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Condensin I folds the Caenorhabditis elegans 
genome

Moushumi Das1,2, Jennifer I. Semple1, Anja Haemmerli1, Valeriia Volodkina1,2, 
Janik Scotton1, Todor Gitchev    1, Ahrmad Annan    1, Julie Campos1, 
Cyril Statzer    3, Alexander Dakhovnik3, Collin Y. Ewald3, Julien Mozziconacci4 & 
Peter Meister    1 

The structural maintenance of chromosome (SMC) complexes—cohesin and 
condensins—are crucial for chromosome separation and compaction during 
cell division. During the interphase, mammalian cohesins additionally fold 
the genome into loops and domains. Here we show that, in Caenorhabditis 
elegans, a species with holocentric chromosomes, condensin I is the 
primary, long-range loop extruder. The loss of condensin I and its X-specific 
variant, condensin IDC, leads to genome-wide decompaction, chromosome 
mixing and disappearance of X-specific topologically associating domains, 
while reinforcing fine-scale epigenomic compartments. In addition, 
condensin I/IDC inactivation led to the upregulation of X-linked genes and 
unveiled nuclear bodies grouping together binding sites for the X-targeting 
loading complex of condensin IDC. C. elegans condensin I/IDC thus uniquely 
organizes holocentric interphase chromosomes, akin to cohesin in 
mammals, as well as regulates X-chromosome gene expression.

Eukaryotic genomes undergo extensive folding during interphase while 
maintaining essential functions such as replication, transcription and 
repair1–4. In multicellular eukaryotes, the genome is organized across 
different scales. Long-range contacts between large megabase domains 
of two different types, A and B, create two compartments identified 
as eu- and heterochromatin, respectively2. Over shorter distances, 
chromosomes are folded into loops and topologically associating 
domains (TADs), insulated three-dimensional (3D) domains restrict-
ing enhancer action to specific promoters and increasing enhancer– 
promoter contact probability5–10. The formation of TADs is the result 
of chromatin loop extrusion activities of the structural maintenance of 
chromosome (SMC) complexes11–18. In mammals, cohesin is the major 
SMC loop extruder, interacting with oriented sequence elements bound 
by transcription factors such as CCCTC-binding factor (CTCF) to define 
boundaries between TADs19–21.

Condensins, another conserved SMC complex, are essential for 
the compaction and mechanical rigidity of mitotic chromosomes22.  

They play a crucial role in chromosome compaction in budding 
yeast23,24 and long-range organization into domains in fission yeast25–27.  
Two variants of condensin (I and II) are present in many species, includ-
ing mammals and Drosophila spp.22. The presence of the condensin II 
SMC complex correlates with interphase 3D chromosome organiza-
tion28, most probably indirectly via its action in lengthwise compaction 
of chromosomes during mitosis, retained in subsequent interphases 
owing to the slow dynamics of long chromosomes. Species without 
condensin II therefore have more clustered centromeres and/or het-
erochromatin, whereas species with condensin II display chromosomal 
territories and poor centromeric clustering28. In mammals, condensin 
complexes are either excluded from the nucleus or fail to bind chroma-
tin outside of mitosis29,30. Notably, C. elegans appears to be an exception 
to this rule, because at least one condensin complex is nuclear and 
active during interphase31,32.

Like most animals, nematodes express homologs of cohesin, con-
densin I and II in somatic cells33,34. Two variants of the cohesin complex 
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editing to include three cleavage sites for the tobacco etch virus (TEV) 
protease preceded by a single FLAG tag (Fig. 1a)48. We created cleavable 
COH-1 and SCC-1 kleisins for the two somatic cohesins and cleavable 
DPY-26 and KLE-2 kleisins for condensin I/IDC and condensin II. Unless 
otherwise specified, experiments were carried out in animals by induc-
ing SMC complex cleavage by activating TEV expression by a short 
(30-min) heat shock in the first larval stage (L1) where most cells are 
postmitotic, and collecting animals 19 h later at the third larval stage 
(L3), when the germline is still small.

CohesinCOH-1 and condensin I are the most abundant  
somatic SMCs
Under normal conditions, animals tolerated TEV-cut sites in kleisins 
without exhibiting any apparent phenotypes. A single FLAG tag was 
insufficient for kleisin detection by western blotting; hence we added 
two additional tags to enable detection, in otherwise identical strains. 
All kleisins were detected in the L3 stage whole-animal lysates using 
these triple FLAG strains (Fig. 1b and Supplementary Fig. 1a). COH-1, 
SCC-1 and DPY-26 were readily identifiable whereas the KLE-2 signal 
was faint, probably reflecting its lower or cell-type-specific expression. 
For cohesins, COH-1 was 6× more abundant than SCC-1, suggesting that 
most cohesin complexes are cohesinCOH-1, most probably because SCC-1 
is expressed only in dividing cells34. Condensin I/IDC kleisin DPY-26 was 
90× more abundant than condensin II kleisin KLE-2; hence condensin 
I/IDC is vastly predominant compared with condensin II (Fig. 1b and 
Supplementary Fig. 1a). In the absence of induction, and despite no 
detectable protease, a small proportion of both COH-1 and DPY-26 was 
cleaved. This had no discernible effect on the animals in both the single 
and the triple FLAG-tag strains. In particular, the well-characterized 
phenotype of short and fat (dumpy) animals that occurs on inactiva-
tion of condensin IDC was never observed in the DPY-26 cleavage strain 
in the absence of TEV induction.

In vivo cleavage of kleisin subunits
Upon induction in the L1 stage, the protease was present at least until 
the L3 stage (Fig. 1b). The major condensin and cohesin kleisins COH-1 
and DPY-26 were nearly fully cleaved (11% and 4% of uncut protein 
remaining; Fig. 1b and Supplementary Fig. 1b), whereas SCC-1 and KLE-2 
full-length levels dropped by 32% or 50% (Fig. 1b and Supplementary 
Fig. 1b). This ineffective cleavage of SCC-1 and KLE-2 might be attributed 
to their higher turnover resulting from their mitotic functions: SCC-1 is 
known to be cleaved by separase during the transition from metaphase 
to anaphase22 and at least one of the Drosophila condensin II subunits, 
CAP-H2, is degraded to facilitate chromosome decompaction during 
interphase49,50. Throughout all the experiments described below, we 
employed strains with a single FLAG tag.

are present, distinguished by their kleisin subunits, COH-1 or SCC-1 
(ref. 35) (Fig. 1a). Previous analysis34 of knock-down phenotypes of the 
kleisins suggests a mitotic function for cohesinSCC-1 and nonmitotic 
functions for cohesinCOH-1. In addition, the two kleisins are differentially 
localized: SCC-1 is expressed in dividing cells, whereas COH-1 is present 
in most nuclei34. In the absence of cohesin SMC subunits, many cells 
undergo catastrophic mitosis during embryonic development34,36,37, 
as well as defects in ribosomal DNA compaction38, hindering further 
analysis of their interphasic function.

Nematode condensin I and II are essential for chromosome con-
densation during mitosis33,39,40. Deletions or knock-downs of most 
condensin subunits result in mitotic catastrophe in early embryos 
and nuclear defects in postembryonic lineages41–43. A third condensin, 
condensin IDC (for dosage compensation) in which one condensin I SMC 
subunit, SMC-4, is replaced by DPY-27, localizes specifically to the X 
chromosome throughout the cell cycle in hermaphrodites. Specific 
X-chromosome targeting of condensin IDC is achieved by the sex deter-
mination and dosage compensation (SDC) complex and a sequence 
motif called MEX (motif extraction) enriched on X chromosomes44. 
Binding of condensin IDC in hermaphrodites leads to downregulation of 
X-linked gene transcription, compensating for the chromosomal imbal-
ance between X chromosomes and autosomes. Structurally, loading 
of condensin IDC leads to the formation of TADs and loops specific to 
the nematode X chromosome45–47. However, it remains unclear which 
SMC complexes fold the other chromosomes.

