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A. CHROMOSOME CYCLES

In typical eukaryotic cells, every mitotic division is preceded by
complete doubling of the nuclear DNA for equal segregation to the
two daughter cells. During a normal mitotic cycle, complete chro-
mosomal replication is sequentially followed by chromosome conden—
sation, kinetochore separation, nuclear division and finally, the
cytokinesis. Premature completion of a cell cycle after partial or
complete chromoeome replication but prior to the sutsequent events
leads to inocreased nuclzar DNA content and specific patterns of
genome organization depending upon the point at which the cycle is
"short—circuited®”. Thus conditions like polyteny, polymnemy, poly-
ploidy and syncitial stage result from curtailment of the basiec
mitotic cycle at various pointse.

In different cell types of Drosophila, polytene and polyneme type
chromosome cycles are seen in which the curtailment occurs prior to
kinetochore separation. To avoid ambiguity, it may be noted that
these two terms are being used here to denote specific types of
nuclear organization as defined by Rieger et al (1). Thus polyteny
implies a specific nuclear differentiation in certain cell types of
some insects, protozoa and angiosperms represented by the presence
of banded polytene chromosomes. The term polynemy is used to desig-
nate either the condition of multistranded (polynemej metaphase
chromosomes or the condition of endoreplication cycles giving rise
to interphase nuclei with increased DNA content but with no discrete
banded chromosomes or chromosome Treglons.

B. POLYTENE REPLICATION CYCLES IN Drosophila

Polytene chromosomes are found in a variety of,larval and adult cell
types of Drosophila. The most well known are those from the larval
salivary glands. The replicative organization of polytene chromo-
somes has almost exclusively been studied in larval salivary glands,
the basic features of which are summarized below (also see ref. 2).

In polytene nuclei the basic unineme chromatid fibril replicates
repaatedly and the dsughter strands remain relatively extended but
their preaise lateral assvoolation results in the woll known banding
pattern of these chromoscmes. Yt is now well established that the
entire length of the basic chromatid fibril of Drosophila chromoso—
mes does not replicate equally during polytene replication cycles 3
at least three, possibly more, different levels of unequal replica-
tion are known (3,4). The bulk of the periceniromeric heterochro-
matin which is enriched in highly repetitive and/or satellite seq-
uences does not replicate during polytenization and remains conden-
sed as the a—-heterochromatin in the chromocentre region of polytena
nuclel (5-9). The ribosomal cistrons, located within the a-hetero—~
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chromatin reglons of mitotic chromosomes, show another level of un—
equal replication; these sequences polytenize but for fewer cycles
tnan the bulk of euchrumatin, whioch provides the 3rd level (10,11).
The replication cycles of the ribosomal cistrons, located within
the body of the nuoleolus of polytene cells, are temporally disso-
ciated from the euchromatin replication cycles (12) and also there
are evidencas to indicate that the different nucleolar organizer
regions do not partioipate equally in polytenization (13). ltuplica
tion of different euchromatin sequences in polytene nuclei too has
been proposed to be unegual (14) since the relative DNA contents of
consecutive band and interband regions have been found %o differ so
that certain bands way have replicated more often than others. Our
recent studies using DNA fibre autoradiographic technique have pro-
vided some information on this aspect (15, and other unpublished
data)s In disagreement with the results of another recent DNA filtxe
sutoradiographlic etudy by Steinemann (16), we find at least two

ma jor categories of replicon organization in polytene nuclei : ane
group being characterised by a long replicon size (about 60um) and

a faster rate (lpm/min) of fork migration while the other group

has shorter (about 20pm) replicons and a slower rate (O.lum/min) of
fork wigration. We have also pbtained evidaeance whioch suggests that
the firat group of replicons is sctive in the early puri of a poly-
tene S-period and the second group (shorter and slower replicons)
during the later part when heterochromatic chromocentre and certain
band regions (17) are replicating. It appears to us that this dual
replicon organization is related to the unequal poiytenization of
different band and interband regions as proposed by Laird (14). This
aspect will be discussed in detail eleewhere.

The most significant point that emerges from the above features of
polytene replication cycles is that different DNA sequences, even
those located on the same chromosome and thereby expected to be
part of the same long DNA molecule (18) participate unequally in
polytene replication cycles. Obviously, Drosophila genome has the
necessary genetic information to generate regulatory signals which
identify specific sequences and programme their unequal participa-
tion in the consecutive endoreplication cycles which result in the
highly polytenized nuclei.

C. CHROMOSOME CYCLES IN BRAIN CELLS OF Drosophila LARVAE

Larval brain ganglia contasin a heterogenous mixture of cells in
which some divide mitotically and some grow by endorsplication
cycles but do not develop a polytene organization; rather they re—
main polyneme type interphase nuclei. A few true polytene nuclei
are also seen in brain ganglia.

