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Abstract. Two-wavelength Feulgen microspectrophotometry was used to deter- 
mine the DNA content of mitotically-active ganglionic cells of first- and third- 
instar larvae of Drosophila melanogaster. The measurements revealed that the 
DNA values differ, on the average, by a factor of approximately two, with the 
metaphase cells of the first-instar larvae having about four times the haploid 
amount of the spermatozoon, and the metaphase cells of the third-instar larvae 
having about eight times the haploid amount. The increase from 4C to 8C in the 
course of development without any pronounced modification of the heteroehro- 
matic--euchromatic ratio is interpreted as evidence of an increase in the number 
of chromosomal strands. I t  is suggested, accordingly, that these mitotically-active 
chromosomes are multistranded or polynemic. 

Introduction 

The condensed me taphase  and  anaphase  chromosomes of ganglionic 
cells of f i r s t - ins tar  l a rvae  of Drosophila melanogaster are in general  
pe rcep t ib ly  smal ler  t h a n  those of th i rd - ins t a r  l a rvae  (Fig. 1). The differ- 
ence in size could conce ivably  be due to a difference in e i ther  the  
a m o u n t  of nucleic acids or the  a m o u n t  of proteins.  W i t h  respect  to  DNA,  
specific in fo rmat ion  a b o u t  the  q u a n t i t y  of this  nucleic acid  in a given 
chromosome complex  can be ob ta ined  b y  app l ica t ion  of microspectro-  
pho tomet r i c  methods .  A n  u l t r av io le t -pho tomet r i c  s t u d y  b y  R u d k i n  
(1963) sugges ted  t h a t  the  ganglionic me taphase  chromosomes of l a rvae  
of D. melanogaster shor t ly  af ter  ha tch ing  conta in  a p p r o x i m a t e l y  one- 
four th  the  a m o u n t  of D~TA t h a t  is p resen t  in me taphase  p la tes  ob ta ined  
f rom la te  th i rd - ins t a r  larvae,  a l though  bo th  have the no rma l  chromosome 
complement  of the  s t ra in  and  the normal  d i s t r ibu t ion  between hetero-  
chromat ic  and  euchromat ic  regions. Using two-wave leng th  Feulgen  
mic rospec t ropho tomet ry ,  Swift  (1962) found  differences in D N A  quan- 
t i t ies  in in te rphase  nuclei  of cerebral  gangl ion cells in la te  th i rd - ins t a r  
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larvae of Drosophila virilis, which he a t t r ibu ted  to polyteny.  Chromo- 
somes in  early polytenic stages of development  were also detected 
eytophotometr ical ly  in  the bra in  ganglion of Drosophila hydei by 
Berendes and  Keyl  (1967). Similar evidence of endoreduplieat ion during 
development  has been obta ined in  studies of other genera of insects 
(for example, in  a densi tometric analysis by  Fox, 1969b, of abdominal  
fat  body and  testis-wall cells in seven species of the beetle, Dermestes). 

To gain fur ther  informat ion  about  the differences in  DNA content  of 
ganglion cells of D. melanogaster, we carried out  two-wavelength Feulgen 
microspectrophotometry of metaphase (and a few anaphase) plates of 
first- and  th i rd- ins tar  larvae. Since the measurements  were made on well 
spread chromosome complexes of act ively dividing cells where the 2 n  
n u m b e r  of eight could be determined readily, a ny  increase in DNA would 
presumably  reflect either an increase in  the a m o u n t  of this nucleic acid 
per chromosomal strand,  or a difference in the n u m b e r  of strands.  Our 
findings reveal t ha t  active]y dividing neuroblasts  of D. melanogaster 
have chromosome complements  tha t  va ry  appreciably in their DNA 
content  wi thout  pronounced modificat ion of the he te roehromat ie - -  
euchromatic ratio. I t  is suggested, therefore, t ha t  this s i tuat ion reflects 
a difference in the number  of s t rands composing the mitotic chromo- 
some. P r e l i m i n a r y  reports of these findings have been given by  Gay 

(1964, 1965, 1966). 

Materials and Methods 

All observations were made on preparations obtained from the wild-type 
Swedish-b strain of Drosophila melanogaster. Healthy adult females were allowed 
to lay eggs on an agar-dextrose-cornmeal-yeast medium that had been poured into 
small petri dishes. The dishes were fastened onto widemouthed bottles during 
the period of egg laying, but were then removed and covered, after the food had 
been enriched with yeast to ensure development of large well-fed larvae. 

