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Fasting shapes chromatin architecture 
through an mTOR/RNA Pol I axis

Nada Al-Refaie1,2, Francesco Padovani1, Johanna Hornung1, Lorenz Pudelko1,2, 
Francesca Binando1,3, Andrea del Carmen Fabregat4,5, Qiuxia Zhao    6, 
Benjamin D. Towbin    7, Elif Sarinay Cenik6, Nicholas Stroustrup    4,5, 
Jan Padeken8, Kurt M. Schmoller    1 & Daphne S. Cabianca    1 

Chromatin architecture is a fundamental mediator of genome function. 
Fasting is a major environmental cue across the animal kingdom, yet how 
it impacts three-dimensional (3D) genome organization is unknown. 
Here we show that fasting induces an intestine-specific, reversible and 
large-scale spatial reorganization of chromatin in Caenorhabditis elegans. 
This fasting-induced 3D genome reorganization requires inhibition of the 
nutrient-sensing mTOR pathway, acting through the regulation of RNA Pol I, 
but not Pol II nor Pol III, and is accompanied by remodelling of the nucleolus. 
By uncoupling the 3D genome configuration from the animal’s nutritional 
status, we find that the expression of metabolic and stress-related genes 
increases when the spatial reorganization of chromatin occurs, showing 
that the 3D genome might support the transcriptional response in fasted 
animals. Our work documents a large-scale chromatin reorganization 
triggered by fasting and reveals that mTOR and RNA Pol I shape genome 
architecture in response to nutrients.

The regulation of chromatin architecture at multiple scales, from local 
DNA looping to larger-scale genome distribution at defined nuclear 
subcompartments, is a fundamental modulator of genome function1,2. 
During cell differentiation, three-dimensional (3D) genome organi-
zation is modified in response to developmental cues3. However, it 
remains largely unexplored whether, and how, environmental signals 
affect 3D chromatin organization4.

Nutrients are a major environmental factor since virtually all ani-
mals, including humans, are exposed to different diets and to feeding/
fasting alternations. Perturbations of intracellular metabolism have 
been shown to regulate chromatin marks through changes in metabo-
lite levels, potentially influencing gene expression and organismal 
health5. However, whether nutrient availability affects chromatin archi-
tecture at a larger scale in a multicellular organism is unknown. Here, 
we use Caenorhabditis elegans to investigate the impact of fasting on 

the large-scale genome organization using live imaging within tissues 
of intact animals, at single-cell resolution.

Results
Fasting induces a 3D genome reorganization in the intestine
To investigate whether a complete lack of nutrients affects chromatin 
architecture, we exposed C. elegans larvae at the first larval stage (L1) to 
12 h of fasting. As a proxy for 3D genome organization, we monitored 
global distribution of five different fluorescently labelled histones: all H3 
protein variants present in C. elegans HIS-72/H3.3, HIS-71/H3.3 and HIS-6/
H3.2 (refs. 6,7), as well as HIS-24/H1.1 and HIS-1/H4. Live confocal imag-
ing of fed and fasted worms showed that histones underwent a drastic 
spatial reorganization forming two ‘concentric rings’, corresponding 
to concentric spheres in the 3D space, in all intestinal cell nuclei during 
fasting (Fig. 1a). To quantify chromatin distribution, we used the brightest 
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chromatin and the nuclear envelope protein EMR-1/emerin (Fig. 2a), 
while the inner ring encircled the single, centrally located nucleolus 
of intestinal cells8, visualized by labelling its core component FIB-1/
fibrillarin (Fig. 2b). We note that chromatin was not enriched in direct 
proximity of the nucleolus in fed intestinal cells, in agreement with 
recent live imaging results in flies and human lymphocytes9. Indeed, by 
measuring the radial chromatin intensity from the nucleolus towards 
the nuclear periphery in the fed state, we find that the signal is low at the 
edge of the nucleolus. In contrast, in fasted cells the chromatin signal 
is highest near this compartment (Extended Data Fig. 2a), confirming 
that the inner chromatin ring locates around the nucleolus.

