for pulse labeling before the appear­

ance of mitotic figures. One was of 4 hours duration: 

14 to 18 hours (pulse A), and the other was 6 hours: 

24 to 30 hours (pulse B) . Samples were collected at 
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the end of the pulse, and over the peak of divisions 

34 to 42 hours. Duplicate experiments were done using 

H3-TdR and H3- CdR at 2 uc/ml, as well as a 'cold' 

thymidine (equimolar) control, to ensure that thymidine 

was not overcoming any effect of 5AU as Prensky and 

Smith (1965) suggested. The resulting preparations 

were examined for label in the mitotic figures, which 

would indicate when the DNA was synthesized for the 

cells dividinG between 37 and 42 hours. 

At the end of pulse A (14 to 18 hours), the label­

ing index was 30 for both H3-TdR and H3-cd.R. The LI 

rose to between 70 and 80 for both labeled compounds 

between 34 and 42 hours indicating a buildup of cells 

in the S phase before cells are seen in division. 

Table 5: LI and MI obtained after pulse A using 'cold' 

thymidine, H3-TdR and H3-Cd.R. 

MI 
1 cold' thymidine: 

Initial 7/2000 
34 hours 0 

36 hours 0 

37 hours 0 

38 hours 0 

41 hours 0 
42 hours 25/800 

H3-:..cdR 

Initial 

34 hours 
36 hours 

37 hours 

41 hours 

H3-TdR: 

Initial 

34 hours 
36 hours 

37 hours 
38 hours 

41 hours 
42 hours 

MI LI 

40 
0 80 
0.1 80 

0 80 

3 70 

MI LI 

26 
0 75 
1.4 80 
0.5 70 
0 75 
0 80 
0 85 



45 

The expected rise in the mitotic index did not occur. 

There were a few figures present in the 42 hour sample 

and a large number of preprophase cells which suggested 

that cell division was be~ng slowed down by the presence 

of these precursors at a critical time. The control 

experiment using equimolar thymidine had the same 

effect (low MI with preprophase cells at 42 hours), 

but also resulted in misshapen nuclei as seen also in 

reversal experiments in section 3-08 (Figure 17). 

Those mitotic figures seen at 42 hours were labeled , 

and therefore those cells must have synthesized DNA 

during the time of the pulse between 14 and 18 hour~ 

which was 24 to 28 hours previou~ to their dividing . 

The S phase of these cells has definitely been 

prolonged. 

Pulse B (24 to 30 hours) gave similar results to 

Pulse A. The equimolar thymidine control did not damage 

the nuclei to the same extent even though the treat­

ment was longer, which suggests that 24 to 30 hours is 

a less critical time for DNA synthesis Gf cells appear­

ing in the expected peak of divisions between 34 to 42 

hours. The LI after pulsing was 25 for both precursors 

and this rose to 60 between 34 and 42 hours, again 

indicating a buildup of cells in the S phase. Mitotic 

figures started appearing by 42 hours, but it was 

difficult to determine whether they were labeled due 

to the heavy background. 

It appears that pulses of several hours duration 

delay the observed peak of divisions that occur in 
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control experiments (5AU only) , as this same phenomenon 

was observed in section 3-041 with pulsing after a 12 

hour 5AU treatment. This delaying effect of thymidine 

will be referred to again in the discussion. 

Because of the 24 to 28 hours between pulse time 

and appearance of labeled mitotic figures in pulse A, 

indications are a prolonged S phase or possibly an 

extended G2 phase. The investigation of these 

possibilities led to a further pulse labeling experi­

ment . 

3-052 

Thirty minute pulses of H3-Td.R (4 uc/ml) were 

g iven in the presence of 5AU to plants being treated 

continuously with the thymine analog. Two plants per 

sample were pulsed then transferred to aerated , distil­

led water for 10 minutes to permit deple tion of the 

tt3-TdR pool before fixing. Samples were taken at 

selected times between 3 and 36 hours. Preparations 

were examined and a labeling index and mitotic i ndex 

recorded (Table 6). 

The LI reached a peak by 9½ hours and then 

gradually declined, while the MI had dropped to 0 by 

9½ hours and only fluctuated a few hours before the 

expected increase in MI. These results show the same 

trends as those of Jakob and Trosko (1965), but the 

LI is lower (30 to 50 compared with 50 to 60) in the 

5AU samples . This could be due to pulsing for only 

30 minutes compared with 2 hours . 
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Table 6 : LI and MI during continuous 5AU treatment . 

·---
TIME LI MI 

Control 40 12 
3½ hrs 24 12 
9½ hrs 56 0 
15½ hrs 49 0 
21½ hrs 47 . 5 0 
27½ hrs 44 . 5 8 

30½ hrs 31.5 0 

33½ hrs 40 3 
36½ hrs 34 . 5 1 

-

Cells continued to synthesize DNA in the presence 

of 5AU (Figure 11), with a peak in the LI at 91 hours 

2.nd this slowly declined closer to the expected peak of 

divisions, a s the number of cells heldup i n the S phase 

gradually started declining . If DNA synthesis is 

occurring as early as 3½ and 9½ hours into 5AU treat­

ment , but mitotic figures are not seen for another 27 

to 30 hours , then either the S phase is pro longed (ie 

DNA synthesis is occurring at a slower rate) , or the 

cells ~~c ~eld up in the G2 phase . The short 30 minute 

pulses of H3- Td.R did not se em to delay the progress of 

cells into mitosis as the longer pulses did. 

3-06 Longitudinal sections of pulse l abeled tissue 

Longitudinal sections of pulse labeled tissue from 

section 3- 052 were also pr epared to examine the distrib­

ution of label in the root . The 3½ hours 5AU sample 



FIGURE 11 

FIGURE 1 2 

211 hours continuous 5AU treatment showing 

incorporation of l abe l immediately after 

a 30 minute pulse duriue the l as t half 

hour of tre a tment . (4 uc / ml c onc entration 

of r a dioactivity ) (x 640) 

Large nuc lei seen in samples of ~-2 hours 

continuous 5AU treatment . Di ameter of 22 

microns compared with 1 4 microns in contro l s . 

(x 640 ) 
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had label fairly evenly distributed up the meristem 

with the quiescent centre of about 20 cells, in any 

49 

one 6u section clearly unlabeled (Figures 18 and 19). 

By 9½ hours the label was present in a greater proport­

ion of cells, implying a delay in the S phase, with 

rows of heavily labeled cells surrounding the stele 

approximately l¼ to 2 mm from the root tip (Figure 13). 

15½ hours was very similar. After this time, as with 

the squash preparations, the number of labeled cells 

declined, as did the number of silver grains per 

nucleus. These observations support the data gained 

from the squash preparations tbat the number of cells 

undergoing DNA synthesis increases up to 9½ hours, 

levels off at 15½ hours, then gradually declines as the 

DNA synthesis slows down (fewer grains per cell and 

fewer cells labeled), and some cells begin leavings . 

3-07 DNA density measurements 

A method distinguishing between cells held up in 

a prolonged S phase or blocked in the G2 phase is to 

measure the amount of DNA per nucleus for a large 

number of cells per sample, which would give an idea 

of the overall trend at each -time of sampling. Several 

techniques were tried (see Materials and Methods) but 

the successful method was to use an Integrating 

Microdensitometer. Slides of 6, 12, 15, 24, 30, 36, 

42and 48 hours in continuous 5AU were examined. Only 

100 cells per slide could be ~easured due to the 



FI GURE 13 Diagrams of loLgi tudi nal medi an sections of 

pul se 1 2.be J. e d tissue showing cliatribution 

of label i n the root tip fixed i Ll~ediately 

after a 30 r:1inu te pu l se . ( 4 uc/rnl I-!3 - TdR ) 



0 

0 5 

5 

• I• • : .. . . 
: .. :·. :- . ·. · :.:; .:· ...... . ~ \ : :: ::·.: :. • .. • •• • ... ·,. ·.: ,•!- ~ 

:,·. '. \ .·: :·<·: ::--·:.: .. ::: :.:·:·:,':·/!\':. ·.>.: '/: 

.... 
'! 

. ·.:· .. : : : ·• . . . . . .. . . .. 
·. 

.. .. 
·· .. ·.·. :.• ... ,·,·.·.·:· 

. ·:··:.· . . .. I··-·· .... I •• , · .. ·. •' .···· •: ., ... ·.,· ... , .......... : 
. .. . 

. , 
. . . . . 

.... 

.... 

.. . •' ... ' 

.... 

. .• ·: •,i; -~: :i· !'· : .. 
: • • I • • •:.,"•:: ',,' :,: ~ ;.~\ ·.. · ... · .... .. . . 