It is interesting that in these endoreplicating interphase nuclei
also different DNA sequences replicate unequally. The first evi-
dence for unequal endoreplication of the hetero~ and euchromatin
regions in larval brain cells was provided by the cytophotometric
analysis of Berendes and Keyl (19). Their data showed that many
of the larval brain cells in D.hydei have more DNA than expectied
in a 20/40 cell population but the relative increase in DNA content
in hetero~ and euchromatin regions of a nucleus were found to be
not same, the heterochromatic chromocentre usually showing lesser
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increase. This indicales tbat in larval brain cells, the hetero~-
and euchromatin may endoreplicate to different levels. It may be
noted that unlike in polytene ruclei in whick bulk of the hetero-~
chromatin protatly never replicates (5~9), in larval brain cells
the heierochromaiin also endoreplicastes but usually lees often than
euchromaline Moreover, since the euchromatin regions in larval
brain cells also do not attain very high levels as in salivary glar:
polytene cells, the disparity in the relative contents of eu-and
beterochromatin in larval brain tissue is much less marked and
therefore, all the satellite and/or highly repetitive sequences are
identifiable in larval brain tissue (7).

Fluorescenge and asutoradiographic studies on brain cells of D.nasuta
in my laboratory (20) have confirmed Berendes and Xeyl's (19) obser~
vations. On the basis of these results, the endoreplication cycles
of betero~ and euchromatin regions of a nucleus in larval brain
appear to be autonomous so that a nucleus may replicate its euchro~
matin regions for one or more cycles without any iumediate DNA
synthesis in the heterochromatin; after a few such partisl endo-
replication cycles, the heterochromatin regions may also replicate
for one or more replication cycles. Such partisl endoreplication
cycles result in polyneme interphsse nuclei having varying levels
of under- of aver-replication of heterochromatin (19,20). 1In a
recent study, Grimm and Kunz (21) have observed disproportionate
amounts of rDNA sequences in larval brain cells of certsin trans—
location (Y~autosome) stocks of D.hydei. Since these authors have
considered the larval brain tissue to be "diploid™, they believe
"this *DNA increase can not be the result of regulatory mechanisms
which act during endomitotic DNA replicetion". However, in my view
the observed disproportionate rDNA replication is indeed related to
the endoreplication cycles taking place in larval brain cells. It
is likely that the increased number of rDNA sequences found & parti-
cular genotype, in comparison to the wild type or oiher genoiypes,
is related to alterations in the endoreplication programme of speci~
f%c sequences brought about by chromosome rearrangement (see Section
D).

The mitotioc cells in larval brain always show diploid chromosome
number inspite of the high incidence of endorepliocsting cells in
the tissue. If the endoreplicating cells ococcusionally switch over
t{o0 a mitotio cycle, they would be expected to generate either poly-
ploid metaphases with unineme chromatids or diploid metsphasses with
polyneme chromatids. The lateral strandedness of metaphase ohromo-
somes in brain tissue of Drosophila larvse has been a matter of
debates In view of the normsl diploid chromosome number in all
mitotic cells and the presence of all satellite sequences in larval
brain ganglia, and the overwhelming general evidnece for uninemy of
eukaryotic chromosomes, the brain tissue of Drosophila larvae has
usually been considered to consist lsrgely of typicai 2C/4C cells
(7421,22). However, in view of the above noted evidences for the
occurrence of endoreplication cycles, it appears erroneous to ocon-
sider the larval brain tissue to be predominantly dipleoid. As men—
tioned earlier, the occurrence of all satellite and repetitive seq—
uences in larval brain ganglia does not demand & dipleid condition
since their presence is to be expected with the paitern of endo~
replication cycles occuring in these cells. Thus the poseibility
of mitotic chromosomes in this organ being polyneme can not be
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ruled out.

Rarlier cytophotometric studies (23) suggested an increase in the
DNA content in metaphase cells in 3rd instar larval brain over
those in the lst instar larval brain and this was implied to indi-
cate inorease in the lateral strandedness with increasing larval
age (23). These results, however, have not been confirmed in a
later study (24). We bave been studying the strandedness of meta-
phase ohromosomes in brain cells of D.nasuta larvae for the past
few years (25,26) by applying the very sensitive bromodeoxyuridine
~GClemsa staining and 3H~thymidine autoradiography techniquese. OQur
results have favoured the interpretation that while the undifferen~
tiated early embryonioc cells of Drosophila have unineme chromosomes,
in late larval brain cells, the mitotic cells have multi~stranded
chromosomes. This aspect has been discussed in detail elsewhere
(27,28)»

On the basis of above, we believe that in brain tissue of Drosophila
larvae, repeated endoreplication cycles may be periodically inte-
rrupted by chromosome condensation and mitotic division cycle =o
that polyneme interphase nuclei give rise to "diploid™ wetaphases
with polyneme chromosomes. In this context, it may be asked if the
endoreplicating cells which decide to switch over to a mitotic
division are only those in which_ the hetero~ and euchromatin regions
both have replicated immediataely prior to mitosis or other cells
may also come to mitosis ? I will present here some rasults which
suggest that the endoreplicated interphase nuclei in which the hete-
rochromatin and euchromstin regions have replicated in independent
gycles, and possibly unequally, also enter mitosise.

