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Abstract. The replication patterns of larval salivary gland chromosomes of
D. hydei and D. melanogaster were studied by autoradiography with tritiated thy-
midine injected in mid third instar larvae. The male X chromosome showed a
different replication behavior in comparison to that of the female X chromosome
and autosomes. It is concluded that the male X chromosome finishes its replication
earlier than the female X chromosome. Moreover, the time needed for a complete
replication cycle of individual identical replication units was found to be shorter in
the male than in the female X chromosome. Although the whole X chromosomes
behave different there were no differences observed in the sequence of the discon-
tinuous labeling patterns of the two types of X chromosome. One autosomal
replication unit was observed which showed a different replication behavior in
males and females. The possible origin of the differential behavior of the two
X chromosomes is discussed in terms of their difference in degree of polyteny.

Introduction

It is clear from autoradiographical studies on chromosomal repli-
cation that the chromosomes contain a variety of individual replication
units arranged in linear order along the chromosome axis (TavLog,
1960; Gay, 1963 ; Ropriewicz and OLZEWSKA, 1963 ; PravuT and NasH,
1964 ; Evans, 1964; Hsvu, Scumip and STUBBLEFIELD, 1964).

On the basis of their size and their structural differentiation the
giant chromosomes offer favorable material for detailed analysis of the
replication cycle of such individual replication units. In terms of DNA
synthesis during replication, the replication units can be distinguished
from one another by two criteria: 1. the moment at which the replication
of the unit either starts or ends as cornpared with other units of the same
chromosome complement. Replication units for instance, which are
morphologically designed as, or possibly situated in heterochromatin
tend to start replication later than units situated in euchromatin.
Replication of such heterochromatic regions produces in general a dis-
continuous labeling pattern (Lima pE Far1a, 1959; MorisHIMA, GRUM-
BACH and Tavror, 1962; Scmmip, 1963; Nicknas and Jaqua, 1965;
Baxr, 1965). 2. the period of time which is necessary for complete repli-
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cation of the unit. This means that within the chromosome complement
of a given tissue each unit takes its characteristic period of time to fulfill
its replication.

From detailed analysis of discontinuous labeling patterns in the
giant chromosomes of Drosophila melanogaster and D. funebris (Prauw,
Nasa and Fanxivg, 1966; Arcos-TEraN, unpublished) and of Chiro-
nomus thumms (KEYL and PELLING, 1963) the coordination of replication
of all different units of replication within the chromosome complement
was reconstructed. The various discontinuous labeling patterns observed
in the giant chromosomes could be arranged into an ordered sequence of
decreasing number of labeled regions with as an initial stage a chromo-
some complement which showed all regions labeled. According to the
results of double labeling experiments (KuyL and Prriing, 1963), it is
most probable that discontinuous labeling patterns occur at the end of
the replication cycle and that all regions start replication at the same
time.

The two criteria mentioned above are sufficient to characterize
exactly the behavior of each individual replication unit within the com-
plex process of replication of the chromosome complement. However,
these criteria must not necessarily remain constant under all conditions.

In the present investigation evidence will be provided that a group
of identical replication units take a different period of time for their
replication under different conditions. It will also be shown that indi-
vidual replication units can change their behavior in this respect.

Material and Methods

Mid third instar larvae (136—140 hours after oviposition) of Drosophila hyder
and late third instar larvae of D. melanogaster were injected with 1 pl Ringer’s
solution containing 1 mC/ml tritiated thymidine (Spec. Act. 14.5 C/mM; The
Radiochemical Centre, Amersham). The effective thymidine concentration in the
larvae of D. hydei was 0.4 uC/mg body weight. In different series of experiments
the salivary glands of 10 larvae were dissected 10, 30, and 60 minutes respectively
after thymidine injection. Also some experiments were performed where the larvae
were injected twice with the same solution with an interval of two hours. The dis-
sected glands were stained with aceto-orcein, squashed on gelatinized slides in 45%
acetic acid and frozen on dry ice to remove the cover glass. After rinsing the slides
in a series of methanol-formaldehyde mixtures with an increasing percentage of
formaldehyde, the slides were kept overnight in a 9:1 mixture of formaldehyde and
methanol. The slides were then washed in tap water, Kodak AR 10 stripping film
was applied and they were exposed for seven days. The films were developed in
Kodak D 19b. Post staining was performed with a solution containing 0.15 g
gallocyanin in 100 ml 5% chromalum. The map positions of labeled regions in
D. hydei recorded in this investigation are based on the cytological map of this
species (BERENDES, 1963 a).
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Results

In the salivary glands of mid third insfar larvae of D. hyde: 37—46%
of the cells are replicating. In the labeled nuclei of this species, as in
other Dipteran species, three different types of labeling patterns can be
distinguished. Most of the labeled nuclei (93 %) show weak continuously
labeled chromosomes, 2% of the nuclei showed heavy continuously
labeled chromosomes and 5% show discontinuously labeled chromo-
somes. The distinction between the first two types of labeling pattern
is rather subjective and in a number of nuclei an overlap of the two types
can be observed. A certain overlap was also observed between heavy
continuous and heavy discontinuous labeling patterns. An increase in
the period of incubation neither significantly altered the number of
labeled nuclei nor the distribution of the different patterns of labeling.
Small variations in the distribution of the various labeling patterns in
different individuals of the same experiment occur.