. · .. :· .. \ '. -~ ... ,: . ····i-·~ ..... \: •\,· . ·: ~ . · .. ·.: ..... . 

' . 
•,• .. ·.::. : •. · . ..... i,! .'.·::: ::, -:-,·~·,,.:-.·.:--·· 

·. ·.· I:. I I : o 

•• •• ••••.· · ~· .·,.' .·····/ ·:, . :· : •• . ·,-: • .• • •.• ,. ,i • ..•••• 
t • • I t f .·· 

... . 

... 

. . . . \ 

. . • .. ....... . 
:· .. \'::·:.: .. 

. . . . 

10 

. ' 

,• 

. ::;;.-::.:}.:.~··-=:~;.·~·=;: .. 
:~ ·,.·.·! ·! ·: :.r.!,:• i·.:· . 

I • • . ,· :. :::· \) (\\ ?/ .~· 

15 

}{(\\'\\:·: . 
.. . .. 

)·:::\':_·:·/./. 

.t .. t •• 

. .. . . •: ·: . 
• • ·: ; •• : .,. .·: •• z 

. . . . .. 
. . .. 

..: :(. ~·; ~:·:. . . .... .• 
.. . . 

, • ' ·. ·· .... , . . . . . . ' - ... . ... 

.. . . 

1 
32 hours 

5½ hours 

g..!.. hours 
2 

12; hours 

1 
1~hourn 

2_0 
(µ X 100) 

1 182 hours 

1 212 ho,.JrS 

1 242 hours 

27 ~ hours 

Control 

(µ X 100) 
10 15 20 



51 

limited time available. Control slides were also 

measured for density values of interphase and mitotic 

cells. As was mentioned in Materials and Methods, 

there was individual variation between readings with a 

reproducibility of measurement being 16. Table 7 gives 

a selection of DNA densities from control slides showing 

the excellent correlation between 2C and 4C values, 

especially when considering the averages. 

Table 7: A selection of DNA densities of mitotic 

figures from several control slides. 

Prophase Metaphase Anaphase Te lo phase 

224 234 220 120 

244 239 243 134 

255 242 259 116 

257 232 244 123 

246 220 120 

258 245 106 

225 254 117 

249 255 123 

259 262 111 

252 261 118 

256 279 115 

235 268 126 

241 246 125 

244 249 124 

247 184 121 

MEAN: 246 245 242 120 

The data for the 5AU treated tissue are presented 

as histograms in Figure 14 with any mitotic figures 
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being blocked in. The results show that by 15 hours 

there is a buildup of cells in G19 but because we 

lmow that the G1 ph2.se is no"G a.ff ected by· 5AU ( section 

3-031) this must actual2.y be dlh; to a s lowing down of 

the progress of cells through ·.:;he S a:.. cl possibly the 

G2 phase. This point is vcri f~ e~ by following t he shif t 

of the bul~ of - 3lls from G1 a t 15 hours through to c2 
by 36 hours. The cell nucJ ci a t Lr-2 ho:.1rs weYe ·-,e Y:'y 

large and diffuse compared wi t h co:1. trols~ (Figure J 2). 

The density va l ues for this slide were much hie;lw:r 

than any of the others, '.vi th r:.c?.s t..rer,icnts on dividing 

cells being in the same r ..:. 1ce ~ ~his phenomenon hc,s 

also been observe d in human c:?1.::..s treated for lon~ 

periods in 5AU (Rog0n J.966 ) ( up to 20 times :'lormal 

size after 60 hours treatment. There were quite a few 

cells (36-not on hi s t ocr .:.rr-,) -'.;ha t liad DKA va lues up to 

700 which co' llcl have Jccn GC ( 9.l thouch t hj s seems 

unlikely in the first 2 rr.::1 of root tip), but none 

were found in the 43 hour samyle ., If t~e Vicia cells 

were followine; t}!~ pati;crn of the ht,:mar.. 8clls, then 

the 48 hour sample shou1d a)so have had 1ar«er, diffuse 

nuclei. The . area of individual nuclei was larger than 

control cells, but the density va~ues were in the same 

range, and the nuclei did not l ook blotchy as was 

noticed in the 42 hour sa~ple . When trying to expl a i n 

the unusual results of the 42 hour samples, the 

unavoidable variation in intensity of the Feulgen 

reaction must be remembered and according to Richards 

(1966, quoted by Atkin 1970) '····· · virtually precludes 
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the comparison of amounts of Feulgen colour in situa­

tions other than between cells in the same area of the 

slide.' 

The similarity of data obtained for mitotic 

figures between slides (Table 7) and with other 

published results (Deeley et al 1957; McLeish and 

Sunderland, 1961) support the validity of my comparison 

of slides for general trends. The peaks occurring on 

the histograms showing a1 and G2 do vary one column 

either way between roots. This is directly due to the 

variation in Feulgen intensity between slides of dif­

ferent roots. 

More recently, published work measuring DNA 

densities using a Barr and Stroud Integrating Micro­

densitometer gave data for 2000 cells per 5AU treatment 

(14, 24 and 48 hours); 1000 cells for G1 (telophase) 

and a2 (prophase); and 3000 cells for control interphase, 

(Scheuermann and Klaffe-Lobsien, 1973). These authors 

found a buildup in the latter third of the S phase by 

48 hours. My results although based on smaller samples 

than the above authors, still show the same trend of 

a buildup of cells towards the 4C DNA level with pro­

longed SAU treatment. This data also corresponds with 

pulse labeling experiments of this same tissue treated 

continuously with SAU, discussed in section 3-052. 

The cells seem to be held late in the S phase ~r 

possibly very early in the G2 phase. 
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3-071 

Further useful data can be obtained using the 

microdensitometer by measuring DNA density of prep­

arations pulse labeled with H3-TdR. All labeled cells 

must be in the S phase, therefore by measuring all 

unlabeled cells ie G1 or G2 , the data will indicate 

if there is any cell arrest occurring. 

Only small numbers of cells (approximately 50 per 

slide) could be measured due to the short time available. 

Even so, a pattern emerged showing that there is a 

buildup of cells with 4C DNA by 15½ hours continuous 

5AU treatment, (Figure 15). From this time to 27½ 

hours, cells are congregating in G1 which coincided 

with the observed MI of 8 at this time. These cells 

dividing 'prematurely' and those eeen in the 27½ and 

33½ hour samples were unexpected as they had not been 

observed in previous duplicate experiments, but they 

still fitted in with the general observations of a 

shift of cells from G2 through mitosis to G1 and back 

towards G2 again by 33½ hours. It must be remembered 

that these samples are very small and therefore may be 

biased, but if 3½ hours is considered similar to a 

control situation, samples treated for longer times in 

5AU definitely have the progress of cells through the 

cell cycle impeded. Alternatively, it could be said 

that cells are becoming synchronized t ·o a small degree 

by 9½ hours and continue like this until a major peak 

of divisions occurs at approximately 37 to 42 hours. 

In the previous section 3-052 the conclusions drawn 



Histograms showing a change in nuclear DNA 

content of the intcrphase cell population 

dur i ng cont:j..nuous 5AU treatment (500 ppm ). 

Shaded areas i nd i cate mitot i c fieures . 
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FIGURE 15 Hi stogr ams showing the ranee of DNA content 

in G1 and G2 interphase cells treated for 

varying lengths of time with continuous 

5AU , 500 ppm . 
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from the pulse labeling results were that the cells 

treated with 5AU are either held up late in the S phase, 

or possibly very early in the G2 phase. If the latter 

postulation was correct, on first reflection one would 

have expected to see a buildup of G2 cells in arrest as 

they would not have been l abeled and would have been 

measured in this experiment. No cell arrest in G2 was 

observed which tends to confirm the conclusion of 

Scheuermann and Klaffe-Lobsien (1973) that cells are 

held towards the end of the S phase. 

However if cells very early in the G2 phase that 

have just completed synthesis are being held up, they 

would in fact be labeled in these preparations and 

therefore would not have been measured which would still 

account for no G2 arrest being found. 

A rather complicated and time consuming procedure 

is required to measure the labeled S phase cells in 

order to determine their DNA content. Map type photo­

graphs must be taken so that individual cells can be 

relocated, then the silver grains are bleached from the 

preparations. The slides are re-examined and DNA 

density measured, using the map to determine which were 

the previously labeled cells. This could provide 

further information in a repeat experiment if at least 

100 labeled and 100 unlabeled cells were measured. 

3-08 Reversal Experiments 

The addition of pyrimidine base precursors to 5AU 

solutions is a different approach in gaining further 
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understanding of the effects of 5AU on the lowering of 

the MI and synchronization of cell division. Reversal 

experiments have previously been carried out by Prensky 

and Smith (1965) and Jakob and Trosko (1965). The 

former authors studied the lowering of the MI using 

1.6 x l0-3M (200 ppm) 5AU and equimolar bases, sampling 

primary root meristems at the end of 24 hours treatment . 

