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Faint gray bands in Drosophila melanogaster polytene
chromosomes are formed by coding sequences
of housekeeping genes

Olga V. Demakova1 & Sergey A. Demakov1 & Lidiya V. Boldyreva1 & Tatyana Yu. Zykova1 & Victor G. Levitsky2,3 &

Valeriy F. Semeshin1
& Galina V. Pokholkova1 & Darya S. Sidorenko1

& Fedor P. Goncharov1 & Elena S. Belyaeva1 &

Igor F. Zhimulev1,2

Received: 14 June 2019 /Revised: 4 September 2019 /Accepted: 30 October 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
In Drosophila melanogaster, the chromatin of interphase polytene chromosomes appears as alternating decondensed interbands
and dense black or thin gray bands. Recently, we uncovered four principle chromatin states (4НММ model) in the fruit fly, and
these were matched to the structures observed in polytene chromosomes. Ruby/malachite chromatin states form black bands
containing developmental genes, whereas aquamarine chromatin corresponds to interbands enriched with 5′ regions of ubiqui-
tously expressed genes. Lazurite chromatin supposedly forms faint gray bands and encompasses the bodies of housekeeping
genes. In this report, we test this idea using the X chromosome as the model and MSL1 as a protein marker of the lazurite
chromatin. Our bioinformatic analysis indicates that in the X chromosome, it is only the lazurite chromatin that is simultaneously
enriched for the proteins and histone marks associated with exons, transcription elongation, and dosage compensation. As a result
of FISH and EM mapping of a dosage compensation complex subunit, MSL1, we for the first time provide direct evidence that
lazurite chromatin forms faint gray bands. Our analysis proves that overall most of housekeeping genes typically span from the
interbands (5′ region of the gene) to the gray band (gene body).More rarely, active lazurite chromatin and inactivemalachite/ruby
chromatin may be found within a common band, where both the housekeeping and the developmental genes reside together.
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Introduction

Drosophila salivary gland polytene chromosomes represent
one of the most convenient experimental models of interphase

chromosomes (reviewed in Zhimulev et al. 2004). Besides
their obvious giant size, these chromosomes display a very
fine banding pattern that is composed of black and gray bands
with light loosely compacted interbands found in between
(Bridges 1935, 1938). These structures are probably best vi-
sualized at the level of electron microscopy (EM) and can be
distinguished by a number of features. For instance, in contrast
to black bands, the gray bands replicate early, display loosely
condensed chromatin and high density of genes, most of which
are classified as housekeeping (Zhimulev 1999; Zhimulev
et al. 1982, 2004, 2014; Kozlova et al. 1994; Belyakin et al.
2005; Belyaeva et al. 2012; Kolesnikova et al. 2018).

Comprehensive studies of protein composition and genetic
organization of theDrosophila genome have paved the way to
our better understanding of the interplay between different
chromatin states and the structural and functional organization
of different regions of the Drosophila interphase chromatin.
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Presently, four major chromatin classifications have been put
forward, with individual chromatin types each represented by
a unique combination of proteins, and displaying functional
specificity, as well as characteristic genomic position. (i)
Using DamID of 53 chromatin proteins, five major chromatin
states were established to exist in the Drosophila genome
(Filion et al. 2010). In this model, transcriptionally active
chromatin is represented by the RED and YELLOW types.
Notably, YELLOW chromatin is enriched with housekeeping
genes and histone mark H3K36me3, a histone modification
associated with transcription elongation and localized in gene
bodies, predominantly in exons (Kolasinska-Zwierz et al.
2009; Schwartz et al. 2009; Wagner and Carpenter 2012).
(ii) Whole-genome analysis of the distribution of 18 histone
modifications in the chromatin of two Drosophila male cell
lines has uncovered 9 chromatin states (Kharchenko et al.
2011). Active chromatin here is represented by the states 1
and 2, and in the context of the X chromosome, by the state
5 that marks the regions associated with dosage compensation
machinery (see below). (iii) One more chromatin classifica-
tion model is based on the differential sensitivity of chromatin
to DNAse I and broadly classifies the chromatin into open,
neutral, and closed (Milon et al. 2014). (iv) It has long
remained unclear how the molecular and genetic organization
of the genome relates to the morphological structures found in
polytene chromosomes. This was largely due to the inability
to accurately locate the band/interband borders at the molec-
ular map. One approach to address this issue was developed in
the late 1980s and was geared towards identification of DNA
sequences that flanked the insertions of P-element-based
transposons that have landed into interbands (Semeshin et al.
1989). Combined with the genome-wide chromatin profiling
data, this has allowed identification of a set of non-histone
proteins specific for the interbands (Vatolina et al. 2011;
Demakov et al. 2011). Using this protein ensemble as a mark-
er, we developed a bioninformatic pipeline—four chromatin
state models (4HMM) that classify the chromatin into four
basic chromatin states referred to as aquamarine, lazurite, mal-
achite, and ruby (Zhimulev et al. 2014; Boldyreva et al. 2017).
It was for the first time that chromatin states having distinct
degrees of condensation and transcription competence have
been matched to the banding pattern of polytene chromo-
somes. This in turn has allowed us to propose the idea that
positions of such chromatin types along the physical map
closely correspond to the chromomeres of interphase chromo-
somes (Zhimulev et al. 2014). The key finding was that aqua-
marine fragments enriched with H3K4me and chromo domain
protein interacting with Z4 (CHRIZ) (in the four cell lines
analyzed) and containing transcription start sites (TSSs) of
ubiquitously active genes correspond to the interbands of
polytene chromosomes (Zhimulev et al. 2014; Boldyreva
et al. 2017). Further, ruby/malachite chromatin was shown
to form black bands harboring developmentally regulated

genes and corresponding to the silent chromatin domains
identified across different cell types (Zhimulev et al. 1982;
Belyakin et al. 2005; Belyaeva et al. 2012; Khoroshko et al.
2016; Kolesnikova et al. 2018).

Lazurite chromatin likely corresponds to the thin gray
bands and encompasses the coding parts of housekeeping
genes, whose 5′-ends are found in the adjacent interbands
(Zhimulev et al. 2014; Demakova et al. 2016; Zykova et al.
2018). Yet, this has not been explicitly demonstrated. Existing
data do not provide an unequivocal evidence, as they either do
not relate the cytology data with molecular map (Semeshin
et al. 2002, 2003; Kotlikova et al. 2006) or rely on light mi-
croscopy (LM) (Zeilke et al. 2015; Demakova et al. 2016),
which is insufficient to accurately localize relatively short
lazurite fragments. A combined approach is needed that would
take into account both the molecular and genetic makeup of
the chromosome region, and its mapping at electron micro-
scope (EM)-level resolution.

For this reason, in the present work, we performed map-
ping of lazurite fragments using not only LM-FISH but also
EM-based immunodetection of the lazurite chromatin marker.
On a genome-wide scale, lazurite chromatin contains gene
bodies and 3′-untranslated terminal regions (3′-UTR); it is also
enriched with histone modification H3K36me3 (Boldyreva
et al. 2017). We hypothesized dosage compensation complex
(DCC) proteins may serve as possible markers of lazurite
chromatin, given that DCC targets are largely housekeeping
genes, and that DCC predominantly associates with coding
sequences marked with H3K36me3 (Alekseyenko et al.
2006; Philip and Stenberg 2013). DCC functions to provide
a twofold enhancement of transcription in a single chromo-
some X of the Drosophila males and is composed of five
protein subunits (MSL1, MSL2, MSL3, MOF, MLE) and
two ncRNAs (roX1 and roX2) (rev. in Lucchesi and Kuroda
2015). It binds to numerous sites along the male X chromo-
some leading to H4K16 acetylation, resulting in the relaxation
of the chromatin folding and transcription upregulation
(Shogren-Knaak and Peterson 2006; Robinson et al. 2008).
Current model (Kuroda et al. 2016) postulates that the stron-
gest DCC peaks correspond to so-called chromatin entry sites
(CESes) (Kelley et al. 1999; Alekseyenko et al. 2008) or
“high-affinity sites” (HASs) (Straub and Becker 2008;
Straub et al. 2013), wherein the complex robustly binds the
X chromosome in a sequence-dependent manner. Finally,
DCC spreads to the nearby H3K36me3-marked bodies of ac-
tive genes (Larschan et al. 2007; Gorchakov et al. 2009) and
boosts transcriptional elongation (rev. in Kuroda et al. 2016).

