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PREFACE 

This thesis describes work carried out at the 

Ontario Cancer Treatment and Research Foundation, Hamilton 

Clinic, in association with the Department of Biology, 

l'Ici·:aster University, from Septer:aber 1967 to ho.rch 1969. 

The aim of t~1is investiGation 1·Jas to determine the 

radiosensitivity, as measured by loss of proliferative 

capacity, of QedQ.IlQ.ll-i.~ .Q:~tJ: .. d h~Q'd@ irradiated by UV radiation 

at different aGes in the first generation cycle. In the 

Introduction an attempt has been made to review the salient 

feature;s of relevant UV radiation research particularly 

of the past fifteen years in order to provide a background 

to the topic of the investigation. In Chapters I and II 

respectively the Materials and Methods and Results of the 

investicetion are presented. In Chapter III, the Discussion, 

the results are compared to those of other workers studying 

the effects of UV radiation on synchronized cultures of 

both plant and mammalian cells. 
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The effects of ultraviolet (UV) radiation on both 

the molecular and cellular level have been studied in many 

biological systems, including higher and lower organisms. 

In addition, the effects of UV on isolated biological 

components, in particular the nucleic acids and their 

constituents, have been the subject of numerous investiga­

tions. As a result of these investigations it has been 

de1r.onstrsted that a large proportion of lJV-induced 

biological damage arises from photochemical changes in the 

nucleic acids. It has also been shown that many biolocical 

systems are capable of reducing changes. This Chapter will 

review sorne of the salient features of recent UV radiation 

_research, in particular that concerned with the identifica­

tion of rr:olecular lesim1s inC:u.ced by lJV absorption, the 

repair of these lesions, and the effects of these lesions 

biologically. For a more comprehensive review and 

historical survey of literature in this field, reviews by 

Setlow (1), Giese (2), Jagger (3), Hollaender (4) and Bowen 

(5) are available. 
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The hypothesis tl1a t the majority of the effects of 

UV radiation on living organisms can be ascribed to 

photochemical alterations in deoxyribonucleic acid (DNA) 

has been strongly supported by several investigations. 

Hhen isolated DlJA was exposed to monochromatic tJV radiation 

it absorbed most strongly in the region of 26ooX, the same 

region found to produce the greatest effects on living 

organisms (6, 7, 8, 9). 
0 

Since at 2600A, the four bases 

comprising DHA, adenine, guanine, thywine and cytosine, 

\•lere lar13ely responsible for UV absorption ( 10) , it is 

reasonable to assume that much of the deleterious action 

of UV arises from photochemical changes in these bases. 

}:any different UV-induced physicsl and chemical 

changes which have been observed in UV-irradiated DNA and 

its bases have been implicated as the n:echanism by which UV 

produces biological damage (see revie~: 1). These photo-

chemical changes include, purine and pyrimidine dimers and 

hydrates (11, 12, 18), Dl~ chain breaks and cross links (1), 

and DNA-protein cross links {lJ). At the present time, the 

dimerization of pyrimidines, in particular thymine, is 

considered the principal reaction for the alteration of the 

biological activity of DNA. This hypothesis is supported by 

the results of several investigators. Setlow and Setlow (14) 

found that at hiGh UV doses about 50% of the biological 

inactivatj.o11 of the transforming activity of Hemouh;!.J.:.u~ 

influenzae was due to thymine dimer formation. Trosko (15) 



h as sho1m t h a t thyr:1 i n e di mers c an b e i ndu c e d in mamma li an 

c hro mos oma l DNA b y UV, a nd tha.t t he nu mber of dimers 

in duc ed i n creas e d lin e a rly with do se . Wulff (16) fo un d 

t ha t t he lTV i n e e t i v a t ion of T4-V b a c t er ioph a (S e l ed to the 

forma t ion o f 4. 8 t hymi ne di me r s pe r leth a l hit. 

Th e rema i nd er o f t he UV in duc e d lesion s mention e d 

p reviously a re not b e li ev e d to contribut e s i s nifican tly 

to t he biolo s i c a l e f fe c t s of UV e x c ep t a t ex tr e me ly hi c h 

do se s or i n t he case of UV r e sistan t c e ll s su ch as 

Hicr._oq_oc9._u ~ r a diod.ur a n s (17 ) . Hm~ever , t h yiE i ne di me r 

for ma t i on i s not suffici ent to expl a i n a ll t he obser ve d 

i n a ctiva tj_ ons by UV (7) . · UV r ad i a t l o n i s a l s o a b s orbe d 

by t h e p rote i ns , ri bon ucl e ic a cid ( RNA ) , and o ther n ucl e a r 

and c yt o p l a s mic componen t s which p l ay a r o l e i n t he cel l 

me t aboli s m, a nd t h e refo r e it presumably in duc es l esi ons in 

the se compon en t s . 

Co mpa r a tiv e ly littl e i s known a bout the photo~ 

c hemi stry o f illffi ( see rev i ew : 5 ) . Cy to sine a n d ur a cil 

hydra t es a nd d i mers h a v e b e en obser ved in u'V-il"rad i a t ed 

polynu cleot i d e s (18) ; howev er, t h e ir rol e i n b i o log ica l 

ina ctiva ti on '1 in vivo" is poorly und er s to o d. s·wen s on 

et a l ( 19 ) h a v e shOim th a t ov er 95% of t h e UV- i nd uc ed 

a bsorba n c e c hanges in po ly ur i dylic a ci d (pol y-U ) wer e 

a t tr i b u t a ble t o t h e s u m o f d i rner for ma t io n and photo­

h y drati on of u r a cil r es i d u e s, t he ir r e l a tive a mo un ts 

d ependin g on dose an d wa v e l eng t h . Gro ssma n (20 has shown 

3 



that the coding properties of UV-irradiated poly-U were 

altered v~r1en it Nas used as a messengc:;r in an "in vitro 11 

polypc:;ptide synthesizing system; however, the nature of 

thBse alterations was not understood. 

4 

The effects of UV on proteins 11 in vivo 11 is also 

poorly understood. Alexander and ~oroson (13) have shown 

that UV irradiation of .&_e,Q.ll~T..tQ.l].§. c9li 12. T- made the DNA 

susceptible to cross-linking with ~roteins. The amounts of 

DNA that could be extracted from the UV-irradiated cells 

decreased v1ith increasing UV doses. Smith (21) has shoim 

that the extent of cross-linkinc was dependent on cell age, 

that ia~ the position in the cell cycle occupied by the 

cell at the time of irradiation. 

Although the aromatic amino acids of proteins are 

good UV absorbers "in vitro 11
, they ere believed to be 

relatively unimportant in protein inactivation "in vivo" 

(see review: 22). Cystine is believed to be the most 

importent amino acid target in protein im1ctivetion 11 in 

vivo''; however, the biological effects of this inactivation 

are un1mo1'ln. 



B. R~'liL_Q..:[_l:[Y-- Ip_q~~g_~<l_Danla.Gf}_ 

Bechanisrr.s for the repair of UV-induced dar:JAge 

exist in many biolocical systems. This can be concluded 

from the observation that many cells are able to markedly 

decrease the potential biological effects of W-induced 

damage (23, 24, 25, 26). Two mechanisms for the enzymatic 

repair of UV-induced damage have been proposed. Both 

mechanisrrs, photoreactivation (27) and dark repair (28) 

are dependent on post-irradiation treatment. Although 

5 

each mechanism has been described with respect to bacteria, 

the same principals are believed to be applicable to the 

higher organisEs. 

Rupert has described the mechanism of photo­

reactivation in a series of reviews (29, 30, 31, 32). It 

involves a light-activated enzy1:1atic reection by 'l.'JDich 

pyrimidine dimers are mono~erized. He was able to extract 

an active factor fror:1 the blue green alga P:J:_t;;_g_t_on~l!.l§. 

bQ.:U:§.Y.W.IQ (32) and e.lso fro1:1 baker's yeast (31) 1·1hich l·lhen 

incubated in vJhite lic;ht vJi th W-irradiated transforming 

DIJA, extracted frou Hel]().Rhi..l'l.~ in[_;Lu~12~<lQ., produced a recovery 

of transformins activity. This recovery was absent when 

incubation occurred in the dark, or in the absence of the 

active factor. The kinetics of the reaction between the 

active factor and the transforming DNA fit an enzyme­

substrate scheme (2?). The active factor .Q£ enzyme formed 

a complex with only irradiated DNA~ Durinc illumination 
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the complex separa ted, and the ability of the DNA to bind 

the enzyme 1·1as lost. Since thymine dimers 1-1ere eliminated 

in the resction, as ~~as sho~"m by acid hydrolysis of the 

entire mixture of yeast extract and DNA (JJ), t he di~ers 

were believed to be the substra te for the enzyme. Other 

substrates, i n additon to thymine, cytosine and uracil 

dimers ca n compete for the enzyme, resulting in a decreased 

r ate of reactiva tj.on of the tr a Ylsfor minc; DNA . Setlo1·J 

found that 1~ i th ma xil:lum photorc. 8ctivation of UV-irradiated 

transforming DNA , 90;6 of the biologica l da ;:-:a ge could be 

eliminated and all the thymine dimers removed (2?). 

, Photoreversa l of lfV-induced damase affect in g 

nuclear events such as mutat ion induction, mitotic rate, 

and DNA synthesis has been obs erved iD plants ( 26 ), protozoa 

(J?)J ba cteria (J B), fun g i (J 9) and viruses (40~ It has not 

b een report ed in the l iterature for uv-irrs.diated cultured 

ma mmalian cells. 

All known examples of cellula r photoreactiva tion 

have been accounted for on the basis of reactivation of 

e i the:c ?J1JA or DNA ( see revi e'l·l : J) • Earcenlw (JL~) and von 

Borstel and Wolff (J5) i nvesti cated the localization of the 

photor eactiva tion phenomenon within the cell . ~ar c enko 

found tha t photoreactivat ion of tl1e le sions responsible for 

loss of reproductive inte grity in the a l ga [Jetr_ium dt.£.i.tus 

was associated primarily with the re g ion of the cell 

cont a ining t he nucleus. This agrees with the model of photo­

enzyma tic r ep a ir by Rupert in which the photoreactivatinc 



light h a d to be absorbed by the complex of irradia ted 

DNA and photoreactiva tin s enzyme. Von Borstel and Wo lff 

observed tha t certain expressions of nu clear damage in 

H~brob~~~~rr ~l~~~is eggs could be pa rtly reversed by 

exposing the nucleus to pho toreact ivating light ; however, 

photorea ct ivation cou l d not be detected a fter illumina ting 

the injured cytoplasm. Since other i nvest i ga tors (17, 48 ) 

have shown ev i dence for phot orea ctivable sites in the 

cytoplasm whi ch may or may not be associated with RNA or 

DNA, the possibility rema ins that i mpor t a nt sites for 

absorption of photoreactivating light may be outside the 

nuql eus. 

7 

The other principal mech a n i s m for repa ir, namely 

dark repair or the enzymic exc i sion of pyrimidine di rne rs 

from th e damaged D~ffi , h as been observed i n b a cteri a (41) , 

yeast (42 ), virus (43 ), mammalian (25 ) and p l an t cells 

(26 ). The biochemica l p a t hway for t his type of repa ir i s 

believed to have steps in common with those of genetic 

recombinat ion by breakage r eun ion (44). Szyba lski (45 ) h a s 

proposed a scheme for th e enzymatic events v~h ich result in 

thi s repair process . In his scheme four enzymes , A, B, c, 

and D are involved. Enzyme A recognizes the UV-induced 

d amage and severs the adjo ining phosphate-ester bond of 

t he nucleotide. Enzyme B, an exonuclea se, excises t he 

d amaged nucleotide tog ether with a f ew adjacent on es. 

Enzyme C, a DNA po lymerase , synthesizes the new nucleotides 

usinc the complementary DNA stra.nd as a ter!lplate, a.nd 



enzyme D, a li,1:ase joins the phosphate-ester bond betvJeen 

the newly synthesized nucleotide and the remainder of the 

DN.i\. chuin. 

There are several lines of evidence for support 

of this excision mcchani sm. Ho\'lD.rd-Flanders et al ( 28) 

have sho1m that thymine dimers for;;,ed in the DHA of UV-

irrBdiated E. qg_li Jag vJere gradually released and could 

be extracted by cold acid if the bacteria was incubated 

in nutrient mediur.1 after l.JV irradiation. The excision of 

the thymine dimers appeared to be part of the repair 

process, as UV-irradiated E. coli Kl2 mutants that "\'Jere 

unable to excise the dimers v:ere also more sensitive to lJv 

radiation. An unscheduled DHA synthesis has been observed 

follovdne the UV irradiation of E. £:.<?..11 (28), Chinese 

hamster cells (46), and HeLa cells (4?). It has been 

suggested that this unscheduled Dlli~ synthesis could be 

explained by the dark repair mechanism since it was not 

8 

semi-conservative, was enhanced by BUdR addition and showed 

little variation in tritiated thyuine uptake (28). Setlm·J (28) 

has shoNn that "\'lt1el1 ull-irl~acHated E. coli 'iJaS O'rovm '>:ith 5--M-·--------· (.J 

bromouracil (BU), the BU a~peared to be incorporated into 

the DNA at a. ntmber of sites alone; the molecule. It is 

suc;gested that these sites may be the repair zones described 

above and represent the region where the nucleotides have 

been inserted. 



C. Exp_ressions of UV-Induc ed Biolo c;_ica l Damac e 

The cellular and sub-cellular expressions of UV­

induced damage are numerous and v ar ied. It is well 

established that UV ina ctivates cells, viruses and 

biolog ica lly active DNA ' s. In addition it induces 

nutation, c auses chromosoma l aberre.tion, inhibits D:NA 

synthesis and induces other lethal and non-lethal 

expressions of r ad iation damage . 

UV-induced gene mu t at ion s and chro rnos oce 

aberrations in both higher and lower organisms h a ve been 

repor t ed by severa l workers ( see review: 15). The 

mec~1 an1,sm of lTV-induced muta tion is not understood. "In 

vi trd' studie s of DNA have sho;,m that pyrimidine dimers 

cause measurable b a se changes in DNA ; however , non e of 

the se studies have equa ted photoche~ ical changes with 

mutati on (1 ) . Kimball has shown tha t some premutational 

lesi ons were susceptible to repair and that th ere existed 

a t ermina l event beyond which furt her modification could 

not occur (49 ) . Ho';-~ard and Tes sman found tha t UV-induced 

mutations in b a cteriophage SlJ resulted fro m a b ase 

deleti on , addition or transit ion (50 ) . Hass and Doudney 

have shown tha t RNA and protein synthesis were r equ ired 

9 

for mutation induction in E . col i (51 ) . ";Jhen chloramphen icol, 

an inhibitor of protein synthesis, was added to the culture 

medium of UV-irra diated E. col~-' only those cells that had 

alread y synthesized their R."JA and protein prior to the 

addition acquired mutants . Oth er invest iga tors h a ve shown 
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tha t mutat ion fre qu ency ca n b e a ltered by post-irradiation 

trea t ments with drues and other agents ( see revi ew : 1 ) . 

