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. 
A'study of ~he cytogenetic fact~rs affecting sister 

, . 
chromatid exc.hange was' undertaken dlle' to difficulties 

, -..... ~. ... . 
encountered in obtaining ~ister chromatid diff~rentiai~on , . 
in Horde'um. vulgar'e i. (barley) and Vicia ~ L. (broadbean) • 

. 
The following variables were studied: (1) temperature ànd dura-

\ 
tion of acid hydrolysis in the Feulgen prbcedure, (2) the use of . 

• -
an RNAsè treatment and a trypsin digestion in t~e fluorescent-

plus -Giemsa (FPG) technique, (j) ~ he' growth and t rea t~ent of 
• c .. 

Vicia seedlings" (4) the ~oncentration ,an4 substitution of the 

base anal9gue 5-bromodeoxyuridine <BrdU), and (5) the durdtion of 
~o,. 

root tip fixation and ce II wall maceration. Tr'eatments such as . . , 

-the removal of seedling shoots or cotyledons J. and the application 

of BrdU, led to a reduction in cell division ~n m~st plants. The 

~taining protoc'ol was modified to minimfze these effects. Dura-

çion of fixation was !ound to signific~ntly afféct thé quality- of 

staining. A fixatio~ time of seven hours w~s recommended. 
'1 

GO,od 
.... ~ ;. 

diffp.rentiaI staining was obtained in Vicia and in barley by .. 
( 

means of the Feulgen procedure, but not the FPG technique. 

\ 
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RESUME 

.. ,\ 

Une étude des facteu~s cytogénetiques affectant l'~change 

des chromatides soeurs • ,_"a ~té entreprise afrn de 

pallier 'aux difficult~s ~encontrêes lors de colorations 

d.ifférentielles .des chromatides soeurs de l'Orge (Hordeutn 
" . 

vulgare) et ,de la Fève (Vicia faba). L' etude a porté sur les 
- -- (' 

racteurs suivants: la durée et la température à laquelle a lieu 
.-

l'hydrolyse acide dans la m~thode de Feu1gen, la digestion par 
~ 1.. ,~ 

trypsine et ARNa~e dans la ~echnique fluorescence-plus-Giemsa 

~FPG)J la concentration et l'incorporation de la base analogue 5-

bromodésoxyuridine (BrdU), la durée de la fixatioI\ des méristèmes 

apicaux radiculaires et la maçeration de la p~roi cellulaire. 

Des' traitements tels que l'excision de la tigelle ou des 
" , 

co~y1édons ou l'application de BrdU ont conduit a une diminution 
1> 

du rythme de la division cellulaire. Consequemment~ le protocole 

de col 0 rat i,o n a ê té m 0 di fi 'é a fin de min i mis e r ces e f f e t s • l 1 fut 
1 

trouvé que la durée de fixation a un effet significatif sur la 

qualite de la coloration. Une duree de fixation de sept heures 

est recommand'ée. 

De bonnes colorations differentie11es ont, ete obtenues à la 

i h
,... .. f, 

fo s c ez 1 Orge et la Feve en utilisant la methode de ~eulgen 

mais aucune coloration satisfaisante" n' a et~ obtenue avec la 

technique FPG. 

• 
1.11 
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The legume species, Vici§ faba L., has been used by many workers in-

eytogenetic and mutageriic studies.' Its' advantages for use in mutagenesis 

nave been cited by many individua~s (Kih1man, 1971, 1975b; Grant et al., 

, "1981; Constantin and Owens, 1982; Grant ~nd Zura 1982; Ma, 1982; Uggla and 

Natarajan, 1982; Ma and,Harris, 1985). GeneJally, it i~e.root tips and 

the rapldly dlvlding cells whlch make up the root merlstem that are used in 
ï 

these studtes. Among factors to which its popular use ha~'been attributed 

are Its small chromosome number (2~12), chromosomes whi~h are relatively 

large,and easy to identify, and the fact that the cytology and pgysiology of ' 

this plant have been thoroughly investlgated (Read, '1959; Chapman, 1983). 

The mitotlc 

1971). The 
--

cycle in Vic~a rangea between 18-22 b at 19 C (Kihlman, 

methodology or g rminatlon is relatively simple and quick. 
I~ 

Roots can be ready for treatment between 8-12 days after gèrminatlon begins. 
, 

Sis ter Chromatid Exchange (SCE) is an event that takes place at the 

chromatid level, in which segments of double stranded DNA are exchanged 
... 

between identical chromatids. These exchanges have been rendered visible in 

cytological studies by the unifllar or bilfilar incorporation of uridine and 

thymidine analogues into the chromosome such that the chromatid,which has 
" . 

undergone replication during the prevlous S phase Is differentlally 

substltuted wlth a base analogue before the ,diyiding cells are flxed. Thus 

one of 'the chromatids stain~ dlfferentlally ln relation to Its eleter 

chromatid (Wolff, 1977; Latt, 1981; Lambert, 1984). 

A number of .cytolpgical techniques have been used to vlsualize SCE. 

4Ir . From among these, two staining method~ will be examlned in this ~ork. Both 

ft,.'; 1 

~~:r:\ ~:~; ~ .;~(_ 

1 ~'V~""'·~~ .\~:.~~~~ 

1 • 
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• met-hods take advantage ,of the differential properties of DNA which has been 

partlally substltuted wlth the halogenated nucleo~ide, 5-Bromo-2'-
. . 

deoxyuridlne (BrdU), a base anàlogue whlch' substitutes ,for the normal 

'" nucleos.ide .thymidine in a replicating DNA strand. When BrdU 18 incorporat,ed 

during the flrst of two consecutive rounds of DNA synthesis, the chromosomes 

conta in one unifilarly substituted and one.bifilarly unsubstituted 

-
chromatid. This may be referred to as TT-TB sabstitution, where the let ter T 

~ .: J ' 

repres~nts a thymidlne-contàining single strand of DNA,'and thè letter B 
9 

~ represents the BrdU substituted slngle str~nd of DNA. Chromosomes which 

have repl1cated in the presence of BrdU for two c~ll cycles contain one ' . ~ 

unifilarly substituted and one bifilarly substituted chromatid. Likewise, 
Or' 

this may be refer,red to ~s BB'::BT substitution (Block, 1982)'. 

The first of "the two mel:hods to be .examined in this thesis is the \ 
'io.~ 1 

'puorescent-plus-GlemS8 (FPG) technique. lt 1s p~rhaps the one mO,st widely. 

reported in the literature and employs two dlfferent'dyes, both which stain 

DNA; Giemsa, a mixture of methylene blue and its,'oxidation products, the 
1 

azures and. eosln Y (Sharma and Sh~rma, 1972) and the fluorescent dye "33258 

Hoêchst" (Perry and WOÏff, 197.4; Kihlman and Kronborg, 1975, Schubert et 

al., 1979,1980; Grflnt et al., 1981; Cortes and Andersson, 1987). The 

second method which will be examined, the Feulgen procedure for siater 
, 

chromatid differentlation, ls based on a comblnatlon of extended acld 

hydrolysis of the chromatin ana fûchsin staining~ (Vosa, 1981; Tempelaar et 

al., 1982) •. 

Whil~the bio1ogical mechanism by which seEs are formed is not yet 

understooL, SCE f~quencies are used as a measure of S-independent 

e chromosome .. iamag~, that ls, chromosome damage that does not require DNA 

, " 



( 

.. 

. :_", .. -'. 

9 

synthesls for Its manifestation. Vicia faba has been used as a test 

organism in a number of mutagenic studies in which SCE is the assay used as 

a indicator of chromosomal mutagenicity (Kihlman, 1975a; Kihlman ahd . 

Sturelid, 1978; Andersson et al., 1981; Ander9son, 1981; Andersson, 1985). 
~ , 
The earliest evidence for chromosome damage in plants as a result of' 

\ 

chemical exposure was in 1..943. when Oehlkers showed that ethylurethane 

produced translocations in the meiotic cells of Oenothera and Antirrhinum 

(cited by Auerbach, 1976) • 
.... 

, 

More recently a number of bioasQays have been developed in higher 

plants to aS,sess the chromosome damaging-" and/or mutagenic effects of 
..a 

chemical substances. Among the plants,used in such bioassays are Allium 

Cepa, Aribidopsis thaliana, Crepis capillaris, Glycine !!!., Hordeum vulgari, 

Tradescantia paludosa J. Vicia faba, and Zea mays. Indigenous populations 

8ueh as ferns have also been used to earry out in ~ monitoring' of 

environmental eontamlnatio'n (Klekowski J \1978). 

A number of genetlc end-points have been studied including chromosome 

alterations and aberrations in both melotic and mitotically dividing cells. 

The general effect on chromosome segregation and mitotie function i9 also 

," ,," ·~~~t:;,.1 
.', 

. \ 

studied. A number of plant bioassays deteet specifie gene mutations at .~ 

r 

, previously identified genetie loci. The advantages cited for the use of 
~ 

higher plants in bioassays for mutagenieity, are the morphological 

similarity of plant and animal chromosomes (Constantin and Owens', 1982), the 
\ 

fact that they appeàr to respond simUarly to other eukaryotic" organisms 

when exposed to mutagens (Constantin and pwens, 1982; Grant, 1982a; ~rant 1 

and Zura, 1982; Dean, 1~83), and that as bioassays, they are rapid and 
Il J> 

inexpensi~e and do not require extensive l~boratory faellities (Shelby, 

.' 
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1980; Grant, 1982b; Ma,~1982). Finally, a number of genetic end-points are 

available. Among the disadvantages cited, are the lack of knowledge about 

the array of metabol!c proeesses which are unique .to plants, as weIl· as the 

Btructural'differences found between plant and animal cells Buch as the 

pre~ence of a thick c~ll wall in the former (Kihlman, \975b; Nilan, 1978; 

Dean, 1983). , . 
In comparison to animal studies, the number of plant studies using SC~ 

as a genetie endpoint are few, despite the fact that in mutagenic studies 

plant cells have shown similar response to their mammalian, inseet and 

bacterlal counterp~rt8 (Nilan, 1978; Grant, 1982a; Grant and Zura, 1982; 

Uggla and Na,tarajan, 1982; Constantin and Owens, 1982; Dean, 1983). 

However, the growing interest in the significa~ee of plant metabollsm in 

environmental'mutagenesls, indicates that the role of. plant,f in the .. 
.. 
.. 

" develop~ent of muçagenicity bioassays is a growing pn! (Gentile et al., 

1982; Uggla and Natarajan, 1982; Wildeman and Nazar, 1982; Plewa et al., 

1983; Gentile et al., 1985; Takehisa, 1986). 

, ( The variations in the staining techniques for SCE in Vicia faba given 

ln the literature are quite numerous (Kih1man and Kronborg, 1975; Schaid, . 
'~ 

1976; Vosa 1976; Andersson, 1981; Grant et al., 1981; Tempelaar et al., 

1982; Vosa, 1981; Cortes and Andersson, 1987;) and are tho~ght by some to be 

.an indication that technical problems have not yet been solv~d (Goto et al., 

1978). S~h~artzman and Cortes (1977) suggested that perhaps the ~éason the 

general mechanism of sis ter chromatid differentiation still remains obscure, 
,-

is due in pa~t to the number of modifications in"the SCE ~echniques, in 

which each worker considera his own modification essential for obtaining 

good differential staining. 

4 
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c Among the prob1ems encountered in obtaining SCE in plants noted by 
Î • 

some authors, are (1) the poor incorporation of the base analogue BrdU by 

plant cells (Haut and Taylor, 1967; Kihlman and Kronborg, 1975; Vosa, 1976; 

~vaJ1s and F~l~on, 1980; Gonza1ez-Gi~ an~, Navarrete, 1982; Uggla and 
, .' ,. ~ ~. '.:.v, Natarajan, 1982; Kih1man and Andersson ~<t982, Cortes and Andersson, 1987) , 

(2) the fact that low concentrations of Brc;lU" (20-30 uM) yield poor sister 

chromatid differentiation (Evans and Filion, 1980), while higher 

concentrations (100-150 uM) yield a" significantly 10we-r propor·tion of 

me~aphase cel1s per sUde (Evans and Filion, 1980; Tempe1aar et al., 1982; 

Klhlma~ and Andersson, 1984), (3) the .difficulty in squashing the treated 

~ 

root tips and thus in obtaining good chromos OUle prepat:ations du~ to the 
. 

presence of the ce Il wall (Kihlman, 1975b; Vosa, 197~; Gonzalez-Gil and 

c Navarrete, 1~82; Kihlman and Andersson, 1982), (4) distortion of chro~osome 

morphology, or loss of st:aining intensity due to the use ofl- enzyme. 

" ' 
treatments wh~se purpose ls to soften the ce1l wall (Klh1man, 1975b; Cortes 

et al., 1980; Tempelaar. et a~., 1982; I<rhtman and Andersson, 1984), and (5) 
• J 

loss of differential staining due to the effect of impurities which may be 

'. 
present in these enzymes (Kihlman and Andersson, 1984). Kihlman and 

. 
Kronborg (1975) noted that irregularities in the staining of plant 

chromosomes may be a problem with Giemsa, whVe other workers (Scheid," 1976; 
. 

Scheid and Traupe, i977) fai1ed to obtain- sister chromatid'differentiation 

in Vicia faba without the prior proteo!ytic digestion of the chromosomes ,--
with trypsine Finally, Kihlman and Andersson (1984) stated that the root 

meristem contains different types of cells, with mitotic cycles of different 

durations, and perhaps different sensitivities to chemical treatments. 

In the original thesis proposaI, l p1anned to use SCE as a gen~tic end 

\ 



, , 

• 

'" 
.. 

point to assây levels of DNA damage due to the application of a number of 

pesticides. ~owever, while SeEs where o~tained in Hordeum vulgare (barley) 

"' using the Feulgen procedure for 5CE, it was impossible to ob tain ,consistent 

re~ults in replicate experimentso The various FPG techniques pr~ved to be 

even les.s dependable. The techniques used and t~e problems: e.ncountered in 

the production of 5CE in the initi~l work on this pro~ect 1ndicated that a 

clear an~ careful study-of a number of the steps irivoLved ip these 

procedures might shed interesting light on,the Inherent difficulties which 

were encountered i~ attempt1ng to obtain s1ster-chromatid differentiation in 
, .. 

plant cells" Thus, the present study was initiated in order to e~amine a 

number of 1 the {actors which might be related to the'difficulties encountered 

in the Feulge~ staining procedure and in'the Fluorescence-Plus-Giemsa 
. 

staining procedure for sister-chromatid differentiation in Vicia faba. 

, 
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LITEBATORE REVlEW 

Barly Scudies of Siscer Chromatid Exchange 

According to Schvartzman et al. (1979b), SCE was inferred by 
.' 1 

McClintock as early as 1938 ln her study of ring chromosome behavior ln 
.. 

maize. Twenty years later SCE was detected for the first time by Taylor and 

workers ln Vicia faba (1957) after he incorporated tritiated thymidine into . 
the plant chromosomes and -noted, "a chromatid might be labeled along only 

pa~t~?f{lts length, bu~ in every sucn instance the other (sister) chromatid 

was labeled ln the segment 1y1ng opposite the unlabeled segment." In a 

later experiment with Bellevalia romana (Taylor, 1958),' chromosomes were 

1 
dlfferential1y labe1ed with tritiated thymidine and analyzed by means of 

autoradiography.- By examining SCE frequencies in each of the four pairs of . . 
, 

Belleval1a chromosomes, Taylor observed that the, frequency of e-xchanges ~as 

nearly proportional to length. 
t 

This work not-only provided an important ,. 

foundation for the study of the SCE phenomenon, but provided important 

Insights into the structure and replication of eukaryotic chromosomes. 

Subsequent to the cytogenetlc studies carried out in ring chromosome 

>behavipr in maize by McClintock (1938) and others, the history of the ' 

Investigati~ns of SCE can be divided into an early perlod, when studie~ su ch 

'as 'Taylor's were'carried out by means of autoradiography, and the current 

period in which DNA 18 labeled with BrdU and various stainlng procedures are 

employed (Zakharov, 1982). Important ques~lons, such as the· significanae 'o~ 
lso1abelling, and the spontaneity of SCE were first,raised in the early 

period. These questions and others, including the mechanism which ~uses 

1 

the formation of SCEs, are still being discussed in the current 'period. ( 
1 ! 
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The current period began ln 1972 when Zakharov and Egolina obtained 

chromatid differentiation in Chinese hamster ovary (CHO) cells using BrdU. 

Zakharov (1982) noted that an earlier worker (Huang, 1967) observed the 
~ . 

"negat:ilvely heterochromatic appearance" of ope sister chromat~d in'"some 
1 

chromosomes, in cells'of Rattu8 natalensis, after treatment~with BrdU. In 

their origi~l work, Zakharov and Egolina (1972) showed that the cytological 

effect of BrdU treatment when followed by azure eosin staining, was the 

appearance of "unequal spiralization" of sister chromatids. They noted that 

the frequency of metaphases with differentiated chromosomes increased with 

increasing'doses of base analogue. ThJy also showed that the effect of 

double BrdU incorporation (BB~BT substitution) was an increased "delay of 

spiralizatl~n" in one of,the two sister chromatids. Zakharov and Egoli~a 

atte~pted to exp la in the spiralization de~~y in one of a pair of sis ter 

chromatids (differential etaining of eister chromatids), ae either the 

result of transient inhiblti,on of DNA eynthes'is, or the inhibition of 

protein synthesis which co~ibutes to the condensation of the,chromoso~l 

IDNA~ 

Following the study of Zakharov and Egolina, Latt (1973) used the base 
. 

an~~ogue 5-b~o~ouracil and rendered human leukocyte chtomosomes visible by 
, , 

means of "33258 Hoechst". With this fluorescent dye, Latt demonstrated that 
~ 

chromosome fluorescence decreased with increased BrdU substitution. Latt 

emphaeized the ef~ect of the incorporated BrdU alone and suggested that ., 
effects due to chromosome uncoiling 'or the influence of proteins on DNA 

uptake oi "33258 Hoechst" were of secondary importance. 

In 1974 a number of workers published results in which various me~hods 

were applieà to the differential staining of sis ter chromatida. Kato 
i" 

. ' 
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(1974b) used a method to detect SCE in CHO cells which involved the $taining 

'of BrdU labelled DNA with acridine orange, a fluorescent dye. Kato does not 

suggest a'mechanism for the differential stàining wbich he obtained. 

Dutrillaux and workers (1974) studied the evolution of SCEs in 
Q 

successive cell generations, as weIl as the fxequency of SCEs in human 
1 , 

leukocytes by mean~ of acridine orange fluorescence. 

Ikushima"and'Wolff (1974) showed that the incorporation of either BrdU 

or 5-iodo-deoxyuridine (IUdR) during two rounds of DNA replication in CHO 

cells caused sis ter chromatid differentiation both in staining properties 

and chromosome mor~hology. These workers,-using either azure A or Giemsa, 

noted that although treatment with base analogues may alter the DNA\either 

physiochemically or structurally, the differential staining which they 

observed seemed to be related to the concentration of stain and the duration 
f 

of staining, such that at high concentrations of stain,or with prolonged 

staining, aIl chromatids were uniformly stained, regardless of differential 

substitution with base analogues. 

Korenberg and'Freedlender (1914) also used Giemsa to visual~ze sis ter 

chromatid differentiation and SCEs in CHO cells and in human peripheral 

lymphocytes in both singly and doubly BrdU su?stituted chromosomes. They 

• • 
noted that chromatids which are differentially substituted with BrdU show 

differential affinities for Giemsa stain after hot 1 M NaH2P04 buffer 

treatment and sugg~sted that the differential staining may reflect an 

underlying structural difference between chromatids, such as the removal of 

p_roteins. 

Perhaps the most notable innovation among the techniques published 

during this period was introduced by Perry and Wolff in 1974. Working with 

.9. 
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CHO cells, they combined the fluorescence of "33258 Hoechst" and the --... 

staining effect of Giemsa. The new technique was called fluorescent-plus-

Giemsa or FPG. According to the authors this technique had aIl the 
\, 

advantages of ,the fluorescent techniques raported previously but with the 

added advantage of producing permanently stained slides. 

Il Sister Cbromatid Exchange in Plants 

" The FPG technique has subsequently been uaed by a great number of 
\ 

workers and a number of modifications have continued to be applied in 

plants. The first workers to do so ~ere Kihlman and Kronborg (1975) ~ho 

modified the FPG technique for use in Vicia faba root tip cells. The 

10 

modifications employed by the authors include the following: 1) addition of 

fluorodeoxyuridine (FdU) to the BrdU solution to supress the cellular 

sy,nthesis of thymidylic acid and thus stimulate the uptake of the base 

analogue, BrdU, by replicating DNA, 2) maceration of cel! waHs with the 

enzyme pectinase to obtain sufficierrt spreading of the metaphase 

chromosomes, 3) use of an RNAse treatment on celI squashes before staining, 

to clear cytoplasmic and nuclear RNA which stain with Giemsa and, therefore, 

may obscure chromosomes from observation, and 4) increased duration of 

Gi'emsa staining. 

Using Vicia faba as the exp~mental material, Scheid (1976) obtained 

differen~tal staining using either the fluorescent dye acridine orange~ or 

Hoechst 33258, fo1lowed by treatment with trypsine Scheid noted that during 

observation with a fluorescence microscope the staining capacity of these 

dyes rapiily diminished during simultaneous treatment of chromosomes for -

extended periods of time with a trypsin solution. This work ia in agreement 

\ 

,. 



C' 

c 

_. 
, . ,"'"1 1 .. 

11' 
ÛI 

() 

with earlier work carried out ,by Pathak and colleagues' (1975) in which 

Glemsa staining was combined with a trypsin treatment to glve dlfferentlal 

staining in cu1tured mammalian cells. Pathak note~,that continued treatment 

of the mammalian cellâ with trypsin obliterated sis ter chromatid 
) , , 

differentiatvion. To explain this phenomeAon, Scheid suggested.that acridine 

orange, combined with visible light, induces single strand breaks in BrdU 

substituted DNA resulting in the destruction of this DNA upon digestion with 
\ 

trypsine In his study, Scheld investlgated the effect of UV light, known to 
fi 

induce single strand breaks in,BrdU substituted DNA (Scheid, 1976), on the 

disintegration of bifilarly substituted chromatids during trypsin digestion 

of chromos omal proteins ln the absence of fluorescent staining. ,The results 

of this work Indicate that simultaneous treatment of BrdU substituted , 

chromosomes with UV and trypsin is sufficient to cause the dislocation of 

broken particles of DNA in the bifilarly substituted chromatid, allowing 
~ 

sis ter segments differentiation as hypothesised. Scheid concluded that 

acridine orange plus visible light has essenti~lly the same effect as UV 

light and thus causes differential staining to be visualized in1the same 

fashion. 

Scheid and Traupe (1~77) followed this study with_an investigation of 

the effects of cysteamine and potassium iBdide in the s~e system. The 

authors hypothesised that substances su ch as cysteamine and potassium 
1 

10dide, which have a reducing effect o~ BrdU radicles (Scheid and Traup~, 

1977), might inhibit break formations in the sulphur bonding o~ DNA, ~pecific 

proteins, and in turn m1ght reduce differential chromatid staining. 

Chromosomes were treated as before with trypsin and a photosensitive dye and 

t 

either cysteamine or potassium iodide was added to the dye-trypsin solution. 

1 
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Thus cysteamine or potassium iodide w~s present when the BrdU substituted 

DNA was irradiated with visible,light. These authors found that 

differential ataining was complètely auppressed by cy~teamine and reduced 

approxlmately three quartera by potassium iodide. They concluded that these 

results lend further support to thel hypothesls that rapid dissolution of 

bifilarly substituted chromatids, as compared to unifilarly substituted 

chromatids, is due to single strand breaks induced by a phot~sensit~ve dye-

visible light system. 

DifferentiaI stai~lng of sister chromatids \with the FPG technique"w~s 
>' ,'r 

obtalned in Allium cepa chromosomes by Schvartzman and Cortes in 1977 •. In 

their paper a'comparison is made between chromosomes ~hich have undergone 

one round of repli cation in the presence of BrdU and those which have , 
, 

undergone two rounds. Several conclusions were reached in that study. The 

authors noted that differetitial staining is equally good whether chromatids 

are unifilarly or bifilarly substituted. With respect to fluoresceat 

staining (Hoechst 33258), they stated that the min~mum duration required Is 
~ 

0.5 h and that immediat~ exposure of slides thereafter to UV light improves 

differential staining significantly. They also showed that in cells whlch 
, 

have undergone only one r~und' of replication in BrdU, the mean value of SeEs 
/ 

per chromosome was one half the me an value of cells which were exposed to 

~ the same treàtment for two consecutive cycles. 

The FPG technique for SCE was applied to Secale cereale (ryeÀ by . 
• 

Freibe in 1978 and to Zea mays by ~hou and Weber in 1980. In the work of 

. 'Chou and Weber, lt was demonstrated that 'although supernumerary B 

chromosomes increased the total amount of intergenic recombination in maize 
1 

by causing an increase in recombination, no significant increase ln SCE 

o 
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frequencies was seen in plants with B.chromosomes. Thus the.authors .. 
~ - ~ 
,suggested that the two phenomena occur by different mechan1sms. 

Schubert and workers appl1ed the FPG techni.que tQ barley in 1980, ~ 

using a'mod1fied version of "the FPG technique of Kihl~n and Kronberg 

(1975). Thil J!l0dificati~n consist~d ptimarily _in incr.easing the BrdU 

treatment solution from a, concentration of 100 uM to 500 UM. Ih the former 

study the frequency and the intrachromosomal distribution pattern of SCEs in 
. . ' . 

barley chromosomes was repo3ted. The authors divided the.i4 chromosomes 

in~o 48 segments and found that the frequency of SCE in each of these 48 

segments was proportional to length. , 

Evans and FUion (1980) used the BrdU':'FPG staining techn~que for
o 

differe~tial stainin~ of sister chromatids to estimate the cell cycle time 

in Zebrina pendula. The~ used Vicia. ~ to verify their findings since its 

• ce II cycle had previously been weIL established. 
> , 

In 1981 Grant apd workers published a m~d1fied FPq technijue' for Vicia 

~, which Was similar to the t~chnique of Kihlman and Kronborg (1975) 
) \) 

except that instead of applying staips directly to root tip squashes, whole 
\. 

root ~ips were treated and maceration and squashing were carried out after 
, 

staining. At about the same time, two workers inde'pendently <publ1shed 

papers describing a Feulgen staining procedure for ~isualizing SCE in Vicia 
r 

In the classical Feulgen reaction it s thought that partial acid 
• • 

hydrolysis of the chromatin creates free aldehyde groups on the deoxyribose 
o 

backbone of tge DNA to which the fuchsin btnds (Sharma'and Sharma, 1972). 