In the present study using the 4HMMmodel, we show that
much as was observed for the male cell line S2, only lazurite
chromatin (gene bodies) of the X chromosome is simulta-
neously enriched with DCC, particularly MSL1, and with his-
tone marks associated with dosage compensation (DC), gene
bodies, and transcription elongation. With this in mind, we

Chromosoma (2020) 129:25–4426



decided to restrict our analysis to the X chromosome and to
use MSL1 as the marker of lazurite chromatin. Since DCC
binding pattern is largely invariant both in cell lines
(Alekseyenko et al. 2006) and in polytene chromosomes
(Sass et al. 2003; Kotlikova et al. 2006), we expect MSL1 to
serve as a good marker of lazurite chromatin for EM
immunodetection in the polytene X chromosome, as well.

We show here, that lazurite chromatin forms thin gray
bands. From the gene regulation standpoint, this indicates that
housekeeping genes are hosted by two morphological struc-
tures, i.e., interbands (5′ gene region) and gray bands (gene
body). Significantly less frequently, lazurite chromatin forms
the edges of dark black bands. In such cases, lazurite chroma-
tin harbors housekeeping genes that have their 3′-ends orient-
ed towards the inactive malachite/ruby part of the band.

Materials and methods

Fly strains and genetic crosses

Flies were raised on standard cornmeal-yeast-agar-molasses
medium. Descriptions of all mutants and rearrangements can
be found in FlyBase (www.flybase.org). Transgenic w; msl3
[w1; H83M2-61]/TM6, Tb (NOPU) and w; msl2 cn [w+
M2SXB1-2]/TM6, Tb stocks with different levels of ectopic
MSL2 production were described in Kelley et al. (1995),
Semeshin et al. (2002), and Demakova et al. (2003). The
Suppressor of Underreplication (SuURES) mutation was orig-
inally detected in the In(1)scV2 stock (Belyaeva et al. 1998).w,
ru h SuURES stock was constructed in our laboratory; w, ru h
SuURES female larvae were used for fluorescence in situ hy-
bridization (FISH) mapping experiments. These mutants lack
underreplication in polytene chromosomes, yet display nor-
mal banding pattern, which translates into chromosome
squashes of exquisite morphology. w, ru h SuURES female
larvae were grown at 25 °C in uncrowded vials on standard
fly medium.

Light microscopy methods

Fluorescence in situ hybridization

Salivary glands were dissected in Ephrussi–Beadle solution,
fixed in 3:1 ethanol/acetic acid mixture for about 1 h at – 20
°C, squashed in 45% acetic acid, snap frozen in liquid nitrogen
and stored in 70% ethanol at – 20 °C. FISH on polytene
chromosomes was performed as described (Ashburner et al.
2005). Random-primed labeling of 22 DNA probes (selected
according to the four chromatin states) with TAMRA or fluo-
rescein (Biosan, Russia) was done using Klenow enzyme. All
the probes (probes from bands and interbands predicted by the
four chromatin state model) used in this study are described in

Table S1. FISH preparations were analyzed under the
Olympus BX50 fluorescence microscope.

Immunostaining of polytene chromosomes

Salivary glands were dissected from third instar larvae reared
at 18 or 25 °C. The procedure for chromosome squashing and
immunostaining was done as described previously (Kolesnikova
et al. 2013) with minor modifications. Dilutions of the primary
antibodies/antisera were as follows: mouse monoclonal anti-
CHRIZ (DSHB#6H11-4ES; 1:200), rabbit polyclonal anti-
MSL1 (provided by Prof M. Kuroda, 1:150). Chromosome
squashes were incubated with secondary anti-rabbit and anti-
mouse IgG-specific conjugates (Thermo scientific, Alexa Fluor
488 or Alexa Fluor 568; 1:800). Chromosomes were examined
using epifluorescence optics (Olympus BX50 microscope) and
photographedwithCCDOlympusDP50. In each experiment, 50
± 100 nuclei with well-spread chromosomes were examined on
several slides. Representative cases of cytological localization
patterns are shown on the figures in the manuscript in the
“Results” section.

Combined immunostaining and FISH on polytene
сhromosomes

First, the procedure for chromosome squashing and immu-
nostaining was done as described above. The slides were
examined using epifluorescence optics and photographed;
coordinates of the nuclei were recorded. Then, the same
slide was processed for FISH, as described above. Two
DNA probes were selected according to the four chroma-
tin states model (4HMM) and the localization sites for
CHRIZ and MSL1 proteins on polytene chromosomes.
Labeling of DNA probes with Tamra (Biosan, Russia)
was done using Klenow enzyme. The probes are described
in the Table S1. FISH preparations were analyzed using
fluorescence microscopy and photographed. The results of
immunostaining and FISH for the same chromosomes
were merged.

Electron microscopy methods

Electron microscopy slides

Salivary gland polytene chromosome squashes were prepared
for electron microscopy analysis and examined as described
earlier (Semeshin et al. 1979). The sections (120–150 nm)
were cut using an LKB-IV ultratome (LKB Bromma,
Sweden) and examined under a JEM-100C (JEOL, Japan)
electron microscope at 80 kV.
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Electron microscopy immunostaining

For these experiments, the transgenic w; msl3 [w1; H83M2-
61]/TM6, Tb females were used, since their two X chromo-
somes in most of the regions demonstrate the DCC pattern
resembling that of the wild-type males. Primary affinity-
purified rabbit anti-MSL1 antibodies were used at a dilution
of 1:50. Immunostaining with gold-labeled antibodies was as
in Semeshin et al. (2002). Then, chromosomes were treated
with Silver Enhancement reagent (Boehringer Mannheim,
Indianapolis) for 20 min to increase the size of gold particles.
Thereafter, slides were thoroughly washed in PBTand double-
distilled water, dehydrated in a graded ethanol series (20, 35,
50, and 70%) for 5 min in each, and left overnight in a 1.5%
solution of uranyl acetate in 70% ethanol for staining. Further
procedures of dehydration and embedding in epoxy resin have
been described elsewhere (Semeshin et al. 1998). Ultra-thin
sectionswere examined using JEM-100C electronmicroscope
at 80 kV. To localize chromosome regions, we referred to the
revised cytological maps of polytene chromosomes by
Bridges (reproduced in Lindsley and Zimm 1992), Saura
et al. (1993), and our own EM mapping data.

Bioinformatics methods

Data sources and common bioinformatics methods

FlyBase database BDGP R5/dm3 was used to retrieve chro-
mosomal positions of the genes, transcripts, and structural
parts analyzed in the study (www.flybase.org). The
modENCODE ChIP-chip datasets (Roy et al. 2010) were ex-
tracted via the InterMine (Smith et al. 2012). R programming
3.4.4 version and Bioconductor 3.8 version libraries were
used to analyze and visualize the data (http://www.R-project.
org/ R Development Core Team 2015; Gentleman et al. 2004;
Lawrence et al. 2009, 2013): GenomicRanges, IRanges, dplyr,
gplot2.