The use of UV to induce or isola te mut ants in a l ga e 

ha s b een r eported by s everal investigators. Ku mar exp osed 

the blue gr een a l ga Ana cystis nidula gQ to UV r adiation 

. durin r; successive s ubcultures and found t ha t the strain 

obta in ed was more resist an t to UV than the origina l stock 

culture (52) . Lewin i s ola ted mutants in the unic ellula r 

by f eatures of t he ir c ell con t en t, f orm , motility or mod e 

of division (58) . In add ition, Bendix and Allen (54 ) and 

Anikeeva (55 ) have i sola te!" UV resi stan t mutants fro m 

di f f ererlt s pe cie s of UV-ir 'aclia te d g_h:J.:_or~..:..ll§.· 

Chromo soma l da11ase in c ells irra diated '~'li th UV 

in VGrious phase s of the cell cycle ha s b een r epor ted by 

Humphrey~!!.. a l (56 ) . Cell s synthesizing DNA at the time 

of i rradiat ion suffer ed a bout t en times t he chromosomal 
( a ) 

damage of c ells in G1 an d G2 phases • The grea test 

fr a ction of damage was elicit ed as chroma tid exchanges and 

br eaks . Faberge tr eated Ze8. mays endosperm poll en cont u in-

ing four dominant linte d Y-Ja r1:ers with UV r ad i a tion and 

(a ) Th e cell cy cle of p l an t (5 8 ) and mamrna li an ( 59 ) cells 
ha s been divided into f our stag es which are related to the 
stsge at vJhich DN1\ is synthesized . These steges a re c a lled 
S , t 11e interva l during \·Jhich DNA. i s synthe s iz ed ; G25 the 
i nterv8.l follo~·J in c; Dl·JA synthes is and b efore mitosis; mitosis 
r1, the j_nt erval during ~~hich mJ.cles:rdivision t a lws place; and 
G1 , the int erva l following ~itosis and before t he on set of 
DNA synthesise 
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obtained mosaic pat t erns with several kinds of chro~osom~l 

aberrations. These he identifi ed as dicentrics, rings, 

translocations , inversions or bridges (5 7). 

The rate of prosression of cells throus h the 

generation cycle is altered by UV exposure. Demon and 

Rauth (60 ), and Djordjevic and Tolmach (47) have shown 

t hat lovv expo sure s of UV irradiat ion could depress DNA 

synthesis and delay the progression of cells about the cell 

cycl e . Cell s irradiated in G1 or G2 exhibited no delay in 

their progres s ion to S or M respectively. Deerin g observed 

tha t nuclea r d j_vi sion de l ey in Bla s..t._g_Q_l a di ell§. eme1· _~on t..i v~as 

also dependent on c el l ase at i rrad i ation (61 ). Damage 

produced prior to DNA replica tion effectively blocked 

nucl ea r d i vision _whil e da mage induced after DNA replication 

had little effect on the separat ion of the da ughter nuclei. 

The r a te of DNA synthesis following UV r adiat ion 

. has been investigated in several cult ured ma~nali an cells by 

Cleaver (62, 63, 64 ). He found that depression in the r ate 

of Dl~"A syn th es is due to UV irradiation vari ed i;J i th the 

position of the cell in the S stage at the time of irradiat ion. 

At doses above 240 ergs/mm2 a co mplete ancl irreversible 

ce ssation of DNA synthes is was reported, with lysi s of most 

of the cell s occurring within 10 to 20 hours. At lower 

dos e s, recovery of DNA synthesis occurred after longer 

period s of time . 

A complete loss of cellular metabolic activity prior 

to completion of th e first post-irradi a tion mitosis has 



12 

b een reported in mammal ian , pl ant a nd yea st cells ( 65 , 47, 

67, 68, 61). The bioche~ i ca l Dechani s ms respons i ble for 

t h i s mode of cell death , r eferred to as int erphase dea th , 

have no t yet been eluc i dated. Sca ife and Brohee (65 ) 

observed t ha t cult ured human kidn ey e p ithe lia l c e ll s were 

most suscep tible to in terphase de a th if i rrad i a ted dur ing 

S and M, an d l eas t sens itive during G1 and G2 • Swann (68) 

fou~'"ld t ha t a t hi gh W doses , i ncreased l etha.li ty in the 

fi s s ian yea st §.ch;l~Q.I?_~9 cb.arQJB.Y.~ 2Q.l2l})e v1as rna inly ma.d e up 

of cell s tha t die without div i d i ng . He postula ted tha t 

t h i s i nterpha se dea t h was a con sequence of nongenetic 

damage ' SUper i mposed on genet ic danage . 

In addition t o th e man ifes t a tions of U'if- i nduced 

damace previously mention ed s UV radiat i on cAn a lso a lt er 

th e properti es of c ell a nd nuc l ear membranes (2) , de l a y th e 

s ynthes i s of cer t a in substances by cells (69 ) , i n a c tivate 

enzy me for ffia tion (6 ) , ca use embryo abortion (72 ) and in duce 

more spec ific r esponses in c e ll s such as deflagella tion (71 ) . 

The b i ol og i ca. l expr e ss ion of UV- i ndue ed dama ge i s 

d ependent not only on the UV dose but in many ca ses is a l so 

dependen t on cell age at the time of irradiation. This has 

b een recognized in terms of mut a tion , chromosome d a~ag e and 

l etha lity as ment io ne d above . 

Stud i es of UV st ag e sens itivity in terms of l etha lity 

h av e b een done on ba ct er i a (7J ) , yeas t (68 , 74) , fun g i 

( 66 ), mam:c.1a l.i an (i-V?, 67, 65, h6, 75 ) and plan t (26, 61 ) 
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cells. Varia.tions in radios ensitivity pa tterns observed 

in mammali a n cells, namely mous e L cells, Detroit 98/ AG 

cells, Chinese hamster V79 cells and human epithelial kidney 

cells v1ere correlated "'l ith the c1 , S, c2 , and E star;es. 

However, in the relatively few cultured plant cells 

investi Dated to date, namely ~ reinh ardii and B. em~rsonii, 

this v-J a s not possible. I n both :plants 3 no rnethod has beei1 

found to s pecifi cally label the Dl'JA of t h e orsanism. This 

was due l a r gely to the co mplexity of the normal division 

cycle in Cl}lalEY_do~na §_ and to the lacl( of j_ncorporation of 

specific Dl-JA precursors i n Bla stocla diella. The small 

arEocunt of DNA relative to .tiNA i n IH e.stoc_l ad iell§. also 

complic2, ted ch emical nnd isotopic assa ys. 

The work to b e described r epr esents part of the 

general r ad iob ioloc ica l studies wh ich h a ve be en und erta ken 

in this labora. tory u s inc ~ Q.?rdia~~}] · Investi .c;a tions 

concern in g the r.:::td iosensi tivi ty of Q!. cardip~J:lli: to ioni z ing 

ra.di a tion have preiiously be en ma de during the first 

g enera tion c ycl e in t er ffi s of changes in the proliferative 

c a pacity (76-79 ) . Other expres s ions of letha l ra.diation 

dama ge (80-82 ) such as g iant cell for ma tion have a.lso been 

i nvestiga t ed. In this treatise, the UV radiosensitivity 

o f ~ ca~lli a~ cells at various stace s of the c e l l cycle 

will be described. The response pattern observed will be 

compared to the va ria tions in UV radi o sen sit i vi ty vli th cell 

a c; e for oth er orcanisms 1·Jhicl1 have be en reported in the 

lit er a ture •. In a ddition, t h e r es?onse ~a ttern will be com-
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par ed t o the pr ev i ou s l y r eported pattern f or the rad i osensi­

tivity of Q. ca rdi_0}_cum to i on i z i n.c; r adiat i on (79). 



Cl-IAPTER I 

NATERIALS AND HETLIODS 

A. Cell !:!in e 

The morpholo gy, growth ha bit and life cycle of 

0. cardi~cum h a ve b een describe d in det a il by several 

workers (8J, 84, 85); however, a brief description of the 

s a lien t fe atures follow. 

~ c a rdiac um is a fre sh \'la.ter green a l ga 1·Jh ich 

con sists of uninu c l eate cells joined end to end to for m 

unbranched fiJa rf! eDts of indefinite len[Stho Ea ch c ell is 

about 80 to 100 ~long and JO u wi de , an d co n t a in s a 

peripheral reticulate chloroplas t wi th pyrenoids. The 

- fil aments have an ap ica l-basa l pol arity and a re attached 

to th e substratum b y a specially differenti a t ed b asa l cell. 

Any c e ll is c a pa bl e of mitosis, which is accompan i ed by 

the for ma tion of an apical cap providing a persistent record 

of t he number of c e llular divisions in the fil amen t. 

OedQ~n iu~ is heterothallic and both asexua l and 

sexua l reproduction occur. In asexual reproduction, 

multiflagel l a t e , phototropic zoospores for~cd singly in 

v egetative cells a re release d ap ica lly by a rupture in the 

15 
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cell I·Jall. Follo"'.'l in r; a s1·Jimmin c; p eriod , I•Jhich normally 

l a sts fo r a short per iod of time, th e zoospores come to 

rest with their an te r ior or fl aze lla end down. The 

flagella disap, ea r and t he zoospore deve lops into a 

ger mling t hrough elonsat ion and for ffiation of an attachmen t 

struct ure 01~ holdfast. Porms wh ich do not become atta ched 

to the substra tum fre qnen tly die off or release their 

contents (86 ). Se condary s pore fo rmation fro m the one­

c elled germling can occur, r atl1er tha n its development to 

a fil ament through cel l division. 

Sexua l reproduction is of an advanced oo gamous type. 

Each oo,..::::;oni um cont Dins a s ingl e large oospore and ea ch 

antheridium no rmally t wo s perms . The fertiliz ed egg 

d ev elops i nto a thick-w alled diploid zyc ote wh ich is 

li berut ed by decay of t he oo e; on i a l wal l . Follo1,1ing a 

resting per iod which may l as t f or severa l month s , the 

zygote und ergoe s mito s is, germina tes and libera t es four 

haploid zoospores wh ich g i ve rise to unisexual ma le an d 

fe male plants. 

B. G:r.:,g_vJ tl}._Q.Q_i!.~li t_~QQ.S... 

Female haploi d Q.!.. .Q.SJ29..lfl9..!3.i.!l c ultures J to 5 months 

old were us ed i n all t he experi~ental investiga tions. The 

st ock cu ltures were obt a in ed fro ro. the Indi o.na St a te University 

Culture Collection of Algae and were routinely subcultured 

in the l a boratory . 
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Cultures were maintained in 1:12 diphasic soil-(b) 

water medium in one quart jars fitted with tops through 

· which a hole had been bored and plugged with cotton. Each 

jar was boiled for 2 separate 2 hour periods at 1 week 

interval and then innoculated with small portions of washed 

filaments after the supernatant had lost its turbidity. 

Cultures were initially maintained at room 

temperature under a 12:12 hr diurnal light-dark cycle on 

an illuminated culture rack of light intensity 75 to 100 

foot candles (ft-c). After one month, they were trans-

ferred to a north window for subsequent growth. 

Cultures that were initiated from spores which had 

survived high doses of W radiation \.'Jere prepared by 

innoculating the g lass jars with a single surviving filament. 

These cultures are referred to as UV-irradiated cultures 

throughout this tre a tise. 

Synchronous cell populations vlere obtained · by 

inducing vegeta t ive filaments to sporulate, and collecting 

the subsequent spores over a short time period. Using the 

procedure to be described, a population of cells, all at 

about the same point in the cell cycle (early G1 ), was 

obtained. · 

Vegetative filaments were removed from the culture 

(b) Dry po~d ered garden soil from Aldershot, Ontario was 
used. 
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jars, washed in distilled water and placed into a 500 ml 

Erlenmyer flask which cont a ined 1:3 soil-water extra cts 

(Refer to Appendix A for prepa ration of soil extract.) 

Each flask wa s covered with aluminum foil to exclude the 

light and plug ged with a foam rubber stopp er through which 

a g l ass nbubblertl tube (i. e., pasteur pipette) was inserted. 

The solution vJas bubbled 1·Ji th a mixture of 1% co2 and 

filt e~ed air at a rate of 50 rnl/min. Depending on the 

condition of the fil aments, zoosporog enesis took place 

within 36 ± 6 hr. 

To collect the spores, the solution wa s poured over 

glass microscope slides (7.5 em x 2.5 em) which lined the 

bottom of a perspex vessel. The sides and top of the 

vessel were da rkened to a llow light to enter only fro m the 

bottom. This ve ssel wa s placed on a surfa ce illuminated 

with wa r m white fluoresc ent bulbs and the phototrop ic 

. spores were collected at a light int ensity of about 300 

ft-c. After a collection p eriod of l hr, which wa s 

norma lly sufficient to yield a p:9roxi ma tely 1000 spores of 

uniform age on each slide, the slides were rinsed in distilled 

water to remove unatt a ched spores a nd debris, and then 

transferr e d to pers:;_Jex culture vessels contain ins modified 

Machlis' Medium E. This medium will be referred to as growth 

medium throughout this treatise. ( Refer to Appendix A for 

its prepa ration. ) The s amples were g rown in the culture 

1 · t t t l-1 d b ~- . t 1D "'. t 2 2 -1- 0 • 5° C vess e s ln a -emp e r a-ure con-ro e _ u 

l'lilich wa s illumi na ted fro m b e lo1·J by l'Wrm white fluoresc en t 
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lamps at a light inten s ity of a bout 300 ft-c. 

At the en d of th e 5 day g rowin g p eriod, the 

s amples wer e removed from the culture vessels, rinsed 

with distilled wa ter and fi xe d for a t leas t 15 min with 

J:l e lcohol: a cetic a cid (Carney's Solution). They were 

examin e d as temp orary mounts in 70% alcohol prepa red by 

placing a g l as s cover ove r th e fixed ma teri a l. The cover, 

held in plac e by 2 rubbe r b a nds, prot e ct ed an d pressed 

th e ma t er i a l. If th e mounts were not to b e examined 

immedi a tely, th ey were s tored in 70% et hano l a t 4°C. 

To estima t e t he synchrony of each c e ll popula tion 

col lected~ an index of syn chrony as describe d by Zeuth en 

( 87), n ame l y t he perc en t pha sing , was used. Slides were 

e xamined a t h ourly int erva l s from 1 2 to 24 hr a ft e r the 

mid-poin t of th e collection period en d the nu mber of c ells 

which ha d divided a t lea st once , as a function of fixat ion 

ti me was de t ermined. In al l experi ments , a sporeling whi ch 

showed si gns of stret ch in g of t h e cylinder of n ew cell wall 

ma t er i a l fol lo~ ing k a ryo k i nesis wa s acc ept ed as h aving 

divic1ed. 

'11
\'JO 15-vJat t cermicid a l lovJ pressure mercury v apor 

(c) o 

l amps e mitting pr i marily 2537A 'i<Jere used as th e lfl[ 

(c) General Electric Co. 
(d) Ultraviolet Products Ince, San Gabriel, Ca lifornia . 
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s ourc e . These were moun te d pa r a l le l 47.6 e m above a 

desi gna t ed t arge t plane a nd conne cted to th e outp ut of a 

volt age st a biliz e r which maint a ined a const a nt voltage of 

119 volts. The dura tion of the r a dia tion p eriod wa s 

con trolled by a synchronous timer incorp ors.ted into the 

electric~ ! sy s t e m. The l amps were s witched on a pproxima tely 

one hour prior to st a rting the r a di a tions to st a bilize their 

energ y output. A photo g r a ph of the appara tus is shown in 

Fig. 1. 

Since a rela tively l a r ge a r e a wa s re quire d for 

irradi a ting th e s ampl e s it VJa s 11 e c essar y to insure a 

uniform dose. Th e r e for e , t h e distribut ion of the UV 

r a di a tion on th e t a r ge t plan e 1~a s d etermi ~ ed u s ing a UV 

- ( d ) 
sen s itive photoce ll a n d a ga lvan ome t er . The photoc e ll 

was positi on e d a t d ifferent a r eas on t he t a r ge t p l ane a t 

th e exposur e di s t ah c e , an d t h e incid ent intens ity r ead in 

arbitra r y unit s fro m the met er. Ea ch rea ding wa s expre s3e d 

as a pe rc ent age of th e max i mum r ead in c which wa s s e t ~ qual to 

100%, a11d iso-intens i t y curves p lo t t e d to d e terDi n e the 

area i n ' '1h ich t h e i n cid ent 1JV r ad i a tion v a ri e d 1'-l i thin 5 

percent. 