In thé case of Feulgen staining for SCE this hydrolysis reaction 19 
: \ 1 \ . I? ' • 

ptolonged to:the poi~t where the least substitute4.chromatid Is more readily 

.degra:ded by the ao1d ~reatment and thus stains mo.re" lightly (Vosa, 1981; 
, -

o 
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Tempelàa~ et al., 1982). 
o 1 

ln 1983 Cortes and workers reported SCE JJ two additional Alllum 

spec1es, Allium ascalonicum and Allium sat:Î.vum, usi1f8 the BrdU-P'PG stai.ning 
''''\ 

method. Working wi th a t-hird All1um species, Allium cepa, in wbich SCE had 

already been obtainedj they attefnpted to analyze the relationships between 

DNA content, constitueive 'heterochromatin, and the frequency of SCEs in 
o 

these three closély related species. 
~ / 

The next plant species in whi~h SCE was. reported was Tradescantia, by 

Grant and Go1dstein (1983) us~ng' the Feu1gen staining procedure for SCE 

publ1shed previously by Tempel.aar et al. (1982). These workers reported 

that the crucial step" for obtainlng differel1'tlal contrast by this techldque 

'lias the duration of acid .hydrolysis. In 1985 Andersson pub?-ished a 

description of SCE ~obtained in Tradescantia paludosa by means of a modified 

P'PG technique. Slnce the range of concentrations of 5-f1uorodeoxyurid~e 
l 0 ,. 

(FdUrd) used in earlier staining prodedures in other plant material allowed . 
only poor differentiation in Tradescantia (Andersson, 1985), this author 

studled the effect of varlous conce8tr~tlolis of FdUrd on the-mltotic index 
. 

of root t~p' cells in order to determine the cbncentration needed to, suppress 

-synthesis of thymidy1ic acid by the plant and still aHow good sister 

chromatid differe~lation. Andersson showed that mitotlc actl~ity ln 

'Tradescantia root tip cells treated with 5 uM FdUrd was restored to control 
o 

leve1s with 0.5 uM BrdU, but that 100 uM BrdU was needed to obtain' good 

sister chrorptid differentiation. Andersson a1so reported that duration of 

Giemsa stalnlng must be kept' short. otherwise overstai1\ing will result. 

Other plant species for ~hlch SCE has been reported include Al1ium 

fistulosum (&uzuki,et al., 1982 clted by Dolezel ~t al., 1986) and in five -----

. , 

l 



( 

'1· 5' . '(,'''li! 
. ':~ 

spec:ies of Triticum (Guangyuan and Zil1, 1983). SC! has also been reported . 
in Crepis capil1arus (Dimitrov, 1985) • 

• 

-
BrdU-sobstituted DIA 

A number 'Of studies have~been carried out investigating the effects of 
. 

base analogue incorporat~on .into ~hromosomal DNA. In particular BrdU 
~ 

incorporation qas been shown to alter both the physical and c:hemical 

properties of chromatin. 

In' 1973, . Gordon and colleagues reported that when chromatin containing 

14C-BrdU labelled DNA and 3H-thymidine 1abelled BrdU unsubstituted DNA 

respectively, iS-8ubjec~ed ta tb~l chromatography, that the elution of 

the BrdU substituted DNA is signi~lcantly delayed 1n comparison to the 

• 
elution of unsubstituted DNA whereas, there i8 o~ly a minor difference ln, 

q } 

the elution profiles of puriflèd BrdU substituted and unsubstituted DNA. 
9 

They also observed that the elution of purified BrdU substituted DNA is 

delayed if It 18 ftrst mixed with either substituted or unsubstituted 

chromatin and that the mag'itude of retardatidn was prop.ortionàl to the 
, 

ratio of chromatin proteins to the total amount of substituted DNA. They 

concluded that this delay is due to çhe âltered interaction of BrdU 

substituted DNA wJth somJL..Component of chromatin, probably proteins. In a 
~ , 

later publication, the work of Lin and Riggs (1972) is cited to support the 

. hypothesis, that BrdU' substitution \ty affect the binding of certain 

regulatory pro teins (Dav,id et al., 1914). Lin and Riggs ~ad shown earIier 

that the ~ repressor shows abdut 100 Cimes greater affinity for BrdU 

substltuted DNA than unsubstituted DNA •. 

Lapeyre and Bekhor (1974) descrl bed BrdU-lnduced alterations ln the 

.. 
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properties and structure of ehromatin. These aitèred properties inelude 1) 

increased thermostability, 2) inereased acidie nature, 3) a reduction of 

pr1mary binding sites for ethldium bromide, a DNA specifie fluorescent dye, 
p 

and 4) increased condensation or supercoi1ing. The authors suggested that 

alterations in specifie non-histone protein-DNA blnding interactions may 

account for the increased acidic nature of BrdU!.substituted chroma:tin as 

weIl as the changes in chromatin condensation. 

Gordon and workers (1976) measured relative afflnities of chromosomal 

pro teins for both unsubstituted and BrdU-~ubstituted DNA using thermal 

chromatography on hydroxylapatite, '~s in their previous study (David et al., 

1974), as well 'as selective retention on nitrocellulose filters. In the 

former case, histones appeared to be the dominant protein component which 

selectively retarded BrdU-substituted DNA on hydroxylapatite, while in the 
t -' 

. ~ latter case, it is the non-histone proteins which caùsed the greatest 

selective retention of BrdU-subst~tuted DNA to nitrocellulose fllters. 

These authors concluded, that BrdU-substituted - DNA binds selectively with 

certain chromosomal proteine relative to unsubstltuted D~A. Because this 

selective binding can be shown by nitrocellulose fi~trat1onJ, which does not 
, 

involve heating, the authors suggested that the same phenomenon exists 
. . \-

Q • 

within living cells. lt is ,a1so suggested that the oppodng 'results 

obtained from thermal chromatogr~phy and nit~9_cellulose filtrâtion 
~ .. ,- o. - . . 

experiments, with regard to the class of proteins which preferentially bind· 

to -BrdU-substituted DNA, are due efther to heat denaturation of non-histone . -
proteiLs in the former case or perhaps because histone and non-histone 

proteiliSt are differentially bound to the hydroxylapatite • 
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Staining Heebani81l8 of 80J1e DRA Sped;fie Dyes 

Other studies have ceneered on investigations into the staining 
/ 

properties as well as the mechanisms of staining, of .differentially . 
( 

• substituted DNA. Some of these mechanisms, such as the Feulgen procedure 

for SCEs (Vosa, 1981; Tempelaar et al., 1982), as weIl as the FPG stainipg 

with trypsin (Seheid, 1976; Seheid and Traupe, 1977), have been discussed. , 
Additional ~tu?ieS regarding the mechanisms of ~G~emsa staining, the FPG 

techn~que, and the fluor~scent dye 33258 Hoechst, will be discussed in this 

section. 

GlellBa: 

Giemsa ia a 'dye whlch is specific both to DNA and rlbonucleic acid 

(RNA). lt was suggested by Helsner et al. (1973) that the stalning reaction 

of Giemsa probably involves ~hlazine intercalation of the DNA and eosin , 

interaction ~ith prot~in. Heisner noted that chromosome banding 
1 

pretreatments alter rhe conformation of chromatin in such a way that 

chromosomes, which in the absence of such pretreatments would normally be 

uniformly stained, take on a bande~ appearance in which pale and dark 
, 

8taining regions-are formed. Thus according to Heisner, it is the 
, ' 

disruption of DNA-protein associations through protein los~, phys~ochemical 
. 

modifications, or conformational changes ~hich result in the decreased 

staining of some porÙon of the chromosome. 
, 

Comings (1975a) carried out an' investigation'into the optical .. 
properties 'of the different componentg of Giemsa. Giemsa Is made up of a 

mixture of the thiazine dyes; methylene blue, and azurè A, B or C, and eosin 

Y. The thiazine dyes, whicn have a similar chemical structure, were showà 



1) 

by Comings to be strongly metachromatic. He suggested that in the presence 
, , 

of DNA, low concentrations of methylene blue bind in an intercalative 

fashion. At higher concentrations, mythylene blue shifts to a di~fere~t 

type of binding call'ed side stacking. , These changes in dye-DNA binding are 

associated with characteristic shifts in the spectral Absorption curves of 

this dye in the presence and absence of DNA. Comings noted that.eosin does 

not bind to DNA. Unlike Meisner et al. (1973), who proposed protein 
-

-interactions as the probable mode of action for the eos-in comp~nfnt of 

Giems~, Comings suggested that eosin is not a necessary component for 
. 

banding. 

Takayama and Sakanishi (1977) and Sakanishi and Takayama (1978) 

obtained differential staining wlth G~emsa in CHO cells. They found that 

trypsin and hot acid pretreatment, either perchloric, hydrochloric acid, or 

a~eak acidic salt solution of NaH2P04' enhanced Giemsa staining and 

resulted in darkly staining bifilarly substituted chromatids and lighter 

staining unifilarly substituted chromatlds. This ls the reverse of the type 
.. 

of differential s~aining which is normally obtained when Giemsa staining is 

combined with a fluorescent dye, such as-in the FPG technique. These 
, ' 

authors pointed out that in the various FPG techniques"it ls the blfilarly 

'substituted ch~omatid which is mJre sensitive ,to the photolytlc disruption 

·of the DNA caused by treatment with photoreactive dyes and light, and 

therefore stains less intensely, while in their experiment~.the bifilarly 

Bubstituted DNA seemed mor~ reslstant to acid treatment than the unifilarly 

Bubstituted one and, therefore, stains more darkly. Tak~yama and Sakanishi 

(1977) sugg'asted that hot acid treatment combined with trypsin digestion 

results in the preferential extraction of DNA and probably some proteins, 
... 

" 
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from the unifilarly substituted chromatid, resultlng in 108s of ,staining 

intensity by Giemsa • . 
Takayama and,Sakanishi (1979) again obtained preferential scaini~g of 

th~ bifilarly 8ubstituted chromatid using,Giemsa. In this experlment, 

chromosomes were stained directly in a NaH2P04-Giemsa solution without 

pretreatment of any ltind. Here the authors ruled out the differential loss 

of DNA between sis ter chromatids as the cause of differential staining, 

" 
since subsequent Feulgen stainlng of the same 'preparations gave rise to 

sist'er chromati_ds which stained with_ equal Intensity. DifferentiaI 

19 

staining, in contrast, was observed after Feulgen _staining in their previous 

experiments (Sakanishl and Takayama, 1978). Thus they concluded that, 

although the mechan19m of such staining 19 not clear, differential chromatid -, 
1 

stainlng ls probably due to differential DNA-proteln InteractionLbet~een 

d~fferentlally subseituted chromatids. 

Burkholder (1979) also obtainei differential Giemsa staining in ~hich' 

~e BrdU-substituted chromatid was either more darkly or more lightly 

stained than its unsubstltuted slster chromatid when cells were pretreated 

wlth ~ow or high pH NaHi:04' respectively. He commented th'at such findings 

Indicate that the nature of the pretreatment plays ra major role in 

r determining t'he staining effect. Burkholder explained the reciprocal nature 

of these two types of staining by two different mechanlsms. 

Autoradiographie studies showed that the pretreatment of chromosome 

preparations with-Na H2P04 at, hlgh pH, resulted in the extrkcti?n of a 

significant amount of the BrdU-substituted DNA, while DNA from the non-

substituted strand was extra,:ted to a mueh lesser extent. The mechan!sm 
" , 

1 

proposed in this case was that preferential photolysis of the BrdU strand 
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and subsequent treatment with NaH2P04 at high pH resulted in prefere,?-tial 

extraction of this DNA asd hence reduced staining. Thus Burkho19ér felt 

that protein alterations are unli~ly to play an important role in this 

s taining mechanism. 1 

In contrast J the same author found, that treatment of chromosomes with 

NaH2P04 at low pH did not result in 8. significant 108s of r.adioactively . 

1 
-labelled DNA, from either the, substituted or the unsubstituted chromatid, 

th.frefore suggestlng that the mechanism of staining ls not dependent 'on DNA 

loss from either chromatid. In this case, the autoradiographie studies • 

sho'wed t.hat labelled DNA in ,the 'unsubstituted strand was more 'dispersed than 
• 

in the substituted strand. Burkholder hypothesised that the d,ispersion of 

DNA in the unsubstituted strand results in a chromatid which stains less 

intensly with Giemsa than it8 siater. 

Goto and workers (1978) noted that there are probably two main 

categories of the Ciemsa method for sis ter chromatid differentiation. The 

first uses the thermal stabl1,.ity and resistance to hot ac1d extraction of 
• "* 

BrdU sdbstituted DNA' sùch as in the reverse differential staining obtained 
Ji 

in the work discussed a bove (Takayama and Sakanishi, 1977; 'Sa,kanisl\i and 

takayama, 1978; Burkholder, 1979; Takayama. and Sakanishi,- 1979). The second 

uses the UV sensitivity. of' heavily BrdU labeled DNA such as the results 

obtained by most workers using the, Fluorescent-plus Giemsa technique. This 

latter suggestion is in agreement with Burkholder' s findings. '1. 

, In experiments using [3H]-BrdU l~beled D~A, Webber and coworkers 

(1981) !ound that fo116wing pretreatment' wit~ UV-11ght and hot salt 
, 

treatmenr.;, there was a loss of about two thirds of the [3al-BrdU from Giemsa 
~ 

stained BB substituted chromosomes, while there wa8 a 1088 of only one third 
• 
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of the [3H]-BrdU label from Giemsa stained TB .substituted chromosomeft. These 

authors point out that the UV-light and hot salt treatmenta act in 
, 
collaboration, since neither treatment affected 10ss of (3Hj'-BrdU when' 

adminlstered alone. 

These authors a1so pointe,d -out that for aIl lDethods,~ good 0 a1ster 

c:hromatid differentlation can .be obtained without DNA 10ss, such as when ' 

chromosom~s are stained with 33258 Hoechst ln conjunct1on wlth â light 

pretreatme\t (Wol~f and Perry, 1974; Goto et al., 1?75),.o~ ~hen arkallne 

Giemsa ia used to obtain reverse dlfferentlal stalning (Takayama and 

Sakanlshl, 1979). 

33258 Boechst: 

, Since 33258 Hoechat was introduced by Hi1wlg an~ G.ropp ~n 1972, the 

use of this compound has become popular ln chromosome studies. This 18 not 

only because of its speciflclt~ for DNA but also because of lts relatively 

bright and long lasting fluorescence (Da8 et al., 1979). Although. tt 18 not 

clear by what mechanism 33?58 bind8 to chromat1n, intercalation is ruled out 

by most authors (Latt and Wohlleb, 1975; Comings, 1975b) .. 

Latt (1973) noted thàt the fluorescence efficiency of 33258 Hoechst 

bound to the polynuc1eptide poly(dA-BrdU) ls less than one fifth of that of 

the dye bound to poly(dA-dT). In cytological observations of differentially 

stained human metaphase chromosomes substituted with [3H]-BrdU, La'tt 

reported that autoradlographie estimation Indicated that the dull chromatid 

regions had incorporated .about twice as much [3al-BrdU as brightly' 

fluorescing reglons • 
. 

In a study undertaken by Comings (1975b), some properties of the 

, 
/ 
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Hoechst-DNA interaction were examined'. Cominge argued that the fluorescent 

dya binds by an atta~hment to the outside of the D~A double helix by 

interaeting with-base pairs within the DNA. 

Gonzalez-Gl1 and Navarrete (1982) noted that when acid hydrolysis of 

DNA was carried out with HCl before stainlng with 33258 Hoechst, no 
r 

differentia1 staInlng was obtalned •. _ These -authors attributed thi-s t088 of 

staining to-the partial depurlnation of DNA induced by HCl treatment and 

considered that the flu~ochrome is no longer able to associate ;lth the 

altered DNA • 

. lt has a1so been suggested that 33258 Ho~chst has a greater afflnlty 

for AT rlch DNA than for GC rich DNA (Latt and Wohlleb, 1975; Comlngs, 
• 1 

, 
1975b), and alternatively, that chromosome condensation may play an -- .. 
imporçant role (Gatti et al., 19~; Latt and Wohlleb, 1975; Das et al., 

1979). I~ the latter case, Das and colleagues suggested that dye bindtng, 

and thus dye fluorescence may be affected in some way.by the DNA-protein 

ratto, since the y noted that fluorescence,of 33258 Hoechst was qùenched 

following the removal,of proteins from the chromosomes. 

_ Similarly, the fluorescence of 33258 Hoechst is reduced in BrdU 

substituted DNA (Latt, 1973). DNA bound protelns, which may'show an 
o 

afflnity for BrdU substltuted DNA, are thought to be capable of competing 

witn the dye, and so reduce the fluorescence of BrdU substituted DNA (Lait 

and Wohlleb, 1975) 

-On the other hand, it has been suggested tbat BrdU substltut~d DNA 

undergoes rapid hydrolysis in the presence of a photosensitlve dye, such as 

33258 Hoel',hst and strong light, and tha~ the role of 33258 Hoechst ls to 

sensitize and enhance the photolysis of BrdU labeled DNA (SugIyama et al., 

, 
/ 
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1976; Goto et al., 1978). Whi1e the exact mechanism of this photo1ysis is 

not understood# Suglyama and workers (1976) suggested that 11ght activated 

dyes situated near the strong magnetic field of the ha10gen atoms of the 

ha10genated base analogùe, may act as an alkali, causing chain breaks and 
~ 

disorganlzatlon of the chromatld ONA. The role of the halogenated base 

analogue 18 apparently an important factor, since no degradatlon has been 

demonstrated when 33258 Hoechst stalned unlabelèd ONA ls exposed to UV llght 

(Goto et al., 1978)~ 

Pluore8cent-plüa-Gl~a: 
~ -

Whi1e the exact mechanism of differential staining of slster_ 
< a 

chromatids obtained by the fluorescent-plus-Giemsa technique ls not known, 

there ls considerable agreement among workers in this area as to the 

probable mechanlsms Involved. 

There are three essential steps in,the Hoechst-Giemsa method of the 

FPG technique. .They are (1) treatment of chromosomes w~th 33258 Hoechst 

~ d 
followed by (2) ~xposure to strong llght and then (3) Giemsa sta~nlng. In 

- <." 

the first two steps, the combination of fluorochrome stalning and exposure 

to strong light Is thought by most authors to cause the photo1ysis of BrdU 

substituted ONA. As a result of this photolysis, there is a preferential 

10s8 of ONA from the BrdU substituted strand. Thls alteration in the 

structure of the ONA thereby prevents further bindlng of azure dyes (i.e. 

Giemsa) to the ONA, resulting in the differential staining whlch is observed 

in the FPG technique (Goto et al., 1975; Sugiy~ et al., 1976; Ockey, 1980; 

Gonzalez-Gil and Navarrete, 1982; Jan et al., 1984) • 
. 

Evidence supporting photolysis of BrdU substituted ONA by fluorochrome 

j 
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dyes and light, and its subsequent removal from the chromatin,'as the 

predominant cause of differential staining, are as follpws: 

BrdU containing chromatids, which have been stained with 33258 Hoechst" 

and thus fluoresce dully, lose their abillty to bind Ciemsa when exposed to 
\ 

strong light. This would indicate that 11ght activated chemical reactions 

alter the chromatid components in an essential way (Goto et al., 1975). 

BrdU substituted chromatids which are treated with photoreactive dyes 
t 

and light, and subsequently stained with Feulgen, give rise to reduced 

Feulgen staining, indicating that DNA photolysis, i8 the predominant cause 

of differential staining (Goto et al., 1975) 

USing quantitative autoradiography, Ockey (1980) analyzed CHO cells 

labeled with either [3H]thymidlne or [3H]BrdU aud showed that only [3H]BrdU 
,J 

label was removed from metaphase chro~osomes after FPC sta~ning. [3H]BrdU 

is differentially removed from BB Iabeled chromatids when compared-with TB 

labeled chromatids. Furthermore, this author showed that if the UV step is 

omitted from the FPG technique, no 108s of label and no harlequin staining 

occurs. 

Citing the work of Hutchinson (1973), severai workers note\ that'if'UV 
1 

Iight debrominates BrdU substituted DNA and the resulting free radicle 

produces a single strand nick on the 5' side of the debrominated'base as 
'<1 

Hutchison suggests, then when both strands carry BrdU, double strand breaks 

May be produced (Webber et al., 1981; Gonzalez-Gll add Navarrete, 1982). 
~ . , 

Like~thers they agree that light exposure of the BrdU substituted DNA in 

the presence of a photosensitive dye, probably increases the frequency of 
1. , 

the doubl,.-stranded nicks, and that the combined effects of .332~8 Hoechst , 

'8taining, ltaht<exposure, and hot saline (a treatment which ta employed 

"-
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prior to Giemsa staining in Most FPG protocols), apparently act 

synerglstically- to facilitate the degradation and washing out ~f DNA from 

tbe chromatin. 

" Proposed KecbaniSJD8 of Sis ter Chromatid Bxcbange Formation 

A1though SCE bas been used to study a number of chromosomal phenomena 

such as chromosome structure, chromosome damage, the DNA repair deficiency 
(! 

syndrome, as weIl as 'being employed as an indicator of quantitative genetic 

25 

damage 'in mutagenicity and carcinogenicity bloassays (Carrano et al., 1978), 
~ , "'-, . ,. 

the actual mechanism of SCB formation ha~ yet to be clarified. Sasaki 

(1982) notes that current know~edge regarding the mechanism of ~CE formation 

18 highly speculative and he states that it remains one of ,the most 

B1gnifi~nt unanswered questions in research concerning ma~~lian DNA 

Metabolisme The mechanlsm has neverthelesa been titudied by a number of , 

workers, who have used the differential properMes of bases analogue 

substltuted DNA as well as the widely varying nature of SCE induction in a 

number of in vitro and in C vivo 'systems, \1n an attem;t to further clarify our 

present understand1ng of this phenomenon. 
/' 

A number of workers agree that a single model cannot adequately 

describe the· formation of SCEs, given the wide variety of treatments and 

condItions ùnder whieh this genetie endpoint can be indueed (Kato, 1977a; 

'. 
; SJ2hvartzman and Tice, 1982; Shafer, 1982). Kato (1977 a) 

suggested,' based on data showing strikingly different responses of SCE 

formation to X-irradiation and UV light, that the mechanism by which tbese 

two events might arise are most likely not identieal. For example, it has 

been shawn that while X-irradiation causes an Increase in SCE, the frequency 

, ,ï ·l·,~·1?1 
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reae.hes a saturation level at very low doses, while SCE frequ~ncies induced 

by uy irradiation treatment do not reach a saturation level until mueh 

high~r doses are administered~ (Kat 0 , 1974e). Additionally, it has been 
\ 

demonstrated that some chemically induced SCE (ie., 4-nitroquinoline 1-oxide 
~ 

[4NQO], and Mitomycin C [MMC]), as weIl as UV light !ndueed SCE, seem to be 
... ~, 

evolved through (a) proeess(es) sensit1~e to postreatment w1th eaffeine, 

whi1e other SCE 1nducing chem1cals such as profiavin, show no such 

sensitiv1ty (Kato, 1974c). These result~ led Kato to suggest that any model 

concerning the mechanism of SÇE formation by UV light, 4NQO or MMC sbould 

,invol1{e a caffeine sensitive step. Stetka '(1982) suggested the existence of 

more than a single meepan1sm for the formation' of SCE sinee a var1ety of 

lesions are thought by some authors to be re1ated to the SCE event. Others 

(Evans, 1971) suggested that since SCE may be induced by a wide variety of 

mutagens, they may 1ike1y be the result of a response on the part of the 

cel! 's repl!cating lIlélchinery to a variety of "different lesions in the DNA.' 

Since SCE i8 genera11y regarded as the reciproca1 exchange petween two 

identica1 ,DNA mo1ecu1es, or sister chromatids (Bender et al., 1914; Kat 0', ,.. - ,~ 

1974a; Perry and EVins, 1975; S)i6aki, 1977; Kato, 1979; C1eaver, 198~; 

Da,nf.ord, 1983; SpeH- et al., 1984; Latt et al., 1984; Sorsa, 1984; Anon, 

1985b), w~c~ani~ms describing su~h an event share a common requirement for 
• 

a si~gle strand break in one chromatid, with a simu1taneous or subsequent 

break, at the same position ~n the eorresponding sister ehromatid (Kato, 

1977a; D11lehay et al., 1983) • 

J 
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The role gf BrdU in SC! formation 

'Perry (1980) wrote that the base analogu~ B~dU 19 a known mutagen 

which caùses base~pairing e~rors, resulting malnly in the transition of A-T 
6 

pairs to G-C' pairs. It also cauB~s éhromosome aberrations, increases 'radio-

sensitivity, alters the binding affinity of proteins and has several other 

"effects thŒt are not known to be related ta its substitution into DNA. 

Wolff and.,Perry (1975) reported iindings early on, in which 
c:, " 

chromosomes that had been bifilarly substituted with BrdU, and Rubmitted to 

colchicfne treatment to induce the formation of endoreduplicated cells, had , 

an approxlmate ratio of 2: 1 single (SCE induced in the first 5 phase [51» 
. , 

and twin (5CE intluced in 52) chromatid exchanges in such cells, implying 

that an '~proximately equal number of exchanges occurred in the first and 

second cell cycle~. Shiraishai et al. (1982, 1983) r~confirmed Wolff's' 

findings using normal; endo~eduplicated BrdU-substituted human lymphocyte 

cella. 

Perry and Evans (1975), noted that the incorpor~ion of BrdU into DNA 

o ' 
enhances its sensitivity to damage by both X-raya and ultraviolet light. In 

CHO cells they noted a' linear dose-dependent incre~se in SCE frequencies 

& 

when cells were treated wi th X-rays in S and in G1, but, not in G2' 

suggesting that DNA replication ia required between SCE induction and 5CE 
'~ ~* 

formation. The linear dose response o~ 5CE induction to X-rays, as weIl as 

to other SCE inducing substances, suggests a single hit mechanism for this . 
event (Carrano and 'Thompson, 1982; Shafer, 1984). In studies uaing CHO 

\ 

cella, Dillehay et aL. (1983) suggested ~hati: consider~ble fraction of the 

SCE observed at higher BrdU l~vels (0.5 uM) are a response ta the BrdU. , .. () . 
. 

Newly synthe~ized DNA was studied using alkaline elution, a technique which 
, .' 
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,Prov:l.des. information regarding the distribution of single-strand Bize in a 

, v popùlation of labelled ONA mq1ecules. According to the. authors, a11taline ~ 
4 0 

'eiution profiles showed that mature BrdU-substit:uted DNA contain strand 

" 
breaks .. and'or alkali labiler sites not detected in normal ONA, and suggested 

these 1esions may induce SCE when DNA is repllcated.r \.. 