In the present study, we analyzed the role of the five major somatic 
SMC complexes in chromosome structure during interphase by induc-
ing cleavage of these complexes in mostly postmitotic animals. Our 
results reveal that, in contrast to mammals, cohesins play a minor role 
in large-scale genome folding, whereas condensin I/IDC is the primary 
loop extruder. Similar to cohesin loss of function in mammals, cleavage 
of condensin I/IDC reinforces the epigenetic-driven compartmentaliza-
tion and results in the loss of TADs on the X chromosome. Cleavage of 
condensin I/IDC revealed the existence of an X-specific compartment 
enriched for the SDC complex, which we named SDC bodies. At the tran-
scriptional level, cleavage of individual SMC complexes leads to moder-
ate changes in gene expression, except for condensin I/IDC, the cleavage 
of which results in a major upregulation of X-linked genes and reduced 
animal lifespan as a result of its function in dosage compensation. Our 
study highlights an unexpected function of condensin I in interphase 
genome folding in holocentric nematodes, with a major role in com-
partmentalization regulation and X-specific dosage compensation.

Results
To interrogate the functions of individual SMC complexes, we con-
structed strains in which kleisin subunits are modified using genome 

Fig. 1 | Loss of cohesinSCC-1 and condensin II causes disruption in 
postembryonic vulval development and seam cell progression.  
a, Experimental approach to the functional analysis of SMC complexes in vivo 
(adapted from ref. 35). SMC complex protein composition for condensins 
and cohesins has a color code for kleisin that is maintained throughout all the 
figures. The cross symbol with a circle behind is the insertion site for the cleavage 
sequences of the TEV introduced by genome engineering. b, Comparison of 
individual kleisin expression levels and cleavage efficiency at the L3 stage 
upon TEV protease induction at the L1 stage. Quantification is from at least two 
experiments (Supplementary Fig. 1a). The expression of 3×FLAG-tagged kleisin 
is normalized to tubulin. The black arrowheads point to the expected sizes for 
the individual kleisins. c, Fluorescence in L3 stage animals expressing SMC-
1::GFP, in the head (left) or the middle section of the animals (right). For each 
section, the left panel corresponds to control animals (no TEV protease) and the 
right shows animals in which TEV cleavage has been induced by heat shock. For 
the middle section, cell lineage is indicated by circles and autofluorescence of 
gut granules by stars. d, Phenotypic outcome 72 h post-induction of individual 
kleisin cleavage for the indicated SMC complexes and multiple SMC complexes. 

TEV control corresponds to an otherwise wild-type strain expressing the TEV 
protease. The color code is the same as in a. Experiments were carried out twice. 
e, Seam cell count per animal scored each day after kleisin cleavage induction. 
The color code is the same as in a. The midline, hinges and whiskers of the 
boxplot show the median, 25th and 75th quantiles, and the smallest/largest value 
no further than ±1.5× the interquartile range, respectively. The horizontal dashed 
lines denote the number of seam cells in an L1 stage (20) and in a fully developed 
adult (32). f, Lifespan analysis of hermaphrodites after kleisin cleavage at the 
L1 stage of the different indicated SMC complexes. Animals were transferred 
on day 1 of adulthood to plates with FUdR and scored automatically in the 
lifespan machine101. g, Lifespan analysis of hermaphrodites on auxin-mediated 
degradation of the condensin IDC loader SDC-3, comparing animals without 
(control) and with (SDC-3 degradation) auxin. TEV control and condensin I/IDC 
cleavage are the same as in d for the sake of comparison. h, Healthspan analysis 
of male animals in liquid medium on condensin I cleavage at first larval stage 
using a wMicroTrackerONE device. The error bars are ±s.d. from eight technical 
replicates, representing one of three independent biological repeats.
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Effect of cohesin kleisin cleavage on SMC-1 abundance
Previous studies have shown that COH-1 is expressed in most cells 
whereas SCC-1 is expressed in dividing ones34. To evaluate the 
cell-type-specific effect of kleisin cleavage on both cohesin complexes, 

we analyzed the distribution and expression levels of SMC-1, one of the 
two SMC proteins present in both cohesins, using an endogenously 
green fluorescent protein (GFP)-tagged protein51. SMC-1 is ubiquitously 
expressed at high levels in somatic cells, indicating that cohesins are 
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present in most, if not all, cells (Fig. 1c). In addition, SMC-1 is also present 
in the germline, where it is known to form different cohesin complexes 
with germline-specific kleisins (Fig. 1c, purple outline).

In control experiments (no TEV induction), SMC-1::GFP fluorescence 
remained comparable in the presence of cleavage sites in SCC-1, whereas 
it was lower when cleavage sites were introduced in COH-1 alone or in both 
kleisins simultaneously, indicating some degradation, although animals 
did not display any phenotype. To assess the effect of kleisin cleavage, 
we induced TEV expression at the L1 stage and imaged animals at the L3 
stage. TEV induction alone had no impact on SMC-1 fluorescence levels 
(Supplementary Fig. 1c). When SCC-1 was cleaved, no major change 
in overall fluorescence occurred in somatic cells (Fig. 1c; quantified in 
Supplementary Fig. 1d). In contrast, when COH-1 was cleaved, many 
somatic nuclei completely lost fluorescence. In the central region of 
the animals (Fig. 1c, right panels), the remaining fluorescent nuclei were 
either intestinal nuclei or seam cell nuclei, two cell lineages that are 
mitotically active in overall postmitotic animals (Fig. 1c, green and blue 
circled nuclei). When both COH-1 and SCC-1 were cleaved simultane-
ously, SMC-1 fluorescence disappeared completely in the soma, whereas 
germline nuclei retained their fluorescence (Fig. 1c). Similar results were 
obtained when looking at the head of the animals (Fig. 1c, left panels; 
quantified in Supplementary Fig. 1d). When only COH-1 was cleaved, very 
few nuclei retained fluorescence and, although individual nuclei are dif-
ficult to identify in the head, these probably correspond to the handful of 
head neurons born postembryonically, which would therefore express 
the mitotic cohesinSCC-1. Together, we conclude that cleavage of COH-1 
and SCC-1 kleisins leads to the degradation of SMC-1, as judged by the 
disappearance of SMC-1::GFP fluorescence. Furthermore, COH-1 is the 
most abundant cohesin kleisin and its cleavage results in the complete 
disappearance of SMC-1 from most cells, except mitotically active ones.

Mitotic functions of cohesins and condensins
To investigate the mitotic functions of SMC complexes, we induced klei-
sin cleavage during the L1 stage when 90% of cells are postmitotic52 and 
assessed the phenotypic consequences in adults (Fig. 1d and Supple-
mentary Fig. 1e–h). Cleavage of cohesinSCC-1 resulted in developmental 
delays, morphological changes and a nonfunctional vulva in 64% of the 
animals (Fig. 1d), further confirming the function of cohesinSCC-1 in mito-
sis and/or terminal differentiation of the vulva. Simultaneous cleavage 
of both cohesinSCC-1 and cohesinCOH-1 produced phenotypes similar to sin-
gle cohesinSCC-1 cleavage (Fig. 1d). For condensins, separate cleavage of 
condensin I/IDC or condensin II slightly delayed late-stage development, 
yet most animals had no obvious phenotype. Simultaneous cleavage of 
both condensins resulted in the appearance of phenotypes associated 
with aberrant vulval development in most animals (Fig. 1d). Condensin 
I/IDC and II can therefore complement each other’s functions, but at 
least one type of condensin is necessary for faithful postembryonic cell 
divisions, reminiscent of the subtle changes observed in mammalian 
cells on individual condensin subunit depletion and the major mitotic 
defects when both condensins are depleted53,54.