Comparative analysis of MSL1, JIL1, and H3K36me3
enrichment levels in the four chromatin states

In order to measure the coverage of various chromatin types by
the chromatin marksMSL1, JIL1, and H3K36me3 (according to
modENCODE datasets: male S2 cell line -modENCODE_3293,
modENCODE_3038 modENCODE_303 and female Kc cell
line modENCODE_3037, modENCODE_302 was taken for
the 5st model (Filion et al. 2010)), we calculated the ratio of
overlap between an individual region and the mark, to the aver-
age coverage over the X chromosome. The percentage of cover-
age was calculated as the ratio of the total length of the desired
protein enrichment regions within the each chromatin type to the
total length of each chromatin type over the X chromosome. The
significance of differences between the chromatin types was

estimated using Mann–Whitney U test. To correct p values
in multiple comparisons, the Holm–Bonferroni method
was used. Random permutation test for 9999 iterations
was also performed as described before (Boldyreva et al.
2017) with the same data. Differences were considered
significant at p value < 0.001.

Overlap between the four and nine chromatin states (4st vs
9st models)

The contribution of each of the desired chromatin states
(Kharchenko et al. 2011) to the four chromatin states was
defined as a sum of the lengths of chromatin types overlap
(9st vs 4st and vice versa) normalized to the total DNA length
of particular chromatin state excluding the length of the inter-
nal data gaps.

Mapping MSL1, H3K36me3, and JIL1 to the structural parts
of genes of the male X chromosome in 4НММ chromatin
types

We used in analysis three described above S2 cell line datasets
for MSL1, H3K36me3, and JIL1 from ModENCODE data-
base. For each dataset, the percentage of coverage was mea-
sured as the ratio of the total length of transcripts overlapping
with the protein enrichment regions of interest, to the total
length of protein enrichment regions over the X chromosome.
For each dataset we compiled two subsets of genomics re-
gions that encompassed (i) 5′- regions of transcripts (-500 bp
upstream TSS and entire 5′UTR) and (ii) coding sequences
(CSs) defined as regions of transcripts between the translation
start and stop. Also, each dataset was overlaid with the 4-
chromatin types (Zhimulev et al. 2014), i.e. for 5′-regions
and CSs 4 × 2 = 8 additional subsets for each protein were
compiled. Thus, in total, 10 subsets were formed. For each of
these three datasets (MSL1, H3K36me3, and JIL1), on the one
hand, as well as for each of the 10 subsets above on the other
hand, we applied the full-genome permutation test as we de-
scribed before (Boldyreva et al. 2017).Whenever significant
enrichment or depletion of the overlap between the two track
analyzed, p value is calculated, which corresponds to the prob-
ability of a random overlap above/below the value observed in
reality.

Results

MSL1, H3K36me3, and JIL1 proteins are abundant
in the lazurite chromatin

We asked whether MSL1 is enriched in the lazurite chromatin
of the X chromosome, compared with other chromatin types.
Also, we cross-compared the MSL1-enrichment regions
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(areas of confidence) with data of other models of chromatin
clasterization in S2 cells (Kharchenko et al. 2011; Milon et al.
2014). Similar analyses were done for JIL1 and H3K36me3
that are shown to be abundant in the actively transcribed gene
bodies (Kharchenko et al. 2011).

Previously, we localized MSL1 among the open chromatin
markers in male polytene X chromosome (Demakova et al.
2003). In genomic scale, MSL1 was found enriched in the
open aquamarine and lazurite chromatin (Zhimulev et al.
2014; Boldyreva et al. 2017). We focused here at the X
chromosome-wide enrichment profiles of MSL1, JIL1, and
H3K36me3 (significantly enriched regions as defined by
modENCODE (Roy et al. 2010)) comparison with different
chromatin types produced by 4HMM (Zhimulev et al. 2014),
5st (Filion et al. 2010), 9st S2 (Kharchenko et al. 2011),
GCSDI 2, and GCSDI 3 models (Milon et al. 2014) (Fig. 1).
To assess the significance of differences, Holm–Bonferroni
method was used for running Wilcoxon test, and p values
below 0.001 were considered statistically significant.

This test indicated that both lazurite and aquamarine frag-
ments of the X chromosome are significantly enriched with
MSL1, compared with the two other chromatin types (mala-
chite and ruby) (p < 2.2E-16). We observed a virtually com-
plete overlap between lazurite chromatin and MSL1-bound
regions in the X chromosome (median overlap value is
0.96), which is 1.8 times above the median overlap of aqua-
marine chromatin with MSL1-bound chromatin, this differ-
ence being highly significant (p value < 2.2E-16) (Fig. 1).
Compared with the two other genome partitioning models
(9st S2 (Kharchenko et al. 2011), GCSDI 2, and GCSDI 3
(Milon et al. 2014)), lazurite chromatin in our 4HMM model
shows the strongest overlap with MSL1 in the X chromosome
(p value < 0.001) (Fig. 1).

Localization of JIL1 in the X chromosome likewise shows
extensive overlap with lazurite fragments. Median overlap
between significantly enriched JIL1 regions with lazurite
chromatin is 0.91, which is significantly above the median
overlap with aquamarine chromatin (0.49) (p value < 2.2E-
16). For the malachite and ruby chromatin of the X chromo-
some, the median fraction of overlap with JIL1-bound regions
is zero. The observed extensive overlap between lazurite chro-
matin and JIL1 localization in the X chromosome is in con-
trast to the overlap of JIL1 with other chromatin types pro-
duced by other chromatin-classifying models (p value <
0.001) (Fig. 1), except for GREEN chromatin of the 5st model
(Filion et al. 2010) (p value = 1) (this chromatin state having
very few overlaps n* = 77) and state 1 chromatin of the 9st S2
model (Kharchenko et al. 2011) (p value = 1).

In the X chromosome, histone methylation mark
H3K36me3 displays significant (p value < 0.001), albeit com-
pared with MSL1 and JIL1, less extensive, overlap with
lazurite fragments. The median overlap between H3K36me3
and lazurite fragments on the X chromosome is 0.47; this

value being significantly higher than the degree of overlap
with aquamarine, malachite, and ruby fragments of the X
chromosome (p value < 2.2E-16) (Fig. 1). Similarly, this over-
lap within the territory of the X chromosome is the strongest,

Fig. 1 Overlap between the MSL1-, JIL1-, and H3K36me3-enriched
regions (modENCODE (Roy et al. 2010)) with various chromatin states
produced by 4HMM (Zhimulev et al. 2014), 5st (Filion et al. 2010), 9st
(S2 cells) (Kharchenko et al. 2011), GCSDI 2, and GCSDI 3 (Milon et al.
2014) chromatin partitioning models, shown as the fraction of the cumu-
lative length of each chromatin type. Yaxis: degree of overlap for MSL1:
0, no overlap; 1, complete overlap. n* is the number of fragments of the
given chromatin type that overlap with the protein-enriched region by at
least one basepair. Boxplots: lines in the middle of the boxes indicate the
medians of each distribution. Top of the boxes represent the 75th percen-
tile. Bottom of the boxes represent the 25th percentile. Whiskers indicate
themaximum orminimum, observationwithin 1.5 times of the box height
from the top, or the bottom of the box, respectively at p < 0.001, based on
the Wilcoxon U test. Circles represent outliers
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compared with other chromatin states produced by alternative
chromatin classification models (p value < 0.001).

