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Abstract 

Background  The three-dimensional configuration of the eukaryotic genome is an emerging area of research. Chro-
mosome conformation capture outlined genome segregation into large scale A and B compartments corresponding 
mainly to transcriptionally active and repressive chromatin. It remains unknown how the compartmentalization of the 
genome changes in growing oocytes of animals with hypertranscriptional type of oogenesis. Such oocytes are char-
acterized by highly elongated chromosomes, called lampbrush chromosomes, which acquire a typical chromomere-
loop appearance, representing one of the classical model systems for exploring the structural and functional organi-
zation of chromatin domains.

Results  Here, we compared the distribution of A/B compartments in chicken somatic cells with chromatin domains 
in lampbrush chromosomes. We found that in lampbrush chromosomes, the extended chromatin domains, restricted 
by compartment boundaries in somatic cells, disintegrate into individual chromomeres. Next, we performed FISH-
mapping of the genomic loci, which belong to A or B chromatin compartments as well as to A/B compartment transi-
tion regions in embryonic fibroblasts on isolated lampbrush chromosomes. We found, that in chicken lampbrush 
chromosomes, clusters of dense compact chromomeres bearing short lateral loops and enriched with repressive epi-
genetic modifications generally correspond to constitutive B compartments in somatic cells. A compartments align 
with lampbrush chromosome segments with smaller, less compact chromomeres, longer lateral loops, and a higher 
transcriptional status. Clusters of small loose chromomeres with relatively long lateral loops show no obvious corre-
spondence with either A or B compartment identity. Some genes belonging to facultative B (sub-) compartments can 
be tissue-specifically transcribed during oogenesis, forming distinct lateral loops.

Conclusions  Here, we established a correspondence between the A/B compartments in somatic interphase nucleus 
and chromatin segments in giant lampbrush chromosomes from diplotene stage oocytes. The chromomere-loop 
structure of the genomic regions corresponding to interphase A and B compartments reveals the difference in how 
they are organized at the level of chromatin domains. The results obtained also suggest that gene-poor regions tend 
to be packed into chromomeres.

Keywords  A/B compartments, Chicken genome, Chromomere, Chromosome conformation capture, FISH-mapping, 
Hypertranscription, Lampbrush chromosomes, Meiotic chromosomes, Oocyte nucleus, Transcription loops

*Correspondence:
Alla Krasikova
a.krasikova@spbu.ru
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13072-023-00499-2&domain=pdf


Page 2 of 16Krasikova et al. Epigenetics & Chromatin           (2023) 16:24 

Background
Nowadays, the three-dimensional chromatin architecture 
and the mechanisms of its maintenance and reorganiza-
tion is a rapidly developing area of genome biology [1]. 
With the advent of chromosome conformation cap-
ture approaches, the most widely used of which is the 
genome-wide Hi-C method, chromatin domains such as 
A/B compartments, topologically associating domains 
(TADs), and loop domains have been described [2–5]. A 
and B compartments are identified from the Hi-C long-
range contact frequency matrix by the “checkerboard” 
pattern and represent large-scale chromatin domains 
corresponding predominantly to open and closed chro-
matin [2, 6]. Chromatin visualization confirmed the 
appearance of active and inactive nuclear compartments, 
which form two interacting networks in the interphase 
nucleus and generally match to A and B compartments 
[7–9]. Moreover, A/B compartment domains may be 
predicted from the histone modifications profile [10, 
11]. A/B compartments have been detected in various 
organisms, including human, Drosophila, plants, and 
recently in the domestic chicken [3, 12–15]. A compart-
ments often correspond to transcriptionally active chro-
matin and enriched with epigenetic markers of an open 
chromatin such as H3K36Me3, H3K4me1, H3K27ac, 
H3K79me2 [3, 16, 17]. B compartments, on the other 
hand, are usually gene-poor, compact, and contain his-
tone markers of a silent chromatin, such as H3K27me3, 
H3K9Me3 [18]. In mammals, compartment domains can 
be subdivided into subcomparments according to epi-
genetic and transcriptional profile [3, 19]. In contrast to 
TADs, (sub-) compartment status and boundaries change 
during cell differentiation that correlates with changes in 
gene expression profiles [18, 20, 21]. At the same time, 
there are (sub-) compartments with important house-
keeping functions that do not switch their status and 
therefore can be called constitutive [20].

Several studies indicate that in mammals, conven-
tional compartments are present in early oocytes but 
become weaker during oocyte maturation and then dis-
appear in maternal zygotic chromatin [22, 23]. Here we 
aimed to investigate how the compartmentalization of 
the genome changes in growing oocytes in animals with 
hypertranscriptional type of oogenesis. In this type of 
oogenesis, high transcriptional output leads to appear-
ance of extremely elongated lampbrush chromosomes 
with a typical chromomere-loop structure. Lampbrush 
chromosomes are found in diplotene stage oocytes of 
all vertebrates with the exception of mammals [24–28]. 
At this stage of oogenesis chromosomes nearly lack any 
trans-chromosomal interactions except for the forma-
tion of bivalents between homologous chromosomes. In 
each individual lampbrush chromosome, stable globular 

chromatin domains, the chromomeres, can be seen along 
the whole length of the chromosome by conventional 
light microscopy [29, 30]. Lateral loops emerging from 
chromomeres are represented by strongly decondensed, 
actively transcribed chromatin and are visible due to 
the dense packing of nascent RNA with RNA-binding 
proteins [31–33]. In birds, lampbrush chromomeres, 
despite their primarily invariant pattern, are heterogene-
ous in terms of chromatin compactness, the presence and 
length of lateral loops, epigenetic modifications, genomic 
composition, and the abundance of repeats [30, 34–38]. 
FISH mapping of genomic loci belonging to somatic 
chromatin domains has not enabled to establish an 
unambiguous correlation between interphase TADs and 
lampbrush chromomere-loop complexes [39].