These studies have been done with brain ganglia from late 3rd instar
larvae of D.nasuta. The mitotic karyoilype (2n=8) in this species
includes 3 vairs of large chromsomes (acroventrie or sub-metacentric
X, metacentric 2nd and acrocentric 3rd) and a pair of small doi~like
4th chromosomesj the Y-chromosome in male is a medium-sized sub-
metacentric (28,29)e All chromosomes, otherthan the tiny 4th, carry
prominent pericentromeric heterochromatin blocks (see fig. 1).

The excised larval brain ganglia were cultured in vitro (30) for
labelling with 3B—thymidine- In one set, freshly axcised ganglia
were pulse labelled with JH-thymidine (50pCi/ml; sp.act. 15.8 Ci/mM,
BARC) for 30 min, immediately fixed in fresh 133 aceto-methanol snd
sir-dry preparations (29) were mades In a segond set, freshly exci-
sed ganglia were cultured in the presence of “H-thymidine (2uCi/ml)
and calchicine (0.5pg/ml) for 24h_or 48h. " In a 3rd set, the ganglia
weTe ocultured in the presence of “H~thymidine (2uCi/ml) for a period
of 24h of which the first 19h were without and the last S5h were with
colchicine (O-Wug/ml).

Since the replication cycles of different cells in brain ganglia of
normally growing 3rd instar larva are highly asynchronous, in ano~
ther series of experiments, an attempt was made to synchronize their
replication cycles by feeding mid 3rd instar larvae on 5~fluorode~
oxyuridine (FdU) supplemented medium (200Pg/g food)s It has been
shown that aftier 24h FdU-feeding, the replication cycles in nearly
all salivary gland polytene nuclei sre blocked at the beginning of
the S-period (31,32)s For the present study also, in the initial
experiments the larvae were fed for 24h; results suggested that the



Fig. 1. Metaphase chromosomes from late 3rd instar larval brain
ganglia of D.nasuta. Note the dark stained heterochromatin
regions of all the larger chromosomes. x 2800

Fig. 2a-c. Patterns of 3H-—thymidine labelling of larval brain
interphase nuclei s a unsynchronized ganglia pulse labelledj
b Th in vivo FdU-synchronized ganglia pulse labelledj

¢ FdU-synchronized ganglia chronically labelled for 2sh.
Unlabelled —5§ chromocentre labelled > j; euchromatin labe~
1led —=3 both labelled---» . x 1000.

Fig. 3. A cluster of metaphases in brain ganglia exposed to
colchicine in vitro for 24h. x 1000.
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Fig. 4. Metaphases in unsynchronized brain ganglia labelled
chronically with 3H-thymidine for 48h (a-d) or 24b (e-f).

a A 4N prometaphase and a 2N metaphase with only the hetero-
chromatin regions labelled, b the same plates after removal of
silver grainsy ¢ a 4N metaphase with heavy labelling of
heterochromatin of both chromatids of all chromosomes but with
only one chromatid of each chromosome labelled in the euchroma-
tin regions, d same plate after degraining; e a 4N metaphase
with labelling mainly on the heterochromatin regions of all
chromosomes; I another 4N metaphase with predominant labelling
of heterochromatin regions but in some chromosomes, one of the
chromatids is distinctly unlabelled ( —=). x 2800.
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replicating nuclei in brain ganglia are being synchronizedj however,
the mitotic chromosomes in these 24h FdU-fed larvae showed some
damasge and therefore, in later experiments shorter durations of FdU
treatment were applied. It was found that a Th PdU-feeding slso
induces as good synchrony in replicating brain cells as a 24bh feed~
ing period but with little chromosome damage and therefore, in the
experiments reported here, mid 3rd insiar larvae of D.nasuta were
fed on FdU-food for 7Th only. After this synochronizstion period,

the brain ganggin wore excised and one set was lmmedistely pulse
labelled with “H-thymidine (50pCi/m1) for 30 win and fixeds a 2nd
set of §angli- was cultured in vitro for 24h in the continued prese~
nce of °H-thymidine (QPCi/mljﬁbnd colchicine (O.Qu ml)s In a 3rd
set, the excised ganglia were first labelled with JH-thymidine for
19h after which colchicine was added to the same medium and 5h later
the ganglia were harvestede.

In each of the above cases, after the period of labelling eir-dried
chromosome preparations were masde and autoradiographed in the usual
manpers For each labelling schedule at least 6 brain ganglia were
useds The availability of 3H—thymidina in the medium after the 24h
or 48h labelling period was ascertained by culturing fresh genglis

in the used culture medium 3 in each cese it wes found that the
fresh ganglia are as well lavelled in the used medium as in the fresh
medium and this assured that the label was available in the medium
for the entire duration.