The 9st model of Kharchenko et al. (2011) namely chro-
matin state 5 is maximally presented in active genes in the
male X (Fig. 1). For this reason, we performed an intersection
of lazurite chromatin state (4HMM) with these 9 chromatins
(Kharchenko et al. 2011) and reciprocally state 5 of 9st model
(Kharchenko et al. 2011) against four states HMM (Zhimulev
et al. 2014). The data obtained indicate that the degree of
overlap between lazurite chromatin and the state 5-
chromatin type is indeed very high (82%) (Fig. 2a) and is
above the rest of the chromatin states by Kharchenko et al.
(2011). In a reciprocal intersection, the state 5, although par-
tially overlapping with the malachite chromatin (32%), still
displays predominant association with the lazurite chromatin
(55%). State 5 of 9st model areas overlap with aquamarine and
ruby chromatin states by a mere of 6–7% (Fig. 2b).

MSL1, H3K36, and JIL1 are located in the structural
parts of genes of the male X chromosome
in the 4НММ chromatin types

In order to understand how MSL1, H3K36me3, and JIL1
enrichment regions are arranged relatively to the structural
elements of genes on the male X chromosome (adjusted by
the four chromatin states defined by the 4HMM), we calculat-
ed the fraction of transcripts covered by these protein binding
sites (Fig. 3). For this purpose, 29,721 transcripts of 13,753
D. melanogaster protein-coding genes annotated in FlyBase
r.5.57 were used. Of these, 5318 transcripts map to the X
chromosome (FlyBase r.5.57 ftp://ftp.flybase.net/releases/
FB2014_03/dmel_r5.57/gff/dmel-all-no-analysis-. r5.57.gff.
gz, all annotation marked as “mRNA”).

We focused our analysis on two gene parts, namely the 5′
region spanning 500-bp upstream of the TSS and the entire 5′-
UTR (-500TSS; AUG) (indicated as the TSS in Fig. 3) and the

region from start codon to stop codon (labeled as the GENE
BODY in Fig. 3).

Of the genomic fragments mapping within TSS, only
MSL1- and JIL1-bound regions within aquamarine chromatin
are enriched (p value < 1E-24, p value < 2E-20) (Fig. 3a, c). In
contrast, GENE BODY shows enrichment with MSL1, JIL1,

Fig. 2 Overlap of lazurite
chromatin (4HMM model) with
nine chromatin states (9st model,
S2 cells) (a) and state 5 chromatin
(9 state model, S2 cells) with four
chromatin states (4HMM model)
(b) in the chromosome X (as % of
the DNA length). a The fraction
of lazurite chromatin state
overlapped by each of the nine
chromatin types (Kharchenko
et al. 2011). b The fraction of
chromatin state 5 overlapped by
each of the four chromatin states
(Zhimulev et al. 2014)

Fig. 3 Fractions of overlap between the structural parts of X
chromosomal transcripts grouped by their chromatin identity (4HMM)
and various protein-enriched regions in the S2 cell line datasets. aMSL1,
b Н3K36me3, c JIL1
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and H3K36me3 associated with the lazurite chromatin (p val-
ue < 4E-55, p value < 9E-52, and p value < 2E-27) (Fig. 3a–c),
as well as with MSL1, JIL1, and H3K36me3 regions in gen-
eral, regardless of their chromatin identity (p value < 3E-37, p
value < 6E-33, and p value < 2E-21). GENE BODY regions
also display moderate enrichment for malachite-overlapping
MSL1 binding sites (p value < 4E-7) (Fig. 3a). TSS enrich-
ment with H3K36me3 embedded within aquamarine chroma-
tin (Fig. 3b) is not statistically different from the value ob-
served for random fragments, as assessed by the whole-
genome permutation test (p value < 0.04).

Thus, MSL1, JIL1, and H3K36me3 predominantly associ-
ate with the coding part of the genes (GENE BODY) embed-
ded in lazurite chromatin; for the TSS part, MSL1 and JIL1
localize to the aquamarine chromatin.

Cytology mapping and protein profiling of the X
chromosome region encompassing alternating
lazurite and aquamarine chromatin

Previously, we proposed that active lazurite chromatin corre-
sponds to the thin gray bands of polytene chromosomes
(Zhimulev et al. 2014). We set out to test this idea for the large
fragment of the X chromosome that is exclusively represented
by alternating aquamarine/lazurite chromatin and appears to
correspond to a series of thin gray bands on the polytene chro-
mosomemap. Further, we aimed at describing the composition
of the associated proteins, histone marks, and genomic ele-
ments (according to the published data). The region selected
for our analysis (chrX: 16,163,665-16,352,204) corresponds to
the cytological location 14B-D, as inferred from the FlyBase
and 4HMM-data. According to the 4HMM model, this region
is flanked on both sides with the groups of black bands 14В1-2
and 14D1-2 that are largely composed of the malachite/ruby
chromatin enriched with SUUR protein (Fig. 4b–d; Fig. S1s,
t). Using FISH with the probes located at the proximal side of
14B1-2 (kat80 gene) and the distal part of 14D1-2 (para gene),
we mapped the borders of the bands flanking the aquamarine-
lazurite tract. Cytology-based borders of the aquamarine-
lazurite tract indeed showed an excellent match to the
4HMM-predicted borders (Fig. 4b–f; Fig. S1b). Within this
region, 16 individual lazurite chromatin islands embedded in
the aquamarine chromatin are found (Fig. 4b). This is exactly
the number of thin gray bands observed under the EM by
Saura and colleagues (Saura et al. 1993), who specified that
of 12 bands in this region of the X chromosome (Fig. 4g, h)
depicted on the Bridges map (Bridges 1938) four doublets are
in fact represented by eight solitary bands.

Next, we compiled a map summarizing the distribution of
proteins, histone modifications, and genetic elements in be-
tween the marker genes kat80 and para, based on the data
extracted from the literature (see Fig. S1). First of all, the
region begins with the band 14B1-2, whereas FlyBase

indicates a different band, 14B7 (Fig. 4e). Next, FlyBase does
not provide the information on interband positions in general
(Fig. S1a) that play nonetheless a very important role in the
organization and functioning of the genome. As a conse-
quence, the borders of the bands and interbands in our model
are distinct from the ones provided by the FlyBase (Fig. S1a).
The same was found in other regions (Vatolina et al. 2011;
present paper). In the region of interest, i.e., between the genes
kat80 and para (border positions delimited by vertical red and
green lines in Fig. S1) lazurite chromatin fragments are shaded
blue. All the aquamarine fragments (spacers between the blue

Fig. 4 Cytological mapping of the 14B1-2–14D1-2 region of the X
chromosome exclusively composed of the alternating aquamarine and
lazurite fragments. a Genomic coordinates. b Map of the four
chromatin states. c Positions of the DNA probes used for FISH analysis
(genes kat80 and para). d Borders of the dense black bands 14B1-2 and
14D1-2, as per 4HMM. e, f FISH mapping of the extensive stretch of
aquamarine-lazurite -chromatin in the polytene chromosome X. e Phase
contrast. fMerged image: FISH, phase contrast. g EM map of the region
(Saura et al. 1993). hRevised Bridges’map (1938). Across all figures, bar
denotes 2 μm
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stripes) share the characteristic molecular and genetic features
of interbands (Zhimulev et al. 2014), such as state 1
(Kharchenko et al. 2011) chromatin (Fig. S1c), promoter re-
gions (Fig. S1f), enhancer elements, DNAse I hypersensitive
sites (DHS), Origin Recognition Complex (ORC)-associated
proteins, paused RNA polymerase II, non-specific lethals
(NSL) 1-3 (Fig. S1e-j); histone marks associated with active
promoters (Fig. S1k), as well as insulator proteins, boundary
element-associated factor (BEAF), and CHRIZ (Fig. S1n) that
are specifically found in interbands (Zhao et al. 1995;
Gortchakov et al. 2005). In contrast, DCC proteins (MSL1,
MSL2, and MOF), JIL1, as well as histone modifications as-
sociated with elongation (most notably, H3K36me3, and
H3K79me), map to the lazurite chromatin (Fig. S1o-r). In line
with our hypothesis, most of the genes in this region have their
coding parts and 3′-ends in the lazurite chromatin (Fig. S1d).