Schvartzman'et al., (1979b) showed that visible light illumination was 

able to increase SCE frequencies in BrdU substituted c~romosom~ while 
r 

visible 1ight illumination has no apparent effect in nativ~ DNA. 

Mazrimas and Stetka (1978) noted that BrdU substitution can cause an 

increase in SCE frequency even in the absence of 1ight. They believed that 

SCE freque~ies were direct1y related to the percentage of BrdU substitution' 
Co 

for thymidine (dThd) after two cell ~ycles. They a180 noted that the 

"relationship bétween' the degree of BrdU substitution for dThd and SCEs 

induced by this anâlogue is c1early linea~ and is independent of prior BrdU 

expo~ure. Thus they 'concluded,that BrdU incorporation into nascent DNA 
, 

'" <:) results in SCE formation at, or soon after the time of replication and is 

not related to the BrdU substitution of the replicating ONA. At about the 

same time, Kihlman and workers (1978) reported t1]at they found no marked) 

differences betweÊm' the fre~uencies \.of SCE in c7lls in which the DNA had 

been unifilarly substituted and those in which it had b~en bifilarly 

substituted. 

_ The findings of Schvartzman and colleagues (1979a) are in sharp 

contrast to those of earl,ier workers. They showed that the yield of SCEs 
a· 
, per ce li cycle varies according to the number of replicated rounds completed 

~ o. 

}>y AlliuDi cepa meristematic cells in the presence of BrdU. Experimental 

material was exposed to one, two or three rounds of -BrdU and then to 

, 
o 

- ~ 
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unlabelled thymidine the next one or two cell cycles. Schvartzman and 

wo{kers found that the 8CE frequencies were lowest in cells which had 

u~dergone only one round of DNA replication in the presence of BrdU and 

h1ghest in cells which hàd undergone three rounds of substitution. Findings 

of Davidson and workers (1980) also contradict the earlier workcof Mazrimas 

and 8tetka (1978~ described above. In their experiments thes~ authors found 

that the increase in SCEs due to raising the BrdU concentration at a fixed 

level of BrdU substitution (iè., at a fixed ratio of 3:2 BrdU:dThd) in cao 

cultured cells accounted for most of this incremenc. These authors 

suggested that it is the concentration of BrdU in the medium rather than the 

amount of BrdU incorporated into the DNA which is the major factor 
• 

determi~ing the induction of SCE frequency. Furthermore, when experiments 
\) 

were carried out in which cells were treated with a flxed concentration of 

12 uM BrdU while the ~evel of BrdU was increased by decreasih~ the BrdU:dThd 

ratio, thJs increase reportedly had on1y a small effect on the 8CB , 

frequency. "rhus, these authors concluded that the levei of BrdU 

substitution does not play a major role in determining BrdU induced 5CE 
, 

frequencies. 

DuFrain and Garrand (1981) conducted experiments in which the three 

thymidine analogues, BrdU, CldU and IrdUrd, were substituted into the.DNA of 

human lymphocyees·in cell culture. The authors pr~dlcted that when 

substituted at various le.yels , __ these analogues should cause different 
'" 

degrees of change in the,molecular conformation of DNA aince tne atomic 

rad!i for these three halogens are 1.8D. 1.95 and 2.15 A, respectively. 

These authors found that the incorporation of these halogenated an~logues 

dicta tes a SCE frequency that is dependent both on the used and the 
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level of incorporatlon~ Although Du!rain and Garrand charactarlze their 

work as far from conclusive, they speculated that conformational alterations 

~f the DNA probably play a major role in the molecular mechanism of SCE 

formation. 
, 

Heartlein and workers (1983) noted that the presence of ,CldU in 

rep11ca~ing DNA induces SCE frequencies five times that of Br4U, and that 

this Induction 1a largely due to the nature of hàlogen substitution, rather 

than any difference in the amount of base analogue aubstituted. The extent 
'o. 

of Brd~ and CldU substitution was estimated by'percent substitution in DNA 

of BrdU and CldU by means of radioactive HPLC., 

O'Neill et al. (1983 0 1984) suggested that the induction of SCEs 1s 

dep~ndent only on the replication of analogue ~ubstituted DNA. In these 

studies, cultured ~HO cella were grown in the pres~e of BrdU or CldU 

seven days to obtain bitilarly subst!tuted DNA in~oth ôf the sister 
'" '. 

for 

chromatids. Analogue incorporation wa~, ~ollowed by two rounds of 

replication 1n th~ presence of dThd alone.- The SCE frequencies 1n these 

cells were approximately twice those found in cells which had undergoae only 

two rounds of replication in base'analogues. Such cells contain exactly one 
o 

"half the amount of substituted DNA at die time of DNA replication durlng the 

" S phase prevlous to cel! harvest. Furthermore, ~he authors claim that SCE 

frequencies in cells grown in one cell cycle of BrdU or CldU, followed ~y a 
~ 

second cell cycle in dThd, are very similar to the SCE frequencies found 
• ·lJ 

when both replications were carried out in a base analogue, further 

support~ng the suggestion that it ls the repl1catlon of the substituted DNA 

rather tbfin the presence 'of analogue st the time of repl1cation whicb 

affects the SCE frequency. Similar results have been rèported by Suzuki and 

.. 
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Yosida (1983). 

Stetka and Spahn" (1984) attempted to r~solve the issue of whether SCE 

induction la ca~sed by the repllcation of BrdU substituted DNA templates or 
~" 

by BrdU incorporation into nascent DNA. When cells were exposed to 10 uM 

BrdU during S1 and 52 and subsequently exposed to sevéral di~~erent 

concentrations of BrdU'during 53, the'observed 5CE frequencies were 

unaffected by changes in the BrdU concentration during 53' On the other 

hand. when the BrdU incorporation during SI/52 was varied over ~he same 

concentration range aW that in the 83 of the above experiment. and th en held 

constant aç l~.~ in the 53.53 SCE frequencies did increase as a function 

Qf.Br~U co~centra~idn. anj the correlation between 53 frequency and 

concentration of BrdU in SI/S2'was highly significant. Therefore the 

authors concluded that incorporated BrdU that is serving as"a template 

durlng a subsequent S phase. induces SCEs, while the act of incorporation of 
iF 

BrdU into nascent 'DNA do,es not. 

DuFrain (1984) drew simllar conclusions :'. both wi th regard to the 

effects o~ hal~gen substitution. as we1l as the role of analogue substituted 

templates in the formation of SCEs. In a study in which six different 

hal~genated pyrimidines were substituted into the DNA of cultured human 

lymphocytes l he noted a trend toward higher SCE frequencies as the halogen 

size deviated from the normal methyl .group of thymidine. 
/ 

This author 

suggested that the incorporated halogenated pyrimidine catalyzes deformation 

of the DNA strand and that when this deformation is in the template strand. 

that alterations in the specificlty of recognition and binding of DNA 

polymerase may lead to SCE formation. 

In light of aIl the seemingLy contradictory results. Schvartzman and 

'" 
.1 
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Tlce (1982) had earlier suggested'the BrdU likely induces seE through at 

least two different mechanisms. One mechaniam may be mediated by the direct . 
incorporation of a base analogue, while the other mechaniam wou Id be 

1 

mediated by some other fictor, as sugBes'ted by studies which show a 

relationshlp 'betwe~n SCE frequency and the degree of analogue substitution 
c 

t " intd DNA~ or later studies ~hich suggested a relationship between SCE 

frequency and -BrdU levels' in the DNA template strand. [1; 

Betero- and euchroutin and the for.atioD of SCE ~ 

Several authors (Carrano and Wolff, 1975; Bostock and Christie, 1976; 
v (" 

Kato, 1979) carried out studies showing tWat the distribution of SCE 

frequencies in the euchromatin of several mammalian species was proportional 
-) . 

to lts metaphase length, while SCE locallzed in heterochromatic regions were 

fewer than expected. Additional1y, many SeEs were de~ected at hetero-

~ euchromatln junctions in 'these studies. Kato (197~) reasoned that 
. 

suppression of SeE in heterochromatin probably occurs due to tertiary 

structure rather th~n its rep~titive nucleotide sequence, since SCE would 

probably be facilit~~ed by the presence of repetitive DNA sequences. 
:;"", 

considering that pairing of homologous strartds i8 involved. Instead he 

suggested that repetitive DNA such as that found in heterochromatin, which 

is reported to have a unique distribution of_ DNA associated proteins, may be 

less susceptible to cleavàge by nucleases. He further suggeated that the 

configuration of DNA-protein complexes.in the hetero-/euchromatic junctions 
\, 

naight be in a "locally uncoiled" state, thus facilltating the formation' of 
, ~ , 
SCE~ in this region. Cortes (1980) agreed that these regions are hlghly 

sensitive to the occurrence of SCE because they migbt be transitional 

" 
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regions which may remain uncoiled at times due to differential association 

with nucleoproteins when compared with other DNA regions. 

In studies of the two large M chromosomes of Vicia ~, which conta in 

seven hete~ochromatic segments that can be distingulshed by chromosome 

banding techniques, Vos a (1~76) found that while overall~ seE frequency is 

proportional to length in this chromosome pair, the long arm has fewer SeEs 

than expected in the largest heterochromatic band. Vosa suggested that in 

Vicia, these different frequencies of SeE inuhet~rochromatic regions may be 
1 

related to discorda~t DNA synthesis. Other workers have reported non-random 

distribution of SeEs in the chromosomes of Allium cepa (Schvartzman and 

Cortes, 1977; Cortes,' 1980; Cortes et al., 1985). ' 
\ 

Schubert et al. (1979) found that the inter- and intra-chromosomal 
Il 

distribution of SeE was length proportiona! after mutagenic treat~ent and 

FPG staining of Vicia faba chromosomes. In a second study, Schubert and 

workers (1980) found that SeE frequencies in Hordeum vulgare were also 

proportiona! to length and were moreover, inde pendent of heterochromatin 

content. Gatti et al. (1979) studied the distribution of SeEs in the 

chromosomes of Drosophilia me!anogaster. 
./ 

SCEs are distributed in female . 
chromosomes in proportion to length. The heterochromatin of the Y 

chromosome of the male has a significant excess of SeEs. Wlthin 

chromosomes, SCEs are preferentially locallzed iR heterocpromatln. At the 

junctlon between hetero- and ~uchromatin, these chromosomes exhibit high SeE 

frequencies. Hoo and Parslow (1979) found t~at ln cultured human perlpheral 
, ' 

lymphocytes SeEs occurred approximately three times more frequently in 

euchromatlc segments, than in heterchromatic segments. According' to the 

authors, chis preferential involvement ol euchromatin in SeE formation may 

.. 
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be due to the morp condensed and rigid nature of heteroehromatin which might 
, 

prev~nt rotation of the ,sister chromatid, should breakage occur in this 

region, thus r~ducing SCE forma~ion in such regions. Ambros anp Schweizer 

(1983) reported a three to elevenfold increase 6f SCE's at the 
<1! 

euchromatin/heterochromatln borders and at the ~entromere regions of 

Ornithogalum longibracteatum, whi1e noting that the distribution of SCE's 

within- euchromatin and heterochromatin was near1y the~. 

Dimitrov (1987) made a distinction between hetero-/euchromatic 
• 

junction~ ;nd~::~ns ~etween ea~ly and late ~eplica\ing regions. Re 

estimated & high incidence of SCE' at both types of junctions in dividing 

cells of Crepis capillaris. The non-random distribution of SCEs in tbis 
'-....... \ 

organism'was also due to 10wer than expected frequen~s of SCE in ~ 

heterochromatin. Gamma-ray induced SCE distribution is similar to the 

spont~neou" distribution. Dimitrov.: spggested that the non-random 

distribution of SCEs might be due to differences' in the time of-rep1;cation 
6 

of individua1 chromosome regions, which he noted i9 in agreement with data 

showing that SCEs are formed during DNA replicatlon • . 
.. 

DHA.lesions· associated vith SeE foraation 

Tice (1984) pointed out that SCE per .!.!. do not indicate the specifie 

- . 
nature of the lesion responsible for lts induction. In general, 

correlations have been -made betwe~n specifie types of DNA damag~, or-DNA 
• 

lesions, and SCE because agents which are known to cause chara~teristic DNA 

damage, also induce SCE (Speit et al., 1984) •. For example, it has been . 
~ted th&t beta particles emltted from 3H-thymidine, X-rays, UV-light and 

chemical mutagens, which damage DNA, can cause increased SCE frequencles 

a 

, .' '1~ 
,1 
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(Wolff, 1977). Carrano and Moore (1982) noted that dlfferent types of DNA 
~ 

lesions exhibit different relative efflclencies for producing SCEs. 

4ccording to/these authors, UV-light, mono- and bifunctional alkylating 

.agents and reac~iv1 forma of th~ larger aromatlc hydrocarbona are substances 

which form covalent adducts or otherwise dis tort the DNA bases and are . 
efficient inducers of SCE. On the other hand, those agents capable of 

directly breaking the DNA, 8uch as ionizing radiation'~nd heavy metals, 

while efficient inducers of ch~omosome aberrations, are not efficient 
\ 

1 / 
inducerf of SCEs. Other agents implicated in the formation of SCE have been / 

/ 
cross"7linklng agents (Shafer, 1977), intercalat;ing agJnts, and some large /' 

1 
DNA binding agents (Shafer,.1984). / 

/ 
/ 

The fact that most DNA damaging agents cause a wide r~ge of molecula'r 
/ 

/ 
DNA a1teration~, bas made ~be study of the re1ationship between a9Y single 

j 

DNA ledon and SeE inducti-on d1fficu1t (Litt1efield et al.,' 19~1; Fujiwara 
1 

et al., 1984; Spett et al., 1984) and has led some researchers to propose 

that a wide variety of l~sions may 1ead directly or indirectly to the 

induction of seE (Carrano and Thompson, 1982; Litt1efield et al., 1981). 

Wolff (1982) suggests that uncertainty about w.hich lesions actually give 

rise to SeE formation Is a ~ef1ection of ,the 1ack of know1edge about the 

mechanism of its formation. Some authors have suggested that because the 
, 

formation of SeEs seem to take place durlng the S phase of the cel1 cycle, k 

. 
one might conlude that the les ions responsible for SCE production are those 

1 

which pers!st in 'the DNA unt!l the S phase, or in othar words, those wh!ch 

remain unexcised or un1epaird in the DNA after ce Il treatment with DNA 

damaging agents (Perry; 1980; Schvartzmann and ~utierrez, 1980; Wolff, 

1982). 

/ 
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Cyclobutane pyrimidine dimers, and specifically thymidine dimers are 

the primary lesions induced by UV-i~radiation (Perry, 1980) and are thought 

by some -to be responsiple for most of the bi?logical effects observed after 
- - \ i'i? 

UV-irradiation of DNA (Natarajan et al., 1981). The fact that UV-light i8 

an' efficient inducer of SCE has 1ed some authors to link UV-1!ght induced 

pyrimidine dimers to the production of SCE (Kato, 197~; Reynolds et al., 

1 
1979; lshizaki et al., ~980). 

However, Wolff (1977) showed that in experiments compa~ing the 

responses of repair.deficient and normal Chines~ hamster cells that 

sensitivity to SCE formation was not related in a simple way to'the amount 

36 

of repaire Thus, he suggested that SCE formation is not directly related to 

the format~~n of thymidine dimers or other les10ns which are presuma~y 

removed by replieation repaire lt is Wolf{'s ~elief'that minor 

photoproducts, or alkylation products that are not measured either by 

excision or post replication repa1r, s~em to be responsible for SCE 

formation. Natarajan et al. (1981) no~eq that other unknown, ~nor, UV-

induced DNA adduets, which may be difficult to measure and which may also be 

repaired by photoreactivating enzymes, would be equally as likely to lead to 

SCE formation, as thymidine dimers. 

Sin~1e~s~rand breaks have also been imp1icated in the form~tion of • 
. 

SCE. Evans (1977) noted that aince visible light treatment of BrdU 

substituted DNA results in bo~h single-stranded breaks and an increased SCE 

frequency, that single-strand breaks present during replicati~h are ~robably 

responsible for most of the- SCE's observed under these condition~. However, 

Speit and eo-workers (1984) argued that sinee DNA-breaking'agents such as X-

raya are not good inducers of SCE; it can be assumed that single-strand 

,-

t 



\ 

( 

( 

1 

breaks do not represent a major pathway for their production. They have 
t;1 

> 

also pointed out that while SCE formation must i~vplve'well defined and 
, ~~ 

orderly breaking and rejoining of DNA strands, neihher directly induced 
(:. 

single or'\ouble strand breaks meet these conditions. 

Mytomycin C, a cross-linking agent, is known as a potent inducer of 

SCE and has been linked to SCE formation (Shafer, 1977, 1984; Fujiwara et 
--- l. 

al., 1984), however, evidence contradicting this conclusion has also been 
J _ 

reporte~nd is discussed later in this review (p. 43). 
' .. • 

• -Mbr.e':'recent1y, Hirsch and Cai (1988) note a correlation between what 

the y calI aphidicolln induèed fragile sites in human.peripheral blood 

lymphocytes, and the occurre~e of SCEs at these sites, suggestlng that 

common fragile sites are hot spots for SCE formation. 

DirA repllcat10D and the fomat1oh of SCE 

Many authors have proposed involvement of the DNA,replicating 

machinery in the formation of SCEs. Latt (1981; Latt et al., 1984) pointed 

• out that several properties of repllcating DNA make it a candidate for 

involvement in the SCE phenomenon, including the proximity of siste~ DNA 

strands at the time of replication, discontinuities in newly synthesized 

" 
fragments, and the 1igation of interrep!icon gaps. Indeed, Wolff et al., 

1974) demonstrated in cultured Chinese hamster cells, that when cells 

underwent treatment with UV irradiàtion at different stage~_~f the cell 

cycle; SCE induction can occur at ~ny stage, but the cell:must undergo DNA 
.< 

replication before the exchange is formed. Kato (1974a), on the other hand, 

using cells from the same organism and examinirlg only the largest pair of 

31 

chromosomes in the genome, found that the formation of SCE was enhanced only 
'/' 

~, 
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when visible illumination was carried out during the S phase. In the same 

study, ~parallel between DNA synthe tic activity and SCE-frequency was noted 

in the X chromosome which consists of a short arm [hat replicates in the 
~, 

earlier part of the S phase and a long arm which replicates in the later 

part of the S phase. He observed that SCEs induéed by visible illuminati~n 

were only observed in the short arm in the early part of S and in the lo~g 

arm in the later part of S, thus further linking the formation of SCEs to~ , . 
DNA synthe tic activity. Kato suggested that such a concurrence could be due 

. either to direèt involvement of the replication fork' in the recombination 
4 

procesB, or perhaps to some geometrical constraint which might favour the 
1 

interaction of two broken ends. In later papers, Kato (l977a,b) examined, a 

/ 

and compared the frequency of fluorescent light induced SCE 1n unifilarly .. ' 
"\ 

and' bifilarly BrdU s~stituted chromosomes, respectively. He predicted two 

possibil1ties for the o,utcpme of these experiments and noted the 

implications of each. Since trifilarly substituted chromosomes would bear , ~ 

single-strand bre~ks in three out of four DNA strands, the first possibility 

was,that if SCE was initiated simply at the site of a single-strand break by 
, 

means of a mechanism similar to that', of m,eiotic recombination and without a ' 
1 

requirement for DNA synthesis, then the number ~f SeEs induced in trifilarly 

à~bstituted chromosomes should bé twice that induced in unifilar,ly 

sub~tituteq chromosomes (not ,three times, sinee replicating cerIs begin to 

utilize \he de novo synthesized thymidine pool and salvagecnucleotide pools 

~t aqout equal extent during the second replication cyle). Thus, the number 

of breaks which would be induced by fluoresent light illumination ln the 

unifila~ly substituted chromosome would be about the same as the sum of the .. 
number of breaks induced in the two newly formed strands in tpe trifilarly 



, " 

subst1tuted chromosome. 

The second possibility predicts that if SCE formation is restricted to 

(thej DNA replication pointes), then the SCE frequency would be the same for 

both types of chromqsomes, because exchange would be a function of the 

'number of DNA replication forks and not the number of breaks induced in the 

chromosome by fluorescent light illumination. 

The results showed the SCE frequency in the bifilarly substituted 

chromosome was only slightly higher than in tne unifilarly substituted 

chromosome but that this difference was not statistically significant 

l ' 
:Lndicating that the maJority of SCEs are Induced as a function of 

replicating analogue substituted DNA. Kato suggested that at least two 

~, different mechanisms are involved in the induction of SCEs. The first 

o 

... 
model, which would be responsible for by far the large ~jority of SCEs 

~nduced under these conditions, requires a single-strand break in the BrdU 

substltuted t~mplate strand either ln the pre-replicational DNA region or 

directly at the replicating point. The molecular process of this pathway is 

unknown. A second mechanism, whose contribution, while minimal in . ~ 
comparison to the first, would require two staggered or juxtaposed single 

strand breaks in a 'BrdU substituted chromosome. Double-stranded exchange 
, . 

between DNA strands of like polarity would follow and ta pr~posed to be 
. 

similar to that of meiotic recombination (Holliday, 1964, cited by Kato, 

1977b.) or gene conversion (Whitehouse, 1963, cited by Kato 1977b) and would· 

occur independently of DNA replication • 
• 

-
Kato .linked DNA replication to SCE induction.in andther study in which 

he investlgated the effect of temperature on'the incidence of SCE, in an 

attempt to interpret the' inechanism of spontaneous SCE as o'pposed to the 

, 
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mechan~sm of SCE which i8 induced by various DNA damaging agents. Kato 

assumed that if SCE arises spontaneously, then either the cause of SCE or 

the mechanism by whlch it is carried out would be abfected by temperature. ~ 

-
Increese in tempe rature in the experi,ment not only led to an increase in SCE 

frequency but also brought about an elongatlon of the S phase whlch Kato 

considered to be due to a d1sturbance ln the process of DNA replication. 

Kato showed that the frequency of ~CE could be plotted on a regression line 

as a function of temperature, and that this regresslon line showed an 
... 

obvious break at 39 C, indlcating that the ~ffect of temperature was not 

,simply to accererate SCE formation but to increase the frequency with 

relation ,t,o' temperature. Marked elongation of th~S phase ,also began above 

this·temperature, thuB Kato concluded that these reBults not ~nly suggest 
~ 

~ the involvement of DNA replication in SCE formation but also, that the break 

in the regression llne of tempe rature versus SCE frequency implies that at 

least two bioch~micalJprocesses may be involved in SCE formation, one of 

which enhances SCE formation when the temperature rises above·39 C. Further 

~nvestigation resulted in~the discovery that an increase in SCE frequency 

beyond the control level was detected only wpen temperature treatment was ~ 

ca1:'ried out during S phase;-, reinforcin& Kato 'os earlier assertions. elosely . " 

linking SCE formation with DNA'replication. ~ 
, 

Kato suggested that the repllcatlon pro~ess per !! pro~bly does not 
~ 

1nitiate SCE, since unless single-strand breaks ln the parental strand are 

present,'the free end of the discontinuously grow~scent strand of the 
., 

same polarity would not be available for interaction. Rather, .1n the 

.process of replication, when strand discontinuitles arise in the.nascent 
J 

strands at the replication"point, they wou~d then be free to recombine in 
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the 
. 

\replicating {egion. Kato suggestêd that such strand breaks may be caused by 

endonucleases lnvolved in excislon repalr, and he speculated that 

-
spontaneous SCE may arise by the repair of spontaneous dàmage, occurring 

a 
normally in mammalian cells. Wlth respect to temperature induced lncrease 

in SCE frequencies, Kato suggested that in no~mal cells, spontaneous damage 

is repaired quickly and perhaps for this reason only cemperature shock 

adminlstered in the S phase results in 'an increased incidence of SCE. 

Hori (1983) used ~5-azacytldine (S-azaC), a cytidine analogue and a 

pot~nt inducer of SCE, whlch when incorporated lnto DNA inhibits DNA . 

methylation l~ading to hypomethylation, to study ~he relationship between 

• 
replication_o~,differentially methylated DNA atranda and 5CE induction. He 

found ~hat 5-azaC substitution during a single cell cycle was sufficient for 
, 

maximum SCB induçtion by this analogue and sugg~sted chat SCE induction 

occurs during the repllcation of e~ther hem!-methylated or demethylated 5-

azaC substit~ted' DNA. Hori hypothesi~ed that h~omethylation of DNA, may 
.' 

alter chromatin structure and result in a retardation ln the rate of DNA 

~eplication, which in' turn might induce SCE formation. 

Cleaver (1981) noted that in a variety of human and Chinese hamster 

ce II l~nes, the baseline SCE frequencies increase,as a fu~ction of the 

average rep~icating unit~(repl~con). Baseline SCE frequencies were plotted 

against the average replicon size for a variety of ce II types. Cells with 

,larger replicons were observed to have larger baseline SCE frequencies 
~ , ' 

suggesting that a larger replicon has a great~tEmdenCy toOgive rise to 
J 0 

errors which result: in exchanges 'during replication. Thua, according to the' .. 
author, 5CE formation mlght be explained ~in the following way. Because of 
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the multiple order$ of coiling involved in the packing of eukaryotic DNA. 
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newl~replicated DNA remain~. in'an ent~lned form, which may be subsequently 

unravélled to produce separate daughter helices by the actlop of 

topoisom~rases as wel~ as other enzymes Involved in the unwinding process. 
o • 

Cells with small replicons, in which the DNA replication origins are.located 
~ 

more closely together, presuma~ly present a less demanding ~ask for enzymes 

such a~ topoisomerases, which unravel replicated DNA, than cells wnose . 

replication origlns are located farther apart. In organisms with smaller 

replicons there would be less opp~rtunity for érror Induced,SCE which might 

occur at tension spots created by the qpwinding process. Thus, such errors 

would ind~ce SCE formation behind the rePI~c~ion fork, as opposed to 

inducing SCE formation at or in the path of the replication fork as some 
\ 

authors suggest. 

Dillehay et al. (1983) studied SCE induction ln a normal Chi~ese 

hamster ce Il line (AA8) and a mutant line derived from it (EM9) in which the 

baseline SCE frequencies were increased I2-fold and ethylmethanesulfonate 

(EMS) induced SCE frequencies were increased 7-fold in the mutant line. 