First-instar larvae, which were carefully timed at the moment of hatching, 
were sacrificed after 16 hours of development at 25 ~ C. Petri dishes with third- 
instar larvae were transferred to a 17 ~ C chamber at the time of the second molt, 
where they remained until the larvae were sacrificed an hour or two before the 
time of eversion of the anterior spiracles that marks the end of the third instar. 
In a few cases before the first- or third-instar larvae were sacrificed they were 
fed for two to three hours with a yeast-sugar solution containing 0.05 to 0.1 
percent colchicine in an effort to increase the number of analyzable metaphase 
figures. 

Using tungsten needles an entire cerebral ganglion was dissected from a female 
larva and held for l0 minutes in one per-cent hypotonic sodium citrate solution. 
The ganglion was then fixed. In most cases, it was transferred to a drop of 50 per-cent 
acetic acid on a gelatin chromalum subbed slide, where it remained for 15 minutes 
before a cover slip was attached and the preparation was squashed by thumb 
pressure (the slide being placed between layers of paper toweling to absorb the 
excess fluid). The preparation was then placed immediately on solid COs(dry ice), 
where it remained for about 30 minutes before the cover slip was flipped off. 
The slides were then defrosted in ice cold absolute alcohol. After hydration all 
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slides were rinsed in distilled water, hydrolyzed for 14 minutes in 1 ~Y HC1 a t  60 ~ C, 
rinsed again in distilled water, and then stained for two hours in the dark with 
Schiff's solution to form the Feulgen reaction. After three changes of 10 minutes 
each in bleaching solution, the  slides were dehydrated and mounted  in Cargille's 
liquid having a refractive index of 1.540. In  these staining procedures all slides 
were handled in the same glass rack so t ha t  the  tissues were exposed to the same 
solutions simultaneously and for the same length of time. A slight modifica~ 
tion of the procedure listed above was used on the ganglia obtained from the larvae 
t ha t  were fed colchicine. The brains were dissected in one percent hypotonic 
sodium citrate solution and  then fixed in formol-acetic acid ra ther  than  in acetic 
acid alone. They were hydrolyzed for 35 minutes in 5 N HC1 a t  room temperature  
and then stained by the Fculgen reaction. The stained glands were squashed and 
the cover slips were removed by  the dry-ice technique. The preparations were 
then dehydrated and mounted in Cargille's liquid. 

In  order to make a quant i ta t ive  determinat ion of the haploid (1 C) amount  of 
DNA in D. melanogaster, measurements were made of the mature  spermatozoa. 
Testes were obtained from males t h a t  had been separated from females for five 
days. The posterior regions of the testes near the testicular ducts were dissected 
and placed in 50 per-cent acetic acid on subbed slides for 10 minutes, and then 
gently squashed. Following dry-ice t rea tment ,  the preparations were stained by  
the Feulgen method and  then mounted  for microscopical s tudy as outlined above. 

A Pollister-type ins t rument  was employed in our two-wavelength studies. The 
microspectrophotometer uses a 250 mm Bausch and Lomb grating monochromator  
in conjunction with a Bausch and Lomb compound microscope equipped with 
a spectrophotometer of our own design. Magnification was achieved with the 
compound microscope by using either a 2 • or 5 • ocular and  either a 43 • 
or 90 • oil immersion objective. The light measuring device consists of an  I~CA 
1P21 phototube connected to an I~CA ultrasensitive microammeter  through 
a power supply and control uni t  made by  the Far rand  Optical Company. Before 
any measurements were made, the equipment was checked for response in respect 
to area, and  was found to mainta in  l inearity of current  ou tpu t  with increasing 
incident l ight up to a diameter of 11.0 ram, the effective aperture of the  photo- 
tube, for a series of different wavelengths in several regions of the spectrum. 

The microspectrophotometric technique used was based on the two-wavelength 
method described by  Pa tau  (1952). The two wavelengths Zl and ;t~ were deter- 
mined from absorption curves of the tissue measured. For the bulk of the  material  
these wavelengths were 560 m~z and 498 mtz; for the smaller colehicine-treated 
fraction the  wavelengths were 570 mEx and 500 m~. Under  these circumstances, the 
ext inct ion values s tand  in a 1 to 2 relationship (EZl 2E2e). Reliability of the 
measurements was fur ther  confirmed by  comparing transmission data  of three 
neutral  density filters and  a Wra t t en  No. 66 filter with the data  provided by  a 
Beckman spectrophotometer.  Confirmation of the validi ty of the two-wavelength 
method for quant i ta t ive  determinat ion of amounts  of DNA in condensed chromo- 
somes was obtained by  a spectrophotometric comparison of Feulgen-stained root- 
t ip cells of Traclescantia paludosa in different stages of mitosis. Every measure- 
ment,  which is reported in arbi t rary  units, is the mean of two independent  
readings taken on a given configuration. 