Distribution of CHRIZ and MSL1 in the region
of the polytene X chromosome encompassing a series
of thin gray bands and interbands

We proceeded to comparing the mutual distribution of pro-
teins characteristic for aquamarine and lazurite chromatin
states versus banding pattern in yet another region of the X
chromosome encompassing a series of thin bands and
interbands. We expected that immunostaining for these pro-
teins in the region 2C-2E would appear as the alternation of
signals and follow the banding pattern.

First, we performed FISH mapping of two aquamarine
chromatin fragments using CR45478/east fragment and the
5′-end of the pn gene as the probes (Fig. 5a, b). Both probes
were predictably located in the interbands: proximal to 2C1-2
and distal to the band 2E1-2 (Fig. 5c, d). Secondly, simulta-
neous detection of aquamarine-specific DNA probes and
CHRIZ shows complete co-localization (yellow signal) (Fig.
5e). To detect lazurite chromatin using MSL1 as a marker,
chromosomes from the M2SXB1-2 transgenic females were
used (see “Materials and Methods”). These chromosomes dis-
play a profile of MSL1 binding retaining the strongest MSL1
binding sites (Demakova et al. 2003). In both instances,
MSL1 is clearly detectable proximal to the marked interbands,
i.e., in the thin gray bands 2С4-5 and 2Е1-2 (Fig. 5f, denoted
as black and white triangles in Fig. 5), encompassing east and
pn gene bodies, respectively (Fig. 5a, b). Immuno-FISH data
underscore the differences between the two cases: in the vi-
cinity of the CG45478 gene, the signals for the aquamarine
chromatin DNA probe/CHRIZ (interband) and MSL1 (gray
bands) are non-overlapping, whereas in the pn gene, they
overlap (yellow signal), as the DNA probe harbors part of
the lazurite fragment (Fig. 5g). At the scale of the entire male
X chromosome, where many more MSL1 sites are present,
signal overlap is detected significantly more frequently (data
not shown). Therefore, to accurately map short lazurite

Fig. 5 Distribution of CHRIZ (aquamarine chromatin) and MSL1
(lazurite chromatin) immunostaining signals in the region 2C-E,
composed of the alternating interbands and thin gray bands in the
chromosome of the M2SXB1-2 female. a Genomic coordinates, position
of the CG45478 gene (the rest of the genes are not shown), FISH probes,
and 4HMM-derived chromatin states. bGenomic coordinates, position of
the prune gene (the rest of the genes are not shown), FISH DNA probes,
and 4HMM-derived chromatin states. c, d FISH mapping of the aquama-
rine fragments (genes CR45478 and pn): c Phase contrast. d Overlay of
FISH and phase contrast images. e Immuno-FISH of the DNA probes
from aquamarine chromatin (genes CR45478 and pn) and the interband
protein CHRIZ. Labeling sites appearing yellow indicate co-localization.
f Double immunolocalization of MSL1 and CHRIZ proteins. Red/green
bars denote lack of co-localization in this chromosome region. g Immuno-
FISH of the proteins of interest and aquamarine fragments (CR45478 and
pn genes). Black and white triangles mark thin gray bands 2С4-5 and
2Е1-2
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chromatin fragments relatively to the fine banding pattern,
EM analysis is required.

EM mapping of lazurite fragments marked by MSL1
along the polytene X chromosome

Previously, we reported on the results of EM analysis of
MSL1 immunodetection in polytene chromosome, where
gold particles were localized over the decompacted gray bands
and at the edges of large black bands (Semeshin et al. 2002,
2003). This analysis involved just two regions of the X chro-
mosomes and could not relate the cytological mapping data to
the molecular map.

Here, for high-resolution cytological mapping of lazurite
chromatin, we focused on the fragments marked by strong
MSL1 binding (modENCODE data for S2 cells) and designed
the DNA probes for FISH as close to the MSL1 peaks as
possible (Figs. 6, 7, 8, 9, 10, 11, and 12). Taking into account
that male polytene X chromosome has diffuse morphology
unsuitable for EM mapping, we used transgenic females of
the w/w; msl3 [w1; H83M2-61]/TM6, Tb (NOPU) genotype
(Kelley et al. 1997). In this stock, ectopic expression of the
male-specific MSL2 protein (Kelley et al. 1997) leads to the
assembly of DCC in females and results in the X chromosome
binding pattern very similar to that of the wild-type males, yet
with less diffuse X chromosome morphology (Kotlikova et al.
2006). Moreover, under the EM-immunostaining conditions
used, only strong MSL1 binding sites are detected, which
greatly simplifies mapping of the lazurite fragments of interest
on the band/interband map.

Region 1B1-4Region 1В1-4 harbors two black ruby/malachite
bands. From the proximal side, it is neighbored by the coding
sequence of Exp6 gene. This gene is localized in the lazurite
chromatin enriched with DCC proteins and H3K36me3 (Fig.
6a–h) and corresponds to the proximal part of the band 1B1-4
(Fig. 6i, j). Results of double immunostaining with antibodies
against CHRIZ and MSL1 are shown for the wild-type male
(Fig. 6j, k) and M2SXB1-2-transgenic female (Fig. 6l, m).
Figure 6 j–m display incomplete overlap between the two
channels, with green signal (CHRIZ, 5′-part of the Exp6 gene)
overlapping with the interband, and red signal (MSL1, gene
body) associating with the band (Fig. 6j, k). EM shows that
MSL1 signal is detected exactly at the proximal part of the
band 1B1-4, this pattern being highly reproducible across
multiple X chromosomes analyzed (Fig. 6n–p). Thus, a cyto-
logically stand-alone band is in fact “hybrid” in nature. It
encompasses both inactive and active chromatin, and in ge-
netic terms harbors both developmental genes characteristic of
the black bands, and housekeeping genes (e.g., Exp6).

