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ABSTRACT

Eukaryotic chromosomes are spatially segregated
into topologically associating domains (TADs). Some
TADs are attached to the nuclear lamina (NL) through
lamina-associated domains (LADs). Here, we iden-
tified LADs and TADs at two stages of Drosophila
spermatogenesis – in bamΔ86 mutant testes which is
the commonly used model of spermatogonia (SpG)
and in larval testes mainly filled with spermato-
cytes (SpCs). We found that initiation of SpC-specific
transcription correlates with promoters’ detachment
from the NL and with local spatial insulation of adja-
cent regions. However, this insulation does not re-
sult in the partitioning of inactive TADs into sub-
TADs. We also revealed an increased contact fre-
quency between SpC-specific genes in SpCs imply-
ing their de novo gathering into transcription facto-
ries. In addition, we uncovered the specific X chro-
mosome organization in the male germline. In SpG
and SpCs, a single X chromosome is stronger asso-
ciated with the NL than autosomes. Nevertheless, ac-
tive chromatin regions in the X chromosome interact
with each other more frequently than in autosomes.
Moreover, despite the absence of dosage compen-
sation complex in the male germline, randomly in-
serted SpG-specific reporter is expressed higher in
the X chromosome than in autosomes, thus evidenc-

ing that non-canonical dosage compensation oper-
ates in SpG.
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INTRODUCTION

Eukaryotic DNA must be densely packed to fit in a nucleus,
but mechanisms of this packaging are still poorly under-
stood. Using high throughput chromosome conformation
capture (Hi-C) technique (1), topologically associating do-
mains (TADs) were revealed as the units of chromosome
folding (2–5). Super-resolution microscopy studies follow-
ing Oligopaint labeling as well as single-cell Hi-C analysis
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have shown that TADs are separate chromatin globules with
blurred boundaries in individual mammalian cells and with
more precise boundaries in Drosophila cells (6–9). Recent
Hi-C experiments with sub-kilobase resolution led to iden-
tification of many more TADs than were initially detected
in both mammals and Drosophila (10–17). Furthermore,
inter-TAD regions, which were revealed in Drosophila at 20-
kb resolution (18), appeared to be comprised of a chain of
short TADs, where each TAD corresponds to actively ex-
pressed gene or gene cluster (12,14).

Chromosome partitioning into TADs reflects more gen-
eral phenomenon of spatial segregation of active (A)
and inactive (B) chromatin compartments (1,12). The
cohesin/CTCF-based chromatin loop extrusion process im-
poses an additional, dominant layer of regulation over com-
partmental segregation upon TAD formation in mammals
(12,19–22). However, Rowley et al. (12) found no evidence
that the same mechanism operates in Drosophila. More-
over, recent study has shown that CTCF contributes to the
formation of not more than 10% of TAD boundaries in
Drosophila central nervous system (23).

Phase separation was implicated to explain the segre-
gation of active and inactive chromatin (24–26, reviewed
in (27)). The basic principle of this segregation might
be mediated by the ability of non-acetylated nucleosomes
to aggregate with each other and by the absence of this
ability in acetylated nucleosomes (18). Additionally, hete-
rochromatin protein 1 (HP1) and linker histone H1 were
shown to enhance formation of liquid droplets consist-
ing of non-acetylated nucleosomes (28–30). In contrast,
bromodomain-containing proteins stimulate the appear-
ance of droplets consisting of acetylated nucleosomes (30).

TAD boundaries in Drosophila highly correlate with the
presence of housekeeping genes (3,18,31–33). Apparently,
permanently active chromatin of housekeeping genes has
the intrinsic ability to fold into active TADs thus form-
ing boundaries that delimit active and inactive chromatin.
RNA polymerase II (Pol II) and cohesin were shown to
participate in this process (16). However, it is still not
fully understood what chromatin features are necessary and
sufficient for the generation of new TAD boundaries in
Drosophila. In particular, it was not systematically explored
whether the initiation of tissue-specific transcription within
inactive TADs leads to the emergence of active mini-TADs
and to the partitioning of inactive TADs into sub-TADs.

In animal cells, chromosomes are attached to the nu-
clear lamina (NL), the layer beneath the inner nuclear mem-
brane formed by lamins (which will be further referred to as
Lam) and Lam-associated proteins (reviewed in (34)). Bind-
ing of chromosomes to the NL in lamina-associated do-
mains (LADs) impacts chromatin three-dimensional (3D)
organization (reviewed in (35)) by affecting both intra-TAD
and inter-TAD interactions in mammals and Drosophila
(36,37). LADs that were mapped in various cell types of
Drosophila, mammals and nematode (38–42), contain silent
or weakly-expressed genes, whereas ubiquitous and, to a
lesser extent, tissue-specific genes (or at least their promot-
ers) are detached from the NL (40,42–45). The displace-
ment of individual activated loci from the NL to nuclear
interior was repeatedly registered by fluorescence in situ hy-
bridization (FISH) (reviewed in (46)). However, it remained

unknown whether tissue-specific genes generally lose their
association with the NL upon activation in Drosophila, be-
cause LADs were not previously mapped at consecutive de-
velopmental stages in this organism.

Drosophila spermatogenesis (reviewed in (47)) is a use-
ful model of cell differentiation (Figure 1A). During sper-
matogenesis, germinal stem cells adjoining to the somatic
hub cells are self-renewed via asymmetric division, also pro-
ducing a gonialblast. The latter undergoes four rounds of
mitotic divisions resulting in 16-cell cysts filled with sper-
matogonia (SpG). Then, cells enter the meiotic prophase
as spermatocytes (SpCs). During 3.5 days, the volume of
SpCs increases 25-fold, and this growth is accompanied
by transcription initiation of more than a thousand SpC-
specific genes. This transcriptional burst is mediated by
massive chromatin remodeling launched by de novo expres-
sion of testis-specific meiotic arrest complex (tMAC) as well
as by testis-specific TBP-associated factors (TAFs) (48,49,
reviewed in (50)). Transcription almost completely ceases
just before meiosis, that results in 64 interconnected hap-
loid spermatids. However, the stored transcripts are trans-
lated after meiosis, leading to gross alterations of spermatid
morphology and, finally, to production of the motile sperm.

In somatic Drosophila tissues, two mechanisms likely me-
diate the equalization of expression of a single dose of X-
linked genes in males with the double dose of X-linked genes
in females or autosomal genes in males and females. The
first mechanism relies on the activity of the canonical Male-
Specific Lethal (MSL) dosage compensation complex which
introduces H4K16 hyperacetylation in the male X chromo-
some thus making chromatin context more favorable for
transcription (51–53, reviewed in (54)). However, depletion
of MSL subunits in two Drosophila male cell lines resulted
in only ∼1.4-fold decrease in X-linked expression (55,56).
Moreover, X-linked transcription appears to be partially
equalized in male and female Drosophila embryos during
early developmental stages when the canonical dosage com-
pensation system is not yet active (57). Thus, a second, yet
unknown mechanism likely exists which leads to further
∼1.4-fold up-regulation of the X-linked genes in males (55).
In male germline cells, several subunits of the MSL complex
are not expressed and H4K16 acetylation is not enriched
in the X chromosome compared to autosomes (58). Based
on testis transcriptome analysis, various research groups
have come to contradictory conclusions about the existence
and magnitude of dosage compensation in Drosophila male
germline cells (56,59–61). While Deng et al. (59) revealed a
nearly complete equalization of X and autosomal gene ex-
pression, Shi et al. (60) found no evidence of dosage com-
pensation, and two other groups (56,61) reported ∼1.5-fold
enhanced expression of the X-linked genes.

Here, we performed a comprehensive analysis of chro-
matin organization, including identification of LADs, Hi-
C, whole-chromosome FISH, RNA-seq, and transgene
expression assay, to trace dynamic changes in genome
architecture during male germline cell differentiation in
Drosophila. In particular, we examined whether the initi-
ation of tissue-specific transcription results in the detach-
ment of chromatin from the NL and leads to the partition-
ing of large inactive TADs into smaller sub-TADs. We also
explored whether the single X chromosome in SpG adopts



Nucleic Acids Research, 2022, Vol. 50, No. 6 3205

S G

SpG

SpCs
Spermatids

Δ86 Δ86Testes from bam / bam  males

rdTestes from 3  instar larvae malesA B Lam-DamID in SpG

stop
loxP loxP

minimal
hsp70
promoter

-

nos
promoter

Cre

♀♀♂ × Dam (Lam)Cre

Cre

Δ86; bam /+ Δ86; bam /+

Stop-cassette excision in germline cells; 
Δ86 Δ86 isolation of gDNA from bam / bam testes, mostly filled with SpG.

-

bam
promoter

♀ ♂× Dam (Lam)

Lam-DamID in SpCs

mCherry

5×UAS
promoter

Gal4-VP16

Activation of Dam-(Lam) expression in SpG and SpCs;
rdisolation of gDNA from 3  instar larvae testes, mostly filled with SpCs.