Jakob and Trosko (1965) studied the synchronization 

effect by giving a 12 hour 5AU treatment (3.93 x 10-3M) 

then sampling over the following 15 hour recovery 

period. 

My experimental design incorporated both these 

aspects as well as sampling after 12 hours 5AU treat­

ment as this time was common to both experiments . A 

mixture (20 mM) of five of the bases (excluding 

thymidYlic acid), was also used to investigate if there 

was a synergistic effect that would otherwise not have 

been noticed. 

Two slides were counted per treatment with at 

least 5000 cells e~amined per slide and the mean taken. 

The results are recorded as number of mitotic figures 

seen per 5000 cells and are compared wit-h controls, 

Table 8. 

After 12 hours treatment deoxyuridine and the 

mixture showed the only significant increases in the 

number of mitotic figures above the controls . The 

higher number of mitotic figures in the mixture could 

have been due to the deoxyuridine, but in combination 

with other bases its effect was decreased . The 24 
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Table 8: Mitotic figures seen per 5000 cells in the 

reversal experiments. 

12 hours 
. 

24 hours 12 hours treatment 
and 

12 hours 
nutrient. 

deoxyuridine 55 151 257 
uridine 32 17 748 
uracil 133 17 83 
thymine 2.1 7.5 240 
thymidine 2.1 2.7 80 
mixture 962 83 214 

thymidylic acid 29 

Control (5AU only) 2.0 3. 8 225 
- -

hour treatment produced different results. Thymine 

and thymidine were the same as the control. Deoxy­

uridine, uridine and thymidylic acid increased the 

number of mitotic figures 15 to 20 fold, The effect 

of deoxyuridine had diminished since the 12 hour sample. 

Uracil produced an increase in the number of mitotic 

figures 65 times the control which had increased 8 fold 

since the 12 hour sample, The mixture caused the most 

dramatic alteration increasing the number of mitotic 

figures seen 480 times, (Figure 16), Again it is 

clearly a combination of bases that can overcome the 
• 

effect of 5AU, with uracil individually being the most 

successful, The results of Prensky and Smith (1965) 

did not agree with those mentioned above , They found 

that thymidine and thymidylic acid completely reversed 



FIGURE 16 

FIGURE 17 

Hieh mi toti c index seen in r ev ersal 

experiment aft e r 24 hours treatment with 

500 ppm 5AU plus a mixture of pyrimidi ne 

bases. (x 640 ) (Se e text for full details ) 

'Damaged' nucl e i seen after prolonged 

treatment with thymidine in r ecovery after 

12 hour 5AU treatments and reversal 

experiments. (x 640 ) 
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the effects of 5AU, while uracil did not . They 

commented that their observations were only general 

and there is the possibility that primary meristems 

react differently to lateral roots at different 5AU 

concentrations. 

61 

The 12 hour treatment followed by 12 hours recovery 

in nutrient solution produced yet different results 

again. This time deoxyuridine, thymine and the mixture 

did not affect the expected peak of divisions . Uracil 

and thymidine showed inhibitory effects on the 

synchronized cell division by more than halving the 

number of mitotic figures seen in control slides . 

Uridine more than trebled this value . The peaks of 

division in Jakob and Troskos(l965) experiments were 

the same as if 5AU had been given alone. Uridine was 

only used in combination with thymidine which could 

possibly have been the reason no change i n frequentcy 

of mitotic figures was observed compared with my results 

where it was used alone and markedly increased control 

va lues . 

Examining the results generally, deoxyuridine and 

uracil cause the most change to the observed number 

of mitotic figures after 12 and 24 hour treatments in 

combination with 5AU . Possibly these are the bases 

causing increased values in the mixture too . These 

bases could be having a specific effect acting at a 

site possibly related to nucleic acid synthesis enabling 

cells to complete DNA synthesis and continue through 

to division . The high concentration (20 mM ) of the 
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mixture cannot be excluded as a pcssible reason for the 

increased number of mitotic figures observed in these 

treatments. The increase in the number of cells 

dividing caused by uridine after the cells had had 12 

hours to recover from 5AU and u~idine treatment is also 

very interesting. If the experiment of Jakob and Trosko 

(1965) showing that DNA synthesis is slow to recover 

after a 12 hour 5AU treatment,i s considered at this 

point, it could be argued that the presence of uridine 

prior to the removal of 5AU:i enhances the DNA synthPsis 

after the removal of the thymine analog. It would be 

interesting to follow cells into division after a 24 

hour treatment with 5AU and uridine. Thymine was the 

only base not to cause any alterations in the observed 

numbers of cells in division as compared with controls . 

These observations could possibly be explained 

by considering the deli cate balance of purines to 

pyrimidines required for DNA synthes is. The enzyme 

aspartate transca rbamy lase controls pyrimi dine synthes i s 

and 5AU as a pyrimidine analogue i n excess, would be 

expected to alter the regulation of the enzyme and 

reduce synthesis. Purine synthesis would continue 

unaffected. In the absence of exogenous bases, excess 

purines promote pyrimidine synthesis (Mahler and 

Cordes 1971), which could explain the eventual recovery 

of cells in the presence of 5AU. The addition of other 

bases, singularly or as a mixture, could further alter 

the balance of purines to pyrimidines resulting in 

continued DNA synthesis. 
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i[•hose results are very encouraging and this new 

s pproach is we l l wcrth further i nvesti gation which 

could provide fur t her clues into how 5AU achieves a 

1C '.i8r:.:.nc: of the ~H ancJ. the synchronization effect . 

:i:n -:~11:; l2 cuid 2L1r hour thymidine and 5AU treat ­

:.:l:::nts ; sm;ll"J l cEc h2,d nuc lei that appeared ' damaged' 

coillp~red wi~h controls (Figure 17) . This phenomenon 

was also apparent after four hour treatments with 

1abeJ.cd and ' cold ' thyrn.idine used in experiments 

J0~cr i bed ~~ ~c cti on 3- 051 . Thi s abnormality was not 

app~rent aft ~~ 12 ho~rs treatment followed by 12 hour s 

3-09 £vld e1:!.t;e: :i.' o r tlrn Q~1.iescent Centre 

,<..c.::6.l c::::1.r;c2 Yi ty \-128 fed continuous l y to two plant s 

for -,; .. L·'.· .. ·,10-1·.·' ·- (,.., , - C 'rr-,1 r..: 3 Cc,n) • _ L ___ :, ._ L u. / '" .!. ·- l.a • At the end of this time 

tissu.c ':jc::.s :i:rncl then Gi ther squashe d or embedded and 

secti on"'c:1. c,·c 6,.:. for i"::~~aminc,t ion after autoradiography, 

of s ilvc::-· 2;:rai:1 c- istribv.-tion, Heavy label over mos t 

c 2 lJ.2 ·, ~:s ex:-pcctcd. but vr2.s not seen. Whe ther these 

h a.:pptmed. to 1)e ·brn plants that did not incorporate 

l abe~ as Davidson (1968 ) has found ca11 occur , or 

whether my experimental mehtod was at fault is difficul t 

to expla!L, Ras ch et al (1967) could show a LI of 95% 

after a 24 1 ... ours pulse . These authors used H3- Td.R and 

renewed the radioactive solution twice daily . This 

l a tter point could explain the lack of label in my 

tiAsue. The existence of the quiescent centre was 
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evident after only 30 minutes pulsing with H3-TdR in 

tissue treated for 3 hours in 5AU (Figures 18 and 19). 

3-10 Cell Cycle Duration 

There have now been several studies on the 

duration of the cell cycle in Vicia faba. However all 

these studies (Howard and Pelc, 1951; Howard and Dewey, 

1960; Wimber and Quastler, 1963; Evans and Scott, 1964; 

Grant and Heslot, 1966; Van't Hof, 1967; ~cLeod 1968) 

have provided us with a large variation in cycle times. 

This preliminary study using caffeine was designed 

to add to our present knowledge , but needs refining 

after the initial data have been obtained, due to the 

arbitrqry times chosen for pulsing which were derived 

as averages of data from the literature mentioned 

above. 

Caffeine was used in parallel with H3-Td.R and 

H3-CdR pulse labeling in an attempt to define the 

duration of the G1 , Sand G2 phases of the cell cycle 

in Vicia. 

A) Plants were treated with caffeine for one hour 

then returned to nutrient solution and sampled 16, 17, 

18 and 19 hours later. 