We further examined seam cell divisions on kleisin cleavage using 
fluorescent markers55. Seam cells divide symmetrically for a subset 
of them during the second larval stage and asymmetrically once per 
larval stage, giving rise to a seam cell and a hypodermal cell, which 
fuses with the rest of the hypoderm52,56. The number of seam cells 
thereby remains constant at each stage, except the second one where 
it increases from 20 to 32 (Fig. 1e, TEV control animals). Cleavage of 
cohesinCOH-1 or condensin I/IDC did not affect the number of seam cells, 
whereas cleavage of cohesinSCC-1 or condensin II resulted in decreasing 
numbers (Fig. 1e). Simultaneous cleavage of both cohesin kleisins had a 
slight additive effect compared with cohesinSCC-1 cleavage, confirming 
cohesinSCC-1 as the major mitotic cohesin. Cleavage of both condensins 
led to a more rapid decrease in seam cell number, reminiscent of the one 
observed on cleavage of cohesinSCC-1. We conclude that, although quan-
titatively less abundant, condensin II and cohesinSCC-1 are necessary 

for postembryonic cellular divisions, whereas condensin I/IDC and 
cohesinCOH-1 are dispensable.

In summary, the data presented above strongly suggest that 
remaining levels of intact SMC complexes on kleisin cleavage are not 
able to sustain their function. For both cohesins, one of the two SMC 
subunits appears degraded on COH-1 and/or SCC-1 cleavage. For con-
densin I and II, cleaved complexes negatively impact cell divisions. 
Although the dominant negative effects of cleaved kleisins cannot be 
ruled out, the observed evidence suggests that SMC complexes lose 
functionality on kleisin cleavage.

Cleavage of condensin I/IDC reduces lifespan drastically
To assess the physiological effects of cleaving cohesin or condensin 
kleisins on the whole organism, we assessed the lifespan of animals. 
Cleaving condensin II or cohesinSCC-1 had minimal impact on lifespan, 
with animals living nearly as long as TEV control animals (Fig. 1f). By con-
trast, cleaving condensin I/IDC significantly reduced lifespan, with most 
animals dying by day 15 and only 3% still alive by day 20, compared with 
71% of control animals (Fig. 1f). As no mitotic phenotype was observed in 
animals after condensin I/IDC cleavage, the lifespan reduction probably 
stems from the nonmitotic functions of this SMC complex.

Hi-C analysis reveals genome organization at various scales
To characterize genome-folding determinants in nematodes, we con-
ducted high-resolution chromosome conformation capture (Hi-C), 
in both wild-type and TEV control animals (Fig. 2a,b and Supplemen-
tary Figs. 2a and 3). As previously observed45, autosomes lack the TAD 
structure found in many multicellular organisms, replaced by large 
contact domains (Fig. 2a): two multi-megabase domains located on 
chromosome arms (telomere-proximal domains or T domains) and 
a large domain located in the chromosome center (C domain). This 
organization correlates with the spatial segregation of repeat-rich 
heterochromatic T domains at the nuclear periphery and the transcrip-
tionally more active C domain inside the nuclear lumen (for a review, see 
ref. 57). Genome-wide Hi-C matrices highlight this long-range organiza-
tion within and between chromosomes (Fig. 3a–e and Supplementary 
Fig. 2a). In addition, a crosshatched pattern is observed on a small scale 
(2–40 kb; Fig. 2a), indicating the presence of smaller compartments 
embedded into the T and C domains (Fig. 2a and Supplementary Fig. 2a). 
Principal component analysis (PCA) on the genome-wide observed/
expected contact matrix reflected this two-tiered organization 
(Fig. 2a and Supplementary Fig. 2a): the first eigenvector delineated 
T/C domains, whereas the second captured the small-scale crosshatch 
pattern (Fig. 2a and Supplementary Fig. 2a).

Both large domains and small compartments correlated with tran-
scription, yet this correlation was stronger for the latter (Fig. 2c). A com-
parison with previously characterized chromatin states58 confirmed 
this correlation with transcriptional activity (Fig. 2d and Supplemen-
tary Fig. 2b,c). T domains were enriched for H3K9-methylated chro-
matin but retained active chromatin states, because transcriptionally 
active genes within T domains are interspersed among silent repeats. 
Conversely, C domains were enriched for active states, yet harbor many 
Polycomb-marked silent regions (Fig. 2d and Supplementary Fig. 2b). 
In contrast, small compartments faithfully separated active and silent 
chromatin (Fig. 2d): small compartments with high second eigenvector 
values were enriched for active chromatin states, whereas those with 
low values harbored inactive states (H3K9 and H3K27 methylation). 
These small compartments are therefore similar to A- and B-type chro-
matin compartments previously described in mammalian systems2, 
although 10× smaller in size. Similar small A- and B-type compartments 
have been suggested using DNase I Hi-C (ARC-C) and proposed to repre-
sent a TAD-like structure59. When averaging contact maps on larger A/B 
compartments (>10 kb), we could indeed highlight insulated domains 
and the aggregated insulation score between A and B domains showed 
a minimum at the boundary (Supplementary Fig. 2d,e).
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In hermaphrodites, the X chromosomes fold into TADs, setting 
them apart from autosomes (Fig. 2b). TADs require the activity of 
the X-specific condensin IDC (refs. 31,45,47,60). Although most of the 
X chromosome lies within a large C domain (see below), small com-
partments within the TADs form a crosshatched pattern similar to 
autosomes, which correlates with chromatin states (Supplementary 
Fig. 2b). High contact probability signals at the corners of the TADs 
suggest the existence of more stable loops between TAD boundaries 
(white arrows in Fig. 2b), which have been observed in Hi-ChIP (chroma-
tin immunoprecipitation) experiments with the condensin IDC subunit 
DPY-27 (ref. 46). These loops span over two or three TAD boundaries.

Condensin I/IDC is the main SMC complex for genome folding
In mammalian cells, cohesin is central to interphase chromosome 
folding11–13, via its DNA loop extrusion activity limited by boundary 
elements bound by CTCF16,20,21, a transcription factor absent from the 
nematode genome. To uncover the identity of the SMC complex that 
drives chromatin looping in nematodes, we performed Hi-C after 
cleavage of cohesin or condensin kleisins. In contrast to mammalian 
cells, individual or simultaneous cleavage of cohesin kleisins only 
slightly decreased contact probabilities at short distances (10–100 kb; 
Fig. 3a,b,c,f and Supplementary Fig. 2f), demonstrating that cohesins 
have no significant impact on large-scale interphase chromosome 
folding. Similarly, condensin II kleisin cleavage did not change Hi-C 
maps, indicating that its primary function is to ensure proper mitotic 
chromosome compaction (Fig. 3e,f and Supplementary Fig. 2g). In 
contrast, cleavage of condensin I/IDC led to significant changes: contact 

probabilities decreased at distances between 100 kb and 3 Mb and 
increased at distances >3 Mb (Fig. 3d,f and Supplementary Fig. 2h). 
Condensin I/IDC therefore promotes long-range contacts between 
100 kb and 3 Mb, leading to a decrease of very-long-range contacts.

Condensin I cleavage increases epigenomic 
compartmentation
By analogy with observations made in mammalian cells on depletion 
of cohesin, a consequence of condensin I/IDC cleavage should be the 
reinforcement of A and B compartments11–13. Indeed, condensin I/IDC 
cleavage led to an increase of contact frequency in the crosshatch 
patterns (Fig. 3g), indicative of the reinforcement of T and C domains 
within chromosomes, as well as B compartments (Fig. 3d,h). Between 
autosomes, C domains and B compartments were equally reinforced 
(Fig. 3h). A and B compartments also saw their size increase by 62% 
and 54%, respectively (Fig. 3i). Notably, chromosome X showed an 
increase in interchromosomal contacts with T domains of all auto-
somes (Fig. 3d), suggesting a relocation of the X chromosome toward 
the nuclear periphery on condensin I/IDC cleavage, as previously 
observed61.

We further analyzed whether alterations in compartments after 
condensin I/IDC cleavage were associated with specific genomic content 
of the sequences transitioning compartments (Supplementary Fig. 4). 
Bins switching toward more B-like compartments were depleted in 
annotated transposable elements but showed enrichment in noncod-
ing RNAs and transfer RNAs, along with active histone marks. These 
regions also contained genes exhibiting increased expression after 
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cleavage. Conversely, bins switching toward more A-type compart-
ments did not display such patterns (Supplementary Fig. 4).