Additionally, the mutant (&M9) expressed defective DNA strand-break repair 

after exposure to alkylating agents or ionizing radiation. As discussed on 

page 27, these workers studied newly synthesized DNA using alkaline elution, 

to detect whether or not ,any unusual aspects of DNA replication could be 

associated with the conditions that produced high SCE frequencies in the 

mutant cell line. By studying the behavior of nascent DNA strands the 

authors hoped to investigate the basis of high seE frequency that had been 

observed in the CHO mutant straLn EM9. Elution patterns indicated a delay 

in the replicatioq of BrdU-substituted templates two times greater in EM9 
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than in AAS. This replication delo!iY is thought by authors to be genet1cally « 

linked to 8CE frequency,since the delay was decreased in a 

that had a low SCE frequency. High SCE frequencies ln EM9 

by the authors to be the result of two interacting factors. . , 

revertant strain 

cells are tho~t 
~\ 

Flrst, the 

mutant cells may either have more lesions in the template strand or the 

replication machinery ~ay take longer to bypass the lesions which' have' been 

induced, thus explaitl1ng the replication delay in such cells. Secondly, 
l ' . , 

since the EM9 mutant ls defective in DNA strand break repair it contains 

longer-lived strand breaks than normal cells, which may facl1itate the 
o 

exchange process. Authors noted that the results of this work are 

consistent with those who propose repl1cation blocks as a prerequis!te for 

SCE formation (Shafer, 1977; Ish11 and Bender, 1980; Palnter, 1980; 1982). 

The repli cation bypass model to explain the induction of SCEs, was 

first formu1ated by Shafer in 1977 aa a mechanlsm wblch allows repl1cation 

to continue past a crosslink in éhe DNA template strand. The model was 

cr1ticized on theot'etical grGunds by Stetka (1979) and refuted in part by 

the experimental results of Carrano et al. (1979). The latter workers 

workers compared the SCE inducing capablil1ties of mitomy~in C (MMC), a 

potent itlducer of DNA cross-links, witb that of lts monofunëtional 

derivative, decarbamoyl mitomycin C (DCMMC), which lacks cross-linking 

activity.. DCMMC was found to have an even greater SCE inducing capabllity 

than MMC, thus :tt was concluded that DNA interstrand cross-links cannot be 
c} . 

the major lesion respon'sible for 8CE induction. Stetka (1979) suggested 

that, at best, the replication bypass model ahoule! be l1mited to SCEs 

induced apecifically by cross-linking agents, as it does not account for a11 

the av~ilable data regarding SCE induction. 
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Shafer (1982, 1984) defended the model on several grounds, while 

propos1ng alternative mechanisms which may account for the data of Carrano , . 
et al., (1979) and others. Shafer suggested that as normal replication 

progresses in damaged DNA it will be interrupted by a v~riety of DNA 
J 

, , 

lesions. This may bring about the induction of parental-strand inc~·ions by 

-
repair endonucleases, which may result in parental-strand transfers, ending 

in SCE formation. Shafer noted that SCE may arise by a number 'of different 

mechanisms, much in the same way dlfferef'-"lesions give rise to a variety of 

r~pa1r pathways. The l!10st likely steps ln a repair pa)way-"to ,affect SCE 

formation wou1d be either an endonuclease incision in one DNA strand or the 
.. 

pre-incision binding of an 'endonuc1ease at the incision cite. Thus Shafer 

broadened the possible applications of his, original model by proposing a 

series of re1ated mecha-att:s.;s, linked to DNA lesions other than DNA cross­

links. or to repair Intermedlates which disrupt normal DNA repl1cation.-

Therefore, according to Shafer' s .model, SCE probably occurs when incisèd 

parental DNA strands located at, or near, an unrepaired or 'partially 

repaired les ion site, are exchanged in order to allow DNA replication to 

continue past the lesion. 

Painter (1980, 1982) proposed a mode1 for SCE formation based on the 

physlcal constraints of DNA replication at the molecular level. He stated . 
that during DNA repl1cation, ,supercoiled subunits of the chromosome are 

physl~ally separated from each other by RNA and/or protein- He suggested 

that the DNA at juncti0ll,j between replicating an.d supercoiled DNA i8 

,suscepdble to double-strand break formation. Furthermore, he supposed that·~ 

any damege, such as cnemical damage, which may slow down or stop DNA 

replicati('n, may cause the DNA in these junctioI\S to remaln unreplicated for 
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longer than normal perioas of time addi-tionally increasing the probablllity 

of .double-stranded breaks .in this region. lt i8 these double-stranded 
- "fi: t , 

breaks, accordlng to Painter, which give rise to~SC! by providing the 

opportunity for the daughter strands to become availàble for interaction and 
f 

thus exchange with the DNA in the unreplicated adjacent cluster. -This 
. 

model, accordlng to Painter is consistent with data showing that,SCE are a 
, 1 

linear function of~ose, thus, even though it requires two double-stranded 

molecules ta participa"te (,i.e. a double":'stranded break), it conforms ta 
il 

si*le-hlt klnetlcs., 

Another repllcation m~del for SCE was proposed'by lshll and Bender 

(1980) whlch the authors c~ll the "repllcation detou~ model. In their , . ~ T 
experiments the authors examined the effects of a number of inhlbltors of 

DNA synthesis on spontaneous as weIl as UV indU,d 5CE frequencies. The 

rësu1ts show that both types of SCE frequencies ere influenced , . 
slgnificantly by on1y some of these inhibitors. The authors suggested that 

chaio elongation i8 possibly the sensitive step involved in both types of 

8CE. Two models are proposed to explain the formation of spontaneous and 

Induced SCE respect~vely. In the former case, lt is suggested that a nick 

in -either of the template DNA strands of active1y replicating DNA, would 

give rise to single-stranded ends which could sometimes rejoin with the, 

4 newly synthesized daughter strand of the same polarity, resultlng in the 

formation of a 8CE. For UV Induced 5CE the mechanlsm is the same, a nick in 

the template strand resulting from the presence of a thymidine dimer in the 

DNA. - _ 
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DRA repair and thel fonution of SeE • 1 

l 
( ..' Sinee DNA damaging agents increase seE frequency, this suggests the 

, 
possibility that SCE may be a reflection of a basic DNA repair process 

l 

(Sasaki. 1977, 1982). There are a numper of known mechanisms for the repair 
p ~ 

of D~A. Single-strand da~ge may be corrected either.by photoreactivation 

or excision repaire Unrepaired damage which passes through replication may 

leave a gap in the newly synthesized strand opposite to the damaged stra\d. 

Such gaps may be corrected by recombinational exchange between single-strand 

portions in the daughter,duplexes. This is referred to ,as post-replication 
o 

repair, and involves the provision of a template for ~ither gap filling or 

excision of the original DN~ damage (Shafer, 1977). 

In 1973, Kato pointed out that sinee caffein~~~is a known inhibitor of -­

post-replication repair, the finding that eaffeine reduced SeE frequency in 

UV-induced cells, suggests a correlation between UV-induced SCE and post-

replication repair" or some process closely related to it. How~ver, Gatt1. 

and workers (1980) showéd that in mei-41 mutant cells, which are defec~ive 

in a eaffeine sensitive pathway of post-replieation repair, SeE levels wère 

normal. These authors eoncluded that the formation of seE i8 not a 

manifestation of post-replication repaire Shiraishi et al. (1982) reported 
• 

findings tha~suggestodouble-strand rather that single-strand exchange ia 
, . 

involved in SCE cformation. Since post-replication repair of DNA damage , 

involves the e,xc::hange of single s~rands of DN~, Shiraishi et al. Çl982) 

stated that a relationship between SCE and post-replieation~epair seems 

doubtful. Kato (1977a) had previously suggested that if DNA strand breakage 

i8 involve~ in seE fo~~tion then DNA r~pair mechanisms, which can induce 

strand breaks by endonucleolytic action at the site of DNA damage" or ,ligate 
. , 



. , 
'" 

c 

1(. " . 

ar.; , 

• 

. ' 

47 
'--

breaks which are Induced by other means, might be implicated in SCE 

formation. If this were the case, then according to Kato, the pathway of _ 

SCE induction may depend on both where and how the initial'DNA strand breaks 

are introduced and whic~ repair méchanism 18 functloning at a given leslon. 

Bender et al. (1974) noted that recombination repair like SCE 18 

stimulated by UV-irradiation and inhibited by caffeine, thus suggesting a 

recombinational repair origin for some SCE events. On the other band, I8h11 

and Bender (1980) expressed serious doubts concerning models whicb imp1ic~te 

elther recombinational DNA repair or replicative bypass repair through 

branch migration, in the formation of SCE for two reasons. "'-Firat, neither 

of these repair mechanisms has been well established in mammal1an cells, and 

secondly, they remain as candidates ~or a role in SCE induction, not beca~se 

any direct evidence suggests that they play a role but rather, because the y 

have not been di8proven. 

Wolff et al. (1975) attempted to test whether known DNA repair 

processes are involved in the formation of SeEs. Various human cell lines 

were employed. Untransformed and transformed SV40 cell lines from normal 

patients as weIl as those from excision-repair defective, and post-
, 

replication repair defective Xeroderma pigmento8um patients and from 
. 

patients with other hereditary diseases were used. No significant -

differences were seen in 'the yield of SCEs between Xeroderma Pigm~ntosum 

cetls and normal cella. Ne1ther the amount of excision-repair nor the 

presence of de~ective post-replication repair appeared to affect SCE yields. 

A simllar conclusion was reached by Wolff (1978) who showed that a number o~ 

Chinese hamster cell lines with.different excision repair capacities, showed" 

the same yield of SCE following UV-irradiation. 
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However, DeWeerd-Kaste1ein and colleagues (1977) reported that four 

out of five excision deficient Xeroderma Pigmentosum ce Il lines irradiated 

with UV-light showed sign1ficantly hlgher SCE fréquenc1es than control 

cells, suggesting that unrepalred damage i8 involved in 5CE production. And 

Sbafer (1982) argued that .• tufe •• uch a. tbat of DeWeerd-Kastelein et al., 

coupled wlth the evidence that 'SCE induction requires the occurrence of both 

DNA damage and DNA repllcation, suggested that unéxcised UV-induced damage 

playe an important role in the high 5CE response of some Xeroderma 

Pigmentosum cells to UV treatment. 

, Painter (1980), who proposed the replicon as the site of 5CE 

formation, suggested that the only role which DNA repair might play iD; SCE 

formatio~would b~ to reduce the amount of damage present in the DNA be~ore 
• 

replication. ' In fact, S-chvartzman and Gutierrez (1980) showed that a given 

'damaging treatment, such as irradiation with visible l1ght, yields different 

numbers of seEs depending on the period of the cell cycle in which the 

damaging treatment i8 gi ven. Uaing BrdU substituted chromosomes of Allium 

cepa L., these authors found that· the effecti veness of visible l1ght 

irradiation in inducing SCE increases the closer it h- administered in the 

beginning of S phase. The highest increase over """"the basellne frequency, 

colne1des with irradiation in early S phase., SCE induction decreased 

rapidly as cells progress through the S phase and is zero when treatment is 

glven during CZ• These authors suggested that this differential 
~ 

effectiveness of visible light irradiation may i due to ~he period of time 

available for the cell to carry out cell repair after DNA damage occurs and 
~'. ~ 

before the onset of DNA replication. High frequencies of SCE would thus be 

dlrect1y related to t.he p.umber of unrepaired DNA les ions rémaining in the 
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DNA at the time of replication. 

sa as a bloaasay for autagenie1ty and carcino15enicity teatiy 

Latt (1974) carried out the first !!!. vitro bioassay using SCE 

induction as an indication of chromosome damage by Mitomycin C in human 

lymphocytes. Since then a number of studies using the SCE test as a 

~ bioassay for induction', of chromosoma1 damage have ~een carried out ln hlgher 

plants. AlI "of these studies have employed the base anologue substitution 

of chromosomes with BrdU and the FPG stalning technique, usually a 

modification of the ~r1ginal\technique of Kihlman and Kronborg (1975). 

studies in higher plants use the rapidly dividing cells of the root 
~ 

meristem. 

Such 

The effects of chemical treatment on SCE frequencies in Vicia ~ 

have been studied by several authors. The ~hemicals include thiotepa, 

caffeine, 8-ethoxy caffeine (Kihlman; 1975a), methyl methanesulphonate, 

ethyl methanesulphonate, N-methyl-N'-nitrosoguanidine, quinicrine mustard, 

thiotepa phosphine sulfide (Kihlman and Sturelid, 1978), ethanol (Schubert 
1 

ét al., 1979), mitomycin C, malelc '~ydrazide (Kihlman and Sturelid, 1978; 

Schubert et al., 1979), X-rays (Andersson et al., 1981)," bleomycin, 

streptomycin (Kih1man and Sture1id, 1978; Anderss~n, 1981) and paint tninner 

(Gomez-Arroyo and Castillo-Ruiz, 1985). 

, In Allium c~pa the effects of the fungicide vinclozolin (Escalza et 
, "'\ 

al., 1983), the base analogues BrdU (Gutierrez et al., 1983) and FdU 

(Escal~a et al., 1985), as weIl as the effects of caffelne (Cortj!s and 
1 

Hazen, 1984) and pyronln y (Cortes and Hazen, 1984, Armas-Portela et ~l.J 

1985) have Ibeen studied. The physical effects of visiittle lighu tSchvartzman 
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"et al., 1979b), temperature (Gutierrez et al., 1981), oxygen dependency 

(Gutierrez and Lopez-Saez, 1982) and green 1ight (Armas-Portela et al., 

'1985) have also been examined in Allium cepa. The effect of chemical 
1 

treatment with thiotepa on SCE frequency has been studied in Tradescantia 

paludosa (Andersson, 1985). 

In these studies, with the exéeptions of 8-ethoxy caffeine, 

vlnclozolin, and bleomycin, aIl chemical substances strongly induced 

increased SCEs with increasing dose. X-rays ha~ little effect on SCE 

frequencies. Culture temperature was found ta be inversely proportional to 

SCE induction, and increased as a f~nction of oxygen tension. Both Fd~ and , 

BrdU were efficient indûcers of SCE in plant bioassays. 
-' 

Many authors now regaTd the SCE bioassay as a valuable tool for the 

detection of mutagenic and carcinogenic activity of chromosome damaging 

agents (Miller, 1978; Abe and Sasakl, 1982; earrano and Moore, 1982; Lambert 

et al., 1982; Latt et al., ~984; Shafer, 1984). SCE, thought to represent'a 

direct interaction of genotoxic materi~s with DNA (Danford, 1983; Speit et 

al." t1984; Tice, 1984; Anon, 1985b), can be induced by a variety of agents 

which damage DNA, while DNA is thought to bithe primary target of physical 

or chemical mutagens (Wolff, 1981). Moreove, ma~y mutagenlc agents are 
1 

known to induce SCEs (Abe and Sa~aki, 1982; Carra no and Moore, 1982; Carrano 

and Thompson, 1982; Sorsa, 1984). Take~sa (1982) suggested that in some 

cases the SCE test i~ more sensitive than the Ames test in detecting known 

carcinogens and mutagens such as urethane diethylstilbestrol and saccharin. 

Latt (1981) noted that about 80% of carcinogenic chemicals studied; are 

known to produce SCEs either ~ vitro or ~ vivo. ln cultured Chinese 

hamster cells, treated with four4different mutagens, each known to cause a 

J 
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dlfferent kind of DNA lesion, a I1near relatiopship was observed between SCE 

induction and indueed gene mutation (Carrano it al., 1978; Carrano and 

Thompson; 1982). Genetic trans~rmation has also been linked to SCE 

induction (Carrano and Thompson, 1982; Popescu and DiPao10, 1984). lt bas 
~, 

been suggested that SCE may be valuable as an Indic~tor of damage which is 

compatible with subsequent ~ell survival, whereas chromosome breakage assays 

are note 

Advantages of the SCE technique over other cytogenetie bloassays are 

its increased sensitivity as an Indicator of chromosomal damage (Wolff, 

1977; Perry, 1980; Shafer, 1982; Carrano and Thompson, 1982; Fujiwara et 

al., 1984; Latt et al., 1984; Sorsa, t984; Tice, 1984; Gomez-Arroyo and 

Castillo-Ru1z, _19~5), sinee the effec~a of Many DNA damaging agents can'be 

detected at much lower levels than those which are needed to induce 
-

chromos omal aberrations (Perry and Evans, 1975; Solomon and Bobrow, 1975; 

Carrano et al., 1978; Wolff, 1981; Takehisa, 1982; Deknudt, 1984). Other , 

'" advantages of the seE assay which have been cited in the literature include 
. 

its rapld methodology and ana1ys1s (Perry and Evans, 1975; Carrano et al., 
" 

1978; Lambert et al., 1982; Shafer, 1982; Danford, 19S3; Anon, 1985b), the 

fa.ct that seorlng is simple and reproduclble (Solomon and Bobrow, \1975; 

Wolff, 1977, 1978; Anon, 1985b~ and that few cells need ta be scored in 

. order to give rise to statistica11y ,significant inc~eases in SCE freq~encles 

(S~omon and Bobrow, '1975; Wolff, 1978; Perry 1980; Deknudt, 1984). 

Addltionally, this aasay ean be used as a means for in situ detèctlon of 

environmenta1 or occupational genotoxic contaminants (Perry.and Evans, 1975; 

Wolff, 1981; Lambert et al., 1982; Soraa, 1984; Watanabe and Endo; 1984). 

Takehis~; (1982)- noted that another advantage of the SCE test over tests 
\ ' 

.. 
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which use micro-organisms to aasay for mutagenic1ty and carcinogen1city Buch" 

aS,~the Ames test, is lts use of eukaryotic cells. He suggested that in vivo 

mammalian as'says C.çln more accurately l1ll,1strate damage to mammalian systems 

than- b'acterial fells. 

HQwever, SCE induçtion alone is'not generally accepted as sufficient 

evidence for the classification of an agent as a mutagen'(Hansteen,' 1982; 
1 

Danford, 1983; Tice, 1984; Anon, 1985b). A recent W.H.O. publication (Anon~ 

1985a) on the use of SCE assays, suggested that the role of this bioassay in 

the detection of carcinogens ,has yet to be defined, while some authors 0 

clearly feel 'that as a bioassay for mutagenicity it' is presently overrated. 

lIt has been pointed out, for example, that some mutagens such as ionfzing 
, 

radiation (Salomon and Bobrow,' 1975), ethidiu~' bromide, cytosine 

arabinoside, chloramphenicol, cyclohexamide (Gebhart, 1982) and clastogens 

in general (Danford, 1983; Anon, 1985b; Sorsa, 1984) have little effect o~ 

SCE induction" while bleomycin and maleic hydrazide did not yfeld a clear 

dose-dependent response (Gebhart, 1982). So'lomon and Bobrow (1975) 

.. 

suggested that the failure of SOme mutagenic agents to induce SC! may lim1t 

the praètical'usefulness of SCE as a mutagenic bioassay. Perry (1980) noted 
. 

th~t p~rene, ~hich nearly doubles'SeE frequency in eHO cells ia a weIl 

" 
documented non-carcinogen. Gebhart (~982) suggested 'that the large number 

of false negative results demonstrate-the limits of the test, as weIl as the .. . 
, 

large numbers of weakly positive results which'are âifficult to interperet 
, c 

when these same substances have yielded negative results in other. 

mutagecicity assays. Carrano and Thompson (1982) warned that although 
, -

single g~ne mutation and SéE induction are linearly correlated for some 

agents, this does not imply that aIl agents will demonstrate such,a 
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rel~t1on, nor that the S4me 1esions produce. both endpoints. lt could be 

that the cEiUu1àr proçe'ssing of different, or like .. 1esions, lead to the se 
, 

end points , thus not every SCE inducing agent wou1d be mutagenic and visa 

versa. Some authors pointed out that the ratio of induced SCEs to gené 

mutations (cario and Moore,: 1982) and ocarc1nO,gens (Erskine et al., 1984) 

varies widely for both chemica1 and physical agents. According to Wolff 

(1981) the SCE to ~tation ratio may differ wiFh species, tissue type and 

dose rate. 

Some authors felt that because the mechanism of SCE formation as weli . , . 
• 0 

as the biological significance of this endpoint are cpoorly understood, this 

represented an important disadvant~ge to usin~ it widely as a test for 
, 

mutagenic1t)r (Gebhart, 1982; Shafer, 1982). Others pointed out that since 

53 

the genetle slgniflcance of _SCE ls not known, then lts significance in terms 

of mutage~~~ty ànd carcinogenicity can not be d~termined (ahafer, 1982; 

Danford, 1983). 

lt has been suggested that in vivo studies of human exposure to-

poten.tially hazardous environmental or occupationa! materia1a, which show a 

positive correlation between exposure and SCE induction, should always be 
, ~ 

considered as an adverse aign of exp<?.!?~re, aince they probably indicate DNA 

o 

damage and a qualitatively i~creased risk of mutagenesls an~ carc1nogenesis.' 

However, the hea1th çonsequences for the individua! cannot be estimated 
, 

quantitatively or otherwise aince !itt1e ia known about the possible 

association of carcinogens or mutagenic agents with SC.E (EJ:"skine et al., 

" 1984; Soraa, 1984; Tice, 1984). Sorsa pointed out that another disadvantage 

of using SCE in oacupational carcinogenic. and mutagenic studies ia that very , 
. , 

few of such studies ~ave been confirmed by independent findings. Perry , 

o • 
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(1980) agreed th~t given the small number of chemicals that haye been 
/ . 

investigated rigorously uslng the SCE test, lt is diffi~ult to correlate 

this e~dpoint with animal carcinogenicity data~or with other test systems , 
, , 

commonly in use. 

Danford (1983) noted that there is a hi-gh background level of SC~ 
, 1 

which may b~ in part due to the necessit~ of providing BrdU, known to induce 
1 

SCEà, to the test organism ln order to visualize exchanges. SomE! authot~ 

\ -
expressed concern as to whether or pot BrdU incorporation aff~cts the 

sensitivity of tHe SCE t~st to diffe,rent chemical ag~nts (Schvartzman' and 

Tiçe, 1982; Morgan and ~olff, 1984) or whether the fact that this backgrourtd 

frequency varies in different Iabs even in cells of the same line might not 

'" 'affect the test's accur~cy (Perry, 1980). The possibi11ty of synergistic 

,interaction between BrdU substi'tuted DNA of the. test system and ~he test 

dompound might aIso call'into question the 'rel1abil1ty of the assay" (Franz, 

1982; Schvartzman and Tice, 1982). ,Thus, according to Gebhart (1~82), the 

(

CE test Is a measure of th~ co-activlty of the "test agent and BrdU which 

leads to the observation of co-mutagenicity'rather than mutagenicity. ,In a 

study by Morgan and Wolfi (i984), a comparison was made between cells in 
\, " 0 

• ~ Q 

which chemical treatment was carried out b.efore BrdU .substitution was begun, 
1 

and ,those in which cells were treated conti~ly with BrdU and t~e test 

agent. The results suggested that som~indücin~agents affec.t 

8ubstl~uted and unsubstituted DNA differently. 

Those who feel that. SCE may not yet De a reliab1e ~st for 

mutagenicity and carcinogenicity suggested that SCE may nevertheless provide 

a useful technique for exploring the mechanisms o1cchromosome brèakage and 

:elatr (Solomon and Bobrow, 1975), serve as a complementary assay to other 
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~8a18 for ~ta8eniC1t1 (Carrano and Moore, 1982; Hansteen, ~982; Anon, 

\ ~98Sa)' or a8 an. aid in obtaining additional ins1ght8 1nto the molecular 
" 

mechanisms of the cytogenetic activity of muta gens (Gebhart, 1982). 
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Initial work concentrated on developing a technique for the 

-
differential staining of BrdU substituted chromosomes. Using the Feulgen 

.; 

staining'procedure of Templaar et al. (1982) preliminary work was initiated 
c, 

with root t1ps of Hordeum vu1gare L. Because differentia1 staining was 

difficu1t to procure, variations of the FPG technique were tried. In bar1ey 

a modification outlined by Grant and Zura (1982) was used. In Vicia faba, a 

modified version of Cortes and ~ndersson (1987) was used, as weIl as the 
,-

original modified FPG technique of Kihlman and Kronborg (1975). The Feulgen 
1( 

st~ining procedure for SCE was also tried in Vicia. 

~rowing Boots fra. Seed 

Barley: 
1< 

The barley seed (cv. 'Laurier') was obtained from the E.A. Lods 

Agronomy Research Center, Macdonald College, McGil1 University., 

S,eeds were soaked in distilled water for 6 h followed by germination 
V 

in 15 cm plastic petri dishes. The bottom"of the petri dish was lined with 

about 0.5 cm of perlite and moistened with distil1ed water. This layer of 

perlite was covered with a layer of no. 4 fil ter paper whlch was also 
\;:> 

moistened. Seeds were p1aced on the filter paper. Enough space was 1eft , , 
between the seeds so that they were not touching each other. Fina1ly, the 

seeds were çovered with a second piece of moist fi1ter paper and the petri , 
o Jo 

_ dish was covered and left in the dark at 18 C. Care was taken to leave a 

sufficient sp;sce between germinating s~ds, as well as to assure that only a 

moderate amount of moisture w~s in contact with the seeds, as both 

( 
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, 
overcrowding and excessive moisture inhibit germination. Seeds were lef t 

for approxim~tely 32-36 h at which point the r~dicle had grown to between 2 
, 

to S tIIDl in length. The radicles were then ready for treatment with a base 

ana~ogue. 

Vicia faba: 

Seeds of Vicia faba (cv. 'Aguadulce'; former name Loog Pod Seville) 

w~re obtained from Charles Sharpe and Co. Ltd., Seed Producers, Sleaford, 

England. -

Seeds were soaked in a l~ .solution of sodium hypochlorite (commercial 

bleach) for 5 min followed by rinsing in running water for 10 min. This 

step was required since contamination rapidly develops in its absence. The 
, 

seeds were then transferred to a large ~eaker in which they were left to 

, soak overnlght (14-20 h) in the dark at 18-20 C. The 'following day they 

were transferred to a shallow, glass baking dish 35 by 22 by 5 cm to which 

running water was supplied at a temperature of 18 C. This water was 

continually aerated by means of a small <Îaquarium air pump. Germination was 

contlnued in the dark. 

The outer seed coat was removed when the developing root reached 

approx!mately 1 cm. Th~s step ls necessary to guard against further 

5] 

contamination which may" result from the presence of microorganlsms sheltered 

beneath the seed coat. When the primary rqot tips reached 4.5 to 5.5 cm in 

length (approximately 7 days), they were decapitated 80 that the initiation 

of secondary roots would occur. Seedlin~ shoots as weIl as root tips were , 
removed. Since aIl primary roots do not 'reach the same length uni'formly, 

shoots and root tips were removed on 3 to 4 consecutive day&. 