D E

early                 mature

-1.5

-1.0

-0.5

0.0

0.5

0 1.5

Lo
g

(L
am

-D
am

/D
am

)
2

Ubiquitous

-1.5

SpG-expressed Aly-dependentAly-independent

-1.5

-1.0

-0.5

0.0

0.5

-1.5

-1.0

-0.5

0.0

0.5

-1.5

-1.0

-0.5

0.0

0.5

0 1.5-1.5 0 1.5-1.50 1.5-1.5

SpG
SpCs

SpG
SpCs

SpG
SpCs

SpG
SpCs

Distance from TSS, kbDistance from TSS, kbDistance from TSS, kbDistance from TSS, kb

F G

19.05 19.10 19.15 19.20 19.25chr2R, Mb

S
pG

2.79-

-1.78_

0-

C

3.71-

-3.46_

0-

S
pC

s

Klp59C

CG3215

CG30192
CG13544

Klp59D

CG43207

CG9899

CG13545

CG34371

CG13539 LS2
CG3092

yip3

RpL22-like
CG12782

CG13540

ord

CG3124
CG13541

CR44783

Prosbeta5R1
HP1Lcsd

CG30412
CG30416

CG9861
tbrd-3

CG30413

CG3502
CG9863

CG34210
Rpi

CG3500
CG9875

CR44168
CG34423
CG34424

vir

Ice1
Golgin245

CG13551

yellow-d
yellow-d2

CR44784

CG30414

roh

eIF2B-delta

SpG-expressed SpC-specific, Aly-independent SpC-specific, Aly-dependent

80-

80-

0-

0-

Lo
g

(D
am

-
2

La
m

/D
am

)
R

N
A

-s
eq

  (
R

P
M

)
Lo

g
(D

am
-

2

La
m

/D
am

)
R

N
A

-s
eq

  (
R

P
M

)

Figure 1. Ubiquitous and testis-specific promoters are detached from the NL upon activation. (A) Scheme of spermatogenesis from stem cell (S) to go-
nialblast (G), SpG, SpCs (early to mature) and spermatids (further steps of spermatid differentiation are omitted). Hub cells, somatic cyst cells as well
as somatic sheath cells are not shown. (B) Principle of DamID in SpG and SpCs. (C) A screenshot of UCSC Genome Browser showing the log2(Dam-
Lam/Dam) profiles as well as RNA-seq profiles (in RPM) in SpG and SpCs for the 59D genome region of the 2R chromosome. HMM-determined LADs
are indicated by black rectangles over DamID profiles. Arrows indicate the positions of promoters of testis-specific genes from the 59D cluster. Color code
is given below. (D–G) Averaged log2(Dam-Lam/Dam) profiles in SpG (blue curves) and SpCs (red curves) around TSSs of ubiquitous (D), SpG-expressed
(E), Aly-independent (F), and Aly-dependent (G) genes.
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the specific 3D configuration related to a non-canonical
dosage compensation mechanism.

MATERIALS AND METHODS

Fly lines

Fly stocks were maintained under standard conditions at
25◦C. Transgenic strains carrying pUAST-attB-hsp70-loxP-
stop-loxP-Dam, pUAST-attB-hsp70-loxP-stop-loxP-Dam-
Lam, pUAST-attB-LT3-Dam and pUAST-attB-LT3-Dam-
Lam constructs were generated by ϕC31-mediated inte-
gration at the attP40 site on the 2 chromosome in the y,
w; P{y[+t7.7] = CaryP}attP40; M{3xP3-RFP.attP}ZH-
86Fb; M{vas-int.B}ZH-102D line (62) as described ear-
lier (63). The nos-Cre line was described previously (64).
pUAST-attB-hsp70-loxP-stop-loxP-Dam or pUAST-attB-
hsp70-loxP-stop-loxP-Dam-Lam constructs were combined
with the bamΔ86 mutation (65) by standard genetic crosses.
bam-Gal4-VP16 driver line (66) was kindly provided by He-
len White-Cooper (Cardiff University). Random insertions
of P{CaSpeR-stil-βgal} in different chromosomes were ob-
tained by the use of P-element-mediated transformation
in the Df(1)w67c23(2), y embryos, performed by the stan-
dard protocol (67), and by further remobilization of trans-
gene insertions. Insertions were mapped to definite chromo-
somes (Supplementary Table S1) and balanced using con-
ventional genetic methods. The verification of single-copy
insertion event in each transgenic line was carried out by
qPCR with lacZ primers (Supplementary Table S2). In case
of autosomal insertions, testes for the analysis of lacZ ex-
pression were isolated from adult males carrying hemizy-
gous insertions in either paired or unpaired autosomes (in
the latter case, normal chromosomes were opposed with
the balancer chromosomes; Supplementary Table S1). To
create the double RNAi knockdown of Lam Dm0 and
Lam C genes (hereafter Lam-KD), we first genetically com-
bined UAS-LamDm0-RNAi (#107419; Vienna Drosophila
Resource Center) and UAS-LamC-RNAi (#31621; Bloom-
ington Drosophila Stock Center) hairpins in the common
genotype. To obtain efficient knockdown of both Lam genes
in SpCs, we crossed the resulting line with the bam-Gal4-
VP16 germline specific driver (66).

Constructs

To generate pUAST-attB-hsp70-loxP-stop-loxP-Dam-Lam
and pUAST-attB-LT3-Dam-Lam constructs, the ∼0.5-kb
5′-fragment of Lam Dm0 ORF was PCR-amplified from
pNDamMyc-Lam plasmid (kindly provided by Bas van
Steensel) (68) using primers 5′-TAATGCGGCCGCTGTC
GAGCAAATCCCGACGTGCTG and 5′-TGTTCCAG
GTTCTTCCGCGTTTCCTC and digested with NotI and
HindIII. Then, this fragment was cloned, together with
the ∼1.6-kb HindIII-XbaI 3′-fragment of Lam Dm0 ORF
from the same plasmid, into NotI and XbaI sites of
pUAST-attB-hsp70-loxP-stop-loxP-Dam or pUAST-attB-
LT3-NDam vectors, respectively (64,69). The correct se-
quence of the resultant pUAST-attB-hsp70-loxP-stop-loxP-
Dam-Lam and pUAST-attB-LT3-Dam-Lam constructs was
verified by partial sequencing.

To generate the P{CaSpeR-stil-βgal} construct, the
∼0.6-kb fragment containing stil gene promoter was
PCR-amplified from DNA of Df(1)w67c23(2), y strain
using primers 5′-GACTCTGCAGGCTGCCACCATGTT
TCAGA and 5′-GCTCGGATCCATTTTTCAGTTTCA
TAAATGGG. The PCR product was first cloned into the
pGEM-T easy vector (Promega), and then recloned by
BamHI and PstI upstream from lacZ ORF into P{CaSpeR-
βgal} vector (70).

Lam-DamID

To carry out Lam-DamID specifically in SpG, we applied
an earlier described tissue-specific DamID approach (64)
for the bamΔ86 testes (65) which is the commonly used
model for analysis of mitotically dividing early germline
cells mostly resembling SpG (71–74). Briefly, pUAST-
attB-hsp70-loxP-stop-loxP-Dam and pUAST-attB-hsp70-
loxP-stop-loxP-Dam-Lam constructs contain the remov-
able stop-cassette, flanked by loxP sites, which blocks tran-
scription from the basal hsp70 promoter to the Dam or
Dam-Lam ORFs (Figure 1B, upper panel). We genetically
combined each of these constructs with the bamΔ86 muta-
tion. Next, we crossed the resultant lines with the nos-Cre
line and isolated testes from the homozygous bamΔ86 adult
progeny. Since the nos (nanos) promoter is active only in
the germline cells, elimination of the stop-cassette by Cre
recombinase and subsequent genomic Dam or Dam-Lam
methylation proceeds only in the germline cells of bamΔ86

testes (i.e. mainly in SpG). The germline specificity of this
procedure was validated by PCR-amplification of methy-
lated fragments in the absence of nos-Cre (Supplementary
Figure S1A, lane 3).

To perform Lam-DamID specifically in the SpCs, we em-
ployed an approach suggested by Southall et al. (69). In
this approach, low levels of Dam and Dam-Lam expres-
sion, necessary for DamID, are achieved due to rare trans-
lation re-initiation events of Dam or Dam-Lam ORFs lo-
cated downstream of the mCherry ORF in their common bi-
cistronic mRNAs (Figure 1B, lower panel). To induce Dam
or Dam-Lam expression in the germline, we crossed fly
lines carrying pUAST-attB-LT3-Dam or pUAST-attB-LT3-
Dam-Lam constructs with the bam-Gal4-VP16 germline-
specific driver (66). This driver expresses Gal4-VP16 acti-
vator beginning from the late SpG, with the peak of expres-
sion in early-mid primary SpCs (75). Then, testes from third
instar larval males that are the progeny from these crosses
were isolated. We used third instar larval testes, but not the
testes from adult males since spermatogenesis in larvae does
not proceed until the post-meiotic stages (76). Therefore, al-
though larval testes contain a small fraction of SpG, they
are mainly filled with early to mature SpCs, while, judg-
ing by mCherry fluorescence (Supplementary Figure S1B),
Dam-Lam and Dam methylation is most pronounced in
early-to-mid stage primary SpCs and declines in mature pri-
mary SpCs. The germline specificity of this procedure was
validated by PCR-amplification of methylated fragments
in the absence of bam-Gal4-VP16 (Supplementary Figure
S1C, lane 8).

After in vivo Dam-methylation, genomic DNA from ei-
ther ∼200 bamΔ86 testes from imago or ∼200 larval testes
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(each in two biological replicates) was isolated by DNeasy
Blood and Tissue kit (Qiagen). The protocol for PCR-
amplification of methylated genomic fragments (Supple-
mentary Figure S1A, C) was performed as described pre-
viously (77), except that 16 cycles of PCR were applied for
all the samples. Next, DamID products were sequenced on
the Illumina Hi-Seq 2000 by Evrogen (www.evrogen.com)
resulting in 41–52 million 100-nt single-end reads per sam-
ple (Supplementary Table S3).