Us i n g the s am e photocell, the d e teriora tion of 

the l amp s as me a sure d by the p e rc cn t a c e of Nhite light 

e mitt e d wa s de ter~ i n e d . The photocell wa s p o sitione d on t h e 

t a r ge t p l ane a t the exposure dist an c e , an d the incid ent 

inten sity r e c or d ed in t h e a b s en c e a nd pre sence of a perspex 



FIG. l 

Ultraviolet radiat ion appe.ra tus sho>ving 

sen sor cel l in center of t a rget plane . 

Instruments on to p of ap~J e. r etus are : 

w int ens ity me ter, syn ch1· on ous timer , 

volt me ter, galvanome ter and volt ag e 

st abi lizer . 
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UV absorber. This valu e wh ich r anced between 7.4 and 

8.7% durins the experi mental period was considered in 

c a librating the apparatus. 

The UV ap-paratus 1w.s cal ibrated vJi th a UV 

i ntensity meter and sensor cell( d ) ca libra ted by a 

standard tr a ceable to the U. S . National Bureau of 

St anda rds and a lso ~ith ¢x-174 ba cteriophag e (e ), a 

bioloe ica l dosimeter. 

To measur e the incident intensity with the 
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ca libra ted me ter, the sensor cell was placed in the cen ter 

of the t a r e et pl an e and the intensity r ead in uW/ cm2 from 

th e me t er . The percen t age .'i~hite li ght emitt ed fro m the 

l amps was subtra ct ed fro m the reading , to obta in the 

corrected UV inten s i ty. 

When ¢x-174 ba cteriophage was used as a 

dosimeter, t he phae e was diluted in phosphate buffer 

s a line ( PJJ,J ) and expo sed to the l TV r ad i at ion in an open 

petri dish. Small a liquots were removed at interval s , 

dilut ed and plated for plaque formi ng ability (pfu ) on 

E. _g_o1t_ _Q.._..J..Q_OO ( e ) by the soft agar t ec}m ique ( 92) • After 

0 
incuba tion for 3 to 6 hr at 37 c, the plaques were 

count ed and survival curves con stru cted assuming a Do (f ) 

of 85 ergs/mm2 (67 ) . The average dose incid en t on the 

( e) 

(f) 

Courtesy of Dr. A. M. Rauth , Dept. of Biophysi csf 
Princess Nar g8.ret Hospit s. l, 'ro;:-onto, Ont arioo 
The Do value r enresents the dose r equired to r educe 
surviva l by e-1-along the expon ent i ~l port ion of th e 
surviva l curve obta ined ~hen loe percent survival is 
plott ed as a function of do se . 
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medium was c a lcul a t ed u s ing t h e co r re c t ion of Morowit z (90 ). 

( Re f e r t o Appendix C f or det a il s of c a libra tion proc edure .) 

In b o t h p rocedures , t he s en s or c ell and p etri dish 

were posi ti on e d at t he c e n ter of the t a r get p l an e a t a n 

e xposure d i st ance o f 71 ; 0 e rn . 

F . I r r adia t i on Procedure 

The s amples \·Jere expo sed t o t he UV r ad i a t i oll i n 

a n op en p er spex v e s s e l (lJ em x 19 em x 4 em h i gh ) i n l em 

o f distil l ed \'ia t e r . At t h i s dep th , UV tran s mi ss i on 1·Ja s 

g r ea t er t han 99% (91) . Therefore , t he i n c iden t UV 

i nt en s ity on th e wa t e r wa s e qua te d wi t h t h e e n erg y 
c 

pen e tra tin g t o th e s amp l es . The v e s se l , wh ich a c co mmo dat ed 

up to 1 0 s lides a t on e time , wa s p o s itione d on t he t a r ge t 

pla ne 47 . 6 em fr om t he l a mps i n an area i n wh i ch t h e 

i n c i den t r ad i a ti on vari ed le ss tha n 5%. I nten siti e s 

we re ~e a s ur ed with t he UV s en sitive c e ll pt i or to an d 

d uri ng e s ch e x p eri men t . Und er t h e s e c oD di t i ons t h e 

i n c id ent i n t eDs ity on the s urf a c e of th e wa t e r v a ri e d 

f rom 25 .9 to 25 . 5 e r gs/ mm2/ s e c . 

Fo r exp o s ur e to UV r ad i a t i on, t h e slides were 

remove d fro ffi t he g rowth me dium, rinse d i n dis t il led wa t er 

an d p l a c e d i Dto t he per spex r ad i a tion vessel . Two s lides 

were i r rad i a t ed for e a ch exposure t i me , wh i ch r a nge d fro m 

l t o 60 min. Unirradi a t e~ c on trols kep t i n distill e d wa ter 

f or t he du r a t ion of t h e r ad i a t ion per i od s howed n o r ma l 

p r oliferativ e c a pa city . Fol lo~·J i n g expo sur e t h e s amp l es 
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\'Jere return ed to t h e culture v e ssels. Irra di a t e d a nd 

control samples were grown in s epa r a te ves s els to elimi na te 

error in surviva l determi na tions which could be introduced 

fro m resporulation fro m s ur viving fil aments. In pre-

limin EJ.ry experiments it 1\J a s found th a t resporula tion could 

account for popula tion increases of up to 5% which could 

influence surviva l values at high UV doses. 

G. Photor_g_~cti va tio:g_ 

Two "dayli c;htn fluorescent l amps(c) mounted side by 

side on a li ght t a ble were used as th e source of photo-

re acti~atin g light. Immedi a tely following exposure to a 

sin gle dose of UV, the irrad i a ted and co!1trol slides v-1ere 

placed on th e li ght t able in the cult ure vessels and 

illumi na ted at a n int ensity of about 1000 ft-c, for ~ 

to 3 hr. Following illumina tion, th e v e ssels were 

transferred to the temper a ture con trolled light b a th, a nd 

kept t here for th e rema inder of the 5 day growing period. 

Photore a ctiva tion under t h e li ghting conditions 

encountered dur inc routine growing procedures wa s also 

investigo. ted. Il'ra di a ted a nd control sarnple s ;;·;ere 

incuba ted in the dark at 22 + 0.5°C for } to 9 hr 

i mmedi a tely following irradiation and then transferred to 

the normal li ghting co nditions for t he duration of the 

gro1<1 ing period. 

After 5 days, s amples fro m both procedures 

were ana lys ed, an d the c ell surviva l, usin g th e criterion 

to be de scribed, 1>V a s mea sure d a s a function of t yp e and 
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durat ion of post-irradiation treatmen t. The survival 

v a lues uere comp a red to the value obt a in ed when cells were 

irrad i a ted 1\'i th the same 1.JV dos e but grOi'lln under normal 

light in g conditions for the 5 day g rowin g period$ 

H. Determination of the Criterion for Measuremen t of 

Proli:[.era ti VL9anaci t.z. 

The r ad iosensitivity of ~ c ard i ag_um cells was 

measured by the lo ss of prolifera tive c apa city. To determine 

the criterion for retention of prolifera tive capa city 

sample s were i rrad i ated at dif ferent c ell ages in the first 

genera tion cycl e , incubated for 5 days under the conditions 

previously described and then analysed micro scopica lly. 

The nUQber of c e l ls in e a ch fila~ent was counted, and 

histoGrams of th e percen t ae;e of fil amen ts v ersus the number 

of c ells per cha in plotted for dif f erent cell ages and uv 

doses. By assess ine the distribution of the cha ins in 

compari son to the histograms of the control samples, it 

was possible to determine the dividin g line between 

survivors and non-survivors. The v a lue of t hi s dividing 

line was us ed as th e crit er ion tha t a spore h ad reta ined 

its prolifera tive capa city. The perc entage of cells 

survivins UV irradiat ion vJas then determined for different 

UV doses and c e ll ages , and th e log percent survival 

plotted as a f unction of UV do se in ergs/ mm2 • 



CHAPT6R II 

REi3ULTS 

Mean Generation Time 

Differences in t he degree of cell synchronization 

could be a source of difficulty i n interpreting the 

experimental data. For this rea son it was desira bl e to 

adopt a procedure for estimating the degree of cell 

synchroni zation of each population. Using th e formula 

deyelope d by Zeuthen (87 ) for the percent phasing , 

n amely: 
Percent phasing = r - T 

r 
X 100 

where r = one-half of t he mean genera tion time G. G was 

measur ed fro m the mid-point of the coll e ction period to 

when 50~ of the viable popula tion, as determined fro m the 

plating effic i ency, had divided. T was considered as the 

time i nterva l fro m when 25% of th e cells had divided to 

when 75% had divided. Both r and G we re determin e d fro m the 

erowth curve in which the perc ent of cells divide d was 

p l otted a s a function of time after the mid-point of the 

collection period as shown i n Fig. 2. 

For a cell popula tion wh ich divides with p erfect 

synchrony, a p ercent phas i n c of 100% woul d be obt a ine d . Since 

theie is some s~read in cell ace durin g th e s p ore coll e ctio~ 

and also since th e r a te of movement of c ells thr o ug h the c e ll 

cycle towards mitosis is not ident ica l a ph a sing ind ex of 100% 

27 



PIG. 2 

Percent ag e o f c e l ls th a t h a ve div i ded once 

v ersus time me a su r ed in hours fro m mid­

point of one-hour c ollec tion period . 

Est i ma t6d v a lues of the pla tin g efficiency 

and perc ent phasinz a re 975& end 69% 

r esp ective l y . The p roba ble error of e a ch 

p oint h a s been i ndic a ted by a vertica l b a r . 

28 
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is not rea lized . In the present invest i gation th e percent 

phasinG h a d a mean value of 65%, however, v a lues as hi gh as 

87% were obtained. The per c ent phasinG for 15 of the 

e xp e riments is shown i n column 4 of Table I. 

Ahother source of difficulty could a rise from 

v ar i at ions in cell viability. In column 2, Table I, the 

plating efficiency which was estimated from the p l a tea u 

reg ion of the 22 hr growth curve ( Fi g . 2) is t abu l ated for 

th e same e xperiments. The percent ma x i mum c ells divided 

in the platea u region correla ted well with c e ll viability 

a ft er 5 da ys . The averag e plating effici ency was 91% and 

v a ri ed ~etw een limits of 82 and 99%. 

A third source of difficulty c ould arise fro m 

differences in the rate of Dovement of c ells throug h t he 

cell cycle from one experiment t o anothero The mean 

generation time as sho~n in column J, Ta ble I v a ried between 

15.5 and 18.5 hr. An attempt vws ma de to norrr.a li ze eo ch 

genera tion time to a stan da rd genera tion time of 16.8 hr. 

The v a lue of 16. 8 hr i s th e averas e g enera tion time of all 

th e exp erime nts . Each time in a given exp eriment was 

multiplied by a corre c tion f a ctor T' determined by the 

r eletion: 

T' == 12..JL. 
G 

w11ere G = the mean c;enerat ion time of a psrt icul c. r experimen t. 

Values of T' are tabula ted i n c olumn 6, Ta ble I. The use 
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TABLE I 

Syn chrony end Gro;·J th Pa r ame t er s fo r 9...!. _g_a r d i a c UD.l Cells 

Expt. Pla ti ne; Jl~ e an Percen t Time for 50% Correc-
Effici en cy Ge nerat ion Phas ing of t he Cells tion 

(D ,-, ) Time (G) ( P . I. ) to Divide (T) Fa c t or 
..L • ~ . 

% hr % hr ( T' ) 

(1) (2) (3) (4) (5 ). (6) 

1 99 16.0 73 2. 2 1.05 

2 90 16. 6 60 J.J 1.01 

3 95 16.9 87 1.0 0. 99 

4 94 15.4 69 2.4 1.09 

5 91 1). 8 73 2.4 1.06 

6 87 16.5 55 3.'? 1.02 

7 84 16.2 53 J. 8 1.04 

8 82 16.? 55 Lf . 0 1. 01 

9 97 16.3 '71 2.4 1. 03 

10 ~ 87 18.4 70 2.8 0. 91 

11 83 15. 8 59 3.2 1.06 

12 92 18.0 70 2.'? 0. 93 

13 98 17.7 65 3.1 0.95 

14 98 18.0 69 2. 8 0.93 

15 88 17.0 68 2.'? 0. 99 



o f a corr e cti o n f a c t or may not b e en tire ly co r r e ct s ince 

i t assume s t ha t a ny d ev i a tion in a pa r t icul a r e xperimen t 

f rom t he me an gen e r a tion time (16. 8 hr ) is s p r ead 

uniformly throughout th e c e ll c y cle . Tha t i s , i t i s 

assumed t ha t t h e st age s G1 , S and G2 a r e uniformly 

leng then ed or short ened d epending on t h e v a lue o f T ', or 

t ha t an y part i c u l a r time a t wh i ch t h e c e lls were 

i rrad i a ted i s either i ncrease d or d ecr ea sed de p en d in c on 

th e v a l ue of T '. The max i mum change in t i me amount e d to 

l es s tha n 10% of t he g e nera tion t i me. Th e ove r a l l shap e 

o f t he r ad io sens itivity c u r v e was not c hanged appr e ci a bly 

b y t h ese correct i ons o 
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The var i a ti on i n t h e me a n gen e r a. t i on t i 1ne (15. 5 to 

18 .5 h r ) i s simi l ar to t ha t observe d by Banerj ee and 

Hor s l ey (88 ) fo r 0 . c arg) a c um c el l s c ultur e d i n 1-:oli s c h t s 

inorgan ic med iUQ (16 to 2 0 h r ) under e nviron men t a l 

c ondition s simila r to t h ose u sed i n t he p r esen t i nves t i g a ­

tion . Th ey meas ur e d th e pe r i od of DNi-1. s ynthes i s by 

a ut or ad io [ r aphy duri ng the f irst c e l l c y cle of c e lls 

obt a i ned f rom s i mila r stock c u l t u r e s as u se d i n the pre s e n t 

i nve s ti cat ion , an d estima t ed t he len g t h s of t he 4 c e ll 

stage s to be a s follo ws : G1 , J ~ h r ; S, 6 1 1 hr; G2 , 6} + 

1 hr, a n d M, 2 hr. S i nce t h e me an g e n era tion t i me f or c e l ls 

gro \m in l':o li sch ' s i n o re:;nn i c me d i u m is si :n i l a. r to t ha t 

o b serv ed i n t he ) r esen t e xperl ments for ~ _Q.?.J:d :!.§..Q.Ul!l c e l ls 

g rovm in l'~a ch l i s' i norljan i c 1:1 edi um, th e po s it ions of t he 4 

c e ll s t o.ge s o.re a.ssume d to b e t h e s ame . 



B • Qe t ~:lhD o tJ.,.9n Q.f_j;_Q.~_Qr i t e ~ i o Q.__f.2.£.llea sure !]l_e n t 

.Q.[_f:.!:..Q.lif.~I.2.t1.::?:e Can?<ci iY, 

Fig. J shows the norca l growth curve of 

unirrad i a.ted cells i n which t he lo c; of the averase number 

of cells per cha in is plotted at i n cr eas in g time follo w-

i ng the mid-point of t h e s pore coll e c t ion ~eriod. Normal 

growth a f ter abou t 24 hr is exponenti a l up to 5 days and 

th e doublinc; time i s about 17 hr. In this particular 

experimen t, th e pe rcentage of c elts unabl e to divide on ce 

r ema in ed r e l a tively constant a ft er th e first day an d 

represent ed le ss than 5% of t he tot a l popula tion . Early 

in ,th e s tudies , nor mal growth of th e spores was examined 

in soil e xtra ct an d Nachlis' med ium both with and without 
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co2 • Us ing Ma chlis' me dium or soil extra ct no appreciable 

diff erenc e was detected in t he shap e of t he gr owth curve 

when t he med i a was bubbled with 1} or J% co2 in a ir or not 

bubbl ed . Since Ea chl is' med iur:: is 1·Jell dei'ined in 

compar ison to soil extra ct, it was decided to ca rry out the 

experimen ts in this me dium without co2 bubbling . 

