
Curr Genet (1990)18:259-263 Current Genetics 
�9 Springer-Verlag 1990 

Detection of chloroplast DNA by using fluorescent monoclonal 
anti-bromodeoxyuridine antibody and analysis of its fate during zygote 
formation in Chlamydomonas reinhardtii 
C. Munaut 1,2, D. Dombrowicz 1, and R. E Matagne 1 

1 Genetics of Microorganisms, Department of Botany and 2 Laboratory of Biology, University of Liege, Sart Tilman, 
B 4000 Li+ge, Belgium 

Received February/June 1, 1990 

Summary. A monoclonal anti-bromodeoxyuridine anti- 
body conjugated to fluorescein was used to detect the 
chloroplast nucleoids after specific incorporation of bro- 
modeoxyuridine (BUdR) into the chloroplast DNA of 
Chlamydomonas reinhardtii. The incorporation of BUdR 
was enhanced by simultaneous treatment with fluo- 
rodeoxyuridine (FUdR). The method was applied to an- 
alyze the fate of chloroplast DNA in zygotes resulting 
from mating between BUdR-treated gametes (rot + or 
rot-) and untreated gametes of opposite mating-type. In 
crosses between wild-type strains, the nucleoids of mt+ 
origin remained in the large majority of zygotes whereas 
those of rot- origin most often disappeared within the 
first hours following copulation, In crosses of the type 
mat-3 mt + x wild-type rnt- (the mat-3 mutation permits 
a high transmission of chloroplast genes from the rot- 
parent), the nucleoids of rot- origin were generally not 
eliminated which indicates that the mat-3 mutation pre- 
vents the selective destruction of paternal chloroplast 
DNA in the zygote. 
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Introduction 

The single chloroplast of the unicellular green alga 
Chlamydomonas reinhardtii contains approximately 100 
circLflar DNA copies at the end of cell division (Turmel 
et al. 1980). These copies are organized into about ten 
nucleoids easily detectable by fluorescence microscopy 
after staining with the DNA-specific dye 4',6-diamidino- 
2-phenylindole (DAPI) (Kuroiwa et al. 1981). 

In crosses between mating-type plus (rot +) and minus 
(rot-) gametes, more than 90% of zygotes transmit only 
the chloroplast genes of nat + or maternal origin to the 
meiotic progeny (Gillham 1978) despite the fusion of the 
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two parental chloroplasts in the zygotes. Searching for 
the molecular basis of the uniparental maternal mode of 
transmission of chloroplast genes, Sager and coworkers 
labelled the chloroplast DNA with a radioactive precur- 
sor and concluded that the DNA of rot- origin was selec- 
tively lost in the zygote, a few hours after its formation 
(Sager and Lane 1972; Burton et al. 1979). However, sim- 
ilar analyses performed in another laboratory led to dif- 
ferent conclusions (Chiang 1971, 1976). 

By using the DAPI staining technique, Kuroiwa et al. 
(1982) and Tsubo and Matsuda (1984) provided micro- 
scopic evidence that the nucleoids of one parent disap- 
pear within the first hours after mating, before the fusion 
of the two chloroplasts in the zygote. To determine the 
origin of the nucleoids which were eliminated, these au- 
thors used gametes differing either by the size of the flag- 
ella (Kuroiwa et al. 1982) or by the chlorophyll fluores- 
cence (Tsubo and Matsuda 1984). They concluded that 
only the nucleoids of rot- or paternal origin were elimi- 
nated in the young zygote, thus confirming the observa- 
tions of Sager and coworkers. However, the DAPI tech- 
nique does not permit analysis of the origin of the nucle- 
oids in a large number of zygotes. Moreover, the distinc- 
tion between maternal and paternal nucleoids becomes 
impossible after the two chloroplasts have fused, i.e., 
about 4 5 hours after mating. 