Hi-C library preparation

Hi-C experiments were performed on bamΔ86testes from
imago that mostly contain SpG, as well as on third instar
larvae testes that mostly contain SpCs. Experiments were
performed in two and three biological replicates, respec-
tively, as described previously (18), with minor modifica-
tions to the fixation and lysis steps. A total of 200–300 testes
per replicate were fixed in PBS containing 2% formalde-
hyde for 10 min with occasional mixing. The reaction was
quenched by the addition of 2 M glycine to a final concen-
tration of 125 mM. Subsequently, testes were pelleted by
centrifugation at 1000 × g for 10 min at 4◦C, resuspended
in 50 �l PBS, snap-frozen in liquid nitrogen and stored at
−80◦C. Testes were lysed in 1.5 ml isotonic buffer [50 mM
Tris−HCl pH 8.0, 150 mM NaCl, 0.5% (v/v) NP-40 substi-
tute, 1% (v/v) Triton X-100, 1 × Halt™ Protease Inhibitor
Cocktail (Thermo Scientific)] on ice for 15 min after homog-
enization in a glass tissue grinder. Cells were pelleted by cen-
trifugation at 2500 × g for 5 min, resuspended in 100 �l Dp-
nII buffer (New England Biolabs), and pelleted again. All
downstream steps were performed as described previously
(18). Hi-C libraries were deep sequenced on the Illumina
HiSeq 4000 and on the Illumina NovaSeq by GENEWIZ
(USA; www.GENEWIZ.com) resulting in 23–144 million
100-nt or 150-nt paired-end reads per sample (Supplemen-
tary Table S3).

3C analysis

3C experiments were performed on chromatin isolated from
bamΔ86 imago testes or from third instar larvae testes in
two biological replicates, as described previously (78), with
some modifications. ∼300 testes per replicate were fixed and
lysed as described just above. Next, cells were pelleted by
centrifugation at 2500 × g for 5 min, resuspended in 100
�l NEBuffer 3 buffer (New England Biolabs), and pelleted
again. Chromatin was treated with 0.3% SDS in NEBuffer
3, and DNA was digested by 500 U of NcoI (New England
Biolabs) overnight. After enzyme inactivation at 65◦C for
20 min, DNA ends were ligated by 75 U of T4 DNA lig-
ase (Thermo Scientific) for 6 h. Next, formaldehyde cross-
links were reversed at 65◦C overnight in the presence of 300
�g Proteinase K (Sigma). DNA was extracted with phenol–
chloroform and precipitated with ethanol.

Contact frequencies between several NcoI fragments and
the anchor regions were analyzed by qPCR with TaqMan-
probes (primers and TaqMan-probes are provided in Sup-
plementary Table S2). The efficiency of PCR primers was
estimated on the NcoI-digested and ligated pBAC RP98-
22O15 DNA covering the 60D region. Contact frequen-
cies between the anchor region and the chosen fragments

in bamΔ86 or larval testes were normalized to that between
the anchor region and the Reg1 fragment (the latter repre-
sents the most distant region among analyzed, located in
another TAD).

RNA-seq

To perform RNA-seq in control and Lam-KD larval testes,
total RNA from ∼200 testes per replicate (in three bi-
ological replicates), was isolated from third instar lar-
vae of UAS-LamDm0-RNAi/bam-Gal4-VP16; UAS-LamC-
RNAi/+ (Lam-KD) and bam-Gal4-VP16 (control) males.
RNA was isolated using Trizol (Invitrogen). RNA samples
were subjected to poly(A)+ selection, cDNA synthesis and
deep sequencing on Illumina NovaSeq in the GENEWIZ
(USA; www.GENEWIZ.com), resulting in 33–40 million
150-nt paired-end reads per sample (Supplementary Table
S3).

Whole-chromosome FISH and image analysis

Microdissection libraries from individual polytene chromo-
somes from larval salivary glands of Drosophila SuUR mu-
tant strain, in which heterochromatin was mostly not un-
derreplicated (79), were prepared as described earlier (80)
and kindly provided by Nikolay B. Rubtsov (Institute of Cy-
tology and Genetics, SB RAS). For the whole-chromosome
labeling, libraries from the X and 2L chromosomes were
amplified by degenerate oligonucleotide-primed (DOP)-
PCR in the presence of fluorescein-12-dUTP (Biosan) and
tetramethyl-rhodamine-5-dUTP (Biosan), respectively.

The immuno-FISH procedure was performed accord-
ing to Cremer et al. (81) with some modifications. Testes
from 3–5-day old males were manually dissected in PBS
and placed in drops of PBS on the poly-L-lysine-coated
microscope slides. Then, testes were slightly squashed and
fixed for 10 min at room temperature in PBS containing
4% paraformaldehyde. At the end of fixation, a few drops
of 0.5% Triton X-100 in PBS were added and slides were
washed three times for 3 min at room temperature in PBS
containing 0.01% Triton X-100, and once for 15 min at
room temperature in PBS containing 0.5% Triton X-100.
Then, slides were incubated overnight in PBS with 20% glyc-
erol. Further, the slides were processed six times as follows:
slides were frozen in liquid nitrogen for 15–30 s, thawed at
room temperature and soaked in PBS with 20% glycerol.
Then slides were washed three times for 10 min at room
temperature in PBS, incubated for 5 min in 0.1 M HCl,
rinsed with 2× SSC and incubated for several days at 4◦C
in 2× SSC with 50% formamide. Slides were prehybridized
with labeled X and 2L chromosome probes (0.5 �g each) at
42◦C for 1 h in the buffer containing 50% formamide, 10%
dextran sulfate, 0.2× SSC, 0.5 �g/�l salmon sperm DNA.
Then, DNA was denatured by incubation at 85◦C for 15
min, and slides were hybridized with the probes at 37◦C for
3 days in a wet chamber. After hybridization, slides were
consequently washed with 2× SSC for 30 min at room tem-
perature, with 2× SSC for 30 min at 37◦C, with 0.2× SSC
for 30 min at 37◦C, with 0.2× SSC for 30 min at 42◦C and
with 0.2× SSC for 10 min at room temperature. Then, slides
were washed in PBST (0.1% Tween-20 in PBS) for 5 min at

http://www.evrogen.com
http://www.GENEWIZ.com
http://www.GENEWIZ.com
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room temperature and incubated in the blocking solution
(1% BSA in PBS) for 1 h at room temperature. After that,
slides were incubated for 14 h at 4◦C with ADL84 mouse
monoclonal anti-Lam Dm0 antibody (82) (1:500; Develop-
mental Studies Hybridoma Bank), washed with PBST three
times for 15 min at room temperature and incubated for 2 h
at room temperature with the secondary Alexa Fluor 647-
conjugated donkey anti-mouse IgG antibodies (1:200; Ab-
cam). Finally, slides were washed three times for 15 min at
room temperature with PBST, mounted in Vectashield An-
tifade Mounting Medium (Vector Labs), covered with cov-
erslips and sealed with nail polish.

Three-dimensional image stacks of the slides were
recorded with a confocal Zeiss LSM 710 META laser scan-
ning microscope (Zeiss). Optical sections with 0.4-�m inter-
vals along the Z-axis were captured. Images were processed
and analyzed by using IMARIS 7.4.2 software (Bitplane
AG) with a blind experimental setup. Distances between the
NL and the centers of masses (CMs) of chromosome terri-
tories (CTs) of X and 2L chromosomes were estimated as
previously described (37). Briefly, we were unable to fully
automatically reconstruct the surfaces of nuclei based on
their Lam Dm0 immunostaining. Therefore, the nuclear rim
of a particular nucleus was manually outlined in all optical
sections of the stack by the middle of its Lam Dm0 stain-
ing to further reconstruct the surface of this nucleus auto-
matically in IMARIS. The CT surfaces within the outlined
nuclei were automatically reconstructed using manually ad-
justed thresholds separately for ‘red’ and ‘green’ channels.
As a result, roughly estimated CT volumes were recorded.
Then, CMs of CTs were automatically determined. To cal-
culate the distance between CMs of CTs and the NL, the
instrument ‘measurement point’ was positioned on the CM
and another ‘measurement point’ was positioned on the re-
constructed nuclear surface at the point of its earliest in-
tersection with a progressively growing sphere of the first
‘measurement point’. The distance between two ‘measure-
ment points’ (i.e. the shortest distance between the CM of
CT and the middle of the NL) for X and 2L chromosomes
in the corresponding nucleus was determined and recorded.
In parallel, volumes of nuclei were retrieved and recorded,
and the radii of nuclei were calculated assuming that nuclei
are spherical. Finally, CM-NL distances were normalized
to the nuclear radii. Data were obtained separately for SpG
(i.e. germline cells of bamΔ86 testes) and SpCs (which were
selected for analysis in imago male testes by the criterion
of large nucleus size) in two independent experiments with
50–75 nuclei per experiment (Supplementary Table S4).

Immunostaining

Immunostaining was performed as previously described
(42) with some modifications. Briefly, ∼50 testes from
third instar larvae UAS-LamDm0-RNAi/+; UAS-LamC-
RNAi/bam-Gal4-VP16 males and from bam-Gal4-VP16
control males were manually isolated in PBT (PBS con-
taining 0.01% Tween-20) on ice and then rinsed in PBS.
Testes were fixed in 4% formaldehyde (in PBT) for 30 min at
room temperature. Then, testes were washed in PBT three
times for 10 min at room temperature. Prior to staining,
testes were incubated in PBTX (PBT containing 0.3% Tri-

ton X-100) with 0.3% sodium deoxycholate for 1 h, then
in PBTX with 5% CELLect goat serum (MP Biomedicals)
for 1 h. Testes were incubated with primary antibodies in
PBTX containing 3% normal goat serum (NGS, Invitro-
gen) overnight at 4◦C, washed in PBTX three times for 10
min at room temperature, incubated with secondary an-
tibodies in PBTX containing 3% NGS overnight at 4◦C,
and then washed in PBTX three times for 10 min at room
temperature in a dark chamber. Testes were stained with
4′,6-diamidino-2-phenylindole (DAPI, Sigma) in PBT for
10 min, and incubated in SlowFade® Gold antifade reagent
(Invitrogen) overnight at 4◦C. As the primary, a mixture
of murine monoclonal ADL67 and ADL84 anti-Lam Dm0
antibodies (82) (1:500; Developmental Studies Hybridoma
Bank), and rabbit polyclonal anti-Lam C antibodies (83)
(1:500; a gift from Paul Fisher) were used. As the sec-
ondary, Alexa Fluor 488-conjugated goat anti-mouse IgG
(1:500; Invitrogen) and Alexa Fluor 647-conjugated goat
anti-rabbit IgG (1:500; Invitrogen) were employed. DNA
was counterstained with DAPI. Three-dimensional image
stacks were recorded with a Zeiss LSM 510 META laser
scanning confocal microscopy (Zeiss). To estimate the ra-
tio of SpG, SpCs and somatic cells in bamΔ86 mutant or
3rd instar larvae testes, the germline cells were additionally
stained with rat anti-Vasa antibodies (1:100; Developmen-
tal Studies Hybridoma Bank) and different cell types were
counted in several images corresponding to the medial con-
focal slices of the whole testes.

