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SUMMARY 

When 5-bromodeoxyuridine is fed to Drosophila larvae, a variety of morphogenic 
lesions are found in the hatching adults. Experiments were undertaken to determine 
whether 5-bromodeoxyuridine is incorporated into Drosophila DNA under the con- 
ditions which induce developmental modifications. 

Radioautographic techniques were used to examine the distribution of [aH l- 
bromodeoxyuridine in Drosophila larvae. Label was found in nuclei of the larval 
tissues and the imaginal disc cells as well as the gonads. 

DNA was isolated from Drosophila larvae which were fed 5-bromodeoxy- 
uridine alone or in the presence of a thymidylate inhibitor, and these samples were 
examined by CsC1 equilibrium density-gradient centrifugation. In the presence of 
5-fluorouracil the amount of 5-bromodeoxyuridine incorporated into Drosophila DNA 
was increased, and this difference was reflected as a relative increase in the denser 
component of BUdR-DNA in CsC1 density gradients. 

INTRODUCTION 

The mutagenic activity of 5-bromodeoxyuridine (BUdR) in microbial cells 
depends upon its incorporation into DNA. FREESE 4 suggested that  this mutagenicity 
results from the occurrence of base pair transitions during replication of the BUdR- 
containing DNA. A number of at tempts to demonstrate the mutagenicity of BUdR 
in Drosophila rnelanogaster have been undertaken, but agreement regarding its effec- 
tiveness as a mutagen in this organism has not been recorded3,1°-12. On the other hand, 
the incorporation of BUdR into the DNA of the germ cells of Drosophila under the 

* This study was supported by a grant to T.M.R. from the National Science Foundation (GB- 
11745) and by an Institutional Research Grant (No. IN-4oH ) to the University of Michigan from 
the American Cancer Society. 

Abbreviations: BUdR, 5-bromodeoxyuridine; FU, 5-fluorouracil; FUdR, fluorodeoxyuridine; 
TdR, thymidine; TMP, thymidine monophosphate. 
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conditions utilized in these experiments has not been demonstrated and variability in 
this factor might account for the discrepancies reported between these studies. 

When BUdR is administered to Drosophila larvae, a variety of morphogenic 
lesions are found in the hatching adult flies, indicating that  oral administration of 
BUdR can alter the differentiative processes of the imaginal disc cells17, is. Simultane- 
ous administration of 5-fluorouracil (FU) with BUdR markedly increases the fre- 
quency of developmental modifications. These alterations in development could be the 
result of BUdR incorporation into DNA or they could be due to other metabolic 
disturbances initiated by BUdR treatment.  The present study was therefore under- 
taken to determine whether BUdR will be incorporated into Drosophila DNA fol- 
lowing oral administration of the analog, to ascertain its intercellular distribution 
among the somatic and germ line cells, and finally, to compare the level of BUdR 
incorporation into Drosophila DNA in the presence and in the absence of FU. A 
preliminary report of this work has been presented 16. 

MATERIALS AND METHODS 

Larvae of the Ore-R wild-type strain of Drosophila melanogaster were main- 
tained at 24 ° on cream of wheat medium seeded with Fleischmann's yeast. Prior to 
t reatment  with the analogs, the larvae were removed from the medium in lO% NaC1, 
rinsed with 1% NaC104, followed by thorough washing with distilled H,O. They were 
then transferred to 25o-ml plastic beakers containing a thin layer of washed Whatman 
paper pulp to which the analog solutions were added. 

Larvae used for the radioautographic study were placed on an aqueous solution 
(25 #Ci/ml) of (3HIBUdR (New England Nuclear Corporation, specific activity 
8.95 Ci/mmole) when they were 50 h of age. Groups of larvae were also given this 
same solution of F3HIBUdR containing o.15 mg/ml of FU (obtained through the 
courtesy of Dr. W. E. SCOTT, Hoffman-LaRoche,  Inc.). After 6 h, the larvae were 
removed from the analog solutions and returned to regular cream of wheat medium. 
Specimens were subsequently fixed in Carnoy when they were 68 and 96 h of age. 
Paraffin sections were cut at 5 # and mounted on microscope slides. Several slides 
from each group were placed in o. i mg/ml DNAase (Worthington Biochemical Corpora- 
tion) in o.oi M phosphate buffer containing o.oo3 M MgSO, at pH 6. 4, 37 ° for i h. 
Control slides were transferred to the buffer solution for I h. The slides were then 
dipped in Kodak NTB3 nuclear track emulsion at 43 ° and stored for 9 days before 
development. 

