The hyperactive X chromosome is
not early replicating in mitotically
active somatic cells of Drosophila
nasuta males
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Abstract: The temporal order of replication of the X chromosome(s) in nitotically dividing male
and female cells in carly embryos and in brain panglia of Drosophila naswta larvae was examined
using [ jthymidine pulse lubelling and awloradiography. Both the X chromosonies in female celly
and the single X chromosome in male cells replicated in complete synchrony with the autosome

set in the nucleus, Thus, unlike the well-known curly completion of replication by the hemizygous

X thromosome in polytene nuclet in the salivary glands of male Drosophilu Yarvae, the single
X chromosome 1 niitoticaltly dividing cells does not replicate eartier than the autosomes. We
conclude that transeriptional hyperactivity o, the singfe X chromosome required for dosuge

compensation in somatic cells of mule Drosophila is not dependent upon its early replication.
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Résumé : Le moment auquel s’etfectue la réplication de chromosomes X lors de la mitose dans
les ceilules de jeunes embryons et de ganglions cervicaux chee les larves du Drosophila nasuta o
&1é examiné pur marquage court (Cpulse”) 4 tu {*Hjthymidine suivi d’awtoradiographic. Les deux
chromosomes X chez les femelles uinsi que Vunigue chromosome X chez fes miles étaient
réphiqués en méme temps gue le jew d’avtosomes dans le noyau. Ainsi, au contraire du
chromosome X hémizygote dont la réplication est précoce duns les noyaux polytenes des glundes
salivaires de furves males du Drosophila, Punique chromosome X préseat dans les ecllules en
nuitose a'est pas répliqué avant les autosomes. Les auteurs en concluent que Phyperactivité
transcriptionnelle du chromosome X, requise pour compenser sa présence en un seul exemplaire
dans les cellules somatiques du Drosophila mile, ne dépend pas d’une réplicution précoce.

Moty clés 1 compensation de dose pénigue, chromosome X hyperactif, réplication précoce,

[Truduit par la rédaction]

Introduction

Dosage campensation for X-linked genes in males and
temales of Drosophila spp. is known 1o operiate by hyper-

activition of the single X chromosome in somatic cells of

males (Mukherjee and Beermunn 1965). The hyperactivity
of the hemizypous X chromosome is direetly manifested in
polytene nuclet of the sulivary glands of male larvae by
the enlurged width, paler stining, and greater P juridine
uptuke of the hemizygous X chromosome when compared
with autosomes or the paired X chromosomes in the femuale
(Mukherjee and Beermann 1965, Lakhotia and Mukherjee
1969) and by the specific association ol certuin proteins
(Kuroda ct al, 19915 Palmer et al. 1993), A greuater tran-
scription of X-linked genes in other somatic cells of male
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Drosophila has been directly documented through muany
studics dealing with specific gene transeripts or protein
products (Lucchesi and Manning 1987).

1t 1s also well established that the hemizygous X chrona-
some in polytene nuclei of the salivary glands of male lar-
vie completes a piven endoreplication cycle faster and
earlier than autosomes in the nucleus (Lakhotia and
Mukherjee 1970; Chatterjee and Mukherjee 1977). In view
of the general correlation between active genes and their
replication in carly S phase and vice versa (Goldmann et al.
1984; Holmquist 1989), it has generally been presumed
that the early completion of replication by the male X chro-
mosome in polytene cells is causally related to its hyper-
activity in refation to dosage compensation (Lucchesi and
Munning 1987; Mukherjee 1990). In a recent report, Kur
and Mukherjee (1993}, using cell fusion o induce premature
chromosome condensation (PCC), ¢laimed that the X chro-
mosome in mitotically dividing nuclei of Drosophilu
melanogaster males was also early replicating. On the
other hand, Lakhotia and Sinha (1983) had suggested that
the faster completion of replication by the hypeructive
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Table I, Synchrony o rephication of autosomes and X chromosome(s) in male and

female mutotic cells of Drosophila nasuta,

Number ol nuclei with ditferent fubelling patterns

Autosomes X chromosome Y chromosome
Sex Tissue l: i 1 U L B H U L
Muale Lmbryo 4 0 4 0 0 -2 2
2 0 0 2 0 ] ]
9 0 0 0 9 0 9
Female  Embiyo 45 0 45 0 0
52 0 0 52 0
130 2 0 0 128
Male Briin RN 0 34 0 0 12 2
16 0 | 15 ] 1 15
84 1 0 0 83 28
Female  Bram 149 3 146 {) 0
127 1 0 1206 0
292 17¢ 0 0 275

Nat UL unlabetied; b, only cuchromatin regions tabelled; B, both hewero- as well as cu-chromatin
regions Jubelled: 11, only heterochromatin regions tabelled; 1., Y chromosome lubelled.