The autoradiograms were scored for the patterns of labelling on
interphase and metaphase nuclei. The data on the labelling patterns
of interphase nuclei in Oh pulse and 24h chronic (with colchicine
during the last 5h) labelled ganglia from unsynchronized and in vivo
FdU-synchronized larvae are presented in Table le In all cases,

65 to 85% interphase nuclei (larger as well as emaller sized) remain
unlabelled while among the labelled nuclei, 3 categories are seen 1
i)only the heterochromatic chromocentre labelled; ii) only the eu~
cbromatic non~chromocentre region labelled, and iii) both regions
labelled (fige 2). It is seen that compared to the Oh pulse labelled
samples, the frequencies of completely labelled nuclel increase while
those of euchromatin lsbelled nuclei decreases in 24h chronic labe—
lled ganglia both in the unsynchronized and synchronized series (see
Table 1). Tkis shift is more pronounced in the FdU-synchronized
ganglia since in them the initial frequency of euchrcmatin labelled
nuclei is much higher which indicated that as in the case of sali-
vary gland polytene nuclei (31,32), in brain ganglia also FdU has
blocked replicating nuclei at the beginning of their S-period. 1In
this context, the persistence of about 8% nuclei with 3H-thymidine
incorporation restricted to the heterochromatin region in the syn-
chronized brain cells (Oh) is significant and appears to be related
to the earlier discussed autonomy of endoreplication cycles of eu-~
and heterochromatin regions of a nucleusj prior to FdU~block,

these nuclei may have been programmed or engaged in endoreplication
of heterochromatin and upon release from the block by 3H-thymidine,
they resumed DNA synthesis in heterochromatin._In unsynchronized

as well as synchronized ganglia labelled with 3H--thymidine for 24h,
about 9~10% nuclel still show heterochromatin labelling (Table 1),
In an earlier study (20) also we found about 5% nuclei showing DNA
synthesis only in the heterochromatin region during a 66h long
labelling period. A consideration of the labelling patterns of
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metaphases in different samples (table 2) suggests that the hetero-
chrcaatin labelled interphase cells do not telong to a stavic popu-
lationj rather many of these cells enter mitosis since the propor-
tion of metaphases with 3H-thymidine labelling in heterochromatin
regions only is high in 311 the samples analysed (see table 2).
Thus to maintain the pool of 5 to 10% hsterochromatin labelled
interphase nuclei at the end of long chronic labelling periods,
fresh cells must continue to enter heterochromatin replication
ocvocles during the labelling periode.

Table 1. PATTERNS CF AUTORADIOGRAPHIC LARELLING OF‘ihTERPHEEB
CLEI IN BHAIN GANGLIA LABELLED IN VITKO WITH

H=THYMIDINE
Culture Labelling Total & Different Labelling Pautterns#
Period Nuclei Eu- Hetero- all

Labelled Labelled Labelled

Unsynchronized 30min pulse

{Oh sample) 1831 T.9 13.8 l.4

- do ~ 24h chronic 2235 0.9 93 (Y]
Synchronized 30min pulse -

(Oh sample) 2811  24.2 8.3 2.3

~do - 24h chronic 1734 0.5 9.8 19.9

* the remaining nuclei are unlabelled in each sample

TABLE 2. PATTERNS OF AUTORADIOGRAPHIC LABELLING OF 2N METAPHASES IN
ERAIN GANGLIA CHRONICALLY LABELLED IN VITRO WITH

3H-THYMIDINE
Culture Labelling Colchi~ Total Freguency (%)
Period cine Meta- Unlabe- All Hetero—~
Period vhases lled Labe Labelled
Unsynchronized O-24h 0-24n 883  35.8 2405 3947
- do - 0-24h 19-24h 529 18.9 49.1  31.9
- do =~ 0=48h 0-48h 760 3443 18.9 46.7
Synchronized 0-24h 0-24h 158 . 9.5 68.3 22.1
- do ~ 0=24h 1924k 369 6.0 77.2 16.8

For analysing the replication patterns of cells progressing into
mitosis, long periods of labelling (24 and 48h) have been used and
also colchicine was either given for the entire period or only
during the last S5h of labelling. 1In the case of typical mitotically
cycling cell populations in which during every S-period, euchroma-—
tin replication in early and mid-S is chronologically followed by
heterochromatin replication in late S, specific predictions can be
msde regarding the labelling patterns observable on metaphases in
such experiments. In an asynchronously proliferating population
of cells labellgd for long periods (longer than average cell cycle
duration) with “H-thymidine in the presence of colchicine, the
proportion of unlabelled and only heterochromatin latelled metapha~
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ses should decline with inoreasing durations of labelling and col-
chicine exposure since during the longer time span, more and more
early S and (3 cells would have traversed through the interphase
and get blocked upon reaching metaphsse stage; thus completely
labvelled metavhases would continuously dilute the pool of earlier
blocked unlabelled and heterochromatin labelled metaphsses. On the
other band in those chronicully labelled cultures where colchicine
is added only during the last few hours of culture, the proportian
of unlabelled and heterochromatin labelled metaphases should be very
low if the average cell cycle duration is shorter than the 3H—thy—
midinae labelling period. It may be notedthat tbe 24h 3H--thymidine
labelling period employed in this study is longer than the estima~
tes of the average cell cycle duration in brain ganglia of Droso~

Ehila (22130’33) .