Fig . 4 i s a histogram of control sampl es and sampl es 

irradi a ted at 8 hr with i ncreasin g UV dose . To f a cilitate 

coun ting , f il c.1 ment s of mor e t han 19 c ells hav e b een scored 

as 20+. In t he con trol s amp le of 1090 spores, only 2.2/b of 

the spor es were un 2ble to divide once and less t han J% of 

th e filarr: ents ha n les s th a n 19 cells. In t he lJV-radia ted 

s amples, t he number of 20+ fil a men t s de cr eased r ap i dly 

with i ncreasinG dose wh il e the nu mber of short fil amen ts 
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FIG . 3 

Avera.g e nuuber of cells per chai:1 versus 

time fro m mid-point of one-hour col lection 

period fo r untr eated sporeling s grown 

under nor~al co ndi tions, The proba ble error 

of e a ch plot h as been ind ica ted b y a verti c a l 

b a r. 
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Fi e; . 4 

Histograms of the number of c el ls per 

chain in control samples and sampl es 

irrad i a t ed with i ncreas i ng UV dose a t 

cell age B~O hr (S ). 

A. uv close contro l 
Numbe l~ of chains counted 1090 
Cells per chain 19.5 

B. uv dose 3064 
Number of cha in s co unted 2128 
Cel l s per ch o. in 5.5 

c. uv dose 6130 
Number of l . C,1all:1 S counted 2400 
Cel l s per 1 • c na 1n 1. 8 

D. uv do se 9194 
Number of chaj_ns count ed 1717 
Cell s per cha in 1.8 

* Filamen ts of more than 19 cel l s 
h ave been scored as 20+. 

·)i-

ercs/ mra2 

I 2 ergs 1mn 

ergs / mm2 
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(primarily l cell lons ) increased. At each dose spores 

una ble to divide once accounted for the l argest percen taGe 

of fil aments ~ith less tha n 19 cells. The re~ainder of the 

fila2 ents in the 2 to 19 cell group were main ly less than 

12 cells in lengtho 

Fig . 5 is a histogram of control samp les and samples 

2 irradiated vJi th J061~ ergs/mm but at different cell ages. 

The genera l behavior of irradiated cells is similar to th a t 

shown in the previous histocram in tha t the l ength of the 

fila ment is either short (under 12 for the most part ) or 

relatively long (beyond 19). The percentage of fil aments 

with 19 or more c ells is seen to decreas e with increasing 

cell age at J, 6, 10 and 13 hr respectively. As in the 

previous histoc r am , most of the short fil aments were on e 

cell in length. 

In previous experi ments with ionizing radiation 

c arried out in this labora tory (77), the criterion chos en 

for ret en tion of prol ifera tive c&pacity was based on s pores 

which gave rise to a fil ament with more than 12 cells 

after a 5 day post-irradiation growin G p eriod (7 2). Since 

t here are relatively f ew cha i ns with 8 to 20 cells, the 

same bound a ry criterion for survival, n amely 1 2 c e ll long 

fil aments, as u sed in the ionizing studies wa s adopted for 

the UV studies. 

c • .. Dosi metr:.Y. 

( a ) Distribution of UV r c:,diation 

Iso-intensity plots of l lV radiation dose in the t 2 r ge t 
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Fig. 5 

Histoc; ra.ms of the number of cells per 

chain in control s amo les and s amp les 

irre.d ia ted lvi th e. UV dose of J 064 ergs/ 

mm2 at different cell ages. 

A. 

B. 

c. 

D. 

E. 

Cell 8.[5 e (con tro l) 4.5 hr 
Nu mber of cha ins counted 10 8~-
Cells per cha in 19.6 * 
Cell age J.O hr 
Number of che ins count e d 954 
Cells per ch a in lJ.O 

Cell age 6.0 hr 
Numl,er of cha in s counted 2266 
Cells per 1 ~ . C ,1 o. l1l 7.0 

Cell age 10.0 hr 
Number of ch a i ns co unted 1760 
Cells per clw.in 2.7 

Cell a.r;e 13.0 hr 
Numbe r of cha in s counte d 2001 
Cells per cha in J.2 

Filaments of more tha n 19 cells h a ve 
been scored as 20+. 
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plane were made to assure a uniform dose was delivered 

to all saruple s. In Fig. 6, the 95 and 90;; isodose curves 

are shown. The center of the target plane has been 

represented by a cross (+), Since the surface area of the 

sensor cell was 4 x 2 ern, each point on the plot represents 

the average photon flux over an area of 8 sq em. The 

relative readings at each noint have been expressed as a 

percentage of the maximum. Eeasurements were taken over 

the entire 31 x 37.4 em radiation surface with the long 

axis of the sensor cell parallel and perpendicular to the 

lamps. Tieadinr;s made 1-·Ji th the long a.xis perpendicular are 

plotted using the left ordinates and those with the long 

axis parallel using the right ordinates. From Fig. 5, the 

area over which tl1e incident intensity varied less than 5% 
was approximately a circle of radius 8.8 em. 

(b) Intensity of UV Radiation 

The absolute iY"Jtel1Si ty of the UV radiation 1ws 

determined by 3 different methods at 71 em from the lamps. 

As outlined earlier, the sensor cell was calibrated by 

the manufacturer within + 5%. The reliability of this 

calibration was verified by usinr; ¢x-174 bacteriophage as 

a biolosical dosimeter. Furthermore, the UV intensity 

was calculated from data supplied by the manufacturer of 

the lamps. 

Survival of the plaque-forming ability of ¢x-174 

on E. coli C was determined after increasing UV exposures 
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FI G. 6 

Iso-in te:nsi ty clo ts of t :-;e rel ::;. tive UV rad -

i ation incide~ t at v a rious p oints o n the 

targe t J l a.n e . Th e 90 ( ro d ius 12 em) and 

951b ( r a dius ::: . 2 em). iso-intcns:i. ty c urves 

are c:;:; o-~m . l' l~ e c enter of t :·1e .!lane has 

been re pre sen ted by a cross . The l a mp s 

are positioned 47. 6 c G above t h e c ent er of 

t h e -) l ane ::uJd ~ ; a r a llel to i ts lonr; a:x i s . 
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measured in sec. Fig. 7 shoHs the dose response curve 

obtained when the los percent survival was plotted as a 

function of dose in sec. Each point represents the 

average survival for J separate experiments. The Do value 

determined from the graph is 7.5 sec. Assuming that the 

Do value for survival of ¢x-174 bacteriopho.ge is 85 ergs/mnl 

(91), the exposure rate for ¢x-174 bacteriophage irradiated 

2 in PBS vlas 11.3 ergs/Tcm /sec. 

The calculated intensity was determined from the 

intensities quoted at different distances for the lamp 

by the rranufacturer. These intensities represented average 

values $t 100 hr lamn life. 

The UV intensity at the exposure distance, 71.0 c~, 

as measured by each procedure is gi~en in Table II. The 

UV meter V8.1Ue of 9.6 erc;s/mm2/sec is in excellent a,sree-

ment with the calculated value of 9.4. The intensity value 

determined by the biolor;i co.l dosir.:et er, 11.7, is about 

25 ,·f h. 1 ;o • 1gr1er. The reliability of the 11.7, intensity value 

is of course deDendent on the accepted Do value for fx-174. 

Different Do values in the range 80 to 90 erc;s/u.,ro.2 have been 

obtained by other workers (60, 67, 92). 

It was c'lecided to use the UV meter as a reliable 

method for deterwJ.ning the UV intensity 11rior to at1d 

during each experiment since the intensity value deteruined 

by the meter was in cood agreement with both the calculated 

value and the value deterr::ined by the bacteriophage. 
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FIG . 7 

Dose r esponse c urve for ~x-174 bacterio­

nhage irradia te d i n PilS a t 71.0 e m distance 

from 2 - 15 watt ger micidal l amp s . The Do 

i s 7.5 sec. 
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TABLE II 

UV Int ens it y a t 7lo 0 em fro m 2 - 15 Hatt 

Germici do. l Lar::ps 

Proc edur e 

UV I ntens it y Ee t er 

¢x- 174 Ba cter io~hage 

Ca lcul ated Da t a 

(Gener a l El e ct r ic Co. ) 

I n c ident Int ens it y 

ergs/ mm2/ se c 

9. 6 + 0.5 

11.7 + 0. 4 
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For the experiments to be reported, the saraples 

v·lere positioned at 47.6 em fro m the l amps and the UV 

meter was used to determine the absolute inten sity of the 

UV r a diation. The samples were irradiated in an open 

perspex ves s el covered with l em of distilled water (91). 

No correction ~~as made for the small (les s thm1 1%) UV 

absorption in the distilled water. 

D. UV Rad iation Exueriments __________ _____.~-__ . _____ _ 
(a) Survival Curves 

Fig. 8, shows a detailed example of a dose-

survival curve of 2..!_ .B'.:.!:9.i~cum irra diated ~~ith :i.ncreasing 

UV do se at cell age 8 hr. The experimen t a l points in this 

graph were determined from 2 sepa r a te experimentso The 

zero dose surviva l has been normalized to 100%, and other 

values corr ected by t h e nor:'la lizing factor. The surviva l 

curve has a co mplex shape consisting of an initi a l sma ll 

shoulder followed by a r a pid fall off until a dose of 17 
2 

K ergs / m.m • Beyond this dose a second shoulder reg ion 

a pp e ars extending to JO K ere;s / rc.m2 • The curve then f alls 
. 2 

off rapidly to the maxi mum dose used, 66 K ergs/mm • The 

straight line portions of the log plot ind icate 2 regions 

of expon en ti a l declin e which sugges t the pres en ce of a 

population of cells composed of at least 2 groups with 

different radiation sensitivities. The lart;es t (90]6) and 

most s ensitive group is ina ctivated first and is represent-

ed by the s mall initial should er and rap id decline. The 
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FIC~ . 8 . 

Dos e re s Jonse curve of s yn chronously [ro~ in g 

i ncreas ing UV dose a t c ell ar e 8 hr ( S s tase ) . 

'I'!1e r e sults fro m t ;·Jo ex ::;eri rre nts ha ve b s en 

c ow':::>lned . 1he data f or t ~ e ini ~~i s l ·::J o rtion of 

t he dose reS ')Onse c ur ve v~a s fitted by r esress i on 

an a l ysis* . The st a nda rd error s o f t he Do and n 

V31ues of t h is ')Orti on are i nd ica ted . 'I'll e i nitia l 

no rti an of t he curve ~h ich re Dr esent s the re s ;onse 

of tl1 c been r e :.:; lo t t e d 

devi c ti on hc v c been in 6 icc ted on the plots as 

v ertic? l b rs . The se were t et cr~ i ne d fro m the r e l a ti on 

-~ ( lOl! ) ';lher e 'J i s t he y;r cent survi'hJ.li q, t!:'1e per-

c ent n on su rvi v8 l <xnd n , the n tPib e r of fila i: ~ e-~lts 

c oun t e d . 
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lower portion of the curve r epresents the r esponse of the 

smaller (10%) group v·Jh ich is more re s is tan t. 

( g ) The surviv a l c urve pa r ameters, Do and n , have 

51 

been determi ne d fo r both components of th e surviva l curve. 

The second shoul der of the comp l ex curve was extrapolated 

to t he zero ordi na t e axis , and t h is extrapolated shoulder 

reg ion was subtract ed fro m the measured va lu es of t he 

initi a l portion of the curv e . The intercept on t he 

ordinate ax is i nd ica tes the size of the l a t ter componen t 

in t he tot a l population. Both components ~ere normalized 

to 100% and t he v a lues of n and Do de t ermi ned . The 

norma lized surviva l curve for t he initia l portion is 

shown 2 de cades lower in Fig . 8. For the i nitia l co mponen t, 

Do e.nd n a re 1-t. 0 K ergs/mm2 and 1.6 r espectiv e l y . For the 

lat ter comp onent t hese values are 7.6 K ergs/ mm2 and 15 

re spectively. 

In most of the measured surviva l curves , t he l a tter 

component is not as clear ly defin ed as it i s in t he detai l ed 

surviva l curve just described. Sinc e errors in t he extra -

polat ion of this shoulder region result i n concomit an t 

errors in the determina tion of t he Do and n v a lues of t he 

initia l portion of the curve, t he Do and n va lues t ha t will 

be presented as a function of c ell age have been det ermin ed 

both ''1i th and vl i thout subtra cti ng the extrapola t ed shoulder 

reg ion. 

(g ) n, or t he extrapo l at ion number , i s t he number obtained 
T,.~hen th e exponent i a l portion of th e surviva l c1;rve is 
extrapola ted back to zero dose . 
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Fig . 9 show s dose r esponse curves measured for a 

cell population d ivid ed into 6 grou p s s vJi th each group 

irradiated at a different c el l age in the first generation 

c yc le. These curv e s h a v e been ana ly sed in the mann e r 

desc r ibed above . The Do and n v a l ues quoted in F i g . 9 are 

those for the i nitial portions of th e curves without 

subtra cti~g the values of the extrapola ted shoulder reg ion. 

At each cell age th e l a tt er component comprises about 10% 

of the total populat ion. In addit i on , the Do value of 

t h is co mp on en t i s si~ ilar to tha t of t he i nitial co mpon e nt 

at e a ch c ell :J.g e. 

, 

(b ) Va.riations in Sensitivity Dur i ne the Gen e r a tion 

Cycle 

In Fig . 10, tl-le Do va.l ue s for the initia l co mp onents 

of the dose-re sponse cur ves have b een plotted for i n creas in g 

cell age both with (dotted line ) and without ( solid line ) 

subtra cting the extrapola ted shoulder recion, The pos itions 

of the different c e ll st ages G1 , S, G2 and M of an 

unirrad i a ted control culture are indic8ted. 

For both curves, the Do v alue increases durin g G1 

re a ching a peak durin g mid S ( 5 ~ to 6 hr ) indicat in g the 

time of max i mum UV r es i stance . After this ti me a rapid 

d ecrease in th e value of Do occurs as the cell s p ro,s res s 

furth e r through t he c e ll c ycle until the max i mum sensit ivity 

has been rea c he d at G2 (1 2~ hr ) an d K (14 hr ). In both 



FIG . 9 

Dose re Sl) on se c urves of .Q.edo,;::g_n i um ca r d ia eum 

c ells i rradiated with i ncrea s i nG UV dose at 

sel e c ted ti mes i n the fir st Genera t ion c y cl e . 

Th e Do a i.1d n values s}10~m are for t he i ni tied 

c o:n:;_:J onent o f t !1e c urves ~d tl;o ut s ubtrs ctj_nc:; 

t l1e e x trs9oL; ted s houlder r eg i on . 

5J 
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FIG. 10 

The measured surviva l curve ~8 r3me t e:c s , Do 

and n , for t he ini tia.l c o mponents of t h e 

survival c urv es 1':i th (--- ) an d 1,-Ji t l1out 

(-- -- ) subtracting t he extra~o lated shoulder 

rec ion for ..Q . co:cdta c1_2.r1 cells irrad ia t ec!. 

at va rious c e ll aces . Tc1e ~.) ositi o n o f the 

c e lls i n t ~ e cell cycle is also i nd icated . 
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curves the Do value varies by a factor of approximately 

2.5 througho ut the cell cycle. Thus although there is 

some uncertainty in the actual value of Do for the initial 

component due to the presence of the small (10%) apparently 

resistant component at each cell age measured, both methods 

of calculation indicate the same variation in Do with cell 

age. 