.. 

" 
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Seed1ings were ~ransferrea in groups of 2 or 3 to individual 250 ml 

beakers. Seed11ngs were supported by a plastic screen at the mouth of the 

beaker so that on1y the radicles éxtended into the beakers. These were 

filled with distiiied water and maintained in the dark with continuous 

aeration at 18 to 20 C fot çhe number of days requ1red in order tbat lateral 

roots appear and reach a Iength of approximately 0.5 to 2 cm (about 3 days). 
-.l. 

Seeds were then ready for treatment~a base analogue. 

Base Analogue Treatllent 

Barley: 

m 
Root tips were treated for one celi cycle (12 h) with a 500 uM 

solution of Brd [5-oromodeoxyuridine (5x10-·4M), fluorodeoxyuridine 

(5x10-8M), and uridine (10-8M)], followed by a slightly prolonged second 

cell cycle, [12 h + (1-3h)], with a 25 uM solution of thymidine, [thymidine 

(2.5xl0-5M), uridine (10-6M)] (Schubert et al., 1980). 

Seedlings were transferred from the petri dishes in which they had 

been germinating into petri dishes prepared exactly as they had been at the 

germination stage except that the distilled water was replaced either by the 

Br~U or the thymidine solution. 

When transferring seedlings from one petri d1sh to another each 

seedling was placed so that root tips were in contact with the bottom fil ter 
- . 

paper. Base analogue treatment was carried out in an 18 C incubator in the . 
darkness. Due care was taken when handling sol~tions containing ha!oge~ated 

nucleosides as they are mutagenic (Lewin, 1985). 
1 

The prolongation of the s~cond cel! cycle allows for the fact that 
1 

1 
treatment ~f living plant cells with BrdU and other' b~se analogues tends to 

r 1 
, . 
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dela, the cell cycle (Cortes and Gonzalez-Gil, 1982). Thus an increase in 
) 

the second treatment period should yield the greatest possible number of 
1 

1. 

substituted metaphases. 

Vicia faba: 

59. 

A number of workers appear to have different preferences both in terms 
~ ~ 

~ of the concentration of bas~ analogue they use, as weIl as in choosing 

o 

whether to use either two cel! cycles of BrdU, or one cel! cyc!e:of BrdU 

f~llowed by a second cycle of thymidine. 

For the Feulgen procedure both methods of treatment were used. ln the 

first case, root tips were treated for two consecutive cell cycles with a 

100 uM solution of BrdU.[5-bromo-2'-deoxyuridine (10-4M), 5-
~ 

fluorod~oxyuridine (10-7M), and uridine (5 x 10-6M)] (Kihlman and Kronborg, 

1975). ( 

For the FPÇ technique in Vicia faba, two consecutive cycles of 100 uM 

BrdU were used (Cortes and Andersson, 1987). Treatments were carried out by 

replacin, the distilled water in the 250 ml beakers with 100 uM BrdU or 100 

uM thymidine for a period of two cel1 cycles as Indicated previously. Base 

analogue treatment was carried out in an 18 C incubator in the dark with 

constant aeration. 

o PrelÜl1nary Feulaen Scbedules for Differentia! Sta1.ning 

. Barley: 

1) Excise root tips and wash. Treat with 0.002 M 

8-HYdroxyquinGline for 2 h in a refrigerator (4 C). 

2) Wash root tips and·flx for: 

• 
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1 h in glacial acetlc acld in the refrigerator, followed 

by 14-20 h in 3:1 95% ethanol:glacial acetic acid -

in the refrigerator,_ then 15 -min in 70% ethanol at 28 C 

(Tempelaar et al., 1982). 
# .. 

3) Wash root tips and, treat with 5 H HCI at 37 C for 

45-51 min. 

4) Rinse at least 3 times in distilled water. Allow 2 ,min between 

rinses. Stain in basic fuchsin for approximately 15 min in the 

dark. 

. , 

5) Macerate for 1.75 h in a solution of 5% pectinase and 0.5% 

cell~lase adjusted to a pH of 4.7 with 0.2 M HCI (Tanaka and Ohta, 

1982) • j 

6) Squash root tips in 45% acetic acid and score using a phase 

contrast light microscope. 

7) Store unsquashed root tips overnight in 70% ethano1 in the , . ~ 

refrigerator or make slides permanent by the Conger and Fairchild 

(1953) method. 

VicIa faba: 

1) Excise root tips and wash. Treat with 0.05% colchicine for 3 

h at 18 C. \ 
1 

2) ,Wash root t~ps and fix for: 

1 h in glacial acetic acid in the refrigerator, followed 
, 

by 14-20 h i~ 3:1 95% ethano1:glaclal acetic acid 

in the refrigerator, then 15 min in 70% ethanol at 28 C 

(Tempe1aar et al., 1982). 
~ 
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1 

3) Wash root tips and treat with 5 M HCI at 2S'C for SO-S5 min. 

4) Rinse at least 3 times in distilled water. Allow 2 min 

between~rinses. Stain in basic fuchsin for approximately 15 " 

min in the dark. ~ 

5) Macerate for l.25_h in a solution of 3% pectinase adjusted to 

a pH of 4.7 w1.th 0.2 M HCl. 

6) Squash root tips in ace tic acid and score usin~ a phase 

"contrast light microscope. 

7) Store unsquashed root tips overnight in 70% ethanol in the 

refrigerator or make slides permanent by the,Conger and , 
Fairchild method (1953). 

'Fluorescent=plua-Gieaaa 

The modifications of this technique in the literature are quite 

diverse. The simplest way to iliustrate the differences between those which 

were attempted in barley and in Vicia in this study Is by means of Table l, 

shown on the following page. 

Rxaw1DatioD of Sa.e of the Factors Affe~tiDg D~ffereDtial Stai~8 , 

in V~cla faba 
o ' 

ln further experiments, some of the factors which might affect the 

success of differential stàintng in Vicia faba, with both the Feulgen 

procedure and the FPG technique, were examined. 

'actors affecting tbe aitotic index: 

ln this section, unless otherwlse mentloned, roots were grown as 

(' 
'. • o c 

.. ~. .~; -, 
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tABLE 1. FPG techniques according to origina~ authors. Different FPG 
techniques identified by Roman numeral as reported by the author 
shown bêlow. 

1. Xihlman and Kronborg (1975). 
II. Grant and Zura (1982). 

~III. Cortes and Andersson (1987). 

TREATHERT 1 
1 

BAS! ABALOGUE 
100 uM BtdU 18 h 
100 uM Tlxl 21· h 

FIXA'nOB 

JlIBSB 

o.os % ca1chfdne 3 h 
3:1 ETOH:aœtfcadd, 
cald, ~ (l4-20h) 

,Ml M dtt:lc add blffer 

lIACEllATE 
0.5% pectInage:fn dtdc 
add bJfferpH 4.7, 
75 mfnat27 C 

SQUASH 
:in 45 % acetIc add on 
s1WesSlbbed:fn a 10:1 mbc 
of ge1at:fn:chrome-a1um. 

IllUlOVE 

n 

100 uM BnlU 17 h 
lOOuM BnlU 19h 

sameasI 

sameasI 

2hat22C 

xxx* 

m 

"sameaslI 
o 

o.os% oo1chIdœ 3 h 
3:1 metbano1:aœdcadd· 
p.tiImged:Bxatfalup ta ooe week 

2hat27C 

sameasI 

• COVERSLlP 

J' 

dLy:1œ metOOd 
~ 

BYDUTE 

JlIBSB 

almlute ETOH sedes: 

95% etohtod H20 

prepàœd as fc:ilJows: 
l.-mg RNâae dfœolvedin 
10 ml 0.5 x SSc. P.Iaœ 
2OOulooto~ 
tfs:lJe. 1:œubate 
1hat27. 

in0.5xSSC' 

xxx* sameasI 

xxx* sameast-

xxx* ' 

," 

• 
'xxx* xxx* 

( l ' 

1 
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j 

p:epaœdasfo1Jows: 
1 mg "33258 HoecbIt" 
fka:oc:bmme dfEa1.wd:fn 
111lafBTOH. Tbenl ml 
cf tblsrit1on:Ss dfssciwd 
:fn200 ml0.5xSSc. StaIn 
ftr20 mm. 

J)ffFelH t1arlm of sIstet 
- c:hromatfds may be 

:lmpxM!d by expœuœ ta 
lœgwave UV fa:~mm. 

Stxm s1fdes averd H20 
frr4 dayB:fna malet 
chamber at 4 Ce 

BYDROLYSIS 

IDSE 

Tncl1bste at o.s lit SSC fer 
60 1IIfn at 55 Ce 

:In 0.017 M phœpbate 
bJffi!r, pH 4f 

1I0UBT 
Atrdry am moum:. 

IBD 

J 

8 

n 

ameasI 

xxx* 

.' 

sameas! . 

sameas! 
IBD 

j - l'''~ < " 
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m 

StafDfer25 mfIl w:fr:hslmn'franeoug 
. upœuœ to1rradfat1œfmm a 

germfdda1lamp. 

xxx* 

, 'XXX' 

JUlJbat:e:ln 5 M H Cl.fŒ 20 lIIfn st 
2SCe 

xxx* 

xxx' 

IlACBIA'l'E 
lncubate.ino.l M HCl.fa: 

, 2 m1nac60-C. 
SQUASH 

:In 45% acetfc add; leave 
preparar!ocsfcrsome 
mfm#'eS.ino.m7 M 
phœpbate buffet; pH 6.8. 

:In 2% G1e~dfœa'lwd:fn 
thesame hIffei'fcr8 mm. 

1I0UBT 
Afr dry s1fdes and m~ 

c 

'This step is ~ither nDt per4ar.ed Dr· i. p.r4Dr •• d It another ti.e, 



o 

• 

described in the Material and Methods section titled "Growing roots from 

seed". Root tips were fixed and stalned according to the following 

schedule: 

1) Excised ro~t tips were treated for 2 h with 0.05% colchicine at 

room temperature and fixed_overnight (14-20 h) in/Carnoyls 

fixative: 3:1 95% ethanol:45% glacial acetic acid. 

2) Root tips were hydrolyzed for 6 min. i~ M HCI in a water bath-at 

60 C and rinsed 3 times in distilled U20. 

3) They were then stained in Feulgen reagent for 4S min. and rinsed 3 

times in d1stii~ed U20. 

4) Stained root tips were macerated i~ a solution of 5% pectinase, 

0.5% cellulase, dissolved in a 0.01 M citric acid (C6Ha07.H20) 

sodium citrate (Na3(C7HS07.2H20» buffer, adjusted to a pH of 4.7 
t . 

(Kihlman and Kronborg,'1975), and incubated at 37 C for 1 h. 

64 

Macerated root tips were squashed 1n ~5% acetic acid and m1tot1c 

indexes were scored using a phase contrast light microscope. An,analysis of 

variance and Duncan's multiple range test were carried out tQ'test for' 

differences between treatments. 

1 ~va1 of seedl1ng shoots and cotyledons: 

Some authors inalude the removal of'growing shopts from young Vicia 

~ seedlings in order to Dencourage the growth of secondary roots (Kihlman 

and Andersson, 1984), while at least one author has suggested that high 

concentrations of BrdU are needed to offset the store of thymidine 



j 

l' 
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~ 

precursors that are available to the plant by way of the cotyledon,' 

(Tempelaar, 1987; personal communication). To test how secondary root t1p 

initiation and cell division might be influenced by the removal of eith~r 

seedling shoots or seedling cotyled~ns, the following experiments were 

carried out. 
. 

Each experiment was made up of six treatments, each having three 
. 

replicates, as s~own in Figure 1. Two treatments in each experiment were 

control treatments and only primary root tips were excised. ln another two 

treatments the-seedling shoots and the primary root'tips were excised. ln 

the final two treatments the seedling cotyledons and the.primary root tips 

were excised. One half of each double set of treatments was supplied with 
\ 

tap water, and the other half was Bupplied with Hoagland nutrient solution 

(Appendix Il). The'only difference between the first and the second 

experiment was that ln the second experiment 1) a' Hoagland nutrient solution 

of 1 part Hoaglands 8 parts water (Scheid, 1976) was used and 2) the primary 
J ") , 

root ttps were cut on the first day and the seedl~g shoots and cotyledons 

were cut when the first signs of secondary root l~ltlation were observed. 

Secondary root tip~ wer! coll~cted and fixed when they had reached a 

1 length of approximately 0.5 to 2.0 cm. After staining and maceration 
, 

mitotic index counts were made as follows: 100 cells were counted at random, 

ten times, in each of three root tips chosen randomly from each replicate 

and these were recorded as percentages per root tip. An analysis of 
, 

variance and Duncan's multiple range test were carried out to test for 

dlfferences between treatments. 

~tJ:~~)~t~,,~;.Jht':;'I,,~;"~~_.J 1 !,J.,,' .. :~~~-1!\ I. : '_ .• 
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Figure 1 Removal of seedling shoots and cotyledoqs 

CONTROL: 
Experiment 111 
Removal of pr,imary 
root tips on day 1 

Experiment Il! 
Same as above 

REMOVAL OF SHOOTS: 

R~moval of primary 
root tips and seed 

, shoots on day 1 

Removal of primary, 
root tips on day 1 
and removal of seed 
shoots upon the 
appearance of 
secondary roots 

o 
D 

Hoaglands 

H20 

REMOVAL 'OF COTYLEDONS: , 

Removal of primary 
root tips and seed 
cotyledons on day 1 

Removal of primary 
root tips on day"l 
and removal of seed 
cotyledons upon the 
appearance of 
secondary roo ts 

l , 

l'-!;;~'~~ 
" '.1 . ( 

f 1 J~ 
J 1 ~ 

., 
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" • 
ODifilar vs. b1filar substitution of the base analogue BrdU at various 

Il 

concentrations: \l 
~ 
\~.J 

This experiment was made up of 7 treatments, each having 3 replicates. 
, ) 

In the contol treatment, tap water alone was supp1ied to the gro~ing 

seedlings. The remainder of the treatments were supplied for either 21 or 

41 h with the base analogue BrdU, in order to obtain either unifilar or 

bifilar substitution, respectively. BrdU was supplied to the seedlings at 

50, 100 and 500 uM upon the initiation.of secondary roots. The base 

analogue solutions were supplemented wit~ 0.5 uM fluorodeoxyuridine (FdU) 

and 5.0 uM,uridine (Kihlman and Kronborg, 1975). 
\ 

Secondary root tips were co1lected' and fixed when they had reached a 

length of approximately 0.5 to 2.0 cm. After~8taining and maceratlon, 

mitotic index counts were made as described in tqe previous section and an 

analysis of variance and Duncan's multiple range test were carried out to ' 

test for dif.ferences between treatments. 

iil Increasing concentration of the base analogye BrdU and the thyaidylaté 

synthetase inhibitor fl~orodeo!yuridine (FdU): 
p 

In this experiment 10 treatments of 3 replicates each were set up much 
\) 

the same way as in the previous section. AlI treatments were supplied f~r • 

21 h (one cell cycle),with various concentrations of the base analogue BrdU. 

In the control treatment tap water alone was supplied to the growing 
. 

seedlings. The remaining 9, treatments were di vided into 3 groups of 3 and 

upon the initiation of secondary roots, were treated as follows: 

\ ~ 
\ 

\ 
/ 

,\ 
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Treatments 2, 3 a~d 4 were treated with 5Q UM BrdU and 5 UM uridine, 
and supplemented with 0, 0.1 and' 5.0 ,UM FdU, respectively. 

. 
Treatments 5, 6 and 7 were treaçed ~ith 100 UM BrdU ana 5 uM uridine, 

and, supplemented with 0, 0.1 and 5.D uM FdU, respectively. 
J 

Treatments 
and supplemented 

8, 9 and 10 were treateâ w~th 500 uM BrdU and 5 uM uridine, 
with"O, Ç1< ~nd 5.0 uM F®, respectively. 

.J> 

Secondary root tips were coilected ~n~ fixed when they had reached a . . 
length of approximately ~.5 to 2.0 cm. After staining and maceration, . , " 
'mitotic index counts wer~ made as described in the~ previous" sections. ' , . 

Stati8t~cal ~nalysis:was carried out as described above. 
l, 

'actors affecting the Feulgen procedure for tbe dtfferentlal 8t81D1ug of 
• 

eieter cbra.atide: 
, 

1 Maceration: 
J • 

, 
Table tI iI1ustrates the divetsity of macefation' protocols found among 

the stainiug techniques reported by different authors. ,... In order to choose 
, 0 , 

1 

the optimal proc!dure 'for the maceration of Vicia faba root tlps, secondary 

root tips were generate4, fixed and stained, as in ~he prev~ous ~ections, 
',. CI 1:, 

without base analogue substitution. Seven rooê,tips, selected tandomly from 

a group of 18 piants were p1aced in each of 18 vials and treated at 37 C as 
" , 

follows: ". '. 
" 0 • 

1, 2 and Q 3% pectinase fpr land 2 h each ( 
~ F 

1, 2 and 3% pectinase, s~pplementëŒDwith 0.5% cellu~ase'for l 'and ~ h 
esche • ê~ • ,_ 

{I ~. ~ '; 

10:1'45% acetic acid: M HCI for' l, 2 ànd 3 b i 

0.1 M HCI for 1, 2 and 3'h 

" 

\ 

. ' 

, 

~ 

" . 
J 

1 ' 
" 
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'Table II. Ifacera..tOll' techD1quea âcèordiug to original authors. AlI authors 
..... uaad. Vida faba- -i - (.' .....--

0.01 Il citrlc 
Author(s) ac1d-aod1ma Concentration Teap C T1ae 

citrate baffer ofe~ (1I1n) 

y pB 4.7 

\ 
K1hlman & Kronborg 

, 
(1975) yes 0.5% pect1nase 27 75 .... ' 

Grant & Zura (1982) no 0.01 N HCI 60 2 

Tempelaar et al. (1982) yes 2% pect1nase 28 15 
T 

Vosa (1981) 
, 

no macerat10n treatment ç'ec1f1ed. 
, , 

• 
\ 1 . . 

Schubert et al. (1980) 1% pect1nase 37 0120 
( 

yes -
2% cellulase 37 90 ~ 

1 
'l. 

Cortes & Andersson (1987) 
.. 

0.5% pect1nase 27 120 yes 

.. 

, 
" "" " 

f 

( " 

, , 
~, .:\ 
~~,l ;}I .. :_,-J:\ ,~.t:~\l! .' t 
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The enzymes pectinase and cellulase were d1ssolved in a 0.01 M c1tric 

acid-sodlum citrate buffer, pH 4.7. The other solutions were made up in 

tap water. 

After" the maceration was complete, root tips were stored 1n 70% 

ethayl at 4 C. ,Tbree out of 7 root tlps from each vial were squashed in 

45% acetlc ac1d- 'ànd chromosome squashes were scored on overall appearance, , ~ 

quality of staining, chromosome morphology and the appearance of the 

cytoplasm. ;, 

1 

11 Duration of S Il Rel ac:1d hydrolysis: 

In this section the Féulgen procedure for the differential stain1ng 

s1ster chromat18s 1s described as followa: >.Jt 

lf- t1:. were grown as described in the Material and Methods 

c.;." .. sect10n entitled ~rowing roots ,from seed • 

2) Excised root tips were treated for 2 h with 0.05% colchicine at 

of 

room tempera1=ure and fixe~ overnight (14-20 h) in Carnoy' s fixative 

3:1 95% ethanol: glacial acetic acid. 

3) Root t1ps were washed in 'd'ls tilled water and hydrolyzed in 5 M HC1 

Q 
at 28 C for the following time peri~ds: '- -

, Trial #1: 68-72-76-80-84-88 and 94 minutes 

Trial 12: 50-58-62-64-68-72-76 and 80 minutes 

. 
and then rinsed at least 3 times in distilled water: 

, " 



c' 

.. \ ~ , , .. _""' { < ,. - , ... ~ ~ (" ~.:, ~ •• t 

71 
\ 

, 
4)' They were then stained in Feulgen reagent for approximately 15 

minutés in~ the dark and macerated for l h and 45 min ln 3% 

pectinase, 0.5% ce~lulasè dissolved in a 0.01 M ci tric acid-'sodium 

citrate buffer pH 4.7 J at 37· C~ 

5) Root tips were squashed in 45% acetlc acid and scored using a phase 

contrast 11ght microscope. 

S1ldes were scanned f9r the presence and frequency of chromosomes 

containlng either dster chromatid differentlation or dster chromatid C 

exchanges. 

\. 

Iii ~ vater .ash of Feulgen sta1ned root 1:iEs: 

The Feu1gen procedure for differential staining of slster chromatids 

was carried out as described above and root tip maceration was follo~ed by a 
, 

10 min wash in SOt water (10 ml of 10%- K2S20 5 .... 10 ml M HCI in 200 ml of tàp 
#, 

wa'ter) as, ,described in the protocol of Tempelaar, et al. (1982) ~ Comparisofts 

were made between root tip squashes in which an S02 wash ha_d been app11ed 

and those in which it had not. 

iv Dur:ation of 'root tiE fixation iu Camoy'a: 

The feulgen staining schedule for differ~ntial staining of sister 

chromatids described in the previous sectio? W8S followed and root tips 

• chosen randomly from 20 plants were fixed for 1, 4, 7, 10, 13 and 22 h. 

Acid hydrolysis was carried out for 80, 83 and 86 minutes. For each time of 
~ 

fixation there were six vials, ~wo for each time of hydrolysis. This 

; ... , : , .. ~ ... i 

/ 
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e allowed one set of root tips to be examined immediately teL ~eter1n1ne the 

( short term effects of varying fixation Ume, while the seco.l?:~ set of vials 

was examined one month later, to determine whether any differences could be 0 ; 

seen after a one~onth ~torage periode AlI root tips were stored in 70% 

ethanol at 4 c. 
" Root tips were squashed in 45% acetic acld. Three root tips were 

examined from each'vial. Mitotic indices were counted and observations were 
" 

made with respect to the presence, quantity, and resolution of sister ~ 
,.1' \ 

chromatid differentiation and exchange, as weIl as the quality of staining, 
. 

chromosome morphology and ,the appearance of the cytoplasm. 

- , 

l'actors affecting the J'PG 8taining procedure: 
. \ 

Based on' the results from the above experlments, and according to the 

vadous authors of the FPG protocol studied here, Vicia faba seedlings were 

·0 grown as described previously ~nd )oroot tips were treated with BrdU, fixed, 

and squashed ~ccording to the following schedule: 

1) A 100 uM solution of B~dU, supplemented with 015 uM'FdU and 5 UM 

uridine was provided to the growing root tips for 19 h and followed' 

immediately by treatment for 21 h with a 100 uM solution of 

thymidine sup~lemented with 0.5 uM FdU and 5 uM uridine. 
l, 

2) Root tips were then removed and treated for 3 h with a 0.05% 

solution of colchicine and fixed in 3:1 95% ETOH:glacial ace tic 

acid for 7 h at 4 c. 

o v. 
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3) Root t1ps w~re chen macerated in a solutlon of 3% pect1nase, 0 0.5% 

cellulase, dissoived in a 0.01 K citric acid buffer, at 37 G for 

2 h. 

4) Maceration w~s fol1owed by squa~~ing the cells in 45% acetic acid 

on 95% ETOH cleaned slides which have been coated with Albumen 

fixative from Fisher. 
o 

5) Cover slips are then removed by the dry iee method and hydrated via 

100~95-85-70-50-30% ETOH-H20 series. 

The ~emainin8 sections describe the examination by vario~s authors of , 

factors which might affect the FPG techniques for sis ter chromatid 
. ! 
differentiation. 

"""l 'Ci> 

( 'Cl 
i Incorporation of an BRAse trpt1lent into the nG st:aining protocol: 

• 
Among the three FPG staining protoco~s for SCE in Vicia faba; 

discussed in this~paper, on1y the authors who first reported SCE in Vicia 

faba (Kihlman and Kronborg, 1975) earried outUan RNase digestion before 

staining (see Table 1). 
<:. 

In the present study, the RNAse digestion was also added tO,the 

protocol of Cortes and Andersson (1987) as fo1lows: After chromosome 
'- > 

squashes are hydrated in an ethanol series from 95% ethano~ to H20, 200 u1 

of RNAse solution are placed onto the squashed tissue and incubated for 60 

mtOutes at 27 C. The RNAse solution is made as deseribed in Table 1. 

Comparisons were made between cells in which RNAse digestion had been 

carried out and those in which it had nota 

, 0 

o 

~ r .... "/" 
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li Incorporation of trypS~D digestion into the FPG sta1n1na protocol: 

Incorporation of trypsin digestion was made as follows: after the RNAse 
~ 

digestion described above was completed, the tissue was agàin rinsed in 
~ " , 

0.5 x SSC. Thèn, 200 uM of 0.1% or 0.25% trypsin, dissolved in a phosphate 

buffer pH 7.02, was placed onto the squashed tissue and incubated at room 

temperature for 1, 3, 5~nd 10 min. Preparations were rlnsed again in 

0.5 x SSC and stained in "33258 Hoechst" according to the téchniques of 

Kihlman and Kronborg (1975) or Cortes a~nd.rsson (1987' a~ descr1bed in 

Table l, wit~ the additional modifications descrlbed in the beginnlng of 

this section. Comparisons were madeobetween the chromosome staining of 

those cells which had undergone ,a trypsin digestion and those which had note 

, 
~ ~ ,,- -1 

, , 

" 
.. ----

/ 
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BESULTS AND DISCUSSION 

, 
reu1gen Sta1.uing iD Barley 

Figure 2A lllustrates • metaphase spread of barley chromosomes 'with 

differential staining of sister chromatids according to the Feulgen 

technique'. As is 'of'ten the case, not a11 of the chr<?mosomes 'in this, or ip 

any of the phôtographs presented in Figure 2, would have been 8uitable ~or 

scoring, even though they show clear differential stalning and obvious 

sister chromatid exchange. This is because of overlap, and twists in 

individual chromosomes which are a common occurrence and one of the reasons 

~hy the,tissue must be sufficiently macerated before it is squashed. 
~1 

Although in this work sis ter chrQmatid differentiation was sometimes 

obtained in barley using the Feulgen procedure for differential staining of 

sister chromatids (Vosa, 1981; Tempelaar et al., 1982), '~epetltlon of these 

results was dlfficult to obtain. When the procedure was repeated, slster 

chromatid differentlation was often not obtalned and at no tlme when, - ~ 

chemica1 pesticide treatment was appl~ed was slater chromatid 

differentiation obtained~ 

Fluore8cent=pl~-Giemsa in Barley 

T,o ~tain sister chromatid differentiation in barley by means of FPG 

stainlng, the technique of Grant and Zura (1982) was attempted. In their 

protocol whole root tips were treated exactly as squashed tissue is treated 

in the modified technique of Khilman and Kronborg (1975) and chromosome 

75 

squashes were made after staining was c~ried ou~. The chromosomes obtalned 

in this work, were stained lightly ,by Giemsa ~ut were enlarged, and no 
j 

\ , 
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PIGDRK 2 

'1 

Differential sis ter c.hromatid staining in barley and Vic~ ~ccording to 

the Feulgen procedure. 