X-gal staining of testes

Manually-isolated testes from imago were fixed in 2% glu-
taraldehyde in PBS for 30 min, washed two times for 5 min
in PBS, and stained with 0.24% 5-bromo-4-chloro-3-indolyl
�-D-galactopyranoside (X-gal) at 37◦C for 3 h in the buffer
containing 0.15 M NaCl, 10 mM NaH2PO4 (pH 7.5), 1 mM
MgCl2, 3.1 mM K3[FeII(CN)6] and 3.1 mM K4[FeIII(CN)6],
as it was previously described (84). Testes were stored at 4◦C
in 70% glycerol in PBT and then photographed using Leica
MZ9.5 stereo zoom microscope with Leica DC300 digital
camera (Leica Microsystems).

RT-qPCR analysis

The real-time RT-qPCR assay for transgene expression was
performed on cDNAs synthesized with random primers
on total RNA isolated (in 3 biological replicates) from
testes of hemizygous for P{CaSpeR-stil-βgal} transgene
imago males, using SYBR Green chemistry and MiniOpti-
con Real-Time PCR System (Bio-Rad). Expression levels of
�-galactosidase-encoding transgenes were determined us-
ing primers represented in Supplementary Table S2 and
were normalized to rp49 gene expression.

Data analysis

Generation of lists of ubiquitously and tissue-specifically ex-
pressed genes. A gene was classified as ubiquitously ex-
pressed if it was expressed in a broad spectrum of tis-
sues and organs. The following criteria were applied. (i)
A gene should be represented by at least three (out of
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four) calls (i.e. values exceeding background) in the Fly-
Atlas RNA-chip database from each of 15 adult and lar-
val Drosophila tissues/organs (GSE7763 (85)); (ii) at least
one spliced transcript variant of this gene should be clas-
sified as ubiquitous by this criteria; and (iii) its transcripts
per million (TPM) value should exceed 1 in both bamΔ86

testes (GSE97182 (86)) and in control larval testes (our
RNA-seq data). As a result, 4228 ubiquitously expressed
genes were found (Supplementary Table S5). A gene was
classified as testis-specific, if it was expressed only in testes.
The following criteria were applied. (i) A gene should not
be classified as ubiquitous; (ii) a gene should be repre-
sented by 4 calls in testes according to the FlyAtlas RNA-
chip database (GSE7763 (85)); (iii) it should be represented
by ≤3 calls in all other tissues/organs (except the fat body
and the whole fly); (iv) its mean expression signal value in
testes should exceed 20; (v) its mean expression signal value
in testes should exceed that in the fat body; and (vi) ac-
cording to our RNA-seq data, its TPM value in control
larval testes should be ≥1, or if it was <1 TPM, then it
should be ≥1 TPM in bamΔ86 testes (GSE97182 (86)). As
a result, 1286 testis-specific genes were found (Supplemen-
tary Table S5). Testis-specific gene was classified as start-
ing to be transcribed in SpG (or at the earlier stages) if
(i) it was classified as testis-specific; and (ii) according to
RNA-seq data (GSE97182 (86)), its TPM value was >1
in bamΔ86 testes. 97% of these genes had TPM values >1
in control larval testes and, thus, they likely continued to
be active in SpCs. The remaining testis-specific genes were
classified as starting to be transcribed in SpCs (i.e. SpC-
specific). As a result, 272 testis-specific genes, expressed in
SpG, as well as 1014 SpC-specific genes were found (Sup-
plementary Table S5). A SpC-specific gene was classified as
Aly-dependent if, according to RNA-chip data (GSE28728
(72)), its mean expression signal value in aly-mutant testes
was more than two-fold lower than that in yw testes. The re-
maining SpC-specific genes, present in RNA-chip data from
GSE28728, were classified as Aly-independent. As a result,
852 Aly-dependent and 135 Aly-independent SpC-specific
genes were found (Supplementary Table S5). We note that
many genes, which are expressed in somatic cells, utilize al-
ternative SpC-specific promoters for their transcription in
SpCs. These genes were not included in the list of SpC-
specific genes because it is difficult to differentiate between
their somatic and germline expression.

Lam-DamID analysis. Sequencing reads from two biolog-
ical replicates of Dam and Dam-Lam samples were adapter
clipped and uniquely mapped to the dm3/R5 genomic as-
sembly by the bowtie2 (87). Reads were counted by the
HTSeq-count software (88) and mapped on 0.3-kb genomic
bins. Read counts were merged between replicates, as they
were highly correlated (Spearman’s correlation coefficients
� = 0.89–0.91; Supplementary Figure S2A). Dam-Lam sig-
nals were normalized to Dam-only signals, and log2(Dam-
Lam/Dam) profiles were generated. LADs (Supplementary
Table S6) were called with the two-state Hidden Markov
Model (HMM) algorithm, as was described previously (42).
Average log2(Dam-Lam/Dam) profiles around transcrip-
tion start sites (TSSs) were generated using in-house scripts
(available at GitHub https://github.com/foriin/Lam Sperm)

written in RStudio IDE using the R package as well as
the ggplot2, dplyr, GenomicRanges, and reshape2 packages.
Briefly, log2(Dam-Lam/Dam) values were extracted and av-
eraged for the 0.3-kb bins containing TSSs (i.e. for zero
bins), as well as for four upstream and four downstream bins
of the analyzed gene subsets, and then the resulting profiles
were plotted.

Hi-C analysis. Sequencing reads from two biological repli-
cates, mostly representing SpG, and from three biological
replicates, mostly representing SpCs, were processed with
the distiller-nf pipeline (version 0.3.3) (https://doi.org/10.
5281/zenodo.3350926). Mapping was done on the chro-
mosomes 2L, 2R, 3L, 3R, 4, X and M of the dm3/R5
Drosophila genome assembly with the default settings and
with an option no MAPQ filter. For the analysis of the
interaction matrix, the main diagonal and the second ad-
jacent diagonal were removed. As two libraries had the
read length of 150 nt, while the others had the read
length of 100 nt, the 150-nt reads were trimmed to be-
come uniform across all libraries. The trimming was done
at the 3’-ends with cutadapt (http://journal.embnet.org/
index.php/embnetjournal/article/view/200). Re-mapping of
the trimmed libraries with the same approach did not re-
sult in substantial changes of mapping statistics, distribu-
tions of contact probabilities, and replicates similarities.
Thus, the non-trimmed libraries were retained for further
analysis. After that, only 2L, 2R, 3L, 3R and X chromo-
somes were considered. Hi-C maps were downsampled with
the cooltools package (https://cooltools.readthedocs.io/en/
latest/) to nearly the same total number of contacts. Then,
the iterative correction (IC) (89) was applied, and samples
were clustered with the R package HiCRep (90) based on
the stratum-adjusted correlation coefficient (SCC). Clus-
tering was performed on 10-kb Hi-C maps for bins sep-
arated by at most 10 Mb. SCCs obtained for each chro-
mosome were averaged and used to build a hierarchi-
cal dendrogram (Supplementary Figure S2B). Next, repli-
cates were merged with the cooler package (https://cooler.
readthedocs.io/en/latest/), downsampled to nearly the same
total counts, and corrected by IC, resulting in the final Hi-C
maps for SpG and SpCs. TAD boundaries were called with
the Armatus (version 2.2) software (91) (https://github.com/
kingsfordgroup/armatus) on the log2-transformed IC Hi-C
maps of the 5-kb resolution. To avoid boundary misidenti-
fication, regions of poor mappability were filled in with the
mean contact frequency values of the nearest informative
bins. Then Armatus was run with the parameter γ = 1.9 for
SpG, or γ = 2.0 for SpCs (Supplementary Table S6).

Active (A) and inactive (B) compartments (1) were iden-
tified for 10-kb resolution IC Hi-C maps with the cooltools
package. Positive first principal component (PC1) values
corresponding to A compartment were selected by the cor-
relation with gene expression. Next, for each chromosome,
bins were ranked according to their PC1 values, and 1%
of bins with the highest and lowest PC1 values were fil-
tered out. Then, normalized (observed/expected) contact
frequencies were averaged within quantiles of the PC1, and
the resulting values were used for saddle plot generation.
We defined the same number of PC1 quantiles for both A
and B compartments across all chromosomes and stages to

https://github.com/foriin/Lam_Sperm
https://doi.org/10.5281/zenodo.3350926
http://journal.embnet.org/index.php/embnetjournal/article/view/200
https://cooltools.readthedocs.io/en/latest/
https://cooler.readthedocs.io/en/latest/
https://github.com/kingsfordgroup/armatus
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analyze changes of compartmentalization in SpCs relative
to SpG, averaged by chromosomes.

The compartment strength, displaying the ratio of con-
tact frequencies in the active or inactive compartments
to that in the whole chromosome, was determined for 2-
kb resolution IC Hi-C maps as described previously (24).
Briefly, for each bin, the compartment strength was cal-
culated as the mean normalized (observed/expected) fre-
quency of contacts between this bin and other bins within
the same compartment, divided by the mean normalized
(observed/expected) frequency of contacts between this bin
and all the bins in the chromosome.

