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behavior of replication signals in the first minutes of 
the S phase at the ultrastructural level. We identified 
replication initiation zones where initiation occurs 
stochastically. These zones differ significantly in the 
probability of replication initiation per time unit. 
There are zones in which initiation occurs on most 
strands of the polytene chromosome in a few min-
utes. In other zones, the initiation on all strands takes 
several hours. Compact bands are free of replication 
initiation events, and the replication runs from outer 
edges to the middle, where band shapes may alter.

Keywords  Drosophila · origin efficiency · polytene 
chromosome · replication initiation zone · replication 
timing · structured illumination microscopy

Abbreviations 
3D-SIM	� Spatial structured illumination 

microscopy
BSA	� Bovine serum albumin
DAPI	� 4′,6-Diamidino-2-phenylindole
EdU	� 5-Ethynyl-2′-deoxyuridine
FISH	� Fluorescence in situ hybridization
h	� Hours
min	� Minutes
INTs	� Intervals between rb-bands
ORC	� Origin recognition complex
PBS	� Phosphate-buffered saline
PCNA	� Proliferating cell nuclear antigen
PCR	� Polymerase chain reaction

Abstract  Studying the probability distribution of 
replication initiation along a chromosome is a huge 
challenge. Drosophila polytene chromosomes in com-
bination with super-resolution microscopy provide 
a unique opportunity for analyzing the probabilistic 
nature of replication initiation at the ultrastructural 
level. Here, we developed a method for synchroniz-
ing S-phase induction among salivary gland cells. 
An analysis of the replication label distribution in the 
first minutes of S phase and in the following hours 
after the induction revealed the dynamics of replica-
tion initiation. Spatial super-resolution structured 
illumination microscopy allowed identifying multi-
ple discrete replication signals and to investigate the 
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Rb-bands	� Polytene chromosome bands char-
acterized by the presence of “ruby” 
chromatin according to Zhimulev 
et al. (2014) and Kolesnikova et al. 
(2018)

RNAPIIser2ph	� RNA polymerase II phosphorylated 
at serine 2

SSC	� Standard saline citrate
TAD	� Topologically associating domain
WF	� Wide-field

Introduction

Eukaryotic replication origins are defined by origin 
recognition complex (ORC)-dependent loading of the 
Mcm2-7 helicase complex onto chromatin in the G1 phase 
(Bleichert et  al. 2017). After loading onto chromatin, 
Mcm2-7 complexes are significantly redistributed across 
chromosomes and cover a substantial part of the genome 
with gaps within active transcription zones (Powell 
et  al. 2015). Each potential replication initiation origin 
has certain efficiency and characteristic activation time. 
The origin activation time and efficiency are not related 
directly. Some later-activated origins are efficient, and 
others are not. Some origins are inefficient due to their 
proximity to earlier origins, while others are inefficient 
by themselves (Raghuraman et al. 2001; Weinreich et al. 
2004). Origin efficiency in yeast varies widely and can 
reach 90% (Raghuraman et  al. 2001; Heichinger et  al. 
2006). In metazoans, origins are much less efficient. Well-
characterized origins fire in 5–20% of cells (Lebofsky 
et  al. 2006; Hamlin et  al. 2008). This low efficiency 
indicates that replication initiation events are probabilistic, 
and that their distribution may vary between different cell 
types and among subsequent cell cycles (Méchali 2010; 
Rhind et  al. 2010; Herrick 2011; Wang et  al. 2021). In 
recent years, several powerful approaches emerged that 
allowed genome-wide analysis of the probabilistic nature 
of replication initiation (Löb et  al. 2016; Dileep and 
Gilbert 2018; Wang et al. 2021; Massey and Koren 2021). 
It is assumed that almost any site of the genome can 
initiate replication, but ORC assembly sites are considered 
the most efficient potential replication initiation sites 
(Wu and Nurse 2009; Borowiec and Schildkraut 2011; 
Gros et al. 2015; Powell et al. 2015; Miotto et al. 2016; 
Petryk et al. 2016). Usually, potential replication origins 
cluster to form so-called replication initiation zones. In 
humans, their median size is ~40 kbp (Tao et  al. 2000; 

Dijkwel et  al. 2002; Anglana et  al. 2003; Hamlin et  al. 
2008; Borowiec and Schildkraut 2011; Lubelsky et  al. 
2011; Mesner et al. 2011; Bechhoefer and Rhind 2012; 
Besnard et al. 2012; Demczuk et al. 2012; Mesner et al. 
2013; Petryk et al. 2016; Wang et al. 2021). When the first 
origin is activated within a cluster, neighboring origins 
become inactivated via interference with an extension of 
up to 100 kbp (Lebofsky et al. 2006).

Drosophila salivary gland polytene chromosomes 
are composed of 2 × 1024 DNA strands representing 
both homologues. All strands are cohesively aligned in 
parallel. The visible band/interband pattern reflects the 
genome organization (Zykova et al. 2018). Interbands 
are the most decondensed regions with a specific pro-
tein composition conserved across tissues (Demakov 
et al. 2011, Vatolina et al. 2011, Zhimulev et al. 2014). 
According to their morphology, bands can be classified 
into gray and black. The most compact “black” bands, 
which look uniformly dense, even in sections imaged 
by electron microscopy (Fig. 1a, b), show a chromatin 
condensation ratio of 1:200 (Spierer and Spierer 1984; 
Kozlova et  al. 1994; Vatolina et  al. 2011; Zhimulev 
et  al. 2014). After 4′,6-diamidino-2-phenylindole 
(DAPI) staining, these bands appear as the brightest 
ones (Fig.  1c) and correspond to clusters of tissue-
specific genes. Besides, they contain silent chromatin 
and are almost devoid of ORC-binding sites (Zhimulev 
et al. 2014; Kolesnikova et al. 2018).

The 4-chromatin-states model of Zhimulev et  al. 
(2014) was established based on the bioinformatic 
analysis of the distribution of interband-specific chro-
matin proteins in cell cultures (modENCODE Consor-
tium et  al. 2010). The Drosophila genome has been 
divided into four chromatin types formerly referred 
to as cyan, blue, green, and magenta (Zhimulev et al. 
2014). Later, these four chromatin types were renamed 
as follows: aquamarine (cyan), lazurite (blue), mala-
chite (green), and ruby (magenta). The genomic dis-
tribution of the four chromatin types is closely associ-
ated with the polytene chromosome morphology and 
allows to predict the genomic coordinates of polytene 
chromosome band boundaries with high accuracy 
because 1l experimentally characterized interbands 
coincide with aquamarine chromatin. Different com-
binations of the three other chromatin types corre-
spond to different classes of bands (Zhimulev et  al., 
2014, Boldyreva et al. 2017, Kolesnikova et al. 2018, 
Demakova et al., 2020). The presence of ruby chroma-
tin indicates a compact black band. Bands that do not 
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contain ruby chromatin are referred to as gray bands 
(Kolesnikova et al. 2018).

The chromosomal regions between rb-bands are 
the alternation of thinner and less compact so-called 
gray bands and mainly decondensed interbands 
(Fig. 1b), which together form intervals (INTs) (Kole-
snikova et al. 2018). INTs represent “open” chromatin 
and are enriched in genes expressed in different tis-
sues. The promoters of these genes lie mainly within 
interbands, but the coding sequences within gray 
bands. According to cytological studies, the first rep-
lication marks during earliest S phase appear in INTs 
(Roy and Lakhotia 1979, 1981; Mishra and Lakhotia 
1982; Kolesnikova et  al. 2018). More than 90% of 
ORC2-binding sites are situated in aquamarine chro-
matin, primarily in INTs (Sher et al. 2012; Zhimulev 
et al. 2014; Kolesnikova et al. 2018). It seems that the 
ORC2-binding sites are markers of potential replica-
tion origins, although it is assumed that some repli-
cation initiation events may occur outside the ORC-
binding sites in Drosophila and human (Eaton et al. 
2011; Gros et  al. 2015; Powell et  al. 2015; Miotto 
et al. 2016; Petryk et al. 2016). Via immunostaining, 
the presence of the prereplication complex compo-
nent DUP/Cdt1 was shown in all INTs analyzed along 
all polytene chromosomes (Belyaeva et  al. 2012). 
Thus, all observations suggest that the vast majority 
of potential replication origins are located in INTs.