Lampbrush chromosomes are a convenient object for 
chromatin mapping and have been studied in detail in a 
number of model organisms [40–42]. However, the cor-
respondence between the chromomere-loop complexes 
of meiotic lampbrush chromosomes and chromatin com-
partment identity in the interphase nucleus has not been 
investigated. We decided to search for regularities in the 
correspondence between chromatin domains in lamp-
brush chromosomes of the domestic chicken (Gallus gal-
lus domesticus) and A/B compartments in somatic cells 
using available genome-wide data. To achieve this goal, 
we set out to compare the pattern of lampbrush chro-
momeres with A/B compartment distribution along the 
chromosomes and to map genomic regions belonging to 
A or B compartments in chicken embryonic fibroblasts 
on lampbrush chromosomes by FISH. To our knowl-
edge, this is the first study indicating a correspondence 
between the A/B compartments in somatic interphase 
nucleus and chromatin segments in giant lampbrush 
chromosomes from diplotene stage oocytes.

Methods
A/B compartment distribution analysis
A/B compartments are identified by applying principal 
component analysis (PCA or eigenvalue decomposition) 
to the distance-normalized Hi-C interaction frequency 
matrix for a certain cell type or tissue at a relatively low 
resolution (usually, bin values are from several tens of 
thousands kilobases to several megabases). The Pearson 
correlation matrix is further used to calculate eigenvec-
tor for each matrix bin. The type of the compartment (A 
or B) is generally inferred from the sign of the eigenvec-
tor: usually regions with positive values are denoted as 
“A” compartments, while regions with negative values 
are denoted as “B” compartments [2]. However, in some 
cases, additional analysis of GC content or gene density 
along the particular chromosome being analyzed may 
be required to correct the eigenvector sign for better 
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prediction of the type of compartment [43]. It has been 
convincingly shown that GC content and gene density 
positively correlate with A-compartments and nega-
tively correlate with B compartments [44, 45]. A number 
of computational program tools have now been devel-
oped to generate an A/B compartment profile from the 
observed/expected Pearson correlation matrix, some of 
which are embedded in pipelines for processing raw Hi-C 
datasets, such as cooltools (https://​open2c.​github.​io/) and 
Juicer tools ([46]; https://​github.​com/​aiden​lab/​juicer).

In our study we used publicly available A/B compart-
ment profiles obtained for different chicken cell types: 
chicken embryonic fibroblasts (CEF) and chicken eryth-
rocytes (RBC) [15], HD3 erythroblasts [47], lymphoblas-
toid DT40 cells [48], liver cells [49], and chicken small 
white follicle (SWF) granulosa cells [50]. Since a galGal5 
version of the chicken genome assembly was utilized to 
generate Hi-C dataset for most cell types except SWF 
cells, we used this chicken genome assembly to visualize 
A/B compartment profiles in the Integrative Genomics 
Viewer (IGV) [51]. Compartment coordinates for SWF 
cells were remapped to GalGal5 genome assembly using 
the NCBI remapping service (https://​www.​ncbi.​nlm.​nih.​
gov/​genome/​tools/​remap).

Comparison of the lampbrush chromosome chromomeric 
pattern with A/B compartment distribution
A/B compartments in interphase nuclei of chicken 
embryonic fibroblasts (CEF) were recently annotated in 
Hi-C long-range chromatin interaction maps [15]. With 
the help of the Integrative Genomics Viewer (IGV), we 
visualized the distribution of A/B chromatin compart-
ments in CEF and other chicken cell types. In addi-
tion, we used previously developed cytological maps of 
chicken lampbrush chromosomes with a DAPI staining 
pattern [52–54] to compare the distribution of A/B com-
partments along GGA1–GGA7 chromosomes in somatic 
cells with the distribution of chromomeres. To assign the 
position of genomic regions, we used the coordinates of 
previously mapped BAC clones [39, 53–56], the genomic 
positions of centromeres and marker structures such as 
globular loops [35, 57], and the coordinates of individual 
chromomeres determined by microdissection and sub-
sequent sequencing [35, 37, 38]. The coordinates of the 
selected markers were refined for the version 5 of the 
domestic chicken genome (galGal5) (Additional file  1: 
Table S1).

Labeling the BAC probes by nick‑translation
Probes were prepared from the chicken BAC-clone 
library CHORI-261 (https://​bacpa​creso​urces.​org/​
chick​en261.​htm) (Additional file  1: Table  S2). DNA 
was extracted from E.coli night cultures by standard 

alkaline-lysis protocol according to BAC manufacturer 
instructions. BAC DNA was labeled by nick-translation 
[58] at 16 °C for 2 h, using DNA polymerase I/DNAse I 
enzyme mix (ThermoFisher Scientific) and either bio-
tin-11-dUTP (Lumiprobe), digoxigenin-11-dUTP (Jena 
Bioscience) or aminoallyl-dUTP-ATTO-647N (Jena Bio-
science). Labeled probes were precipitated and dissolved 
at 20–30 ng/μl in hybridization mixture, containing 50% 
formamide, 10% dextran sulfate, 2 × SSC and 50 × excess 
of salmon sperm DNA (ThermoFisher Scientific). Since 
some BAC-clone based probes from the GGA1 gave 
unspecific hybridization signal on other chromosomes 
in metaphase plates, in case of these BAC clone combi-
nations, 20 × excess of chicken Cot5 DNA prepared by 
S1-nuclease digestion was added to the hybridization 
mixture [59]. The probes were preannealed at 37  °C for 
1 h after denaturation before mounting on slides.