B) Plants were pulsed 4, 4½ and 5 hours after caffeine 

treatment to catch the beginning of the S phase of the 

binucleate cells and thus determine the length of the 

G1 phase. 

C) Plants were pulsed 12½, 13 and 13½ hours later 



FIGURE 18 : Longitudinal section of pulse l abe l ed 

FIGURE 19 

tissue (4 uc/ml H3- TdR) showing the unlabelcrl 

cells of the quiescent centre behi nd the 

r oo t cap . (x 640 ) 

Close up of the qui escent centre showing 

G few l abeled cells i n the corners 

surrounding the quiescent cells . (x 1600 ) 



65 



(assuming a1 to be 4.5 hours) in order to find the end 

of the S phase of the binucleate cells (ie when no more 

cells are labeled), 

D) The plants treated in C) were sampled into mito5is 

4, 4½ and 5 hours later in order to determine the 

length of the a2 phase. 

The times gained in B), C) and D) can then be added 

together and compared with that obtained in A). 

Data could not be obtained from this experiment 

as it became very dubious as to whether one was seeing 

binucleate cells or not. The use of Nomarski Inter­

ference Microscopy with Feulgen stained preparations 

did not make the cell walls any clearer to distinguish. 

Other authors,(Diez et al 1976) used acetic orcein 

preparations but this was avoided ·due to the time 

factor of preparation, and possible interaction with 

the nuclear emulsion, It will have to be investigated 

further if more definite results are to be obtained. 

3-11 Growth Inhibition 

It was noticed during the course of 5AU treatment 

that if the lateral roots of Vicia !aba were only just 

2 cm long when transferred to SAU solution their growth 

was stunted compared with control roots, and the plants 

did not look very healthy. Was 5AU preventing cell 

elongation as well as lowering the MI? 

Longitudinal sections of root tips treated for 

various times in 5AU were examined and cortical cell 
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size measured near the quiescent centre and further 

back (1.5 to 2 mm) from the root cap. It was found in 

all treatments, (Control and 3½ up to 48 hours 

continuous 5AU), that cells averaged 13.6 microns long 

near the quiescent centre but enlarged to an average of 

21.8 microns long, 1.5 to 2 mm further up the root. 

When average cell lengths for each time are 

compared (Table 9) the cell size near the root tip 

increases gradually, then declines and gradually gets 

larger again suggesting that 5AU is preventing cell 

Table 9: Average cell lengths in microns at two 

positions in the root tip during different 

lengths of 5AU treatment. 

TIME CONTROL 
(hrs) 

TIP 11.4 
TOP 19 

i 

TIME 24½ 
(hrs) 

TIP 13,6 
TOP 24.5 

30 

3¼ 

14. 7 
19.6 

13.6 
26.7 

34 

9½ 

14.1 
20,4 

13.1 
24.5 

38 

12 

12.5 

25.6 

13.6 
24.5 

15½ 

13.1 

24.5 

40. 

13.6 
27.2 

42 

13.6 
21.8 

13.6 
27.3 

48 

21½ 

14.1 
20.1 

12.2 
27.2 

division in this region for a few hours, then cells 

divide and become smaller again. It is interesting to 

note that in all cases 5AU treated cells were longer 

than the controls. Looking further back the root tip 
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a similar trend is evident . All cells are longer 

than ce l ls in the same area of contro l tissue but cell 

size fluctuates with length of 5AU treatment . By 24½ 

hours the cells are 10 . 9 microns longer than controls . 

This coul d be explained by an extended treatment of 5AU 

such that the cells continue enlare;ing . This helps 

confirm that the effect of 5AU is specific to division 

rather than general inhibition of metabolism which 

would also include elongation . This needs to be 

tested furthe r . Figure 2 of a longitudinal median 

section through a root grown in nutrient solution 

shows the different cell size and gradual increase in 

length as the cells raove away from the meristematic 

ree;ion . 

The absence: of growth that I observed in young 

l ateral roots must have been due to cells being affect­

ed by 5AU further back in th0 root in the true elong­

ation region . Consequently these observations need not 

be considered as possi1ly affecting the meristem cell 

cycle in the first 2 rr.Jn of root tip . 

Duncan and Woods (1953) found that roots grew less 

than half as fast in a solution of 50 ppr.1 5AU compared 

wi th disti lled water over 48 hours . Addition of equi­

mol ar thymine resulted in growth only slightly slower 

t han in distilled water , while fo l ic acic1 enabl ed the 

plants to grow faster than control s . HoHever these 

compounds di d not improve the MI . 
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DISCUSSION 

5-aminouracil was first found to have a biological 

effect by inhibiting growth of different species of 

bacteria (Puleston et al, 1955; Hitchings et al, 1 950 ). 

The inhibition could h0 reversed by the addition of 

thymine or uracil to the growth medi um . It was 

concluded that 5AU h8-lted DNA synthesis , Woods and 

Duncan (1952) and Duncan and Woods (1 953 ) published 

the first reports on the effect of 5AU on higher 

organisms using Alli um <;_e_~ :roo t tips. The most 

apparent cytological effect was s evere inhibition of 

cell division in the presence of a range of 5AU concen­

trations up to 3.93 x l 0 - 3M. The inhibition was not 

immedi ate a fter the i mmers ion of roots in the thymine 

uracil analogue . The ]VJI gradu a lly decline d until it 

reached almost zero after 12 hours treat~ent . These 

authors concluded from photometric determination and 

MI that 24 hours of 5AU treatment prevented doubling 

of DNA content, whereupon divis ions c eased , 

It is with this b ackground that Smith et al (1963) 

using Vicia faba were able to show that a partial 

synchronization of the cell cycle occurred after a 24 

hour treatment with 5AU (7 00 ppm), with a peak of 

divisions occurring 14 hours after removal from 5AU . 

They suggested that this synchronous division depended 

on the removal of roots from 5AU to nutrient solution 

to allow DNA synthesis to recommence after it had b oen 

halted during treatment . Pulse labeling with H3- TdR 

at intervals after 5AU treatment resulted in higher 
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incorporation in those tissues that had been removed 

longest from 5AU. These authors suggested this as 

evidence for the progressive recovery of the DNA 

synthetic rate following rel ease from the inhibiting 

effects of the chemical. However they were mislead 

as label incorporation is only an indication of DNA 

synthesis and density of l abel does not i ndicate rate 

of synthesis . In their view all the cells that were 

held up at the beginning of the S phase all go through 

DNA synthes is together and subsequently enter divi sion 

together 14 hours after removal from 5AU , If this 

explanation is correct I would have expected a MI 

higher than the 42% observed aftcn' a 24 hour 5AU treat­

,nC:.mt , if DNA synthesis of all cells was hal te :1 , 

My experiments (Figure 6A ) confirmed the partial 

synchronization effect of 5AU but my r esults and those 

of others (Jakob and Trosko, 1965; Mattingly 1966a) 

l ead to a different interpr e tation and will be mention­

ed in more detail later. 

In 1965 Jakob and Trosko examined the phenomenon 

of partial synchronization caused by 5AU . They found 

that a 12 hour, 4mM treatment and a 2 hour, 12 m.M 

treatment were similarly effective in inducing synch­

rony, even though the MI had n ot been affected by the 

2 hour treatment and was still identical to the control 

but dropped to zero by 3 hours after removal from 5AU . 

Therefore it did not appear that 5AU worked by only 

accumulating cells at say the beginning of the S phase 

during treatment. Consequently these authors designed 
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an experiment to investiga te if 5AU even blocked the 

cell cycle. Peaks of synchronous mitoses were observed 

in the presence of continuous 5AU which indicated that 

5AU did not completely b lock the cell cycle and the 

synchronization effect was not completely dependant on 

the removal of roots from 5AU. 

My duplicate experiment (Figure 6B) 9 also confirmed 

that cell division could occur in the presence of 5AU , 

but because the peak of mitoses occurred at the same 

total time as that after the 24 hour 5AU treatment, I 

did another experiment (12 hours 5AU treatment) to 

investigate how significant the remova l of the plants 

from 5AU ,vas , to the result obtained . The shift of the 

peak of divisions by 1 2 hours and the occurrence of a 

second peak at 26 hours a ft e r remova l from 5AU (Ficure 

6C) clearly indicated that the removal of the plants 

from the chemical definitely stimulated the cells to 

enter mitosis 12 hours later , but they would have 

overcome the effect of 5AU anyway in ano ther 12 hours , 

( the reason for the second peal~ ) , showing that synch­

ronization is not o.ompletely dependant on removal from 

5AU as earlier workers thought, but this removal does 

stimulate the observed synchronization . 