The 3D organization of chromatin reflects the functional compart-
mentalization of the genome10, with the nuclear and nucleolar periph-
ery being sites where heterochromatin, the silenced portion of the 
genome, accumulates11,12. Thus, we tested the role of well-established 
heterochromatic marks, such as histone H3 lysine 9 methylation 
(H3K9me) and H3K27me3, in chromatin ring formation during fasting. 
Interestingly, loss of these marks upon deletion of the histone meth-
yltransferases SET-25/SUV39H1 and MET-2/SETDB1 for H3K9me13 and 
MES-2/EZH2 for H3K27me3 (ref. 14) did not alter chromatin reorgani-
zation during fasting (Fig. 2c and Extended Data Fig. 2b,c), indicating 
that these heterochromatic marks are dispensable for ring formation.

We then asked how the reorganization of the genome into con-
centric chromatin rings affects gene positioning. Standard fixation 
procedures disrupt the fasting-induced organization of chromatin 
(Extended Data Fig. 2d), as shown for other nuclear substructures15. 
Thus, we chose to monitor a transcriptionally repressed, high-copy 
number transgene (heterochromatic) and a low-copy number reporter, 
actively transcribed in intestine (euchromatic), both integrated at a 
single site in the worm genome, using a LacO/LacI–GFP-based visuali-
zation strategy in living cells.

The cells of the C. elegans intestine can be divided into three sub-
groups that show distinct patterns of spatial gene positioning16 and 
gene expression8,17. We focused on the most abundant of these three 
intestinal subgroups, namely, the cells that occupy the middle section 
of the digestive tract (Extended Data Fig. 2e). To quantify positioning 
of the heterochromatic allele (Extended Data Fig. 2f), we used a zoning 
assay18 (Extended Data Fig. 2g) that scores the frequency with which a 
fluorescently tagged allele is found in one of three concentric zones of 
equal surface. As previously reported16, this repressed, repetitive and 
H3K9me-marked heterochromatic reporter is strongly enriched at the 
nuclear periphery in fed intestinal cells. We find that its distribution is 
not altered during fasting (Extended Data Fig. 2h).

Next, we quantified the position of a euchromatic gene expressed 
under the pha-4 promoter (Extended Data Fig. 2i), which was previ-
ously reported to be located at the nuclear interior in intestine19, with 
respect not only to the nuclear periphery but also to the single, centrally 
located nucleolus. We found that during fasting, this euchromatic allele 
shifted towards the nucleolus (Extended Data Fig. 2j,k), consistent with 
a shift to the inner chromatin ring (Fig. 2b and Extended Data Fig. 2a). 

HIS-72/H3.3 signal and segmented nuclei both in 3D and two-dimensions 
(2D). For each nucleus, we averaged the fluorescence intensity profiles 
along the normalized centre of nucleolar mass, which is known to be 
centrally positioned in intestinal nuclei8, across all possible angles. We 
found nearly identical results when we compared the 3D and 2D segmen-
tation, with the radial chromatin intensity shifting from a single peak in 
fed larvae to two peaks during fasting (Extended Data Fig. 1a,b), allowing 
us to use 2D quantifications henceforth. Interestingly, we find that other 
tissues, such a hypoderm and muscle, did not reorganize the genome into 
two rings (Fig. 1a–c). As muscle nuclei are about 25% the size of intestinal 
nuclei and their radial distance might not always allow to resolve two 
distinct peaks of chromatin with our imaging system, we repeated the 
chromatin profile analysis in fasted muscle excluding radial profiles 
estimated to be not resolvable with our imaging setup (Methods) and 
confirmed that chromatin rings are not formed during fasting in muscle 
(Extended Data Fig. 1c,d). These results indicate that fasting induces this 
3D chromatin configuration in a tissue-specific manner.

The fact that all histones tested reorganized similarly into two 
rings in intestine cells suggested that the genome at large, rather than 
specific subdomains, is spatially reorganized in response to fasting. 
Indeed, the same concentric rings are visible using live imaging of DNA 
in fasted worms (Fig. 1d,e and Extended Data Fig. 1e), and quantification 
of the radial chromatin fluorescence distributions revealed comparable 
large-scale reorganizations in DNA- and HIS-72/H3.3-labelled nuclei 
(Fig. 1c,e).