DNA was isolated according to the method of RITOSSA et al.15 from groups of 
larvae which had been maintained on the following solutions for 6 h: (i) BUdR; (2) 
BUdR + FU; (3) TdR; (4) TdR + FU; (5) FU; (6) distilled H20. For these experiments, 
[13HIBUdR (New England Nuclear Corp., specific activity 8.95 Ci/mmole) was added 
to an aqueous solution of BUdR (Calbiochem) to give a final concentration of 20.8 #Ci/ 
0.62 #mole/ml, and E3HlTdR (New England Nuclear, specific activity 6. 7 Ci/mmole) 
was added to an aqueous solution of TdR (Sigma Chemical Company) to give a final 
concentration of 20/~Ci/o.8o #mole/ml. In experiments utilizing FU, this analog was 
used at o.15 mg/ml. 

The concentration of the DNA samples was determined by the method of 
BURTON 1 with a sample of purified calf-thymus DNA as a standard. For estimating 
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the radioactivity of each sample, aliquots were precipitated with lO% trichloroacetic 
acid on Whatman filter paper No. 542, rinsed with 5% trichloroacetic acid, propanol- 
ether (I : I) and finally ether. After drying, the filter papers were placed in scintillation 
fluid (0.4% PPO and 0.005% POPOP in toluene) and counted in a Nuclear Chicago 
Unilux I spectrometer at a counting efficiency of 19%. 

Analytical ultracentrifugation of Drosophila DNA was performed by the method 
of MESELSON et al. 14 following the procedure of SCHILDKRAUT et al. 1~ for preparation 
of the CsC1 solutions. The samples were centrifuged at 44000 rev./min for 15-2o h in 
the An-D rotor of a Spinco Model E ultracentrifuge, and photographed with 26o-nm 
light. Densities of Drosophila DNA were calculated relative to DNA of Micrococcus  

l ysode ik t i cus  which was assumed to have a buoyant density of 1.731 g c m  -8. 
For preparative CsCI gradient centrifugation, the DNA samples were centrifuged 

at 33000 rev./min for 60 h at 17 ° in an SW39 rotor of a Spinco Model L. The 5-ml 
cellulose nitrate tubes contained 60-70 #g of DNA in 3 ml CsC1 (o.oi M Tris, pH 8.0) 
which was covered with mineral oil. Fractions were collected dropwise from the 
bottom of the tubes. To each fraction, I ml distilled H~O was added and absorbance 
readings at 260 nm were taken in a Zeiss PMQ spectrophotometer against a distilled 
H,O blank. Scintillation fluid (6 parts Triton X-Ioo : 7 parts toluene mixture prepared 
as above) was then added to each sample for counting radioactivity. Counting efficien- 
cy with this system was lO%. 

R E S U L T S  

Radioautographs of larvae which had ingested E3H]BUdR for a period of 6 h 
showed isotope incorporation in nuclei of the imaginal disc cells as well as the larval 
tissues. Fig. I illustrates the confinement of E3H~BUdR to the chromosomal material 
of the salivary gland cells. Fig. 2 is included to demonstrate the extent of the label in 
the imaginal disc cells. The cells are small with little surrounding cytoplasm, and 
sectioned material does not offer optimum conditions for localizing radioactive loci at 
this magnification. However, the origin of this label can be inferred by examination of 
similar sections of imaginal discs treated with DNAase. Such sections lack radio- 
isotope label. When FU was fed simultaneously with [3HIBUdR to larvae, radio- 
activity was detectable throughout the larval and imaginal tissues, and no differences 
in incorporation of ~3HIBUdR were apparent between specimens receiving I3H] - 
B U d R + F U  and those receiving only E3HlBUdR. Figs. 3 and 4 demonstrate the in- 
corporation of [3H]BUdR into the gonads and the retention of this isotopic label 
during the third larval instar. The spermatogonial cells in the anterior portion of the 
testis are labeled in the specimen which was fixed at 68 h, or approx. 12 h after the 
feeding period with the radioisotope. When specimens from this same experiment were 
allowed to continue development until they reached 96 h of age, radioisotope was 
found in the spermatocytes located more posteriorly in the testis. 