Because cell divisions occurred in the presence of 

5AU, DNA synthesis mast have also continued at some 

stage, if not all the time. My results indicated that 

DNA synthesis occurred throughout 5AU treatment ( pulse 

labeling experiments section 3-05) which confirmed 

the results of Jakob and Trosko (1965). 



72 

It is of interest to note at this point that 5AU 

definitely halts DNA synthesis in mammalian cells with 

a block of the majority of cells at the onset or very 

beginning of the S phase, although the actual mode of 

action is unknown, (Chu 1965). 

The partial synchronization of mitoses obtained 

by pretreatment with 5AU has been utilized by Prensky 

and Smith (1964) to study chromosomal proteins through 

successive cell division cycles in Vicia faba. These 

authors were prompted to further investiga.te the effects 

of 5AU on cellular activity because of its practical 

value in utilizing such information for other studies of 

cellular metabolism. By using a double labeling proced­

ure involving a H3 label followed by a c14 label, they 

were able to show that very few cells left the S phase 

during 5AU incubation. Prensky and Smith (1965) had no 

evidence that 5AU affected the G1 phase but they did 

find a delaying effect on the G2 phase as was shown in 

section 3-032. 

Socher and Davidson (1971) postulated an S-G2 
transition where cells were held up during 5AU treat­

ment, but they stated that it would be difficult to 

identify a cell as being at the transition. The 

'transition' time was decided upon after following the 

frequency of cells entering and leaving mitosis over 

6 hours of 5AU treatment as the progression of cells 

in G2 at the time of treatment was not inhibited. 

The experiment concerning the effect of 5AU on 

G2 carried out by Wolff and Luipold and confirmed by 
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Mattingly (1966a) discussed in section 3-032 has been 

interpreted as a slowing down of cells in G2 due to the 

5AU . Socher and Davidson (1971) only followed the 

progress of cells for 6 hours . Possibly this was not 

long enough to examine cells that were less than half 

way through c2 at the beginning of treatment . Cells 

that had only been in G
2 

30 minutes to 1 hour could 

have been affected by 5AU but the duration of the 

experiment was not long enough to find if this had in 

f act occurred , A nev interpretation of the Wolff and 

Luipold experiment could be that 5AU only affects cells 

v ery early in the G2 phase rather than the G2 phase 

generally . To test this a longe r pulsing time woulcl be 

required to allow l abeled cells to progress well i nto 

the c2 phase before treatment . 

More recently Scheuermann and Klaffe -Lobs ien 

(1973) have compared 5AU with FUd.R as it was thought 

that these two chemicals had a very siillilar effect , 

They both caused chromatid aberrations and FUdR was 

known to inhibit DNA synthesis by blocking the 

thymidylate synthetase . The above authors confirmed 

the work of Jakob and Trosko (1965), that 5AU does not 

completely inhibit DNA synthesis and cannot be reversed 

by thymidine, as well as make a more precise study of 

the influence of 5AU on the Sand/or c2 phases . 

As has been previously mentioned these authors 

found a 5AU- induced accumulation of cells approximately 

in the last third of the S phase . They associated these 

results with late replicating he t erochromatin and 
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postulated different DNA polymerases and/or synthes i s 

erzymes for euchromatic and he -: erochromat i c DlJA whi ch 

coul d be influenced by 5AU in different ways . This i dea 

will be discus sed i n more detail l ater . 

I n the pulsing experiments us i ng H3- cdR and H3- Cd.R 

(section 3- 051) where four and s ix hour pul ses were 

used to detect DNA synthesis , the expected peaks of 

divisions did no t occur duri ng the sampling t imes . 

' Col d ' thyrnidine similarly effected the cells , A few 

dividing cells were pr esent in the 42 hour samples 

along with a large number of prepropha se cells sucgest­

i ng that a peak of divisions was go i ng to occur in the 

next hour or so . The low number of mi totic ficurcs 

cor.:p2.red wi th the control in the reversal experiment 

1 2 hours 5AU plus 12 hours i n nutrient (Table 8 ) was 

i nterpre t ed as an inhi bitory ac tion of thymidine . If 

sampling had continued, a shift in the peak of divisions 

may have been found , It seems that the thymi dine and 

deoxycytidine administered for several hours delayed 

the progress of cells . 

Yang et a l (1966) working with Chinese Hamster 

cell lines found that thymidine caused synchrony of 

cells , even a t low concentrations of 1 to 2 mM, The 

degree of synchr onization varied with different cell 

lines , These authors a l so observed chromatid 

aberrations and concluded that these must have been 

due to growth i n an unbalanced pool of deoxyribonucleo ­

tides . This could have been the cause of the mis ­

shapen cells in ffiY experiments (Figure 17) after 

extended treatment with thymidine. Bostock et .al 
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(1971) confirmed the work of Yang et al (1966) finding 

that during the thymidine block, cells apparently move 

slowly through the S phase , with cells entering the c2 

phase at a low rate. 

Independantly Xeros (1962 ) and Barr (1963) studied 

the effect of deoxyribosides on mitosi s . They found 

that thymidine caused a block and synchronized the cells; 

Xeros used 2 mM thyrnidine, and Barr commented that 

concentrations greater than l0-5M were sufficient . 'rhe 

latter author stated that it appeared that a phosphory­

lated derivative of thyrnidine inhibits the conversion of 

t he r ibotide, cytidine- 5' - phosphate , to the correspond­

inc 2 1 - deoxy-compound, which resulted in parti 2l 

synchronization, by affecti~g the progr ess of calls 

into division . 

These findings make it clear that H3- TdR should 

not be used for long periods of puls e l abeling in 

conjunction with 5AU synchronization studies, so that 

in later experiments only short pulses of H3- TdR (15 to 

30 r.iinutes) were used . The action of tt3- cd.R needs 

closer examination . 

Prensky and Smith (1965 ) found that Td.R rever sed 

the effect of 5AU and consequently used H3- CdR in all 

their labeling experiments to avoid any poss i bility of 

this occurring . My results from both pulse labeling 

and reversal experiments have shown that it is extended 

treatments of these pyrimidine base s that prolong the 

appearance of expected cell divisions, rather than 

reverse any effect of 5AU that the above authors found. 



76 

The measurements obtained using the Vickers M85 

Integrating Microdensitometer showed that there was a 

gradual buildup in the number of cells with a 4C DNA 

content by 36 hours of continuous 5AU treatment . 

Because the G1 phase i s not affec ted by 5AU (section 

3-03) this indicated that the r at e of DNA synthesis 

must be slowed down , causing a buildup of cells . This 

s lowing down of cells in the S phase results in the 

parti a l synchronization of mitotic figures after remo val 

from 5AU . 

The buildup of cells in the l atter third of the S 

phase in the presence of 5AU tends to contradict the 

results r,ained in section 3- 032 examini ng the effect of 

5AU on the G2 phase . During an hours H3- TdR pulse al l 

cells in the S phase wou ld have been labeled, as well 

as those that passed from S to G2 during the hour , 1ut 

after 11 hours samplinG no labeled mitotic fi gur es 

were seen. This could be explained by 5AU halting the 

cel l s in early G2 during the 11 hours of sampling . It 

is not known whether these cel l s would have eventually 

entered mitosis . DNA density measurements taken of 

unlabeled G1 and G2 cells gave no indication of arrest 

of cells in the G2 phase . However the samples were 

very small and poss ibly a more detailed study using 

this method could provi de further i mportant informat ion, 

Scheuermann and Klaf fe-Lobs ien (1973) who found a build­

up of cells towards the latter third of the S phase 

during continuous 5AU treatment could not reconcile 

the evidence of Wolff and Luipold concerning G2 arrest 

with their results. 
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Not long after 5AU had been found to prevent DNA 

synthesis (as was thought at that time), Martinez-

Pico and Duncan (1955) reported Feulgen-negative 

regions visible in anaphase chromosomes and in some 

metaphases after treatments of up to 24 hours with this 

thymine analogue (50 ppm). The number of regions was 

much higher than observed in control tissue but their 

frequency declined after a reasonable recovery period. 

I also observed Feulgen-negative regions in tissue 

treated with 500 ppm 5AU at a frequency considerably 

higher than controls. Examples of these regions are 

illustrated in Figures 20 and 21. 

To explain these observations we must consider 

what is known about how DNA synthesis occurs in chromo­

somes . Stubblefield (1973) calculoted times of DNA 

replication for mammalian cells. For Chinese Hamster 

diploid fibroblasts which have 22 chromosomes the 

length of the DNA ranged between 22 cm in the largest 

chromosome to 22 mm in the smallest . With DNA replica­

tion proceeding at 2 um per minute Stubblefield 

calculated that it would take 110,000 minutes (76 . 4 days) 

to replicate one DNA molecule of a large chromosome 

if DNA synthesis proceeded from one end to the other . 