To confirm that this spatial reorganization of chromatin is deter-
mined by the nutritional status of the organism, we conducted a num-
ber of controls. We showed that similar chromatin reorganizations 
occurred independently of animals being fed and fasted on plates or 
in liquid (Fig. 1a–c and Extended Data Fig. 1f–h) and over a wide range 
of physiological osmolarities (Extended Data Fig. 1i–k). Moreover, 
we did not observe a fasting-like 3D genome organization in heat- or 
cold-shock conditions (Fig. 1f,g and Extended Data Fig. 1l), indicating 
that the observed spatial reorganization of chromatin into two rings 
is not a general response to stress but is specific to lack of nutrients. 
Remarkably, adult worms, in which intestinal cells no longer undergo 
DNA replication8, also reorganized their genomes into concentric 
rings upon fasting (Fig. 1h,i and Extended Data Fig. 1m), albeit with a 
different relative amplitude of the two peaks in the radial chromatin 
profiles compared with L1s (Extended Data Fig. 1n). This result argues 
that the newly identified 3D reorganization of the genome can occur 
in absence of cell division and is not restricted to specific larval stages.

Chromatin rings form independently of heterochromatic 
marks
The striking reorganization of the genome in the intestinal nuclei dur-
ing fasting led us to hypothesize that the formation of concentric rings 
might reflect an accumulation of chromatin at specific nuclear struc-
tures. Indeed, by conducting in vivo imaging, we found that the outer 
ring aligns with the nuclear envelope, as revealed by monitoring both 

Fig. 1 | Fasting induces a large-scale genome reorganization in the C. elegans 
intestine. a, Single focal planes of representative WT L1 larvae expressing the 
indicated fluorescently tagged histone, regularly fed or fasted. Insets: zoom 
of single nucleus of the indicated tissue. Hyp: hypoderm; int: intestine; mus: 
muscle. Inset scale bar, 2.5 μm. b, Heat maps showing the radial fluorescence 
intensity profiles of HIS-72/H3.3–GFP in intestinal, hypodermal and muscle 
nuclei of fed and fasted WT animals as a function of the relative distance from 
the nucleolus centre. Each row corresponds to a single nucleus, segmented in 2D 
at its central plane. Seventy-two intestinal nuclei were analysed in animals from 
three independent biological replicas. c, Line plots of the averaged single nuclei 
profiles shown in b. The shaded area represents the 95% confidence interval of 
the mean profile. Single-peak profiles were compared to estimate the statistical 
significance of differences, as described in the methods. P values are given in 
Supplementary Table 2. d, As in a but for Hoechst 33342 live-stained animals 

to visualize DNA. Insets: zoom of single intestinal nucleus. e, Line plots as in c 
but of the averaged single nuclei profile of Hoechst 33342-stained DNA from 72 
intestinal nuclei of fed and fasted animals from three independent biological 
replicas. f, As in a but of fed L1s expressing HIS-72/H3.3–GFP heat shocked at 
34 °C or cold shocked at 4 °C for 6 h. Insets: zoom of single intestinal nucleus. 
g, Line plots as in c but of the averaged single nuclei profile of HIS-72/H3.3–GFP 
from 48 intestinal nuclei of L1s either heat shocked or cold shocked, from two 
independent biological replicas. h, Single focal planes of representative adults 
expressing HIS-72/H3.3–GFP, regularly fed or 12 h fasted. Insets: zoom of single 
intestinal nucleus, scale bar 5 μm. i, Line plots as in c but of the averaged single 
nuclei profile of HIS-72/H3.3–GFP from 60 intestinal nuclei of fed and fasted 
adults from three independent biological replicas. For e, g and i, heat maps of 
single nuclei profiles are provided in Extended Data Fig. 1e,l,m, respectively. 
Source numerical data are available in Source data.
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To determine the position of a euchromatic reporter with respect to 
the two rings during fasting, we used a transcriptionally active locus 
carrying the same pha-4 promoter as before but driving the expression 
of a histone–mCherry cassette (Fig. 2d). As expected, in wild-type (WT) 
fed animals the active reporter predominantly occupied an internal 
position (77.2 ± 4%; Fig. 2e,f). Animals lacking H3K9me (set-25/SUV39H1 
mutants with met-2/SETDB1 RNA interference (RNAi)) have more loci 
internally located (96.9 ± 0.3%), in agreement with the role of this mark 
in perinuclear positioning of genes in worms13,20 and mammals21–24. By 
contrast, reducing H3K27me3 levels by knocking down mes-6/EED25 did 
not cause a major allele repositioning in fed larvae (Fig. 2e) (69.9 ± 3.4%). 
During fasting, in WT animals, 24.1% (±5.5%) of the reporter alleles 
are localized to the inner ring, 26% (±7.4%) are found at the outer ring 
(Fig. 2e,f) and the majority occupied the space between the rings (49.9% 
(±10.6%)). Interestingly, in both set-25/SUV39H1;met-2/SETDB1 and 
mes-6/EED loss of function animals we did not observe alterations 
in the frequency with which the reporter localizes at the inner ring 

(26.7% (±3.7%) and 28.2% (±0.4%) for reduced H3K9me and H3K27me3, 
respectively). However, both heterochromatin perturbations led to a 
reduced positioning at the outer ring (6.9% (±1.2%) and 15.1% (±2%) for 
impaired H3K9me and H3K27me3, respectively; Fig. 2e).