Region 5С-F This region hosts three MSL1 peaks in the
lazurite chromatin (Fig. 7a–c). Our FISH data indicate that

these peaks correspond to the gray band 5С7-8, region be-
tween 5D3-4 and 5D5-6 (Fig. 7d–k), and the gray band
5E1-2 (which is particularly well seen on the stretched

Fig. 6 Cytology mapping of lazurite fragments in the region 1B of
polytene X chromosome. a Genomic coordinates (bp). b Gene map. c
4HMM-based chromatin map (Zhimulev et al. 2014). d Enrichment pro-
files of CHRIZ and DCC subunits in S2 cells (modENCODE project),
and in salivary glands of wandering larvae (wl) (Conrad et al. 2012). e
Relative expression levels in female SGs of wandering larvae (Conrad
et al. 2012). Red asterisk above MSL1 peak denotes position of a CES. f
Relative expression values in male SG of wandering larvae (Conrad et al.
2012). g Position of the FISH probe based on the Exp6 sequence. h
Proximal border of the band 1B1-4, as defined by the 4HMM. i, n
FISH mapping of the lazurite fragment (gene Exp6). i Overlay of FISH
and phase contrast images. n Phase contrast. j-m MSL1 and CHRIZ
mapping against the banding pattern of the 1B region. k, lDouble immu-
nostaining for MSL1 and CHRIZ proteins. Red/green bars denote lack of
co-localization in this chromosome region. j, m Phase contrast. o–r EM
immunodetection of antibodies against MSL1 in the 1B region. Black
triangles denote a stretch of grains of gold on the edge of the band 1В1-
4. s EM map of the region
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chromosome shown in Fig. 7 h, k). In the region between
5D3-4 and 5D5-6 bands, lazurite chromatin is immediately
adjacent to the malachite/ruby chromatin. Strong MSL1 sig-
nals decorate the gray bands 5С7-8, 5Е1-2, 5F1-2, and 5F5-6;
weak MSL1 signal is detectable over the black “hybrid” band
5D3-4 (Fig. 7l, m).

Region 7E-8A Four MSL1 peaks associated with lazurite chro-
matin are present within this region (Fig. 8b, c). FISH analysis
indicates that these sequences are found in the gray bands
7Е3, 7Е6, 7F7, and 7F10 (Fig. 8c–m). EM data confirm that

these lazurite fragments are found specifically in the gray
bands rather than in the neighboring interbands (Fig. 8n, o).

Region 9AВ This region harbors threeMSL1 peaks (Fig. 9a, b)
mapping within lazurite fragments. Here, all FISH probes
were derived from the coding sequences of genes (lazurite
chromatin). At the level of light microscopy, the most distal
MSL1 peak (gene CG1354) maps between two black dense
bands 9A1 and 9A2 (Fig. 9f, h) that are separated by a very
narrow interband (Fig. 9h, p; see also Bridges 1938). EM
immunodetection places this MSL1 peak (and the corresponding

Fig. 7 Cytology mapping of the
lazurite fragments in the region
5D-E. a Genomic coordinates
(bp). b MSL1 binding in the
chromatin of S2 cells. Red
asterisks above the MSL1 profile
denote positions of CES. c
4HMM-derived chromatin map
(Zhimulev et al. 2014). d
Positions of DNA probes used for
FISH (from genes CG12236,
raptor, and CG14446). e Band
borders (4HMM). f–m FISH
mapping of lazurite fragments
marked by high-MSL1 peaks. f,
g, h Overlay of FISH and phase
contrast images. i, j, k Phase
contrast. l EM immunodetection
of antibodies against MSL1. m
EM map of the region
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lazurite fragment) to the very edge of the band 9A2 (Fig. 9n–p,
black triangle), as one can see a thin strip of decompacted
interband material distal to the label (Fig. 8n, shown red).

The second MSL1 peak marks the border of the lazurite
fragment occupied by the coding part of the gene ZAP3 (Fig.
9b–e). FISH maps it to the black dense band 9A4 (Fig. 9g, i).
Double immunostaining also shows MSL1 (lazurite chroma-
tin, red signal) to be localized in the black band 9A4 (Fig. 9j–
m), distal to the CHRIZ binding site found in the interband
(aquamarine chromatin, green signal). Finally, EM
immunodetection demonstrates the band border localization
of MSL1-labeling (Fig. 9n, o, black triangle).

The third MSL1 peak (CG34408 gene) is found in the
decompacted band 9В5-6 (Fig. 9b–e, g, i). CHRIZ (aquama-
rine chromatin) and MSL1 (lazurite chromatin) signals show
no overlap in this region, with red MSL1 signal positioned
more proximal, in the band material (Fig. 9j–m). EM analysis
indicates that lazurite fragment belongs to the distal part of the
decompacted lazurite/malachite band (Fig. 9n, o).

Region 9F11-10B1-2No FISH analysis was performed for this
region, because this site is particularly well studied at the level
of light and electron microscopy, and so positions of all bands
here are well established (Kozlova et al. 1994; Vatolina et al.
2011; Zhimulev et al. 2014). This region harbors four strong
MSL1 binding sites (Fig. 10b). At the physical map, these
sites correspond to lazurite chromatin fragments. Accurate
matching of the EM signal to bands is not always feasible
(Fig. 10i), as three closely spaced gray bands 9F11, 9F12,
and 9F13 are found proximal to the 10A1/A2 band (Bridges
1938; Zhimulev et al. 2014). Nevertheless, sections of well-
spread chromosomes (Fig. 10j) have gold particles exactly at
thin gray bands 9F11 and 9F12, with 9F13 remaining unla-
beled (Fig. 10). Thus, the EM label follows the pattern of
lazurite fragments marked by the strongest MSL1 peaks
(Fig. 10b–d).

The second localization site of gold-labeled antibodies is
found in the region of super fine gray bands 10А6-7 and
10А8-10 (Fig. 10i–k). This region is particularly challenging

Fig. 8 Cytology mapping of the
lazurite fragments in the region
7E-8A. a Genomic coordinates
(bp). b MSL1 binding in the
chromatin of S2 cells. Red
asterisks above the MSL1 profile
denote positions of CES. c
4HMM-derived chromatin map
(Zhimulev et al. 2014). d
Positions of DNA probes used for
FISH (from genes CG11190, Trf-
2, Trf4-1, and caf1-180). e Band
borders (4HMM). f–m FISH
mapping of lazurite fragments
marked by high-MSL1 peaks. f-h
Overlay of FISH and phase con-
trast images. j-m Phase contrast.
n EM immunodetection of anti-
bodies against MSL1. o EM map
of the region

Chromosoma (2020) 129:25–44 35



for mapping purposes due to its highly decompacted nature,
yet the strongest DCC site maps exactly to the band 10А8-10
(Zhimulev et al. 2014). Finally, the last lazurite fragment
hosting a strong MSL1 site is found next to the extensive
stretch of ruby/malachite chromatin (Fig. 10b, c). Using co-
immunostaining (red label, MSL1 found at the distal part of

10В1-2; green label, CHRIZ found more distal, in the
interband), one can observe transitions from red to green in
the adjacent regions (Fig. 10f, g). At the EM level,MSL1 label
is detectable at the distal edge of the black band 10В1-2 (Fig.
10i, j). Thus, this example corresponds to yet another “hybrid”
band situation.

Fig. 9 Cytology mapping of the
lazurite fragments in the polytene
region 9A-B. a Genomic
coordinates (bp). bMSL1 binding
in the chromatin of S2 cells. Red
asterisks above the MSL1 profile
denote positions of CES. c
4HMM-derived chromatin map
(Zhimulev et al. 2014). d
Positions of DNA probes used for
FISH (from genes CG1354,
ZAP3, and CG34408). e Band
borders (4HMM). f–m FISH
mapping of lazurite fragments
marked by high-MSL1 peaks. f, j
Overlay of FISH and phase con-
trast images. h, i Phase contrast.
j–m Mapping MSL1 and CHRIZ
binding relatively to the fine
banding pattern of the region. j,m
Phase contrast. k, l Double im-
munolocalization of MSL1 and
CHRIZ proteins. Red/green bars
denote lack of co-localization in
this chromosome region; red/yel-
low/green bars correspond to the
partial co-localization. n, o EM
immunodetection of antibodies
against MSL1. Red bar points to
thin interband 9A1/9A2. p EM
map of the region
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Region 11AThis region has three strong MSL1 peaks localized
within the lazurite chromatin. One is supposedly found in the thin
gray band, and two other peaks map to the edges of bands com-
posed of the ruby chromatin and flanked by malachite fragments
(Fig. 11b–e). FISH mapping of these lazurite fragments (Fig.
11d) places the coding part of Tango gene to the decompacted
gray band 11А5, coding part ofCG1492—to the proximal end of

the band 11A1-2-(Fig. 11f, h), and coding part of Rab40—to the
proximal edge of the black dense band 11А6-9 (Fig. 11g, i). EM
analysis clearly indicates that the label is found in the band ma-
terial, rather than in the adjacent interbands (Fig. 11j).