The visualization of replication in Drosophila pol-
ytene chromosomes by conventional wide-field (WF) 
microscopy indicates a well reproducible set of labe-
ling patterns (Fig.  1f) (reviewed by Zhimulev 1999) 
reflecting the spatiotemporal organization of replica-
tion (Kolesnikova et al. 2018). At the beginning of the 
S phase, replication occurs in INTs. Then, continuous 
replication progresses until all chromosomes, except 
the middle parts of the thickest rb-bands, are labeled. 
Afterwards, an inversion of the pattern occurs: all 
rb-bands are marked but not the INTs. Finally, the 
rb-bands finish the replication. The more DNA an 
rb-band contains, the later is replication completed 
(Fig.  1f) (Zhimulev et  al. 2003a; Kolesnikova et  al. 
2018). Intercalary heterochromatin bands and peri-
centromeric heterochromatin continue to replicate 
until the end of the S phase and remain under-repli-
cated in salivary gland polytene chromosomes (Lak-
hotia 1974; Zhimulev et al. 1982, 2003b).

Proliferating cell nuclear antigen (PCNA) is a 
DNA clamp acting in eukaryotic cells and essential 

for replication (Moldovan et al. 2007). On the basis 
of PCNA immunostaining, Kolesnikova et al. (2018) 
analyzed the replication schedule of the entire chro-
mosome arm 2R by WF microscopy. Additionally, 
an algorithm for mapping rb-bands to Drosophila 
genomic coordinates was developed (Kolesnikova 
et  al. 2018). This helped to compare replication 
timing between polytene chromosomes of salivary 
glands and chromosomes from cultured diploid cell 
lines. Substantial similarities in the global replica-
tion patterns were observed between the two tissues. 
In that paper, we proposed the following model. In 
general, the spatiotemporal replication process is 
closely related to the genome organization into two 
types of domains corresponding well to the polytene 
chromosome structures: rb-bands and the INTs in 
between of them. INTs correspond to early replica-
tion initiation zones (Fig.  1e–g). The activation of 
replication in these zones occurs in time and space 
stochastically. On each individual chromatin strand, 
every interband belonging to an INT contains a 
potential replication origin. But only one of these 
potential origins (randomly chosen) activates repli-
cation in each cell cycle (Kolesnikova et  al. 2018). 
This means that in polytene chromosomes inside one 
INT, different DNA strands initiate replication at dif-
ferent positions. We have indirect evidence for such 
a scenario: (1) In nuclei of cultured cells, INTs have 
an average replication profile corresponding to repli-
cation initiation zones in which replication is proba-
bilistic in every replication cycle (Kolesnikova et al. 
2018). (2) The characteristic replicon size is ~100 
kbp, which is more than the average size of INTs 
(~30 kbp). This observation indicates that INTs can-
not initiate replication on average more than once 
per cell cycle. (3) INTs have several interbands con-
taining potential replication origins. That is, they 
correspond to the replication initiation zones, where 
(4) spatial replication asynchrony between DNA 
strands was observed in partially digested polytene 
chromosomes (Lakhotia and Sinha 1983).

To test this replication scenario directly in poly-
tene chromosomes, here we used spatial super-reso-
lution structured illumination microscopy (3D-SIM) 
as an efficient approach allowing multicolor detec-
tion of replication sites. In mammalian nuclei, the 
replication sites detected by 3D-SIM represent indi-
vidual replicons (Schermelleh et al. 2008; Baddeley 
et al. 2010; Chagin et al. 2016).
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It is challenging to analyze replication initia-
tion in polytene chromosomes of wild-type nuclei 
because they replicate asynchronously. There-
fore, we synchronized salivary glands by induc-
ing S phases via ectopic expression of cyclin E by 
using a D. melanogaster line carrying the hsp70-
CycE transgene (Knoblich et al. 1994; Duronio and 
O’Farrell 1995; Su and O’Farrell 1998).

By means of induced-S-phase analysis, 5-ethynyl-
2′-deoxyuridine (EdU) replication detection, and 
super-resolution analysis, in the present study, we 
confirm the hypothesis of stochastic replication initia-
tion in salivary glands at the ultrastructural level. We 

demonstrate that the multifilament nature of polytene 
chromosomes provides unique opportunities for visu-
alizing stochastic processes within chromatin.

Materials and methods

Flies

Flies were reared on enriched semolina (36 g/l) 
medium with raisins at 18 °C. The Oregon R (Bloom-
ington Stock Center) stock served as a control. The 
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hsp70-CycE line was kindly provided by C. Lehner 
(University of Zurich, Switzerland) and by P. O’Farrell 
(UCSF, USA). Additionally, we constructed the hsp70-
CycE; SuUR line. In contrast to wild-type chromo-
somes, intercalary and some regions of pericentromeric 
heterochromatin remain not under-replicated in SuUR 
mutants (Belyaeva et al. 1998).

EdU incorporation and detection

Actively moving wild-type third instar larvae were 
employed for replication analysis because they have 
a higher percentage of nuclei in S-phase stages. To 
analyze replication in induced S phase, larvae shortly 
before pupation were used, when the last larval S 
phase is already finished (Zhimulev et  al. 2003a; 
Kolesnikova et  al. 2013) and many nuclei enter the 
additional induced S phase. This approach provided 
an additional round of replication.

Salivary glands were dissected and stored in 1 × 
PBS (137 mM NaCl, 3 mM KCl, 8 mM NaH2PO4, 
2 mM KH2PO4). EdU incorporation was carried out 
in a 4 μM EdU solution in 1 × PBS for 10 min. Sali-
vary glands were placed into 1 × PBS supplemented 
with 0.1% of Tween 20 (1 × PBST) for 2 min incuba-
tion, transferred to a formaldehyde-based fixative (2% 
NP40 and 2% formaldehyde in 1 × PBS) for 2 min 
incubation, incubated in an acetic acid–formaldehyde 
mixture (45% acetic acid, 3.2% formaldehyde) for 1.5 
min, and squashed in 45% acetic acid. The squashes 
were snap-frozen in liquid nitrogen, and the cover-
slips were removed. The slides were stored in 70% 
ethanol at −20 °C. For EdU detection, the Click-iT™ 
EdU Alexa Fluor™ 555 Imaging Kit (Thermo Fisher 
Scientific) was used. The slides were washed first in 1 
× PBS for 20 min, incubated in PBST with 0.1 BSA 
for 30 min, and then treated with a reaction cocktail at 
room temperature for 30 min (40 μl/slide). After three 
5-min washes in 1 × PBST, the slides were air-dried 
by means of a rubber syringe, and the squashes were 
mounted in the VectaShield (Vector Laboratories) 
medium containing 1.5 µg/ml DAPI.

Combination of EdU detection and FISH

To obtain probes for FISH, genomic DNA was ampli-
fied by PCR using the following primers: lola 5’ (aaa-
gatggtctcggcttgtgt and gtcgctccgctcgttaaattc); lola 
3’ (tcaagagagcgggtgagtttc and ccacagtgaagatcagc-
cagt), and Sgs3 (gcatcacgcggtattgaattcc and cttcttgc-
ctgaatcacacgc). DNA probes were labeled with either 
Tamra-5-dUTP or FLu-12-dUTP (Biosan, Russia) in 
a random-primed polymerase reaction using the Kle-
now fragment (SibEnzyme, Russia).

Salivary glands of third instar hsp70-CycE; SuUR 
larvae were dissected in 1 × PBS solution 70–90 min 
after 30 min heat shock, incubated with EdU, and 