These results indicate that positioning at the inner ring is inde-
pendent of the heterochromatic marks tested, while H3K9me and, 
to a lesser degree, H3K27me3 contribute to positioning of the pha-4 
allele at the outer ring.

mTOR regulates chromatin architecture in response to 
nutrients
The regulation of the large-scale chromatin organization in the intestine 
by fasting suggests that nutrient-sensing signalling pathways might 
be implicated. We investigated the role of adenosine monophosphate 
(AMP)-activated kinase (AMPK), which is activated by a reduction in 
the ATP/AMP ratio26 under poor nutrient conditions. Despite caus-
ing a decreased survival to prolonged starvation27, mutating the two 
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Fig. 2 | The inner and outer chromatin rings form independently of 
heterochromatic marks. a, Single focal planes of representative WT L1 larvae 
bearing HIS-72/H3.3–GFP and EMR-1–mCherry in fed and fasted conditions. b, As 
in a, but expressing FIB-1–mCherry. Insets: zoom of single intestinal (int) nucleus. 
Inset scale bar, 2.5 μm. c, Line plots of the averaged single nuclei profile of HIS-72/
H3.3–GFP from 70 intestinal nuclei of fasted WT, met-2; set-25 and mes-2 mutants, 
from three independent biological replicas, showing the radial fluorescence 
intensity as a function of the relative distance from the nucleolus centre. The 
shaded area represents the 95% confidence interval of the mean profile. Heat 
maps displaying the single nuclei profiles are provided in Extended Data Fig. 2c. 
d, Schematic representation of the euchromatin reporter (II) used in e and f.  
e, Quantification of the subnuclear distribution of the active allele represented 

in d in the indicated locations in fed and fasted animals of the indicated genotype 
and/or RNAi treatment. The averages of five independent biological replicates 
are shown for WT, and three independent biological replicates for set-25; met-2 
(RNAi), WT; control (ctrl) (RNAi) and WT; mes-6 (RNAi). The error bars show the 
s.d. Samples were compared pairwise to WT or WT ctrl RNAi by chi-squared tests. 
****P < 0.0001. Exact P values and n are in Supplementary Table 2. f, Single focal 
planes of representative single WT intestinal nuclei in L1 larvae expressing the 
indicated fluorescently tagged markers, fed (top) or fasted (bottom) and with 
the indicated subnuclear location of the allele in d. Scale bar. 2.5 μm, asterisk 
denotes autofluorescence from the intestinal cytoplasm. Source numerical data 
are available in Source data.
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C. elegans AMPK catalytic subunits aak-1 and aak-2 did not alter the 3D 
chromatin reorganization of intestinal cells during fasting (Extended 
Data Fig. 3a–c), suggesting that the AMPK signalling pathway is not 
involved. Similarly, knocking down MPK-1/ERK1/2, a component of the 
mitogen-activated protein kinase (MAPK) pathway, which is activated 
during lack of nutrients28–30, did not perturb the formation of the chro-
matin rings during fasting (Extended Data Fig. 3d–f).

The mechanistic target of rapamycin (mTOR) signal-transduction 
pathway allows cells to adjust their protein biosynthetic capacity to 
nutrient availability31. In particular, mTOR is active in rich nutrient con-
ditions and inactive in the absence of nutrients. We thus asked what is 
the effect of mTOR inhibition on the spatial organization of chromatin 
in fed animals. To this aim, we performed RNAi of the kinase LET-363/
mTOR as done previously32 and verified that, as expected, this leads to 
developmental arrest as L3s (Extended Data Fig. 3g). Before arresting, 
let-363/mTOR RNAi animals grow more slowly than controls. Therefore, 
we monitored chromatin organization in stage-matched L1s and found 
that mTOR inhibition is sufficient to induce a partial reorganization of 