A 

B,C,D 

Slster chromatid ~xchange, indicated by the long arrow, in barley 
1 " 

chromosomes bif11arly 8ubstituted with 'BrdU at a concentration of . 

500 uMe A twist in° the chromosome Is indi~ated by the short arrow. 

x ca. 1510. 

" 

Sister chromatid exchange in Vicia faba chromosomes unifllarly 

subst1tuted,wlth BrdU at a concentration of 100 uMe Sister 

chromat1d exchange and chromosome twists are indicated'by long and O 

short arrows, re~pectively. 

1 

1 
i' 

x ca. 1243" 1510 and 888. 

, 
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o 
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differential staining or fluorescence was detected. .. 

Feulgen Stain1ng in Vida faba 

Siater chromatid differentiation was attempted in Vicia faba using the 
---..;= -

Feulgen technique, primarily because this material had already~en used by 

a number of workers to analyze the effects of chemical mutagens on the 

frequency of SCE. Although in the initial trials Vicia chromosomes stained 

quite darkly, and some differentiation was obtained in a few cases, contrast 

was not distinct enough to count interchanges accurately. Often, both 
• tI"... 

chromatids'stained so d~klY that chromatid differentiation was barely 
~ 

~ , 

distinguishable. lncreased duration of hydrolysis did not result in further 

differentiation. lnstead it seemed to yield an overall reduction in 

:éhromosome staining and in chromosome morphology. 

Fluorescent-plus..cie1l8a Stain1ng in Vida faba 

In the, initial trials, diffe-rential s.taining of sis ter chromatids was 

attempted in Vicia faba by means of the FPG technique of ,Kihlman ~nd 

Kronborg (1975) as weIl as by the modified version of Cortes and Andersson 

(1987). The two techniques are slmilar, as can be verified in Table l, 

differing esse~tially in base analogue substitution and by a hot acid 

pretreatment for Giemsa staining whicb was -added by the latter authors. • 

Neithe~ protocol yielded sis ter chromatid differentiation in the present 

study. 

1ù:aJI1IUition of Seme Factors Affecting Differentia! Staining in Vicia faba, 

The reaults presented ln the following three sections make up the 
) 
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remainder of the data to be presented in this thesis. These results 

represent a study which was undertaken to examine a number of factors which 

were thought likely to play a role in obtaining successful differentiation 

of sis ter chromatids in Vicia faba by means of the Feulgen procedure for 
1 
\. 

differentia1 staining or by the FPG tech~que. This study was initiated 
, 

because of the number of unsuccessful attempts which had been made to study 

the effect of pesticide application on the frequency of SCE in Vicia faba as 

a measure of genetie toxicity. 

Along with my own results, 1 a1so ,discuss some of the differences 

among the techniques which 1 followed, as weIl as'others found in the 

literature. These include, the temperature and duration of acid_hydrolysis, 
. 

in the Feulgen procedure, the use of an RNAse treatme t and a trypsln 

digestion in the FPG technique, and growth and ,treatment of 

Vicia faba seedlings, the concentr and substitution of the._ 

base analogue BrdU, cell wall mace~ation and fixation time. 

Pactors affecting the ~totic index: 

The initial consideration in the present study was to de termine what 

questions needed to be asked about the different components of the . 
differential staining procedures in order to identify the most favorable 

sequence of steps which would lead to the clear differential stainlng of the 

sis ter chromatide. 

i Re.oval of seedllng shoots and cotyledons: 

lt has been widely reported that plant ce Ils do not readily 

incorporate BrdU into their DNA (Vosa, 1976; Evans and Fillon, 1980; 
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Gonzalez-Gll and Navarrete, 1982; Uggla and Natarajan, 1982). Tempeb.ar 
~ 

(perapnal communication), suggested that BrdU uptake may ~e limited because 

of the ample supply of nutrients from the endosperm, i~lYing that thym1d~ne 
or thymidine precursors might be readily synthesizeq- by means of nutrients 

- ~ -
available to the growing seedling by way of the cotyledons, thus allowing 

the young plant to bypass the uptake of BrdU and continue to incorporate the 

normal base thymidine. 

In the Urst stage of tq,is work l examined the effect of remov,ing 

possible endogenous sources of nutri~nts to the young seedlings; that i8, 

seedling shQots and seedling cptyledons. l reasoned that if such removal 

resulted in only a slight or no decrease in-the mitotic index that the use 

'of such plants would have a definite advantage over the use of whole plants, 
, . 

since th,ey would be expected to incorporate greater amounts of BrdU, by 

vl~tue of the need created by the removal of the plant shoots or cotyledons, 

of an exogenous source of nutrlents. 

In the first, experlment whlch was cal'ried out, either the see,dl1ng 
i 

shoots, or the seedling cotyledons, were removed at the same time as the 

~r~mary root tips were removed. Almost none of these plants gave l'ise to 

secondary roots indicating that the seedlings cou Id not easily recover after 

the simulta~éous removal of major meristematlc centers and/or cotyledons. 

The control plants which were grown in tap water had mitotic indIces ranglng 

from 7 to 8.3% (Appendix IX) in individual root tips, while those grown in 

Hoagland's developed su ch severe contamination that no primary roots 

developed. Of a total of 18 plants in this experiment, on1y two, excluding 

the controls, de.veloped any secondary root tips. When the experiment was 

repeated with the excision of seedllng shoots or cotyl~dons belng perfo~ed 
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only after the excision of tne primary raot tip and the subsequent '. 
development of secondary roots, enough numerical data were obtained ta do a 

statistical analysis. Mi totic index counts were obtained from a11 plants 

except one, which developed no secondary roots. The analysis of variance 

(Appendix,'III) shqwed no signigicant diffe1ences between the treatments. 

However, since the coefficient of variability (CV) was weIl above 20% 

(Appendix VIII), no conclusio~ could be drawn about the non-significance'of 
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the results. The high CV was due to ~ high variance-, within treatments which 

led to a high error terme An example of the high varian'ce is seen among the 

plants grown in a dlluted Hoagland' s solution from which the cotyledons were 

removed. Mitotic iridices for individual root tips fell in a range between 0 

and 14.4% (Appendix IX). This was a surprising result since such a high 

rate of cell. division was not seen ev~n in individual root tips among the 

control plants. But while individual root tips ahowed a broad range of 
. 

values for the mitotic indices for plants in which the cotyledons or shoots 

had been removed, the treatment means were always lower than the controls. 

Because the variance of the mitotic index within the contraIs was not 

great, falling in a range between 3.4% ta 6.7% (Appendix IX), it is 

suggested that the high variance within non-control treatments was due to 

the differential respor~ses of individual plants as a result of the removal 

of shoots or cotyledons. Whlle one plant may be able ta overcome the 

removal of these plant parts which is expressed in a normal or even 

sporadically high mitotic index, another plant will recover less easlly and 

some plants may even die, as seen here, with the reduction of mitotic 

,indices ta zero or the failure of the plant to give rise to secondary roots. 

In this experiment, the treatment means show a reductlon in the mitotic 

.' 
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index when_compared to che controls. While these results were not 

significant7 neither were they conclusive. As a result 7 lt was decided to 

standardize the prôtoeol for the remainder of the study qsing whole plants. 

The reasons for this are as follows. Evans and Filion (19~O) reported a 

lower proportion of metaphase cells per slide with increasing concentratio~s 

of BrdU and suggested a toxie effect resulting fram t~e base analogue. If 
-• 

treated plants were indeed expectea to experience further reduction of cell 

division in the root meristem following ·Br~U treatm~nt, 'it was reasoned that 

1 those plants with the highest m;Ltotic index would have an advantage over 

those in which ëell division, and therefore DNA replication, had already 

been artificially redueed by the removal of' ~hoots and cotyledons. IIi fact, 
o • 

Tempelaar et al. (1982) noted that when plants with a high mitotie intex 

were u~ed7 the yield of plants showing s~ster' chromatid differentiation 

could be doub1ed, suggesting a relationship between more aetively dividing 

meristems and increased BrdU uptake. They also suggested that the use of \ 

'wnole plants was superior oto those from which the shoots or cotyledons had 

been removed. 

Whi1e, in a number of studies, seedling shoots were removed at the 

same time as the primary root tips were excised (Kihlman, 197 Sb; Kihl~n,. 

1971; Kihlman and Andersson, 1984), the reason for their removal 19 not 

discu9sed in any of the papers. 
r ~ .,. )o.,r 

l can"'only speculate that this was done to 

further encourage the initiation of secondary root tiRs. Whether the shoot 
.f 

plays a role in the transport of nutrlents whlch might effect thymidine 

upta~e 18 not clear. In an! case, in this study, its removal d~es ~) to 

supr~ss cell division in the secondary roots which develop after rts 

remova~J when compared to control plants. 

j 

\, 
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F1~ally, s:l.nce little or llO difference was seen ln the means between 

, treatments 111 wb:l.ch seedU.ngs. were grown in tap water and those grown in a 

. dllute Hoagland f ~ solutlon (1 part Hoagîand f s: 8 parts water), seeds were 
l 

serminated and seedl1ng8 w,ere gr,Dwn in tap water for the remalnder of the 
~ ,. 

study~ 

1:1. Ul\'f.fl1ar vs- blf1lar substltution of the base anal.ogue BrdU: 

A number if workers have used one ceU cycle of 100 uM BrdU fo~lowed by 

a second ceU cycle of 100 uM thymidine, stating that unifllar substitution 

resulted ln a more marked differential contrast (Kihlman and Kronborg, 1975; 

Kihlman et laI., 1978;" Kihlman and Anderss'on~ 1984; And~rsson, 1985) __ 

However, Schvartzman and Cortes (1977) suggested that equally good resu1ts 
. 'tro • 

can be 'Obtained with eitqer type 

. Schubert' et al. (1980) also 

of substitution. " 

carrled out 41ffer~tial stainlng fol1owlng 

a FPG staining schedule. They used barley root tips as the test matetial, 
<> ''''' 

and treated the roots with a 500 uM solution of BrdU followed by a secotrd 

cyèle in 25 uM thymidine, likewise gi ving tise to material which was 
~ . 

• ' c 

unifila~ly substitute~. Schubert et al- did not comment on their 
~ . ; , 

« 
preferen,ce _ 

~ 
Cortes and Andersson (1987) ~n the other hand, treatea with two 

... ~~ .. ~ 7~ 
':(!:~secutive rounds of 100 uM BrdU, stating simply that this substitution 

gives optimal results for their procedure. 

Both~ Vasa (1981) and Tempelaar et al. (1982), who used the Feulgen 

reactlon to obtain differential s~~1ning, employed two successive rounds,.of 

100 uM BrdLT. Neither worker discussed the possib1l1ty of us1ng successiiè'" 
~ . 

rounds' oJ BrdU and thymidine. 
~ 'r 

\ 

" 

\ 
Il 
\ 

Tempelaar indicated that his results show 

, 

", ", 
.::.. .. ~ .. :.J. ,r.~ 
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that chromosomes tr~ated with high concentrations of BrdU (e.g., up ta 1000 

uH BrdU) show greater contrast between darkly and ligh.tly staining, 

'\ 

chromosome pair~, commenting however, that· highe~ base analogue 
, .. 

concentrations r~8ulted iQ, an increase in tfie number of spontaneous 

exchanges. In a personal communication (1987), Tempelaar indicated that 

poor results are often a result of lack of incorporation of base analogue, 

~' 1> 
and stated that he obtained good results with 1000 uH BrdU and no FdU. 

·Such high concentrations, howev!!r, are not used by researcn.ers who use SCE 

as a bio8ssay for chromosomal damage caused by putative mutage,ns. 

Concentrations as :Low as 50 \lM were used by Vosa'~ (1981), presumably since 

with Increasing concentration of base analogue the number of spontaneoua 

exchanges caused by the actual incorporation of the base analogue also , . 

increa~es, a disadvantage aince this means an increase i·n the frequency of . 

background excha~ges. Andersson (~985) stated t):lat a concentration of 100 

• • '-t 

-,~ of BrdU waa the 10west concentration that consistent1y gave rise to .good 

.. differentiatioll in Vicia!!.!?!.: He suggested that hig~r concentrations, 
, 

shou1d be avoi.ded aince they result in '\9 increased baseline level of seE. 

il, 
".. a) Bà'rley: 

Whe!1 staining of barley chromosomes was carried out in this study 

accordlng to the Feulgen technique of 

favorable results were obtained usi 

ar and coworkers,o the most , 
500 uM BrdU for two consecutive ce Il 

• M 1 
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o' 

cycles. result in c1ear differentiation, nor did 

one ce~l followed by a second cell cycle in 

thymidine. , Vi ~h re.pect to lIà'.. .naipg~~, c~nc.ntration, '\n.,é~UltB are 

sim11ar -to those ob'tained by Schubert Ù980), the on1y auth0;1' who worked 
~1 ~ 

( r 

~, 
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witb barley, and by Vosa (1981) and Tempe1aar et al. (1982) with respect to 

the use;<,rt\f two consecutive cell cycles of BrdU. For the FPG tech?ique in 

. barley, bifi1arlor unifi1ar substit4tion was used depending on whose 

procedure was being attempted. Cortes and Andersson (1987) _worked with 

bifilarly substituted chromosome~, ,and Kihlman and Kronborg (1975) worked 

with un~filarly 8ubstitu~ed chromosomes. As reported earJier no siseer 

chromatid different4ation was obtained in bar1ey uslng the FPG technique. 

b) Vicia faba: 

The objective of this experiment, ,in which BrdU was supplied .to \ ... 
( 

growing,seed1ings for a single ce II cycle, or for two consecutive cell 

cycles at various concentrations, was to determine the concentration and the 

--., 
type of substitution, unifi1ar or bifi1ar, which would least adversely 

affect the rate of_cel~ division (the mitotic index) in growing seedlings. .. , ' 

The analysis of variance (Appendix IV) showed no significant differences~ 

between treatments in either of the, two ident.ical runs of this experiment. 

The CV' s for the analyses were both we'l.l over 20% (Append:l!x VIII). The 

implications of a high CV are discussed in the previous section. In this 

c,ase,o the high variaflce' was noted within aU the treatments, including the 
~ ~ 

controls. Whil~ some of this variance can be attributed to.the differential 

tolerance of individual plants to 'treatment with BrdU, this exp1anation does 
1 

not hold for the control plants. 

fi In genera!, plants' seemed to have a low survival~ rate (four' plants 

died), or a reduced rate of ceU division, when treated for two consecutive 

cell cycles at any of the three concentrations of BrdU. Treatment means for 
. . , 

cells w:tt1ch had been exposed to two cell cycles of the base analogue were st 

" 

" . , 

1 , 
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least halyed when compared to- unifilarly substituted cell~'at\the'~ame 
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concentration (Appendix X). These results are in agreement wlth Dolezel and 

workers (1986), who noted the negative impact of BrdU trè~tment for two éell 

cycles on the mitotic actlvlty of root meristem cells. ~No trend toward a 
J 

decrease in the "mitotlc index was noted ln plants when BrdU ~ubstltion was 
., -, 

Increa8.ed.· · 

IlJ. The thy1lidYlate 8fD;,thetase Inhlbltor fluorodeozyuridlne (FdU): \ r 

Thè objecëive'o~ this experiment was to study the eff~ct of'FdU ln . . 
conjuncti9n ~lth the base analogue BrdU on~the mitotic i~de; of U;cia iaba 

s.eedl1nfos. 

t'he rational for suppl-ementlng FdU to" BrdU treatment solutiops has 
'" 

been attributed, by mose authors, to its suppre~sion of ce11~iar.s;nth~s1s 
f 

of thymidylic acid through the inhibition of thymidylate synthetase (Kihlman 
, > . 

and Kronborg, 1975j'Schvartzman and'Cortes, 1977; Cortes et al., t980, 

Kih1man aôd Andersso~, 1984; Esc~lza et al., 1985;' Andersson, 1985j Cortes 
. . 

and Andersson, 1987).- Tempelaar et al. (1982) have suggested that the 

recommended concentration of 0.1 uM FdU improved chromatld differentiatlon, 

~t that at high concentrations of BrdU,' such as 1000 uM~ FdU is no longer 

requ!red to obtaln good dlfferential staining. However, Kihlman and 

Andersson (1984) reported that even at high BrdU concentrations, if FdU i8 

not ~dded, poor differential 8taining 18 obtalned. ,Other authors have 

suggested that the use of FdU is unecce8sary or that the increase in the 

number of root tips actually incorporating BrdU was negligable, even wHen it 
• #' 

.. 
was 8upplemented (Vosa, 1976; Kihlman and Andersson, 1987). 

While most authors have used the concentration of FdU orlginally 
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proposèd by KihlJ:\lan and KrQnb~"rg (1975), some use concentrations as low as 

0.001 uM (Schv~rtzman et al., 1979a; Schvartzmari and Hernandez, 1980; 

Gutierrez, et al., 1981; Gutierrez and Lopez-Saez, 1982). 
Il 

A number of authors have studied the effects of increasing the 

concentration of FdU suppiemented to the BrdU treatment solutions. 
\ 

S~hvartzman and Cortes.(1~77) show~d that 0.1 uM,FdU iS,the minimum 
• '- a 

concentration which eeverely depressed the mitotic index when adminlstered 
, ,c' .. 

alone to, roof ttps of All1um cepa, and that 100 uM ~rdU was needed to" 

8] 

!;~t· 

re~tore', bormal mit:0tic activity. Schvartzman and coworkers (1979a) reported 

that variations "in concentration of up'to 0.05 uM FdU do not significantly 
G, ' 

modifY,eithei the duration of rhe cell cycle or the yie~d of SCEs. , In 
.. 

Tradescantia" Anderssotl (1985) showed that a marked supressio~ of the· 

mitotic "index 18 not obtained undl concentra!:ions of 5 uM FdU are used, and 

'that 0.5 uM BrdU restored mitotic activity to the control level, while 100 .. ,'/ 

1 

UM' was needed to ob tain good dif~erential staining. Escalza et al. (1985)' 

demonstrated that when FdU was given for\two consecutive celi cy.cles in 

,conjunction with BrdU the frequency of SCEs was enhanced in a dose dependent 

manner with saturation at 0.5.uM FdU. They also reported that 

concentrations of above'l uM FdU the prolific activiry of the meristem was 

insufficient for SeEs to be sc~red. These authors empIoyed a'FdU 

concentration o~.5 uMe In Ailium sativum (garlic), Do~zel and workers . " 

(1986) found that 0~5 uMhFdU was needed ta inhibit ~itotic activity. 
, 0 

A' 
\ 

pronounced reversion of mitotic activity was related to the application of . ~ 

. rather high concentrations of BrdU. For this -reason the FdU concentration 

wa$.lowered to 0.1 uM and revers ion to almost normal Ievels< of cell division 

was obtained at 200 uM BrdU. In Allium cepa, Pardo and coworkers (1987) 

••• 
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,reported that FdU in the range of 0.001 to' 0.1 uM produced a dose and tim~ 
< 

de'pendent decrease of the number of cells in mi tos'1s. They reversed th1s
e 

effect by means of 100 uM uridine. 
~ 
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Whether FdU actually enhanced BrdU uptake in plants was probably first 

shown by E~calza et al. (1985). They substituted root tip cells- with 

[3H]B~dU in the abs;nce or presènce of FdU and showed that the incorporation 
(' , , 

of,th!s radioactively labelled base analogue was dramatically enhanced when 

.cel.s were simultaneo~àly treated with FdU. 

In the present stud~, -an analysis of variance (Appendix V) ·,showed 

s1gnif1cant differences betwe~n~tTeatments in which 0, 0.1 and S-uM FdU were 
C-

supplemented to treatment solutions of 50, 100 and 500 uM BrdU • A Duncan.'s 

" 

multiple range test showed ,that the mitotic irldices .obta1ned i.p treatments 
, 

1. " where 5 üM FdU,had bee~ supplemented~were significantly lower than the 
~, 

control, Iess than 1%. The treatment of 500 uM BrdU unsupplemented with FdU 
D 

was also sign1ficantly lower than the control (Appendi~ XI). No- other 1 

d1fferences were found between the trea~ments and 1ndeed the means for the 
, . 

re~aining treatments fell within a range of 2.06 and 3.56% (Appendix XI). 
"-

. Again "the CV for this experiment was well above 20% (AppendiQ9 'VIII), due to:, 

a large variance with1n treàtments. But in this case sign1ficant 

differences Were detected in Ispite of'f~e h1gh CV This meens that 

differences between treatments were greater than the differences wi~hin 
~ . 

treatments. A find1ng of significant differences between treatments ia 
" 

_ . highly significant. 

It was decided that bifilar substitiQU. with 100 uM BrdU, supplemented 

wl,th 0.1 uM F~dU would be used throughout the remainder of this stud)to The 

reasons are as follows. While littl~ diffe~ence is seen in the mitotic 

,-
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indices of plants treat~i with or without FdU supplementation at low . 

~ , 
concentrations ,of BrdU, evidence seems to support the à~g~st!on that its 

~ 

" ,use does indeed enhance BrdU incorporatiQn • 
. \ 

500 uM BrdU was the highest conceGt~ation used to study the effééts of 
. , 

increasing BrdU concentration on mit~tic index. While it did not appear,to 
. 

reduce cell division, il; has been reported by some to increase differential 
( , ~ 

contrast. Such a high concentration of BrdU was not chosen for use in 
, 

fur~her eXp'eriments since, in general, high concentr~tionscof this analogue 

are not recommended "tor use in SCE'~ioa~says for mytagenicity testing., 

, ' 'This 18 bec.use of the lncrease l' baseline ~CE frequencles t'i ladllce and 

reports that BrdU itself is a mutagène f 
4 

Because of th~ halving of the mitotic index which appeared to occur 
, 

when bifilar substitution was carried -out at ,any. given concentration of· 

)(rdU, u~ifilar substitution was chosen for the rema~~der of the stud~. 
p 

, . 
Factors affect~ng the Feulgen procedure for ,differential ,staining of ste ter 

.. 
cbromat~ds : 

. , 

:L Maceration 

The rigid plant cell wall 'has been cited by many authors (Kihlman, 
":, 

.. 1975b; Kih1man and Kronberg, 1975; Gonzalez-Gil and Navarrefe, 1982; Kihiman . 
and Anc!er'sson, 1984) as one of the m~jor disadvantages or uSi?g plant cells 

as biologieal materiai for the study bf ,SCE .when compared to the use of 

an~mal c~11s. Cortes (1980) suggested that the smali wrdth and the 

distortion of the chromosome structure p'roduced by t~e squash technique ... 

l~aves the problem of cell wall maceration unresoived. 

. . 
, 
v 

.' 
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As polnted,out by klhlman (1975b),'ln ~rder to obtaln ~he separation 

of ;o~i tip cells whlch is n~c~s~ary for g~od' chromosome S4ShèB1 to be 

made, lhe pectic substances ln the middle lamella of the cell'wal~ must be 
" 

9.0 -

di"ssolved. The majority Qf a\1thors carry out\\cell wall Maceration by means 

of àn en~yme prepartlon, usually~pectlnase anii Iess frequ~ntly ~ith 
r, 1 

p~tinase'and cellulase. Kihlman points out, that these prjce4ures may 
~ 

change the morp.hology of the chromosouies and th~. 'composltion of their 

chemical constituents. He suggests t~at su ch changes render certai~ types 
V 1 

• ~ df cytological analyses, suc~ 3S the analysis of the effect of chemicals on 

the frequ~ncy ôf qpEs, extremely diffl~ult. 
o ,. 

Klhlman and Kronborg (1975) macerated Hxed root Ùps by meaus of 0.5% 

pect'inas'e dlssolveâ ln a 0.1 M citric ":c1d-SOdiu~ citra'~uffer adjusted t~ 
n ~ 

( 

a pH of 4.1. at 27 C for 75 minutes., These authors pointed out that while 
( \, 1 

root t!ps stalned by the Feulgen teéhnique, are sufficlently macerated when . , 
,.\ 

root tips are exposed to l M Hel at 60 C for 7 minutes prio't to stalning, .1t 

would be impossible to incorporate Buch an a~id hydrolysis into the FPG~ 
) , 

, . 
technique because of the.d~astic chemicàl change"that such attreatm:nt 

would-have on chromoso~al DNA. 
-

These authors noted that while satisfactory 

maceration wâs obtainéd :at low concentrations of HCI and at lower 

temperatur,es (0'.1 M HeL at 35 C for 10 minutes), that the dirferential 

contrast obtained in" ~uch cases was poor. Howev~r, according to the same . ' 
," 

" 

~uthors, chromosome morphology following,pectinase Maceration was somewhat 

less weIl -preserved than after acid hydrolysis. Apparently, for these 

authors, the trade-off was between the preservation oi chr~matid 

dlfferentiaiion and the 10ss of chromosome morphology. It is interesting to 

note .that in later papers, severa! autho.rs (Gonzalez-Gil and Navarrete, , 

\ ~( 

" ' 
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, 
1982; Cortes and Andersson, 1987) 'added a rather harsh acid hydrolysis step 

t 
(5 M HCl at 25 C for 20 minutes) to the FPG techniq~e, not for the purpose 

of maceration, but in,order to improv~ the qualtty ot s!eter chromat~d . ' 
dlfferentiatlon. 

"' 
Vosa (1976) macerated root tips in 45% acetic acid for 3 to 5 minutes, 

, ~ , 
but reported that whi~e enough intact Metaphases were usually obtained, the 

root. tips we~e nevertheless Ç?ugh and difZ1cult to squash. Schvartzman and 

dCortes (1977) compared Maceration of plant c~ll walls obta~ned by using a 
, / 

hot,~xture of 10:1 45% acetic acid: 1 M HCl, to that.obtained by the 
; 

standar~ pectina~e ~ceration. He ,conclud~a that while both methods ylelded 

~ satisfactory results ln terms of obtainlng good chromatld differentiation, 

chromosome ~preading ~as better in squash s obtained by the pectinase 
, 

, 1 

treatment. 
·\t 

While many authors.have followed t e original maceratlon techn~que Qf 

K~hlman and Kronborg (1975), some have rolonged the treatment to 2 hours 

(Kihlman and Sture1id, 1978; 'Kihlman e7 al., 1978; Klhlman and Andersson, 
1 

1984; Cortes and Andersson, 1987), whereas others have increased the 
1 

temperature to 37 C while shottening the time of maceration"to 1 hour 
, . 