Preparation of lampbrush chromosomes
Lampbrush chromosomes were isolated from growing 
chicken oocytes according to the earlier described pro-
cedure [60, 61] (https://​proje​cts.​exeter.​ac.​uk/​lampb​rush/​
proto​cols.​htm) under stereomicroscope Leica S9D or 
M165C (Leica Microsystems). Lampbrush chromosomes 
were spread by 3000  rpm centrifugation for 30  min 
at 4  °C, fixed in 2% PFA in PBS (1.47  mM KH2PO4, 
4.29  mM Na2HPO4, 137  mM NaCl 2.68  mM KCl) for 
30 min, dehydrated in ethanol series and air dried. Chick-
ens were handled according to the approval #131-04-6  
dated  25.03.2019 of the Ethics Committee for Animal 
Research of St. Petersburg State University.

FISH on lampbrush chromosomes
DNA/DNA + RNA and DNA/RNA FISH protocols were 
applied to lampbrush chromosome preparations [62, 
63]. Lampbrush chromosomes were denatured in 70% 
formamide at 70  °C for 10–15  min, dehydrated in ice-
cold ethanol series and air dried. Hybridization mixtures 
were denatured at 95  °C for 10  min and transferred on 
ice. 1–5  μl drops of hybridization mixture were applied 
to lampbrush chromosome preparations covered with 
coverslip and sealed with rubber cement. Hybridiza-
tion lasted overnight at 37 °C. Post-hybridization washes 
were in 3 changes of 0.2 × SCC at 60 °C and 2 changes of 
2 × 2CC at 45  °C. Biotin- and digoxigenin-labeled DNA-
probes were detected with Alexa488-conjugated strepta-
vidin and Cy3-conjugated anti-digoxigenin antibody 
correspondingly.

Microscopy and image analysis
Chromosomes were analyzed with epifluorescence 
microscope Leica DM4000 (Leica Microsystems), images 
were acquired with CCD camera (1.3  Mp resolution). 

https://open2c.github.io/
https://github.com/aidenlab/juicer
https://www.ncbi.nlm.nih.gov/genome/tools/remap
https://www.ncbi.nlm.nih.gov/genome/tools/remap
https://bacpacresources.org/chicken261.htm
https://bacpacresources.org/chicken261.htm
https://projects.exeter.ac.uk/lampbrush/protocols.htm
https://projects.exeter.ac.uk/lampbrush/protocols.htm
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DAPI-stained chromosomes were imaged before the 
FISH procedure, and processed with ImageJ/Fiji mul-
ticolor look-up table ‘Fire’ to improve the visibility of 
brightness heterogeneity along the lampbrush chro-
mosome axis. At least 6 images were acquired for each 
chromosomal region to ensure accuracy and reproduci-
bility of FISH-mapping. Schematic drawings of the FISH-
mapping of the selected genomic regions on lampbrush 
chromatin domains were generated according to the vis-
ual morphological analysis of the obtained microscopic 
images. Each scheme represents a close approximation of 
at least 6 different images with the mapped BAC probes 
for each chromosomal region. The use of multiple FISH 
images ensured that any variations in chromatin struc-
ture within the same chromosomal region were taken 
into account and accurately represented in the final sche-
matic drawings. In addition, the giant size of the lamp-
brush chromosomes and their distinct chromomere-loop 
structure defined a high level of detail in the schematic 
drawings.

Results
Lampbrush chromosome chromomeric pattern vs. 
distribution of A/B chromatin compartments
First, we sought to compare the pattern of lampbrush 
chromomeres with the distribution of A/B compart-
ments along the chicken interphase chromosomes, which 
are characterized by multiple switches between A and B 
compartments. The results of comparing the distribu-
tion of A/B compartments in chicken embryonic fibro-
blasts (CEF) with the pattern of chromomeres along the 
lampbrush chromosomes GGA1–GGA7 are presented in 
Figs. 1, 2, 3, 4 and Additional file 1: Figure S1.

GGA1 lampbrush chromosome visually differs from 
the other macrochromosomes by its long length, the 
absence of any pronounced marker structures, with 
the exception of the terminal loops (telomere bow-like 
loops, TBLs) and one marker loop (proximal boundary 
of axial bar bearing no loops, PBL11) [52, 53]. In lamp-
brush chromosome 1 several clusters of dense compact 
chromomeres can be observed (Fig.  1a–c). Except for 
the pericentromeric cluster of chromomeres, all other 

clusters of prominent DAPI-positive chromomeres (clus-
ters # 1, 2, 4, 5, as well as not numbered smaller regions) 
correspond to B compartments of different lengths in 
chicken embryonic fibroblasts.

Lampbrush chromosome GGA2 is characterized by the 
presence of the so-called ‘‘spaghetti’’ marker on the short 
arm and so-called lumpy loops (LLs) on the long arm 
[61]. DAPI-positive chromomeres are evenly distributed 
along the entire length of chromosome 2, with the large 
clusters in the centromeric region and on the long arm. 
The locus of ‘‘spaghetti marker’’ formation, the coordi-
nates of which were established earlier [35], corresponds 
to the A compartment, whereas the cluster of prominent 
compact chromomeres, in which LLs form [65], corre-
sponds to the B compartment in embryonic fibroblasts 
(Fig.  2a–c). The region of the extended cluster of dense 
compact chromomeres (cluster #5), the boundaries of 
which can be tentatively determined using previously 
mapped BAC clones [53, 54], corresponds to the large B 
compartment in embryonic fibroblasts (Fig. 2a–c).