The values of n have also been determined for the 

initial components of the dose response curves measured 

at various cell ages with and without subtra cting the 

extrapolated shoulder region. In both cases n rema ins 

essftntial ly constan t varying between 1.0 and 1. 6 throughout 

the c ell cycle. The n values for the initial components of 

the survival cu r ves without subtracting the shoulder reg ion 

have been plotted in the upper half of Fig. 10. 

(c) Seasonal VariBtions in Sensitivity Durine the 

Generat ion Cycle 

In Fig. 11 , the Do v a lues of the initial portion of 

the dose response curves without subtracting the extrapola­

ted shoulder reg ion, h a ve been plotted at increas ing cell 

age in the first generation cycle for cells irrad iated in 

the 'iJinter months ( November 1, 1967 to lJ.arch 1, 1968) of 

the experiment a l period (dott ed line). For comparison 

purposes, the Do v a lues of the initial components of the 

curves for cells irradiated durin g the remainder of the 



FIG. l l 

The Do values for t te initial co~p on ent s of 

the survivo_l c urv es -i·Iit>wut subtra ctinG the 

s h oulder rec;ions f or c c lls i rracli ';o ted o t 

various ce l l ~ges durin g the win t er months 

( -- -·· ) acJd t he r e r:o i:1 c\e r ( - -- ) of t h e 

e x o e r ilr: ei1ta l ~;e rio ~~ . 'i'!1e VC\lues of n for 

t ~1e SUl'V ival c ;; rves of c el ls ll'radL-; t ed in 

t l1 e fi ,su re . 1't1e ) OSition of c el ls in th e 

c ell c y cle is a l s o i nd ica ted. The so l id 

c urv e h a s been re pro2uced f ro rJ Fi r, . 10. 
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experimental period (upper curve Fig. 10) have been replotted 

(solid line) in Fig. 11. The positions of the different 

cell stages of an unirrad iated control culture are also 

indicated . Althoush the age dependent var i a tion in 

sensitivity is about the same for each experimental period, 

cells irradiated durin g the winter period are about twice 

as sensitive., , 

The values of n for survival curves measured during 

the winter months were essentially constan t and any changes 

detected varied within the same r ange (1.0 and 1.6) of n 

values obta in ed for th e rema in der of the ye ar. These values 

are shown in the upper half of Fig. ll., 

(d ) The Radiosensitivity of Progeny from UV-Irradi a.ted 

Single Cells 

The "tail 11 on the UV response curve referred to in 

section (a ) could be explained on th e basis that about 10% 

or less of the cells for m a component which represen ts a UV 

resi s t ant mutant. In order to inves t i gate this possibility 

singl e surviving cha ins in which the basal spores ha d been 

irradis.ted '·Ji th 60 K ergs / mm2 in mid S ( 6 hr) l'lere 

individually isolated and cultured in separa te jars. After 

a 5 mon th growing period the fil amen ts were induced to 

sporulate in t~e ma nner previously desc r ibed and the 

colle cted zoospores 11ere irra diated. 'I'he UV radiosensitivity 

of t1·1ese cells ~'las measured 3 times and 2 of the survival 



curves f or t he s e cel l s a r e shown in Fig . 1 2, fo r c e l l s 

irr a d i a t ed a t mi d S (6 hr ) . This su r v i va l curv e is 

aga i n compl ex simila r to curv es obt a in ed from 11 normal 11 

cu l tur es grown from non-i rra d i a ted cells . The i n iti a l 

mor e s ens itive co1r:.pon en t i n Fi g . 12 represents about 

90:0 of t he popula tion as Ha s a l s o the ca s e for cells 

fro m t !1e "norma l 11 cu1 tu:res de s cribed in Fig s . 8 an d 9. 

Al s o th e Do and n v a l ues , J.6 K ergs/ mm2 and l . J a re 

about t he sa.n:e as t he v a l ue s J . 9 K er gs/ mm2 and l.J 

r esp e c t l v e l y fo r c e l ls f r om th e "no:rr:1a l 11 cultures 

i r rad i a t ed i n t he wi n t er per iod (See Fi g . 11 ) . For t he 

l a tt er ~omponen t t he 2 Do va lues obt a ined a r e a ga i n 

compa r able , 5o2 K er13s/ mm2 and 4. 8 K eres/ mm2 • 

Since t he Do v a l ues of bo t h co .m~) onen t s of t =1e 

compl ex surv iva l curv e fo r c e l ls fr om t he cul tur es 

gr own fr o~ t h e pr ogeny of lW- i rra dia t ed cells a r e 

compa_r abl e to t hose f r om 11 norma l 11 cul tures sug(S e s t s t ha t 

t he infl ex ion a t l O;b in t he s urv i va l curve i s n ot caused 

by a UV r es i s t nnt mut an t . 

( e ) Pho torea c t i v ation 

A preli mi nary experimen t wa s c ar ri ed out to 

d e t er mi ne if phot or eac t i v a tion occurr ed with t h i s ce l l 

s ys t e rn f ol l ol'l i ~l S U\T i r r a cl i a t ion , and if s o \·.Jhe t her it 
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FIG. 12 

c ells age 6 . 0 hl' ( ,::; sta ~e ) c o l lected fro rn the 

pr oc;eny of e sing le c ell t- iilich hac s~.1rvi ved 

a U,l T (1_0~8 I" r o vel"~ S/!~~ 2 V , ~ • 0 0 ~I. - • 0 u cH • Th e Do and n v a lues 

c o :J Jon sn t o I' tl1 e c urves 

r ecion . 
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occurre d un de r t he li ghtin e; co nd ition s used throue hout 

t h is i nve s tigat ion. Cells which ha d b een irrad i a ted during 

S '\iJi th a dose of 97 80 ere s/mm2 r.·J ere divided in t o 2 .sroup s. 

Sample s i n t he fir s t group wer e expos ed to fluor e sc e~t 

"dayli gh t 11 at an intensity of 1000 ft-c for i ncrea sing 

period s of time up to 3 hr a nd t he n set to grow a t nor mal 

lie;hti ng cond itions of 300 ft-c. Unirrad i a t e d control 

s amp l e s were expos e d to 5 hr of t h is light intensity 

without any change in percen t age survival from t ha t of the 

nor rea l con trols. Thes e re s ults a lon g with th e percent 

surviva l at increa sing times of e xpo s ur e are t a bula ted in 

col umn s 2 an d 3 of Ta bl e I I I. Under nor~al con ditions a t 

9180 e r e; s/mr:12 the percent surviva l v.Ja s 36. 8%. One-h8lf 

hour of expo s ure to t he wh it e licht y i e ld e d a per c en t 

surviva l of 72.5;L Further exposure to Hhit e light did 

not change t he percent ae;e s ur v ival. 

Samp l e s fro l.:l t he s e cond group of UV-ir ra.di a t ed 

c e lls were p l a ce d in the da r k for incr eas inG periods of 

time a n d th en s e t to grow un de r norma l lighting co nditions. 

Data f r om thi s experimen t a r e shown i n colu1nns 4 and 5 

of Ta bl e III. Unirra dia ted samples pla ced in the dark 

for 15 hr yi e ld ed approx i ra t e l y t he sa me p erc ent s urviva l 

(98) a s did t h e controls (99 ). Th e percent s ur viva l of 

the UV-irradia ted s ampl es decr ea s ed fro m 36.8 to 15.9/b 

for 9 hr of i n c uba tion in t he dark. 

Th e r esults of t h is experimen t show t hat post-

irradiat ion expo sur e to 1000 ft-c i nt ens i ty wh it e ligh t 

r esul ts in a con sid er ab le r epa ir of UV-i nduce d da~age a s 
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'l1ABLE I II 

Surviva l of 0 . card i a cum cell s Irradia ted a t S St a Ge 

with a Dose of 91 80 eres / mm
2 

before Photore&ct ivuti on 

at 1000 f t- c or I ncuba ti on i n the Dnrk . 

( l ) ( 2 ) ( 3 ) (4) (5 ) 
UV Dose Time a t 1000 Survival Time in Surviva l 

(ergs/ mm2 ) ft- c % Dark % 
(hr ) (hr ) 

0 0 99 + O.J 0 99 + O. J -
0 5.0 99 7"1- O. J 15.0 98 + 0 . 7 -

9180 0 J6 . 8 + 1. 2 0 ........ / t ; 

± 1. 2 - )b . o 

91 20 0 . _5 72 . 5 ± 1.4 0 . _5 26 . 6 + l. Lf 

9180 1.0 7J._5 + 1 . 4 1.0 27 . 1 + 1 . 2 -
91 20 2 .0 70 . 3 + l . J 2.0 19 . J + 1.7 -
9 1 ~ 0 J.O 75.9 + l t' •:J - J.O 16 .1 + 1.1 -
sn ~: o Ll . 0 16 .1 ± 1 . 1 

91 20 _5 . o. 1?.0 + 1 . 0 

9180 )1 . 0 15 . 9 ± 1 . 2 



measured by t he prolifera tive capa city of the cells. 

So me of the data from Table III is p lo tted in Fi g . lJ 

where the perc entsge surviva l is sho~<m versus one-half 

hour exposures to white lisht of i ncreas i ng int ens ity. 

This curve sugsest s t ha t th ere may be some photo-

re a ctivs tion occuring a t our normal ligh ti ~J S conditions 

for both winter and sum~er grown c ells. 

In Fig . 14, t he Do v a l ue s for cells irra dia t ed 
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1'l i Ph UV r adia tion ( solid line and right ord in a te) are 

compared to th e v a lue s of Do deter~in ed by others (79) for 

cells expo se d to ion i z i ng r adiat ion (dotted line and left 

ordinate ) at i ncreas ing c ell age . The general sh ape s of 

both curv es a re similar . During G1 s ens itivity to both 

type s of r ad:iA.t ion decreases r ea ch ing a min i mum v a lue 

duri ng S a t about 5.5 hr for UV c.1nd bet•~een 5 and 7 hr 

for x-irradi a tion. Sensitivity th en i ncreases r eaching a 

max i r:1 1.m~ durL1G l a te G2 and H as indi cated by t he r:1 i n i ma 

in t he curves a t l J t o lL} hr. For ioni z ing r ad i at ion the 

Do v a lue changes by a f a ctor of 7 fro m abou t 1000 r ad s a t 

mid S to 150 r ads a t l a te G2 ; however, for UV r ad i a tion 

th e Do va lu e c:w.ng es only by a f a ctor of 2.5 f rom about 

9.8 K ergs/ mm2 a t mid S to J.5 K ergs/ mm2 a t l ate G2 an d 

H. 



?IG . l J 

The )erce11tag e survive.l of' sinz le cells i rrad i­

e.tcd -v,li th a 'lTV dose 0f 9H~ O ergs / rmn 2 versus 

one - hc:,lf ho ur ex ~: osure to different inte::~sities 

o f \'ll1i te l i ght . The li ght in tensi t y unde r 

wh ich c ultures we r e r outine l y grown i s in dicat ed . 
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Co~parison of t he Do values of the 

surviva l c urves of c e lls irra di a ted at 

various cell ases ::;i th UiJ rad i a ·~ io n 

' ( solid line and r i gh t ord i na te ) or ionizing 

r a ca a t i on ( do t t e d l i il e a n d l eft or d i na t e ) .( 7 9 ) • 

111e c)OSi tion of t he c e l l s in ti1e cell cy c le 

i s also i nd icated . 
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The n v a l ues for x-irradia t ed c e lls va1·ied fro m 

20 for G1 c e lls to 40 for l ate S c e lls and tl1en drops 

slow ly t o between l and 2 for G2 and M cells. In contrast 

t he n v alues for UV-irradiated c e lls rema in s r e l a tively 

con s t a nt v ary ing b e tween l and 2 for a ll cell ages. This 

si~nif icant difference in re sponse su gge ststh a t t he 

me chan i srnso f a ction of the t wo types of radiation differ. 



CHAPTER III 

DISCUSSION 

In this investi gation the UV radiosensitivity , 

as measured by loss of proliferative capac ity, of 

synchronously grow ing Oedo~onium ca rdiacum cells wa s 
---~~----· --~-----

determin ed and correlated wi th the four st age s, G
1

, s, 

G
2 

and M, of t he cell cycle. At all stages the surviva l 

curves exhibited a co mplex shape i nd ica tin g a popula tion 

of cells heterogeneo us in their radiose~sitivity. The 

presen ce of a pers i stent shoul d er at about the end of the 

fir s t decad e of survival su£cest s tha t the population 

consists of at lea st two co mponents. On e comp onent is 

r eoresented by the initi a l par t of th e survival curves 

and acco unts for about 90% of t he popula tion. The other 

component is represented by the l atte r part of the curves 

and amounts to about 10%. The pr esen ce of this s mall 

l atter co cponent produces an uncertainty in t l1e magn itude 

of t he surviva l pa r ameters, Do and n, for the ma in g roup 

of c e lls since it is difficult to obt a in accurate survival 

datg at hi gh dose levels for every curve measur e d. Even 

for those c urves 1<Jhere det a iled ana l ysis is poss ibl e there 

is still uncert a inty in the reanner of e x trapola tine the 
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shoulder re g ion. Tims, c alcu l ations vvere performed in 

t wo ways to determin e the Do and n v a lues for t he initi a l 

portions of the surviva l curves. In th e one way, v a lues 

were determined directly fro m the initial part of the 
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curve negl e cting tl1e l a tter port ion, and in the other way 

the contribution of t he latter portion was first subtracted. 

Although t he magnitude of the Do v alues changed 

dep endin g on the method of cal culat ion, the change in Do 

with c e ll age was rela t ively t he same . Durin g G1 the Do 

v a lue increased slowly, reachin g a max i mum v alue at mid S 

indica tin g that t hese cells were more re sistant at this 

particuia r st age . Thereafter, the Do v alue decre a sed 

reachin g a minimum v a lue at l ate G2 • From t he middle of 

S to tl1e end of G
2 

ther e occurred a. 2, 5 fold chence in 

r adiosensit ivity . In contras t, the v a lue of n rema ined 

rela tively con stant v ary in g between 1.0 and 1. 6 for both 

me thods of c a lculation . 

In Table IV th e UV r ad io sensitivity of 9-!.. _2.§.£.di~ 

is co ':pG.r ed to the r a diosensi ti vi ty of seven other c ell 

lin es . Data on t he UV radio sensitivity of yeast s bacteria 

and fun gus is also includ ed in the table. The st a ges of 

the cell c yc l e have be en deter ~ in ed for only five of the 

cell lines: D98/ AG cells , mouse L cells, Chinese h a.~nster 

cel ls , huma n epithe lial kidney cells a n d HeLa c ell s. 