chromatin into concentric rings in the intestine of fed animals, but not 
in hypoderm or muscle (Fig. 3a–c and Extended Data Fig. 3h), even when 
analysing only the longest radial distances for muscle nuclei (Extended 
Data Fig. 3i,j). Raptor, termed DAF-15 in worms33, is a critical effector of 
mTORC1, the main mTOR-containing complex responsible for sensing 
nutrients34 and fundamental for larval development35 (Extended Data 
Fig. 3k). Interestingly, depleting DAF-15/Raptor using the auxin-inducible 
degradation (AID) system also led to the partial reorganization of chro-
matin into two rings in the intestine of fed animals (Extended Data Fig. 3l–
o). This reorganization resembled that observed for the impairment of 
LET-363/mTOR, suggesting that mTORC1 is involved in the regulation of 
the 3D chromatin architecture in response to nutrients.

In mammals, the inactivation of mTORC1 in absence of nutri-
ents is counteracted by a Q66L substitution in RagA, a protein of the 
Rag family of GTPases that acts upstream of mTORC1. This mutation 
impairs GTP hydrolysis, rendering RagA constitutively active, thus 
keeping mTOR signalling active even when nutrients are lacking36,37. In 
C. elegans, a similar phenotype is observed when RAGA-1, a homologue 
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organization categories as in b, were analysed for all tissues. The shaded area 

represents the 95% confidence interval of the mean profile. Profiles with a single 
peak were compared to estimate the statistical significance of differences, as 
described in Methods. P values are given in Supplementary Table 2. d, As in a but 
showing fasted WT and raga-1GF animals expressing HIS-73/H3.3–GFP. Insets: 
zoom of single nucleus of the intestine. e, Quantification of the percentage of 
fasted WT and raga-1GF animals in the indicated categories for 3D chromatin 
organization in intestine. Data are shown as mean ± s.e.m. of three independent 
biological replicas. f, Line plots as in c but of the averaged single nuclei profile 
of HIS-72/H3.3–GFP from 72 intestinal nuclei of fasted WT and raga-1GF larvae. 
Data are from three and four independent biological replicas for raga-1GF and 
WT, respectively. For raga-1GF, larvae in proportions to their relative abundance 
within the chromatin organization categories as in e, were analysed. For c and 
f, heat maps of single nuclei profiles are provided in Extended Data Fig. 3h,p, 
respectively. Source numerical data are available in Source data.
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of RagA, carries a Q63L mutation38. We introduced the Q63L mutation 
in the endogenous raga-1 gene, thus generating a constitutively active 
gain-of-function mutant, raga-1GF. Remarkably, keeping mTORC1 active 
during fasting by expressing RAGA-1GF antagonized the reorganiza-
tion of chromatin into concentric rings in the intestine (Fig. 3d–f and 
Extended Data Fig. 3p), revealing that mTOR inactivation is required 
for the spatial reorganization of the genome induced by fasting.

Nucleolar remodelling correlates with chromatin ring 
formation
To gain insights into the kinetics of chromatin reorganization during 
fasting, we monitored the radial distribution of chromatin in L1 larvae 
at earlier timepoints during fasting, namely, 2, 6 and 10 h. While after 2 h 
without nutrients the radial distribution of chromatin yields a single peak, 
we detected a partial reorganization of chromatin into two rings after 
6 h and the two chromatin rings were fully formed after 10 h (Fig. 4a,b 

and Extended Data Fig. 4a). In parallel, by using live imaging of animals 
expressing FIB-1/fibrillarin–mCherry, we quantified the volume of the 
nucleolus, which is a major contributor to chromatin organization39–42 
and has previously been shown to be affected by nutrients43,44. We found 
that the size of the nucleolus is strongly reduced after 2 h of fasting and 
further decreases at later timepoints (Fig. 4c), indicating that a reduction 
in nucleolar size precedes the formation of the two chromatin rings.