Usually no apparent differences between labeling patterns of individ-
ual chromosomes within the same nucleus can be observed. In D. hydes
and in D. melanogaster however, a number of nuclei of the heavy contin-
uously labeled type revealed a striking difference in labeling pattern
of the X chromosome as compared with the autosomes. A critical analysis
of discontinuously labeled nuclei made clear that such pictures are due
to differences in the number of labeled regions in X chromosome and
autosomes. When labeling patterns in males and females were compared
separately it was found that in males 55% of the heavy confinuously
labeled nuclei showed a heavy discontinuously labeled X chromosome
(Fig. 1a). In females, however, a difference of this kind was never ob-
served (Fig. 1b). Correspondingly, in discontinuously labeled nuclei the
number of labeled regions in the male X chromosome as compared with
the autosomes was obviously smaller than in female nuclei (compare
Fig. 1¢ with 1d).

In order to provide a reference for the difference in labeling pattern
between the single (male) X and the double (female) X chromosome in
relation to that of the autosomes, location patterns of labeled regions in
the second chromosome and in the X chromosome of the same nucleus
were established. Twenty-five of such patterns were made from female
nuclei and 15 from male nuclei. Among these patterns, those which
showed an identical pattern of labeled regions of the second chromosome
in males and females were used for a comparison of the pattern in the
X chromosomes. From Fig. 3a it is apparent that there exists a definite
difference in the pattern of labeled regions of the X chromosomes in
males and females in nuclei which reached an identical stage of repli-
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cation of the second chromosome. When the pattern of labeled regions
in the second anfosome is considered to represent a definite time point
during the replication cycle in each type of cell, then it is clear that at
this particular moment the male X chromosome shows definitely less
regions labeled than the female X chromosome. It must be pointed out
however, that although the number of labeled regions in the male X is
smaller than in the female X, the regions which are labeled in the male
X are labeled too in the female X when compared at the same stage of
autosome replication. A comparison of replication stages which occur
previous to or later the one presented in Fig. 3a gave confirming evidence
for this. For instance, a pattern was observed where only one region in
the male X chromosome was labeled together with ten regions in the
second chromosome. A similar stage in a female nucleus showed 4 regions
labeled in the X chromosome among which the one (7C1) also observed
in the male X chromosome.

One exception of this rule was observed. In male nuclei, region
2—45C 5,6 was found to be labeled more frequently than in females.
Its frequency of labeling in relation to five neighboring regions was
determined in 52 female and in 20 male nuclei. The Table indicates that

Table. Differential sequence of labeling in region 2—45C5,6 in male and female
giant chromosomes of D. hydei, as compared with neighboring regions

Region No. of
obser-
43C1—3 44C1,2 44D45A 45C5,6 46D 47B3 vations
Frequency of labeling
female 1.00 0.41 0.68 0.20 1.00 0.36 52
male 1.00 0.35 0.80 0.60 0.95 0.40 20

the replication of this regionin relation to the other regions is different in
males and females. Assuming that the discontinuous labeling pattern
is a final stage in the replication process, this would mean that region
2-—45 C 5,6 finishes its replication earlier in females than in males.

It might be assumed that the difference in labeling pattern between
male and female X chromosomes is a consequence of the single state of
the male X chromosome. In order to test whether or not the single state
of a chromosome always brings about a change in its replication behavior,
the pattern of labeling in asynapsed chromosomes was compared with
that in normal chromosomes. However, no obvious differences were
observed (Fig. 2). To obtain better information about the correspon-
dence of the labeling pattern of asynapsed chromosomes and the pattern
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Fig. 1a—d. Labeling patterns in male (a, ¢) and female puclei (b, d) of D. hydei. 2 and b show heavy

continuously labeled autosomes together with a discontinuously labeled X chromosome in the male

nucleus (arrows in a) and a continuously Jabeled X chromosome in the female nueleus (arrows ind);