Since the substitution of bromines for methyl groups in thymine increases the 
density of DNA molecules, BUdR-DNA can be separated from native DNA by centri- 
fugation to equilibrium in a CsC1 density gradient. In the first attempts to examine 
BUdR-DNA from Drosophila, samples isolated from larvae receiving the analog for 
6 h were subjected to analytical ultracentrifugation. The density distribution of the 
DNA bands in these samples were indistinguishable from DNA isolated from normal 
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Figs. 1- 4. The radioautographs  showing silver grains over the nuclei of various types of cells in 
Figs. 1--4 were taken with the phase microscope by  slightly moving the condenser phase ring out  
of al ignment in order to retain sonic of the phase contrast  to bring out  the outline of the under- 
lying tissue and nuclei wi thout  impairing the details of the radioactive loci represented by the 
silver grains. Figs. i, 2 and 4 are from larvae fixed at 96 h, or approx.  40 h after the BUdR ~ FU 
pulse; Fig. 3 was taken 12 h after the pulse t rea tment .  Magnification, X 8oo. 
Fig. i. Salivary gland cells i l lustrating the heavy concentrat ion of silver grains over the nuclei 
as conlpared to the background. 
Fig. 2. The retention of radioactivity in the imaginal disc cells. The nuclei of the inlaginal disc 
cells are small (4/L) and this section is presented to indicate the extent  of radioactivity th roughout  
the imaginal disc tissues ra ther  than  to illustrate its localization within the nuclei. DNAase 
t r ea tment  of similar sections removes this label. 
Fig. 3. The small gonial cells of the testis showing incorporation of [3H]BUdR. f, fat cell. 

Fig. 4- The large spermatocyte  cells showing relatively high concentrat ion of [SH]BUdR at a 
stage 4 ° h after the analog t reatment ,  f, fat cell containing [aH]BUdR in the nucleus. 
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Drosophila larvae and no clear evidence of a density shift due to BUdR incorporation 
could be detected. Since the radioautographic examination had indicated that  BUdR 
incorporation into Drosophila DNA can be accomplished by a 6-h feeding interval, it 
seemed likely that  the amount of analog incorporated under these feeding conditions 
was below that  detectable by the optical methods employed with analytical ultra- 
centrifugation. Therefore, the t reatment  period with the analogs was lengthened in 
subsequent experiments to 24 and 48 h, and distinct evidence of density changes were 
detectable under these conditions. 

1 . 7 0 3  
I 

1,731 

B F  

i i i 

t . 7 o  1 . 7 4  i . -#o  

Fig. 5. Microdensitometer tracings of ultraviolet  absorpt ion photographs  of Drosophila DNA 
samples centrifuged in CsC1. Micrococcus DNA with a buoyan t  density of 1,73I g cm 3 was used 
as the marker. Sample F: DNA from larvae fed FU (o.15 mg/ml) for 24 h. This absorbance 
pa t te rn  is the same as tha t  of DNA extracted from larvae raised on a normal diet or placed on 
H~O as the control. The major  band has a buoyan t  density of 1.7o 3 g cn1-3 and a minor band 
appears  at  1.68i g cm -3. Sample B: DNA from larvae given BUdR (o.2 mg/ml) for 48 h. Note the 
a s y m m e t r y  of the main band DNA due to the denser material, Sample BF: DNA from larvae 
t reated with BUdR (o.2 mg/ml)  and FU (o.15 mg/ml) for 48 h. Marker DNA was excluded from 
this run to illustrate the cont inui ty  of the DNA distr ibution from the nlain band to the heavier 
region of the gradient at 1.75 g c m-3. A parallel run was performed with Micrococcus DNA as the 
density reference. 

Microdensitometer tracings of absorbance patterns of DNA from Drosophila 
larvae are presented in Fig. 5. DNA samples isolated from control larvae receiving 
only H~O during the treatment period showed a major band with a buoyant density 
of 1.7o36 g c m  -3 and a minor component at 1.681 g c m  -3. Exposure of larvae to FU 
did not alter this distribution pattern which is illustrated in the tracing marked F; 
Micrococcus DNA was added as a density marker to this cell. The sample labeled B 
was obtained from larvae receiving BUdR for 48 h and shows a prominent shoulder 
on the dense side of the major peak. DNA from larvae receiving B U d R + F U  (BF) for 
this same interval shows a broad shoulder with some B U d R D N A  as heavy as 1.75 g 
cm -3. Micrococcus DNA was excluded from the latter run to reveal the extent of the 
dense material in the Drosophila sample, but the buoyant density of this sample was 
determined from a cell containing Micrococcus DNA. 