(Schvartzman and Cortes, 1977; Cortes, 1980; C,ortes et al., 1980; Cortes and 
1 

Gonzalez-Gil, 1982). Others~ve in~r~as~d the concentration of pectinase l, 
(Tempelaar ét al., 1982, ~olezel et al'é~ 1986). Tempelaar and co-wgrkers 

, (1982) preferred to. shorten the time of maceration ,to 15 minutes, claiming 
.~ 

" 

that prolqnged maceration contributes to 10s8 of staining intensity. Grant 

, and colleagues (1981) macerated ~oot tips with a 0.1 M solution of HCl at 60 

C for 2 minutes. Still others squash root tips in 45% acet1c·acid with no 

p,r1or maceration (Evans and F1lion, 1980; Vosa, 1981). F1nally, some 

1 

1 
1 

" . 
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authors macerate using the enzyme pectinase in combination with cellulase 
!J-

(Schubert et al., '1979; Andersson, 1985; 'Dolezel' et al., 1986)'. , 

Kihlman and Andersson (1984) have point~d out that impurities in 

9.2 

enzymes used for root tip maceration may affect the protein and nucleic acid 
, 

components 0t chromosomes in 8uch a way that the differential staining for 
. . 

scoring of SCE i8 Impaired. 

In this work I found that the use 'of cellulase greatly improved the 

plasticity of the çells, and therefore, led not only to improved ce II 

squashes put also to an enhancement of chromosome spreading. Thus, there 

wefe many fewer overlapping and clumped chromosomes in metaphase and more 

chromosomes spread singly on the slide. 1 found that the best macerat10n 

whidh ~ould be obtained while still preserving good chfomosome staining anA 

morphology, 8S weIl as a clear c~toplasm, was at a pectinase çoncentration 

higher than bny recomme~ded, and at the highest temperature of any 

recommended by the workers mentioned above. Results obtained with a 3% 

solution of pectlnase dissolved in a citric acid-sodium citrate buffer .. 
adjusted to a pH of 4.] and treated at ~ temperature of 37 C for 2 hours 

were good, and chromosome spreading was enhanced by the addition or 0.5% 

cellulase. At a concentration of pectinase lower than 3% and a treatment 

duration of less than 1.75 hours, or at ~ temperature lower that 37 C, a 

good monolayet of cells was'rtot obtained. 

, \ 
If one compares the results from the Feulgen procedure and the FPG 

1, 

technique, lt is clear that the hydrolysis treatment,in the Feulgen staining 
J • 

-
technique does lend to imp~oved maceration of ce Ils which subsequently 

undergo enzyme digestion. However, 1 found that this acid maceration alone 

was not 8ufficient to give rise to good chromosome squashes wlthout enzyme 

D 
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9.3 
r 

,'., 
digestion. The fact that acld hydrolysis aida in cell wall maceratlon, Is 

evident when one examines and éompares the photographs in Figures 2 through 

7, 'in ~hich the Feulgen procedure was carried out and in which an acid 

hydrolysis was carried out ~rior ço enzyme maceration, with those in Figures 
• :J ' 

8 and 9, in which root tips were stained according to ,the FPG technique, and 

.. , 

cell squashing took place directly after maceration and no other treatment 

was given t? the cella prior ~o squashing. In the for,mer, the chromosomes ~ 

are weIl spread and many are seen as single chromosomes, whereas in the 

.' , 
lat~er, chromosomes are more often than not clumped together at metaphase~ , 

" 
or lying in an overlappi~g configu~ation with other chromosomes.' 

The improvement rendered by cellulase treatment; while not discussed 
~l • 

by a~y of ~he authors who employed it, is probably due to the actual 

aoftèning of the cellulos~ of the cell wall. While pectinase softens and 
, . 

dissolves the pectin which binds cells together, the cellulase actually 

begins to dissolve the cell wall so that it provides less resistance to the 

pressure of squashing the cell and chromosomes tend to react tO/this f~rce 

by being dispersed within the celle , 
<" 

While' Kihlman and Andersson (1984) reported that impurities in enzymes 
<t 

used '7or maceration may affect the morph'ology and the staining of 

diffe,entiated chrom~somes, Ander~son (1985) ~eported that solutions' 

propfred from some ba~c~s of cellulase destroyed the chromosome structure. 

He r ported, as did Kihl~n and Andersson (1984) that the quality of the 
. 1 

ar{tions i8 improverl by leaving the roots in distilled water for half an 

'before the squash preparations are made. \ 

The problem of céll wall maceration has hardly been resolved since it 

\ 

il still b~ing ~i~cussed in' the literature. While some authors note that 

1 l' 
• 
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• 
"maceration with enzymèS

Q 
can impair the quality of stai~ing, the'1)resent . 

study shows that satisfactory maceration ia not obtained when p'ectinase 

"" 
t concentrations of less than 3% are employed. Maceration is espècially " 

chroma t~ dif feren tia tion, particularly' important in techniques for sis ter 

in cases where this endpoint ls to be usedt for assaying putative mutagens, 

since in order to sco~e the exchanges, ciumping and overlapping of 
, . ~ 

chromosomes must be minimized while tile~integ.rity ~f stainin&, must be 
" 

maximized. • 
\ 

... 
11 Duration of 5 H Hel Àcid ... Hydrolysia: , 

DifferentiaI staining Was. carried out in Vicia faba according to the 

Feulgen procedur~Root tips were treated from 50 to' 90 minutes with 

. '5 M Hel at 28 C. In' general, poor results wet:e obtained at the low and high 
u 

1 \ end of the range at which root tips were exposed. For example, at 50 , 
1..." 

minut~s of hydrol)sis no sister chromatid differentiation was seen and both 
c • 

chromatids staiued darkly with Feulgen. Between ,58\0 68 minutes, sister 
16 ) 
, 

chromatid differentiation beca,me apparent but differential contrast was 
, ~ 

poor. Many slides showed no differential staining, s~ter chromatids 

t;emp.ined ind~stinguishable in terms"'of staining intensity.' Between 80 and 
. 

84 minutes of hydrolysis, excellent' differentiation was obtained in some 

metaphases. At 88 minutes of hydrolysis and longer, ,some differentiat:Lon 
• QI 

o ) 
was ,.still apparent but chromosomes began to take on a faded or fuzzy j 

1 
appearance and à:ffferential contrast was no longer c1ear st extended periodt 

1 
1 

of hydrolysis:.' These findings are in good agreement wit;.h results obtained 
j 
1 

in Vicia faba according to the Feulgen procedure -by other authors who" 
j 

treated differentially substituted chromosomes over an exten~ per~od of 

o 

t 
1 

.. ~ 

"1 

-

o 
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• iime (Vosa, 1981; Tempe1aar et al., -1982). The latter ahthor suggests that 

decreased staining intenslty whjch appears in conjunction wlrh ~tended 
n : ' 

(" 

95" 

periods of hydrolysis i~ due to the depolxmerization of the DNA. Since BrdU 
" 

substi:uted DNA resists acie! hrdrolYSiS compire4:,,; to unsubstltuted DNA there 

is"therefore a .specific durat~on of acid hydrolysis treatment which gives 

_ (rise to good.differetiEja1 contrast. In the presen~ study this range was 
Il 

found to be betw~en 80 artd 86 minute~ This i8 slightly longer than 
~ . f~? 

~ 
recommended by Tempelaar and coworkers, who hydrolyzed at the same 

temperat':1rè • 
ç 

It may be seen from Table III tha~ among d fferent authors, the aèid/'· 
. . 

hydrolysis step in,the Feulgen 8taining proced e varies.8omewhat9 AIl 

'workers used 5 
'--

M h~dro:éh.~orQic 
~ 

acid. The v ations have consisted of 
,{.. ,..;'" 

different treatment temperatures and, thus, dlfferent duratlons of acld 

hydrolysis required to obtain differentlal staining. The general p~ttern 18 

that increasing temp~rature requires a decrease in th,-pe~ft of time . 

required to qbtaln differential staining. 

, 
Iii S02 vash: 

'0 
In Tempelaar's work (1982) the ,macer~tion of ror tips ls followed by 

a 1'( min wa~h in S02 water (10 ml of 10%, K2 S20S + 10 ml 1 N He1in 200 ml o~ 
\ 

tapowater). The purpose of this step according to the ~~thor ls to remove 
\ 

exë~ss Feulgen reagent. In the present stu~y no difference was seen between 
'\ 

" greparations rn whlch an S02 ~a8h" was> given and in whlch no S02 wash was 

applied. 
.. 

• , . 

o • 

· .... IIY 
,~ 
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Tabl.4 III., %eaperature and duratiollgof Bel ac:1.d 'hydro1yais Jn ~he Peulaell 
procedure- A11 authora ued a ccmcentratlon of sil BCI. 

\ 
Author 

Vosa (1981) 

'" 
Vicia faba 
-...;;;..;;.;.. .... ---, 

Temp~laar et al. (1982) Vicia faba 

Castillo-Ruiz 
(personal communication) Vicia faba 

Present 'study: 

" 

barley' 
Vicia faba 

- , 

\ 

Te.p C , 

18 

28 

37 
28 

o 

(J 

o 

Ti_ needed to 
obtain d1ffe~ 
ent1al 'staiDing 

90-120 min' 

40~70 min 

. 80 min 

45-51 min 
80-95 min 

-. 

11 _ . 
, 

.. 
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Iv Duration of root tip fixation in Carnoy 'a: J 

The dur~tion of root tip fixation was ~xam1ded to aee if fixation 

cou1d be re1ated to the qua1ity of ataining obtained in the differential 

ataining techniques. 

Fixation was obtained by most authors by means of 3:1 95% ETOH-glacia1 

.acetic aeid, whi1e in a few cases 3:1 methano1-aeetic acld was emp10yed 
, " 

(Klhlman and Kronborg, 1975; Klhlman and Anders8on, 1984; Cortes and 

Andersson, 1987). In general, treatment was carried out overnight (14-20 h) 
. 

at 4 C, even though some authors fixed at a1ightly'dlfferent temperatures or 

for slightly different time periods. Several authors ~ave fixed in ETOH-' 

acetic acid 3:1 at -20 C overnight (Kih1man, 1975b; Tempelaar et al.; 1982; 

Kih1man and Andersson, 1984). T~èse authprs specified that root tips could 

be stored for several days, weeks or montha at ~is temperature. In the 

present'work, however, fixat~on at -20 C resu1ted in chromosomes which were 

very difficu1t to distinguish as a result of poor staining, and cell 

contents which were murky and unc1ear, presumab1y because of poor fixation 

as a resùlt of freezing. <:", 
.1'.i· ... ~1I.. 

Some discrepancy exists among a~thor'~ results in regard to which1 

~ . 
duration of fixation gives the best resu1ts. While some authors flx 

overnight (Kihlman and ~~onbo~g, 1?75; Vosa, 1981), Schubert et al. (1980) 

. fixed for 1 hour •. Grant and'~ (1981) :',ixed for 2 hours, stati.ng that 
. . 

fixation fo!,1onger periods does no~ improve the preparation and renders the 

materlal more dlfficult to squash. Cortes and Andersson (1987), on the 

other hand state that fixing time is a cr~éial factor. They f~nd that 
• 0 

slater chromatid dlfferentiatlon ia lmproved by prQlonged fixation' time, at 
él 
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In Figures 3 and' J4, photographs of chro'mosomes fixed for increasing 

durations with 3:1 ethan01-acetic acid and sta:Lned by the Feulgen procedure ' 

are presented. Cells in Figure 3 ~ere. observed i~ediately after staining 

, while those in Figure 4 were~observed aft~r one month of storage i~ 70% 
<> 

ethanol at 4 C. The duratlon of ac1d hydroly.sis i8. aleo ~en. No dster 

chromatid differentiation was seen after l hour of fixation. lt was found 
.. 

that good differential staining can be obtained at a wide ~ange of fi~tion 
IP 

times. Qualitative data 'obtained iq this study were analyzed by means of 
, . 

the X2 test for homogeneity. / Observations about the quality of staining. 
. ~ 

chromosome morphology, and the appearance of the cytoplasm were pooled into 

three classes: poor (+, +1 and +2), gôod (++, ++1 and ++2) ~nd 

excellent (+++). The X2 test for'homogeneity requires~that either each 
. 

observation have at least an expected value of l, or that 20% of the . , 
observations ha.ve an expected value of 5. Since neither the treatment in 

which observations were made before, nor the one ln which observations were 
.... 

made after root tips were stored for one month, fulfilled one of the above 

requirements, the two treatments had to be pooled. 

Statisltica1 ana1ysls showed that ,there is a signlflcant difference in 
'. 

the quality of chromoso~e staining and in the 'appearance of the cytoplasm 

due to the duration of fixation. In Figure ~, the number of observations 

are plottèd against the quality of staining recorded for each obse~vation at 

each tlme of fixation~ The trend ls toward good to excellent·stalning in a 

majorlty of the root ti~s.at and after 7 hours of fixatlo~J wlth the 7 hour 

treatm~t yleldlng the greate~t. numbet of' good to excellent observatIons 

when compared to the,other treatments. A simi1ar resu1t 18 seen for' the 

effect of fIxation on the appearance of the cytoplasm (FIgure 6). In the. 

u 1 
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Vicia faba chromosomes fixed between 1 hou~ and 22 hours, stained according 

to the Feulgen procedure, and examined immediately. 

A 4 hours of fixation, 80 minutes I)f 5 M Hel hydrolysis,o x ca. 775. 
• 
" 

~ 

B 7 hours of fixation, 86 minutes of 5 .1tI. HCI '~ydrolysis, x ca. 775. 
" .. 

fl 
c 10 ~ours of fixation, 86 minutes qf 5 M'HPI hydrolysis, x ca. 775. 

l , .. 

D 13 hours of fixation, 83 minutes of 5 M Hel hydrolysis, x ca. 715.:. 

'\ B. 22 hours Clf fixation, 

~I 
86 minutes of 5 K HCl liydrolysis, x ca. 681. , 

~ 

,,--, 
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r 

o 
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Vicia faba chromosomes fixed.between 1 and 22 hours, stained according to 
, 

the Feulgen procedure~ and examined after storage for one 'month at 4 c. 

.. , 

... 

--- .... . 
A 4 hours fixation, 80 minutes of 5 M HCl hydrolysls,-x ca. 1050. 

• 

, 
B 10 hours Lixàtion, 86 minutes of ~ M HCl hydrolysis, x ca:; !165.' 

-( , 
0 .. ',. 

~ 

.....J .L rD 

t 
C 13 hours flxation,,83,minutes of 5 M HCl hy~rolysis. x ca. 845. . . 

" 
~ 

.... ~ .. 
'. . , 

.t . ~ . , 
D, __ . 22 bo~r8 7'Jœ_~lan~ 80 miq.utes of 5.M RC1'hydrolysis, x ca. 755. 

1(, ~ 

, . 

1 

• o 
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and +2), The effect of fixation Ume on the quality of staining,' Po or (+ .. +1 

... "', good (++~. ++-1 and 42) and exc~llent (+++) . .. 
\ 

"'. Q 

" 
\ 

"\.... ., ,. 
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e-
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fixation, A hour of .. 
". ,. 

" 
~ 

0) 

01 B 4 hours fixation, ,a , 
# , 

"\ 

Il 

Y. . 
~ ~ ,. 

" . . " 
C 7 houts of fixation. • 

" 
- ' . , 

" 

, -
~ 

D 10 hours of fixation. 
J 

-1 

... 

~, 

" 
0 

" . , 

B 13 hQurs of fixation. tt~ , , 
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1 ~! 

l 22 hours of fixatiob. 1 }.~~ 
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, ' 
latter case, the cytoplasm is olear at fixation times tn a range between 7 

and 13 hours. Buboly cytoplasm appears to be charactaristic of fixation G . 

,times of 4 hours and l~ss, while'the cytoplasm becomes increasingly more 
\ 

grey as fixation time is pro10nged.' 

Not infreque~t1y, metaphase chromosomes of the same root tip did not 

aIl yield differentially stained chromosomes. In Figure 7, examples of such 

a discrepancy in staining among chr~osomes of the same root tip are shown • 

. Duration of fixation apd of hydrolysis are indicated. That only a fraction 

of metaph~ses of a given root tip may give rise to differential staining has 

been reported by other workers (Evans and Filion, 1980), and Kih1man (1975b) 

8uggested that the root tip meristem of plants contain ce~ls with 

dlfferential sensitivlties to chemical treatments due either to their 

position in the root tip or to the different dur~~ion of mitotic cell cycles . 
i' 

l t 
present ln the same root tlp. Whéther the occurrenée of metaphase . . 
chromosomes in the same toot tip with apparently dlfferential responses to , , 
staining may be due to differenti~~ incorporation of BrdU by individual 

"< - < cella or' to some other factor .ls not clear. 

Factors ,AffeJ:ting the FPG stainlng procedure: 

While some progress was made ln modifylng the Feulgen procedure to 
. -

ob tain improved differential staining in Vicia faba and barley chromosomes, 

positive results were not obtained using the FPG techniques. In the 
l 

toilowing section the effect of RNAse and trypsin treatments on the FPG 

staining protocol were examined. 

.. 
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- ':.' =,~, The effect of fixation time on the appearance of the cytoplasm. Poor (+, +1 
.~ , 

• 
and +2), good (++, ++1 and ++2) and excellent (+++). 

. - . 

A 1 
. 
bour of fixation. 

( 

') t.:!< 

\1 ... , 
BIc 4 bours of fixation:. 1 

~f{":' 

\ -". C 7 hours of fixation. ri 

1 

6 

D 10 hours of fixation. 

/ 
/ 

1 13 hours of fixation. 
, 

--
.< 

) 

l 22 bours of fixation. 
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Examples of, differential s~ainin~ in Vicia ~ in which metaphase 

chromosomes trom the same root tip do not a11 show differential- staining., 

A,B 

c 

D 

'" 

o "" • ~ 

\ 

, c ~ 

13 hours of fixati~n, 83,minutes of 5 M Hel hyqrolysis. Arrow points 
; 

to t~e chromosome{s) in which sister chromatid differentiation is 

present, x ca. 569 and 827 respectiv~ly. 

.. 
o 

r 
4 hours of fixation, 83 minutes of 5 M HCI hydrolysis. ~row points 

" 

to the chromosome in whi,ch sister' chromatid differentiation ia 

present, x ca. 3897. 

\ ' 
'\ 1 \ 

., 1 , ' 

10 pours of fixation, 86 ~p~tes ~~ 5 M HCl hydr~lyàJ~: A~row'points 
tir 

to the metaphase in which >$CE 18 present, 'X. ca. 637. 
, ", 1 

0, .... 

1 
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1 BRAse trea-=-nt: 

High RNA content has been~cited as one of the disadvantages in using 

plant cells to achieve differential stainlng. Ciemsa stains both lmA and 
.' *" 

DNA. Thus an RNAse treatment ia ineluded in the FPG technique in order to 

clear the cells' of RNA which Œdght otherwise mask/the chromosomes. 

Gonzalez-Gil and Navarrete (1982) suggested that nuclear and cytoplasmic RNA 

can ~nterfere with differential staining of sister chromatJds. Kih1man and 

Kronborg (1975) found that the use of RNAse improves the contrast between 

sist~r chromatide but ls not absolutely necessary •. Andersson (1985) and 
• 
v ..". 

Cortes and Anderason (1987) suggested that an RNA~e treatment elim1nates 

background staining caused by cytoplasmic RNA. But aecording to Cortes\ and - \ 
" 

-Andersson, this step is no longer necessary sinee the.hot acid treatment 

included in their staining procedure hydrolyzed nuc1ear and cytoplasmlc RNA. 

In general, this study bears out the assertion 'of Cortes and Andersson. 

Figure 8 allows the comparison of chromosomes stalned aècording ,to the F~ 
, 

technique of Cortes and Andersson, with and without an RNAse treatment •. No . \ 

difference was seen in ..chromosome preparations obtainecÎ by either method. - ' 
In Figure 8D, cells with heavy RNA staining of the cytplasm by G~msa are 

shown. Spch staining of RNA, howeve~,'was seen infrequently. 

11 T~sin·dlge8tion 

Trypsin digestion has been used to·obtain Giemsa banding in both plant .. ~ 
-

and animal ce Ils (Chuprevich et al., 1973; Wiscovich et al., 1974; Wang, 
. 

1972; Seheid and Traupe,'1973). Seheid (1976) and Seheid and Traupe (1977) 

used t'rypsin ~ion in combinat!on with Hoechst 33258 stain~ng to obtain 
, 6 

differential itaining of Vicia faba chromosomes bifilarly substituted with 
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Vicia faba chromosomes stained according to, the FPG technique 'rof Cortes' and 
, , 

Andersson (1987) with and without RNAse trèatment • 

A 

.. 

Original protocol without RN~se-treatment. 
,~ 

differentiation present, x cà. 1037. 

t 

, 
No chromatid 

, " 

/ 

B,e FPG staining wlth RNAse treatment. No chromJtid differentiatiQn 

present, x ca. 798 and 1146 respectively. 

.., 
1 

D' Cells stained by means of t?e original FPG protocol with no RNAse 
lit 

treatment show~ng unhydroly~~d RN~ in the ce II cyto~lasm, x ca, 491. 

" 

• 

.' 

o 
,~ 
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BrdU. lt has been suggested tha~ the ~ireet aotion of trypsin i8 .to 
, \ . 

hydrolyze the protein component of nucleoprotein (Chuprevich et al., 1973), 

" . which has a1ready been denatured by cell fixation (Wang, 1972). Seheid 

(1976) and Scheid and Traupe (1977) noted rapid preferential di~solution of 

one'sister chromatid after~trypsin digestion of bifilarly substituted, 

• 
a~echst 33258 stained chromosomes of Vicia faba. No different:l,.al 

Q' 
dissolution ~as seen without trypsin digestion. The~ argued that single , 

strand breaks preferentially induce~by UV treatment in the goubly 

substituted chromatid led to its rapid dissoluti~n upon trypsin digestion. 

Several wQrke~' have suggested differential protein ~indin8 properties 

for BrdU substitu~ed DNA (Lin a~d Riggs, 1972; G?rdon et al., 1973; Lapeyr~ 

and Bekhor, 1974; Gordon et al., 1976). DifferentiaI properties of Br~U 

substituted DNA, both with respect to its sus~eptibi1t~ single s'trand 

breaks induced by UV light, as weIl a~ to altered protein binding . " 

properties, couplèd with the findings of Seheid (1976) and Scheid and Tr~upe 

.. (1977), that trypsin treatment ,led to the differential dissolution' of one 

s1's~'er c~romatid, suggested th~t a trYPli{n digestion incorporated into th~,!, .... 
FPG technique, ·in ~hich staining with 33258 Ho~chst and Giemsa are combine~, , 

might l'ead to differentiation of sister chrom~tids, where before none had'. 

been observed. Trypsin conedntrat1on, temperature and dûration of the 

treatment were ehose'n from
l 

among authors who had used trYPsin.~ the 

purpcse of obt~a~ning Giemsa banding. -'-'~ostl authors used ~o~e 
concentration and temperature ranges. 

f 

v • 
I~ the present study, whl1e increasing ~lme and concentration of 

trypsin treatment 1ed to obv10us deterioration of chromosomes stained by the 

, FPG techniques (Figure 9), no sis ter chromatid differentiat10n was seen as a 

, 

\ 1 
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result of such treatment • 
• 1 

... 
The Peulgen Procedure for Differentia! StaJ.Ding 

The number of publications on SCE studies using'blgher pliants account 

for about 3% of the approximat~l7 2672 articles published in this field 
• 

since 1974 (Schvartzman, 1987): Of the ap'proximate~y 76 papers which fàll 
- . , 

into this category, two have been published in whlch the Feulg~n technique 

is used (Vosa, 19à1; Tempelaar et al., 1982). In both papers, staining is 

carried ou; in Vicia faba. 

Tempela~et al. 1(1982) suggested that hydrolysis by 5 M HCl is the 

crucial step for obtaining diffential contrast by meaos of the Feulgen 

procedure. These workers showed that among the three varrëties of Vicia 

~ with which ~hey worke~, "Thre.efold white", ."Early longpod" and . . 
"Akerbona primus ff, the duration of 5 M HCl hydrolysis at 28 C required to 

give rise to differentiation, varied as much as 15 minutes among the three 

var~ties. Tbe maximum dUTation required for any variety was 70 minutes. . ~ 

In the present study, the Vicia cultivar "Aguad.ulae" showed go08 
, 0 • 

, 
differential staining when chromosomes Were hydrolyzed at 28 C from 80 to 86 

minutes. 
, 

In barley, modifications which led to improved differential staining 

t " included, an !ncrease 1n BrdU concentration to 500 uM, ·the b1filar 

substitution of chromosomes and an increase in the temperature of acid 

hydrolysls to 37 C.' 

While the Feulgen technique for differentiai stainlng of plant 

chromosomes bas recelved little atten;lon from wo~kers in the fi~ld, It Is . 
shorter and Iess compI1cated than the FPG technique. In the present study, 

! 
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Vicia faba chromosomes stainefi" ~ccordin8 to the FPG 'technlquè with trypsin 

digestion. " , 

• 

\ 

A Origityll FPG technique of Klhlman and Kronborg "(1975) w~th no r trypsln 

.~igestion. No chromatld differentlat!on present, x ca. 1109. 

1 .. 
B FPG technique of Klh1man and Kronborg (1975) with trypsin treatment of 

, 1 

0.1 ~ for 1 minut~: No chromatid dlfferentiatlon present, x ca. 122~. 

, 
C FPG_ technique of Cortes and. Andersson (1987) with trypsin treatment of 

D 

1 

0.25% for 1 minute. No chromacid differen~lation present, x ca. 818. 

~;.; ....... , 
, 1 

-' • FPG .technlqu~ of Cortes and ~nd~rBson (1987) wit~ crypsln treatment of 
,~TI. 