In agreement with previous observations45, nucleoli of different 
tissues have remarkably different sizes, with intestinal cells having the 
largest nucleoli compared with muscle and hypoderm (Extended Data 
Fig. 4b). Upon 12 h of fasting, the volume of the nucleolus decreases in 
all tissues tested, albeit to a different degree (Fig. 4d).

mTOR is an evolutionary conserved regulator of nucleolar 
size43,44,46. Consistently, we found that inhibition of mTOR signalling 
through knockdown of LET-363/mTOR, led to a strong reduction in 
nucleolar volume in intestine and hypoderm and to a weaker change 
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Fig. 4 | Remodelling of the nucleolus correlates with chromatin ring 
formation. a, Single focal planes of representative single intestinal nuclei 
expressing HIS-72/H3.3–GFP and FIB-1–mCherry in WT L1 larvae that were fed 
or fasted for the indicated time. Scale bar, 2.5 μm. b, Line plots of the averaged 
single nuclei profile of HIS-72/H3.3–GFP from 72 intestinal nuclei of WT animals 
under the indicated nutritional status, from three independent biological 
replicas, showing the radial fluorescence intensity as a function of the relative 
distance from the nucleolus centre. The shaded area represents the 95% 
confidence interval of the mean profile. Single-peak profiles were compared to 
estimate the statistical significance of differences, as described in Methods.  
P values are given in Supplementary Table 2. c, Box plot comparing the volume 
of the nucleolus, measured with FIB-1–mCherry, in the intestine of larvae that 
were fed or fasted for the indicated time. d, Box plot as in c but in the intestine, 
hypoderm and muscle of fasted WT animals relative to the corresponding tissue 

in fed animals. e, Box plot as in d but for fed larvae under let-363 RNAi relative to 
control RNAi in the corresponding tissue. f, Box plot as in c but in the intestine  
of fed and fasted WT and raga-1GF larvae. g, Box plot as in f but for 50 fasted WT 
and raga-1GF intestinal cells selected for having the same nucleolar volume.  
h, Line plots as in b but of the averaged single nuclei profile of HIS-72/H3.3–GFP 
from the intestinal nuclei shown in g. For b and h, heat maps displaying the single 
nuclei profiles are provided in Extended Data Fig. 4a,c, respectively. For c–g, box 
limits are 25th and 75th percentiles, whiskers denote 1.5 times the interquartile 
ranges, points outside the whiskers are outliers and the median is shown as a line. 
Probability values from two-sided Wilcoxon rank sum tests are shown: *P < 0.05 
and ****P < 0.0001. Data are from three independent biological replicas.  
See P values and n in Supplementary Table 2. Source numerical data are  
available in Source data.
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in muscle (Fig. 4e), mirroring what observed during fasting. Notably, 
both for mTOR inhibition and fasting, the strongest relative decrease 
in nucleolar volume compared with the respective control is observed 
in the intestine (Fig. 4d,e). Interestingly, RAGA-1GF- expressing animals, 
which fail to reorganize the genome into chromatin rings upon fasting 
(Fig. 3d–f), display larger nucleoli compared with WT (Fig. 4f), suggest-
ing that reducing nucleolar volume to a critical size might be required 
for ring formation. To test whether differences in nucleolar volume 
could directly explain the occurrence of chromatin rings, we selected 
WT and raga-1GF fasted intestinal cells with the same nucleolar volume 
(Fig. 4g). We found that the differences in chromatin organization 
between the strains persist: WT animals reorganize the genome into 
two rings while raga-1GF mutants do not (Fig. 4h and Extended Data 
Fig. 4c). Importantly, we obtained analogous results when we selected 
intestinal cells with the same nucleolar and nuclear area (Extended Data 
Fig. 4d–f). These results suggest that, while a reduction in nucleolar vol-
ume might be necessary for 3D genome reorganization in the intestine, 
changes in nucleolar and nucleolar/nuclear size per se are not sufficient 
to induce the formation of the two chromatin rings.

RNA Pol I is required to restore a fed-like genome architecture
As nutrient deprivation induces a reorganization of the 3D genome, 
we asked whether refeeding would reverse it. We therefore fasted L1 
larvae for 12 h, put them back on food and monitored the intestinal 
chromatin distribution over time. While after 5 min of refeeding the 
genome is still organized into concentric rings (Fig. 5a,b and Extended 
Data Fig. 5g), 30 min on food was sufficient to restore the normal ‘fed’ 
3D genome configuration (Fig. 5a,b and Extended Data Fig. 5g). This 
shows that the spatial architecture of the genome of intestinal cells is 
dynamic and reflects the nutritional status of the organism.

Upon refeeding, the nucleoli enlarge. Whereas 2 h are required 
for the nucleolus to regain the size of fed animals, refeeding for only 
5 min was sufficient to detect an increase in nucleolar volume (Fig. 5c). 
This argues that nucleolar size is regulated very early in the response to 
refeeding and its increase might be part of the changes that contribute 
to the dispersion of the chromatin rings.