The absorbance patterns from analytical pycnography indicate a difference in 
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the incorporation of BUdR into Drosophila DNA in the presence and absence of FU. 
On the other hand, the extended feeding intervals which were used to obtain these 
DNA samples are not physiologically equivalent to the brief pulse treatment (4-6 h) 
utilized to induce morphological lesions in the absence of lethality in our previous 
studies~7,18 and to study the distribution of [3H]BUdR in the radioautographic 
survey. Therefore, DNA samples were isolated from Drosophila larvae fed E3HI-BUdR 
for 6 h and these were examined by preparative CsC1 centrifugation so that radio- 
activity profiles along with the absorbance patterns of the corresponding fractions 
could be recorded. Larvae were also fed !3HITdR to provide radioactivity profiles of 
unsubstituted Drosophila DNA. 
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0 ,10  

xlO=cpm=~l 
......... x 2 

T / / 
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Fig. 6. CsCI densi ty-gradient  analysis of DNA samples from larvae fed I~H]TdR (T) for 6 h and 
larvae fed [3H IT dR +  FU (FT) for 6 h. Note the difference in the radioactivity scale for the FT  
sample. 

Fig. 6 (upper graph labeled T) presents the density distribution of Drosophila 
DNA from larvae which had been fed ~3HITdR for 6 h. There is a single peak of 
material absorbing at 26o nm and the 3H radioactivity parallels the absorbance 
profile. When FU was fed simultaneously with E3H]TdR, a similar correspondence of 
radioactivity and absorbance peaks was obtained, but an increasein the specific 
activity of [~H]TdR-DNA was apparent (FT). 
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Fig. 7. Equ i l ib r ium dens i ty -g rad ien t  cen t r i fuga t ion  in CsCI of D N A  isolated from larvae  fed 
I3H]BUdR (B) for 6 h and  f rom la rvae  fed [ 3 H ] B U d R + F U  (FB) for 6 h. 

The absorbance profiles of DNA samples isolated from larvae receiving ?H  I- 
BUdR (labeled B) and [3H~BUdR+FU (labeled FB) for 6 h are presented in Fig. 7. 
The feeding experiments as well as the DNA extractions for this comparison were 
performed simultaneously with those presented in Fig. 6. A difference in distribution 
of radioactivity along the gradient is apparent between the B and FB samples. A 
relative increase in radioactivity is found in the denser region of the gradient when 
FU is administered simultaneously with ?HIBUdR.  A similar CsC1 buoyant density 
comparison of [3HlBUdR incorporation into DNA in the presence and in the absence 
of FU was made in 3 subsequent experiments. There was some variability in the pro- 
portion of radioactivity in the denser region of the gradient between DNA samples 
isolated in independent experiments, but the level attained in the denser region with 
FU always exceeded that without FU in any given experiment. The radioactivity 
profiles in the upper part of the gradients were similar in B and FB samples, and a 
drop in radioactivity consistently appeared under the main absorbance band of all 
samples segregating two distinct peaks of ?HIBUdR-DNA. 

A quantitative comparison of the levels of incorporation of TdR and BUdR into 
Drosophila DNA in the presence and in the absence of FU is summarized in Table I. 
For each experiment, the larvae from a single collection period were divided into two 
groups, one receiving the labeled precursor with FU and the other receiving no FU. 
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TA BIA'; [ 

COMPARISON OF I )NA SAMPLES 

l£xperiment Treatment A~oo ~ ( ~: S.E.) Counts~rain b Counts/ Ratio 
( ± S.E.) mi~/A b/a 

1 (a) T d R  0.382 ( ~  0.0069) 847 ( 2  42) 2217 
(b) T d R  kFl7 o.365 ( ±  o.oo02) 969 ( ±  211 2655 1.2o 