Fig. 1   The spatiotemporal organization of replication in poly-
tene chromosomes is closely related to the two main chroma-
tin domain types present in polytene chromosomes: rb-bands 
and intervals (INTs) between them. a The classic photographic 
map of polytene chromosome 2R, on which dark “black” bands 
are clearly visible after aceto-orcein staining and phase con-
trast microscopy (Lefevre 1976). b A segment of chromosome 
2R [an electron micrograph from the classic map of polytene 
chromosomes from Saura (1986); available in FlyBase: https://​
wiki.​flyba​se.​org/​wiki/​FlyBa​se:​Maps]. Between the black bands 
are regions where decondensed gray bands (red arrows) and 
interbands (black arrows) alternate, together forming intervals 
(INTs). For two black bands and one INT between them, the 
sizes are indicated below according to genomic coordinates of 
these structures (Kolesnikova et al. 2018). c When stained with 
fluorescent dyes, black bands appear as the brightest regions on 
the polytene chromosomes (DAPI staining, 3D-SIM, this study). 
Gray band/interband structures in the INTs are faintly visible 
when stained with DAPI. d The Zhimulev et al. (2014) model of 
four states of chromatin (ruby, aquamarine, malachite, and lazur-
ite) makes it possible to predict the localization of black bands 
in the genome based on the distribution of chromatin character-
istics for black bands (chromatin called “ruby”: rb-bands). All 
interbands are associated with aquamarine chromatin, but not 
all aquamarine regions are interbands (Zhimulev et  al. 2014; 
Boldyreva et al. 2017). The presented region corresponds to that 
in b. e A scheme of a polytene chromosome fragment bearing 
three black bands. Median lengths (in kilobase pairs) of black 
bands are shown, as are the intervals between them according 
to Kolesnikova et  al. (2018) and the median sizes of replicons 
and replication initiation zones according to Lakhotia and Sinha 
(1983) and Schwaiger et  al. (2009). f The scheme of replica-
tion patterns in polytene chromosomes and a model explaining 
the progression of these patterns [adapted from (Kolesnikova 
et  al. 2018)]. Consecutive changes in PCNA-binding patterns 
(red) during the S phase. Three substages of the S phase are 
presented. From top to bottom: (i) early S phase, when INTs are 
labeled exclusively; (ii) middle S phase, when all rb-bands are 
labeled; and (iii) late S phase, when only the thickest rb-bands 
are labeled. g The scheme of replication fork locations and the 
respective PCNA/EdU patterns in the INT zone of alternating 
gray bands and interbands and in an rb-band (black). The arrows 
indicate the directions of replication fork progression

◂
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placed in a fixative (96% ethanol: acetic acid, 3:1) for 
4–5 h. Slides were squashed in 45% acetic acid, fro-
zen in liquid nitrogen, the coverslips were removed, 
and the slides were stored in 70% ethanol at −20 °C.

Slides were treated with RNAse A. For this, slides 
were washed in 2 × SSC (0.3 M NaCl, 0.03 M sodium 
citrate) 3-times for 5 min and incubated with RNAse 
A (100 μg/ml in 2 × SSC, 30 μl/slide) for 1 h at 37 
°C and washed in 2 × SSC for 5 min. Then, slides 
were incubated in 2 × SSC for 1 h at 60 °C, denatured 
in 0.07 M NaOH, passed through a series of ethanol 
(70, 90, 96%) for 5 min, and air-dried. Afterwards, to 
detect EdU, slides were treated as described above. 
After the final washing, the hybridization mixture was 
added to the slides. To prepare this mixture, 4 μl of a 
labeled probe, 5 μl of water, and 1 μl of a calf thy-
mus DNA solution were mixed in a tube and heated 
at 95 °C for 5 min, then cooled and centrifuged. To 
the same tube, 20 μl of warm hybridization solution 
(50% formamide, 2 × SSC, 10% dextran sulfate) was 
added, and then 30 μl of this mixture applied per 
slide. The hybridization was performed for 1.5–2 
days in a humid box at 37°C. The unbound probe was 
removed by three 15-min washes in 0.2 × SSC with 
a gradual increase in temperature (42–60 °C). Slides 
were mounted in VectaShield (Vector Laboratories) 
containing 1.5 μg/ml DAPI.

Indirect immunostaining

For polytene chromosome immunostaining, salivary 
glands (genotypes are specified in the text) were dis-
sected in 1 × PBS supplemented with 0.1% of Tween 
20. The glands were then transferred into a formal-
dehyde-based fixative (0.1 M NaCl, 2 mM KCl, 10 
mM NaH2PO4, 2% of NP40, 2% of formaldehyde) 
for 1 min incubation. Next, the salivary glands were 
placed in an acetic acid–formaldehyde mix (45% ace-
tic acid, 3.2% formaldehyde) for 1 min incubation and 
squashed in 45% acetic acid.

The squashes were snap-frozen in liquid nitrogen 
and the coverslips removed. Then, the slides were 
incubated in 70% ethanol for 5 min twice and stored 
in 70% ethanol at −20°C. The slides were washed 
three times in 1 × PBST (137 mM NaCl, 3 mM KCl, 
8 mM NaH2PO4, and 2 mM KH2PO4; 0.1% of Tri-
ton X-100 or Tween 20) for 5 min. Mouse anti-PCNA 
(PC10, Abcam, ab29, 1:500) or mouse anti-RNAPI-
Iser2ph (Abcam, ab5095, 1:400) primary antibodies 

were added into a blocking solution (0.1% BSA in 1 
× PBST) and incubated on the slides in a humidified 
chamber for 2 h at room temperature. The squashes 
were washed 3 times for 5 min in 1 × PBST, and sec-
ondary antibodies (Alexa Fluor 488– or Alexa Fluor 
568–conjugated goat anti-mouse IgG antibodies; 
1:500; Thermo Fisher Scientific) diluted in the block-
ing solution were applied. After 1 h incubation fol-
lowed by washing with 1 × PBST 3-times for 5 min 
each, slides were mounted in VectaShield (Vector 
Laboratories) containing 1.5 µg/ml DAPI.

For combined immunostaining and EdU labeling, 
the glands were first labeled with EdU as described 
above, then the preparations were first stained with 
antibodies, and afterwards, EdU was detected as 
described above.

Super‑resolution microscopy

To analyze the ultrastructural organization of replica-
tion beyond the classic Abbe–Rayleigh limit of ~250 
nm, 3D-SIM was performed to achieve a lateral reso-
lution of ~140 nm (super-resolution, attained with a 
561 nm laser). We used an Elyra PS.1 microscope 
system equipped with a Plan-Apochromat 63×/1.4 
oil objective and the ZENBlack software (Carl Zeiss 
GmbH). Image stacks were captured separately for 
each fluorochrome by means of 405 nm (DAPI), 488 
nm (Alexa Fluor 488), and 561 nm (Alexa Fluor 555) 
laser lines for excitation with appropriate emission 
filters (Weisshart et  al. 2016). Zoom-in sections are 
presented as single slices to detect the subnuclear 
chromatin structures at the super-resolution level.

Movies were prepared based on 3D-SIM image 
stacks using the Imaris 9.7 (Bitplane) software.

To investigate the spatial chromatin ultrastruc-
ture, 3D-SIM was performed on ~30 optical sec-
tions from ~3 μm thick chromosomes. By signifi-
cantly increasing the resolution, 3D-SIM showed 
clearly more structural details in comparison with 
WF microscopy, as demonstrated by imaging of dif-
ferent replication patterns during S-phase progres-
sion (Supplementary Fig.  1a, b). Orthogonal pro-
jections indicated that the polytene chromosomes 
preserve their cylindrical shape after the fixation 
applied. The EdU signals were conspicuous within 
the chromosomes, both in decondensed regions 
(the pattern characteristic for early replication) and 
inside compact bands (the pattern characteristic 
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for late S phase; Supplementary Fig. 1c). Thus, to 
analyze the replication patterns in more detail, we 
employed exclusively 3D-SIM in this work.

We analyzed 75 nuclei on 10 slides by 3D-SIM 
(Table 1).

S‑phase induction

To induce S phases in salivary glands, cyclin E was 
expressed ectopically (Knoblich et al. 1994; Duronio 
and O’Farrell 1995; Su and O’Farrell 1998) in hsp70-
CycE; SuUR third instar larvae. To obtain more 
simultaneously induced S phases in salivary glands, 
the hsp70-CycE; SuUR larvae were heat shocked at 
the end of the 3rd instar, a period with a minimum 
of S-phase cells (Kolesnikova et  al. 2013). First, we 
followed previous protocols (Duronio and O’Farrell 
1995; Su and O’Farrell 1998) and applied a heat 
shock at 37 °C for 30 min. Ca. 30 larvae were ana-
lyzed by incorporating EdU into the salivary glands 
isolated 50 min–6 h after the heat shock. After 70 
min, we found in some preparations a slight enrich-
ment of nuclei at very early S phase. In glands pre-
pared 2–3 h after heat shock, the proportion of 
labeled nuclei reached 100%. However, due to the 
non-simultaneous entry of the cells into S phase, no 
high synchronization could be achieved. It was pub-
lished that after the 37 °C heat shock, the cells do not 
recover synchronously after the transcription block, 
but at 35 °C, transcription becomes restored at the 
end of the heat shock (Kutskova and Mamon 1995; 
Gong and Golic 2006). After the 35 °C (for 30 min) 
heat shock, all analyzed salivary glands isolated 70 
min after heat shock showed stable groups of nuclei 
at very early S phase. Ninety minutes after heat 
shock, all nuclei were labeled, what never occurred 

in glands without heat shock. In total, more than 70 
slides 70–90 min after 35°C heat shock were ana-
lyzed by WF microscopy.