But DNA synthesis only takes approximately 400 minutes 

and must occur simultaneously at many sites in one 

chromosome. This means there must be a large number 

of sites and it is known that these operate in sequence. 

Taylor (1974) has suggested that these smaller function­

al subunits of DNA (replicons) are first duplicated 



FIGURE 20 Feulgen negative regions visible in 

chromatids after 15 hours continuous 5AU 

treatment . Present in at least 50% of the 

nuclei . (x 640) 

FIGURE 21 : Feulgen negative regions of chromat ids 

visible in control tissue in much s maller 

numbers . (x 1600 ) 
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then joined together by ligase activity and that this 

joining is possibly delayed until the chain growth of 

each unit is essentially finished . 

FUdR causes chromosome aberrations and 5AU has 

been compared with this chemical (as was ment ioned 

earlier ) because of this . Kihlman (1966) has stated 

that the breakage of DNA is not associ ated with DNA 

synthesis occurring during the S phase. Kihlman (1966) 

suggested that 'if DNA synthesis was involved at all it 

could be of a quantitatively and q~alitatively different 

type occurring during G2 . It may be relevant that two 

different DNA synthe s izing enzymes, the replicative and 

the terminal nucleotidyl transferases h ave been found 

in nuclei of mammalian cells (Krakow et al, 1962; Keir 

and Smith, 1963) . 1 He continued to say that 'perhaps 

chromosome replication is com pleted in G
2 

by a limited 

DNA synthesis of the terminal type, too small to be 

detected by autoradiogr aphic me thods .' 

Possibly 5AU affects both the l a tter S phase and 

early G
2 

phase but because cells are followed through 

the S phase in the DNA density measurements any hold 

up in G2 would be disguised . Perhaps only an experiment 

specifically examining the G2 phase as in section 3-032 

is able to expose this phenomenon . 

The Feulg en-negat ive regions or ' gaps ' in DNA 

observed in chromatids after 5AU and FUdR treatment 

have been described by Taylor et al (1962) as represent­

ing single strand breaks in the DNA double helix 

produced whenever a replicative unit is unable to 
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finish DNA synthesis which could be due to the presence 

of an analogue. Complete fragmentation of thes e gaps 

could result from the 'torsions and tensions produced 

by chromosome coiling at prophase and anaphase.' The 

recent new theory of DNA not being a helical structure 

(Rodley et al, 1976) reduces the requirement for a 

large amount of tension in the condensing of the 

chromosomes, and therefore may not explain these 'gaps'. 

Martinez-Pico and Duncan (1955) stated that the 

Feulgen-negative regions could be considered segments 

of chromosomes where interference in pyrimidine 

metabolism was critical . They also stated that these 

regions had definite locations - in or near regions 

which other authors had. identified a s heterochromatin . 

It is very intere s ting to note tha t Scheuermann 

and Klaffe-Lobsien (1973) reached the same conclusion 

that SAU was affecting the synthesis of the hetero­

chromatin region of DNA. This was because 

heterochromatin is synthesized in the latter stages of 

the S phase in Vicia faba (Evans 1964; Taylor 1974), 

and they found the buildup of cells treated with 5AU 

occurred at this same time in the S phase. 

Deufel (1950) (quoted by Oehlkers, 1952) studying 

the specific effect of AlC1 3 on Vicia faba DNA found 

that all breaks in a certain region of the two large 

chromosomes had taken place in such a way that the 

nucleolar organizing body in all cases remained connect­

ed with the fragment, and in telopbase each fragment 

organized a new nucleolus 'which it never does under 
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any other conditions.' 

Resch and Schroeter (1969 ) did a study of the 

interphase nucleus when Vici a faba tissue was treated 

with 5AU. They observed that the nucleus lo s t its 

normal density and was comparable to the behaviour of 

normal chromatin in early prophase. They thought 

that the G2 phase may have been affected by 5AU. 

The 42 hour preparations of continuous 5AU treat ­

ment in my experiments were noticeably blotchy which 

seems to be a similar effect to the observations of 

the above authors. The nuclei had more than one 

nucleolus which were hardly stained due to the Feulgen 

DNA sensitive stain used. Could 5AU be causing the 

same phenomenon as Deufel (1 950 ) observed using A1Cl
3

? 

Evans (1964) stated that the heterochromat in in Vicia 

f aba DNA is distributed between al l 12 chromosomes but 

the largest blocks being located on either side of the 

centromere of the single pair of metacentric chromosomes 

(1 pair) and just proximal to or a t the midzone of the 

acrocentric chromosomes (5 pairs). Ma~tinez-Pico and 

Duncan (1955) observed the Feulgen-negative regions 

most commonly proximal to the centromere. 

On considering these different aspects of t h e 

effects of 5AU it appears that this chemical definitely 

effects DNA synthesis and particularly heterochromatin 

synthesis, but does not completely halt cells in the S 

phase. The continued DNA synthesis in the presence of 

5AU indicated by pulse l a beling experiments (section 

3-052) could be the unaffected synthesis of euchromatin 
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which occurs early in the S phase in a number of places 

at once even within a single chromo some, (Evans 1964). 

If all the requirements to complete DNA synthesis 

including joining , are extended into the G2 phase as 

Kihlman has sugges ted, this could feasibly be where 5AU 

is acting . This could be by preventing some ligase 

activity (possibly only one enzyme) which results in 

Feulgen- negative regions when the cells eventually 

enter mitosis . Possibly a different longer pathway has 

to be followed to get the same end result which would 

explain the delayed peak observed in continuous 5AU 

treatment . The suggestion that 5AU affects the S-G 2 

transition put forward by Sacher and Davidson (1971) 

c a...1 also be encompassed in the above explanation . 

The results from the reversal experiments have 

indica ted that some of the bases (especi a lly uracil 

and deoxyuridine) could be important as positive 

effectors for specific enzyme mobility or function 

important in the final stages of DNA synthesis . 5AU 

somehow prevents their action but when the bases are in 

excess they are able to overcome this effe ct and in 

fact stimulate cells to divide at a much higher 

frequency than controls . Further work is required 

before these findings can· be elaborated upon . 

The effect of 5AU on DNA synthesis has been 

discussed but does this uracil analogue affect RNA 

synthe sis? J akob (1968) asked this question after 

previously studying 5AU's effect on DNA synthesis as 
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a thymine analogue. He found no evidence that 5AU 

is incorporated into RNA. There was a reduction in the 

rate of RNA syn.thesis during 5AU treatment but Jakob 

thought that this may have reflected a generally 

reduced rate of metabolic processes, These quickly 

returned to normal when 5AU was removed. Woodard et 

al (1961) reported G1 to be a period of relatively 

high rate of RNA synthesis which is presumed necessary 

for the beginning of DNA synthesis. A complete block 

in RNA synthesis would be incompatible with the normal 

progress of cells from G1 to S which has been confirmed 

by Mattingly (1966a). 

All my investigations into the appearance of 2 

peaks of cell division after a 12 hour 5AU treatment 

indicate that it does not seem to be the same cells 

dividing twice causing the second peak, although there 

is no clear evidence, such as different geographic 

distributions within the root. The delay between the 

appearance of mitotic figures could be enough time for 

the first group of dividing cells to have moved out of 

the first 2 mm such that the second peak is due to a 

new group of cells distributed through the same area 

as the first cells were initially. There could pos­

sibly be different 'states• of cells that move through 

the root away from the apex and it is the character­

istics of these •states' that are difficult to decide. 

However other workers have found evidence for more 

than one population of cells in the meristem. Webster 

and Davidson (1968) pulsing with H3-Td.R, followed the 
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appearance of labeled mitotic figures and found evidence 

f or one populati on which consisted of 75% of the cells 

with a mean cycle time of 14 hours . There was a second 

population of cell s (the remaining 25% ) that had a 

l onger cycle time that could not be measured directly . 

The overall cycle time i s much longer . It seems that 

i t i s this average time of the two populat ions that 

most people measure and would expl a i n why the literature 

varies so much on this point , (Tabl e 10) . 