“Both X chromosomes unlabelfed in one metaphase plate; in all other female metaphases in the X-
untabelied catepory, only one X chromosome was unlabelied, while the other was tabeHed the same

as the autosomes.

X ¢hromosome in male polytene nuclei could be a conse-
quence of certain speceific features of the organtzation of
polytene chromosomes rather than being a causal factor
for hyperactivity, Tn the present study, we have directly
examined the temporal order of replication of the X chromo-
some in early embryonic and mitotic larval brain cells of
male and female . nasuta using |'H thymidine labelling,
Our results show that in mitotic male cells, the single
X chromosome is not carly replicating, rather it replicates
in complete synchrony with autosomes. In female cells
also, the two X chromosomes replicate in synchrony with
cach other as well as with autosomes.

Materials and methods

Flies and larvae of a wild-type strain (Varanasi) ol D. nasita
were reared on a standard Drosophifa food medium at
24 = 1°C. For ["H}thymidine labelling of embryonic cells,
¢mbryos 4-5 h old were removed from the food surface
by brushing, washed in Poels’ salt solution (Lakhotia and
Mukherjee 1980}, dechorionated with 4% bleaching powder
solution, and again washed several times with water fol-
lowed by a wash with Pocls® salt solution. Finally, the
embryos were transterred to moditied Poels” culture medium
(Sintaand Lakhotia 1980) in sterile cavity sfides and bro-
ken with fine steel needles into 2 10 3 picces. In order to
label the embryonic cells, U'Hthymidine (740 kBqg/ml;
specific activity 584.6 GBg/mM, Bhabha Atomic Rescarch
Centre (BARC), Trombay, India) was added to the medium
for 10 min, after which the embryo pieces were repeatedly
washed with radioisotope-Tree medinm supplemented with
yeast extruct (2 mg/mby and “cold” thymidine (10 pg/ml),
The washed ciubryo pieces were transferred to a fresh cav-
ity slide and chased in the supplemented medium for 15 min

to 4 h. Colchicine (I pg/mL) was added to this medium
tor the last 15 to 30 min. Finally, air-dried preparations
were made as desceribed carlier (Lakhotia and Roy 1981).
To labe) brain ganglia with [*H]thymidine, the ganglia
were dissected from late 3rd instar larvae in modified
Poels® medium and immediately pulse labelled with
["H)thymidine (740 kByg/mL; specific activity 584.6 GBqg/
mM, BARC, Trombay, India) for 10 min, followed by
washes with radioisotope-free medium supplemented with
yeast extract and “cold™ thymidine, as tor embryos. The
pulsce-labelled ganglia were chased in the supplemented
medium for 1[5 min to 24 h; when chased for longer than
2 h, colchicine (1 pg/mL) was added to the chase medium
for the last 1 h of culture. Air-dried chromosome prepa-
rations were made at the end of the chase period, as
described earlier (Lakhotia and Kumar 1978). Slides with
labelled cells (embryonic or larval brain ganglia) were
processed for autoradiography with 1lford L4 nuclear emul-
sion. Autoradiograms were stained with Giemsa and scored
for the pattern of labelling on individual chromosomes of
every mctaphase plate examined.

Results and discussion

The karyotype of D. nasuta permits very casy identification
of cach individual chromosome owing to the distinctive
shape, size, and heterochromatin content of the chromo-
somes (Lakhotia and Kumar 1978). The metaphase plates
in different autoradiographic preparations were identified
as male or female on the basis of their sex-chromosome
constitution. Since the embryos or larvae were not pre-
sclected on the basis of their sex, this sample (Table 1)
turned oul to be rather biased for female metaphases. It is
known from earlier studies (Barigozzi 1968; Steinemann
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Fig. 1. Aworadiograms ol ' ihymidine pulse Tabelled metaphase plates from
brain gangliccof male Lwvie of D0 nasuia, () Metaphise with euchromatin
\\y.mns of wll dhiramosoies L\hdlul (the heterochromatie 'Y chromosome (Y) 18
almost undabelled). (0) Metaphase with both hetera- and cu-chromatin regions
ol all chromosomes Jabelled, (Giemsa-stamed metaphuse chromosomes alter
rentoval of sitver grains from the autoradiogrum are shown i the lower halt of

the figare to help identity cach chromosome). («

) A metaphase with Tabelling on

the heterochromatin of all chromosomes, Note that il cases the Jabetling of
the X chromosonmie (X) s similae to that on the uutosomes. Scale bar = 5 p.