Besides, we analyzed by WF microscopy slides 
after 10 min EdU incorporation into the salivary 
glands isolated 2, 3, 4, 5, 6, 7, and 8 h after heat 
shock (about 10 slides per moment) from hsp70-
CycE; SuUR larvae. Up to 3 h after heat shock, the 
induced S-phase dynamics could be observed. The 
nuclei with induced S phase were distinguished from 
the others by the predominance of them at the same 
early S-phase stages (early and early-middle). When 
analyzing glands isolated 3 or more hours after heat 
shock, we found an enrichment of stages where all 
compact bands of the polytene chromosomes were 
stained (middle S phase). But we could not identify 
nuclei related to induced and non-induced S phase. 
In addition, the high percentage of nuclei at middle S 
phase in larvae 7–8 h after heat shock suggested that 
the S phase is inhibited, as this pattern is similar to 
the pattern after hydroxyurea treatment (Kolesnikova 
et  al. 2013). Thus, we showed that our approach is 
suitable for studying early S-phase stages, but not for 
analyzing the S-phase timing more than 2–3 h after 
S-phase initiation.

To investigate the reproducibility of early replica-
tion patterns after S-phase induction, the EdU sig-
nal distributions were analyzed in 24 nuclei from 
three preparations of hsp70-CycE; SuUR larvae (90 
min after heat shock) compared to wild-type. We 
compared several selected regions on three prepara-
tions (Supplementary Figs.  2, 3a, b, and 4a). Sup-
plementary Fig.  4a  illustrates very early replication 
in the 10A-11A region of chromosome X. On slides 
1 and 2, replication was detected by the EdU incor-
poration assay, and on slide 4, by PCNA immu-
nostaining. A region of early replication lies between 

Table 1   Numbers of polytene chromosome nuclei analyzed by 3D-SIM

Genotype No. of preparations No. of nuclei stained by 
anti-PCNA

No. of nuclei stained 
via EdU incorpora-
tion

Wild type 2 8 17
hsp70-CycE; SuUR, without heat shock 3 6 6
hsp70-CycE; SuUR, 90 min after heat shock 3 3 21
hsp70-CycE; SuUR, 120 min after heat shock 1 - 5
hsp70-CycE; SuUR, 180 min after heat shock 1 - 8
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late-replicating rb-bands 10B and 11A (Belyaeva 
et al. 2012). The chromatin morphology (after DAPI 
labeling) was well reproducible, but small differ-
ences in the stretching degree of the chromosomes 
due to squashing were noticeable. EdU and PCNA 
signals were similar. Consequently, we conclude that 
for early replication detection, both markers are suit-
able for 3D-SIM analysis. Although the signals were 
reproducible overall, there were some differences 
between and within the slides. The intraslide differ-
ences were primarily related to incomplete synchro-
nization of the cells entry into the S phase. On differ-
ent slides, there were various chromosome stretching 
degrees and differences in the appearance of all sig-
nals. The scheme in Supplementary Fig. 2d presents a 
hypothetical explanation of the effect of chromosome 
stretching on the visible replication pattern.

The analysis of the dynamics of replication timing 
showed that it is most appropriate to use nuclei from 
the same preparation, because then, the chromosome 
stretching is comparatively uniform and the stages of 
development are identical.

Genomic mapping of polytene chromosome bands: a 
comparison of cytological and molecular data

To map cytological regions to genomic coordinates, 
we applied the approach of Kolesnikova et al. (2018). 
All the genomic coordinates used in this work are 
available in the D. melanogaster Release 5 assembly. 
The UCSC Genome Browser (Meyer et al. 2013) was 
employed for data visualization. Genomic positions of 
rb-bands were identified using the coordinates of four 
chromatin types established by Zhimulev et al. (2014). 
The CHRIZ protein distribution in cell cultures 
(modENCODE_275, modENCODE_277, modEN-
CODE_278, and modENCODE_276), SUUR (Maksi-
mov et al. 2014) and H3K27me3 (Posukh et al. 2017) 
protein distributions in salivary glands, and data from 
in situ hybridization (available from the FlyBase data-
base) were used for more detailed mapping of band 
edges. Additionally, we utilized photographs (kindly 
provided by Todd Laverty) from in situ hybridization 
assays of P inserts from the BDGP project (Spradling 
et  al. 1999). Insert or target gene names served as 
queries for retrieving the genomic coordinates of the 
inserts from FlyBase. Hi-C data for salivary glands 
(Eagen et  al. 2015) were analyzed using accession 
GSE72512 in Gene Expression Omnibus.

ORC2 distribution data were taken from Sher et al. 
(2012) (GSE31899). Data on the distribution of early 
origins of replication in Kc cells were borrowed from 
MacAlpine et al. (2010) (GSE17285).

Computer simulation of replication

The replication simulation for a polytene chromo-
some fragment was carried out by a computer pro-
gram written in the Delphi Pascal language (Supple-
mentary Text 1).

We regarded a polytene chromosome as a number 
(N) of similar threads. In each thread, replication was 
assumed to be initiated stochastically. Given that the 
threads are exact copies of each other and are pre-
cisely aligned, we assumed that in all the threads, 
positions of potential replication initiation sites and 
the probability of replication initiation are identical. 
Therefore, the distribution of replication initiation 
sites on N DNA strands should reflect the distribution 
of initiation probabilities for one strand. We exam-
ined N = 1024 threads, which is the number of DNA 
strands in one homolog of a polytene chromosome 
(late third instar larvae).

The rate of movement of replication forks along a 
DNA strand was considered constant. Accordingly, 
replication durations along the chromosome axis in 
interbands, gray and rb-bands depended on the DNA 
content. This assumption is a simplification because 
the actual speed in late-replicating bands is ~10 times 
lower as that was shown for D. nasuta polytene chro-
mosomes (Lakhotia and Sinha 1983). Our evaluation 
of the replication fork movement speed was based on 
the following assumptions. In D. melanogaster, the 
mean replication fork rate is ~0.24 kbp/min for late 
replicons (Kolesnikova et  al. 2009). If we suppose 
that during the very early S phase, the speed is ten 
times higher, then we get ~2 kbp/min.

Visible thickness of the bands and interbands 
along the chromosome axis depends on the stretch-
ing degree of the chromatin. DNA packing ratios 
in interbands are 3–15, in gray bands 54–63, and in 
black bands >200 (Spierer and Spierer 1984; Kozlova 
et  al. 1994; Vatolina et  al. 2011; Zhimulev et  al. 
2014). When modeling, we depicted gray bands and 
interbands with the same thickness for simplifica-
tion. According to the four-color chromatin model, 
all interbands correspond to aquamarine chromatin, 
with average and median sizes of 2.7 and 1.8 kbp, 
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respectively (Zhimulev et  al. 2014; Boldyreva et  al. 
2017), consistently with the Beermann (1972) esti-
mate of 2 kbp DNA per interband. Thus, we chose an 
interband size of 2 kbp.

The thickness of polytene chromosome structures 
cytologically revealed as gray bands varies consider-
ably and ranges from 2 kbp (the minimum band vis-
ible by electron microscopy in semithin sections) to 
tens of kilobase pairs (Vatolina et  al. 2011; Demak-
ova et al. 2020; Khoroshko et al. 2020). In the present 
work, we estimated the size of the 21C6 gray band to 
be ~60 kbp. Thick and thin gray bands were found to 
differ significantly in morphology. The thinnest ones 
are detectable only by electron microscopy and on the 
very best preparations, while the bands containing 
more chromatin are sometimes very similar to black 
bands. Therefore, we introduced two types of gray 
bands into the model. The first type corresponds to 5 
kbp of DNA and is only 2.5-fold more compact than 
the interbands, while the second type is 20 kbp long 
and 10-times compacter. Accordingly, we simulated 
an INT of 6 × 2 kbp + 4 × 5 kbp + 20 kbp = 52 kbp. 
This is close to the average size and 1.5-fold larger 
than the median size of INTs. The INTs sizes vary 
from 0.5 to 300 kbp on chromosome 2R (Kolesnikova 
et al. 2018).