The insulation score (IS) (92) was calculated for 2-kb res-
olution IC Hi-C maps using the cooltools.insulation module
with 12-kb window size. Orientation of IS-curves around
TSSs of 3′→5′ oriented genes was reversed, and then all IS-
curves were smoothed using linear interpolation. To gener-
ate heat maps demonstrating the increased contact frequen-
cies between TSSs of different classes of genes, mean con-
tact frequencies between 2-kb bins containing TSSs (±10
bins around) and belonging to different TADs were aver-
aged across the whole genome. The frequency of contacts
between TSSs divided into transcription quantiles was cal-
culated within the A compartment at 5-kb resolution.

The significance of differences between Pc(s) curves for
autosomes and the X chromosome was estimated as previ-
ously described (93). The analysis was performed on 20-kb
resolution Hi-C maps. The median Hi-C signal of each di-
agonal was divided by the median Hi-C signal of the second
diagonal in the Hi-C map. The median contact frequencies
were plotted as a function of distance in double logarithmic
(log10) coordinates. To determine the significance of differ-
ences in Hi-C signal decay, we approximated a part of Pc(s)
curve using linear model fitting (lm function from R) for val-
ues ranging from 4.6 to 5.7 in log-log scale. Then the differ-
ence of slope coefficient obtained on the previous step was
calculated either between pairs of autosomes or between X
chromosome and autosomes, and Wilcoxon rank-sum test
was applied to these two groups.

RNA-seq analysis. Sequencing reads from three biologi-
cal replicates of Lam-KD and control testes were adapter
clipped, low quality reads with the length of less than
20 nt were filtered out and the remaining reads were
uniquely mapped to dm3/R5 genome assembly. To test
whether RNA-seq replicates were similar, sequencing reads
were counted per 0.5-kb genomic bins. Then, counts were
normalized for sequencing depth and clustering analysis
was performed (Supplementary Figure S2C). Since repli-
cates were highly correlated, they were merged, reads were
counted for genes of BDGP5.78 annotation and converted
to TPM values using the Salmon tool (94) (Supplemen-
tary Table S5). An analysis of resulting data was performed
in RStudio IDE using the R packages tximport, Genomi-
cRanges, dplyr and ggplot2. Lam Dm0 and Lam C genes
were excluded from analysis because they were the knock-
down targets. Differentially expressed genes upon Lam-KD
were identified by the DESeq2 package for R (95) with the
cutoff parameters P < 0.05 and TPM fold change >1.5
(Supplementary Table S5). RNA-seq data for bamΔ86 and
WT testes were retrieved from GSE97129 (86) and analyzed

the same way as for Lam-KD and control testes (Supple-
mentary Table S5).

Statistical analysis

To estimate the non-random overlap between genes and do-
mains, a permutation test with 10,000 permutations was
employed, while the Mann–Whitney (M–W) U-test was ap-
plied to calculate P-values upon comparison of two distri-
butions.

RESULTS

Aly-independent SpC-specific genes lose their association
with the NL upon activation

To analyze changes in genome architecture during
Drosophila spermatogenesis, we employed bamΔ86 (65)
homozygous mutant testes from imago as well as wild-type
testes from third instar larvae. bamΔ86 mutant testes are
the commonly used model for the analysis of mitotically
dividing germline cells (71–73). The absence of Bam protein
in these testes leads to the failure of mitotically dividing
germline cells to differentiate into SpCs and, as a result,
to the accumulation of cysts which are filled with the
germline cells resembling SpG (74) (Figure 1A; Supple-
mentary Figure S3A). In the testes of third instar larvae,
spermatogenesis does not proceed until the post-meiotic
stages (76). Therefore, germline cells in these testes, albeit
containing a small fraction of SpG, are mainly represented
by SpCs (Figure 1A; Supplementary Figure S3B). These
SpCs may be not identical to the SpCs from adult males.
However, according to our RNA-seq analysis, SpC-specific
gene expression in larval testes highly correlates with that
in imago testes (Supplementary Figure S4, Spearman’s
correlation coefficient � = 0.84, P < 10–4; RNA-seq data
for imago testes were taken from Laktionov et al. (86)),
thus indicating that basically the same mechanism is
responsible for the activation of these genes in SpCs of
both developmental stages. We note that isolation of pure
material of SpG or SpCs using cell sorting is technically
complicated because germline cells are enclosed by somatic
cyst cells and are interconnected by ring canals in testes.
Thus, an admixture of somatic and early germline cells
was present in both sample types. However, SpG or SpCs
represent the major fractions in the corresponding samples
(Supplementary Figure S3C, D). For brevity, these samples
will be further referred to as SpG or SpCs.

Using a tissue-specific DamID approach (64,69,96,97, re-
viewed in (98)), we identified chromosomal regions interact-
ing with the Lam Dm0 (i.e. LADs) specifically in SpG of
bamΔ86 testes and in early-to-mid stage SpCs of third instar
larvae testes (Figure 1B, C; see Materials and Methods for
details). We revealed 12120 LADs in SpG with a median size
of 2.7 kb, as well as 8698 LADs in SpCs with a median size
of 3.6 kb (Supplementary Table S6). The actual LAD sizes
are likely much larger because the HMM algorithm has not
filled the gaps over genomic bins that contain zero mapped
reads in the Dam profiles. We found that LADs cover 50.5%
and 42.5% of the non-repetitive part of genome in SpG and
SpCs, respectively. These results are consistent with pub-
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lished LAD coverage in other Drosophila organs and cell
types (41,42).

The lower percentage of LAD coverage in SpCs com-
pared to SpG may be partially caused by the transcrip-
tional activation of numerous SpC-specific genes. In or-
der to test this possibility, we compared the positions of
transcriptionally active genes in SpG and SpCs with the
layout of LADs at these developmental stages. RNA-seq
data in bamΔ86testes (86) were employed to estimate expres-
sion in SpG (Supplementary Table S5). To analyze expres-
sion in SpCs, we performed RNA-seq analysis in third in-
star larvae testes (Supplementary Table S5). We also gen-
erated lists of ubiquitous and testis-specific genes (Supple-
mentary Table S5; see Materials and Methods for details).
Testis-specific genes were further classified according to the
stage at which their transcription was initiated as start-
ing to express in SpG or having the SpC-specific expres-
sion. Next, SpC-specific genes were subdivided into Aly-
dependent and Aly-independent groups. The Aly protein,
which is first expressed in early SpCs (99), is a major com-
ponent of the tMAC complex (49), necessary for the sec-
ond wave of activation of SpC-specific transcription at the
later SpC stages (72,100). Therefore, Aly-independent SpC-
specific genes are likely to be transcribed already in early
SpCs (101), whereas Aly-dependent genes start to tran-
scribe later, at mid or mature SpCs.

We visually analyzed the Lam-DamID profile in the 59D
region containing a cluster of 21 testis-specific genes (102).
Nine testis-specific genes from this cluster start to express
in SpG and continue expression in SpCs (marked by blue
on Figure 1C). Seven of these genes are localized in the
inter-LADs already in SpG, and all of them are localized in
the inter-LADs in SpCs. Among twelve SpC-specific genes
from the cluster, eleven genes are Aly-dependent (marked
by red on Figure 1C). Surprisingly, despite active transcrip-
tion in SpCs, all these Aly-dependent genes are localized
in LADs in both SpG and SpCs. However, the single Aly-
independent gene in this region (marked by orange on Fig-
ure 1C) is localized in a LAD in SpG and in an inter-LAD in
SpCs. Another cluster of testis-specific genes from the 60D
region (102) contains seven SpC-specific genes (five genes
are Aly-dependent and two genes are Aly-independent),
and all these genes are localized in LADs in both SpG and
SpCs (Supplementary Figure S5).

Next, we analyzed these trends across the entire genome.
It is known that the detachment of active genes from the
NL is most prominent at their TSSs (40,42–45). We gen-
erated heatmaps and averaged log2(Dam-Lam/Dam) pro-
files around TSSs of various groups of genes. As expected,
in both SpG and SpCs, 93% of promoters of ubiquitous
genes are localized in inter-LADs (P < 10–4 for their occa-
sional colocalization, permutation test; Supplementary Ta-
ble S5). Moreover, averaged log2(Dam-Lam/Dam) profile
around promoters of ubiquitous genes has the saddle-like
form with the minimum at the TSSs (Figure 1D, Supple-
mentary Figure S6A). Similarly, 70% promoters of testis-
specific genes, starting to express in SpG, are localized in
the inter-LADs in SpG (P < 10–4, permutation test), and
their averaged log2(Dam-Lam/Dam) profile around TSSs
has negative values in both SpG and SpCs with a minimum
at the TSSs in SpCs (Figure 1E, Supplementary Figure

S6B). Negative values of averaged log2(Dam-Lam/Dam)
profile with a prominent dip at the TSSs are also typical for
Aly-independent (Figure 1F, Supplementary Figure S6C),
but, surprisingly, not for Aly-dependent SpC-specific genes
in SpCs (Figure 1G, Supplementary Figure S6D). Consis-
tent with these observations, the presence of Aly-dependent
gene promoters within inter-LADs in SpCs may be acciden-
tal (P = 1.0 for their occasional colocalization, permutation
test), whereas the majority of Aly-independent promoters
(67%; Supplementary Table S5) are highly non-randomly
localized in the inter-LADs in SpCs (P = 0.008 for their oc-
casional colocalization, permutation test). Finally, averaged
Lam-DamID profiles around promoters of Aly-dependent
and Aly-independent SpC-specific genes have positive val-
ues at the TSSs in neurons and embryonic Kc167 cells,
where these genes are not expressed (Supplementary Fig-
ure S7; Lam-DamID data in Kc167 and neurons were taken
from (41,42)). Altogether, these results indicate that ini-
tiation of transcription of at least Aly-independent SpC-
specific genes correlates with the detachment of their pro-
moters from the NL (but see Discussion about the Aly-
dependent genes).