The GGA3 lampbrush chromosome is well recognized 
due to the characteristic asymmetric length of the lateral 
loops, with a higher average loop length in the region of 
the long arm closer to the centromere, giving noticeable 
‘‘fuzziness’’ in the proximal part of the long arm, whereas 
the distal part of the long arm is represented mainly by 
DAPI-positive chromomeres with short lateral loops [52, 
53]. These features are well reflected in the distribution 
of epigenetic modifications: repressive chromatin mark-
ers H3K9me3 and 5-methyl-cytosine (5mC) predominate 
in the clusters of chromomeres in the second half of the 
long arm [38]. Extended clusters of large chromomeres in 
this region of lampbrush chromosome 3 generally corre-
spond to the somatic B compartments (Additional file 1: 
Figure S1a–aʹʹ). For instance, the region around the LL 
marker of chromosome 3, which was mapped before [35], 
demonstrated the correspondence between 5 and 6 dense 
DAPI-positive chromomeres and homogenous B com-
partment in chicken embryonic fibroblasts.

Lampbrush chromosome GGA4, in turn, has well-
defined terminal giant loops (TGLs) recently renamed 
GITERA (Giant Terminal RNP aggregates) [66], two 

(See figure on next page.)
Fig. 1  Alignment of interphase genome A/B compartments along chicken chromosome 1 with chromomeric pattern of the corresponding 
lampbrush chromosome. a—Distribution of A (red) and B (dark blue) compartments along the chicken chromosome 1 (GGA1) in embryonic 
fibroblasts viewed by Integrative Genomics Viewer (IGV) (according to [15]); b—cytological map of chicken lampbrush chromosome 1 depicting 
DAPI-staining pattern of chromomeres and relative contour length of lateral loops, black circles–dense chromomeres brightly stained with DAPI 
(according to [53, 54]). Dotted lines in a, b connect the genomic positions of the selected BAC-clones (Additional file 1: Table S1) with their positions 
on the cytological map; c—lampbrush chromosome 1 stained with DAPI, pixel intensities displayed with multicolored ImageJ look-up table, 
numbered lines in a and c indicate positions of chromomere clusters brightly stained with DAPI; d, e, f—DNA+RNA-FISH with BAC-clone based 
DNA-probes (Additional file 1: Table S2) covering the genomic regions 50–52 Mb (d), 70–71 Mb (e), and 185–186 Mb (f) on chicken lampbrush 
chromosome 1; dotted lines from c to d–f indicate chromosomal positions of the regions on microphotographs; dʹ–fʹ—the positions of the 
mapped BAC-clones relative to the somatic A/B compartments; dʹʹ–fʹʹ—schematic drawings of the FISH-mapping of the selected genomic regions 
on lampbrush chromatin domains; colors correspond to the colors of the labeled DNA-probes on the FISH images. Scale bar: c–20 μm, d–f—10 μm
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Fig. 1  (See legend on previous page.)
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clusters of DAPI-positive chromomeres, one in the 
short arm and one in the centromeric region, corre-
sponding to B compartments in embryonic fibroblasts 
(Fig.  3a–c). Chicken lampbrush chromosome 4 is the 
most completely mapped, both by FISH with BAC 
clone-based probes [39, 53] and by microdissection of 
individual chromomeres followed by their sequenc-
ing [37]. In the proximal part of the long arm of the 
chromosome 4 is an extended cluster of small DAPI-
positive chromomeres (cluster #3) that are depleted in 
acetylated histone H4 (H4Ac) and H3K9me3 [38]. This 
region of GGA4 corresponds to intermingled A/B com-
partments in chicken embryonic fibroblasts with the 
predominance of B compartment (Fig. 3a–c).

GGA5 lampbrush chromosome is characterized 
by several clusters of larger and more globular chro-
momeres including a cluster without prominent lateral 
loops in the pericentromeric region [56]. Four of these 
clusters correlate with the B compartments present at 
chicken interphase genome (Additional file 1: Figure S1 
b–bʹʹ).

GGA6 in a lampbrush configuration can be divided 
into two parts—with more compact larger chromomeres 
and relatively short lateral loops and with tiny chro-
momeres and longer transcription loops [53]. Prominent 
B compartment can be assigned to the first part of lamp-
brush chromosome 6 with higher chromatin compaction 
(cluster #1) (Additional file 1: Figure S1c–cʹʹ).

The GGA7 midichromosome, like the other midichro-
mosomes, is characterized by small DAPI-negative chro-
momeres from which long lateral loops emerge. Based on 
the analysis of DAPI staining and counting of the aver-
age number of chromomeres, we drew an approximate 
cytological map of the chromomere pattern for GGA7 
(Fig.  4a–c). Clusters of DAPI-positive chromomeres are 
found in the centromeric region, the position of which 
was previously established [57], and in the distal region 
of the long arm. B compartments are detected in the 
genomic region corresponding to these clusters, but 
further FISH mapping is required to verify their corre-
spondence to the DAPI-positive chromomeres.

In summary, by comparing the pattern of lampbrush 
chromomeres with the distribution of A/B compart-
ments (Figs. 1, 2, 3, 4a–c, Additional file 1: Figure S1), we 
have established that lampbrush chromosome segments 
characterized by higher chromatin compaction, more 
globular chromomeres, and lower transcriptional activity 
generally correlate with the B compartments present at 
interphase chromatin. At the same time, no obvious cor-
respondence with either A or B compartment identity is 
found for smaller chromomeres with relatively long lat-
eral loops.