1980; Spmdlm;F and Orr-Weaver 1987), thut when pulse
fubelted with [“Fthymidine, chromosomes in metaphase
cells of Drosoplila show three distinet paterns ol fabetling:
(/) E-lubcted, in which only the ecuchromatin regions ure
uniformly labelled, (ir) B-lubelled, in which both cuchro-
matin and heterochromatin regions are uniformly labelled,
and (7)) H-lubelled, in which the lubel is restricted 1o
heterochromatin regions only (see Fig, 1), As o other systems,
i Drosophilu cells, the E-labelled metuphases represent
carly S phase, while the T-lubelled metaphases represent
the tute S phase, and the B-labelled metaphases represent
the intervening pertod (Burigozz 1968, Steinemuann 1980,
Spradling and Orr-Weaver 1987). In agreement with this
temporal order, in the present study, the H-labelled
metaphases appeared first, in the carly (15 min) chase
sumples, followed by the B- and E-lubelled types, in that
order, in later chase swuples, However, tn brain ganghi, the
H-tabelled metaphases persisted in later samples also,
In nearly all the labeiled metaphases examined ivom carly
embryos or brain ganglia, the ditferent autosomes showed
remarkable synchrony in the labelling of their cuchromatin,
both eu- and hetero-chromatin, or heterochromatin regions,
and accordingly, the lubelfed metaphases were classified
as E, B, or H type, respectively (IFig. 1; Table 1). The
fubelling of the X and Y chromosomes (in the case of male
cells) or of the two X chromosomes (in the case of female
cells) in euch of these ditterent types of labelled metaphuses
was examined to see if any of these chromosomes replicated
out of synchrony with reference to the autosomes in the
nucleus. The pooled duta for different chase samples of
the two tigsues are presented in Tuble 1. As tor the auto-
somes, the lubelling of the X chromosome(s) was also

classitied as unlabelled (U), euchromatin lubelled (E), buih
¢u- und hetero-chromatin labelled (B), or heterochromatin
lubelled (H) type, while the Y chromosome was classiticd
as unjubelled (U) or lubelled (L) type (Table ).

The data in Tuble T show that in ull the embryonic male
metaphases, the lubelling of the autosomes and the X chro-
mosome wis highly concorduant. The mostly heterochromaie
wnd late-replicating submetacentric Y chromosome displuyed
low labetling of its tips in several metaphases with E- o
B-type autosomal and X-chromosomal labelting; the tips
the Y chromosome are known to be dully tfluorescent with
Hoechst 33258 (see Lakhotia and Kumuar 1978). The
X-chromosomal and autosomal labelling putterns were
concordunt in all the female embryonic metaphases exain-
ined except for two H-lubelled types, where one X chru-
mosome was unlubelled, while the other showed H labeliing
(Tuble 1).

In all the 34 E-labelled metaphases trom brain gunghs
of male lurvae, the X chromosome and autosomes were
simitarly labelled. In 1 of the 16 B-lubelled male brain
metaphases, the X chromosome was a E-labelled type,
while the tabelling of the other 1S was concordant. Iy
only | of the 84 H-labelled metaphases examined frum
brain ganglia of male larvae, was the X chromosone
untubelled: in ull others the X chromosome, us well
the wutosomes, were H-labelled,

In most of the metaphases from brain ganglia of temale
larvae, the X chromosomes were labelled in complete syn-
chrony with the autosomies; only in rure cases did one of the
wo X chromosomes appear unlabelled when the other X
chromosome was lubelled in synchrony with the autosomes.
In rure instances one or the other autosome alsa appeured
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unlubelled of difterently labelled from the others (details not
presented but the overall incidence of such metaphases was
comparable to that for the two X chromosomes in female
nuched).