Therefore it is only p o ss ibl e to compare ~ Q§.I.9_i a cuJ~ 
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TABLE IV 

The UV Rad iosens itivi ty of Cells a t Different 

Cell Line 

Saccb_g_I_Q.Q.Y.:.ces 
Q.~~siae 

Stages of the Genera tion Cycle 

Rad io sensitivity 

Resistant - durin g mitosis 
Sensitive interdivisiona l 

p eriod 

Schi~sa. cchsrOI];Y-C~§. · 
PO TI!Q~ 

Res i stan t - dur i ng gene 
replica tion 

Ustilafw hord e i ---

Hu ma n cell line 
.D9 8/ AG 

Ch inese ha mster 
c e lls 

l'~ouse L c e l ls 

Sensitive - durin g and 
i mmediately after 
nucl ear division 

Res i stant - during mid 
c e l l cyc l e and prior to 
nuclea r division 

Sensitiv~ - i mmed i a tely 
af t er nuclea r division 

Resist ant - prior to and 
foll m·J ing DNA s yn the sis 

Sensitive - durin g DNA 
synthesis 

G1 - mos t sensitive 
, mid S - most resistant 

G2 - decr eased 
re s ist an ce 

Gl Do 39 erg s/1~1m 
2 - = 

n = J 2 
e a r ly s Do = J4 ergs/mm 

l G.te s 72 
n = 12 2 Do = erg s / mm 

e1_l_:rly G2 n = J 

G1 - Do (f-J~-5 erg s / mm
2 

D3 7 - 1 25 er g s / mm2 
S Do = 70 ergs / mm2 

D37 = 250 ergs/ mm2 
2 late S Do = 80 erg s / mm 

early G2 n37= 290 el'gs/ mm2 
N - Do == T5 e:rc;s / rnm2 

D37 = 200 erc;s / mm2 

Investi c: ator 

El k i11 d and 
Sutton (74 ) 
1959 

SvJann 
1962 

(68 ) 

Helmstetter and 
Ur etz (73) 
l96J 

Hood (66 ) 
196 8 

Erikson and 
Szyba l ski (75) 
1963 

Sincla ir and 
Norton (46 ) 
1965 

Raut'h and 
Hhit rnore (67 ) 
1966 



Cell Lin e 

He La c e l l s 

Human e9 i theli a l 
ki dney cel ls 

B 1..? s t2.£l §..9.1. ~2.1.12. 
e l'lersonii 
----- ----~- ---

0 e d Q.C:.Q.llt.~lJ1.l 
ca rdi a cur.1 - - - ------·--

Radio sens itivity 

~~} mo s t r es i s t an t 

s mo s t s ensi tive 

Gl j 
Gz mo s t r esis t an t 

s mos t sensitive 

ea rly cel l stac e - Do = 
2 . l K ergs/:mJn2, n == 10 

DNA s ynthes1s - Do = 
4.6 K ere s / mm2 , n = 4-
(a s ;mmG d ) 

bGf ore me i osis - Do = 
J . 1 K er g s/ r:::m2, n = l 

G1 (a s sumed) Do = 
87 erc s/ mm2 

S and G2 (assume d ) Do = 
21J er gs/ mm2 

Gl- Do = 7-5 K ergs/ mm2 
s - Do = 9.5 I\: ergs / mm2 

Gz- Do = 4.0 K erg s/ mm2 
H - Do = L} . 2 K ergs/ mm2 
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I nves tigator · 

Djord j evic an d 
Tolma ch (47 ) 
1967 

Sca i f f e an d 
Brohe e (65 ) 
1968 

Davi es (26 ) 
1965 

Deering (61 ) 
1968 

Pa r }{:er 
1969 

(h ) D37 - t he UV do s e n e cessa ry to r ed uc e the percen t a0e 
s urviva l to J?% of th e i ni tia l val ue . 



v~ith respect to sto. 0e UV r adiosensitivity to th ese f ive 

cell lines . The first three of th e cell lines 1·1ere found 

to be most resistant to UV r ad i a tion during S, in agree­

ment vvi th tl1e response for 0.!. .Q.§.:rc1if:!:.Q..!liA · In contra s t 

human epithe l i a l cells and HeLa cells 1·:ere found to be 

most resist an t during G1 and G2 • For mouse L cells, 

Chinese hamster cells Dnd D98/ AG cells max im&.l sensi ti vi ty 

o ccurs in G1 • Jl18.ximal sensitivity for human epithelial 

kidney cells an d HeLa cells occur s in s . For .9..!. p m;:_Q_i a cU@ 

maximal sensitivity occurs in G2 • Thus there does not 

seem to be one cell stage for all cell lines ~hich is 

ei~her most sensitiv:i:~ or most resist an t to UV r ao i ati on . 

Hauth ( 67 ) has s uggested the. t the difference bet"l·leen D98/ AG 

c ells and mouse L cells may be due to differences in the 

radia tion procedures. Further more, Djordjevic and Tolma ch 

( 4? ) question I·Jhether the behavior of th e HeLn cells and 

mouse L cells is typical of cultured mam~alian cells in 

general . Since di f ferences in st ag e sensitivity are a lso 

seen in a s i milar analysis of data for radiosensitivity 

follo~ ing ionizing radi a t i on (102, 103 ) it is not unreason­

able to assume that di f ferences in stage radiosen sit ivity 

are probably due to charact eristics of th e different cell 

lines. 

The da ta by Davies (26 ) and Deering (61 ) on 

the UV rad ios en sitivity of Chl§.D.lY.: domOlJ.SJ.S ;_reiQ11~dl..i and 

Bla stQ..Q.hs d L~ll.§. .§.!.nQ.!'..9..9Jl i i. re spe c tively, does not ~) ermi t 

a stag e comparison of r ad ios ens i tivity. Experi mental 

difficulti es with t llese t~o plant systems have preclud ed the 



deterc inat ion of th e S period by labelling techniques. 

However , both authors believe t hat the time of maxi ma l 

r es i stance in their cell systems occurs during the p eriod 

of m~A synthesis. Deering has sut;gested that in B. 

emersonii t he per iod of maxima l lJV radiosensitivity 

followin g nuclear division corresponds to either G1 or 

early s. In the diploid meiotic spores of ~ reinhardi_~·' 

maximal radiosensitivity occurs i mm ediately after the 

on set of growth following spore production and ma turation. 

The co r.:p lexity of the division cycle of .Q-!. ;r.~_inb_8.rdii 

precludes rut her coEJper i son vJ i th _0_. _c_af_d.::;.i~a=c=u.::.;;m. For all 
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three plants, Do changes by a factor of about t wo throughout 

the cell cycle; however, t he magn itude of the Do v a lues 

differ. In 0!.. _c?_§._~dts, ~]Ifl the Do va lue vruie s bet1'>leen J and 

7 K err;s/n;m2 throughou t the cell cycle v~hich is co n-;:~)ara.ble 

to C. reinh SJ. rdii i r~ '.-Jh ich Do va.ries bet·vleen 2 and 4.5 K err;s/ 

mm2 • In contras t, ]?_!. .§J!l5':J:Q..Q..D.ti germling s are appreciably 

more sen sit i vie since Do varies beti·Jeen 87 and 21J err;s / mm 2 • 

Differences in UV cytopla smic absorption could readily 

o.ccount for t he apparent absolute differences in UV 

sensitivity. 

The exa ct reasons for the stage dependent v ariations 

in r ad iosens itivity are obscure. However, three possible 

exp lanations, which a re not mutually exclusive, can be 

considered o.s reasonable hypotheses for these v ariations. 

These i nclude : (l) cyclic differences in attenuation 

of the UV intensity in passing throue;h :part of the cell 



before re a ching t he target , ( 2 ) differences in the repa ir 

activiti e s at all cell a ges and (J) differences i n the 

number or typ e of UV-induced photoproducts at differ ent 

times in the genera tion cycle. 

9...!_ _g_ard:);_§_cum cells are sufficie11tly lare; e (J5 1\ x 

105 ~) t h a t UV r ad iation is attenua ted by the interven in g 

cytoplas -:n before it rea cr1es the nlJ.cleus. A crude atter~1pt 

has been made to mea sure t he approxi Jia te U\T attenua.tio11 in 

the cytoplasm between the api cal cell wall and the nuclear 

me mbrane . About 60,000 cells were ly sed by ultra sonica tion 

and centrifug ed to pr ecipita te the light sca ttering fra g­

ments . The UV absorban ce at 254 mu of th e superna t ant 

cont a ining both cytoplasmic and nuclea r ma terial wa s 

mea sured . From these measurements it '>l a s calcula ted tha t 

only about 35% of the UV radi a tion would penetra te the cytoplasm 

and reach the nucleus. 

To examin e wh eth er or not va ria tions in the position 

of the nucleus would explain the shap e of the age response 

curve (Fi g . 10), the dj_stnnce .bet-1-Jeen the outer nucl ear 

mei;-,bra ne and a. p ical c ell vwll 1v a s measured a t different ages. 

These me a sure ments are tabulated in Table · A, Ap i_)endi x D. 

Throughout th e cell cycle the :r:eandistan c e varies in the 

r an ge J0.5 to 37.2 ~. However , the mean distance at any 

cell a ge has an appreciable standa rd deviation of 4 to 8 ~· 

This preclu ded t he pos s i bi li ty of dra~ing any a ccurate 

correlation betw e en the me a sured i nterven ing cyto plasmic 

dist a n c e as a fu nction of c el l age . In addition, if one 

considers th e i ncr ea s e in size of the nucleus as the cells 



prog ress through the c e ll c yc l e ( colu~n J, Table A), th e 

mean distance between the apica l cell wall and the c enter 

of the nucleus is relatively the sa me in G
1

, S and early 

G2 (column 5, Table A). Not until immediate ly before 

mitosis (lJ to 15 hr ) when t he nucleus migrates ap ica lly 

does the distance decrease . It is unlikely tha t a s mall 

chan g e i n dist an ce of the order of 4 ~ could explain the 

2.5 fold difference i n UV r adiosensit ivity between c
2 

and 

S cells. Furthermore since these distances are r e l atively 

con stant for G1 , S and G2 c ells it would not explain the 

v ariat ion s in radiosensitivity between these stages . 
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Ther efore c ytoplass ic absorption c a n not explain the general 

shape of th e lJV radiation re sponse . This co n clusion is in 

aereement with similar results obt a ined by Deerin g (61 ). 

He i nvest i gaced t he UV radios en sit i vi ty of 13....!. elilef.§..Q.D..i i 

germlings 1·1hich are also sufficiently l arge tha t UV 

r adiat ion is attenua ted as it passes throug h the c ell. 

He found t ha t a lt :1ough only 25 to 50/b of the UV radiation 

penetrated to the nucleus , grad ual v ar i a tions in 

penetration could not explain the cyclic sensitivity changes 

actua lly observed. 

The second exp l anat ion sugc;es ted for the v a ri a tions 

i n radiosensitivity throughout the cell c y cle involves 

differenc es in t he r epa ir activity in t he different stages 

of t he cell c ycle . Dav i es ( 26 ) and Kin:b a. ll ( 49 ) have sl101·Jn 

t ha.t in .G._ r einha rdii an d 1:.!. g_a uQ.? t.um respectively, the 

repa ir a ctiviti es a r e not the same at all c el l age s. S ince 



photorea ctiva ti on a t hi gh int ens ity (10 00 ft-c) wh ite 

li gh t has been observ ed in our system it is r easonable to 

hypothes i ze tha t differences in the r epa ir activities of 

t h i s me chan i s m a t n orma l ligh ting con ditions and a l s o 

differences i n da rk r epair me chan isms (45 ) with c ell age , 

could b e man ifested as chances in radiat io n sensitivity . 

Davi es (26 ) and Deering (61 ) hav e sugges ted tha t 

differences in the r epa ir a ctivities t hroughout the cell 

cy cl e could r esul t fro m either : (a ) differences i n the 

co ~ c en trat ion of the r epa i r enzyces or t he accessibility 

of t hese enzymes to the lesion s at ea ch cell age ; or 

(b) to, a more e ffici en t r epa ir a t some c e ll ages beca use 

of the i ncreased time av a ilable f or re pa ir before the 

darnage i s fix ed . As sho1m i n Fi r, . io, 0 . carQJ_a .Q.1J..I!l cells 

are r:1ost r esl.stan t to UV r s.c5"l.at ion during l a. te G1 and 

e a rly s. Irradiat ion a t e ither of these stages wou ld 

allow a re l at iv ely long time to elapse befor e mito s i s if, 

as i nd icated by others (26 ), mitosis i s the t erml.na l 

even t beyond wh ich no f urther repair can occur . 

Concord t antly , cells ln G2 ':lOuld b e expe cted to have the 

grea te s t sensit i v ity as th e time available fo r r epa ir at 

t his stage is ;;mch shor t e r . It cou ld a l so be l1ypotl1 es i zed 

t hA t cells i rradl.ated in G2 and mito sis wou l d be more 

s ensit ive because l esions m i ~ht b e i naccess i ble to r epair 

enzy :De s due to t he ti gh t coi l i ng of th e Dl~A . Another 

possible reas on for t he sensitivity of stages near division, 

which has been suggested by Davies (26 ), is t ha t the r a te 
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of fixa tion of l es ion s is ac ce l er ated a t these st ages . 

He observed that in ~ .f_~iQ.har_g_ii t l-:.e photore a cti v abl e 

sector decr eased more r ap i dl y , th a t is, fixa tion occurred 

at a more r ap id r ate af t e r irradiat ion b efore me iosi s t han 

at the early c ell st ages . 
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At all c ell a ges, Q.!. £§)-~di a pum cells un able to 

divide once a ft er U:J-irradi a tio n represen t the l a r c;es t 

percentage of non-surviving cells. However , at G1 this 

v a lue was only 55% as coopar ed to 87% a t l a te G2 (Fig . 5) . 

This differen c e could be expla ine d by either: (a ) a 

differen c e i n the :nur{ber and / or type of UV-induced 

photoproducts at these cell st ases , or (b ) a more efficient 

r epa i r capacity of cells in G1 t han a t c2 • At t he pre s ent 

time there is no evidence avai l able i n the literature to 

s ugt:;es t t ha t th e UV-induced photoproducts differ throuchout 

t he ce ll cycle as will be disc ussed l a t er . Therefore much 

of t he v ari a tion in st age sensitivity i s _~_J robably due to 

di ffe r ent repa ir activities. Furt l1e r studies on pho to­

r ea ctivat ion and a lso on dark r epa ir are p l anned to t es t 

thi s conclus ion . 

The t h ird poss ible explanation for t he v ar i at ions in 

st age r ad io sen s it i vi ty, n a mely, d i ffere:lce s i n t h e nunber 

or type of tJV-indu c ed photopr·odu cts 1·1i th cell age c o.n not 

b e eli mi nated as a hypothesis a t pr esent . Donnell a:J et a l 

( s ee r ev i ew : 9J ) have sho~n tha t the photop:roducts can vary 

1d th t he physioloc;icnl state of t he orga.n ism and Se tlo~·J e t a.l 



(17) have sho-::·m that t her e i s an increase in the Dl~A­

prot e i n cross-li nldng i n UV re s i stan t c el ls. Rauth ( 67) 

has s ugge sted t ha t the number of photoproducts pro duc ed 

m8.y be a fu nction of t he p8.rticule.r sta te of t he DNi,_ or 

other sensitive t ar ge t s a t t he time of irradiat ion . The 

possibility of the diff erent ial production of photo­

products as a fu nc tion of c ell a ge is present ly being 

invest i ga t ed in other l abora t or i es (26, 45, 67, 70 ). 