Typically, nucleolar size reflects the production of ribosomal 
RNA by RNA Pol I, with bigger nucleoli correlating with higher levels of 
transcription47–49. However, nucleolar structure and size have also been 
reported to be regulated by RNA Pol II50,51. As transcription is a major 
driver of genome organization52–56, we tested whether RNA Pol I, Pol II 
or Pol III have a role in restoring the fed-like 3D chromatin organization 
upon refeeding. To this end, we introduced AID57 and a fluorescent 
tag at the endogenous loci of the genes rpoa-2, rpb-2 and rpc-1 (corre-
sponding to POLR1B, POLR2B and POLR3A in humans), which encode 
core subunits specific to RNA Pol I, Pol II and Pol III, respectively. The 
addition of auxin should lead to their acute degradation, selectively 
inhibiting the transcriptional activity of the targeted RNA polymerase. 

One hour on auxin rendered the RNA Pol III- and II-specific core subunits 
RPC-1 and RPB-2 undetectable in intestine, while about 4 h were needed 
for the RNA Pol I-specific component RPOA-2 (Extended Data Fig. 5a–f).

We fasted larvae to induce the 3D genome reorganization into 
two rings, added auxin during the last 2 h of nutrient deprivation 
and subsequently placed the worms on food- and auxin-containing 
plates for 30 min (Fig. 5d). The 3D chromatin architecture reverted 
to the fed-like state in control animals (TIR1-expressing only), as 
well as in those depleted for RNA Pol II and Pol III subunits. However, 
the animals depleted for the RNA Pol I core subunit were unable to 
restore the fed-like chromatin configuration, retaining the concen-
tric rings of fasted cells despite feeding (Fig. 5e–g and Extended Data 
Fig. 5h). As DNA staining can only be obtained if worms eat Hoechst 
33342-containing bacteria, we can exclude that the retention of the 
chromatin rings in RNA Pol I-depleted animals stems from a failure to 
eat. From this, we conclude that RNA Pol I, but not Pol II nor Pol III, is nec-
essary to re-establish the fed-like genome architecture upon refeeding.

RNA Pol I inhibition induces chromatin rings in fed animals
When nutrients are scarce, cells reduce ribosome synthesis by down-
regulating RNA Pol I transcription31,58–60. A fasting-induced decrease 
in RNA Pol I activity via mTOR inhibition61–63 is compatible with the 
reduced nucleolar volume that we observed upon fasting (Fig. 4d) 
and let-363/mTOR knockdown (Fig. 4e). Consistently, pre-rRNA levels 
are reduced in intestine, hypoderm and muscle of fasted and LET-363/
mTOR-depleted animals (Extended Data Fig. 6a,b). However, RNA Pol I 
is only one of many targets affected by fasting63. To determine whether 
inhibition of RNA Pol I transcription per se is sufficient to disrupt the 
normal 3D genome organization in fed animals, we monitored chroma-
tin distribution in fed larvae upon degradation of RPOA-2. Strikingly, 
even though complete RPOA-2 degradation in fed worms required 
nearly 4 h on auxin (Extended Data Fig. 5a,b), 1 h on auxin was sufficient 
to induce strong changes in chromatin distribution (Fig. 6a,b). After 
3 h on auxin, the concentric chromatin rings appeared in the major-
ity of larvae (Fig. 6a,b) and a fasting-like radial spatial reorganization 
of chromatin could be observed when averaging over all cells at this 
timepoint (Fig. 6c and Extended Data Fig. 6c). After 5 h, 100% of these 
animals had converted the fed chromatin distribution into two concen-
tric chromatin rings in more than 80% of the intestinal cells (Fig. 6a,b).

To test whether this effect is specific to RNA Pol I transcription, 
we blocked the activity of RNA Pol II and III in fed animals, using the 
RBP-2- and RPC-1-degron strains, respectively. Remarkably, after 1 h 
on auxin we detected no changes in the global distribution of chro-
matin in intestine (Fig. 6a,b), despite both core subunits being fully 
degraded at this timepoint (Extended Data Fig. 5c–f). While loss of 
RNA Pol III transcription did not affect chromatin organization even 
after 3 or 5 h of auxin exposure (Fig. 6a–c and Extended Data Fig. 6c), 
variable changes in chromatin distribution were observed upon RNA 