Taken together, our analysis demonstrates that condensin I/IDC 
is the primary SMC complex responsible for chromosome folding in  
C. elegans. Cleavage of condensin I/IDC induces global genome decom-
paction and an increase in interchromosomal contacts, as well as a 
significant enhancement of T/C and A/B compartmentalization.

Condensin I/IDC cleavage reveals an X-specific loop 
compartment
In mammalian cells, loss of cohesin leads to the disappearance of 
TADs and loops11–13, structures present only on the X chromosome in  
C. elegans. As for autosomes, cleavage of cohesin and condensin II 
kleisins had little effect on X-chromosome structure (Supplementary 
Fig. 2f,g). In contrast, condensin I/IDC cleavage caused major changes 
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with the disappearance of X-specific TADs (Fig. 4a,b,d). Strikingly, 
cleavage of condensin I/IDC led to the appearance of dotted lines on the 
Hi-C map, suggesting the presence of reciprocal loops between 35 indi-
vidual kilobase-sized regions (Fig. 4a). Manual mapping and automatic 
detection62 of the loops showed a high overlap between these regions 
(hereafter named loop anchors) and TAD boundaries present in control 
animals (Fig. 4a,b). Although each loop anchor contacted a limited num-
ber of neighboring anchors in TEV control animals (Fig. 4c,f), cleavage 
of condensin I/IDC tripled the number of loops per anchor (Fig. 4c,f), 
with a threefold increase in the mean size of loops from 1.25 Mb to 
3.7 Mb, and the presence of many loops >8 Mb (the X-chromosome 
size is 17 Mb; Fig. 4f). Average Hi-C contact frequency maps using all 
combinations of anchors confirmed that contact frequencies between 
loop anchors increased at small and large distances (Fig. 4e).

MEME motif detection identified the MEX motif in all 35 loop 
anchors and 34 out of 35 colocalized with previously identified rex 
sites, a subset of MEX motifs with high enrichment for the X-specific 
condensin IDC-targeting complex (Fig. 4a, bottom, and Supplementary 
Table 6)63. Using a previous classification of rex sites63, 81% of strong 
rex sites (15 out of 17), 50% of intermediate rex sites and 29% of weak 
rex sites overlapped with anchors; hence strong rex sites are more 
likely to be loop anchors. Further comparisons with public ChIP-seq 
demonstrated strong enrichment at loop anchors for condensin IDC and 
the X-specific-targeting complex subunits SDC-2, SDC-3 and DPY-30 
(Fig. 4g). Loop anchors colocalized with a subset of the highest ChIP 
peaks for these proteins with an average enrichment between 44× and 
157× higher than the average enrichment in the surrounding 100-kb 
regions (Fig. 4g). Surprisingly, other SMC complexes, cohesinSCC-1 and 
condensin II, showed a similar enrichment at loop anchors, suggesting 
that these form boundaries for all SMC complexes (Fig. 4g)64.

Multiple X-chromosome TAD boundaries cluster together
We next asked whether loop anchors form pairs or clusters of more 
than two anchors. We analyzed Hi-C reads with three or more loci 
ligated together, accounting for 0.17% of all contacts in both TEV con-
trol and condensin I/IDC cleavage libraries (726,736 and 635,546 reads 
for the X chromosome, respectively). The 3D contact maps at 50-kb 

resolution were constructed (Fig. 4h)11,46,65 and average contact maps 
for all three-way anchor combinations spaced by >500 kb were gener-
ated, along with combinations involving a control set of loci (Fig. 4h). 
Although no significant three-way contacts were observed for control 
loci, we detected three-way contacts between loop anchors in TEV 
control libraries, confirming loop anchor clustering46. After condensin 
I/IDC cleavage, the frequency of these three-way contacts between loop 
anchors more than doubled. This suggests that the X chromosome 
is folded by anchor hubs to which TADs are attached and these hubs 
appear to be reinforced in the absence of condensin I/IDC.

The condensin IDC-loading complex forms nuclear bodies
As loop anchors are highly enriched for the SDC complex (Fig. 4g), 
we asked whether anchor hubs would be detectable in vivo by endog-
enously tagging SDC-1 or SDC-3. Consistent with previous studies66–68, 
both proteins are expressed exclusively in hermaphrodites, show dif-
fuse localization in early embryos and label one or two nuclear terri-
tories after dosage compensation onset (data not shown and Fig. 4i,j). 
Strikingly, fluorescence clustered in individual spots or SDC bodies, 
with little to no background fluorescence visible outside the clusters 
(Fig. 4i,j,k). Although linking ChIP, Hi-C and microscopy data is chal-
lenging69, this strongly hints at the presence of loop anchor hubs. Upon 
condensin I/IDC cleavage, SDC bodies were indistinguishable from TEV 
control ones (Supplementary Fig. 5), indicating that SDC bodies are 
independent of condensin I/IDC activity or the presence of TAD. Assum-
ing that these spots represent clustered loop anchors, the absence of 
modification of the fluorescence pattern indicates that the rosette 
structure of the X chromosome is present in control animas, yet not vis-
ible in Hi-C maps owing to the high number of contacts inside the TADs.

Similar transcriptional impact of cohesinSCC-1 and condensin II 
cleavage
We next examined the effects of SMC cleavage on gene expression. 
With the exception of X-linked genes after cleavage of condensin  
I/IDC, kleisin cleavage had modest effects on gene expression (Supple-
mentary Fig. 6a–c, file S1) with only 3–12% of genes showing different 
expression levels (154–1,509 genes with log2(fold-change) (|LFC|) > 0.5; 

Fig. 3 | Condensin I folds the nematode genome. a–e, Genome-wide Hi-C contact 
maps in L3 animals upon SMC cleavage (upper right) and ratio to TEV control 
(lower left). TEV protease expression was induced at the L1 stage. The cleaved 
SMC complexes are indicated on top of the figures: cohesinSCC-1 (a); cohesinCOH-1 
(b); cohesinCOH-1 and cohesinSCC-1 (c); condensin I/IDC (d); condensin II (e). Pooled 
data are from two biological replicates per condition. The same color scale was 
used for all Hi-C maps. f, Contact probability decay plots on autosomes for the 
different cohesin and condensin cleavages. Inset: contact probability decay at 
short distances (10–30 kb). g, Hi-C contact map of chromosome II in TEV control 
animals (upper right) and on condensin I/IDC cleavage (lower left), highlighting 

the increased A/B compartmentalization. h, Saddle contact probability plots 
for large T/C domains and small A/B compartments within chromosomes (left) 
and between chromosomes (right) in TEV control (upper row) and animals 
after condensin (Cond.) I/IDC cleavage (middle row). The difference between 
the two conditions is shown in the bottom row. i, A and B compartment sizes on 
autosomes and chromosome X in TEV control and on condensin I/IDC cleavage 
(dpy-26cs). Boxplots are as in Fig. 1e and the ‘x’s denote the mean domain sizes.  
The number of compartments in each group and false recovery rate (FDR)-
adjusted P values from a two-sided Wilcoxon’s rank-sum test are shown below and 
above the boxplots, respectively. chr, chromosome; Obs/exp, observed/expected.