Region 19A-C In the region 19AC, three strong MSL1 binding
sites are present (Fig. 12a, b). The most distal site maps to the

Fig. 10 Cytology mapping of the
lazurite fragments in the polytene
region 9F11-10B1-2. a Genomic
coordinates (bp). bMSL1 binding
in the chromatin of S2 cells. Red
asterisks above the MSL1 profile
denote positions of CES. c
4HMM-derived chromatin map
(Zhimulev et al. 2014). d Band
borders (4HMM). Black triangles
mark the positions of DNA
probes used for FISH analysis in
earlier reports (Vatolina et al.
2011; Zhimulev et al. 2014). e–h
Distribution ofMSL1 and CHRIZ
proteins relatively to the fine
banding pattern in the region. e, h
Phase contrast. f, g Double im-
munolocalization of MSL1 and
CHRIZ proteins. Red/green bars
denote lack of co-localization in
this chromosome region. i, j EM
immunodetection of antibodies
against MSL1. k EM map of the
region
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aquamarine fragment, negative for both CHRIZ and TSS (Fig.
12b, c). In agreement with the 4HMM-model, this aquamarine
fragment (found within the intron of DR2 gene) does not corre-
spond to the interband and maps to the middle of the thick dense
band 19A1-4 (Fig. 12f, i). Two other peaks map to the lazurite
chromatin (genes sw andHERC2) and are found in the thin gray
bands 19B1-2 and 19C4, respectively (Fig. 12g, h, j, k).

Next, we performed immunodetection of CHRIZ and
MSL1 on the X chromosome of a M2SXB1-2 male, to assess

the degree of overlap between the interband-specific protein
CHRIZ, and supposedly, a gray band-specific protein MSL1.
We could detect a narrow strip of a weak signal in the central
portion of a black dense band 19A1-4, which remains overall
label-free (Fig. 12l, m). In the region 19B1-2, the greenMSL1
signal is supposed to be bracketed from both sides by the red
CHRIZ signals, which corresponds to the thin gray band
19B1-2 and the two flanking interbands (Fig. 12l, m).
However, in the region of a decompacted band 19B1-2, the
red and green signals are not clearly set apart, and finally
strong yellow signal is seen under the band 19С4 (Fig.
12l, m). Yet, at the EM level, the three MSL1 peaks clearly
correspond to the bands 19А1-4, 19В1-2, and 19С4 (Fig.
11n–o).

Discussion

The goals of the present study were to understand how the
gene activity (i.e., transcription elongation) relates to the chro-
matin state (produced by the 4HMM), and whether these two
parameters are associated with a specific type of bands and
interbands in the polytene chromosomes. To do so, we com-
pared four genome-wide chromatin partitioning models that
have been published over the past 9 years, in terms of the
identification and localization of proteins and histone marks
associated with DCC-mediated transcription elongation in the
context of male X chromosome as well as with gene body
decompactization. According to the model developed by
Kharchenko et al. (2011), localization of the DCC subunits
perfectly matches the chromatin state 5 (male X chromosome
genes and transcription elongation) (Kharchenko et al. 2011).
The 4НММ model (Zhimulev et al. 2014) posits that these
features are largely associated with lazurite chromatin, where
the gene bodies are located.

According to the 4HMM, two chromatin types, lazurite and
aquamarine, belong to chromatin open for transcription and
are decondensed in the sense of accessibility for DNAse I
(Milon et al. 2014). Genetically, these chromatin states are
represented by housekeeping genes, with aquamarine chroma-
tin hosting promoter regions of such genes, and lazurite chro-
matin encompassing the coding parts (Fig. 3, Fig. S1, Figs. 5,
6, 7, 8, 9, 10, 11, and 12, Table 1).

Nonetheless, these two chromatin types are distinct in
many ways (Table 1). Genome-wide bioinformatic analysis
of chromatin profiling data indicate that aquamarine chroma-
tin is invariably positioned upstream of the lazurite chromatin.
Also, aquamarine chromatin is rich in DHS and ORCs in two
cell types (Table 1). Lazurite and aquamarine fragments show
distinctive localization of histone modifications mostly asso-
ciated with transcription elongation and exonic features,
which includes Н3К36me3, H2b-ubq, H4K20me1,
H3K79me1, H4K16ac, H3K27me,1 and H3K79me2

Fig. 11 Cytology mapping of the lazurite fragments in the polytene
region 11A. a Genomic coordinates (bp). b MSL1 binding in the
chromatin of S2 cells. Red asterisks above the MSL1 profile denote
positions of CES. c 4HMM-derived chromatin map (Zhimulev et al.
2014). d Positions of DNA probes used for FISH (from genes CG1492,
Tango4, and Rab40). e Band borders (4HMM). f–i FISH mapping of
lazurite fragments marked by high-MSL1 peaks. f, g Overlay of FISH
and phase contrast images. h, i Phase contrast. j EM immunodetection of
antibodies against MSL1
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(Table 1). In addition to the peculiar histone modification pat-
terns, we also note the presence of several exon- and
elongation-associated proteins, such as MSL1, MLE, JIL1,
MRG15, and RNA pol II. Both groups of markers are largely
associated with the lazurite chromatin (Table 1). The present
study also addresses the question which parts of the X-linked

genes contain Н3К36me3, MSL1, and JIL1. Following X
chromosome wide analysis of how these proteins are distrib-
uted relatively to the gene 5′-end and the coding sequence, it
became clear that MSL1, JIL1, and H3K36me3 are typically
found in the coding sequences, i.e., in the exonic portion of
lazurite chromatin (Fig. 3). Yet, their localization is not

Fig. 12 Cytology mapping of the
lazurite fragments in the polytene
region 19A-C. a Genomic
coordinates (bp). bMSL1 binding
in the chromatin of S2 cells. Red
asterisks above the MSL1 profile
denote positions of CES. c
4HMM-derived chromatin map
(Zhimulev et al. 2014). d
Positions of the DNA probes used
for FISH (form genes DR2, sw,
and HERC2). e Band borders
(4HMM). f–k FISH mapping of
the lazurite fragments marked by
high-MSL1 peaks. f–hOverlay of
FISH and phase contrast images.
i–k Phase contrast. l, m
Distribution ofMSL1 and CHRIZ
proteins relatively to the fine
banding pattern in the region. l
Double immunolocalization of
MSL1 and CHRIZ proteins. Red/
green bars denote lack of co-
localization in this chromosome
region. m Phase contrast. n EM
immunodetection of antibodies
against MSL1. o EM map of the
region
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restricted to the lazurite chromatin, and they are rarely detect-
able in the aquamarine chromatin, as well.

The EM analysis of MSL1 immunolocalization shows that
the signals are present exclusively in the male X chromosome
and that two-label distribution patterns are identifiable. The
first one involves the situation wherein the label covers
decompacted gray bands. The second one has the label at
the edges of black bands. By relating the exact positions of
the chromatin states and the two types of bands on the molec-
ular map, one can explain how these two labeling patterns
may form. In when the label is found in the decondenced
bands, we can see complete coincidence in localizations of
MSL1, lazurite chromatin, and decondensed bands (Fig. 13a).