FISH‑mapping of the genomic regions belonging to A or B 
compartments on chicken lampbrush chromosomes
Next, we decided to turn our attention to high resolution 
mapping of the genomic regions belonging to A compart-
ments or regions transitional between A and B compart-
ments on lampbrush chromosome preparations. Based 
on the available Hi-C data, we selected several regions of 
interest to obtain probes for FISH mapping of A/B com-
partments present in chicken interphase genome. For the 
most part (with a few exceptions), we focused on regions, 
where the compartment sign was uniform at the 1 to 
3  Mb length scales, on the largest macrochromosomes 
(GGA1–4, GGA7) and one microchromosome (GGA14). 
Depending on the region, from 2 to 6 BAC clones from 
the CHORI-261 library were selected to cover the A or 
B compartment (Additional file  1: Table  S2). The DNA 
probes derived from the BAC clones to the selected 
regions of interest were mapped on lampbrush chromo-
somes by 2D-FISH. FISH was performed according to the 
DNA/DNA + RNA in situ hybridization protocol so that 
DNA-probes also hybridized with the nascent transcripts 
on the lateral loops, allowing the hybridization signal to 
be observed along the entire length of the transcription 
loop.

Mapping genomic regions belonging to A compartments
To map the genomic regions belonging to A compart-
ments we selected the following segments on four chro-
mosomes: 50–52  Mb in GGA1, 39–40  Mb in GGA2, 

Fig. 2  Alignment of interphase genome A/B compartments along chicken chromosome 2 with chromomeric pattern of the corresponding 
lampbrush chromosome. a—Distribution of A (red) and B (dark blue) compartments along the chicken chromosome 2 (GGA2) in embryonic 
fibroblasts viewed by Integrative Genomics Viewer (IGV) (according to [15]); b—cytological map of chicken lampbrush chromosome 2 depicting 
DAPI-staining pattern of chromomeres and relative contour length of lateral loops, black circles—dense chromomeres brightly stained with 
DAPI (according to [53, 54]). Dotted lines in a, b connect the genomic positions of the selected BAC-clones and chromosomal marker structures 
(Additional file 1: Table S1) with their positions on the cytological map; c—lampbrush chromosome 2 stained with DAPI, pixel intensities displayed 
with multicolored ImageJ look-up table, numbered lines in a and c indicate positions of chromomere clusters brightly stained with DAPI; d, 
e—DNA+RNA-FISH with BAC-clone based DNA-probes (Additional file 1: Table S2) covering the genomic regions 39–40 Mb (d), 128–135 Mb (e) 
on chicken lampbrush chromosome 2; dotted lines from c to d and e indicate chromosomal positions of the regions on microphotographs; dʹʹ, 
eʹ—the positions of the mapped BAC-clones relative to the somatic A/B compartments; d, eʹʹ—schematic drawings of the FISH-mapping of the 
selected genomic regions on lampbrush chromatin domains; colors correspond to the colors of the labeled DNA-probes on the FISH images. Scale 
bar: c—20 μm, d, e—10 μm.

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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12–14 Mb in GGA7, and 1–2 Mb in GGA14 (Additional 
file 1: Table S2).

Six BAC clones were selected for the 50–52 Mb region 
of chromosome 1 (Fig. 1dʹ). FISH mapping of the selected 
BAC clones on lampbrush chromosome 1 shows the 
presence of chromomere-loop complexes with long lat-
eral loops in the region corresponding to A compartment 
(Fig. 1d–dʹʹ).

BAC clones CH261-163C1, CH261-63A12, and 
CH261-134B20 were selected to the 39–40  Mb region 
of chicken chromosome 2 (GGA2) (Fig.  2dʹ). All three 
probes hybridized with the RNP-matrix of the lateral 
loops (Fig. 2d–d′′).

Three BAC clones CH261-93F1, CH261-126G14, and 
CH261-38J23 selected to the 12–14 Mb region of chicken 
chromosome 7 (GGA7) were mapped into a single pair 
of long lateral loops with two transcriptional units sepa-
rated by a chromatin nodule (Fig. 4d–dʹʹ). The presence 
of a chromatin nodule within the lateral loop can be 
explained by the fact that in the absence of transcribed 
genes, chromatin tends to persist in a compact, ‘‘closed’’ 
state, even without being anchored into a nearby chro-
momere. Chromatin nodules on the lateral loops of 
lampbrush chromosomes have been described previously 
at the morphological level as 5mC enriched transcript-
free DNP regions with the characteristic nucleosomal 
organization [67] and by BAC-clone mapping as untran-
scribed DNA regions [39].

Two BAC clones, CH261-94D13, CH261-168C19 to a 
1–2 Mb region of chicken chromosome 14 (GGA14) also 
belonging to A compartment hybridized with the RNP 
matrix of two long lateral loops (Fig. 5c–cʹʹ).

Overall, all four genomic regions belonging to the A 
compartments in somatic cells were mapped to the rela-
tively long lateral loops and adjacent rather small chro-
momeres in lampbrush chromosome chromatin.

Mapping genomic regions transitional between A and B 
compartments
We additionally selected BAC clones for A to B 
compartment transition regions in chicken embry-
onic fibroblasts for FISH-mapping on lampbrush 

chromosomes isolated from the oocytes. To this end, 
70–71  Mb region in GGA1, 128–135  Mb region in 
GGA2, 34–37  Mb region in GGA4, and 10–13  Mb 
region in GGA14 were mapped (Additional file  1: 
Table S2).