In t h is i nvest i sa tion, evid en ce ha s been presen ted 

07 i g . 1 1 ) to sho11 that ~ card i a cum cells are more sensitive 

to UV r adiat ion durin g t h e wint er months (November to Mar ch ) 

t han dur i nc the rema inder of t he year. Howev er , a t both 

peri ods , t he var i at ion i n r ad io sens i t ivity with ce ll ag e 

i s un change d. Th e s easonal differen c e can perhaps be 

expl a in ed by cha:lge s i n cytopl a smic lJV abs orpt ion assuming 

t hat t h e sensitive t a r get i s t he nucleus . Stock cultures 

were grown for t he most part on culture r a cks p l a c ed in a 

north windo w where t here would b e seasona l fluctuat ions in 

t he i n t ens ity, durat ions and s pectra l d i stri bution of t he 

li ght. Since a ll t hr ee f a c tor s 2r e r ate limi t i ng for 

photo synthesis (94 ), cel lular constituents associ a t ed with 

the photosyntheti c s.ypal·atus 1t:O Uld be prese11 t in reduc ed 

amounts in Nint er grm·;YJ c e ll s. St e:rn g_l s l ( see r ev ievJ: 95 ) 

hav e shown t hat th e amounts of ch l orophyll ) e:r c ell can 

be chsm[:;ed by liGht ing condi tions i n ~Uf.ile Y}_§. and Hill et al 

( 95) hRVe shovm t ha t i n sev era l type s of E ._ r; r a ci l ar i s 

light crown aYJd da rk grown cells, a linear correla tion 



exists between t he a mount of chlorophyll synth e siz e d and 

t he v a riation in Do for colony for min g ability. Since 

chlorophyll per se is a rela tively poor W absorber 

(see review: 96 ) other subst a nces rela ted to t he photo- . 

synthet ic apparatus ~~ere believed by Hill et al to serve 
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as a UV filter , thereby accounting for t he ir 6 fold 

variat ion in Do v a lues between li eh t and dark grown cells. 

As an examp l e of three of V1ese substances , Brav.Jerman ~ al 

(see r eview : 95 ) have shown t ha t t he RNA and protein content 

increases by about 40% in dark grown c ells i ndu c ed to form 

c h loroplasts anC: Stern et a l ( see revi ev1 : 95) h ave shovm 

t hat er~osterol, ~~ hich has a l ar13e uv absorpt ion cross­

section, is p resent in l a r ger amounts in li ght grown t han 

dark c;rmm c e lls. In ~ card;i a Q.~Ill it i s a l so possible 

t ha t dec r e a ses in the relative a mounts of unlmovm substances 

in winter gr own cells and hen ce decre a sed shi e lding of the 

nucl eus c ou ld exp l a in th e 2 fold differen ce in r adi o­

sensitivity. 

The s easona l di ffe rence in r a diosen sitivity could 

also be interpretated by assumine a differen ce in the 

effici en c y of the repa i r me chan isms for winter and summer 

ermm c el ls. Ho evidence has been found in the li t e r atux·e 

for an y otll e r vwrl<.: t ll2, t mi ght sub s t an tiate this hypothesis. 

In addition, a pre limi n a ry i nvest i ga tion on photore a ctiva tion 

sugge sts t ha t l JV--irrad i D. ted cells fro m either period are 

equally photoreactivable . 
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As described ear li e r, a pers istent se c o nd s :·1 oulder 

a t ab _)' ~ t lO% "~ 'l a s f ou n d on the surviva l curve s a t a ll c e ll 

aees . The se c ond c om)onent of the curve ~as i n iti a lly be­

lieved to re ::r esent a UV-re sis t ant r.lU t ::mt . Hm-::e ve r , s:lnce 

as s own in F i g . 1 2 , th e r adiosensitivi ty of t he ) ro geny 

fr an; s insle c ells r:J :; ich had survive d a. hi gl1 dose of UV 

r ad i a ti on was c ogpa r a ble t o t h e r a diosensitivity o f t he 

c e lls f r om 11 no r ma l" c u l t1~ r es , t h e a::::;parent resist ::mce o f 

c ells i n tc1e second c o:r:'; onent of the surviv . l c urve 1·ws 

not i nh e ri table . 

Severa l ex) eri rnen t ers , f or example El~ in d a n d 

Sut,ton ( ?Lr) VJith § . c 8revisi~~ ' De8r i ne ( 61 ) Nith £ . 

eme;rson i_i and Hor sley ~t _§;}. I·Ji th .Q._ c ar_c)),_~~ ( ?e ) ha ve 

also obt 8. i ned C O:"!) lex survi v ·: l c urves exh i bi t i n:::; e. se c ond 

s houlder f o llowin g i oni zin g r ad i a t i on. Bo th Elkind and 

Sutton a nd Deerin g hs.ve obt .. in8d si Jcil a rly sha ~; ed c ort~; J.ex 

c urves u sin .c; UV rad i a tion. The ex ;:J l a n a tion offere d by 

t h es e i nvestiB&tor s t o e x plain t he sha]e of t he curve s is 

ba s e~ on the ~r esen ce of a s ma ll mo iety of cells whose 

e x i stence is a ttributed t o eithe r t l1e deca y in synchrony 

of t h e cell p o ~; ula ti on or, in t he case of E l ~dnd a nd Su tton 

to a mi xed Dop ula tion of divisional and i nterdivisi6na l c e ll s o 

The se smal l moi e ties h a ve surviva l :;ara n~c t e rs, Do and n, 

si gn ificant l y di ffer en t fr(Ya t l1o se o f t \1e 1':1:1 i 11 f: r ou p of 

c ells a nd t he f ino l survivDl c urve o f t he ·t; o ~) uls t i on is 

ex ~) l 3 in8 d by the 8dd i ti !Jll of t he survi Vc1 l c urv e s of tl1e 

t1w mo i et ies mi xed in 1~ r o p or t ion t o t i1e r e l s t i ve size o f 
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the ti,!O moieties. For example, with ~ cardiecum the 

complex survival curve following ionizing radiation is 

obtained only for cells irradiated in c2 • At tl1e middle 

of G2 , the population consists of approximat~ly 70% G2 · 

cells and JO% S cells (82). Cells from these t"t·Jo stases 

differ in radiosensitivity by about a factor of 7 for 

their Do values and by a factor of about 40 for their n 

values. Such large changes in the parameters achount 

for the presence of the second shoulder and subsequent 

decline in survival. Furthermore, as one would expect, 

for survival curves measured during G2 the extrapolation 

of the second shoulder to the zero-ordinate axis varies 

dependinG on the proportion of S cells present in the 

predominantly G2 population. 

In contrast to these findings for ionizing 

radiation, with UV radiation in o. cardiacum the second 

shoulder is seen at all cell ages and furthersore the 

extrapolation of the second shoulder to the zero-ordinate 

axis is relatively constant (8 to 12%). In addition the 

n values of the initial portions of the survival curves at 

all cell ages are practically constant and the Do values 

change only by a factor of about 2.5. These points of 

difference make it difficult to explain the second shoulder 

in a similar way as was done with ionizing radiation. 

Evidence has already been lJrese:1ted that 

appreciable cytoplasmic absorption does occur in o. 

£§J.r.sliElcum cells. As sho:m in Table A, A~Jpendix D, there 



86 

is an a ;prec i a b l e v ar i a tion in t h e p o s ition of t he pucl e us 

within the c e ll a t e a ch c e ll a g e . In '1'1' ,..,. 15 
l 6 . ' Appe nd ix E 

a histog r am of t he measurements a t J cell ages, J (G1 ), 

6 (S) a.nd lJ (G
2

) hr r espectively a re pr esented. At each 

cell a ~ e t he hi s tog r am shows a n atyp ica l distribution of 

th e nea ~uremen t of t he a mo unt of interven i ng c y topla s mic 

ma teri a l in front of t he nucleus. Nuclei in those c ells 

which a re more remote fro m t h e ap ica l cell wa ll (in the 

r a n g e 48 to 6J ~) would rec e ive much less r ad i a tion tha n 

tho se nucl e i which a r e close r to t h e ap ica l wa ll. It is 

conc e ivabl e t h a t t h e se more remot e ly p l a ce d nucl e i would 

rec e ive, lj_t tl e i f a n y UV r ad i a tion a t lo tJ or mode r a t e dose 

leve ls. Hen ce, t hese c e lls 11ould a ~:p e ar r s.d ior e s i s t an t in 

th e p o p ula tion . Only i'l!'Jen a hi t:;h do se of TJV r a d i a tion 

wa s employed would suffici e nt e n e r s y penetra t e the 

int e rven ing c y to p l a s m to in a ctiva te t he nucl e u s . Due to 

the limit ed kno·;Jl edge a bout UV a tt enu a tion in t he s e c e lls 

it is difficult to es t i ma te fro m the histo g r am exa ctly 

wh a t fr a ction of t he c e lls would c onstitute this appa r en t 

r ad iore s ist an t g roup. It is conc e iva ble t h ough, fro m an 

examination of t he ri ,sht h a nd side of the distribution, 

tha t it c oul d b~ in t he ord e r of 10%. 

Th e eff e ct of this s ma ll group of cells with their 

nucl e i si t1J8 t ed more di s t a l fro m the UV so urc e could 

ex p l a in t l1e initi a ti on of t he se c ond sho u l der~ For example, 

with r e f erenc e to Fi g . 8 t he ap pea r a n c e of the s e cond 

s h oulder o c cur s a t a bout 17 K ergs / mm2 • At dos e s hi gh e r 
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tha n this (17 to JO K ergs/mm
2

) tr1e 8% moiety not yet 

in a c t ivated in the population would receive a dose to 

th e ir nuclei le ss tha n you would expect by an amount 

proportional to the a verag e percentac e absorption of the 

extra interven in g cytoplasmic material . If this were 

the only phenomenon present , the survival curve would 

not be expected to turn down as was observed experimentally. 

In order to explain th i s second turninG down of the 

survival curve an add ition a l mode of injury must be 

po stul a t ed which is only evident a t relatively hi gh doses 

2 
( beyond JO K ergs/ mm ). This addit ion a l mode of injury 

could v e r y well be cytop lasmic in na ture. 

Support for UV cytoplasmic damag e is seen in the 

work of Von Borste l an d Wolff (J5 ) who h ave shown dose-

hatchability curves for UV-lrrac1iated £..!. _j_)2 5::: l a:QQ.is e gg s. 

In their exp e ri ments t hey were able to shield the nucleus 

from UV radiat ion and hence obt ain separate re sponse curves 

for both nucl ear a nd cytoplasmic damage . The s e response 

c urves are shovm in Appen dix F. For nucle a.r UV d arnag e the 

in it }al part of th e c urve s )1ol'ied little or no shoulder 

regi on; however, for only cyto p l a s mic damage th e response 

curve showed a relatively l arge shou l der before an 

exponential decline in response. In t he nuclear response 

curve they ob served the initia tion of a second shoulder at 

approx ima tely the JJ% survival leve l which th ey attributed 

to c y toplasmic absorpt ion. Unfortunately they did not 

c a rry this response curve to dose levels beyond th e end of 
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the shoulder reg ion in the cytoplasmic daoage response 

curve . Therefore they did not ob serve a second 

exponential decline . It would s eem r easonable in review-

ing their work to expe ct tha t they wou l d have observed 

t his phenomenon if they had gone to higher dose l eve l s 

1·1hen irradiat i n g the 11ucleus. 

S11)ann (68 ) has susges t ed th a t the break o-c1 the 

survival curves of S!.. I2£_~Q.§. could be du e to t he existence 

of a fa i r l y clea rly defined thresho l d for damage of a 

physiolos ica l sort. He obs erved at hi gh doses that h i s 

c ells died soon er and often without co mpletins a singl e 

post-ir~a d i a t i on division . He suggest ed t hat a t th e se 

doses non- gene t i c da mage was superimposed on gene tic 

damae;e . In contrast, i n 2...!. .9..§.1;:_qi a2_l~ it i s sue;gest t ha t 

cytopla s mic damage i s superi r.r·1posed on gene ti c damage on l y 

a t very h i gh do se levels and t ha t t h is accounts for t he 

second dec l in e in surviva l . 

Cyto pl asmic da~ac e , involving th e photosynthet i c 

ma ch i nery has b een r epor ted by several i nvestigators 

( see revi ew: 96 ) . Van Baalen (97 ) has observed tha t i n 

part of t he UV-induce d damage up to a dose of 7J50 ergs/ 

rnm2 occurred in so~e par t of the photosynthetic ma chin ery. 

The same dosages that cau sed decrea sed surviv a l also 

killed phot o synt hes is , an d the same photoreactivation 

condition s required to bring the survival level b a ck to 

10 0,% also r esult ed i n tl1e COElplete recov ery of photo-

synthesis . From thes e r esults h e concl uded t h.s1 t the 



chromophores for UV da.rDage and the ac t i on of photo­

rea c tivat ion ~ere in t he photosynthetic ma chinery and 
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did not involve DNA . I n simila r experiments 1;1i t h Chlprella 

.J2Yr enoi do ss he found t hat a t approx ima t ely tvJice th e UV 

do se for A. ouadru plica tum, photosynthes i s de cc:tyed ;,·.Ji t h 

si E1ilD.r 1\:in etics . In contras t to A. ~druplica!0J.m , the 

decay was not photoreactivable. Bell and Mer inova ( see 

revi evJ : 96 ) measured photosynU1e tic inhibition in ~ 

llY:"'C_~n oid_Q..~ and con cluded tha t the i nhi bi tory e ffect 

i•Jas produ ced by the intera ction of UV radiatio11 and 

nucl e ic a ci ds conta i ne d with i n t he chloroplast . Hallda l 

( 9? ) has shmm t ha t in t he c r een a l ga Ulva l @.ctU Q.2 , 

photosynthetic inhibition is a t a maximum at 220 mu . At 

260 mu, the r e l a tive efficiency of i nh i b ition was l ess 

t han 25%. He believed t hs t photosynthetic inh i bit i on was 

du e to protein and enzy~e i na c tiva tion s inc e at ~ave­

lengths '.·.Jhere DNi'.. abo s rbed i nsit:;ni fican tly ( 22J t o 2J8 mu ) 

inhibit ion was reversible. It i s possible tha t cytop l asmic 

d a ~oce to the chloropl as t and subsequen t photosynthetic 

inh i bit ion may a lso be corre l a t ed with lo ss of re pro ductive 

ability in UV-irrad i a ted ~ cardia cu r:1 . Hm··Jever, sin ce 

con s i derabl e evi den c e has b een presented that t he mc:t jor 

effects of UV r ad i a tion a re pri marily a t th e nucl ear level 

( see Introduc tion ) and since T1arcenlw (Jl-t ) has shmm t hat 

i n t he green e. l ;::;ae Netr ium d i &itu§. r ev ersc:tl of UV- i nduced 

da mag e of r eproduct ive ability is ma i nly associa t ed with 

t he nucleus, it is believed t ha t in ~ Q§_r_dia c UJ:!l lo ss of 



reproduct ive ability follo~ing 254 mu irradiat ion is 

primarily (90%) associ a ted with nuclear damage. 
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Another possible explana tion for t he s econ d 

shoulder ca n be made wh ich postulates t he presen c e of a 

s mall but con s t an t moiety of cells at all ages wh ich a re 

physiolog ically different fro m the ma in gro up . Cells in 

this group are presumed to have a hi8hly efficient repa ir 

mec hanism wh ich does not become saturated until r e l at ively 

high dose leve ls. When it does b e come s aturated it could 

expla in t he p res en ce of the second sho ul de r and s ubsequ ent 

d e cline in survival. Zamenhof and Reddy (93 ) h a ve 

suggested t h is hypothesis to account for the plateau or 

pla t eau follo we d by an increase in mutation frequency at 

lo1·1 survival leve ls of UV-irracli a ted ;§...!. _s u"t:tLl j,.§. s p ores. 

They b eli eved t hB. t t h e efficiency of t he mechan i sm t~wt 

r epa ired UV-induced mutagenic l esions 1·JDs different at 

different levels of survival. 