SpC-specific genes increase topological insulation of neigh-
boring regions and interact in nucleus space upon activation

To analyze changes in the 3D organization of chromatin
during spermatogenesis, we generated Hi-C maps with 2-
kb resolution in the bamΔ86 mutant testes mostly contain-
ing SpG, and in the larval testes mostly containing SpCs.
We identified 3206 TADs with a median length of 25 kb in
SpG and 3274 TADs with a median length of 20 kb in SpCs
(Figure 2A; Supplementary Table S6). TADs cover 93% and
95% of the genome in SpG and SpCs, respectively. 84–86%
of TAD boundaries (±5 kb) are common between these two
stages, while ∼15% of TAD boundaries appear or disappear
in SpCs relative to SpG (Supplementary Figure S8).

As expected, the Hi-C analysis reveals the enrichment of
intra-chromosomal contacts relative to inter-chromosomal
contacts (Supplementary Figures S9 and S10), thus con-
firming the presence of CTs (reviewed in (103)) at both
stages. In addition, inter-arm contacts appear to be more
prominent within each chromosome than between chromo-
somes and are stronger in SpCs than in SpG (Supplemen-
tary Figures S9 and S10).

On a global scale, chromatin is spatially segregated into
active and inactive compartments (1). Interestingly, like in
embryos (5), and unlike in S2 cells (37), chromatin in SpG
and SpCs is segregated into active, as well as into inac-
tive compartments (Figure 2B; Supplementary Figure S11).
92% of active promoters in SpG and 88% in SpCs are in
the active compartment, whereas LADs cover 68% and 57%
of the inactive compartment in SpG and SpCs, respectively.
Upon transition from SpG to SpCs, the strength (24) of ac-
tive and inactive compartments, characterizing their spatial
isolation, is notably weakened (Figure 2C, D). The Pc(s)
curves representing the decay of contact frequency as a
function of genomic distance s, also demonstrate that dis-
tant interactions become weaker in SpCs (Figure 2E). Given
the enhanced inter-arm contacts in SpCs relative to SpG
(Supplementary Figures S9 and S10), these results indicate
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Figure 2. Compartmentalization is weakened upon transition from SpG to SpCs. (A) Hi-C heat map for the representative region of 3R chromosome in
SpG (above the diagonal) and SpCs (below the diagonal). TADs (demarcated by black dotted lines), LADs (black rectangles) and RNA-seq profiles (in
RPM, black peaks) in the corresponding region are indicated for SpG (above the Hi-C map) and SpCs (below the Hi-C map). (B) Saddle plots showing
log2 values of contact enrichment for the intra-chromosomal contacts in all chromosomes as a function of their PC1 values in SpG (left panel) or SpCs
(right panel). (C) Saddle plot showing subtraction of intra-chromosomal contact enrichment values in all chromosomes in SpCs from that in SpG. (D)
Box plots showing compartment strength (see Materials and Methods for details) in the active and inactive compartments in SpG and SpCs. P-values were
calculated using the M–W U-test. (E) Pc(s) curves for SpG (blue curve) and SpCs (red curve).
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a stronger intermingling of chromatin within CTs in SpC
than in SpG. This may be due to the presence of enlarged
CTs at the SpC stage (Supplementary Figure S12).

We next explored whether the initiation of SpC-specific
transcription within inactive TADs leads to the partition-
ing of these TADs into sub-TADs. Since SpC-specific genes
are rather small (median size is 1.3 kb; Supplementary Table
S5), we were unable to detect de novo emerged active mini-
TADs harboring transcribed SpC-specific genes (if these
TADs were formed) at the current Hi-C resolution. How-
ever, active chromatin of SpC-specific genes is expected to
suppress contacts between the nearby inactive chromatin re-
gions. In agreement with numerous published observations
(3,18,31–33), we revealed highly non-random presence of
ubiquitously expressed housekeeping genes at TAD bound-
aries in SpG and SpCs (P < 10–4 in both cases, permutation
test). Consistent with these findings, the averaged IS pro-
file (92), characterizing the strength of insulation (the lower
the IS, the stronger the insulation), sharply declines at the
promoters of ubiquitous genes (Figure 3A; Supplementary
Figure S13A). In general, it appears that the higher total
expression in a bin, the stronger the dip in the IS profile
(Spearman’s correlation coefficients for SpG and SpCs are
equal to 0.89 and 0.99, P = 0.037 and P = 10–24, respec-
tively; Figure 3B). Importantly, the dip in the averaged IS
profile is also present at testis-specific genes starting to ex-
press in SpG (Figure 3C; Supplementary Figure S13B), as
well as at both Aly-dependent (Figure 3D; Supplementary
Figure S13C) and Aly-independent (Figure 3E; Supplemen-
tary Figure S13D) SpC-specific genes. Moreover, the initia-
tion of SpC-specific transcription correlates with the transi-
tion of some SpC-specific genes from inactive compartment
in SpG to active compartment in SpCs (Supplementary Fig-
ure S13E).

If the activity of SpC-specific gene promoters results
in the partitioning of TADs into sub-TADs, one would
expect the non-random colocalization of the majority of
these promoters with the newly arisen TAD boundaries
in SpCs. However, only 10% of SpC-specific gene promot-
ers in SpCs are positioned within 2.5-kb distance from the
TAD boundaries, not associated with the ubiquitous genes
(Supplementary Figure S14; P = 0.45 for their occasional
colocalization, permutation test), and only 5.2% of SpC-
specific gene promoters are positioned in close vicinity to
the newly arisen TAD boundaries in SpCs (P = 0.65 for
their occasional colocalization, permutation test). There-
fore, our analysis indicates an accidental colocalization
of SpC-specific gene promoters with both types of TAD
boundaries. Based on these results, we conclude that al-
though initiation of SpC-specific transcription within inac-
tive TADs may lead to local spatial insulation and chro-
matin transition from inactive to active compartment, it
does not result in the partitioning of these TADs into sub-
TADs.

Recent findings indicate that housekeeping genes fre-
quently interact with each other in 3D nucleus space
(12,33). Consistent with these results, our Hi-C data re-
vealed a strong association between ubiquitously expressed
genes in both SpG and SpCs (P < 10–40, M–W U-test; Fig-
ure 3F). We next examined whether such association is in-
herent for SpC-specific genes. We found, that across the

whole genome, SpC-specific genes interact with each other
more frequently in SpCs than in SpG (P = 10–39, M–W U-
test; Figure 3G). At the same time, contact frequency be-
tween weakly-expressed or silent genes (i.e. with TPM < 1)
remains low and is not notably altered in SpCs relative to
SpG (P = 0.8, M–W U-test; Figure 3H). In contrast with
SpC-specific genes, both in SpG and in SpCs, we did not
detect an elevated association between testis-specific genes
starting to express in SpG (P = 0.6, M–W U-test; Figure
3I). Importantly, an increased contact frequency in SpCs
was observed between SpC-specific genes located within the
same TADs (Figure 3J). We confirmed an increased asso-
ciation between SpC-specific genes in SpCs by perform-
ing 3C experiments with two SpC-specific genes located
within a shared TAD from the 60D region. When an an-
chor (designated Anchor-L in Figure 3K) was set at the
SpC-specific gene CG3492, its contact frequency with SpC-
specific gene Crtp (designated Anchor-R in Figure 3K) was
notably higher in SpCs than in SpG. When an anchor was
reciprocally set at the Crtp gene, the contact frequency be-
tween these two genes was similarly increased in SpCs com-
pared to SpG (Figure 3K). At the same time, the contact
frequency of Anchor-R with Reg3, which is nearly at the
same distance as Anchor-L, was low in both SpG and SpCs.
Collectively, these data point to de novo gathering of SpC-
specific genes in gene hubs or transcription factories (re-
viewed in (104–106)) at the SpC stage when they become
activated.

In SpG and SpCs, X chromosome is stronger bound to the NL
than autosomes

Interestingly, in both SpG and SpCs, the Lam-DamID pro-
file is higher in the X chromosome than in autosomes
(Figure 4A). Quantitative evaluation shows that, in SpG
and SpCs, the median log2(Dam-Lam/Dam) values for the
whole X chromosome are 1.4-fold and 1.7-fold higher than
for autosomes, respectively. This effect is even more pro-
nounced in LADs (1.6- and 2.2-fold higher in SpG and
SpCs, respectively; Figure 4B). Therefore in SpG, the single
X chromosome is more tightly bound to the NL than pairs
of autosomal homologues, and this preferential binding is
further increased in SpCs.