The 70–71  Mb region of GGA1 is at the border 
between the chromosomal segment with very long lat-
eral loops and the cluster of centromeric DAPI-positive 
chromomeres (the so-called ‘centromere bar’). This seg-
ment of the lampbrush chromosome 1 corresponds to 
the interphase chromatin region with multiple switches 
between A and B compartments (Fig. 1a–c). BAC clones 
CH261-162E14, CH261-33I15, and CH261-180H2 
from this region hybridized with two neighboring chro-
momeres with pairs of short lateral loops (Fig. 1e–eʹʹ).

We also selected two differently labeled BAC clone 
sets to map an extended 128–135  Mb genomic seg-
ment of transition from the A to the B compartment on 
chicken chromosome 2 (GGA2) (Fig.  2eʹ). BAC clones 
CH261-98G7, CH261-135E13 picked up to the A com-
partment hybridized into chromomere-loop complexes 
with long lateral loops, indicating chromatin openness 
in this region. Next, BAC clones CH261-12O18, CH261-
140E6, CH261-177C13, CH261-97C18, and CH261-54I9, 
matched to the B compartment, hybridized into chro-
momeres (Fig.  2e–eʹʹ). One of these BAC clones also 
hybridized with a very short lateral loop, which may be 
related to the transcription of a certain gene. This hybrid-
ization pattern fully confirms our observation about 
the preferential correspondence of A compartments to 
smaller chromomeres with longer lateral loops and B 
compartments—to larger chromomeres with shorter lat-
eral loops.

Two other transition genomic regions: the 34–37  Mb 
segment on chromosome 4 and the 10–13  Mb seg-
ment on chromosome 14 demonstrated an exception to 
the observed tendency. Four BAC clone-based probes, 
CH261-30O11, CH261-38A10 to the A compartment 
and CH261-124F10, CH261-109C8 to the B compart-
ment, were selected for the 34–37 Mb region on chromo-
some 4 (GGA4) (Fig. 3dʹ). All four probes hybridized into 
the RNP-matrix of four adjacent lateral loops of different 

(See figure on next page.)
Fig. 3  Alignment of interphase genome A/B compartments along chicken chromosome 4 with chromomeric pattern of the corresponding 
lampbrush chromosome. a—Distribution of A (red) and B (dark blue) compartments along the chicken chromosome 4 (GGA4) in embryonic 
fibroblasts viewed by Integrative Genomics Viewer (IGV) (according to [15]); b—cytological map of chicken lampbrush chromosome 4 depicting 
DAPI-staining pattern of chromomeres and relative contour length of lateral loops, black circles—dense chromomeres brightly stained with DAPI 
(according to [53]). Dotted lines in a, b connect the genomic positions of the selected BAC-clones (Additional file 1: Table S1) with their positions on 
the cytological map; c—lampbrush chromosome 4 stained with DAPI, pixel intensities displayed with multicolored ImageJ look-up table, numbered 
lines in a and c indicate positions of chromomere clusters brightly stained with DAPI; d—DNA+RNA-FISH with BAC-clone based DNA-probes 
(Additional file 1: Table S2) covering the genomic region 34–37 Mb (d) on chicken lampbrush chromosome 4; dotted lines from c to d indicate 
chromosomal position of the region on microphotographs; dʹ—the positions of the mapped BAC-clones relative to the somatic A/B compartments; 
dʹ—schematic drawing of the FISH-mapping of the selected genomic region on lampbrush chromatin domains; colors correspond to the colors of 
the labeled DNA-probes on the FISH image. Scale bar: c—20 μm, d—10 μm.
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Fig. 3  (See legend on previous page.)
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sizes regardless of whether they belonged to the A or B 
compartment (Fig. 3d–dʹʹ).

The GGA14 microchromosome contains two clusters 
of CNM repeats in the centromeric region corresponding 
to two large DAPI-positive chromomeres at the lamp-
brush chromosome stage [54] and an additional extended 
B compartment in the middle of the proximal part of the 
long arm (Fig. 5a–b). At the same time, three BAC clones 
from this B compartment mapped to three pairs of lat-
eral loops, indicating active transcription of this region at 
the lampbrush chromosome stage [39]. In particular, the 
748 kbp gene RBFOX1 (RNA Binding Fox-1 Homolog 1) 
present in this region is transcribed on a very long lateral 
loop [39] but is silent in chicken embryonic fibroblasts.

Here, we selected 9 additional and one previously 
mapped BAC clones for this region of GGA14–6 to the 
B compartment (CH261-177N7, CH261-36G10, CH261-
179I1, CH261-119E18, CH261-78O7, CH261-99K17) 
and 4 to the A compartment (CH261-75C12, CH261-
75E9, CH261-57E13, CH261-152F2) (10–13  Mb region, 
Fig.  5dʹ). Probes to the B compartment hybridized 
with the RNP matrix of two long adjacent lateral loops 
(Fig. 5d–dʹʹ). Probes to the A compartment also hybrid-
ized with the lateral loops, but despite the abundance of 
the genes in this region, the size of these loops was much 
smaller. This may be related both to the different lengths 
of the transcribed genes and to the intensity of their tran-
scription at this stage of oogenesis. We assume that in 
the 10–13 Mb region of GGA14, the longest lateral loops 
are formed in the genomic regions containing long tran-
scribed genes regardless of the compartment status.