Results

S‑phase induction by cyclin E is reliable to 
analyze the early replication dynamics in polytene 
chromosomes

Previously, it was demonstrated that in actively mov-
ing wild-type larvae, when grown at 18 °C, early 
S-phase stages in the salivary glands occur with a 
frequency of up to 50% (Kolesnikova et al. 2013). A 
small proportion of the nuclei is at a very early stage 
when replication starts only in several decondensed 
regions representing INTs between compact bands 
as well as in several puffs. Local band-shaped and 
more diffuse patterns were found (Fig.  2). The INT 
between bands 94D1-2 and 94A1-4 of chromosome 
3R is an example of a bright local signal pattern. The 
EdU signals lie in the loose chromatin that does not 
form a clear band, and the signals are concentrated in 
a small region of the INT (Fig. 2a). A similar situa-
tion was observed in the region of the thin gray bands 
to the right of the compact band 63A1-2 (Fig.  2b). 
Here, the signals were seen as two band pairs. Fig-
ure 2c depicts two intervals between rb-bands (INTs 
21D1-2/21E1-2 and 21E1-2/22A1-2) of chromosome 
2L. Spatial image reconstruction (Supplementary 

Fig. 2   Replication in wild-type polytene chromosomes is initiated in band-shaped (a, b) and local diffuse patterns (c) in the very 
early S phase within INTs. The enlarged regions in a–c are indicated by rectangles in the overview image (left)
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Movie 1) showed that the signals are evenly distrib-
uted within the entire INTs. This pattern is consistent 
with our assumption that INTs match replication initi-
ation zones emerging in different strands and origins.

It is challenging to analyze replication initiation in 
polytene chromosomes of wild-type larvae because 
the nuclei in a salivary gland do not replicate synchro-
nously. Therefore, all conclusions about S-phase pro-
gression were based on circumstantial evidence. To 
obtain more information about the initiation of replica-
tion in polytene chromosomes and to reveal temporal 
dynamics of the early S phase, we synchronized sali-
vary gland cells by inducing the S phase via ectopic 
expression of cyclin E. For this purpose, we used a D. 
melanogaster line carrying the hsp70-CycE transgene 
(Knoblich et  al. 1994; Duronio and O’Farrell 1995; 
Su and O’Farrell 1998). Additionally, to obtain a bet-
ter chromosome morphology, we introduced the SuUR 
mutation into the line. The SuUR mutation affects the 
progression of replication forks in silent chromatin 
regions, primarily in the regions of pericentromeric 
and intercalary heterochromatin. This leads to sup-
pression of under-replication but does not affect rep-
lication initiation (Sher et  al. 2012). Previously, we 
reported that this mutation, which influences the late-
replication pattern, does not affect the very beginning 
of the S phase (Kolesnikova et  al. 2013). Late third 
instar hsp70-CycE; SuUR larvae and 0 h prepupae 
were subjected to a 35°C heat shock (see “Materials 
and Methods” for details). Then, we kept the larvae 
at room temperature and isolated the salivary glands 
after different time intervals, incubated them with 4 
μM EdU for 7–10 min and fixed them immediately. 
Seventy minutes after the heat shock, the first induced 
S phases became visible. After another 20 min, the 
proportion of labeled nuclei reached 100%. This result 
suggests that the cells enter the S phase with a tem-
poral shift of ~20 min. The induction at this stage of 
development allowed to obtain a high proportion of 
nuclei at very early S-phase stages, which is normally 
very low (Zhimulev et  al. 2003a; Kolesnikova et  al. 
2013). Besides, we obtained an additional round of 
polytenization, leading to larger and better-structured 
polytene chromosomes (Supplementary Fig. 3a, b).

In diploid cells, S-phase activation by cyclin E 
impairs the distribution of replication initiation sites. 
This effect may cause conflicts between replication 
and transcription and induce carcinogenesis (Teix-
eira and Reed 2017; Macheret and Halazonetis 2018). 

Therefore, we checked whether S-phase induction via 
cyclin E overexpression altered the early replication 
patterns in polytene chromosomes. We compared the 
early patterns of normal and induced S phases. No 
differences were detectable as exemplified by region 
56A-57B of chromosome 2R in Supplementary 
Fig.  3c. The pattern of middle replication was also 
similar to the control, as visible in the specimen pre-
pared 180 min after S-phase induction. Our approach 
did not allow analyzing the induced S phases at later 
stages, but the patterns of late replication observed 
in nuclei that were in S phase before heat shock were 
normal. We conclude that CycE overexpression does 
not led to qualitative changes in replication patterns in 
preparations made 1–3 h after heat shock induction.

In mammalian cells, forced expression of cyclin 
E abridges G1 phase, resulting in premature S-phase 
entry with prereplication complexes still present at 
the 3′-end of long genes. Normally, prereplication 
complexes become removed by active transcrip-
tion during G1 (Macheret and Halazonetis 2018). To 
check whether there is an ectopic initiation of repli-
cation within highly expressed long genes, we ana-
lyzed the localization of loci of highly efficient early 
initiation simultaneously with the detection of active 
transcription. Supplementary Fig. 5 shows the earliest 
replication pattern of a nucleus at a stage when less 
than 30 bright EdU signals can be clearly identified, 
but the rest is still not yet activated. Some of these 
signals are close to bright transcriptional signals, oth-
ers not. Many transcriptionally active regions do not 
show early, highly efficient replication signals. We 
chose locus 47B for a detailed analysis. Here, we 
found early replication and active transcription sig-
nals close together. The rb-bands 47A1-2 and 47B4-5 
were mapped on the genomic map earlier (Kolesnik-
ova et  al. 2018). According to ModEncode project 
data in salivary glands, the most actively transcribed 
gene within this locus is the long (~50 kb) gene lola. 
Multiple ORC2 sites are located at the 3′ and 5′ ends 
of this gene (Sher et al. 2012). Besides, the 5′ region 
has the highest peak of “early origins” in the Kc cell 
culture. We assumed that the upstream intergenic 
region of the lola gene induces the bright replication 
signal, while the lola gene is responsible for the active 
transcription. To prove this, we performed FISH with 
probes corresponding to the 5′ and 3′ gene regions. 
The probes localized at both sides of the gray band, 
i.e., the band contains a transcribed part of the lola 
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gene. Simultaneous FISH and RNAPIIser2ph detec-
tion, and FISH and EdU incorporation demonstrated 
that the bright signals of early replication lie right to 
the transcription signals, partially colocalize with the 
5′ probe, but are clearly separated from the 3′ probe. 
Thus, we conclude that the replication initiation is 
confined to the non-coding region near to the active 
gene promoter. Due to the small number of early sig-
nals, we consider them as specific. We conclude that 
S-phase induction is a reliable technique to analyze 
early replication dynamics in polytene chromosomes.

At the very beginning of the S phase, replication is 
initiated differently in various INTs but similarly in 
salivary glands and diploid cells

While analyzing very early replication patterns, 
we found that the signals are distributed unevenly 
in different chromosomal regions. To demonstrate 
this observation, we chose the distal region of chro-
mosome 2L as an example (Fig.  3, Supplementary 
Movie 2).

This polytene chromosome region has not yet 
been mapped to genomic coordinates. Therefore, we 
applied the algorithm of Kolesnikova et al. (2018) to 
determine the position of big bands. Four large bands 
enriched with “ruby” chromatin (Zhimulev et  al. 
2014) were predicted. Relative positions and sizes 
of these bands exactly match bands 21C1-2, D1-2, 
E1-2, and 22A1-2 (Supplementary Fig.  6). Conse-
quently, these four bands can be assigned to rb-bands. 
Between rb-bands 21C1-2 and D1-2, two thinner and 
less compact bands (21C4 and 21C6) are evident.

The analysis of the EdU distribution correspond-
ing to the very early S phase in the 2L chromosome 
region presented in Fig. 3 shows mostly the absence 
of EdU signals in rb-bands. All INTs contain EdU 
signatures, but intensity levels and distributions are 
significantly different (Supplementary Movie 2).

The INT to the left of 21C1-2 is characterized by a 
bright signal pair (in Fig. 3 on the left) with relatively 
bright diffuse signals toward the telomere and rare 
diffuse signals in the rest of the chromosome region. 
Obviously, in this INT, the initiation does not occur 
uniformly. There is a zone where one or more highly 
efficient origins are localized.

In the INT 21C1-2/21D1-2, a very bright signal 
pair, confined to bands 21C4 and 21C6, stands out 
(Fig. 3, Supplementary Movie 3).