R e s u l t s  

M e a s u r e m e n t s  of t h e  a m o u n t  of D N A  i n  t h e  s p e r m a t o z o o n  were  

o b t a i n e d  b y  r e a d i n g s  m a d e  o n  f ive  g r o u p s  e o n t a i n i n g  r e s p e c t i v e l y  25, 

15 Chromosoma (Berl.) Bd. 32 



216 If. Gay, C. C. Das, K. Forward and B. P. Kaufmarm: 

Fig. i a and b. Metaphase ganglionic cells. Phase contrast photograph. • 2750. 
a Metaphase from first instar larva, b Metaphase from third-instar larva 

20, 18, 15, and 9 spermatozoa. From these readings a haploid or l C value 
of 27 4- 1.18 arbitrary units was derived. 

Preliminary measurements on seven first-instar ganglionic (neuro- 
blast) metaphase plates, obtained in the colchieine-treated series, 
showed a mean amount of DNA in arbitrary units of 105.14-5.85. 
In eleven third-instar neuroblast metaphase plates, from the same series, 
the mean amount in arbitrary units was 200.7 ~ ll.01. Application of 
the t test to these values showed that we were unquestionably dealing 
with two distinct populations of cells. In them the DNA values differ 
by a factor of approximately two, and are respectively about four times 
and eight times the sperm values (assumedly revealing 4C and 8C 
metaphase plates). 

Additional measurements on eight first-instar ganglionic metaphasc 
plates, from the non-colchicine treated series, disclosed a mean amount 
of DNA in arbitrary units of I04.1 4- 4.64. This value is not significantly 
different from that of the colehieine-treated series. In 28 third-instar 
neuroblast plates, from the non-eolchicine treated series, the mean 
amount in arbitrary units was 190.7 4- 8.13. This value is similar to that 
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Fig. 2. Histogram showing amounts of DNA measured in 5 groups of spermatozoa 
(1 C), 15 first-instar ganglionic metaphase plates (4 C), and 39 third-instar g~ngJionic 

metaphase plates (8C). Fuller explanation in text 

obtained from the colchicine-treated third-instar metaphase complexes. 
When the values for the first- and third-instar classes of the non- 
eolehicine treated material were subjected to statistical comparison they 
were found to be different at the 99 per-cent confidence level. This 
suggests again tha t  we were measuring for the most par t  metaphase 
complexes tha t  fall into either the 4C or 8C category. 

Because of the statistically-confirmed similarity of the colchicine- 
treated and untreated materials, all of the data have been combined. 
Measurements on the 15 first-instar ganglionic metaphase plates showed 
a mean amount  of DNA in arbi trary units of 104.6 ~-3.69; and mea- 
surements on 39 third-instar metaphase plates showed a mean amount 
of 193.5 • 6.65 arbi trary DNA units. The distributions of the different 
classes are plotted in the histogram presented as Fig. 2. I t  is apparent  
tha t  the ganglion cells from third-instar larvae contain about twice as 
much DNA as those from first-instar larvae. Assumedly the metaphases 
with the lower DNA values contain the diploid (4C) amount  for 
D. melanogaster and most of those with the higher values contain the 
tetraploid (8C) amount.  

I t  might be assumed tha t  these 8C metaphase complexes contain 
dip]oehromosomes, composed of four chromatids loosely held together by 
a single centromere; but  they would then be expected to fall ~part  a t  
anaphase to form a tetraploid cell. We have not observed any mitotic 
figures with more than the normal diploid number, but  as a further 
cheek we have examined microspeetrophotometrically seven thh-d-instar 
anaphase figures in which the diploid chromosome number of eight 
could readily be determined. Each measurement included the two sets 

15" 
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of sister chromosomes directed toward the spindle poles. From these 
measurements the mean amount  of DNA in arbi trary units was deter- 
mined as 204.0-4-25.14. One of the anaphase groups contained 311 
arbitrary units. This value is larger than any found in our s tudy of 
third-instar metaphases and suggests that  we might be measuring a cell 
that  belongs to the 16C class. If  so, we would be detecting a third- 
instar cell that  contains four times the amount  of DNA characteristic 
of the first-instar larva and would be confirming the relationship 
suggested by Rudkin (1963). The results in general indicate that  the 
doubled DNA values observed for metaphase plates are also found in 
anaphase figures. Thus the production of diplochromosomes does not 
account for the 8 C amounts of DNA found in third-instar larval recta- 
phase plates. 