Table 10: Vari ation i n cell cyc l e times for Vicia 

faba i n the literature . (from Pollister , 1969) 

--------~-------
TOTAL s M Published by: 

----------·--·---~~--- ~~---·-·-· 

30-18 

17 

13 

19 . 3 
1 8 

16 . 6 

12-2 

1 

4 . 9 
4 
3 . 6 

6- 8 
14-4 

10.5 

7 . 5 
9. 0 
8 . 3 

8 

2 . 5 

4 . 9 
3 . 5 
2 . 8 

4-2 

3 

Howard and Pelc 1951 
Howard 1956 
Howard and Dewey 1960 
Wimber and Quastler 

1963 

Van ' t Hof and 
Sparrow 1963 

2 Evans and Scott 1964 
1 . 9 Van't Hof 1967 
1. 9 MacLeod 1968 

--~-----· -----------~--
Gray and Scholes (1951) showed the mean cycle 

time for t he first 3 mm of root was 25 hours , but 

that for the apical 1 . 5 mm was 19 hours . My work 

has only examined the firs t 2 mm of r oot tip and this 

could be why a distinct second population of dividing 

cells was never found . The use of the thymine analogue 
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5AU could affect the cells in some unknown way thus 

altering the cell cycle compared with studies using H3-

Td.R which are more common . 

Socher and Davidson (1971) using 5AU were able to 

demonstrate the presence of subpopulations of dividing 

cells that differ in the G2 duration . 85% of the 

population were fast dividing cells and the other 15% 

were slow dividing with a G2phase in excess of 12 hours . 

These authors found that their results were similar to 

those obtained from percentage l abel ed mitoses after 

incorporation of H3- Td1, (Webster and Davidson 1968 ) , 

which suggests that my treatments with 5AU made no 

difference to the cell cycle (other than the observed 

effect on the Sand early G2 phases) . In addition the 

5AU treatments have shown up more clearly these two 

populations by causing two peaks of division 12 hours 

apart after the 12 hours of 5AU treatment . 

Possibly my graphs with two peaks do show different 

pooul ations: one fast and the second slower dividing: 

but these cells are randomly distributed within the 

meristem , ie they cannot be distinguished apart using 

longitudinal sections as in section 3-02 . The small 

peak at 10 hours in the 24 hour 5AU treatment (Figure 6A) 

and the second small peak at 42 hours in the continuous 

5AU treatment (Figure 6B) could be evidence for these 

£ast and slower dividing components of the total 

population . 

There has recently been criticism of the experi­

mental design used to determine cell cycle times , 
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(Green 1976) . Much of the work has consisted of 

pulse l abeling and then examination of tissue for the 

appearance of labeled mitotic fi gures as in Webster and 

Davidson (1968) . Gray and Scholes (1951) have shown 

that the cell cycle slows down a little as the cells 

move further away from the root tip . It must be 

remembered that pulse labeled cells being studied are 

also continuously moving away from the root apex and 

depending on their destination , the cell cycle changes 

at different rates . Therefore any cell cycle studi es 

can only give average values for a selection of tissue 

types as previously the continual movement of cells has 

been i gnored . This could be the reason for some of my 

unusual results involving pulse labeling followed by 

examination for l abe led mitotic figures over the peaks 

of division . Possibly qujte a proportion of cells 

originally l a~eled had moved outs ide the 2 mm meristem 

region by the time the tissue was fixed and were 

consequently not examined . I did not consider this 

possibility in analysing my results . 

Green (1976 ) has put forward a n ew concept for 

cell cycle studies . Cells can be studi ed at a site­

specific duration , which is the time required to 

complete the cycle if the cells involved could remain 

~t that position for a whole cycle . The alternative 

is the cell- group specific cycle time which follows the 

duration for a specific group of cells as they move 

down the axis . This new concept of cell cycles in the 

root may in the future help explain the anomalies of 
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different populations of cells in the root tip . 

It was found that 5AU affected root growth but 

that cell elongation in the first 2 mm of root tip 

was not affected. Duncan and Woods (1953 ) found that 

inhibition of growth could be reversed by thymine and 

folic acid but the MI did not change . They concluded 

that the reversal of inhibition of growth in length 

must only be temporary and only concerned with cell 

enlargement . 

Clearly 5AU affects more than DNA synthesis but 

this inhibition of cell enlargement does not affect 

cells in the first 2 mm of the root tip . The prevent­

ion of cell enlargement could slow down the cell cycle 

but only in the elongation zone where cells enlarge 

and DNA doubleo without cell divi sion occurring . 

This work forms a basis for further investigation 

in which a more detailed examination of how 5AU causes 

partial synchronization is going to require a more 

biochemical approach . Work is needed at the electron 

microscope level to try and understand the significance 

of the Feulgen- negative regions and proposed inter­

ference with heterochromatin synthesis . Enzyme studies 

may also help provide answers, although further under­

standing of events within the cell cycle is a 

prerequisite , As has been previously mentioned , a 

more detailed approach to the reversal experiments may 

provide further clues , 
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CONCLUSION 

The aim of this thesis was to answer the question 

'How does 5AU induce cell synchrony? ' In order to 

achieve this aim , several avenues of investigation 

had to be followed . 

It was firstly confirmed that 5AU did induce 

synchrony with both 12 and 24 hour treatments , with 

peaks of division occurring approximately 14 hours 

after removal from 5AU , and a second peak at 26 hours 

after removal in the 12 hour 5AU treatment . 

5AU was originally thought to have prevented DNA 

synthesis and caused a buildup of cells at the G1-s 
border . It has been found that DNA synthesis contin­

ued in the presence of 5AU at a reduced rate and a peak 

of mitotic figures was observed between 37 and 42 hours 

of treatment . Prior to this it was thought that the 

synchronous peak of divisions was stimulated by the 

removal from 5AU . This was clearly not correct . It 

was concluded that removal from 5AU did stimulate the 

cells to continueinto mitosis, but the cells were 

capable of doing this anyway after a considerable 

time lag . Attention then focussed on DNA synthesis 

and how 5AU could be affecting it . 

Results from DNA density measurements and Feulgen­

negative regions present in chromatids of 5AU treated 

tissue suggested that it could be the heterochromatin 

synthesis that was affected . Further interpretation 

of experiments suggested that early G2 was also affected. 

It has been postulated that DNA synthesis could overlap 
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into early G2 where enzyme activity could be important 

in completing the final DNA structure by the joining of 

previously synthesized subunits of DNA . If this was so, 

5AU could somehow be interfering with this mechanism, 

but in a way that a certain percentage of cells can 

eventually overcome the action or find an alternative 

pathway . 

These requirements could then be used to explain 

the original observations of synchrony . The inter­

ference with synthesis in a heterochrornatin region 

results in a buildup of cells in the S phase . If 5AU 

is removed these cells are free to complete DNA 

synthesis and conti nue through to mitosis. If the 

tis sue is left in 5AU the cells over a period of time 

find a.-ri alternative pathway (DNA repair?) , or synthesize 

the affected enzymes at a very slow rate , such that 

eventually a peak of mitotic figures is seen, but the 

number of cells dividing is fewer than when 5AU has 

been removed . 
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APPEN])IX 1 

STAINING PROCEDURES _;,.e.-.. __ ~._..,.---

Acetocarmine Squash Technique . 

(IY'.Odified from Johansen 1940) 

Widely us ed as a chromosome stain especially suitable 

for root tips. 

Fixation: Acetocarmine i s a fixative and staining 

reagent at the same time, though be tt e r results will 

be obtained with some spec i es of root tips if they are 

first fixed in 1:3 glacial acetic acid to absolute 

a lcohol for at le ast half an hour. Store after 

fixation in 70% a lcohol if necessary . 

Staining: Slowly bring the material down to water , 

cover in a vial with a small quantity of iron aceto­

carmine plus a drop of l N HCl (iron acts as a mordant, 

th8 acid helps break up the tissue). Leave prestaining 

as such for as long as convenient (up to two hours). 

Proceed from here with single root tips. 

Place a root tip with a liberal quantity of iron aceto­

carmine and a drop of l N HCl in a watch glass . Heat 

over a spirit lamp flame for 3-5 mins keeping the 

liquid just below boiling point. ])0 NOT BOIL. Replen­

ish evaporated stain otherwise the carmine will 

precipitate and ruin the preparation . After heating, 

transfer the material to a clean slide and cover with a 

drop of fresh stain. Cut off the meristernatic re~-ion 

of the root tip (not more than 1/4 11 -this region will 

be more deeply stained than the rest of the root), 
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and disregard the r emai ning tissue . Cut up and macerate 

the tissue as much as possible and disperse the cells 

over the approximate area of .J. covers lip . Cover with 

a cove r s lip and reheat gently f or a further ½- 1 minute . 

Then pl ace the slide between blotting paper and press 

hard avoiding any l ateral movement . Heat gently over 

the spiri t l amp . The chromatin should bo stained a deep 

red , the cytoplasm a l mos t colourl ess . 

If diffi culty arises with maceration 9 hydrolys e 

the root tips in lN HCl at 6o0 c for 5- 6 minutes prior 

to staining . 

Gomori ' s Haemat_o~l'J.,]-n 

(Melander and Wingstr2.nd 1953) 

Excellent stain for ~ucloi and chromosomes - l eads to 

better contrast a~d suitable for squashed materia l . 