Mapping genomic regions belonging to B compartments
To map the genomic regions belonging to the somatic 
B compartments, we chose a 185–186 Mb genomic seg-
ment that belongs to GGA1 region, dominated by B com-
partments interspersed with smaller A compartments 
(cluster #5) (Fig.  1a), and selected three neighboring 
BAC clones CH261-31K17, CH261-54J7, CH261-120O20 
(Fig.  1fʹ). BAC clone-based probes CH261-31K17, 
CH261-54J7, and CH261-120O20 hybridized to three 
adjacent chromomeres and probe CH261-54J7 also 

hybridized with a pair of very short lateral loops, ema-
nating from the central chromomere (Fig.  1f–fʹʹ). Thus, 
this cluster of DAPI-positive chromomeres on lamp-
brush chromosome 1 (cluster #5) (Fig.  1c) corresponds 
to the genomic region dominated by B compartments 
(Fig.  1a–b). Tiny lateral loops that emerge from these 
chromomeres are aligned with the small A compartment 
within this genomic region (Fig.  1f–fʹʹ). This example 
confirms the general correspondence between genomic 
regions forming B compartment in chicken embry-
onic fibroblasts and the large clusters of dense chro-
momeres with short lateral loops in lampbrush meiotic 
chromosomes.

In addition, the BAC probes that we earlier mapped 
on chicken lampbrush chromosome 1 to genomic loci 
from the two neighboring TADs belonging to the com-
partment B (146–148  Mb region) hybridize with one 
prominent chromomere, but not with lateral loops 
(Fig. 2 in [39]). Previously, microdissection and sequenc-
ing of a large dense chromomere from this region (149–
154 Mb) showed that it is enriched with H3K9me3 and 
highly methylated gene-poor DNA corresponding to 
the somatic B compartment [35, 38]. In addition, among 
three BAC clones to the three subTADs from the com-
partment B (25–28  Mb region) on lampbrush chro-
mosome 2 (Fig.  2a–c, region 2), two hybridized with 
chromomeres and one hybridized with the nascent RNA 
on a pair of lateral loops corresponding to the TSHD7A 
gene (Fig. 3 in [39]).

In conclusion, our FISH-mapping data additionally 
indicate that clusters of dense compact chromomeres 
carrying short lateral loops and enriched with repres-
sive epigenetic modifications overlap with prominent 
B compartments in somatic cells, reflecting functional 
compartmentalization of the chicken genome. Next, 
we wondered if these compartments are constitutive or 
cell-type specific. Using the data available up to date, we 
demonstrate that these B compartments are constitutive 
between several chicken cell types: embryonic fibroblasts 
(CEF), mature erythrocytes (RBC), erythroblast cell line 
(HD3), DT40 cell line, granulosa cells of small white fol-
licle (SWF), and liver cells (Additional file 1: Figure S2).

Fig. 4  Alignment of interphase genome A/B compartments along chicken chromosome 7 with chromomeric pattern of the corresponding 
lampbrush chromosome. a—Distribution of A (red) and B (dark blue) compartments along the chicken chromosome 7 (GGA7) in embryonic 
fibroblasts viewed by Integrative Genomics Viewer (IGV) (according to [15]); b—cytological map of chicken lampbrush chromosome 7 depicting 
DAPI-staining pattern of chromomeres and relative contour length of lateral loops, black circles–dense chromomeres brightly stained with DAPI. 
Dotted lines in a, b connect the genomic positions of the BAC-clones (Additional file 1: Table S1) with their positions on the cytological map; c—
lampbrush chromosome 7 stained with DAPI, pixel intensities displayed with multicolored ImageJ look-up table, numbered line in a and c indicates 
position of chromomere cluster brightly stained with DAPI; d, dʹ–DNA+RNA-FISH with BAC-clone based DNA-probes (Additional file 1: Table S2) 
covering the genomic region 12–14 Mb on chicken lampbrush chromosome 7; dotted lines from c to d, d′ indicate chromosomal positions of 
the region on microphotographs; dʹʹ—schematic drawing of the FISH-mapping of the selected genomic region (d, dʹ) on lampbrush chromatin 
domains; colors correspond to the colors of the labeled DNA-probes on the FISH images. e—the positions of the mapped BAC-clones relative to 
the somatic A/B compartments. Scale bar: c—20 μm, d, dʹ—10 μm.

(See figure on next page.)
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Discussion
The question of whether the structure of lampbrush 
chromosomes is unique or reflects universal principles 

of genome packaging remains open. In transcription-
ally active lampbrush chromosomes, probably due to 
the strong repulsion of RNP-matrix of lateral loops, 

Fig. 4  (See legend on previous page.)
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chromatin compartments are apparently absent. Indeed, 
in somatic cells, genomic loci from one particular B com-
partment preferentially interact with genomic loci form 
the other B compartments. However, in giant oocyte 
nucleus, individual chromosomal segments do not 
reach each other, both between and within lampbrush 
chromosomes [68, 69]. Moreover, in growing oocytes 
of adult birds, lampbrush chromosomes do not interact 
with nuclear lamina or nucleolus and do not form chro-
mocenters, which reduces the likelihood of interchromo-
somal interactions. Drosophila polytene chromosomes 
lack compartments due to similar spatial organization 
[70].

Previously, based on Hi-C chromatin contact maps, the 
distribution of TADs and A/B compartments in inter-
phase genome was compared with G-banding (according 
to Giemsa staining) of human metaphase chromosomes 
[71]. It was found that TADs with high H1.2/H1X ratio 
belonging to B compartments strongly correlate with 
AT-rich Giemsa bands. Our data further indicate that 
the boundaries between chromatin domains belonging 
to A/B compartments in somatic cells remain bounda-
ries and in lampbrush chromosomes from diplotene 
stage oocytes. At the same time, genomic regions corre-
sponding to the extended chromatin domains restricted 
by compartment boundaries in somatic cells disintegrate 
into individual chromomeres in diplotene oocytes.