Results of the present study, shown in table 2, do not conform to
the above expectations. Before considering the readts , it mey also
be noted that under the in vitro culture conditions used in these
studies, the progression of cells to mitosis is not disturbed since
the mitotic index has been seen to be progressively higher with
increasing length of colchicine exposure {data not presented, but
ses figs 3L; besides the frequency of 4N or even 8N metaphases
(arising due to progression of some of the arrested metaphases to
2nd or 3rd mitotic cycle) hes also been found to increase with in-
creasing colchicine exposure period. Thus the present resulis are
not distorted due to impaired witotic progression rates. To ensure
that the observed labelling patterns are those of the lst cycle
metaphases, the 4N metaphases present in different samplec have not
been included in the data presented in table 2. In the unsynchroni-
zed 24h labelled samples, although the frequency of unlabelled
metaphases in ganglia exposed to colchicine only for the last 5h is
nearly half that in the 24h colchicine exposed ganlgia, the freguen~
cy of heterochromatin labelled metaphases is only slightly less in
the 5h colchicine (31.9%) than in the 24h colchicine (39.7%) sample
(ses Table 2). 7The higher freguency (46%{ of heterochromatin labe~
lled metaphases in ganglia labelled with SH—thymidine for 48h in

the presence of colchicine is also contrary to the expectations
based upon typical mitotic cell cycles. Trhe decline in the freguen-
cy of unlabelled and heterochromatin labelled metaphases in the F4U
synchronized series cowpared to those ln the unsynchronized series
appears to reflect the overall mitotic synchrony induced by the FdO
treatmont. However, in these 24h 3H—thymidine labelled synchronized
ganglia also, the frequency of heterochronmatin labelled metaphases
in the Sh colchicine exposure series (16.04) is not much reduced
compareg to that seen in the 24h colchicine exposure series (22.1%,
table 2).

These observations on the mstaphase labelling patterns when consi-
dered in conjunction with the earlier (20) demonstrated autonomy

of hetero- and eu~chromatin endoreplication cycles in larval brain
cells and the interphase labelling data presented here, lead us to
believe that in the larval brgin tissue a cell entering mitosis

may have had replicated only the heterochromatin rsgions during the
S-period immediately preceding mitosis. It is possible that during
the earlier endoreplication phase, the euchromatin regions of a
nucleus replicated a few times mwore than the heterochromatin so that
the nucleus at this stage has a disproportionately lower heterochro-
matin content than prior to endoreplication cycles. When this aell
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has to enter mitosis, it may need to replicate only ics neterochro-
matin regions. In previocus studies (34,35) evidence was obtained
for more frequent replication of euchromatin during endorsplication
oycles progressing in early stages of larval development.

Since brain cells which have had replicated eu- and heterochromatin
regions in independent endoreplication cycles have been seen to
enter mitosis with multi-stranded chromosomea, the possibility that
as in polytene chromosomes, in the polyneme metaphase chromosomes
also the number of lateral strands in the eu- and heterochromatin
regions is unequal, needs consideration. This situation would arise
if endoreplicated cells having disproportionate levels of hetero-
and euchromatin were to be triggered to enter mitosis. Evidence in
favour of these events have been obtained in the results of above
mertioned exveriments. As mentioned earlier3 in the preparations

of brain ganglia labelled continuously with “H-thymidine for 24 or
4Bh in the presence of colchicine, 4N metaphases are also present.
In the unsynchronized set, about &% of all metaphases in the 24h
sample and about 14% in the 48h sample are tetraploid. In the syn-
chronized 24h set, the frequency of 4N metaphases is higher (35%)
presumably because of the FdU induced synchronous progression of
cells to nitosise As expected all the 4N metaphases are labelled
with 3H-thymidine. However, it is very significant that cdout 10

to 19% of these 4N metaphases. show labelling or only the heterochro-
matin regions (fig. 4). Since 4N netaphases are never seen after a
shorter colchicine exposure (23,27), those seen after the longer
colchicine treatment must be the arrested 2N metaphase cells enteri-
ng a second mitotic cycle. Thus all the 4N metaphase cells seen in
this study must have traversed through at least one S-period in the
vresence of 3H-thymidine; typically, these 4N metaphases then
should show uniform labelling of eu~ as well as heterochromatin
regions. Labelling of only the heterochromatin regions in some of
the 4N cells shows that the euchromatin regions of different chro~
mosomes did not replicate in the S-period immediately preceding the
4N stage. This implies that either these 4N metaphases have overw
replicated heterochromatin or that at the 2N stage, the metaphase
chromosomes contained under-replicated heterochromatin regions. 1In
either case, these results make it possible that metaphase chromo-
somes with unequal number of lateral strands in hetero— and euchro-
matin regions may occur in larval brain ganglia. Whether the comple-
tely labelled metaphases may also have unequal lateral multiplicity
of certain regions can not be ascertained from present results. We
are now examining this aspact by cytophotometric methodse.

Results comparable to the above have also been obtained in parallal
experiments (data not presented here) using bromodeoxyuridine or
3H-bromodeoxyuridine incorporation and Giemsa staining and autora-
diography.