In INTs 21D1-2/21E1-2 and INT 21E1-2/22A1-2, 
the EdU signals are homogeneously distributed within 
the whole INT volumes (Fig. 3; Supplementary Mov-
ies 2, 4, and 5), while in INT 21D1-2/21E1-2, the sig-
nals seem to be more clustered and are brighter and 
larger, possibly indicating a replicon grouping. In 
INT 21E1-2/22A1-2 of the Fig. 3, the signals appear 
as 102 dots. This number means that at this time, less 
than 10% of the DNA strands initiated replication, 
suggesting that the initiation process proceeds grad-
ually, which is consistent with data from autoradio-
graphic analysis of replication (Lakhotia and Sinha 
1983). In INT 21E1-2/22A1-2, thin bands are well 
discernible, which indicates that the DNA is precisely 
aligned along the chromosome axis. In contrast, the 
EdU signals appear to be distributed homogene-
ously. This distribution is in good agreement with 
the hypothesis that INTs act as replication initiation 
zones where any interband can initiate replication.

Both INTs of chromosome 2L showing the bright 
band-shaped EdU signals correspond to peaks of 
newly synthesized DNA in the presence of hydroxyu-
rea presumably relevant to “early origins” in S2 cells. 
These signals probably represent early and efficient 
origins acting in both salivary glands (our data) and 
S2 cells [according to MacAlpine et al. (2010)]. The 
other three INTs also have peaks of “early origins,” 
but they are significantly lower than the peak in the 
INTs between 21С1-2 and 21D1-2. The concentra-
tion of EdU signals in the INTs correlates with the 
peak heights in S2 cells (Fig. 3). A similar correlation 
between the highest peak of “early origins” and the 
strongest signal of early replication in salivary glands 
is present in region 47A-B (Supplementary Fig. 5).

In short, it can be concluded that different INTs 
initiate replication differently and that the origin effi-
ciency is similar between salivary glands and diploid 
cells.

Early replication is highly dynamic

EdU signal intensity varies significantly among the 
nuclei prepared 90 min after heat shock (Fig. 4). Con-
sidering that the S-phase induction is shifted in dif-
ferent nuclei, a comparison of the patterns allows to 
make a conclusion about the temporal dynamics of 
replication during the first 20 min of the S phase. In 
Fig. 4a, two chromosomes of neighboring nuclei are 
presented. They differ in total EdU signal intensity. 
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The left nucleus has an EdU pattern typical for the 
specimens prepared 70 min after heat shock (data not 
shown). The overall signal intensity is relatively low, 
only a few band-shaped signals are clearly visible. In 
the right nucleus, the signal intensity is much higher. 
Such nuclei do not occur 70 min after heat shock. 

Accordingly, we assume that this nucleus exhibits a 
later pattern. For a detailed analysis of the dynamics 
of replication in the first 20 min of the S phase, we 
focused on region 4F-6A of chromosome X (boxed 
in Fig.  4a). The comparison of three consecutive 
patterns revealed that the paired signals in regions 

Fig. 3   Early replication in the distal part of chromosome 2L. 
The region contains rb-bands (21C1-2, 21D1-2, 21E1-2, and 
22A1-2) and INTs, as pointed out in the scheme by black and 
red rectangles, respectively. The replication parameters within 
the region are based on published data. The distribution of 
ORC2 proteins in salivary glands (SGs) and the Kc cell line is 
based on data of Sher et al. (2012). The distribution of newly 
synthesized DNA in the presence of hydroxyurea (“Early ori-
gins”) in S2 cells was published by MacAlpine et  al. (2010). 
RT, Kc: replication timing profiles in the Kc cell line reported 

by Schwaiger et  al. (2009). The corresponding optical cross-
section and maximum intensity projection (MIP) of a 3D-SIM 
image stack below the scheme illustrate the very early replica-
tion pattern via EdU incorporation. The two variants of rep-
resentation, differing in brightness, are presented to show all 
details of weak and bright signals. The red brackets indicate 
the sections of the chromosome matching to the INTs. The 
specimen was prepared from Hsp70-CycE; SuUR larvae, 90 
min after heat shock
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4F9-10/5A1-2 and 5C1-2/5D develop sequentially 
from weaker diffuse signals emerging at the very 
beginning of the S phase (Fig. 4b–d). At later stages, 
the signals become brighter and larger and accumu-
late as thin bands. This finding clearly shows that the 
replication initiation in different chromatids takes 
place gradually in these regions.

In most nuclei, symmetric bands of double sig-
nals are characteristic replication patterns in the early 
but not the earliest replication stage (Figs. 4 and 5a, 
Supplementary Figs.  7  and 8). Two hypothetical 
scenarios may be responsible for this pattern. First, 
double bands may reflect bidirectional replication 
forks moving in opposite directions from efficient 
origins in between. Namely, the signals look like a 
clear band perpendicular to the chromosome axis at 
the origin site and generate two distinct replication 

bands moving apart from each other. Second, replica-
tion initiation may also arise at various origins on dif-
ferent DNA strands but because of rapid replication 
fork movement followed by deceleration inside the 
compact bands, the replication signals become con-
centrated at the rim of highly condensed chromatin 
(rb-bands) and thereby appear paired (Fig. 5b). Con-
sequently, both scenarios may result in similar paired 
signals. To clarify which scenario occurs predomi-
nantly in polytene chromosomes, we analyzed such 
double signals during progression in several individ-
ual regions by 3D-SIM.

The increased resolution allowed detecting many 
EdU signals scattered in the INT of region 5C/5D 
of the top chromosome X in Fig. 5c. Note, that the 
distribution of signals predominates at the left side 
of the INT, enriched in ORC2-binding sites mapped 

Fig. 4   S-phase induction 
helps to study replication 
dynamics within the first 
minutes after induction. 
a Chromosomes from 
two nuclei in different 
early S-phase stages (two 
arrows). The left-hand 
chromosome shows the 
earliest pattern where rare 
bright signals lie in puffs 
and loose bands. The right-
hand nucleus features a later 
pattern. b–d The temporal 
dynamics of early replica-
tion with an example of X 
chromosome region 4F-6A 
from the same preparation 
as in a; d is the framed 
region in a. The specimen 
was prepared from Hsp70-
CycE; SuUR larvae, 90 min 
after heat shock. Given that 
the first nuclei enter the 
S phase 70 min after the 
shock, the temporal dis-
tance between the patterns 
is ~20 min
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by chromatin immunoprecipitation (data from Sher 
et  al. 2012). On the middle X chromosome, the 
entire INT is labeled, and the highest signal inten-
sities levels correspond to the mirrored signals 
outside. On the bottom chromosome, the mirrored 
signals are mainly concentrated at the edges. 

Obviously, the three chromosomes represent the 
progression of replication forks initiated inside the 
INT toward the edges of boundary bands. Similar 
patterns were evident in regions 47D-48C and 41F-
43B1-2 (Supplementary Fig. 8), i.e., during earlier 
stages, the signals are distributed uniformly within 
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the INTs, but at later stages, they concentrate at the 
edges.

At locus 3C, we found a very thin bright signal 
at the very beginning of S phase. This is an example 
of a scenario with one efficient origin rather than a 
broad initiation zone (Fig. 5d). This early replication 
signal colocalizes with the Sgs4 gene, forming a puff 
at the end of the third instar (Korge 1975; Supple-
mentary Fig. 7c). Besides, at this locus, also a group 
of short genes occur, which are highly expressed in 
salivary glands (Supplementary Fig. 7d). All of them 
become activated by the hormone ecdysone, and their 
products are responsible for the secretion of the sali-
vary gland (data from FlyBase database). That is, it 
is a group of tissue-specific genes. The distribution 
of ORC2-binding sites (Sher et  al. 2012) shows that 
a small group of tissue-specific origins lie near this 
group of genes. The highest ORC2 peak corresponds 
to the Sgs4 gene. Supplementary Fig. 7c demonstrates 
that the Sgs4 FISH signal is flanked by EdU signals at 
the very early replication stage (paired signals occur). 
Thus, locus 3C demonstrates an example of scenario 
1 (Fig. 5b). But even in this case, a cluster of several 
potential origins is evident. In general, the second sce-
nario is much more common within the chromosomes.

In short, we draw the following conclusions. At the 
very beginning of the S phase, replication is not uni-
form at different sites. There are regions with distinct 
or diffuse EdU signals. Moreover, the number of diffuse 

signals varies among different INTs. The signal number 
per chromatid and signal size increase with time, indi-
cating gradual replication initiation of different origins 
within the INT. Replication is initiated spatially sto-
chastically inside the INTs. The activated replication 
forks pass quickly through the entire INTs in both direc-
tions to accumulate at INT borders. This finding is in 
good agreement with the notion that INTs match rep-
lication initiation zones with multiple potential origins.