In the more than 700 mcetaphases examined in prepa-
rutions of embryonic cells and Tarval brain gangha cells
in which the autosomes were unlabelled, the sex chromo-
somes (both the X chiromosomes in femate and the X and
Y chromosomes in male cells) were also unlabetled,

I the single X chiromosome in male cells was carly
rephicating, as in larval salivary gland cells, one would
expect the single X chromosome to show B- or H-type
lubelling in many nuclei with E-labelted aatosomes and
H-type tubelling in nuclei with B-labelled autosomes and
finally to sce the mule X chromosome unlabelled in many
ol the H-fabelled metaphases. However, except for the two
rare instances in which the X chromosame in male cells
wis out of step with the autosomes (in one the male X chro-
mosome (U was “ahead™ of the autosomes (H), while in the
other, the male X chromosome (E) was “delayed™ with
reference to the autosomes (B) (see Table 1)), in the nearly
150 other labelled metaphases from males, the X chromo-
some was always fabelied in complete synchrony with the
autosomes. Since o certain degree of interchromosomal
asynchrony was seen between the two X chromosomes in
femate cells or, also, within the autosome sct, the two
instances of asynchrony between the X chromosome and
autosomes scen in male nucler do not appear to have any
significance.

In contrast with our present resalls with 1) nasuta, Kar
and Mukherjee (1993) concluded that the X chromosome in
mitotic cells of D melanogaster males was carly replicating,
sy i polytene cedls, 10 s unlihely tiat these diiicrent results
are the result of species differences as evidenced by the
fllowing two considerations: (i) the hemizygous X chromo-
some in the polytene nuclei of male 1. nasuta also repli-
cates canly (Roy and Lakhotia J981) and (6} in o parallel
study in our tuboratory (Sujata Roy, unpublished data) the
X chromosome in mitotic cells of D melanogaster males
was also Tound to replicate in synchrony with autosonies,
As pointed out cartier (Lakhotia 1993), the conclusion ol
Kar and Mukherjee (1993) about carly completion of the
X chiromosome in mutotic celis of male Drosophila may
not be justified, since their experimental design to obtain
PCC in Drosophila cells had several flaws, and also, the
results presented by them were not unequivocal. Compared
with the indirect approach of Kar and Mukherjee (1993), our
present study directly examined the temporal order of reph-
cation of the X chromosome in mitotic cells and the results
show unambiguously that neither the single X chromosome
in male cells nor either of the two X chromosomes in
female cells displayed any kind of asynchrony with respect
to replication of autosomes. Thus, we conclude that the
single X chromosome in mitotically dividing celis of
Drosophila males is not replicating carlier than the auto-
somes, This may appcear to be at odds with the well-
estublished, early completion of an endoreplication cycle
by the hemizygous X chromosome in salivary pland poly-
tene cells of male larvae (Lakhotia and Mukherjee 1970;
Chatterjee and Mukherjee 1977, Lucchest and Munning
1987). However, Lakhotia and Sinha (1983) suggested that
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the carly completion of replication by the hemizygous
X chromosome in polytene nuclei of male larvae was a
special consequence of the unique requirements af the
polytene structure, and that the carly completion of vepli-
cation was not a prereguisite for an increased rate of tran-
scription of the somatically active X-linked genes in males
to achieve dosage compensation. Another aspect of the
organization of active replicons also needs to be considered
i this context. In mammalian and other cells, adjacent
replicons wre arganized as Ureplicon clusters™ (Hland 1978)
that are all activated synchronously at a given part of the
S phase and this clustering of replicons generates “repli-
cation bands™ at the metaphase chromosome level
(Holmquist 1989; Craig and Bickmore 1993). Unlike the
case in mammalian cells, replicon clusters are not seen in
Drosophila (Lakhotia and Sinha 1983 Steinemann 1980,
Lakhotia and Trwari 1985), rather, all the active replicon
origins along the entire euchromatin or heterochromatin
regions appear to be “lired” together, so that the metaphase
chromosomes of Drosophila, pulse labelled with ['H]thymi-
dine during the § phase, do not display *“replication bands”
(Holtmquist 1989 Raman and Lakhotia 1990). In the
absence ol asynchronously replicating “replicon-clusters™
in Drosophila nuclei, all chromosomes would be expected
to replicate synchronously except in polytene nuclet, where
the special constraints of polyteny result in asynchronous
carly replication of the hemizygous X chromosome in male
nuclei (Lakhotia and Sinha 1983). Thus a synchronously
replicating X chromosome in nonpolytene cells of male
Drosophila is not in conflict with its transcriptional
hyperactivity.
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