:<'1-

0.25% for·S mil,\utes. No chromatid c;lifferentlation present, x ca. 818. 
'" , 9 

! '.' 
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the Feulg~& procedure yielded the most promising résults for the development 

of a staining tcechnique for use as a bioassay, in testing for putatative 

mutagens or other DNA damaging substancese 
Fr 

\ " .. - The lluorescent=plus-GiellSa Tec:\m.ique • 

. ~ 

While the mOdiflcatioml of the FPG technique are too numerous ~o 
discuss here, an attempt will be made to touch upon those which are relevant 

to this study. , .. 
Ki~lman and Kronborg (1975) fuggested that èome magnificat ion of "a 

structural difference between chromatids containing differentially 

substltuted DNA must take place between the time when the ~oot tips are 

~xposed to 33~58 Hoechst and when.they are exposed to Giemsa staiu, in order 

for good differentiatiou to be obtained. They go on to say that auch a 

process appears to be a function of time and tempetature and may also be 

dependent on the light conditions during this periode They feel that the 

main effect of heating during this period is ta speed up this process • 

The warm buffer treatment between stalning with 33258 Hoechét and 

Giemsa ia replaced by a warm HCl acid treatment by Cortes and Andersson 

(1987) e The aim of' the ac1d hyd~olys1s, according to them, was not only to-, 
, 

hydroly~e nuclear and cytoplasmic RNA, but aIs a to s01ubi1i~e and extract 

photodegraded DNA. This hydrolysis ~as first incorporated into the FP~ 

technique in' Allium cepa by Gon~a1~z-Gil and Navarrete (1982) who shoved 

that it d~astically improved differential staining when applied d~re~tly 

before Gle~sa staining. They reported that in the absence ~f hydro1ysis 

on1y 15% o~ metaphases showed differential staining while acid hydrolysis 
, 

increased the percen~age to 80%. With prolonged acid hydrolysis these 

.. 

/ 
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authors reported a progressive loss of staining ,capaclty of the chromosomes. 

They suggested that Hel treatment wa~hed out RNA and most of the chromosomal 

proteins which may interfere with differential staining, and that as a 

result, the Giemsa dye behaves as if it were specifie for DNA. • With respect 
, 

to Clemsa staining, some authors have stated that duration of staining ls 

crucial (Kihlman and ~ronborg, 1975; Andersson, 1985). The latter, claime~) 

that. Giemsa staining should be kept as short as possible since when stâinin~ 

exceeds 4 to 4.5 minùtes, overstaining resules making scoring difflcult or 
* #" .. 

~mpossible. Among other authors, variations in concentration for Glemsa 

staining range between 0.5% and 3%, with- staining duration ranging be,tw~n 4 

and 9 minutes (Kihlman'and Kronborg, 1975; Evans and Filion, 1980; 

Andersson, 1985; Luo et al., 1988). 
o 

Goto et al. (1978) carried out a study in rat femur bone marrow cells, 

in which various factors involved in the fPG technique were analyzed by 
-, i) 

mean~ of microspectrophotometry. Those factors which Goto found influenced 

differenti~l staining were, concentration of Hoechst 33258, pH of mounting . 

t1' .° 11 ~ .... ; ~tl~'!~ 
,~ \.~ 

""'J 
q 

medium, temperature durlng UV-exposure and the wavelength of UV light. Gp;o \ 

suggested that the existence of the various modificatlon# indicates that 

.,. technical problems of this method have not yet bèen solved. ' .. 
He found that he~ting of cells especially during UV irradiation 

. 
enhanced slster chromatid differentiatlon e.g., UV-exposure in buffer at 50 

C gave improved sis ter chromatid differentiatlon. Am9ng artlficial light 

sources he found a 15 watt blacklight to be the best since the maximum 

absorption of DNA-bound Hoechst 33258 occurs at 360 nm, whereas the peak 

wavelength of blackllght is 355 nm as compared to germicidal light (254 nm) 
~ . . 

and fluorescent light ,(455/555 nm). He concluded that there are probably 
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two main categories of the Giemsa method for sis ter chromatid 
. 

difrerentiation, one using UV, sensitivity of heavlly BrdU substi~uted DNA 

and the other, uslng thermal stabili~y e.g., resistance to hot acid 

extraction. The findings of Goto with respect to the wavelength of UV light 

and heating o~ material during exposure ço UV irradiation are not in 

agreement with the findings of Cortes and Andersson (1987). Th~.latte~ 
; 

authors concluded tha,t _ the emission spectrum of the light source seems to 

play an important role i~ obtaining good differential stainiog, but ooted 

that when a germicidal lamp' ~adiating ma'inly at 25t. nmJwas substituted for 

one radiating at 280-380 nm, the result was unsatisfacto~y, even after , . 

prol~nged expo8ure. 
"M 

They concluded that the short wave UV dependence is 

probably explained by the fac~ the DNA bound Hoechs,t has an absQrption 

maximum near 345 om. Cortes~(1980) stained meristem cells in Hoechst 33258 

with simultaneous UV exposure and other authors have followed suit (Cortes 

and Andersson, 1987). Luo et al. (1988) suggested that",the use of high 

pressure mercury lamps (450 ~,Foshan bulbs) improved the standard ~G_me~hOd 

for 5CE. HOW(lVer, vax:iations in UV irradiation of Hoechat, stained cella 

where not attempted in the present study. 

Additionai factors which might ,have beeo. examined in this study,~ to 

identify those steps which would require modification in order to obtain 

chromatid differentiation by meaos of the FPG technique, are duratipn and 

concentrati~n of Giemsa staining, and variations in concentration aod 

duration of ,fluorochrome staining. Wavelength and duration of UV,exitation 

of fluorochrome stainedochromosomes may aJso play a roie. 

.... 



.. 

c 

CONCLUSIONS 

The initial work described in this study 

1 
l , 

was cJrried 
i 

out Urst in 

Hordeum vulgare (barley) and then in Vicia faba in order to establish a 
- - 1 

, r 

;LZZ' 

staining procedure for sister chromatid exchange. S1..ster chromatid exchange . , 

was then to be used as 
, 1 

a bioassay with which to test the eifects of several 
1 

1 

pesticides on the frequency of SCE after lt00ts whete exposed to various 
-- . " 1 
concentratfons of pesticides. As outlined above, lan adequate 'staining 

procedure which couldl be repl!c'ated with f~delity! waB not found. 

Therefore a study of a number of the &Jt;p~involv~d in both the Feulgen 

procedure and the FPG technique f.o"r differential. staf'ning in plants: wa~ 

attempted, 'the hope of shedding light on -th~ problems which were 

initially encountered. 

.. In general, '~he reBults suggest that when emba~king on a study of 

sis ter chromatid exchange in plants, factors which affect the outcome of 

_ di~ferential staining 'shou1d pe ex~m1ned before proceed1ng, even if sister 
, 

chromatid differentiation has already been reported for t~e species. This .. 
su~gestYon 1-s made nO,t on1y betause of the difficulties which were 

. . 
encountered, here but a1so because of th.e discrepanc1es concerning the SCE 

staining protoc?ls which exist in the literature, even among authors working 

with the same species and the same staining techniques .... 

DifferentiaI staining is infIuenced by a number of factors. Those 

which affect se~dling growth. and BrdU uptake of growing seedlings are 

important if siater chromatid differentiation is to be obtained. A variety 

of steps carried out after the root tips are harvesçed, including fixation 

aIJ.d the staining which fol10ws fixation have been shown ta affect both the 

quality of staining and SCE. 

1 
." 
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. Other factors are important t~conslder if this technique Is to be 

used in mutagenicity testing." Among the se are the concentration of the base 

~nalogue, and of FdU, as we1l as the abïlity to obtain good metaphase 

spreading when the cells are squashed. 

As might be predicted, trea~ments~ such as the r,moval of plant shoots 
Q , 

and cotyledons, and the application of t~e'base analogue BrdU and FdU led to 

reductions in mitotic index of most pl.;mts. 
h C 

The use of FdU was not 
v 

eliminated however, sinee it has been shown to enhance the upt~ke of 

'radioactively iabelled BrdU (Escalza et al., 1985). However, the lowest 

possible concentration of BrdU was employed, and whole plants wer~ treated. 

This study shows that the variance within treatments when plant 

seedlings were treated, was consistently high, implying that a range of 

tolerance to a given treatment exists among- t indlvldual plants, even of the 
__ 0 

same cultivar. This variance caused the results of statistical analyses to 

be inconelusive with respect to the differences between treatmenns. Others 

have repor~d that plants of the same or dlfferent cultivars respond 

differently to the Feulgen procedure and the FPG technlque -respectively 

(Tempe1aar et al., 1982; Dolezel et al., 1986). ) 

Fixation was foynd to Iiave â'signif1cant influence on the qual1ty ~1 
stainlng in this study, and a fixation tlme of 7 hours ls suggested to 1 

~axim1ze the quarity of-stalning at least-for the Feulgen procedure. 

Fixation should be carried out at 4 C and.atorage of stalned root tips for 
• 

up to one month in 70% ethanol does not seem to adversely aff.ect sta:Lning • . ' -

For qualitative data such as cytological_observations of staining 

quality, it was found that a large amount of data are required in order to 

carry out a statistical analysis. 
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After careful study, good 4tffe~en~laI staining was obtained by mesns 
1) • , 

of the reulgen procedure in V~c1a ~., DifferentiaI staining was also 
• (1 

obtained in barley by means 'of this stain1ng technique. While many papers 

report good J differential sta1ning ln Vicia faba according tp the FPG 
. ~~ :ac: -

technique. and,.a va~ietY' of modificatiops have be.?n" PUbliShj) differe~t1al 

stalning by means of the fPG technique was not obtained in the present 

study. 

In conc~usipn, perhaps the comments of a few of the authors, with 

respect ta their ",own staining techniques, would be of interest. Tempelaar 

et al. (19~2) for e.xample stated, "the merit.f the p:rocess is its rapidity 

ând lack of .complica~ed step,s 80 that the results are not ta a large, extent 

dependent on the sk!!l °and ,exp.erience of the investigat,?r". He goes on ta 

say, "when carefully performed the Feulgen procedure yields very 

, 're~rOducib4> results vith Ch;Omatin from a vadety of sourc~( cores and 

Andersson (1687), .commented that in general while most of the 'FPG procedures 
1 _. ~ 

allow good dlffer~ntia1 staining the y are sometimes not as-reliable as 

techniques performed on animal 1l1aterials. However, while this statement was 
. 

not discussed, their own technique was described as "quick and simple' and 

has the advantage of high reproduCibili.ty." Finally Cortes and Andersson 

(1987)'- èlaimed' that thëir technique 19 superior to the Feulgen procedure 

outlined by Tempelaar. Unfortunately, the present study did not bear out 
t. L, 

. the evaluations of any of the authors with respect ta the simpl1city of 
.. 

their respective staining techniques. 

Perhaps, the difficultie,s encountered in at least some of these 

studies could have been more readïly acknowledged. Furthermore, in many 

instances the authors co~ld ha~e, exp]1citly stated wh1ch steps or treatments 

... 
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were l1kely to adversely affeët the reêulte, thereby avoiding to give the 
il 

mistaken impression that the procedures were unproblemati~ 

o 
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Procedure for 

APPIIBDIJ[ l \ 

preparing leUCO-blaie fuchsin 

1. Dissolve 1 g basic fuchsln by pouring lt over 200 ml bol1ing 
d1stliled water. 4 

o 2. Shake weIl and cool to 50 C. 
1 

, 
3. Filter: iAdd 30 ml N HCI to the filtrate. 

4. In'a fume hood add 3 g K2S20S' 

5. Allow solution to -hleach for 24 h in a tight-stoppered bott1e, 
1n the dark. 

6. After 24 h in the dark add 0.5 g decoloriz1ng carbon. Nor1t, --­
a proprietary vegetable carbon, i8 recommended. 

1 

7. Shake weIl for about one minute and filter rapidly through 
coarse filter paper. • 

8. S t 0 r e in a t 1 g h-t 1 Y - st 0 pp e r e d bot t 1 e i n ~h e da r k ," a t 4 C. 

r 
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APPBBDIX II " 

cf 

Boagland Butrlent Solution 
, . 

Taken from: Plant Tissue Culture Methods, L~Ro Wetter and 
F. Conatabel (eda.) National Reaearch Couneil of 

J Canada, Saskatoon, Saskatchewan, 1982. p. 134 • 

'il '! 

Haeronutr1.ents IIH 871 

Ca(N03)204H20 4.0 .94-
MgS0 4 • 7U20 2.0 .'52 
KN03 6.0 .66 
NH 4H2P04 l.O .12 
Sequestrene ~30 Fe . .07 

'\ 

------~-~-------~-----------------------~------------------------. , 

Kleronutr1.ents (stock solution) 

H3 B03 
KnS04· H20 

f CuSO 4' SU20 
ZnS04· 7H20 
(NH4)6Mo7024·4H20 
H2 504 (cone.) 

0.1 ml of the mieronutrients ls mixed with 1 litre of 
macronutrients and the pH' i~ adjusted to 6.? 

28 
34 

1.0 
2.2 
1.0 
5.0 ml 

the 

-----------------~-------~--------~--------------~---------------\ •• , ! 
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APPEIDIX III 

Effect oÏ tbe removal of Vicia faba seedling cotyledons and 
~.-...;..~--

shoots on the mitotic index. 

Source of Dl liS l val prob l 
Variation ~ 
~ ___ ~ _______ l_~ _________ ~~ __ ~ ________ ~~_~_~_~~~ ______________ _ 

'rl.'r ' . 4 0.00966337 0.94 <0.4816 

---------------------7---------------~--------------~--------~ 
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APPB.DIX IV 

Effect of unifilar vs. bifilar substitution 'of tbe base analogue 
BrdU at different concentrations on tbe ~itotic index of Vicia 

. faba seedlings. ~ , . 

'irst run: 

S9uree of 
VariatioD 

DI' . liS 

.' 

l' val 'prob l' 

, . 
----~--------~--------------------------------~--~------------

'faT 6 0.013475325 2.17 <0.1191 

, ' 

-------------~-------------------------------~~---~----~------

Secpnd run: 

S'ource of 
Variation 

DI' liS l' val Prob l' 

----------~-----------~-----------~----------~----------~-~----

'faT 6 , "0.0030121433 0.32 <0.9135 

----------------.---~------------------~----------~-----~------
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A!PEBDIX V 

Effect of increasing conc~tration8 of FdU supplemented to ~reat­
ment solutions of BrdU on the m~totic index of Vicia faba see­
dlings. 

Source of 
-Variation 

DP liS (p val 

, l' 

Prob P 

------------------------------------~---~------------~------~-.. 
TJlr 9 0.01781882 < 0-.0462 

-------------------~-~----------------------------------------* S1gn1ficant at the 0.05 level 
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APPBBDIX VI 

Bffect of the duratiou of fixation ou the qQa~ity of ataining. 

Source of 
Varlat:,1.oD 

" 

Dl x2 .alue 'rob 

~--~---~------~-------------~----------~~---~-~----~-----

Duraclou of 
fixation 

s p <0.005 

. 
-----~-------------------~-----------------~-------------­, 
** Significant at the 0.01 ievel 
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APPERDIX VII 

Effeet of the duratIon· of fixatIon on the appeflranee' of the 
c:ytopl_~8.m' 

. ~ 
f 

'" . Source of' . Dl /' X2 value Prob X2 
Variation -. "" 
-------------------~----------------------~----~-~-~--~~~-l r t ' 

Duratio11 of 5 28.69~,.1r p <.0.005 
f 1.zat.1011 . -
-~---~~-~---~--------------------------------~-------~--** Signifieant at the 0.01 ~evel 
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APPBBDIX VI~1 

fat of the éoefflc:1eût8 of 'VariabUi ty (CV.) 

Experi.eut: CV 

Bffect of the removal of Vicia faba seedling 
cotyled'ODS" and shoots ~n tbe i mitO"tTc inde~. 

Effect of unifilar vs. bifllar substitution of 
tbe base analogue BrdU at different concentrations 
on the 1I1totic index of Vicia!!!!. seedlings. 

First run: 
Second run: .. 

Effect of increasing concentrat.1ons of FdU 
supplemented to treatment solutions of~rdU 
altotlc index of Vicia!!!! seedllngso 

• . 

v 

o 

., 
OD the 

'3.13% 

S9. 75% 
84, •. 49% 

70.59% 

\ ' 
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,/ , APPENDIX IX 

Effeet--of the If"e.oval of Vicia faba seedling cotyledons and shoDts on 
the litotic index. A. Hoagland's nutrient so~tion control, Al. Water 

• 1 

control, B. CotyledDns eut and seedlings groNn in Hoaglands, BI. 
Cotyledons eut and sudl i ngl groMn in Mater control, C. Shoots "eut and 
seedlings ~ro,n in HOlglarids, Cr. S~ODtl eut and leedlings groMn in 
~ater. Data in pereehtJ SE • standard error. 

------------------~-----------------------------------~---------------

Treatllnt Exp.rilent. 

------------------------------------~-------------~----------------~-
1 -Hein - 2 3 "."an Aveflge 

and SE 
-----------------------------------------------------~---------------­o ,> 

A 4.4 1 6.1 5 •. 8 1 

3.4 4~3 B.B 6.3 4.0 ... 4.B 5.13 .t 0.54 , 
1 

" . - :.,5~. 0 3.i 4.1 

" 

. ~ 

-----------------------~--------~--------~----------------------------~ 
Al 6.1 6.1 

o 5.0 5.2 6.7 1.·B 3.1 4.87.t 0.53 

â-.2 , 4.1 . 
----------------------------------------------~---------------.-----'.. "," , " , 

8 2~7 -O.B à 1:7' \, 

14.4 8.9 1 5 . Il. l' a • 

. 
o '~0.97 3.66! 1.64 

9.6 ~ •• 2 ., 
1 

---~-----------------------------------------------------~------------- , . 
r-

81 O· 0 
~ ... 

0 0.1 . . Na " .. condary root! dev.lo.,.p.ed 

0-:<2 0 
,. 

d, 

--------~-----~----------------~.----~----------------------------~---
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Appendix T.ble JX cantinuld 

...... 

• -------------------"""'------.------------------
." 

Trelhent Exp.ri lent. 

-----~---------------_._---------------------

, C 0 ".8 4.7 

• 0 2.4 3.5 4.0 3.87 2.46 .± 0.b5 
~ 

0.2 .- 3.2 2. fi 
t 

---------------------------------------~-----------------------------

Cl 1. b 2.2 

1.9 2.03 3.0 2.8 2.7 2.48 + 0.2b 

2.6 1.4 

-------------------------------------------------.~----------------~--

J 

) 

... 

... 

,. 

, 

- \ 
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~ APPENDIX X 

Eff.ct of unifillr ~I. bifihr .ubltituU~n of th. Il ••• analogue BrdU J 

at di Herent cDncantrlti anl Dn the li tou c i ndlfx of 'Vi ch fab. 
seedlings. First ,rune Dab in percent J SE • stindard .,erra;::-

---------------------------~-------------------------~---~-----------

Treatlent 
, 

-----------~--------------------------------------_._--------------~-

1 Hean 2 Hlln 3 Hean Averal}1 
and SE 

~~-~~~;;~~~--------------------------------------~----------------:-

S.4 2.7 1.4 

4.6 4.S 0.3 1.07 4.3 3.5 3.02.t 0.66 

3.S O.~ 4.8 

i C. BT .... n lubstitution, 50 uH DrdU 

1.4 'o. 1 

2.6 2.73' 
l 

0.2 L.24 t 1.29 o 0.8 0.5 

3.7 1.0 o 

---~-----------~-----------------------------------------------------o Jo 
• 0 

D.,B8~BT substitution, iOO utt DrdU 
il> \. 

2.6 1.2 0.9 

1.7 2.10 0.1 0.73 0.:5 0.70 l~lS ± 0.26 .. " 

2.0 0.9 0.1 

, ~ 
, J 

------------------------------------------------ ---------------------. . 
. ~ •• pp,ndix X cantinuld 

, t ... =;~: 

. -

1.53 
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App.ndix X continu.d 
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) 
CI 

-------------------------~-----------------------------.--------------

~:::::::_-----------------------_:::::~:::::_-------------------_:_--
1 Hun 2 Hlln 3 , H •• n Av.rage 

and SE 

----_._-------------------~~---------~------------------------------

E. BT-TT lubstitution, 100 uH BrdU 

1.4 2.5 
-e 

3.3 2.7; 1.6 1.77 5.2 3.77 2.77! 0.39 

--------"---_:~:_----------_:~:_-~-------_:~:_---------------------
F. 8B-BT lubltitution, 500 uft BrdU <J 

( 1.1 1.5 _0 

\ 

2.2 1.ô7 3.3 2.83 0.1 0.03 l.S1 ;t 0.46 

• 1.7 3.1 0 

----------------------------~-----------------------------------------" , 

S. BT-TT substitution, SrdU 

2.3 3.6 

3.87 2.8 2.50 3.4 - 2.80 3.06 + 0.42 .. , 
2.2 2.3 

--------------------~-----------------------------~----.--

;1.54 
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APPENDIX XI 

Effect of unifilAr vs. bifilar substitution of th. bis, analogue BrdU 
at difflr'nt conclntrat~. on th. litotic ~~d'M of Vieil ~ 

_llldlingl. Seçond run. Data in perclnt, SE • standArd error. 

----------------------------------------------------------------------
, 

Experhentl 

-----------------------~---------------------------------------------~ 
1 Hean 2 3 "e.n Average 

And SE 

-----~--~---------~--------------------------------------------------
A. control 

~ 
.. 

~ 
3.2 0.3 2.2 

4.7 3.37 0.1 0.13 2.6 2.4 - 1.97 i 0.:52 

2.2 0 2,.4 

~----------------------------------------~~~-------~------------------
B. BB-BT ,ub.ti tut! an, :50 uH BrdU 

O.~ 
,-

0.9 ) 0.:5 

0.6 0.47 1.0 1.70 2.2 0.90 1.02 ! 0.34 

0.6 3.2 ~J 0 

-----~----~----------------------------------------~-----------------~ 

C. BT-TT ,ub.ti tuti an, 50 u" BrdU 

• 
\ 

1.7 0.3 5.~· 

1.3 1. 47 1.2 1.07 5.1 S.O 2.51 + 0.64,. -
1.4 1.7 4.6 

--.--~--------~------------------------------------~-----------------~ 

D. BB-ST .u~.tituti an, 100 u" BrdU 

1. 3 0.8 0.1 

1.3 1.33 1.4 1.07' 0 0.03 0.81 :!: 0.21 

1.4 1.0 0 
" 

of' ' 0 

------------------------------------------------------~---------------
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Appendix XI èDntinued 
Ji. 

--------.. -------------------.----f-------~-- ......... ---.. -.. ---.. -~-------.. -.. -
Treatlent Experhlnts 

--------------~--------~---------------------------------------------­o 

1 2 3 Average 
and- SE 

-------------------------------------~--------------------------------

E. BT-TT substitution, too uH BrdU 
J' 

1.0 3.0 1.1 

0.4 2.7 2.37 o 0.43 1.50 .:!' 0.44 

1.4 0.2 

-------~--~-------------------------~---------------------------------
F. SB-BT subltitution, SOO u" SrdU 

o 0.8 1.7 

o 0.03 0.6 0.83 1.4 1.70 0.85 ± 0.25 

0.1 1.1 2.0 

----------------------------------------------------------------------
~ 

8 • ST-lr 1ubstitution,,500 uH SrdU 
• 

1.6 1.7 0.2 

1.6 1. 97 2.8 2.40 0.2 0.23 1.53 ± 0.36 

, 2.7 2.7 0.3 ~ 1 

-------------------------------------_.------------------~------------

;1.56 
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APPEND IX X II 

E4f.ct of increasing concentrations of FdU supple.ented. to treatlent 
solutions of BrdU on the .itatic index of Yicia faba seedlingl. Data 
in percent, SE • standard errar. 

-
--------~-------------------------------------------------------------, 
Trelt.ent Experilents 

-----------------------------------------------------------------~-~-­q 

1 0 Mean 2 Mean Mean Average 
and SE 

----------------,--------------------------------------------.--------
1. control 

2.1 
J 

2.8 2.b3 

3.0 

4.3 

b.S 

6.2 

3.1 

5.77 2.5 2.40 3.60 ± 0.60 

1.6 

---------------------------------------------------~_.--_._-------~---
2. 50 uM BrdU 

3.9 1. B 1.1 

2.1 3.40 • 1.8 1.40 4.0 2.13 2.31 ± 0.43 
~ 

4.2 0.6 1.3 

-----~-------.-----------------------------------------------.--------
3. 50 uM DrdU, 0.1 uH FdU, 3 uM Urd ., 

3.3 ... 1.4 3.8 

1.9 2.73 2~4 1.90 2.0 2.07 2.23 :!: 0.34 

3'00 1.9 0.4 

------------------------~-----------------------------------------~~-~ 4. 50 uM 'DrdU, 5 uM FdU, 5 uH Urd 

0.3 

0.1 

o 

0.13 

o 

9 

o 

1.1 
. 

0.1 1.03 0.39 ± 0.22 

1.9 

• 0 

----------~------~-~-~--------------------------------------------~---
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Appendix XII continued 

l , 

---------------------------------------~----------------------------~-

.--------------------~---~~--------~---~---------------------~----~---

1 2 3 AverAge 
Ind SE 

-----------~---------------------~------------------------------------v 

~. 100 uH BrdU 

0.7 l.l 2.~ 
--------

0.2 1.03 ~.O 3.17 3.6 3.20 2.47-±0.52 

2.2 1.2 3.~ , . 
---------------------------~--------_._-------~---------.-------------

6. 10«> utt BrdU, 0.1 u" FdU, ~ u" Urd 

2.9 0.4 1.0 
( , 

3.6 3.20 0.4 0.ô7 1. S 2.30- 2.06 ± 0.48 
! f 

3.1 1. 3 • 4.3 

------------------~--------------------~------~----------------------

7. 100 u" 8rdU, S u" ,FdU, ~ u" Urd 

0.3 '0 0.1 0 

0.3 0.20 0.1 
Y" 

0.07 0 0.09 + 0.04 

0 0 0 

---~---~------------~~--------------~---------------------------~--_.-

8. 5_00 utt BrdU '? 
0.4 

0.9 

0.8 

- . 

0.70 

0.2 

0.7 

0.9 

;: 

0.3" 
... 

0.60 0.3l: 0.S4 ± 0.11 
! 

o 

0.7 l 
,..... ~ ;, < 

________ ~_1 ________________ ~ _________________________________________ _ 

" 
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----------------------------------~-------------_.---~-----~----~----~ , 

Trut •• nt 
________________ M ____________________________________________________ _ 

o 

9. 500 U" BrdU, 0.1 u" FdU, ~ uH Urd 

1.1 o 0.1 

1.9 3.13 0.3 0.10 o 0.33 1.09 .t 0.69 

6.4 o o 
• 

-----------------------------------------~----.-----------------------

10. 500 un SrdU, 5 uH FdU, S uH Urd 

o o 0.9 

ISi. 

o o q.o:s 0.6 0.70 0.24 .:!' 0.1:l-· 

o 0.1 0.6 
_________ ~-______________________ ~ _______ ~ __ w. _____ • _________________ _ 

1 

\ 
.' 