In fact, chicken lampbrush chromosomes are charac-
terized by distinct heterogeneity in chromomere density 
and contour length of lateral loops. Clusters of dense 
and relatively large chromomeres with short lateral loops 
alternate with regions of loose and sometimes indiscern-
ible chromomeres with longer lateral loops [52, 53, 72]. 
It was found that the repressive chromatin modifica-
tions (5mC, H3K9me3, H3K27me3, HP1β) are enriched 
in the clusters of dense compact chromomeres reflect-
ing their functional state [36, 38]. By direct comparison 
of Hi-C maps and chromomere-loop patterns as well 
as by FISH-mapping, we found that clusters of more 
globular chromomeres with relatively short lateral loops 
and thus higher chromatin compaction generally cor-
respond to the constitutive B compartments present in 
the interphase nucleus of many cell types. These results 

suggest that gene-poor regions tend to be packed in chro-
momeres in lampbrush chromosomes. The boundaries of 
extended clusters of compact chromomeres correspond-
ing to particular B compartments were established pre-
cisely according to the mapped genetic markers. Mapping 
of the transition regions between A and B compartments 
further supports the observed tendency. We also assume 
that in the most genomic regions analyzed, A compart-
ments in chicken embryonic fibroblasts tend to corre-
spond to the lampbrush chromosome segments with 
smaller and less compact chromomeres and long lateral 
loops, which correlates with their higher transcriptional 
status, enrichment with histone H4 acetylation, and elon-
gating form of RNA polymerase II. These chromosomal 
segments have a greater number of less globular chro-
momeres compared to the segments overlapping with 
the somatic B compartments. At the same time, smaller 
chromomeres with relatively long lateral loops show no 
obvious correspondence with either A or B compartment 
identity. A more detailed examination of the distribution 
of different types of subcompartments and functional 
classes of chromatin in these genomic regions and their 
relationship to particular lampbrush chromatin domains 
is essential.

We also realized that there are a number of exceptions 
to the observed trend. For example, we noticed that tran-
scription of the lengthy RBFOX1 gene during oogenesis 
leads to the formation of a long lateral loop in the region 
corresponding to the B compartment in somatic cells 
(Fig.  5d–dʹʹ). This is interconnected to oocyte specific 
expression of many maternal genes as shown by RNA-
FISH on lampbrush chromosome preparations [39, 63]. 
Thus, this B-compartment can be regarded as facultative.

The schematic drawing (Fig. 6) summarizes the estab-
lished correspondence between chromatin domains 
belonging to A or B compartments in chicken interphase 
genome and lampbrush chromosome segments with dif-
ferent chromomere-loop characteristics. The following 
issues may be addressed in the future. What is the mech-
anism of chromatin segregation into individual chro-
momeres in lampbrush meiotic chromosomes? Whether 
chromomeres represent chromatin that is passively 
compacted due to transcriptional inactivity or whether 

(See figure on next page.)
Fig. 5  Alignment of interphase genome A/B compartments along chicken chromosome 14 with chromomeric pattern of the corresponding 
lampbrush chromosome. a—Distribution of A (red) and B (dark blue) compartments along the chicken chromosome 14 (GGA14) in embryonic 
fibroblasts viewed by Integrative Genomics Viewer (IGV) (according to [15]); b—cytological map of chicken lampbrush chromosome 14 depicting 
DAPI-staining pattern of chromomeres and relative contour length of lateral loops, black circles—dense chromomeres brightly stained with DAPI 
(according to [54]). Dotted lines in a, b connect the genomic positions of the BAC-clones (Additional file 1: Table S1) with their positions on the 
cytological map; c, d—DNA + RNA-FISH with BAC-clone based DNA-probes (Additional file 1: Table S2) covering the genomic regions 1–2 Mb cʹ 
and 10–13 Mb dʹ on chicken lampbrush chromosome 14, dotted lines from b to c and d indicate positions of the regions on the cytological map; 
cʹ, dʹ—the positions of the mapped BAC-clones relative to the somatic A/B compartments; cʹʹ, dʹʹ—schematic drawing of the FISH-mapping of the 
selected genomic regions (c, d) on lampbrush chromatin domains; colors correspond to the colors of the labeled DNA-probes on the FISH images. 
Scale bar: 10 μm
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Fig. 5  (See legend on previous page.)
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chromatin in chromomeres is protected from transcrip-
tion initiation due to a more closed chromatin struc-
ture? It would be also interesting to compare lampbrush 
chromomeres with chromatin domains and chromatin 
domain clusters forming chain-like reticular structure 
recently described in interphase nucleus by quantitative 
super-resolution and scanning electron microscopy [7, 
73].

Conclusions
We compared the distribution of A/B compartments in 
somatic cells with chromatin domains in meiotic lamp-
brush chromosomes. The chromomere-loop structure of 
the genomic regions corresponding to interphase A and 
B compartments reveals the difference in how they are 
organized at the level of chromatin domains. In conclu-
sion, clusters of globular chromomeres with shorter lat-
eral loops, resulting in higher chromatin compaction, are 
commonly associated with constitutive B compartments 
in interphase nuclei of different cell types. This obser-
vation suggests that genomic regions with lower gene 
density tend to be concentrated within chromomeres in 
lampbrush chromosomes. We further inferred that A 
compartments in chicken embryonic fibroblasts align 
with lampbrush chromosome segments with smaller, 
less compact chromomeres, longer lateral loops, and a 
higher transcriptional status. These findings indicate that 

genomic regions with higher gene density are actively 
transcribed at the lampbrush chromosome stage of 
oogenesis.
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