To examine the spatial proximity of the X chromosome
and autosomes to the NL during spermatogenesis, we per-
formed dual-color FISH using probes corresponding to the
euchromatic portions of the X and 2L chromosomes (see
Materials and Methods for details). NL was visualized with
anti-Lam immunostaining. We found that, in the majority
of nuclei, 2L homologues were paired, thus forming com-
mon CTs. Unpaired homologues with separate CTs were de-
tected in only ∼7% of nuclei. Using IMARIS software, we
quantified the distances from the CMs of the X or 2L CTs
(separately for the paired and unpaired 2L homologues)
to the NL in both SpG (bamΔ86 testes) and SpCs (WT
testes) (Supplementary Figure S15) and normalized these
distances on the nuclear radii (Supplementary Table S4).
In agreement with early cytological observations showing a
pronounced peripheral localization of chromosomes in ma-
turing SpCs (107), we also revealed that in SpCs, both X and
2L chromosomes occupy a more proximal radial position
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Figure 4. In SpG and SpCs, the X chromosome demonstrates stronger binding to the NL than autosomes. (A) A screenshot of UCSC Genome Browser
showing the log2(Dam-Lam/Dam) profiles for the whole X and 2R chromosomes in SpG and SpCs. (B) Violin plots showing distributions of log2(Dam-
Lam/Dam) values on the X chromosome and on autosomes in SpG and SpCs. P-values were calculated using the M-W U-test. (C) Violin plots showing
radial-normalized distances from the CMs of the paired or unpaired 2L CTs or of the single X CTs to the NL in SpG (in bamΔ86-mutant testes) and in
SpCs (in WT testes). P-values were calculated using the M-W U-test. (D) Single confocal slice image of FISH probes corresponding to the euchromatic
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to the NL than in SpG (Figure 4C). This peripheral local-
ization is detected despite the enlarged volumes of X and
2L CTs in SpCs compared to SpG (Supplementary Figure
S12). Importantly, at this overall disposition, the median
value of radial-normalized distances from the X chromo-
some to the NL in SpG appears to be 1.4-fold less than that
of paired 2L homologues (Figure 4C, D). The unpaired 2L
homologues mostly demonstrate intermediate values (Fig-
ure 4C, left panel). In SpCs, the proximity of the X chro-
mosome to the NL is even more prominent (1.8-fold closer)
compared to the paired 2L homologues, whereas the un-
paired homologues also occupy an intermediate position
(Figure 4C, right panel). Collectively, our findings imply

that, in Drosophila male germline cells, the single X chro-
mosome is in more intimate association with the NL than
either paired or unpaired autosomes.

SpC-specific genes are mostly down-regulated upon Lam-KD
in SpCs

Next, we explored whether increased binding of the X chro-
mosome to the NL results in stronger repression of X-linked
genes. If this were the case, one would expect to observe
preferential activation of X-linked genes compared to au-
tosomal genes upon the release of chromosomes from the
NL. As was shown previously, RNAi knockdown of Lam
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Dm0 in S2 cells resulted in the removal of total chromatin
from the NE (37). Unfortunately, we failed to obtain an ef-
ficient RNAi knockdown of Lam Dm0 in bamΔ86 mutant
testes using nos-Gal4 germline-specific driver. However, we
succeeded in performing an efficient double RNAi knock-
down of Lam Dm0 and Lam C genes in SpCs of larval testes.
This was achieved by employing a bam-Gal4-VP16 germline
specific driver (66,75) (Figure 5A).

RNA-seq analysis has shown that, upon Lam-KD in
SpCs, expression of both autosomal and X-linked genes,
which have transcripts per million (TPM) values > 1 in
control larval testes, is slightly enhanced (Figure 5B). Im-
portantly, we observed that X-linked genes indeed become
more up-regulated than autosomal genes under these con-
ditions (Figure 5B; Supplementary Table S5). Interestingly,
this up-regulation mainly involves weakly and moderately
expressed genes. In contrast, highly active autosomal genes
were even slightly down-regulated (Figure 5C). Minor vari-
ations in the number of somatic cells in testes, includ-
ing a small fraction of the fat body co-isolated with lar-
val testes, may differently affect RNA levels of various
groups of genes. Thus, we analyzed whether the observed
effects are also inherent for SpC-specific genes which are
actively expressed exclusively in SpCs (the median expres-
sion in control larval testes is 145 TPM; Supplementary Ta-
ble S5). We found that, upon Lam-KD, SpC-specific genes
are mostly down-regulated (median Lam-KD/control ratio
0.89, P = 10–4, Wilcoxon signed-rank test; Figure 5D). This
trend is especially evident when only differentially expressed
SpC-specific genes are considered (designated by black dots
in Figure 5D). We conclude that the NL exerts a faint sup-
pressive effect on the weakly expressed genes in SpCs, and
that this effect is stronger for X-linked than for autosomal
genes. At the same time, NL integrity ensures a normal ex-
pression level of actively expressed genes (including SpC-
specific genes).

In SpG, the active compartment is more ‘open’ and more spa-
tially segregated from the inactive one in the X chromosome
than in autosomes

Although several components of the MSL complex are not
expressed in the germline cells of Drosophila males (58),
RNA-seq analysis has revealed partial equalization of X-
linked and autosomal gene expression (X/2A = 0.9) in
bamΔ86 mutant testes (56,59). Based on the RNA-seq data
from Laktionov et al. (86), we also found that in bamΔ86

mutant testes, the X/2A median expression ratio for the ex-
pressed euchromatic genes (with TPM > 1) is 0.75 (Supple-
mentary Table S5). Without any equalization, an 0.5 X/2A
ratio is expected. Of note, this 1.5-fold enhanced expression
of X-linked genes in early germline cells may be slightly
overestimated because bamΔ86 mutant testes also contain
a fraction (∼36%, Supplementary Figure S3C) of somatic
cells where 2-fold up-regulation of X-linked genes is main-
tained. With this correction, median expression of X-linked
genes in SpG appears to be ∼1.2-fold higher than that of
autosomal genes.

To test by an alternative approach whether there is X
chromosome-specific gene activation in the male germline
cells, we utilized a lacZ reporter gene directed by a germline-

specific stil promoter (108). This reporter gene was ran-
domly integrated at different chromosomal locations us-
ing P-element-mediated transformation (67) (Figure 6A).
In agreement with previous data (108), we found that, in
the testes of adult males, the stil promoter directs reporter
gene expression specifically in SpG and early SpCs (Figure
6B). Using RT-qPCR, we compared testes expression of one
dose of lacZ reporter inserted in seven genomic sites on the
X chromosome as well as in twelve sites on unpaired au-
tosomes (i.e., when autosomes are opposed with balancer
chromosomes (Supplementary Table S1)). Median expres-
sion of one copy of the reporter inserted in the X chromo-
some appears to be 1.8-fold higher than that in autosomes
hemizygous for insertions (P = 0.005, M–W U-test; Figure
6C). When autosomal homologues were paired, the median
expression of one copy of the reporter inserted in the auto-
somes was even lower than that in the unpaired state (me-
dian X/A ratio 2.4, P = 0.016, M–W U-test; Supplementary
Figure S16). Therefore, the X chromosome indeed has the
most favorable environment for transcription in SpG and in
early SpCs.

We corroborated these results by analyzing chromatin ac-
cessibility to Dam-methylation (109,110) of the X chromo-
some and autosomes in SpG. Consistent with the transgene-
based experiments, Dam-methylation, on average, appears
to be 1.2-fold enhanced in the X chromosomal inter-LADs,
compared to the pseudo-haploid dose of autosomal inter-
LADs (Figure 6D). Moreover, positive values of the PC1,
representing an active Hi-C compartment, are higher in
the X chromosome than in autosomes in both SpG and
SpCs (median X/A ratios 1.34 and 1.33, P = 10–17 and
P = 10–15 in SpG and SpCs, respectively, M–W U-test; Fig-
ure 6E). Accordingly, active and inactive compartments in
the X chromosome are stronger than that in autosomes at
both stages (median X/A ratios for active compartment
1.14; Figure 6F), thus indicating that the active compart-
ment is more spatially isolated from the inactive one in the
X chromosome compared to autosomes. In line with these
findings, contact frequency at mid- to long-range distances
in the X chromosome is elevated relative to autosomes in
both SpG and SpCs (P = 0.02, M–W U-test; Figure 6G).
Finally, we found that the frequency of contacts between
active genes positively correlates with their expression: the
higher the expression, the stronger the interactions (Figure
6H). Therefore, active chromatin of the X chromosome in
SpG is more ‘open’ and compartmentalized than that of au-
tosomes.

DISCUSSION

Activation of a subset of SpC-specific genes correlates with
the weakening of their promoter contacts with the NL

Consistent with previous studies in mammals and
Drosophila (40,42), we found that almost all ubiqui-
tously expressed promoters are localized in the inter-LADs
(Figure 1D). We also found that promoters of testis-specific
genes which are expressed in SpG and continue to be active
in SpCs reside mainly in the inter-LADs in both SpG
and SpCs (Figure 1E), thus supporting the idea of poor
compatibility of gene expression with the localization at
the NL. More importantly, we report here that initiation of
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transcription of the Aly-independent SpC-specific genes in
the early SpCs (101) correlates with their detachment from
the NL in this cell type (Figure 1F).

Surprisingly, promoters of Aly-dependent SpC-specific
genes are mostly localized in LADs in SpCs (Figure 1C, G,
Supplementary Figure S5). Since previously we have shown
by FISH that testis-specific gene cluster from the 60D re-
gion containing five Aly-dependent genes is mostly shifted
from the NL to the nuclear interior in SpCs (102), there
is an obvious contradiction between FISH and DamID
data. It is reasonable to suggest that Aly-dependent genes
start to express later than aly, whose expression is initi-

ated in the early SpCs (99), i.e. in mid to mature SpCs. We
then suppose that Aly-dependent SpC-specific genes may
become hypermethylated by Dam-Lam in the early SpCs,
where they stay in contact with the NL. In the absence of
cell division, they may remain hypermethylated until the
end of the mature SpC stage, even after losing the associ-
ation with the NL in mature SpCs. This scenario implies
that Aly-dependent SpC-specific genes lose their associa-
tion with the NL in mature SpCs, where they become acti-
vated, but we could not observe weakening of their interac-
tions with the NL due to technical limitations of the DamID
procedure.
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In summary, we conclude that, similarly to what was ob-
served in mammals (40,45), the initiation of tissue-specific
transcription in Drosophila correlates with the detachment
of at least some types of promoters from the NL.