We here describe an immunocytochemical method 
which allows the unambiguous identification of the nu- 
cleoids of each parent and the determination of their fate 
in the zygotes, even after fusion of the two chloroplasts. 
The method utilizes the specific labelling of the chloro- 
plast nucleoids of one or the other parent with 5-bromo- 
deoxyuridine (BUdR) and its detection in situ with a 
monoclonal anti-BUdR antibody conjugated to fluores- 
cein. Thymidine, or its analogue BUdR, specifically la- 
bels the chloroplast DNA of vegetative or gametic cells in 
Chlamydomonas (Chiang etal. 1975) because the 
thymidine kinase necessary to phosphorylate the nu- 
cleosides is only present in this organelle (Swinton and 
Hanawalt 1972; Swinton and Chiang 1979). The im- 
munocytochemical method was applied to analyze the 
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fate of  nucleoids in zygotes obtained in crosses between 
mt+ and rot- wild-type cells and in crosses between mt + 
mat-3 mutant  and mt - wild-type cells. As recently report- 
ed by Gillham et al. (1987), the mat-3 mutation, which is 
tightly linked to the mt+ locus (linkage group VI), per- 
mits high transmission of  the chloroplast markers  f rom 
the rot- parent and thus disrupts the preferential maternal 
inheritance generally observed for these markers. We 
demonstrate  here that  in contrast  to wild-type, the mat-3 
mutat ion prevents the selective destruction of  nucleoids 
of  paternal origin within the first hours of  zygote forma- 
tion. Part  of  these results have been published as a prelim- 
inary note (Munaut  et al. 1988). 

Materials and methods 

Strains. The wild-type (WT) strain 137 c, mating-type plus or minus, 
and the mat-3 (cc-1995 mat-3-2 allele isolated by Gillham et al. 
1987) mating-type plus strain were used in this study. 

Media and growth conditions. The cells were maintained routinely 
on TAP agar plates (Gorman and Levine, 1965). Liquid cultures 
were grown in TAP medium under an alternating 12 h-light (3000 
lux by cool white fluorescent light) and 12 h-dark cycle at 24~ In 
these conditions, cells (4 x 10 s cells/ml) divided synchronously at 
the end of the dark period. Treatments with BUdR began at the 
beginning of the light period. Gametogenesis was induced by trans- 
ferring the cells at the end of the dark period to nitrogen-free 
medium for 18 h under continuous light. Zygotes were obtained by 
mixing gametes (107 cells/ml) of opposite mating-types. 

DAPIstaining. The ceils were fixed in cold ethanol for 30 min. After 
washing with distilled water, they were suspended (108 cells/ml) in 
0.1 gg/ml DAPI for 30 min at 37 ~ then washed again with water. 
All observations were made with a BH-RFL Olympus fluorescence 
microscope equipped with a HBO 100 W mercury lamp, a UG-I 
excitation filter and a 435 nm suppression filter. 

Staining with the FITC-conjugated monoclonal antibody. The anti- 
BUdR monoclonal antibody conjugated to fluorescein isothio- 
cyanate (FITC) was purchased from Becton-Dickinson, Mountain 
View, California. About 3 x 10 v cells grown in the presence of 
BUdR were washed 2-3 times with ethanol (removal of the chloro- 
phylls) then maintained in cold ethanol for 30 min. After centrifuga- 
tion, the pellet was hydrolysed with 4N HCl:70% ethanol (1:1 v/v) 
for 1 h at room temperature. Hydrolysis was stopped by immersion 
of the cells in 2 ml 0.1 M Na z B40 7 pH 8.5. The cells were resus- 
pended in 2 ml PBS pH 7.2 containing 0.5% Tween 20. An aliquot 
containing 4 x 10 ~ cells was centrifuged and the pellet resuspended 
in 40 gl PBS-Tween and 10 gl of monoclonal anti-BUdR reagent 
conjugated to FITC. After incubation for 1 h in the dark (room 
temperature), the ceils were washed and then resuspended in 50 ~tl 
PBS. The observations of the chloroplast nucleoids were made with 
the fluorescence microscope equipped with a IF 490 excitation filter 
and a 530 nm suppression filter. In some cases, additional staining 
of the nucleus was achieved by adding propidium iodide (final 
concentration:3 5 ~tg/ml) to the suspension. 

Results 

tures (data not shown). Similarly, the mean number  of  
nucleoids per cell (9.8+_1.6), determined after DAPI  
staining, was not modified by the treatment. 

To determine whether BUdR had been incorporated 
into the chloroplast nucleoids, samples of  cells were 
stained with the antibody conjugated to fluorescein. The 
epifluorescent microscopic analysis revealed the green 
fluorescence characteristic of  FITC at the level of  the 
nucleoids whereas the nucleus was not stained. The nu- 
cleus could be visualized only after additional staining 
with propidium iodide (orange fluorescence). The FITC 
fluorescence of  the nucleoids was, however, faint and 
only detectable in approximately 10% of the cell popula- 
tion. This poor  labelling could reflect a low incorporat ion 
of BUdR into chloroplast DNA,  as observed with ra- 
dioactive thymidine (Swinton and Hanawal t  1972; Swin- 
ton and Chiang 1979). 