Other unusual types of autoradiographic labelling have also been
sean in the 2N and 4N metaphases in these prepsrations of brain
ganglia chronically labelled with JH—thymidine for 24 or 48h. In
all samples, in 10 to 20% of the heterochromatin lsbelled 2N meta-
phases some chromatids of different chromosomes or both ohromatids
of some chromosomes were not labelled. In a few of the 4N metapha-
ses, both chromatids of all chromosomes were labelled 1in hetero—
chromatin regions but in the euchromatin regions, labelling was
present only on one of the two sister chromatids cf all or some
chromosomes (see fig. 4). Likewise, in several other 4N metaphases,



- 297 -

while all sister euchromatin regions were labelled, several hetero—
chromatin segments were not labelled. Significance of such labe-
11ling patterns is not immediately clgar but their presence is
indicative of rather unusual patterns of replication and segrega-
tion of the label to daughter chromatids in these polyneme chromo-
somes.

Some other features of metaphase chromosome labelling in brain
ganglia of D.nasuta larvae may also be noted here. During our
studies it has often been noted that if ganglia are pulse labelled
for 20 to 30 win with 3H~thymidine and immediately fixed, a few of
the metaphases present in these preparations show distinot labelli-
ng of heterochromatin regions of all chromosomes; +this suggests

a near absence of G, phase in these cellsj besides about 10 to 15%
of metaphase cells have been seen to complete 2 mitotic oycles
within 3 to 5h as evidenced by the pstterns of BrdU-Giemsa staining
‘of chromosomes (30) and also by the appearance of a few 4N metapha-—
ses in ganglia exposed to colchicine for 4~5h. These observations
may indicate a relatively brief mitotic cell cycle duration in
brain ganglia of D.nasuta larvae. However, other observations su-
gzest a much longer mitotic cycle duration in these _cells s in the
present study it has been seen that even after 1%h 3ﬁ~thym1dina
labelling followed by 5h colchicine (and 3H~thymidine), about 19%
of the metaphsses remain unlabelleds in an earlier study (35) about
12% metaphases were seen to Temain unlabelled after 66h gabolling
(with colchicine for the last lh) of brain ganglia with “H-thymidine.
These observations suggest an unusually long Gy periocd in these
cells. Equally intriguing is the observation that when brain gan-
glia of D.nasuta are pulse labelled with 3H—thymidine, chased in
radio-isotope free medium and exposed to colchicine only for the
last 1-2h, metaphases with both chromatids labelled either in hetero-~
or euchromatin or boih regions continue to be seen in high frequen-
cies even as late as 60h after the pulse (35, and other unpublished
data). Simplest interpretation of all these observations would
appear to be that in the e¢ndoreplicating mitotic cell population

in brain ganglia of D.nasuta larvae the "Go" pericd is highly varia~
ble. As discussed elsewhere (27), the persistence of labelling of
both chromatids of all or some chromosomes in the later chase sam—
ples is more likely to be related to these chromosomes being poly=-
nemice

There have been relatively fewer earlier attempts to study the cell
cycle patterns in brain ganglia of Drosophila larvas. Steinemann
(22) has estimated the cell cycle parametera in brain ganglia of
D.virilis larvae on the assumptions that the brain cells are diploid
and are an exponentially growing population of cells. On thaese
assumptions, Steinemann estimates the cell cycle duration to be about
23b, S about 12h and Gy about Th. Our observations on brain ganglia
are not in agreement with Steinemman's (22) conclusions. Species
differences cauld account for some but not all the differences bet—
ween the two sets of observations. It is, however, to be noted that
Steinemann (22) has totally ignored endoreplication cycles in larval
brain cells although the photomicrographs of interphase nuclei pre-
sented in hise fig. 2 distinctly show the presence of very large and
smaller nuclei which suggests thst in D.virilis brain ganglia too
endoreplication cycles occur as in D.hydei (19), D.melanogaster (23)
and D.nasuta (20). It also appears likely that the ice treatment
employed by Steinemann (22) to stop the pulse before chase in the
radio~isotope free wedium, alteres the progression of different oells
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to endo~ or mitotic replication cycles. Moreover, pulse labelling
studies alone cdo not provide information about the endoreplicating
cells and their progression to mitosis., Thus Steinemamn's (22)
results are not necessarily in conflict with the present observa-
tions, although the interpretations in that study appear to be too
simplified and based on incorrect assumptions of larval brain cells
being diploid and exponentially progressinge

To summarise the above, the following proposal is made to satisfa~
ctorily explain the varied observations made on the replication
patterna in brain cells of D.nasuta larvae s in these cells the
endoreplication and mitotic cycles are not mutually exolusive; a
transition probability (analogous to the transition probability

of entry of G, or G) celis into S-period in other typical mitoti-
cally cycling cells, see Tef. 316) determines the passage of an
endoreplicating cell to mitotic division cycle with polyneme chro-
mogomesj thus an endoreplicsted cell may immediately divide after
ita last DNA synthesis period or may remain quiscent for a longer
time before it is triggered to enter mitosis in a probabilistic
fasbiones During the intermitotio period the nucleus may endoraepli-
cate 1ts eu—~ and hetero-chromatin regions in independent and possi-
bly unequal oyoles. -

D. GENETIC AND DEVELOPMENTAL IMPLICATIONS OF ENDOREPLICATION COUPLED
MITOTIC CELL CYCLES

Role of heterochromatin in cellular activity is not known. Yat the
quality and guantity of heterochromatin in the genome is well known
to influence the phenotype in various ways in Drosophila and other
organisme. It is also significant that the satellite sequence compo-
sition in different cell types of DNrosaophila larvae and adult varies
in a characteristic manner (37). Apparently, this variability is
generated by specific patterns of replication.