Activation of SpC-specific genes correlates with their en-
hanced interactions and with partial topological insulation of
the neighboring genome regions

Previously, we and others have shown that TAD bound-
aries are enriched in housekeeping genes (3,18,31–33). Here,
we report that initiation of SpC-specific transcription in
SpCs correlates with partial spatial insulation of adjacent
genome regions (Figure 3D, E). Since gene expression is
accompanied by histone acetylation, our data support the
hypothesis that de novo histone acetylation within inactive
TADs can provoke spatial segregation of active and inac-
tive chromatin (18). Yet, this rarely, if ever, leads to disin-
tegration of these inactive TADs into smaller sub-TADs.
The SpC-specific genes are rather small and more spaced in
Drosophila genome than ubiquitous genes which are mainly
organized in dense clusters (median distance between a pair
of SpC-specific or ubiquitous genes is 58 kb versus 6.7 kb,
respectively). Such short segments of active chromatin may
be insufficient to notably perturb 3D organization of long
regions of inactive chromatin within which they emerged. In
support of this idea, our polymer modeling has shown that
short active regions are looped out from the inactive TAD
globule, whereas long active regions result in the partition-
ing of this globule into different sub-TADs (111) (Figure
7A). Additionally, architectural proteins which were shown
to affect boundary strength (12,33,112) may be required to
generate new boundaries. Thus, although new TAD bound-
aries do appear (Supplementary Fig. S8), their emergence
may be associated with the enhancement of ubiquitous gene
expression and/or with the binding of architectural pro-
teins.

Our findings are in line with the accumulating data show-
ing that genome architecture remains largely unaltered after
the initiation of tissue-specific transcription in variety of or-
ganisms. For example, partitioning into TADs was not no-
tably changed upon induction of transcriptional response
by extracellular signals in mammalian cells (113–115). Fur-
thermore, although activation of tissue-specific transcrip-
tion within CTCF-independent TADs was shown to corre-
late with topological insulation during mouse neural differ-
entiation, artificial recruitment of VP64 activator followed
by transcriptional activation appears to be insufficient for
creating TAD boundaries de novo (116). In Drosophila em-
bryos, TAD demarcation was also revealed to be indepen-
dent of tissue-specific transcription (33,117). Moreover, ac-
tivation of transposons induced by depletion of Piwi in
ovarian somatic cells correlates with transposon detach-
ment from the NL and with increased spatial insulation of
nearby regions, but does not cause the appearance of new
TAD boundaries (118).

It is known that ∼40% of testis-specific genes are orga-
nized into clusters along the genome (102,119). This non-
random linear genome arrangement may be necessary not
only for the coordinated repression of testis-specific genes
in somatic tissues, as was previously suggested (102,119),

but also for the association of SpC-specific genes in the nu-
clear space upon activation. Indeed, one of the most striking
findings of our study is that, upon activation, SpC-specific
genes appear in close proximity with each other in the 3D
nuclear space. Their interactions are more frequent than in-
teractions between the inactive neighboring loci and more
frequent than expected from the average contact probabil-
ity decay (Figure 3G, J). Moreover, using 3C analysis, we
found that spatial contacts between two SpC-specific genes
from the 60D region are notably increased in SpCs com-
pared to SpG (Figure 3K). While it was demonstrated that
housekeeping genes in Drosophila are clustered in the nu-
clear space (12,31,33) (Figure 3F), our findings point to de
novo spatial clustering of tissue-specific genes upon activa-
tion. Given that increased contacts between active genes
positively correlate with their expression level (12) (Figure
6H), as well as with Pol II and cohesin occupancy at these
genes (16), their gene associations may create a favorable
microenvironment for transcription. These findings update
the hypothesis of transcription factories, according to which
several genes simultaneously associate in the nuclear space
to promote transcription and/or transcript processing (120,
reviewed in (106)). Spatial clustering of active genes in the
transcription factories enriched with Pol II was recently ob-
served in wheat (121).

Specific structural organization of the single X chromosome
in Drosophila male germline cells mediates non-canonical
dosage compensation

Several groups which have analyzed testes transcriptomes
came to contradictory conclusions about the existence and
magnitude of dosage compensation in Drosophila male
germline cells (56,59–61). For example, a recent RNA-seq
study performed on the isolated SpG and SpC cysts has not
revealed ‘obvious dosage compensation of X-chromosomal
genes’ in male germline cells (60). However, after subtract-
ing the impact of somatic cyst cells from the data pre-
sented on Figure 6B of that paper, it becomes clear that par-
tial dosage compensation ensuring ∼1.2–1.4-fold enhanced
X-linked gene expression operates in SpG and SpCs. In
the present work, we found strong evidence for the exis-
tence of partial dosage compensation in SpG and suggested
mechanistic explanations of its non-canonical nature. Our
transgene assay demonstrates that, in SpG and early SpCs,
a stil-lacZ reporter is transcribed stronger when inserted
in the X chromosome than when inserted in autosomes
(Figure 6C). These results strongly support the existence
of X chromosome-based transcriptional activation in early
germline cells of Drosophila testes. However, the magnitude
of this activation may be lower than 1.8-fold, since the num-
ber of transgene insertions analyzed was not very large.

The male X chromosome has no homologue, which
clearly distinguishes it from autosomes. In this study, we
demonstrate that, in both SpG and SpCs, the single X chro-
mosome interacts stronger with the NL and is positioned
closer to it than autosomes (Figure 4). In agreement with
the idea suggested by Kind et al. (122), we propose that
LADs compete for NL binding because there is a limited
surface area for these interactions. While each pair of au-
tosomal homologues occupy CT, which is roughly double
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the volume of a single X chromosome (Supplementary Fig-
ure S12), the surface of the NL, opposing CTs, may not be
proportionally enlarged. This volume-to-surface ratio may
explain the greater proportion of LADs bound to the NL in
the single X chromosome compared to autosomes. The idea
of competition between LADs for NL binding is consistent
with the fact that, in mammals, only <30% of all LADs re-
vealed in cell population are bound to the NL in individual
cells. In addition, haploid chromosomes have stronger inter-
actions with the NL than diploid chromosomes (122,123).

We further propose that stronger interactions of the male
X chromosome with the NL lead to more prominent spatial
segregation of its active and inactive compartments (Fig-
ure 6F), resulting in a more pronounced active compart-
ment in the X chromosome compared to autosomes (Figure
6E). This idea is supported by our previous results showing
that the active compartment is weakened upon depletion of
Lam Dm0 in Drosophila S2 cells, followed by the detach-
ment of LADs from the NL (37). We note that the influ-
ence of CT-NL attachment on the formation of the active
compartment is rather mild, at least in S2 cells, since inter-
actions within the active autosomal compartment became
only ∼3% weaker upon NL disruption.

The absence of a homologue may affect the active com-
partment in another way, which was recently suggested
by Pal et al. (93) through the use of polymer modeling.
This group showed that the absence of a paired homologue
makes the single X chromosome more flexible and prone

to increased mid- and long-range contacts. In support of
this idea, our transgene experiments demonstrate that ex-
pression of a hemizygous reporter inserted in the paired au-
tosomes is weaker than in the unpaired autosomes (Figure
6C and Supplementary Figure S16). Therefore, both the in-
creased binding of LADs with the NL and more flexible
state of the single X chromosome may specifically shape
its 3D organization leading to more frequent gathering of
active promoters into transcription factories and to the en-
hanced transcription of the X-linked genes (Figure 7B). The
latter idea is based on the observed positive correlation be-
tween gene-to-gene contact frequency within active com-
partment and gene expression (12) (Figure 6H). A decline in
the expression of actively expressed genes (including SpC-
specific genes) upon Lam-KD in SpCs (Figure 5C, D) also
supports the role of the NL in the maintenance of normal
gene expression. Furthermore, spatial clustering of active
gene promoters in Drosophila was shown to facilitate their
transcription (124). Yet, stronger interactions of the single
X chromosome with the NL do not lead to the preferen-
tial down-regulation of its active genes upon Lam-KD in
SpCs (Figure 5C). However, this may be explained by an
existence of other mechanisms that affect X-linked gene ex-
pression in SpCs, compared to SpG, such as the reduced
phosphorylation of Pol II C-terminal domain specifically
on the X chromosome (61). On the other hand, stronger as-
sociation of the single X chromosome with the NL results in
a more prominent repression of its weakly expressed genes
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(Figure 5C). The enhanced repression is likely necessary to
counteract the spreading of active chromatin on these genes.
Our results do not support the hypothesis that ‘the unpaired
X chromosomes of males have weaker repressive domains
than the same domains in the paired X chromosomes of fe-
males’ (125).

Our mechanistic explanation of non-canonical dosage
compensation may be applicable not only for male germline
cells but for male somatic cells as well. The ‘hard-wired
architecture’ (126) of the X chromosome in male somatic
cells may be not only the prerequisite for spreading of the
MSL complex on genes for their ∼1.4-fold activation by
the canonical dosage compensation mechanism, as was sug-
gested by Ramı́rez et al. (127). Such 3D organization may
also ensure an additional ∼1.4-fold up-regulation of these
genes by a non-canonical mechanism, resulting in two-fold
up-regulation in total. In the absence of the MSL complex,
the specific 3D organization of the X chromosome in male
germline cells leads to only ∼1.2–1.4-fold up-regulation of
X-linked genes by a non-canonical mechanism.

In conclusion, we found that, at least for some tissue-
specific genes, transcription initiation correlates with the de-
tachment of their promoters from the NL, with topological
insulation of adjoining regions, and with more frequent as-
sociation of their promoters with each other in the nucleus
space. We also found that, in the male germline cells, the
single X chromosome occupies a more proximal position
and stronger interacts with the NL than autosomes, which
correlates with stronger repression of weakly expressed X-
linked genes. At the same time, the X chromosome contains
a more ‘open’ and self-interacting active compartment than
autosomes. The latter features of X chromosome organiza-
tion correspond to preferential up-regulation of X-linked
transgenes. We propose that a non-canonical mechanism
of partial dosage compensation operates in male germline
cells. It is based on the intrinsic ability of the single X chro-
mosome to adopt more compartmentalized and more flexi-
ble 3D conformation, which results in higher expression of
X-linked active genes, as well as in stronger repression of
X-linked inactive genes.
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