Replication spreads from the INTs into rb‑bands 
devoid of ORC2 sites

Three hours after heat shock, most EdU signals accu-
mulate at the borders of compact bands where char-
acteristic distortions of the band contours emerge 
(Fig.  6a and Supplementary Fig.  9). This phenom-
enon is especially obvious in bands 70C and 10A 
(Fig.  6a). Supplementary Fig.  4b  shows bands 10A 
and 10B from six nuclei from four preparations dem-
onstrating earlier replication patterns. In none of 
them, such edge abnormalities occur. Thus, the dis-
tortions seem to be caused by the replication process.

Two very thick bands (50A and 50C) belong to 
intercalary heterochromatin (>200 kbp) and repre-
sent mainly ruby chromatin. They form prominent 
topologically associating domains (TADs) in salivary 
gland cells (Eagen et  al. 2015) and lack any ORC2 
sites. These bands feature bright EdU signals along 
their contour but not inside (Supplementary Fig. 10a). 
The thick rb-bands 21D1-2 and 22A1-2 behave like-
wise (Supplementary Fig. 10b).

In region 48D-49A, a group of pronounced rb-
bands is located (Supplementary Fig.  9). The bands 
also represent mainly ruby chromatin and lack ORC2 
sites. They form well-pronounced but smaller TADs 
in the salivary glands. The biggest (48E1-2) is ~100 
kbp.

Not all rb-bands concentrate the EdU signal 
along their surfaces. In some preparations, band 50D 
appears as a distinct band, while on others, it occurs 
as swollen chromatin (a puff) implying high transcrip-
tion intensity. Band 50D contains a low amount of 
ruby chromatin, and DAPI staining showed that it is 
significantly less condensed and is completely labeled 
by EdU throughout the entire volume (Supplementary 
Fig. 9). Hence, band 50D is not a typical rb-band. In 
terms of replication, it behaves differently from most 
rb-bands.

Fig. 5   Two scenarios may induce similar replication signal 
pairs at rb-band edges during early replication. a Multiple EdU 
signal pairs of similar intensity are present along the polytene 
chromosomes. b Two hypothetical scenarios may cause these 
patterns. Paired signals may derive from replication forks 
diverging from very efficient origins, at which most DNA 
strands initiate replication synchronously (scenario 1). Replica-
tion initiation may also occur on different DNA strands at vari-
ous origins, but due to the rapid movement of replication forks 
along the chromosome axis inside of the INTs, and owing to 
a sharp slowdown of the movement of replication forks along 
the chromosome axis inside the compact bands, the replication 
signals become concentrated on both edges of the INTs and 
thus appear also paired (scenario 2). c INT 5C1-2/5D illus-
trates scenario 2. The INT contains multiple ORC2-binding 
sites that predominate on the left side of the INT. The earliest 
detectable EdU pattern in this INT represents diffuse signals 
dominant in the left half of the INT (top). The two bottom pat-
terns reflect the gradual accumulation of signals at the edges 
of the boundary rb-bands 5C1-2 and 5D. d The 3C locus illus-
trates scenario 1 (see Supplementary Figure 7 for details). The 
specimen was prepared from Hsp70-CycE; SuUR larvae, 90 
min after heat shock

◂
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Overall, it can be concluded that uniformly com-
pact rb-bands devoid of ORC2 sites are replicated 
from edges to the middle and that bands with com-
plex organization and internal ORC2 sites can initiate 
replication inside.

The analysis of nuclei during late replication on 
preparations of wild-type and hsp70-CycE; SuUR lar-
vae without heat shock revealed that the signals lie in 
the middle of very thick intercalary heterochromatin 
bands (Fig.  6b). Supplementary Figure  10  represents 

two examples of replication progression within thick 
bands at successive stages of middle and late S phase.

Computer simulation confirms that dissimilar 
initiation rates may explain the different early 
replication patterns

To test the idea that different replication initiation 
rates are the main reason for the dissimilar earlier 
replication patterns observed in different INTs of 

Fig. 6   In the middle and 
late S phase, replication 
spreads from INTs into 
rb-bands. a Representa-
tive EdU labeling 3 h after 
heat shock (~100 min after 
S-phase initiation). At 
this middle-S-phase stage, 
most signals are concen-
trated along the borders of 
compact bands as seen in 
regions of chromosomes 
X (10A1-2 and B1-2), 3L 
(70A1-5 and C1-2), and 2R 
(44C1-2, D1-2, F1-2, and 
45A1-2). The majority of 
EdU signals cover compact 
bands, but many signals are 
still visible between the rb-
bands. At 10A1-2 borders, 
characteristic distortions of 
the band contour are notice-
able. b During late-S-phase 
replication (not the induced 
S phase, Hsp70-CycE; 
SuUR larvae, without heat 
shock), the EdU signals 
are mainly concentrated 
inside the thickest compact 
rb-bands. In chromosome 
2R region 56F-57B, PCNA 
staining is present inside 
intercalary-heterochromatin 
regions 56F1-7, 57A1-2, 
57B1-2, and B4-6 (left). 
EdU signals occur in 
intercalary-heterochromatin 
bands 11A1-2 (middle), 
50A1-4, and 50C1-4 (right)
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polytene chromosomes, we performed the computer 
simulation of replication in a model chromosome 
fragment consisting of one INT limited by two rb-
bands (Fig. 7, see “2” for details).

According to the model, a single replication ori-
gin activates in each chromatin fiber within inter-
bands at a random position and gives rise to two 
replication forks, which are represented by red dots 
moving away from the origin along the chromosome 
axis at a rate constant for each type of structure. In 
Fig.  7, we consider four replication initiation sce-
narios: (1) all 1024 origins of the INT fire simulta-
neously; (2) the origins are activated gradually at a 

rate of ~10 origins per minute, that is, all 1024 ori-
gins are activated within 10 min; (3) 1024 origins 
are activated within 30 min; and (4) 1024 origins 
are activated within 60 min. The scenarios reflect 
the various experimentally observed replication ini-
tiation patterns in different INTs.

Replication fork speed was assumed to be 2 kbp/
min. Therefore, the replication rate (the rate of the red 
point movement) along the interband was V = 1 inter-
band/min. The relative speed was V/5 in a gray band, 
V/20 in the middle gray band, and V/50 in a black 
band. The distribution of red points in the INT after 4 

Fig. 7   A computer 
simulation of replication 
progression in a 52 kbp 
INT localized between two 
rb-bands and composed 
of alternating interbands 
and gray bands of different 
compactness. a The INT 
includes six interbands and 
five gray bands. All bands 
were drawn to be of equal 
width along the chromo-
some axis but contain 
different DNA amounts. b 
In each of the 1024 DNA 
fibers, only one single rep-
lication origin activates at a 
random position within an 
interband. Then, each origin 
generates two replication 
forks running in opposite 
directions (visualized as 
red points) at a speed of 2 
kbp/min. Four initialization 
scenarios were simulated 
(from left to right): One 
origin per chromatid may 
become activated in all 
chromatids simultane-
ously, within 10, 30, or 60 
min. The replication fork 
distribution progresses 
from INTs toward rb-bands 
in both directions and is 
shown after 4 s to 120 min 
(from top to bottom)
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s and 1, 5, 20, 30, 60, and 120 min is shown from top 
to bottom in Fig. 7.

We noticed the following trends: With synchro-
nous initiation of replication, within 1 min, all signals 
gravitate toward the bands. There are bright signals in 
the form of stripes from the very beginning because 
the signals from the interbands are concentrated in 
the bands that contain more DNA and the probability 
of encountering a signal there is higher. After 30 min, 
an INT with a length of ~50 kbp completes replica-
tion, and the signals become appreciably concentrated 
at the edges of the condensed thick bands.

When the initiation of replication is prolonged, we 
see fewer ordered signals at all stages. A high concen-
tration of signals is present in the more compact mid-
dle gray band and at the edges of the black bands, i.e., 
in the bands with more DNA per unit of chromosome 
length. The longer replication initiation takes, the 
longer are diffusely scattered signals present through-
out the INT.

Thus, different rates of replication initiation 
explain very well the dissimilar replication patterns in 
the different INTs of polytene chromosomes.