Fig. 4 | The hermaphrodite X chromosomes form a rosette-like structure. 
a, Hi-C contact frequency matrices in control (upper right) and after cleavage 
of condensin I/IDC (lower left). The color scale is the same as that in Fig. 2. Left: 
comparison of regions depicted in the maps highlighting the formation of 
dashed lines of high contact probabilities on condensin I/IDC cleavage. Loops 
are depicted as arches on the top and the left side (TEV control, condensin I/IDC 
cleavage). Bottom: second cis eigenvector for condensin I/IDC cleavage for loop 
anchor detection (local maxima), corresponding loop anchors and rex sites63.  
b, Insulation scores for the matrices in a and the difference between them.  
c, Virtual 4C analysis on three loop anchors in the TEV control and on condensin 
I/IDC cleavage. d, Average observed-over-expected Hi-C contact maps centered 
on the anchors, highlighting their correlation with TAD boundaries in control 
conditions and boundary loss on condensin I/IDC cleavage. e, Same as d, centered 
on all possible loops between anchors for short-range (<5 Mb) and long-range 
(>5 Mb) loops, as well as the LFC between the conditions. f, Loops per anchor 

and loop sizes in TEV control and on condensin I/IDC cleavage. The boxplot is as 
in Fig. 1e, using averaged Hi-C maps from two biological replicates. g, ChIP-seq 
enrichment for the 35 loop anchors detected for DCC subunits (DPY-27 - L3, 
DPY-30, SDC-2, SDC-3 - embryos), condensin II (KLE-2 - L3) and cohesin (SCC-1 - 
L3). Data are from refs. 32,59,63,64. h, Detection of three-way contacts between 
loop anchors identified in a, using 3D maps built from Hi-C reads with more than 
two fragments. Average 3D Hi-C maps between all combinations of three loop 
anchors spaced by at least 500 kb are shown at the bottom, either the middle 
plane (left) or the sum z-projection (right). The number on the upper right 
corner is the number of identified three-way contacts in the middle voxel/pixel. 
i, Nuclear pattern of SDC-3::mCherry (red) in otherwise wild-type animals. GFP–
lamin delineates the nuclear periphery. Scale, 5 μm. j, Individual nuclei from the 
animal in i. Scale, 1 μm. k, Nuclear pattern of SDC-1::GFP (green). EMR-1::mCherry 
delineating the nuclear periphery (red). The scale is as in j. Imaging experiments 
were carried out at least twice with similar results.
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Fig. 5a). Exon–intron split analysis70 confirmed that most changes 
occurred at the transcriptional level (Supplementary Fig. 7). Upon 
cleavage of condensin II, cohesinCOH-1, cohesinSCC-1 or cohesinCOH-1/SCC-1,  
these genes were distributed evenly across all chromosomes, with 

slightly more genes upregulated than downregulated (Fig. 5a and 
Supplementary Fig. 6c). Cleavage of both cohesinSCC-1 and cohesinCOH-1 
kleisins led to the highest number of misregulated genes. However, 
there was little overlap between misregulated genes after individual 
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cleavage of the two cohesin kleisins (Fig. 5b,c and Supplementary 
Fig. 8a,b), further highlighting the different functions of the two 
cohesin complexes. In contrast, differentially regulated genes upon 
cleavage of cohesinSCC-1 and condensin II were highly correlated  
(266 genes overlap; Fig. 5c and Supplementary Fig. 8a,b), with a sig-
nificant proportion of genes annotated with gene ontology (GO) 
terms related to proteolysis or stress response (Supplementary File 2).  
In summary, cleavage of either cohesins or condensin II has relatively 
minor transcriptional consequences, but a common set of genes 
appears to be regulated by cohesinSCC-1 and condensin II, possibly as 
a result of their common mitotic function.

Cleavage of condensin I/IDC alleviates dosage compensation
The cleavage of condensin I/IDC led to the most significant changes in 
gene expression on chromosome X. Half of the expressed X-linked genes 
showed significantly higher expression (834 out of 1,604), whereas only 
4 were downregulated (Fig. 5a,b and Supplementary Fig. 6b,c). The main 
effect of condensin I/IDC cleavage on gene expression is, thereby, the relief 
of X-linked repression, owing to the cleavage of condensin IDC (ref. 44).  
Upregulated genes overlapped significantly with X-linked genes upreg-
ulated after dpy-27 knock-down32 or mutation of the dosage compen-
sation complex (DCC)-associated dpy-21 H4K20 demethylase gene31  
(25% and 46%). In contrast to mammalian cells on cohesin depletion12, 
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Fig. 5 | Differential gene expression after cleavage of kleisin subunits of 
different SMC complexes. a, Number of significantly up- and downregulated 
genes (DESeq2, Wald’s test, Padj < 0.05, LFC > 0.5) per chromosome on cleavage 
of the cohesin kleisin subunits scc-1cs and coh-1cs individually or together, or 
condensin I/IDC kleisin (dpy-26cs) and condensin II kleisin (kle-2cs). The number of 
up-/downregulated genes is shown next to each bar. b, Hierarchical clustering of 
the LFC of 12,465 genes expressed in at least one dataset (DESeq2 independent 
filtering). Top: 10,792 autosomal genes; bottom: 1,673 X-linked genes.  
c, Correlation of the LFC of 13,734 expressed genes (with at least 10 read counts in 
total) from the datasets of the two alternative cohesin kleisins (scc-1cs and coh-1cs, 

top) and the datasets of condensin II and cohesinSCC-1 cleavage (bottom).  
The blue line indicates the best fit linear regression and Pearson’s correlation 
coefficient is shown. d, LFC after cleavage of condensin I/IDC of genes that lie 
within 10 kb of the 35 loop anchors defined in Fig. 4a (‘Anchor’, n = 55 genes), 
compared with genes found on the X chromosome that do not overlap with 
loop anchors (‘Not anchor’, n = 1,707 genes). The FDR-adjusted P value from a 
two-sided Wilcoxon’s rank-sum test comparing genes in anchor with nonanchor 
regions is shown (see Supplementary Fig. 8 for all comparisons). The boxplot 
shown is the same as that in Fig. 1e.
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there was no evidence for pervasive upregulation of noncoding  
RNAs or for general misregulation of transposons or repetitive 
sequences (data not shown). It is interesting that X-linked gene upregu-
lation, in close vicinity to the loop anchors identified above, bound by 
the SDC complex, was significantly lower on condensin I/IDC cleavage 
than on the rest of the chromosome (Fig. 5d and Supplementary Fig. 8c). 
In nonanchor regions, 48% of genes (823 of 1707) were significantly 
upregulated, whereas. in 10-kb regions around loop anchors, only 11% 
were upregulated (6 of 55). Gene regulation is thereby largely main-
tained close to sites bound by the SDC subunits of the DCC but not 
inside the TADs delimited by these loop anchors.

Impaired dosage compensation leads to reduced lifespan
Our findings uncovered two consequences of condensin I/IDC cleavage: 
a widespread loss of chromosome compaction on all chromosomes and 
transcriptional upregulation of X-linked genes as a result of the loss of 
dosage compensation, both potentially contributing to the observed 
decrease in lifespan (Fig. 1f). To differentiate between these possibili-
ties, we assessed the lifespan of animals after the loss of dosage com-
pensation induced by auxin degron-mediated degradation of SDC-3,  
a crucial factor for condensin IDC enrichment on the X chromosome66 
(Supplementary Fig. 9a). SDC-3 degradation resulted in a decline of 
the TAD structure of the X chromosomes (Supplementary Fig. 9b–e) 
and an elevation of X-linked gene expression, albeit to a lesser degree 
than condensin I/IDC cleavage (Supplementary Fig. 9f,g). On control 
media lacking auxin, animals exhibited a lifespan comparable to that 
of TEV control animals (Fig. 1g, black lines), the slightly longer lifespan 
attributed to heat shock previously shown to increase lifespan71(to 
induce TEV expression). Conversely, animals grown on auxin displayed 
a lifespan akin to that observed after cleavage of condensin I/IDC (Fig. 1g, 
blue lines). In addition, male animals, which do not require dosage com-
pensation, exhibited a minor increase in healthspan after condensin I 
cleavage (Fig. 1h). Therefore, the reduction in lifespan subsequent to 
condensin I/IDC cleavage is not attributable to widespread chromosome 
unfolding but rather to X-specific disruption of chromosome structure 
and the consequent upregulation of X-linked genes.