Discussion 

Two-wavelength Feulgen microspectrophotometry has shown that  
third-instar larval ganglionic cells of Drosophila melanogaster have, on 
the average, twice as much DNA as first-instar ganglionic cells. The 
reliability of these measurements has been confirmed statistically by 
comparison of the means and standard errors, and by application of the 
t test  and analysis of variance. The statistical analysis has supported 
the assumption that  the metaphase ganglion cells of the first-instar 
larvae contain the 4C amount of DNA whereas the same kind of ceils 
in the third-instar larvae are in general 8C. I f  the haploid (1C) sperm 
value is multiplied by eight, and the first-instar metaphase value is 
multiplied by two, and these are compared by analysis of variance with 
the measured metaphase values for the third instar, no significant 
difference is found, since the F ratio is 0.7217. However, the measure- 
ments made on first-instar cells are more uniform than those made on 
third-instar cells. This result suggests tha t  the first-instar population of 
cells is relatively homogeneous and tha t  errors of spectrophotometry 
are minimal. On the other hand, the third-instar population appears 
to be more heterogeneous, having some 4C and an occasional 16C cell in 
addition to the predominantly 8C group of cells. Assessment of all the 
statistical analyses shows, however, that  errors of spectrophotometry 
are not significantly greater when strongly condensed chromosomes 
are more widely separated in a given field. The over-all evaluation 
clearly demonstrates that  the chromosomes of ganglion ce]ls from third- 
instar larvae of D. melanogaster have, on the average, twice as much 
DNA as the ganglion cells from first-instar larvae. 

Detection of a two-fold difference in the amount of deoxyribonucleic 
acid in first- and third-instar ganglionic cells raises the important  
question whether the increase from 4~C to 8C during ontogeny is 
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attr ibutable to longitudinal repetitiveness or to a lateral increase in the 
number  of strands per chromosome. As is indicated by comparison of 
Fig. I a and b, the chromosomes during third instar are longer and wider 
than they are during first instar. A two- to four-fold difference in 
chromosomal volume is usually discernible. Therefore, gross examination 
of condensed chromosomes does not serve to discriminate satisfactorily 
between the two alternative possibilities of the method of increase in 
amounts of DNA. Inspection of late prophase chromosomes offers some 
relevant information, since the heterochromatie regions adjacent to the 
centromeres seem to represent the same proportion of the total  length 
of the chromosomes in all the first- and third-instar cells examined 
(eft Rudkin, 1963). 

Evidence on a gross scale in Drosophila melanogaster for localized 
longitudinal repetitiveness of chromosomal DNA is presented by tandem 
duplications such as those that accompany the Bar and Hairy-wing 
phenotypes. On a molecular scale in this species, hybridization studies 
by l~itossa and Spiegelman (1965) and Ritossa, Atwood, and Spiegelman 
(1966) have shown that the r-DNA ("ribosomal" DNA, which forms 
molecular hybrids with ribosomal RNA) is highly redundant and is 
associated with the nuelcohis organizer. Variations that occur in the 
redundancy of r-DNA can be explained on the assumption that the DNA 
templates are present in the organizer as tandem repeats. Evidence for 
the occurrence of longitudinal accretion in somatic cells of another dipteran 
has been presented by Keyl (1965a, b) in a comparative study of two 
subspecies of Chironomus. When the DNA content was determined 
in certain salivary-gland-chromosome bands of C. thummi thummi and 
C. th. piger, a geometric series of 1:2, 1:4, 1:8, and 1:16 was detected. 
These changes were not confined to the salivary-gland chromosomes, 
since C. th. thummi has 27 per cent more DNA than C. th. piger in its 
gametes as well as in its salivary-gland chromosomes. 

Further inferences of the existence of high degrees of longitudinal 
repetitiveness were derived from studies of the lampbrush chromosomes 
of amphibians. Gall (1963) has interpreted the kinetics of the degrada- 
tional action of deoxyribonuelease as evidence tha t  the ehromatid 
consists of a single Watson-Crick double helix. This interpretation is 
consonant, moreover, with the observation tha t  the chromosome repli- 
cates scmieonservatively (Taylor, 1963). 