Action of FUdR and its reversal by BUdR 

To increase the incorporation of the analogue, we treated 
the cells simultaneously with BUdR and 5-fluorode- 
oxyuridine (FUdR).  In Chlamydomonas, F U d R  is 
thought  to block chloroplast D N A  synthesis by inhibit- 
ing de novo synthesis of  thymidylate f rom deoxyuridylate 
(Wurtz et al. 1977), Thus, F U d R  treatment should favor 
the incorporat ion of BUdR via the salvage pathway. 

When the cells were maintained for 24 h in the pres- 
ence of FUdR,  the growth rate was not modified. Howev- 
er, the mean number  of  nucleoids per cell decreased with 
increasing concentration of the analogue (Table 1). At the 
concentrations 1 and 5 mM, the nucleoids were reduced 
in size and fluorescence intensity. 

Addition of  BUdR reversed the inhibitory effect of  
F U d R  and restored the normal  number  of  nucleoids (de- 
tected by DAPI  staining) when the B U d R / F U d R  molar  
ratio was approximately 0.5 or higher (Table 2). 

Incorporation of BudR in the presence of FUdR 

To determine whether the incorporation of BUdR was 
actually increased by treatment with FUdR,  the cells 
were stained with the ant i -BUdR antibody conjugated to 
F ITC after cultivation for 24 h in the presence of both  
analogues. At the chosen concentrations (BUdR: 0 .2 -  
0.5 mM; FUdR:  0.2 1.0 mM),  the nucleoids were visible 
in all cells and their mean number  per cell was about  nine 
(data not shown), a value very close to that obtained after 
DAPI  staining. No fluorescence was detected in cells 

Table 1. Mean numbers of nucleoids per cell (-+ SD) after growth 
for 24 h in the presence of FUdR at various concentrations (DAPI 
staining; 50 cells analyzed in each case) 

Incorporation of BUdR 

Treatment of  cells with BUdR (0.1 -1 .0  raM) for 24 h did 
not perturb the growth rate: in our experimental condi- 
tions, cells divided twice both in treated and control cul- 

FUdR concentration (mM) 

10 ~ 10 -2 10 -1 1 5 

9.8_+1.5 8 .2+_1 .4  7 .4+_1 .6  5 . 9 - + 1 . 4  5.2+_1.0 
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Table 2. Mean numbers of nucleoids per cell (,+SD) after growth 
for 24 h in the presence of FUdR and BUdR (DAPI staining; 50 
cells analyzed in each case) 

FUdR 
concentration 
(raM) 

BUdR concentration (mM) 

0 0.1 0.2 0.5 1.0 

Table 3. Mean number (_+ SD) of nucleoids per zygote obtained in 
the cross: wild-type mt + x wild-type mr-. The nucleoids were visu- 
alized after staining with DAPI or with the FITC-conjugated anti- 
body. The asterisk indicates the parent which was labelled with 
BUdR. The percentages of 5 h and 24 h zygotes containing 1-2 
nucleoids or no nucleoids are shown in brackets (50 zygotes ana- 
lyzed in each case) 

0.2 6.6 9.0 9.3 9.5 
(_+1.2) (,+1.7) (-+1.5) (_+1.4) 

0.5 6.0 8.4 9.0 9.3 9.4 
(-+~.2) (,+1.5) (_+t6) (_+~.5) (_+1.3) 

1 . 0  5.3 7.5 - 9.2 9.5 
(_+1.1) (_+1.7) (_+1.8) (+1.5) 

treated with F U d R  alone. The brightest F ITC fluores- 
cence was obtained with the combination 0 .2 raM 
BUdR + 0.5 m M  FUdR.  This fluorescence was, however, 
much less brilliant and stable than that obtained with 
DAPI  and due to quenching of fluorescence during the 
relatively long exposure times, it was not possible to ob- 
tain photomicrographs in which all nucleoids were visi- 
ble. 

Fate o f  nucleoids in the zygotes anaIyzed by D A P i  staining 
and by the BUdR labelling technique 

In order to analyze the fate of  maternal  and paternal 
nucleoids in zygotes, the cells of  one or the other parent 
were grown for a cell cycle in the presence of 0.2 m M  
BUdR + 0.5 m M  FUdR.  Gametogenesis was induced by 
transfer for an additional period of 18 h to nitrogen-free 
medium containing the two analogues. Crosses were 
made between BUdR-treated cells and untreated cells in 
both mating-type combinations. 