Discussion
Holocentric genomes are widely distributed in nature72, yet their inter-
phase folding mechanisms remain elusive. In the present study, we 
unveil that in C. elegans, genome organization is controlled by both 
epigenomic compartmentalization and condensin I/IDC activity. At a 
multi-megabase scale, chromosomes segregate into arms and central 
regions with arms forming perinuclear domains rich in repeats and 
H3K9-methylated heterochromatin73–77. Meanwhile, more transcrip-
tionally active central regions reside in the nuclear lumen. At a finer 
2- to 100-kb scale, regions with similar epigenomic states preferentially 
contact each other, forming small A and B compartments, 10–100× 
smaller than those observed in mammalian and Drosophila genomes2,78. 
Unlike mammals, in which chromatin looping and megabase-scale TAD 
formation occur through the loop extrusion activity of cohesin coupled 
with oriented boundary elements, large-scale chromosome folding in  
C. elegans is primarily mediated by condensin I/IDC. Cleaving this complex 
leads to global decompaction, increased interchromosomal contacts 
and enhanced T/C and A/B compartmentalization. Similar long-range 
(>100 kb) looping activity of condensin is observed in budding and fis-
sion yeast23,27 where condensin mutations also increase chromosomal 
mixing, although whether this effect is direct remains unclear27,79.

Why does condensin I assume the function of cohesin? One possi-
ble reason could be the holocentric nature of nematode chromosomes. 
In mammals, most cohesins are removed from chromosome arms 
before anaphase, whereas complexes at the centromeres ensure the 
cohesion of sister chromatids22. However, holocentric chromosomes 
complicate the distinction between centromeric and noncentromeric 
cohesin populations, because nematode centromeres are defined 

by the binding of transcription factors and active transcription80.  
By repurposing condensin I/IDC as an interphase, long-range loop 
extruder and duplicating cohesins with one variant dedicated solely 
to mitotic functions, it would be possible to functionally separate SMC 
complexes involved in sister chromatid cohesion from those involved 
in interphasic genome looping34.

It is interesting that nematodes lack a CTCF homolog or any 
well-defined boundary elements involved in TAD formation in mam-
mals or Drosophila spp. This suggests that genome folding primarily 
relies on T/C domains and A/B compartments, rather than TADs78,81. The 
lack of TADs on autosomes also implies that transcriptional regulation 
is performed by proximal enhancers situated near their target promot-
ers, because the activity of enhancers cannot be constrained by TADs as 
in mammals10. In fact, all characterized enhancer sequences are located 
within 5 kb of their presumed target gene82,83, in contrast to gene regu-
lation in mammals where enhancers can be located megabases away 
from their target gene and the TAD structure10 limits their activity.

In mammals, multiple studies have shown that lack of cohesins 
has little transcriptional effect on gene expression under stable condi-
tions11,12. Cleavage of the major C. elegans long-range loop extruder, 
condensin I, has equally little effect on autosomal gene expression 
(Fig. 5a). Recent studies in budding and fission yeast have similarly 
shown that condensin depletion or cleavage has little effect on tran-
scription23,84, and these effects are probably indirect due to chromo-
some missegregation. Condensin has, however, been implicated in 
gene downregulation in response to environmental stimuli such as 
starvation or quiescence85,86. With regard to animals, it is less clear 
whether condensins play a role in gene regulation. In Drosophila 
spp., early reports suggest that the condensin I kleisin is necessary 
for Fab-7 Polycomb responsive element repression87. More recently, 
the CAP-G subunit of condensin I was shown to be important for 
proper neuronal gene expression, yet genes were equally up- and 
downregulated and the involvement of the condensin I holocomplex 
remains unclear88. In our study, condensin II cleavage led to only a 
few misregulated genes without any chromosome specificity, with 
more genes being up- than downregulated, similar to condensin  
I/IDC cleavage (Fig. 5a). These misregulated genes might result from an 
indirect effect of failed mitosis because they correlate strongly with 
genes misregulated on cleavage of the cohesinSCC-1 complex solely 
expressed in dividing cells34 (Fig. 5c). Several studies have shown a 
role for condensin II in gene regulation in other experimental sys-
tems, yet it is unclear whether the complex is involved in repression 
or activation. In Drosophila spp., the whole complex is involved in 
transvection by repressing gene expression in trans89 whereas the 
CAP-D3 subunit is necessary for activation of antimicrobial peptide 
expression90. Similarly, the murine CAP-G2 condensin II component 
is essential for erythroid cell differentiation and appears to repress 
gene expression91, but whether this is mediated by the condensin II 
holocomplex remains unclear.

In hermaphrodite nematodes, TADs are uniquely present on X 
chromosomes as a result of the SDC-mediated loading of the X-specific 
variant of condensin I, condensin IDC (refs. 45,47) and cleavage of con-
densin I/IDC results in the loss of all TADs. As TAD formation requires 
dynamic loop extrusion limited by boundaries20, and condensins are 
indeed DNA loop extruders15,17, our findings, together with recent 
results showing that the ATPase activity of DPY-27 is necessary for its 
binding to the X chromosome92, strongly suggest a model in which the 
SDC complex recruits condensin IDC to rex sites and both initiates and 
limits loop extrusion, leading to the formation of TADs. The function 
of X-chromosome TADs in nematodes appears to be quite different 
from mammalian TADs, which limit the search space of enhancers5,10. 
Indeed, no ectopic expression of the X-linked gene unc-3 was observed 
on condensin I/IDC cleavage (data not shown), thus reinforcing the 
idea that genes are controlled by enhancers locally (within kilobases 
of their target genes).
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Surprisingly, the cleavage of condensin I/IDC strengthens a loop 
compartment formed by reciprocal contacts between 35 loci highly 
enriched for the SDC complex64, colocalizing with rex sites93 and TAD 
boundaries47. This reinforcement of loops between TAD boundaries 
mirrors observations in mammalian cells where cohesin stabilization 
by WAPL knock-down or cohesinSTAG1 acetylation94,95 leads to long-range 
loop extrusion. However, long-range loop extrusion is unlikely to cause 
the reinforcement of the loop compartment, because our experiments 
imply release of condensin I/IDC from chromatin, rather than stabiliza-
tion of loop extruders. Two studies in mammals have reported the 
appearance of a loop compartment on cohesin depletion as visual-
ized by aligned dots on Hi-C maps11,96. In these studies, loop anchors 
are either strongly clustered enhancers bound by the transcriptional 
co-activators BRD4 and MED1 (ref. 97) or regions bound by PRC1 
complexes96, both of which are known to form condensates97–99. In 
nematodes, genomic segments in the loop compartment are bound 
by the SDC proteins and tagging of SDC proteins led us to discover 
SDC bodies, previously unseen nuclear clusters that could potentially 
be condensates. At the transcriptional level, cleavage of condensin IDC 
cleavage leads to the upregulation of most X-linked genes, underscor-
ing the importance of the continuous presence of condensin I/IDC on 
X chromatin for maintenance of X-linked gene regulation. Strikingly, 
after condensin I/IDC cleavage, dosage compensation is maintained 
near loop anchors, probably included in SDC bodies. Further experi-
ments should investigate whether SDC bodies are indeed condensates 
and whether looping chromatin through condensates via condensin 
I/IDC regulates gene expression. From a physiological perspective, 
the imbalance in gene expression created by condensin I/IDC cleavage 
between X chromosomes and autosomes significantly shortens the 
animal’s lifespan, whereas autosomal decompaction does not lead to 
any major phenotypes.

In conclusion, our study presents evidence supporting the func-
tional substitution of cohesin by condensin I in holocentric nematodes 
for interphase genome folding, together with the identification of 
nuclear bodies involved in X-linked gene downregulation by conden-
sin IDC. Further characterization in other holocentric species will help 
determine whether the use of condensin I is unique to C. elegans or 
convergent evolution has led to similar mechanisms in other holo-
centric organisms100.
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Methods
Creation of TEV cleavage sites in individual kleisins  
and degron tagging of SDC-3
TEV cleavage sites were integrated into kleisin subunits of the different 
SMC complexes using clustered regularly interspaced short palin-
dromic repeats (CRISPR)–Cas9 genome engineering102, using unc-58 
or dpy-10 co-CRISPR as marker. Similarly, sdc-3 was modified amino 
terminally by integrating the degron sequence in frame with the protein 
in the HW2079 strain (kindly provided by H. Grosshans) expressing the 
TIR1 ubiquitin ligase under the control of the eft-3 promoter. Template 
primers and guide RNAs are described in Supplementary Table 1.