The age-depend en t re spon s e for UV r adi os ensi tivity 

of Oe<;lQ.G.QJli.~ ce lls is similar in shape to the response 

obser v ed by Horsley a nd Puj ara (?9) fo r O • .Q_a r(j_i ~cum 

ce l ls exposed to ionizing r a di a tion (Fi g . 14 ) . Ce lls 

were most resistant to both t ypes of radia tion dur ing 

mid S and most sensitive during t he l atter part of G
2

• 

Th e re spon se to the t wo type s of r a di a tion differs in 

tha t n r ema ins essentially c onstant for c ells e xp osed 

to UV r adia tion but change s by a f a ctor of ~0 for 



ionizing r ad i at ion. Th e kinetics of cellular division 

following the two typ es of r ad i a tion was observed to be 

qu a ntitatively different . Up to 87/b of t h e non-surviving 

progeny fro B UV-i r r ad i a t e d cells •.ve re un a ble to complete 

a sing le post-irra di a tion division . In contrast, with 

ionizing r a di a tion about 90% of the non-survivors at 

all dose levels up to 16 K r a ds divided at lea st once 

(81 ). Djord j evic a nd Tolma ch (47 ) h a ve a lso ob served 

th a t x-irradiated HeLa cells a re able to enter , a n d 

usua lly to co nplete , mitosis follo win g irra di a tion at 

dose leve ls leavin g only a few p erc en t of the cells 

viable., In contr a st~ a UV dose th 8 t left more than 1% 

of the c e lls vi a bl e gav e evid ence of destroyin g the 

majority of cells within JO hours. Why destruction i s 

slowe r with x-ray s is not kno~n. 

A further differen c e ob serve d qua lit a tively 

bet1,1een t h e t lw r a diations i n 2..!_ .~§.J2.~1i §.S~.l.:~ VJ a s s een vJi th 

resp ect to t he d i f fere n t e xpre ss ions of r ad i a tion damag e 

a mong t he non- s urviving p rogen y . For examp l e , t h ere 

were rela tively v e ry few gi a nt cells se e n in the non­

surviving p rog eny at all c ell stages . In contra st, for 

ionizing r a diat ion up to 50% of the ce l ls irradi a ted at 

8 K r a ds p roduc e d fil affients in wh ich at l ea st on e of the 

c ells wa s a g i a nt (81 ). Ra uth and Whit mor e (67 ) and 

Lee a n d Puck (101 ) have pointed out tha t f ew g i a nt c e lls 

are p roduc e d by UV r acH a tion in ma mma lie n cells in 

comparison to ionizinc r a di a tion. 
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The simila rity in the sta[e dep endent responses 

between UV and ionizing r ad i a tions suGeests tha t the s ame 

target material is involved. However, the differences 

noted above suegest that the nature of the da~age 

inflict ed is different . 
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SUlf:EARY AND CONCL U3 IONS 

As was po i nted out i n the Preface the aim of 

t h is invest i ga tion I·JGS to de t ermin e t he UV radiosensitivity 

of synchron ou s ly c rm·Jine OesJ. o&Q.n i 1_3_8 .Q.?rdi~Q.Um cell s. The ' 

radio sen s itiv ity ha s been measur ed a t different times 

durine th~ fir s t genera tion cycle and coopared to the 

x-irradiB.tion response. The va ri a tion in UV r ad iosensitivity 

was about 2.5 fold • .C.1 
'\Ill u!1 cells in mi d S stage being the 

mo st re s istant and cells in l at e G2 th e mo st r ad io sens itive . 

It is believed that most of the v ar i a tion i n stage r a dio-

sens itiv ity can be a ttribut ed to di f fer en ces in the effi-

ci en ci es of the r epair me chan i sms at d iffer ent c ell ages . 

Evi dence has aJ. so been ·ore sent ed to shov' that t he magnit ude 

of t he UV r ad i o sen sit i v i ty vias different irl t he lJ·! inter and 

su~rner months of the exp erimen taJ. period. This seasonaJ. 

varia tion is exp l a ined by differen c e s i n c y topl asmic 

absor p ti on of th e uv be am . 

Th e co r:1p l ex shape of t he measu r ed · surviva l curves 

at a ll cell ages indica tes t he pre sen ce of a small group 

(10~ ) of c e lls exhibitinG a marked di ffe r ence i n r a dio-

sensitivity. 'rhe ex i s t en ce o f t :1ese i nflection points on 

t he survival curves is att ribu ted t o d i fferences in the 

attenua tion of the UV i ntensi ty i n pass in 13 through th e cell. 
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It was shown that v ariat ions exist b e t ween cells for the 

dist an ce bet~een the nucleus and the apical cell wall 

l a r ge enough to account for marked irregularities in the 

a mount of ir radi a tion received by t he nucleus . Since it 

is postulated that the nucl e u s is pri mB.rily the t a r ge t 

site for W ina ctivD.tion, th e nucleus in the s mall group 

of c ells wo ul d be addit ionally sh i elded by the i ncreased 

a mount of interven ing cytoplasm . The effect of this 

shielding would introd llc e a break i nto the survival curve . 

Th e exponenti a l decline following this break is a ttributed 

to c ytopl asmic dam3£;e superimp o sed on nucl ear dar:1ac;e a t 

hig)1 dose levels. This exp l an a. tion i s favoured but othe r 

hyp otheses h a ve also been con s idered whi ch at t he pre sen t 

time c a n not be elimiD a ted as possibl e exp l ana tions for 

the complex sha~ e of t he curve . 

The simila ritie s b etween the UV and X-ray ace 

dependent r esponse sucgest t hat t h e t a r g ets pr i nc i pally 

d amaged by both r adiat ions are t he sa~e while t h e k i netics 

of c el l [ rowt h follo~ in g irrad i a tion a nd t he di f ferent 

expressions of r adiat ion damage su gge s t tha t t he ~echanisms 

of action of the two r ad i a tions are fun damen t a lly d i ffe r en to 

A number of hypot h eses h a ve b een sugges ted to 

exp l a. in t he sl1a1J e of the complex surviva l curves a.nd t he 

vari at i ons in sensitivity at each c ell st ac e . Purt }1er 

experiments a re pla:med Ni th Q~Q.o_gg_Q:b.!l"Ql .Q_cq:_d i §.Q.~.1m to t est 

t h e v a lidity of so me of t h ese hypotheses . 

(l) Furt~e r stud ies on photorea c t iva tion a t 

differ en t light i ntensities to determine wh a t amount 



of visibl e light is neces sary to bring about max i mum 

pho t orea ctivat ion and if photor ea ctiva tion is st ag e 

de pendent. 

( 2 ) l~: e a suren~ent s of c h lorophyll conten t in 

summe r and wint er crown cells to det ermine if s easonal 

sensitiv ity v ariat ions a re attributable to differences 
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in t he cellula r components associ a ted ~ith photosynthe sis. 

( J ) ~icro spe ctrophotometric studies on UV 

absorption through different pa rts of the cell using a 

microbeam of 254 mu r ad iation. 

(4 ) Studies on the r ad io sensit i v ity of procen y 

frocrr: succe ss ive subcultures of UV- irradi a ted sin g le 

cells to determin e i f a UV re s istant strain c a n be 

isola ted. 

(5 ) A qua nti tative measuremen t of different 

morpholog ica l expre s sions of UV r adiat ion damag e observed 

throughout th e exp erimen ts. 

(6 ) Experiments on split dose studies ( Elkind 

effect ) to search for r e cover y fro m UV radia tion 

sub-letha l damage . Results in th e lit erature a re 

contrad ictory rega rdinc t he pres en ce of this ph en omenon. 
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APPENDIX A 

SOIL EXTRACT' - after Hors ley and Fucikovsky ( 76) 

Combine 50 ml of d ry powde ~ ed soil 

with 600 ml of distilled water , boil for 2, 

.2 hour periods of l week interval and then 

decant. Filter supernatant through qualitative 

and g l ass fiber filter paper (Jx) and dilute 

with distilled water to c oncentra tion required. 

MODIFIED MAC2LIS ' OEDO GO NIUM MEDIUM E (9 8 ) 

,CaC l
2 

0.069 g 

KH Po
4 2 

0.200 

KNOJ 2.02 0 

l<lgS04· ?H2 o 0.250 

K2HP04_ 0.090 

Dis solve in 1,000 ml distilled water , 

add l ml tra ce element solution and l ml 

vitamin B12 • 

Final pH = c a . 6.5 

TRACE ELEMENT SOLU'riON - after Butner et al (99) 

HJBOJ 1.00g 

Cuso4 •5H2 0 0.15 

EDTA ( Na ) 5.00 

Znso4 •7H2 0 2.20 

CaCl2 0.62 



Nnc1
2 
·lm2o 

Feso4•7H20 

CaC l
2

•6H
2

0 

0.50 

0,12 

Om4) 6 ·I'1o
7

o24 ·4H2o 0.1 0 

Add to 75.0 ml distilled wa ter, b oil 

and cool slightly. Ad just pH to c a . 6.5 by 

the addition of soli d KOH pellets and dilute 

fin a l solution to 100 ml by th e addit ion of 

distilled water . 



APPENDIX B 

(Emmel and Cowdry (100)) 

F'IXI Nq: Rel'love slides fro m cul t ure v es sels, spr a y l'lith 

· distill ed wa t e r an d fix in filtered Carnoy's solution 

s a tur a t ed '<'l ith Fe 1~H4 (SOL}) .12H2o for 15 rninut e s. Rinse 

ea ch slid e in 95% EtOH for 5 minutes an d th en dip in 

dilute collodion (10 ml ether, 80 ml ab solute ether, 

10 rnl collo dion ) for 2 n: i nut es . Tl1is preve11ts lo s s of 

cells f r om t he slide during the st a ining proce dur e . 

Pla ce s li des in ethanol ch loroform fo r 5 mi nut e s to 

harden t he collodion. 

Pass slid e s t hrough t he followin g seri es : 

STAIIH !JG: 5o;s EtOH - 5 mj_n ------
runninc t a p ';Ja t er - 10 min 

0 60 c lN IIC I - lJ to 17 min 

?'eule;en - 1 hr 

so2 1.~ ater - lJ min 

running t ap ,,.w t er - 15 min 
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DEHYD::iAT IOH : 50/~ Et OH 3 1:1 in ------
70/~ Et OH 3 min 

80/b EtOH 3 min 

95% EtOH 3 min 

100}<~ Et OII - 3 min 

1oo;; EtOri an d ether (9:1) - 2 to 5 min 

until col l odion is r emov ed 

100/b EtOH - 2 min 

100;& EtOH an d xylol - l min 

xylol - 30 min 

Moun t each slide with dil uted per moun t (2 part s 

x ylo l and l part permount)~ 

FEULGEH ' S REAGENT 
-------·~--------J_. ______ ., 

Di sso l ve 2c Bas ic Fus ch i n i n 400 ml di st i l l ed 

boiling wa t er, cool t o 50°C and a dd 40 ml lN HCl. Cool 

to 25°C a.nd add 2c; Na 2S205. Refri gera t e overn i ght ar1d 

a dd 4g Norit, fil te r and s t ore i n dark bot t le. 

Di ssolve 1.5g Naliso3 i n 30 ml dis t illed water. 

Add 25 ml l N HC l and dilut e t o 500 ml by t he add ition of 

di s till e d I~Jat er. 
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APPZ:'WI X C 

Di l ute ox- 1 74 pha ge i n PBS to approxima tely 106 

pfu/ml an d i r r adi a te i n a n open pe t r i d i sh . Re move s ma l l 

a li qu o ts a t regula r i nterval s and d i lute in PBS . De t ermine 

p f a o f i rradiate d pha ge by soft a gar t e ch n i que . Comb i ne 

0.2 ml phage, 0. 2 ml E. c ol i C and J ml sof t a gar . Pour 

over agar p l a tes a nd i ncuba te fo r J t o 6 h r a t J7 °C . 

Count e a ch n l a te f or nu mber of p l a q ues a nd de t ermine t he 

surviva l c urve f or p f a of the b a cter i oph ag e as s umi n G" 

s i n g l e hit t a r g et k in e tics an d a Do of 85 
2 

erg s / mm • Appl y 

c orre ction f a ctor of Hor o v1 itz ( 91) f or UV absorpti on by 

medium, to det e r min e the i n ci dent i ntens ity on t h e surfa c e 

of t he med ium. 

PBS SOLUT I Oi~ : NaCl 8 . 00g 

KCl 0. 20 

Na 2HP04 l.l5g 

KH2 P04 0. 20 

Disso l ve i n l l it r e of disti l led wa ter an d 

s t eril i ze by rn il l i por e filtr a tion . 

AGAR : Sof t a g8r 

( i) BB Spe c i a l Noble a~ar 

BIT nutri ent broth (i) u 

l litr e dist i lled wa t e r 

Bottom agar 

lOg Spe c i a l Nobl e a gar 

8g nutr i ent bro t h 

1 litre di st illed wa t e r 

( i ) Fish er ( Di f c o ) Ls bora t ories , Toro nto , Onta rio . 



Autoclave to sterilize. 0 Keep soft asar at 42 c. 

Pour C @:..!. 10 ml of bottom ac;ar into 100 x 15 mm pe tri 

dishes and cool . 

E. COLI C 

Prepare overnigh t cultures in Bacto nutrien t 

bro th . Gro1-J at J7°C to a conc e:1 trat ion of approx i mately 

108 cells/ml. 
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AP?ENDIX D 

TABLE A 

Cell Mea surements for Different Ages in t he First Generation Cycle of Feulgen Stained Cells 

Cell Age Cell Nucleus Distance (u) ~etween the Apical Cel l Wall 
(hr) Dimensions Dimensions and 

( u) (u) Nuclear I>lembrane Center of Nucleus 
(1) ( 2 ) (3) (4) (5) ·Y< 

. . 

37.2 :±. 4 .6 1.8 96.6 X J0.4 10.5 X 7-2 L~2 .4 } 42.1 
3.0 97.8 X J0.3 lJ.O X 7.0 35-J ±. 7.1 41.8 

5.0 101.1 X 29.8 9.6 X 8.0 33.2 + 6.J J8.o \ 
6.0 99.3 X JOoO 8.9 X 9.4 J5.9 :±. 7.1 L~o .4 ~ 40.7 
7.5 94.1 X 29.6 11.2 X 11.7 37. 0 :±. 8.5 42.6 ' \ 

I 

8 .. 8 104 .5 X 29.8 9.5 X 7.2 37.0 .±. 6.8 41.7 t 
j 

11.0 97.9 X 27.3 11.5 X 9.3 35-J .±. 6.3 41.0 l. 40 
lJ.O 102. 8 X 31.J 13.0 X 11.7 J2.5 + 7.7 39.0 

( 

J 
15.0 106.0 X J0.4 14.6 X 12.4 J0.5 ±. 7.J J7.8 late 

}1 

* Th e va l ues in col umn (5) have been det er mined by th e a ddit i on of on e- hql f col umn (J ) 
·o l us co l umn ( 4) • 

Gl 

s 

G2 

G2 

f-' 
0 
\.0 



APPENDIX E 

FIG. 15 

Comparison of the h istogr gms of the distan ce 

'between the outer DlJclear membra~e and ap ica l 

c ell wall f or c e lls ag e J (G
1

), 6(s), and lJ(G
2

) 

hr res pectively . 
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APPENDI X F 

UY EXPOSURE (sec ) 
30 60 90 120 150 180 

100 
A ' 
-2-~ 

6 .l 6 

'• 

'\ 
;. \ ,.. 

~ >-
g 10 

.l 

~ 
u 
>-

0" 0 .. 
l: 0 

250 750 1000 1250 1500 

UY DOSE ( erQs/mm 2) 

FIG. :l.- D ose-hatchahil itv r,mves for llabro­
bracon ev;gs irradiated on t llcir convex (nucle:\1' ) 
(0, ul t.rnviolet ; 0, ul traviolet pl us photorenc­
tiva t.ing light.) or concave (nonnuclea r) ( 6, 
ul traviolet; A , ul traviolet pl us photoreactiva ti ng 
light) Rmfaces. 
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