¢ and 4 repregent discontinuously labeled stages. It is evident that in the male nucleus (¢) the X chro-

mosotue (arrows) contains less labeled replication units than the female X chromosome (d) as compared
with the autosomes
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in a normal situation, the pattern of labeled regions in asynapsed female
X chromosomes was compared with normal female X chromosomes in
nuclei with a similar pattern of labeled regions in the second chromo-
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Fig, 2a and b. Labeling patterns in asynapsed female X chromosomes of D. hydei. a, heavy continuous-

ly labeled chromosomes; b, discontinuously labeled chromogomes. The number of labeled regions in

the two asynapsed female X chromosomes as compared with the autosomes is not reduced to the same
extent as in the male X chromosome (see Fig, 1¢)

some. Although the number of asynapsed X chromosomes is rare (BEREN-
DES, 1963b), a few suitable stages could be found, one of which is pre-
sented in Fig. 3b. From a comparison of Fig. 3b with Fig. 3a it is evident
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Fig. 2

that the pattern of labeled regions in the asynapsed state of the double
X chromosome corresponds more closely with that of the female X than
with that of the male X chromosome, although the second chromosomes
are slightly different in their stage of replication. It therefore can be
concluded that the single state of the female X chromosome as caused
by asynapsis does not bring about a similar difference in the pattern of
labeling as observed in the single male X chromosome.
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- Fig. 8a and b. Schematical representation of a discontinuous labeling pattern in the second chromo-
some together with the pattern of labeled regions occurring at this stage in a male X chromosome
and in a female X chromosome of the same nucleus. In b the pattern of labeled regions of the second
autosome is shown together with the pattern of an asynapsed female X chromosome. Although the
pattern of the second chromosome in a and b is not completely identical (in b there are a few more
regions labeled which are drawn as thin bands) it is obvious that the pattern of labeled regions in
the agynapsed X chromosome is more likely that of the female X than that of the male X ¢hromosome

in Fig. a
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Discussion

From detailed studies of the replication of mitotic chromosomes
(TavLor, 1960; Hsu, ScaMid and STUBBLEFIELD, 1964; Evaxs, 1964,
and others), and of Dipteran giant chromosomes (KEvL and PELLING,
1963; GaBrUsEWYCZ-GARCIA, 1964; Praur, Nasg and Fanning, 1966)
by autoradiographic techniques, it has been concluded that discontin-
uously labeled chromosomes represent late stages of the replication
cycle of these chromosomes. Provided that this relation between the
pattern of labeling and the stage of replication holds true also for the
giant chromosomes of D. hydei, it can be concluded that the single X
chromosome in the male completes its replication earlier than the double
X chromosome in the female and also earlier than the autosomes.
Assuming that the continuous labeling pattern precedes in each case the
discontinuous pattern and the fact that there are no observations of
nuclei containing continuously labeled autosomes together with another
type of labeling of the X chromosome except that which is thought to
be characteristic for the end of the replication process, suggests that all
chromosome regions start replication at the same moment. This is in
agreement with conclusions obtained from a number of other studies on
chromosomal replication (see: PrrrINg, 1966). This would therefore
mean that the differential behavior of the male X chromosome compared
to the female X chromosome is due to the fact that the period of time for
complete replication is shorter in the single male X than in the double
female X chromosome.

One possible explanation for the origin of this differential behavior
might be a relation of the replication process with a difference in
DNA content of the two types of X chromosome (AroNsow, RUDKIN
and ScHULTZ, 1954). The difference in replication behavior of the two
types of X chromosome could depend simply on their difference in
degree of polyteny. However, as single autosomes and single female
X chromosomes in cases of asynapsis have an identical degree of poly-
teny as the male X chromosome, they should show a similar differ-
ential replication behavior as the male X. This however, could not be
found.

Morphologically, single male X chromosomes are far from identical
with single asynapsed female X chromosomes. The asynapsed female
X chromosome does not show a similar increased diameter as occurs in
the male X chromosome, although both have the same DNA content.
Diameter measurements on D. hydei chromosomes gave a ratio of
1.2:1.0:0.7 for paired female X, male X and asynapsed single female X
chromosomes respectively (see also OFFERMANN, 1936). The relatively
swollen appearance of the male X chromosome indicates the presence
of definite differences in the secundairy structure of the DNA in the
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same band between male and female X chromosomes. It could be
imagined that the DNA complex in the bands of a male X chromosome
is more losely packed. Such a property could facilitate the penetration
of nucleic acid polymerase and precursors in the DNA complex, which
also could have some bearing on the RNA synthesis of the male X
chromosome as was suggested in the form of a dosage compensation
effect which is shown by most of the genes in this chromosome (MULLER,
1932 STErN, 1960; MukgERIJEE and BEERMANN, 1965). Genetic analy-
sis of factors which might be responsible for the differential replication
behavior are not yet known.

Structural differences may also play a role in the determination of
the length of the replication period of certain special regions. For example,
when a replication unit constitutes a puff the period necessary to repli-
cate might be shorter than in a non-puffed situation. The observed
difference intime at which region 2—45C5.6 ends its replication in
male and female cells could be based on this principle. It must be pointed
out however, that the differences in time necessary for a complete repli-
cation cycle observed so far seem to be very small. Tt is likely to suppose
that all phenomena reported in this investigation originate from differ-
ences in structural configuration on the molecular level of the chromo-
somes.