Unequal participation of different DNA sequences in polytene repli-
cation cycles in Drosophila has been demonstrated in several cases
and implied in otheré—%Eee Section B)e Our ressults (Section C) on
the larval brain cells have raised the possibility of comparahble
unaqual replication of different sequences in mitotic chromosomes

as well. In the simplest terms, we may praesume that the same mecha-
nisms which osuse and regulate diffarential replication of specific
sequences in polytene chromosomes, are operative in mitotically
active polynsme somatic cells also. It is very likely that a multi-
stranded organization of mitotic nuclei provides tha basis for gene-
ration and propagation of cells having different relative amounts

of satellite and other sequences in a cell and tissue—specific mannen
Non-polytene cells in adult tissues of Drosophila have been found te
hsve .varying amounts of different satellita sequences (37). More~
over, Spradling and Mahowald (38) have shown amplification of choriocn
genas in endoreplicated follicle cells in ovary of adult Drosophila.
This later obgervation aleo raises the poassibility that mslective
gens amplification of highly active loci in specific oall types of
Drosophila may be more common than hitherto believed (38). It is
gignificant that the so far demonsirated instances of selective gene
amplification in Dipteran cells have been found either in highly
polytene cells ("DNA puffs” in Soiara, ref, 39) or in endoreplicatad
ovarian follicle ocells of Droaopbila (38)3 - the pousible unequal
polytenization cf 2ifrerent bands in salivary glands of Drosophila
larvae (14,40) may also be related to comparable gene amplification
processess Therefore, it may appear that endoreplication cycles
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are assoclated with the process of selective gene amplification,

at least in Drosophila. Our demonstretion of widespread occurrence
of endoreplicatian cycles even in the mitotically active somatic
cells of Drosophila thus becomes significant from the viewpoint

of ocell differentiations )

An interesting but little understood process related to hetero-
chromatin is the phenomenan of position-effect variegation. In
Drosophbila and seversl other eukaryotes, 1t is known that when a
chromosaomal rearrangement relocates a euchromatic region within or
very close to heterochromaiin, ithe expression of genes in the
Telocated position becomes variable and this resulis in a variegated
phenotype if the relocaied segment bsars s dominant wild type gens
and the unaltered homolsg carries its recessive allele. Extensive
gerciic and developmental studies have bean carried out on position
effect variegation in Jrosophila and these have been revieved seve-
ral times recently to which reference may be made for details (41,
42}« However, inspite of these extensive studies the besis for

the variegated expression of genes transposed closer to heterochro=—
matin is not understood. Nevertheless, it is generaslly presumed
that the aoctivity of the euchromatic looue when placed in proximity
to heterochromatin is inhibvited in gsome but not wll cells snd this
results in the variegated expression. Evidences show that the var-
iegating gene is not physically lost from the cells showing mutant
phenotype but its asctivity is altered (43). An important feature
of variegation is its olonal expression, i.s., in & clone all ocells
will either have the relocated gene in inactive state or amotivae
statet moreover, the decision' rggarding sctivity or inactivity

of the transposed locus is made long before the gene has to actually
express iteelf. Thue once s ‘decision' for inactivation of the re-
located locus has been mede in a ocell, all ita progeny continue to
show inactivity of tha loous (see ref. 41,42 for further details).

Dus to incressed cytologlicsl resolution offered by polytene chro~
. mopones, & ocyltological approach has also heeg?ade to study this
phenomenon. Without going into details of the various obmervations
on this sspect, it may be hriefly stated that the euchromatio seg-
ments transposed to hetercchromatin generally show a variable deg-
ree of under-replication and "heterochromatinization” (40,44~4B)
The altersd nucleic acid metabolism of Chromosomes (44) or variable
under~replication of euchromatin loeci transposed 1o heterochromstin
as seen in polytene nuclei may provide a basis for the variegated -
phenotype since depending upon the extent of under~-replicastion of
the relocated locus, its transcriptionsl activity may be more or
less {49). Howevar, in a recent siudy, Henikoff (50) has in situ
hybtridived oloned DNA smequenoes to a variegating loocus in polytens
nualei and hae found thst the lavel of polytueny is not greatly
affected at the inactive gens site and thus he has suggested that
the variable ability of a gene to be transcriptionally induced is
not dependent upon its gene dosages. Howvever, aas also noted by
Henikoff (50), in situ hybridization would not deteoted the diffe—
rences in polyteny as precisely &s cytophotometry. In this context,
another obssrvation by Cowell and Hartmann—Goldastein (40) is interea-
ting. They found by microdensitometry of polytens nuclei that while
the trensposed euchromatin region immedistely next to heterochroma
tin bWreskpoint contains less DEA tban the normsl homolog, an adje~
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cent intercalary heterochromatin sits on the transposed chrowmosome
has more DNA ihan the homologous site on tke normal chromosome. We
have elso observed {4.Mishra and Lakhotia, unpublished) that in
polytene nvclei of D.melanggaster larvae carrying ! inversion in
the X-chromogomes (for details of the inversion, ses ref. 51), the
replication programme of certain bands away from. the heterochromatin
relocation point is altered in a characteristic manner although some
bande oloser to the breskpoint are not so auch affecled. Viewod in
the light of these results, Henikoff'a (50) data do not eliuminate
the poussibllity that while the replicative programms of the coding
sequences has remained relatively unaltered in his material, that