Crosses between rnt + and rot- wild-type strains were 
first analyzed. The mean nucleoid number  determined by 
DAPI  staining decreased significantly after gametogene- 
sis: the gametes of  mt + and rnt- parental  strains con- 
tained 5.2 and 5.4 nucleoids respectively, values which 
are lower than those obtained with vegetative cells (see 
above). At  30 min after mixing of  both  gametes, the fre- 
quency of  tetraflagellated zygotes was about  80%. These 
zygotes contained an average of 9.7 nucleoids, i.e., a val- 
ue which is close to the sum of  maternal  and paternal 
nucleoids (Table 3). This number  declined rapidly to 
reach half  that value between 1 and 5 h after mating. The 
24 h zygotes contained one or two large and bright nucle- 
oids probably  resulting from the fusion of  the smaller 
nucleoids. These data, obtained after DAPI  staining, 
confirm the observations of  Kuroiwa et al. (1982) and 
Tsubo and Matsuda  (1984) and the quantitative analysis 
performed by Birky et al. (1984). 

The results obtained after staining with the ant ibody 
conjugated to F ITC were dramatically different for mt + 
and m t -  BUdR-treated crosses (Table 3). In the cross 
BUdR-treated mt+ x untreated rot-, only the nucleoids 
of  rn t-- (maternal) origin were detected with the antibody. 
About  5 - 6  nucleoids were counted in the zygotes 30 min 
after cell fusion and this number  was maintained for 5 h. 

Age of DAPI 
zygotes (h) staining 

FITC-antibody staining 

WT* mt+ WT mt+ 
x WT mr- x WT* mt 

0.5 9.7_+1.7 5.7_+1.8 3.9_+1.9 
1 6.5_+1.9 5.6_+1.1 2.0_+1.8 
5 4.8,+ 1.8 5.3,+ 1.4 1 2 (4%) 

0 (96%) 
24 1.6_+0.6 1.8-+1.4 (96%) 2 (2%) 

0 (4%) 0 (98%) 

Table 4. Mean numbers ( iSD)  of nucleoids in zygotes from the 
cross mat-3 mt+ x wild-type m t .  The nucleoids were visualized af- 
ter staining with DAPI or with the FITC-conjugated antibody. The 
asterisk indicates the parent which was labelled with BUdR. The 
percentages of 5 h and 24 h zygotes containing 1 2 nucleoids or no 
nucleoids are shown in brackets (50 zygotes analyzed in each case) 

Age of DAPI 
zygotes (h) staining 

FITC-antibody staining 

mat-3* mt+ mat-3 mt+ 
x WT rot- x WT* mt 

0.5 10.4• 5.2 • 5.2• 
1 10.1• 4.9 • 5.0• 
5 10.6• 4.5 • 5.0,+1.6 

24 1.9• 1.95• 2.3,+1.2(44%) 
0 (12%) 0 (56%) 

After 24 h, 96% of the zygotes had about  two labelled 
nucleoids. In the reciprocal cross, untreated rnt+x 
BUdR-treated rot-, the number  of  paternal nucleoids 
was already lower (3.9) within 30 min after mating and 
decreased rapidly with time. After 5 h, no nucleoids were 
visible in 96% of the cells. Compar ison of the results 
obtained for two crosses suggests that the one or two 
large nucleoids present in the zygotes 24 h after mating 
most  often originate from the mt+ parent. 

The same analysis was performed in the cross mat-3 
mt + x wild-type rot-. As mentioned in the Introduction,  
the mat-3 mutat ion linked to the mt+ allele allows the 
transmission of  the paternal chloroplast genes at relative- 
ly high frequencies. 

In contrast  to the control wild-type crosses, the num- 
ber of  nucleoids visualized in the mat-3 heterozygotes 
after DAPI  staining did not change during the first 5 h 
following copulation (Table 4). This number  represents 
the sum ofnucleoids present in both gametes (mat-3 rot+: 
5.6_+ 1.4; wild-type mt-:  5.2_+1_3). After 24 h, the cells 
contained one or two large and bright nucleoids. 