Since recombination data indicate that  each gene is represented only 
once per chromatid and that  different genes are contiguous, Whitehouse 
(1967) has suggested that  the chromosome has the form of a cycloid, 
each loop of which would correspond to a set of copies of a gene forming 
a ehromomere. Accordingly, at  meiosis the redundant  copies of the gene 
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are assumedly detached to form a single circular DNA molecule. The 
remaining master copy would then be in a position to undergo crossing- 
over with a homologous chromatid. Subsequently, the duplicate copies 
could conceivably be restored to the chromatid by crossing-over be- 
tween one of their number and the master copy. As visualized, the 
chromosome can alternate between two states with each set of duplicate 
genes detached as a circle or integrated with the main DNA axis. 
Although the model assumes tha t  the repeating sequences are identical, 
the reassociation studies of Britten and Kohne (1968) suggest that  
groups of repeated sequences often consist of similar rather than identi- 
cal members. Moreover, the chromosome model envisioned by Uhl (1965) 
reconciles high degrees of lateral multiplicity with semiconservative 
replication. Such a po]ynemic chromosome would consist of several to 
many  parallel double helices connected in groups to functionally single 
links. Due allowance is thus made for those eases of redundancy tha t  
represent multiples of the entire genome. Rothfels et al. (1966), for 
example, have offered the interpretation of polynemy to account for the 
differences between 22 diploid species of Ranunculaeeae whose DNA 
values form a nongeometric series with the terms 1, 8, 12, 16, 20, 24, 
and 40. Additional evidence of differences in amount  of DNA among 
mitotically-active cells was obtained in eytophotometrie studies of Pinu8 
silvestris by Nagl (1967), who suggested tha t  the differences might be 
attr ibutable to varying numbers of strands per chromosome. On the 
other hand, Fox (1969a) made a comparative study of six species of 
Dermestes, using scanning densitometry of Feulgen-stained spermatids, 
and found tha t  the DNA values covered a 2.7-fold range. Since the 
distribution does not represent a geometric series, Fox concludes that  
the differences do not reflect a variation in strand number. 

In  the unineme concept of Whitehouse - and the somewhat similar 
proposal of Callan (1967)-  the length of the replicating DNA strand 
would increase proportionately as the ganglionic cells of D. melanogaster 
increased their total  DNA content from 4C to 8C and then to 16C. 
On the other hand, the polyncme concept would attr ibute redundancy 
to a lateral increase in number of intact chromosomal strands. This 
is the accepted explanation of the high multiples of DNA tha t  character- 
ize the salivary-gland chromosomes of Diptera. With the lower multiples 
the chromosomes may  retain their capacity for mitotic activity, whereas 
at  the higher multiples the component strands aggregate to form a poly- 
tenie complex. Mittwoch et aI. (1966) inferred from microphotometric 
examination of Feulgen-stained nuclei of drone and worker larvae of the 
honey bee tha t  dividing cells tend to retain the diploid chromosome 
number but tha t  a portion of the cells become polyploid in interphase. 
An earlier microspectrophotometric s tudy by Merriam and Ris (195r 
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had shown that  polyploidization occurs in the somatic cells of both 
male and female honey bees. 

As noted by Wolff (1969), observational, experimental, and inferen- 
tial types of evidence that  chromosomes can be multistranded have 
accumulated over the years. One of the most compelling lines of observa- 
tional support was afforded by  the 16 mm time-lapse micrographic 
technique, which revealed anaphasic duality (half chromatids) in chromo- 
somes of living endosperm of Haemanthus (Bajer, 1965). Observations 
of fixed and stained ganglionic cells of D. melanogaster by Kaufmann 
(1934) also revealed tha t  "anaphase chromosomes are longitudinally 
double, the split following the turns of the chromonemata" .  These 
were from ganglia of third-instar larvae and presumably represented 
8 C cells. The split separating half chromatids testifies to the polynemic 
nature of these chromosomes. Although much of the evidence for poly- 
nemy has been obtained in studies of plant chromosomes (see Kaufmann,  
Gay and McDonald, 1960; Wolff, 1969 for reviews), the results obtained 
in the present study of Drosophila melanogaster present further evidence 
tha t  changes in the degree of polynemy can occur in the course of 
development of an organism. The selective advantages afforded by  the 
presence of multiple copies of genes are attained in some cases by 
development of po]yploidy or polyteny, whereas in others--such as the 
neuroblasts of D. melanogaster--polynemy ensues. As stated by Holliday 
(1970), the evidence for both longitudinal and lateral multiplicity within 
chromosomes of eukaryotes now seems very strong, and it may well be 
tha t  special mechanisms have been developed for the maintenance and 
replication of such chromosomes. The nature of these mechanisms thus 
becomes a major problem for investigations in the future. And, as noted 
by Kaufmann,  Gay, and McDonald, the discovery of subchromonemata 
within each chromatid does not pose a problem that  is new in principle, 
but does emphasize the need for a solution in terms of conditions 
that  can mold a large group of strands into a functionally single 
structure. The organizational patterns within chromosomes of eukaryotes 
present an outstanding challenge to cytogeneticists in their continuing 
efforts to shed new light on problems of cellular metabolism, growth, 
and differentiation. 
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