Our retrospective analysis of the EM of immunogold stain-
ing data presented by Semeshin et al. (2002, 2003) indicates
that the label was found at thin “puffing” gray bands 16B3,

16B10-11, 16D3-4, 16E4-5, 17A9-10, and 17F1-2 (Fig. 1 in
Semeshin et al. 2002 and Semeshin et al. 2003), although back
then, the label positions could not be mapped relatively to the
lazurite chromatin, other proteins, or histone modifications. It
can therefore be concluded that whenever the MSL1 label is
found in the gray bands, this likely corresponds to the situation
of a housekeeping gene whose promoter is found in the
interband and whose coding part maps to the thin gray band
(gene 1 on the Fig. 13a).

This is unlike the situation with the label found of the edges
of the bands. Both the present study and the reports by
Semeshin et al. (2002, 2003) indicate that this type of labeling
is exclusively associated with large black bands. In the papers
referenced above, these are 15D1-2, 16D1-2, 16F7-8, and
17F7-8, and numerous cases are shown in the Figs. 5, 6, 7,
8, 9, 10, 11, and 12. It is known that big black bands differ from

Table 1 Characteristics of aquamarine and lazurite chromatin states in the Drosophila melanogaster genome

Characteristics Chromatin states

Aquamarine Lazurite

Structure of housekeeping genes (Zhimulev et al. 2014) TSS GENE body

Positioning of gene structures in two chromatin states (Zykova et al. 2018) 5′ regions Coding parts

Pairwise combinations of the two chromatin states (in a sense of transcription direction) (Zykova et al. 2018) Upstream of
lazurite

Downstream of
aquamarine

Chromatin compaction in S2 cell line according to Milon et al. (2014), Zykova et al. (2018) Open++/neutral+ Open+/neutral+

Genomic features (%) in Kc cell line (Zhimulev et al. 2014)

ORCs 91.4% 0.8%

DHSs 85.6% 1.1%

Genomic features (%) in S2 cell line (this paper)

ORCs 93% 0.95%

DHSs 88.8% 1.07%

Histone modifications (Boldyreva et al. 2017)

H3K36me3, epigenetic mark of active chromatin implicated in the elongation step of transcription, is enriched
in gene bodies (Lucchesi and Kuroda 2015), predominantly in exons (Kolasinska-Zwierz et al. 2009;
Schwartz et al. 2009)

− +

H2b-ubiq, enriched in gene bodies, is implicated in the elongation step of transcription (Lucchesi and Kuroda
2015)

− +

H4K20me1 enriched predominantly in exons (Schwartz et al. 2009) is necessary for the recruitment of the
DCC and, H4K16ac, for release of Pol II into active elongation (Kapoor-Vazirani and Vertino 2014)

− +

H3K79me1, enriched in gene bodies, predominantly in exons (Schwartz et al. 2009) − +

H4K16ac, DCC-dependent mark, mainly associates with the gene bodies (Kuroda et al. 2016) + ++

H3K27me1, enriched in gene bodies of highly expressed genes (Steiner et al. 2011) + ++

H3K79me2, enriched in gene bodies (Schubeler et al. 2004) + ++

Proteins

MSL1 binds to gene bodies (Kuroda et al. 2016); sex independently binds to promoter (Straub et al. 2013;
Chlamydas et al. 2016)

+ ++

MLE binds to gene bodies (Kuroda et al. 2016); sex independently mainly binds to 5′ regions (Cugusi et al.
2015)

+ +

JIL1 binds to active genes along their entire length (Ivaldi et al. 2007) + ++

MRG15 implicated in the elongation step of transcription and in regulation of active chromatin condensation
(Joshi and Struhl 2005)

+ +
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gray decondensed bands in sense of chromatin decompaction
(Kozlova et al. 1994; Vatolina et al. 2011), replication timing,
and even in underreplication (Zhimulev et al. 1982). Moreover,
both sides of the black band composed of the ruby chromatin
are bordered by the short stretch of malachite chromatin which
shows an intermediate timing of replication completion, as well
as stronger chromatin decondensation (Khoroshko et al. 2016,
2018).

Formally, two possibilities for the mutual arrangement of
the aquamarine/lazurite chromatin and black bands
(ruby/malachite chromatin) may exist: aquamarine/lazurite
chromatin may contact by the 5′-end or 3′-end of the gene to
the malachite chromatin of the black band (Fig. 13. In the
former scenario, black band (malachite chromatin) is neigh-
bored by the interband (5′-end of the gene in the aquamarine
chromatin) (Fig. 13a); in the latter scenario, the 3′-end of the
gene in the lazurite chromatin (gene 2 in Fig. 13b) joins with
material of the black, forming the whole band (Fig. 13b). This
black dense band is “hybrid” in nature, as it contains a densely
packed material peculiar for the black bands and developmen-
tally regulated genes, as well as the coding part of a house-
keeping gene and the material of a loose gray band (Fig. 13b)
(see also Khoroshko et al. 2018). Here we would like to make
it clear that both genetic content, morphology of the band
materials, and chromatin state in parts of the hybrid bands
are the same as in respective gray and black bands (lazurite
chromatin/housekeeping genes and malachite chromatin/
genes of development) (see Fig. 13b). Because the sizes of
gray bands are only several kilobases and black bands—
between several dozens and several hundred kilobases—

existence in hybrid band of something other except of the
black band material is not visible, and the band looks like
usual black band. Accepting the existence of “hybrid” bands,
we can explain finding the strong labeling of the black band
border when MSL1 antibodies were used: it labels the gene
body joined to the border of the black band.

It is therefore interesting to know whether these “hybrid”
bands are relatively widespread. Earlier, attempts to enumer-
ate them were done. Demakova et al. (2016) analyzed the
distribution of chromatin states in 29 finely mapped bands
and observed that in 60% of cases, the bands were found
adjacent to the aquamarine chromatin. In other words, a clas-
sical pattern of alternating bands and interbands was observed,
with the rest of the cases apparently corresponding to the
“hybrid” bands. Khoroshko et al. (2018) have focused on
the analysis of edges of 62 late-replicating black bands (124
edges). Of these, 116 edges were amenable to analysis, 44
(30%) of which could be classified as “hybrid.” Thus, the
percentage of “hybrid” bands could be rather high. Our bio-
informatic analysis indicates that there are 810 (403 forward +
407 reverse DNA strand) ruby/malachite/lazurite chromatin
combinations (borders of the “hybrid” bands) in the genome.
However, this expected number of hybrid joinings (ruby-mal-
achite-lazurite chromatins) can reflect only maximal number
of hybrid bands because this kind of joinings exists in the
middle part of the black bands as well (Khoroshko et al.
2016). New studies with usage of new approaches could solve
this question.

So, using the antibodies against proteins of the gene body
(MSL1), we obtained experimental data proving that the gene
bodies are located in the gray bands (lazurite chromatin) and
discovered a new type of the band combining both genes of
housekeeping and genes of development and the number of
these bands could be pretty high.
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Fig. 13 Black “hybrid” band formation upon fusion of the lazurite
chromatin with the black band edge. а Typical arrangement of
chromatin fragments, wherein black and gray bands are separated by
the aquamarine chromatin (i.e., interbands). 5′-end of the gene 1 is
found next to the black band material. Grains of gold on EM images
are denoted as white circles and map to the gray bands (lazurite
chromatin). b When the 3′-end of the gene 2 is juxtaposed to the black
band, a “hybrid” black band is formed encompassing the typical black
band and the coding sequence of a gene from the gray band
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