2 (a) T d R  o,415 ( ±  0.0023) 872 (~ I21 2101 
(b) T d R + F U  0.428 (:~ o .ooi8)  I I 1 8  ( ~ IO) 2612 1"24 

3 (a) B U d R  o.6o 5 ( ±  o.oo34 ) 1174 ( ±  23) 194 ° 
(b) B U d R  1 F U °.514 17i 0'0005) I I I I  ( }: 141 2278 1"I7 

4 (a) B U d R  O.516 ( ±  0.0005) t762 ( ±  26) 3415 
(b) B U d R  i FIT 0.586 (q_ 0.0004) 2839 ( ~ 26) 4845 ~.42 

5 (a) B U d R  o-271 ( ±  0-0004) 579 ( ±  20) 2137 1.38 
(b) I : ~UdR ±F U 0.373 ( ±  0.0004) IlOO ( ±  41) 2949 " 

a The  d ipheny l ami ne  react ion was used to e s t ima te  the  DNA concen t ra t ion  of each sample.  
Absorbance  (A6oo) was averaged  from dupl ica te  tes t s  on each sample .  The  sample  of c a l f - t h y m u s  
DNA used as a s t a n d a r d  gave  an A ,t 600 nm reading  of o.646/2o 7. 
b The  lnean  for r ad ioac t iv i ty  of each sample  is based on t r ipl icate  de te rn l ina t ions ;  each deter-  
nl inat ion was coun ted  twice for a total  of 2o min.  

The concentration of the DNA samples was determined by the diphenylamine reaction, 
and radioactivity was counted on aliquots from each sample. In each experiment, an 
increase in incorporation of the radioisotope was obtained when FU was present during 
the treatment period. The DNA samples used for the preparative centrifugation studies 
in Fig~. 6 and 7 are not included in this table since the samples were consumed for 
other studies. A quantitative comparison of incorporation in these four samples was 
therefore obtained by summing the absorbance readings of the peaks at 26o nm and 
the radioisotope counts for these regions of the gradients and designating specific 
activity for each of the samples as counts/min/A,~o. The ratios of the specific activ- 
ities in the presence and in the absence of FU were then determined for these samples : 
FT/T = 2.1o and FB/B = 1.47. 

DISCUSSION 

TdR and BUdR are incorporated into DNA via the same enzymatic pathways 
(CLEAVER2). Utilization of an exogenous supply of TdR or its analog for DNA syn- 
thesis is favored by limiting de novo synthesis of TMP in the cell. Since FUdR is a 
potent inhibitor of thymidylate synthetase (HEIDELBERGERg),  it has been used in a 
number of studies to increase incorporation of BUdR into DNA6,S, 13,~1. It would 
appear that FU can be converted to FUdR in Drosophila, which would thus lead to 
increased incorporation of BUdR and TdR into DNA. 

HAUT AND TAYLOR 8 reported a distribution of partially substituted BUdR- 
DNA in Viciafaba similar to that observed under the absorbance peak in the Drosoph- 
ila DNA samples. BUdR incorporation in the bean roots was limited to these 
lighter fractions in the absence of a thymidylate inhibitor. With the use of FUdR or 
aminopterin during one replication cycle, however, a peak of dense BUdR-DNA 
appeared in the gradient at a position expected for fully substituted BUdR-DNA in 
Vicia, and an additional dense BUdR-DNA fraction could be obtained following 
2 replication cycles in BUdR. This sequence is precisely what is expected if BUdR is 
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incorporated in a semiconservative mode of DNA replication, but the occurrence of 
the partially substituted BUdR-DNA in Vicia presented an enigma. Substitution of 
BUdR via a repair mechanism, susceptibility of growing points containing BUdR to 
shear during DNA isolation, as well as a mode of DNA replication based on synthesis 
of small units may account for light fractions of BUdR-DNAT,8, 2°. Satellite DNA was 
not detected in Vicia, so the possibility of BUdR incorporation in a satellite is excluded 
from consideration. On the other hand, Drosophila does contain a detectable satellite 
of lighter density than the major component, so the complication of BUdR incorpora- 
tion into this fraction of DNA does have to be considered. There is no evidence for 
incorporation of [I~H]TdR into minor peaks in gradients of DNA samples obtained 
from Drosophila larvae following a 6-h administration, and it is possible that  further 
examination involving various feeding intervals of radioisotopes might provide in- 
formation on the light BUdR-DNA fractions in Drosophila. In the present context, 
however, it should be noted that  this region of the gradient is the same in samples 
obtained from larvae given FU and those receiving none. On the other hand, there is 
a difference in the degree of analog incorporation in the denser regions of the gradients 
under the two conditions of administration, and this difference is reflected in the 
samples following a 6-h t reatment  as well as a longer t reatment period. The incorpora- 
tion of BUdR into Drosophila DNA is occurring under conditions of asynchronous 
cell division during a time interval which is probably less than that required for one 
cell cycle (GARCIA-BELLIDO AND MERRIAMS). The increased incorporation of BUdR 
into DNA in the presence of FU may be occurring in some of the same DNA molecules 
(same genes ?) as in the samples without I"U; alternatively, when fed together with 
IrU, BUdR may be distributed in an additional set of DNA molecules to give more 
heavier DNA, as visualized in the density gradient. Distinction between these possi- 
bilities cannot be resolved by the present analysis. In either instance, however, BUdR 
nmst be incorporated in additional stretches of DNA in the presence of FU and the 
question remains whether some of the same strands are represented in the heavier 
fractions of both BUdR-DNA samples. 