Staining with the ant ibody coupled to F ITC showed 
that the nucleoids of  both parental origins were con- 
served at least for the first 5 h of  zygote formation.  After 
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24 h, 88% of the zygotes had chloroplast DNA of mater- 
nal origin and 44% had chloroplast DNA of paternal 
origin. 

Discussion 

We have developed an immunocytochemical method al- 
lowing in situ visualization of the chloroplast DNA of 
Chlamydomonas after incorporation of BUdR. The in- 
corporation was sufficient to detect all nucleoids only 
when the cells were simultaneously treated with FUdR. 
tn the chloroplast of Chlamydomonas, deoxythymidine 
monophosphate (dTMP) is probably synthesized follow- 
ing two routes: a de novo synthesis by conversion of 
deoxyuridine monophosphate into dTMP through the 
action of thymidylate synthetase and a salvage pathway 
in which thymidine kinase transforms endogenous or ex- 
ogenous thymidine into dTMP (or BUdR into dBUMP) 
(Swinton and Hanawalt 1972). In bacteria, the de novo 
synthesis is blocked by FUdR which, after phosphoryla- 
tion by the thymidine kinase, binds covalently to 
thymidylate synthetase (Santi and Mc Henry 1972; Santi 
et al. 1974). In Chlamydomonas, the reduction in chloro- 
plast DNA content induced by FUdR, and its reversal by 
thymidine, probably result from a similar block in the de 
novo pathway (Wurtz et al. 1977). Our results show that 
the effect of FUdR is also reversed by BUdR. The im- 
proved incorporation of BUdR in the chloroplast nucle- 
oids is easily explained by a block of the de novo synthesis 
by FUdR. 

The detection of BUdR-labelled DNA with mono- 
clonal antibody has been previously demonstrated for 
mammalian cells (Dombrowicz et al. 1988) which contain 
large amounts of DNA. We have applied this approach to 
visualize single nucleoids in the chloroplast of Chlamy- 
domonas. Assuming that each nucleoid contains an aver- 
age of ten copies of 190 kb DNA molecules (see Introduc- 
tion), i.e., about 2 x 10- 3 pg DNA, the method apparent- 
ly allows detection of DNA in amounts some 3000 times 
lower than that found in a human diploid cell. 

The BUdR labelling technique was used to analyze 
the fate of chloroplast DNA of maternal and paternal 
origin in zygotes. Crosses between mt+ and m t -  wild- 
type strains were analyzed first. By DAPI staining, we 
confirmed the previous observations of Birky et al. 
(1984): before mating, the gametes of both mating-types 
contain similar numbers of nucleoids, usually five (which 
represent about half the number found in vegetative 
cells); after mating, the reduction of nucleoid number 
begins rapidly and in zygotes aged for 5 h, the number of 
nucleoids is about half that found in the very young 
zygotes. 

With the FITC-conjugated antibody, we found that 
the nucleoids ofmt + origin are maintained whereas those 
of m t -  origin are eliminated within the first hours follow- 
ing the mixing of gametes. This fully confirms the data of 
Kuroiwa et al. (1982) and Tsubo and Matsuda (1984) 
who observed the elimination of rnt- nucleoids before the 
fusion of the two chloroplasts in the zygotes. The pres- 
ence of the bromouracil abnormal base in the chloroplast 

DNA does not prevent the elimination process from oc- 
curring. Our results, moreover, demonstrate that the 
elimination of rot- nucleoids occurs in most, but not all, 
zygotes since 5 and 24 h after mating, 2 - 4 %  of zygotes 
contain paternal chloroplast DNA in amounts sufficient 
to be visualized by the antibody. This observation agrees 
with the genetical data which show that exceptional 
zygotes transmitting the paternal chloroplast markers to 
their progeny represent 1-10% of the total population 
(Gillham 1978). 

The labelling technique was then applied to zygotes 
obtained from the cross between mat-3 mt+ and wild- 
type rot- strains. As mentioned in the Introduction, the 
mat-3 mutation modifies the pattern of chloroplast gene 
inheritance by increasing the percentage of zygotes trans- 
mitting the chloroplast marker from the rot- parent. Our 
results demonstrate that this high proportion of excep- 
tional zygotes results from the almost complete absence 
of specific elimination of rot- chloroplast DNA. Five 
hours after mixing the gametes, the zygotes contain nu- 
cleoids of both rnt + and rot- origin. 