Phenotypic characterization
Animals synchronized at the L1 stage were grown at 22 °C on fresh nema-
tode growth medium (NGM) plates seeded with OP50-1 bacteria. After 
3 h, the animals were heat shocked at 34 °C for 30 min and incubated at 
22 °C for the rest of the experiment, while they were imaged and their 
phenotype quantified. Experiments were carried out at least twice.

Western blotting of TEV cleavage
Approximately 80,000 L1 stage-synchronized worms were grown on 
150-mm NGM plates and heat shocked as described above. L3 stage 
worms were collected and washed 3× with M9, and the worm pel-
let was frozen at −80 °C. Pellets were defrosted and resuspended in 
1 ml of 1× NPB buffer (20 mM Hepes, pH 7.6, 20 mM KCl, 3 mM MgCl2 
and 0.5 M sucrose) supplemented with protease inhibitors and 1 mM 
dithiothreitol. The worms were fragmented in a Balch homogenizer 
(Isobiotec) using 35 strokes with the 10-μm ball and combined with 
two rinses of the homogenizer with 0.75 1× NPB buffer. Fragmented 
worms were collected by centrifugation at 3,200g for 5 min at 4 °C. 
An equal volume of 2× sodium dodecylsulfate (SDS)–NaCl buffer 
(50 mM Tris, 2% SDS, 0.5 M NaCl) was added to the pellet and samples 
were boiled for 5 min, followed by sonication in a Bioruptor machine 
(Diagenode) for 10 min, set on high, 30 s on, 30 s off. Insoluble mate-
rial was removed from the lysate by centrifugation for 5 min at room 
temperature (RT) and 5,000g. For one batch of worms, 15,000 worms 
were treated ± heat shock as above and, when collected, they were 
directly lysed in 2× Laemmli buffer without Balch homogenization, 
before being boiled and sonicated as above. Samples were run on 
4–12% ExpressPlus poly(acrylamide) gel electrophoresis gels with 
Tris–3-(N-morpholino)propanesulfonic acid–SDS running buffer 
(GenScript). Transfer was carried out in the cold room overnight in 
Tris–glycine buffer (250 mM Tris, 1.92 M glycine and 10% ethanol) at 
45 mA/30 V on to a nitrocellulose membrane. The 3× FLAG-tagged 
kleisins from strains PMW1005(dpy-26cs), PMW1023 (kle-2cs), PMW1021 
(scc-1cs) and PMW1025 (coh-1cs) were detected using the mouse mono-
clonal anti-flag M2 antibody (Sigma-Aldrich, cat. no. F1804). The 
heat-shock-inducible, myc-tagged TEV protease was detected with a 
mouse monoclonal anti-myc antibody (Sigma-Aldrich, cat. no. M4439). 
The proteins were detected using SuperSignal West Femto Maximum 
Sensitivity Substrate (Thermo Fisher Scientific) and an Amersham 
Imager 600. The signals were quantified using ImageJ. For one blot 
where quantification was carried out for KLE-2 using a different expo-
sure time, its signal intensity was normalized by the difference in the 
length of exposures. In all cases, band intensity was first normalized 
to the housekeeping gene tubulin (mouse anti-tubulin, Sigma-Aldrich, 
cat. no. T9026) and then, to compare between blots, signals were nor-
malized either to COH-1 present on the same blot or by normalizing 
heat-shocked samples to nonheat-shocked samples.

Microscopy of SMC-1::GFP
TEV-only control (PWM941), cohesinSCC-1/COH-1 (PMW947), cohesinSCC-1 
(PMW948) and cohesinCOH-1 (PWM949) strains, expressing endog-
enously GFP-tagged SMC-1 (ref. 51), were treated with and without 
heat shock at the L1 stage and imaged at the L3 stage on a Nikon Ti2 

Crest spinning disk microscope. Fluorescence was quantified only 
from images of the head to avoid interference from the germline and 
autofluorescence in the gut. The head region was outlined manually 
in FIJI, along with a nearby background region on each image. Custom-
ized scripts in FIJI, Python and R (https://github.com/CellFateNucOrg/
MoushumiDas_paper/tree/v0.4.1) were used to quantify the mean 
fluorescence intensity in the head and subtract the mean background 
intensity from the same image. Data from three separate experiments 
were combined for Supplementary Fig. 1d.

Quantification of seam cell divisions
To evaluate the progression of seam cell division, strains with TEV sites 
in kleisins expressing a fluorescent seam cell marker (wls[scm::gfp] V)  
were treated as above and the number of seam cells per animal was 
counted every 24 h for the next 3 d.

RNA-seq
For strains PMW366, PMW382, PMW775, PMW784, PMW828 and 
PMW844, synchronized L1 stage nematodes were seeded on to NGM 
plates and incubated for 3 h at 22 °C. The animals were heat shocked at 
34 °C for 30 min to activate the TEV protease and incubated again for 
19 h at 22 °C. For strains PMW821, PMW823 and PMW822, synchronized 
L1 stage nematodes were seeded on to NGM plates with 1 mM auxin 
(prepared in ethanol). As a control, the strain PMW822 was seeded on 
to NGM plates without auxin but with ethanol. L1 stage worms were 
incubated for 3 h at 22 °C, heat shocked at 34 °C for 30 min and incu-
bated for another 19 h at 22 °C. At that stage, most of the population 
reached the L3 stage. Animals were washed 3× with M9 buffer. RNA was 
isolated from the worms using TRIzol, treated with DNase and cleaned 
using RNeasy MinElute Cleanup Kit. Sequencing libraries were created 
using the Illumina Stranded mRNA preparation kit. Libraries were 
sequenced on an Illumina Novaseq 6000 device at the NGS platform 
of the University of Bern.

RNA-seq data analysis
Between 37 and 60 million reads were generated from each library 
divided between two lanes of an Illumina NovaSeq 6000 machine. 
Adapters were trimmed with Cutadapt v.2.5, and reads were aligned 
to the WS275 version of the C. elegans protein-coding transcrip-
tome using Salmon v.1.5.2 in quant mode with –seqBias –gcBias and 
--numBootstraps 100 options. Differential expression analysis was 
carried out with DESeq2 v.1.34. First, all genes with fewer than ten reads 
in total among all samples were removed. The cleavage of each of the 
kleisin subunits was contrasted with the control strain expressing only 
the TEV protease, while accounting in the design formula for variation 
arising from sequencing lane, biological replicate and sequencing 
date. The LFC estimates were shrunken using the ‘apeglm’ algorithm. 
An initial check showed that 35.1%, 51.5% and 49.6% of the significantly 
changing genes on cleavage of DPY-26, KLE-2 and SCC-1, respectively, 
were genes that oscillate during larval development103,104. Oscillating 
genes could produce a large fold-change in expression due to very small 
developmental asynchronies; therefore, we filtered out a combined 
list of 4,522 genes that oscillate during larval development from the 
DEseq2 object before analysis. Basic processing of the RNA sequenc-
ing (RNA-seq) data and exploratory data analysis were carried out with 
customized scripts in bash and R, which can be found on github (https://
github.com/CellFateNucOrg/SMC_RNAseq/tree/v0.3). The scripts 
used to generate the figures in this paper can be found at https://github.
com/CellFateNucOrg/MoushumiDas_paper/tree/v0.4.1. Significantly 
misregulated genes were filtered with an adjusted P (Padj) value <0.05 
and we considered either all statistically significant genes or those 
that also had an absolute LFC > 0.5, as indicated in the figure legends. 
This threshold was chosen empirically to maximize the number of 
significant X-linked genes on cleavage of DPY-26 while minimizing the 
number of autosomal genes that were considered significant.
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RNA-seq was performed in strains containing SDC-3 tagged with 
the auxin-inducible degron tag and TIR1 ubiquitin ligase with and with-
out auxin, as described in Supplementary Table 5. For better compari-
son to previous samples, all strains contained the heat-shock-inducible 
TEV protease and were heat shocked at the L1 stage. Mapping and 
differential gene expression analysis was performed with Salmon and 
DESeq2 as described above. DESeq2 analysis was carried out by creat-
ing a dummy variable containing all combinations of dpy-26cs, sdc-3AID, 
TIR1 and auxin treatment that were present in the data and initially all 
strains were compared with the PMW366 control strain without auxin, 
taking into account sequencing lane, biological replicate and sequenc-
ing date as control variables. More complex comparisons were carried 
out in DESeq2 to remove the background effects of auxin and TIR1 by 
subtracting the coefficients of the different levels of the dummy vari-
able. In the results, we focused on the contrasts between PMW382 and 
PMW366 without auxin for dpy-26cs effects and on the PMW822 strain 
with and without auxin for SDC-3 degron effects.