Discussion

Drosophila polytene chromosomes are well‑suited for 
deciphering replication

In this work, we demonstrated that polytene chromo-
somes are well-suited to investigate the very early 
replication parameters of Drosophila that are prob-
abilistic. In these chromosomes, more than 1000 
DNA filaments are arranged in parallel with a dis-
tinct pattern of thick and thin bands denoting TADs 
(Zhimulev et  al. 2014; Eagen et  al. 2015; Ulianov 
et al. 2016; Stadler et al. 2017; Kolesnikova 2018). 
Highly stretched chromosomes allow the direct visu-
alization of differently compacted chromatin along 
the chromosome axis. At the beginning of the S 
phase, the distribution and density of replication sig-
nals reflect the probability of replication initiation. 
The replication initiation zones correspond to INTs, 
and EdU signal density within the INTs reflects their 
efficiency. Moreover, the efficiency here is not only 
the probability of activation during the cell cycle but 

also the probability of activation per time unit dur-
ing early S phase. The distribution of early origins in 
cultured cells exposed to hydroxyurea (MacAlpine 
et al. 2010) is in good agreement with our reasoning 
about the dissimilar origin efficiency grades among 
different INTs.

We showed that ectopic S-phase induction is useful 
for investigating early replication in Drosophila poly-
tene chromosomes. The analysis of replication in sali-
vary glands of wild-type larvae grown under standard 
conditions (24–25 °C) did not permit identifying very 
early replication patterns because the stages preced-
ing continuous labeling take several minutes. Other 
authors used temperature reduction, the Giant muta-
tion, and an analysis of other Drosophila species to 
find a model system that would allow more detailed 
research on the earliest S-phase patterns (Roy and 
Lakhotia 1979, 1981; Mishra and Lakhotia 1982). 
The synchronization with FdU induced the accumu-
lation of later S-phase stages in salivary gland cells 
(Achary et  al. 1981). To study the stages in detail, 
which are normally too short in D. melanogaster, we 
developed a system based on ectopic S-phase induc-
tion. The use of the hsp70-CycE transgene (Knoblich 
et al. 1994) helped to induce S phases in many sali-
vary gland nuclei with a time shift of no more than 
20 min. We demonstrated that the replication pat-
terns are identical between the induced and normal 
S phases. The S phases caused by ectopic cyclin E 
expression differ from those without induction in dip-
loid cells. Here, due to the transcription/replication 
conflict, the initiation events occur at the wrong sites 
(Teixeira and Reed 2017; Macheret and Halazonetis 
2018). One would expect similar differences between 
the induced S phase and the normal one in poly-
tene chromosomes, but we did not find examples of 
ectopic initiation of replication at the beginning of the 
S phase. The correct early replication initiation dur-
ing ectopic S phase in salivary gland may occur due 
to the specificity of the endocycle regulation, because 
the amount of MSM2-7 complex components is lower 
than in diploid cells (Maqbool et al. 2010). This could 
prevent covering all chromosomes with MSM2-7, and 
thus preventing initiation at wrong places.

Despite the fact that the early S phase does not dif-
fer from the normal one during the induction of rep-
lication in our system, the middle and late S phases 
appear to be impaired. The reason may be that in con-
trast to diploid cells, the E2F (transcription regulator 
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of many genes involved in the S-phase progression) 
acts upstream of cyclin E. In particular, the synthesis 
of ribonucleotide reductase is under control of E2F. It 
can be assumed that the ectopic expression of cyclin 
E triggers S phase without activating some genes nec-
essary for the complete passage of the S phase (Edgar 
et  al. 2014; Kim et  al. 2021; Dimova and Dyson 
2005). Possibly, that the cells enter the induced S 
phase with a limited amount of nucleotides.

Replication initiation is stochastic in polytene 
chromosomes

During the 1970s, DNA replication studies on Dros-
ophila polytene chromosomes were conducted via 
3H-thymidine incorporation. This method allowed 
researchers to draw quantitative conclusions about the 
intensity of label inclusion after silver grain counting. 
Various authors have identified up to seven categories 
of labeling patterns and arranged them chronologi-
cally (Rodman 1968; Kalisch and Hägele 1973; Roy 
and Lakhotia 1979, 1981; Achary et al. 1981; Mishra 
and Lakhotia 1982). The labels have been detected 
in decondensed areas (called interbands in the cited 
papers, corresponding to our INTs) in three early 
stages representing low, medium, and heavy interband 
patterns. During these stages, a sequential increase in 
the silver grain number occured. It has turned out that 
the regions differ in the rate of 3H thymidine incorpo-
ration. There are regions in which many silver grains 
arose already during the first minutes of the S phase. 
Circa 40 such areas have been observed. After these 
stages of early discrete labeling, stages of continuous 
labeling followed. Besides, the stages differed from 
each other in labeling intensity, showing medium or 
heavy the continuous labeling. In the last three stages, 
the discrete labeling decreased in number and sig-
nal intensity (heavy, medium, and low discontinuous 
labeling), indicating the exit of most replicons from 
replication (Mishra and Lakhotia 1982). Our results 
completely match these earlier findings, namely, that 
during the first hour after S-phase induction, new rep-
licons are switched on, as revealed by a signal inten-
sity increase. Additionally, various chromosomal 
regions manifest different dynamics of replication 
initiation.

The detection of a “continuous labeling” stage was 
due to the low resolution of autoradiography (~1 μm), 
which is determined by the size of the emulsion grain 

and the path length of β particles after tritium decay. 
Even in larvae with a delayed S phase, those authors 
have observed a “continuous” coverage of chromo-
somes with a signal present already 10 min after the 
S-phase beginning.

The use of fluorescent labeling in combination with 
WF microscopy allows to identify signal gaps in the 
thickest bands at the stage of continuous labeling, but 
the maximum resolution does not exceed thick band/
INT sizes (Kolesnikova et  al. 2018). In the present 
work, we applied super-resolution microscopy and 
reached for the first time a resolution visualizing sin-
gle signals representing multiple replication patterns.

The model of stochastic replication initiation in 
polytene chromosomes was first proposed by Lak-
hotia and Sinha (1983). After an analysis of fibrils in 
partially lysed chromosomes, they concluded that ini-
tiation on different DNA strands is asynchronous. Our 
results fully support this model.

Stochastic regulation of replication kinetics is a 
fundamental feature of eukaryotes and is conserved 
from yeast to humans (Wang et al. 2021). Origin effi-
ciency usually refers to the probability of activation 
during the cell cycle. Nevertheless, there is accumu-
lating evidence that this parameter is more complex. 
It can be regarded as the competition between origins 
for activation, where more efficient origins have a 
higher activation probability at the S-phase start. In 
contrast, after the release of limiting factors, a new 
pool of origins becomes competitive. The observation 
that on average, 9% of late-initiating origins initiate 
replication in the early S phase led to the idea that ori-
gin activation probability determines all replication 
timing (Wang et  al. 2021). The results of our work 
are in good agreement with these new ideas about the 
gradual initiation of replication across the genome.

Replication in Drosophila and mammals: similarities 
and differences

The general genome organization differs between 
Drosophila and mammals. The Drosophila genome is 
almost an order of magnitude more compact. While the 
mammalian genome contains megabase scale chroma-
tin domains and TADs well coinciding with replication 
domains, the alternation of shorter domains is present 
in the Drosophila genome. These are open chromatin 
domains with a median size of ~30 kbp attracting more 
than 90% of ORC-binding sites. Closed-chromatin 
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domains contain predominantly silent tissue-specific 
genes and almost no ORC-binding sites (Zhimulev 
et al. 2014; Kolesnikova et al. 2018). INTs represent-
ing the replication initiation zones in Drosophila match 
those in mammals very well in size and many proper-
ties. An important difference is that the replication ini-
tiation zones in mammals lie predominantly in long 
intergenic regions (Lebofsky et al. 2006; Petryk et al. 
2016). Instead, in Drosophila, they are situated in a 
set of short intergenic regions alternating with house-
keeping genes (Kolesnikova et al. 2018). In mammals, 
the characteristic replicon size is >100 kbp (Edenberg 
and Huberman 1975; Berezney et  al. 2000; Lebofsky 
et  al. 2006). In Drosophila, this size is similar, but 
almost coincide with the median size of silent domains. 
Apparently, these silent domains of chromosome arms 
(corresponding to rb-bands of polytene chromosomes) 
are replicated mostly passively, that is, by replication 
forks coming from neighboring INTs (Kolesnikova 
et al. 2018).

We suppose that the patterns of replication ini-
tiation that we observed in polytene chromosomes 
are universal because they are consistent with the 
recent finding that replication initiation occurs 
stochastically in space and time, and that replica-
tion initiation events are distributed across broad 
initiation zones consisting of many initiation sites, 
whereas the dynamics is heterogeneous (Su et  al. 
2020; Wang et al. 2021).
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