After 24 h, the interpretation of labelling becomes 
difficult since fusion of nucleoids probably occurs be- 
tween 5 and 24h. The 24 h-zygotes possessing rnt + 
chloroplast DNA represent 88% (Table 4). These zygotes 
contain either rnt § DNA copies only (uniparental mater- 
nal zygotes) or both rnt + and rnt- DNA copies (bi- 
parental zygotes). Thus, the remainder (12%) should cor- 
respond to uniparental paternal zygotes in which the 
maternal DNA has been eliminated (or is present in too 
low an amount to be detected). Similarly, the uniparental 
maternal zygotes represent 56% and the biparental 
zygotes ( 1 0 0 - 1 2 -  56 = ) 32%. Interestingly, the relative 
frequencies of these three classes are similar to the propor- 
tions of zygotes transmitting chloroplast genetic markers 
from one, from the other, or from both parents (Gillham 
et al. 1987). Since, after 24 h, the zygotes possessing mt+ 
chloroplast DNA (88%) are twice as frequent as those 
containing rnt- DNA (44%), this would mean that the 
specific elimination of paternal DNA during the first 
hours following mating is not completely abolished. Be- 
tween 5 and 24 h, multiple rounds of random processes 
(such as random replication of chloroplast genomes, ran- 
dom degradation or random pairing and conversion: see 
for example, Matagne and Beckers 1983; Matagne and 
Mathieu 1983) applied to mt+ and rot- DNA copies pres- 
ent in different proportions result in zygotes more fre- 
quently containing maternal than paternal chloroplast 
DNA. 

Acknowledgements. This work was supported by grant n ~ 2.4521.89 
from the FRFC in Belgium. D. Dombrowicz is research assistant of 
the FNRS. 

References 

Birky CW Jr, Katko P, Lorenz M (1984) Curr Genet 8:1-7 
Burton WG, Grabowy CT, Sager R (1979) Proc Natl Acad Sci USA 

76:1390-1394 
Chiang KS (1971) Replication, transmission and recombination of 

cytoplasmic DNAs in Chlamydomonas reinhardtii. In: Board- 



263 

man NK (ed) Autonomy and biogenesis of mitochondria and 
chloroplasts. Elsevier, North-Holland, Amsterdam, pp 235- 
249 

Chiang KS (1976) On the search for a molecular mechanism of 
cytoplasmic inheritance: past controversy, present progress and 
future outlook. In: Bficher Th (ed) Genetics and biogenesis of 
chloroplasts and mitochondria. Elsevier, North-Holland, Am- 
sterdam, pp 305 322 

Chiang KS, Eves E, Swinton D (1975) Dev Biol 42:53-63 
Dombrowicz D, Delahaut P, Danguy A, Closset J, Hennen G (1988) 

Histochemistry 90:31 35 
Gillham NW (1978) Organelle heredity Raven Press, New York 
Gillham NW, Boynton JE, Johnson AM, Burkhart BD (1987) Ge- 

netics 115:677 684 
Gorman DS, Levine RP (1965) Proc Natl Acad Sci USA 54: 1665- 

1669 
Kuroiwa T, Suzuki T, Ogawa K, Kawano S (1981) Plant Cell Phys- 

iol 22:381-396 
Kuroiwa T, Kawano S, Nishibayashi S, Sato C (1982) Nature 

298:481-483 

Matagne RF, Beckers MC (1983) Curr Genet 7:335-338 
Matagne RF, Mathieu D (1983) Proc Natl Acad Sci USA 80: 4780- 

4783 
Munaut C, Dombrowicz D, Matagne RE Greimers R, Boniver J 

(1988) Arch Int Physiol Bioch 96: PP 23 
Sager R, Lane D (1972) Proc Natl Acad Sci USA 69:2410-2413 
Santi DV, Mc Henry CS (1972) Proc Natl Acad Sci USA 69:1855- 

1857 
Santi D~ Mc Henry CS, Sommer HB (1974) Biochemistry 13:471 - 

481 
Swinton DC, Hanawalt PC (1972) J Cell Biol 54:592-597 
Swinton DC, Chiang KS (1979) Molec Gen Genet 176:399-409 
Tsubo Y, Matsuda Y (1984) Curr Genet 8:223-229 
Turmel M, Lemieux C, Lee RW (1980) Curr Genet 2:229-232 
Wurtz EA, Boynton JE, Gillham NW (1977) Proc Natl Acad Sci 

USA 74:4552-4556 

C o m m u n i c a t e d  by K. P. VanWinkle-Swif t  