Lifespan assay
Animals were synchronized at the L1 stage and heat shocked as above. 
When they reached the L4 stage, they were transferred to tight-fitting 
plates (BD Falcon Petri Dishes, 50 × 9 mm2) containing 50 mM 
fluorodeoxyuridine (FUdR) and permanently shifted to 20 °C. For 
degron-mediated degradation of SDC-3, sdc-3AID, half of the animals 
were transferred to FUdR plates with 1 mM auxin diluted in dimethyl 
sufoxide (DMSO), whereas the other half were transferred to FUdR 
plates with DMSO as a control. Plates were then loaded into air-cooled 
Epson V800 scanners and imaged with a frequency of 2 scans per h  
using the lifespan machine setup101. The temperature of the scanner 
flatbed was continuously monitored (Thermoworks). Animals that 
exploded, burrowed or escaped the imaging area were censored. For 
data processing, L4 stage animals were defined as day 0 of adulthood. 
The Kaplan–Meier product-limit procedure, followed by the null 
hypothesis test employing the Mantel–Cox log(rank) approach, was 
applied to derive the survival function estimates. The survival data were 
processed in R using packages survminer (v.0.3.1) and survival (v.3.1-12).

Male lifespans are difficult to carry out on plates because the 
animals tend to crawl off and die. To overcome this difficulty, mixed 
populations were bleached, hatched and heat shocked as above and, 
after 2 d at 20 °C, 25 males were manually picked into 96 U-well micro-
plates containing 100 µl of S-basal with 5× concentrated Escherichia 
coli per well, with 8 wells per strain as technical replicates. Healthspan 
assays were performed using wMicroTracker ONE (cat. no. MTK100) 
from InVivoBiosystems. Activity per well was measured once every 2 d 
until day 12 of adulthood and on a daily basis afterward. Each measure-
ment included 3× 30-min periods, with a 1-min resolution. The motility 
rate of these periods was averaged between technical replicates for 
each strain. The experiment was repeated (biological replicates) and 
performed until reaching <5% of starting motility rates in both condi-
tions. Contaminated wells were excluded from the analysis. Data were 
analyzed using GraphPad Prism 8 software.

Construction of Hi-C libraries
The 3D chromatin conformation was acquired as in ref. 47, using syn-
chronized animals 19 h after heat shock for TEV induction as described 
above and with the following modifications. Animals were pelleted 
and stored at −80 °C. For fixation, the frozen worm pellet was resus-
pended in 2% formaldehyde prepared in M9 buffer and incubated for 
30 min in the rotator. Formaldehyde was then quenched with glycine 
at 125 mM (final) and incubated for 5 min. The worms were pelleted 
again, washed with M9 and about 100 µl of the packed animals was 
transferred to a 1.5-ml microcentrifuge tube, washed with 1 ml of  
1× phosphate-buffered saline (PBS) and protease inhibitors, washed 
again with 1 ml of 1× PBS and snap-frozen in liquid nitrogen before  
storage at −80 °C. Crosslinked frozen worms were ground using a 

SPEX6775 freezer/mill (SPEX Europe) at 5 cycles per s for 1 min with  
a total of 2 cycles. The ground worm powder was dissolved in 5 ml of 
1× PBS and immediately crosslinked with 500 μl of TC buffer (100 mM 
NaCl, 1 mM EDTA, 0.5 mM (ethylenebis(oxonitrilo))tetra-acetate, 
50 mM Hepes, pH 8.0, 22% formaldehyde), to a final concentration 
of 2% formaldehyde for 20 min at RT. Crosslinking was stopped by the 
addition of 289 μl of Stop Solution 1 (provided in the Arima Hi-C kit) and 
a 5-min incubation at RT. Samples were pelleted at 2,000g for 15 min at 
RT and resuspended in 5 ml of 1× PBS before 10 aliquots were distrib-
uted into 1.5-ml microcentrifuge tubes. The amount of DNA acquired 
from a single aliquot was estimated and, accordingly, the subsequent 
Hi-C experiment was done as per the manufacturer’s instructions. For 
library preparation, the modified protocol from Arima Genomics for 
the KAPA Hyper Prep Kit was used. The libraries were sequenced with 
Illumina sequencing to generate 100-bp paired-end reads. Sequence 
data are presented in Supplementary Table 3 and available from Gene 
Expression Omnibus (GEO; accession no. GSE199723).

Hi-C data analysis
Hi-C Illumina data were processed using the HiCPro pipeline105. A Sin-
gularity container containing v.3.0.0 of HiCPro was run with custom-
ized bash scripts with default parameters in the config file, except 
for customization to the local cluster environment and the following 
parameters: BIN_SIZE = 2000, LIGATION_SITE = GATCGATC, GANT-
GATC, GANTANTC, GATCANTC for samples prepared with the Arima 
Hi-C kit, and using the ce11 genome downloaded from University of 
California, Santa Cruz (UCSC). The HiCPro results matrix was converted 
to cool format using the hicpro2higlass.sh tool from the Hic-Pro utils 
scripts. We then generated both balanced and unbalanced mcool files 
with our own customized resolutions (2,000, 4,000, 6,000, 8,000, 
10,000, 20,000, 50,000, 100,000, 200,000 and 500,000 bp) with 
the cooler software (v.0.8.6) so that they could be viewed in HiGlass. 
The customized bash scripts can be found at https://github.com/Cell-
FateNucOrg/hicpro/tree/v0.2. Additional data analysis was conducted 
with cooltools106, GENOVA107–111 and ad-hoc R scripts. For the conver-
sion from eigenvector values to eigenvector value bins, the range of 
T/C or A/B eigenvector values (E1 or E2) determined for each genomic 
interval was split into 50 bins of equal genomic representation, and a 
bin value was assigned to each genomic interval, such that the lowest 
2% of eigenvector values would get a bin value of 1 and the top 2% a bin 
value of 50. Spearman’s correlation of eigenvalues with expression data 
shown in Fig. 2c was carried out using all 2-kb regions with transcripts 
per million (TPM) > 0. For three-way contacts analysis, forward and 
reverse reads that did not align in the first round of ‘global’ alignment 
of HiCPro were fused together in vitro and processed using the MC-HiC 
pipeline65, with a 50-kb bin size and the bowtie2 mapper with param-
eters --very-sensitive -L 20 --re-min L,-0.6,-0.2 --end-to-end.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
RNA-seq and Hi-C data have been submitted to the GEO, accession no. 
GSE199723. Source data are provided with this paper.

Code availability
Code has been deposited on GitHub and archived on Zenodo. The 
customized scripts to run the HiCPro pipeline are available at https://
github.com/CellFateNucOrg/hicpro/releases/tag/v0.3 and https://
doi.org/10.5281/zenodo.11536522 (ref. 112). The pipeline for data pro-
cessing with salmon and DESeq2 is from https://github.com/Cell-
FateNucOrg/SMC_RNAseq/tree/v0.4 and https://doi.org/10.5281/
zenodo.11536434 (ref. 113). The scripts used to generate the RNA-seq 
and SMC-1 microscopy quantification figures in this paper are from 
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https://github.com/CellFateNucOrg/MoushumiDas_paper/tree/v0.4.1 
and https://doi.org/10.5281/zenodo.11536430 (ref. 114).
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