The conditions of BUdR administration which induce morphogenic lesions in 
Drosophila are satisfactory for incorporation of the analog into DNA. This method 
employs pulse treatment with the analog in the absence of other dietary components, 
and perhaps these stringent conditions may favor distribution of the analog to cells 
throughout the organism. In various mutagenic studies with BUdR, a variety of 
techniques for analog administration have been utilized including addition of the 
analog to axenic and defined media ~°,r' as well as injection of the analog into adult 
males n. Since effective incorporation of the analog into DNA is correlated with the 
availability of thymidine for DNA synthesis, this factor must be evaluated for each 
set of conditions under which the analog is used. The conditions which we have detailed 
will lead to the incorporation of BUdR into Drosophila DNA in vivo in both the 
somatic and the germ cells. 

The insertion of BUdR into a site in DNA is the primary prerequisite for its 
mutagenicityL The question now to be considered is whether some of the morphogenic 
modifications which are induced by BUdR treatment under these conditions are due 
to somatic cell mutational events. A number of features are consistent with this hypo- 
thesis: the frequency of each type of somatic cell lesion induced by BUdR is low; the 
events are random among the individuals treated as well as among the cells of each 
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wing being screened; induction of the events is not dependent on treatment during a 
specific period of the larval development. Evidence for the transmission of a mutant 
trait to descendant cells is necessary to confirm a mutagenic event, and unfortunately 
this information is difficult to provide in a system of somatic cells in situ. One observa- 
tion does suggest that imaginal disc cells which have been altered by BUdR treatment 
may transmit modifications to daughter cells. This feature is the appearance of 
clusters of bristles in areas of the wing usually occupied by hair cells. The time of 
BUdR treatment is remote from the time of the definitive mitotic divisions which 
give rise to the four cells comprising the elements of each bristle structure. GARCIa- 
BELLIDO AND MERRIAM 5 have recently presented a detailed study of cell nmltiplica- 
tion in the formation of the wing of Drosophila and have estimated that a cell cycle 
requires approx. 8.5 h. If cell division is not modified in BUdR-incorporated imaginal 
disc cells, these cells would undergo 7-8 mitotic cycles after the treatment period used 
in our studies, a sequence sufficient to allow the detection of mutations due to base 
transitions as well as to produce clones of altered cells. Each wing represents a 
population of approx. 3' Io~ cells, and expression of bristle and hair characteristics in 
Drosophila are cell-autonomous. Therefore, clusters of similarly modified bristles 
found in the adult wing in place of hair cells must either be the result of a similar event 
occurring in a group of closely apposed stem cells in the early imaginal disc with these 
cells remaining side by side during subsequent development, or, a change induced in 
one stem cell by BUdR treatment is disseminated to descendant cells. The frequency 
of cluster induction by BUdR treatment is extremely low, and further experiments 
are required for such an analysis. If the changes observed are indeed somatic cell 
mutations, then the phenomenon we have studied presents an intriguing possibility 
of studying the effects of mutagens since the number of cells examined in a single 
wing is higher than the number of germ cells usually tested in mutagenesis studies. 
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