Preparat ion of Stain: Mix equal parts of 1% aqueous 

haematoxylin and 3% aqueous solution of chrome alum . 

Add to e ach l OOmls of mixture 2 ml s of 5% aqueous 

solution of potassium bichromate (= d.ichromate ) and 

2 mls of 0 . 5N H2so4 • May be used after 1 day and 

works for 14 days if refrigerated . 

Staining: 1) Treat tips at 20°c for 25 mins with the 

following mixture : 4 , 5 parts volume g l aci al acetic 

4. 5 parts volume lN HCl 

1 part 25% formalin (formaldehyde) 

(this hydrolysis can be varied depending on require­

ments for softening of tissue) 
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2) Wash tips rapidly in distilled water. 

3)Stain in haematoxylin at 60°c for 40 mins 

4) Place in 45% acetic acid 30 mins or more 

5) Disintegrate root tips on a slide in a 

drop of 45% acetic acid by grinding it with .the convex 

side of a watch glass. 

6) Put on a coverslip and press so cells 

are successfully flattened. 

The preparations can be made permanent by removing the 

coverslip with dry ice and passing the slides through 

95-100%ethanol. (Avoid xylene). Mount in eukitt. 

Haematoxylin c16H14o6 MW 302.272 

Feulgen Stain 

(modified from Darlington and La 

Cour 1942, in Ruthmann 1970) 

Preparation of Stain: ~ i ssolve 0.5 g basic fuchsin 

and 0.5 g Na/K metabisulphite in 100 mls of 0.15N HCl. 

Shake mixture at intervals for 2-3 hours or until the 

dye is converted to fuchsin-sulphurous acid. Add 300 mg 

of fresh decolourizing charcoal and shake for at least 

5 mins. Filter through hard filter paper. The filtrate 

should be clear and colourless - if not, repeat the 

last two steps. Store in the refrigerator in a light 

proof container. 

Staining Procedure: 1) Put roots in a lN HCl 60°C 

water bath and incubatefor 12 mins, then rinse in 

distilled water. (Hydrolysing roots in HCl removes the 
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RNA ,and forms the necessary aldehyde l inkages ). 

2 ) Stain in leuco basic fuc hs in for 

approximately one hour. 

3) Rinse in two changes S0 0 water • .... 

4) Transfer to running tap water for 

30 mins. 

Squashing Procedure: 1) Put root meristem towards one 

end of a slide, 2) Add a drop of 45% acetic acid . 

3) Gently tease out the tissue with 

needles and squash carefully under a coverslip . 

4) Remove the coverslip with dry 

ice. 5) Transfer the slide through 50 

to 100% ethanol and mount permanently in eukitt. 

(Step 5 is modified for autoradiography by passing the 

slides through to water then a ir drying.) 

so2 water: 1 part meta·b i sulphi te, 3 parts l N HCl , 

3 parts distilled water . Dissolve me tabisulphite in 

water then add acid in the fume hood. 

(dry ice technique from Co~1c;er and Fairchild, 1953) 

Safranin - Fast Green 

(Jensen 1962 ) 

Tissue must be prepared as described in Appendix 2. 

1) Slides are put through an alcohol series to 70% 

EtOH then placed in Safranin (1% in 95% EtOH diluted 

50:50 with distilled water before use) for 24 hours. 

2) Rinse quickly in acid alcohol (1 ml lN HCl in 

100 mls 70% EtOH) then put quickly through 95% and 
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absolute alcohol . 
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3) Then immerse slides for 30 seconds in fast green 

(0 . 5% in 50% absolute alcohol, 50% clove oil). 

4) Put through two washes (50% clove oil, 25% xylene , 

25% absolute EtOH) then into 

5) xylene - each for at least 15 mins , 

Finally mount permanently in Canada balsam , 

BAO Fluorescence Stain 

(Ruch 1966) 

1) Fix tissue in 4% formalin(½ to 6 hours) or EtOH-

acetic acid (3:1, 1/4 to 3 hours) . 

2) Wash in water for 10 minutes . 

3) Hydrolyse with lN HCl at 6o0 c (conditions for 

maximum fluorescence must be observed) . 

4) Rinse with water for 5 minutes . 

5) Stain in freshly prepared stain solution for 2 

hours . (Mix 10 mls BAO solution 0 . 01% in distilled 

water , 1 ml lN HCl and 0 . 5 ml NaHS03 solution 10%) 

shake and filter . 

6) Wash in sulphite water, 3 changes each 2 minutes , 

(180 ml distilled water, 10 ml l N HCl and 10 ml NaHS03 

solution 10%) 

7) Wash in water 10 minutes . 

8) Embed in fluorescence free glycerine under cover­

slip . Can be sealed if desired . 
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APPENDIX 2 

DEHYDRATIONJ I NFILTRAT ION AND EMBEDDI NG OF TISSUE 

Dehydration 

Procedure of Johansen (1940) using ethyl alcohol/ 

tertiary butyl alcohol (TBA).The process must be a 

gr adual one as over dehydration causes brittleness and 

difficulty in sectioning material . Erythrocin is 

introducAd at the 75/25% alcohol step to enable the 

material to be seen more clearly during embedding and 

sectioning . It wi ll be displaced again when removing 

the wax and stepping slides to water after the material 

has beensectioned and mounted . 

Procedure: 1) from 70% EtOH transfer tissue to 50% 

then 70% TBA/alcohol for 30 mins in each . 

) f of. of. oL ·L 2 trans er to 8590 , 959a , 10090 for 22 hours 

in each. 3) transfer to pure TBA - 3 changes over 24 

to 36 hours. 

50% TBA :50 ml distilled water:40 ml 95% EtOH:10 ml TBA 

70% TBA :30 ml distilled water:50 ml 95% EtOH:20 ml TBA 

85% TBA :15 ml distilled wa.t;;r:50 ml 95% EtOH:35 mJ ~BA 

95% TBA 

100% TBA~ 

Infiltration 

:45 ml 95% EtOH:55 ml TBA 

:25 ml 95% EtOH:75 ml TBA 

Passing through paraffin oil to wax being sure to 

allow infiltration to completely displace the alcohol 

in the tissue without leaving air spaces . 
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1) Transfer material to TBA/ paraf f in (50:50 ) for 1 

hour . 

2 ) Half fill a vial with molten \·1ax ( 56 or 6o0 c melt­

irg poi nt) and allow the wax to solidify . Pour off the 

bulk of the TBA/paraffin from 1) and then pour the 

r emai ni ng liquid plus the tissue onto the solid wax 

i n the prepared vial . Place the vial in the oven (63°c). 

The oil covering the tissue will protect it from heat 

damage , and as the wax remelts the material will sink 

and become progressi ve l y infiltrated with wax . 

3) When wax is no l ten , transfer the material to fresh 

molten wax ; repeat this t ransfer three tines over a 

period of 24 hours . It i s essentihl to remove all 

traces of TBA . This can only be done by changints the 

infil tra.ting wax over a minimUITl 24 hour period . After 

3) the material is ready for embeddi ng when conveni ent . 

Summary: clay sc:hedul e 

1s t day: step t o 70¾ EtOE; leave overnight in fridge . 

2nd & 3rd days: step to TBA; leave overnight; renew 

TBA next morning , midday , after noon ; leave overnight . 

4th day : infiltrate , chanGe wax midday and afternoon . 

Leave overnight . 

5th day: change wax i n morning; embed if desired in 

the afternoon . 

!Jnbedding 

Embed material in 56 or 6o0 c melting point wax , 

while working near a buns en f lame . 

1 ) Almost fill boat with molten wax and allow around 
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sides and bottom of boat to begin solidifying while 

keeping the bulk of the wax in the centre completely 

molten with a hot needle . 
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2) With a pair of warm tweezers remove the tissue , one 

piece at a time from the infiltration wax and place in 

the embedding wax. The tissue will sink to the semi 

solid wax and can be oriented with hot needles , keep­

ing the surrounding wax molten. The tissue must be 

orientated with care - horizontal and parallel to the 

bottom and sides of the boat to assist with sectioning . 

3) Allow the surface of the wax to cool then carefully 

immerse the whole boat horizontally under iced water . 

Allow the block to thoroughly solidify before removing 

from the water . 

N. B. If blocks are cooled too slowly the paraffi n will 

crystallize and the tissue will need re-embedding . 

The tissue is now ready for sectioning on a 

mi crotome . Blocks of wax containing the tissue are 

melted to the microtome stage then neatly tri mmed into 

a cubic shape . The stage is mounted on the mi crotome 

ready for cutting the ribbons which are in turn mounted 

on microscope sli des . 