Acknowledgements. I am very indebted to Professor W, BEERMANN and Dr.
C. PeLuinG for their valuable discussions.

Literature

Aronsox, J. F., G. T. Rupkix, and J. ScHULTZ: A comparison of giant X chromo-
somes in male and female Drosophila melanogaster by cytophotometry in the
ultraviolet. J. Histochem. Cytochem. 2, 458—459 (1954).

Bagr, D.: Asynchronous replication of DNA in a heterochromatic set of chromo-
somes in Pseudococcus obscurus. Genetics 52, 275—285 (1965).

Brrewpes, H. D.: The salivary gland chromosomes of Drosophile hydei STURTE-
vant. Chromosoma (Berl.) 14, 195—206 (1963a).

— Asynapsis in the salivary gland chromosomes of Drosophila hydei. Genetica
33, 288—300 (1963 b).

Evans, H. J.: Uptake of H3thymidine and patterns of DNA replication in nuclei
and chromosomes of Vicia foba. Exp. Cell Res. 35, 381—393 (1964).

G ABRUSEWYCZ-GAROIA, N.: Cytological and autoradiographic studies in Sciara
coprophile salivary gland chromosomes. Chromosoma (Berl.) 15, 312—344
(1964).

Gay, H.: Chromosome structure and function. Yearbook Carnegie Inst. Wash. 62,
503—510 (1963).

WHsy, T.C., W. Scamip, and E. SrusBLEFELD: DNA replication sequences in
higher animals. In: The role of chromosomes in development (ed. M. Locker),
p. 82—112. New York: Academic Press 1964.

Kevi, H.-G., and C. PeLrinG: Differentielle DNS-Replikation in den Speichel-
dritsenchromosomen von Chironomus thummi. Chromosoma (Berl.) 14, 347—359
(1963).



Differential replication in giant chromosomes of Drosophila 43

Liva pE Faria, A.: Differential uptake of tritiated thymidine into hetero- and
euchromatin in Melanoplus and Secale. J. biophys. biochem. Cytol. 6, 457—466
(1959).

MogrisEIMA, A.,, M. M. GrumMBACH, and J. H. TavrLor: Asynchronous duplication
of human chromosomes and the origin of sex chromatin. Proc. nat. Acad. Sci.
(Wash.) 48, 756—763 (1962).

MURHERJEE, A. S., and W. BEERMANN: Synthesis of ribonucleic acid by the X
chromosome of Drosophile melanogaster and the problem of dosage compen-
sation. Nature (Lond.) 207, 785—786 (1965).

MuLLER, H. J.: Further studies on the nature and causes of gene mutations. Proc.
6th Int. Congr. Genet. 1, 312—255 (1932).

NickLas, R. B, and R. A. JaQua: X chromosome DNA replication: Developmen-
tal shift from synchrony to asynchrony. Science 147, 1041—1043 (1965).

OrrERMANY, C. A.: Branched chromosomes as symmetrical duplications. J. Genet.
32, 103—116 (1936).

Prrrivg, C.: A replicative and synthetic chromosomal unit: The modern concept
of the chromomere. Proc. roy. Soc. B 164, 279—289 (1966).

Pravr, W., and D. Nasa: Localized DNA synthesis in polytene chromosomes and
its implications. In: The role of chromosomes in development (ed. M. LockE),
p. 113—135. New York: Academic Press 1964.

— —, and F. FanwinG: Ordered replication of DNA in polytene chromosomes of
Drosophila melanogaster. J. molec. Biol. 16, 85—93 (1966).

Ropxriewicz, B., and M. J. OvszEwsKA: Asynchronie intra- et interchromosomique
de Tincorporation de la thymidine H3 dans les chromosomes d’Hoemanthus
katharinae BAK. Chromosoma (Berl.) 14, 568—571 (1963).

RuDkIN, G. T.: The proteins of the polytene chromosomes. In: The nucleohistones
(ed. J. Box~ER and P. Ts’0). San Francisco: Holden Day Inc. 1964.

ScrMID, W.: DNA replication patterns of human chromosomes. Cytogenetics 2,
86—110 (1963).

STERN, C.: Dosage compensation: Development of a concept and new facts. Canad.
J. Genet. Cytol. 2, 105—118 (1960).

TavLor, J. H.: Asynchronous duplication of chromosomes in cultured cells of
Chinese hamster. J. biophys. biochem. Cytol. 7, 455—463 (1960).

Dr. H. D. BEREXDES
MPT fiir Biologie, Abt. BEERMANN
74 Tiibingen, Spemannstr. 34