of certain other neighbouring sequences does got modified iu the
rearrangod chromomome and which in turn muy iufluence the itnduscibi-
lity of transpoription at the locus in the iransposed chromououmes

Taken together these observations in salivary glend polytene chro-
mosomes generally support the view held by Schultz (44,49) that
the variegated expression of a relocated gene is related to its
altered endoreplication programme. Till now it has generally been
implied that the altered replication progrsmme of a ralocated gena
may ba & phenomenon rastricted to non-proliferating polytene type
nuclel. The proliferating mitatic cells, whose terminel progeny
cantributed to the bulk of adul4 Irosophila body, have been belie-
ved to ba diploid and therefore, alterations of the kind seen in
polytane replication cycles c¢ould not ba visualized to be the bass
for position effeat varkgation in imaginal cells (see reof. 42).
However, the view proposed here that mitotically proliferating cell-
in Drosophila may also endoreplicete makes it pousible to think of
a unified basis for position effect variegation in all cell types
of Drosophila. In another study (52) undifferentiated wing imagi-
nal disk cells in 3rd instar lsrvae of D.nasuta also have been
aeen to be engaged in endoreplication oyocles with disproportionute
replication of hetero- and euchrometin. In a wore recent study (43)
we have obtained evidence for suoh endoreplisation cycles in wing
imaginal disks even during early larvel stages. Extrapolating the
results obtained with larval brain cells, it would appear that the
mitotic chromosomes in imaginal disk cells arg also polyneme«

In viev of the above discussion, the following proposal is made in
relation to position effect variegation : In majority of somatic
cells of Drosophila endoreplication cycles occur with or without
interspersion of mitotic division. During these endoreplication
cycles, various levels of under- or over-replication of specific
sequences acour in a tissue specific mannery in instances of posi-
tion effect variegation, these replication cycles are variagbly
modified under the influence of nelghbouring sequences and this
leads to the varlegated expression of the affected gene in diffe-
rent cells because of differences in the guantity and gquality
either of the coding sequences or of other associated sequences or
both. The interspersicn of mitotic divisions with endoreplication
oyoles makes 1t possible that a partioular level of under- or over-
replication of oertain sequences can be clonally propagated. This
can satisfactorily explain the olonal initiation of the variegated
effects The modifying aeffgcts of exira heterochromatin, develop~
mental temperature and other faoctors on the extent of variegation
(41,42} may operate through modulation of the endoreplication cycles.
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Recent Tesults of Grimm and Kunz (21) on the altered levels of

TDNA sequences in brain ganglia of D.hydei larvae carrying certain
Y-autosome translocation may thus be related to position effect
variegation such that compared to the degree of under-replication
of TDNA sequences in the brain cells of wild type larvae, the
specific Y-autosome translocation causes the TDNA sequences to
escape under-replication during the endoreplication cycles. [karlier
obaservations by Baker (54) on the altered levels of TRNA content

in certain X-chromosomal inversions of D.melanogaster which relocate
the nucleolar organizer regions from its normal heterochrowatin site
to the vicinity of euchromatin, may also be relsted to the changed
programme of replication cycles of rDN4 In the rearranged position.

If the above proposed mechanism of position effect variegation in
Drosophila is valid in its essential principles, the molecular ba-
wig of the elmilar phunomenon asooclated with the inactive X-ohromo-
some in female mamwals (H9) would be bunlowlly Jdifferunt. The appu-—
rent similarity in the phenotypic effects of position eftfeot varie—
gation in Drosophila and mammals need not imply a cowmmon basic cause.
While in mammals this phenomenon is associasted with facultatively
heterochromatinized (56) X-chromosome, in Drosovhila and several
other orgsnisms this phenomenon is related to resrrangements invole
ving constitutive heterochromatin. The inactivation of one X in
female memmals has been suggested to be dus to specific pattierns of
methylation of cytosine (57) while in Drosophila genome methyl-cyto
uvine im absent (A. Riggu, personal communicutlon) and thusg the
"spreading” of inactiviiy to the relocated euthromatic segments may
be due to different ceuses in the two instances It remains to be
seen if cohromovomal Tearrangements involving conutitutive hetero=~
chromatin in mammals also cause position effect variegation.
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