Fig. 5 | RNA Pol I is required to restore a fed-like genome architecture.  
a, Single focal planes of representative intestinal nuclei expressing HIS-72/H3.3–
GFP and FIB-1–mCherry in WT L1 larvae fed, fasted or refed for the indicated 
time. Scale bar, 2.5 μm. b, Line plots of the averaged HIS-72/H3.3–GFP profiles 
from 72 intestinal nuclei of animals in the indicated nutritional status, from three 
independent biological replicas, showing the radial fluorescence intensity as 
a function of the relative distance from the nucleolus centre. The shaded area 
represents the 95% confidence interval of the mean profile. Single-peak profiles 
were compared to estimate the statistical significance of differences as described 
in Methods. Exact P values are in Supplementary Table 2. c, Box plot comparing 
nucleolar volume in intestine, measured with FIB-1–mCherry, in larvae of the 
indicated nutritional status. Box limits are 25th and 75th percentiles, whiskers 
denote 1.5 times the interquartile ranges, points outside the whiskers are outliers 
and the median is shown as a line. Probability values from two-sided Wilcoxon 
rank sum tests comparing to fed are shown: ****P < 0.0001. Data are from three 
independent biological replicas. See P values and n in Supplementary Table 

2. d, A scheme of the experimental timeline in e–g. e, Single focal planes of 
representative L1s live stained with Hoechst 33342, expressing TIR1 only (control) 
or either RPOA-2-AID (RNA Pol I-AID), RPB-2-AID (RNA Pol II-AID), RPC-1-AID 
(RNA Pol III-AID), fasted or 30 min refed in the presence of auxin, as outlined in e. 
Insets: zoom of single intestinal nucleus. Scale bar, 2.5 μm. f, Percentage of TIR1 
only and AID-tagged animals within the indicated 3D chromatin organization 
categories in intestine after 30 min refeeding. The mean ± s.e.m. of three 
independent biological replicas is shown. g, Line plots as in b but of the averaged 
Hoechst 33342-stained DNA profiles in intestinal nuclei of animals expressing 
the indicated AID tag in presence of auxin, fasted or 30 min refed, from three 
independent biological replicas. Seventy-two single intestinal nuclei were 
analysed, except for fasted RNA Pol II-AID and 30 min refed TIR1 only, where 
69 and 71 nuclei were analysed, respectively. For b and g, heat maps displaying 
the single nuclei profiles are provided in Extended Data Fig. 5g,h, respectively. 
Source numerical data are available in Source data.
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Pol II inhibition, with concentric rings of chromatin being detected in 
about 2–5% of animals, depending on the timepoint (Fig. 6b). Still, the 
average chromatin organization was largely unaffected by RNA Pol II 
inhibition (Fig. 6c and Extended Data Fig. 6c).

RNA Pol II transcription is reduced when RPB-2 is depleted 
(Extended Data Fig. 6d,e). Nonetheless, we decided to confirm the 
results by specifically inhibiting this polymerase in fed animals using 
α-amanitin and found that chromatin distribution remained fed-like 
(Extended Data Fig. 6f–h). In contrast, exposure to actinomycin D, a 

broad transcriptional inhibitor with a higher affinity for blocking rRNA 
synthesis by RNA Pol I (refs. 64,65), induced a fasting-like reorganiza-
tion of chromatin in intestine of fed animals (Extended Data Fig. 6i–k).

We conclude that transcription by RNA Pol I is necessary to main-
tain the chromatin architecture typical of the fed state in intestinal cells 
as its inhibition, and not that of RNA Pol II nor III, is sufficient to induce 
a fasted-like chromatin reorganization in the intestine of fed animals.

The raga-1GF mutants fail to counteract the formation of the con-
centric rings induced by Pol I degradation in fed animals (Fig. 6d and 
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Fig. 6 | Inhibition of RNA Pol I activity is sufficient to induce a fasting-like 
chromatin architecture in the intestine of fed animals. a, Top: schematic 
representation of the degradation kinetics of the core subunits RPC-1 (RNA 
Pol III), RPB-2 (RNA Pol II) and RPOA-2 (RNA Pol I) in intestine, as quantified in 
Extended Data Fig. 5a–f. Bottom: single focal planes of representative fed L1 
larvae live stained with Hoechst 33342 to monitor DNA, ubiquitously expressing 
TIR1 and the indicated core subunit endogenously tagged with degron (AID), 
shown during ethanol exposure as a control, and after 1, 3 and 6 h of 1 mM auxin 
exposure. Insets: zoom of single nucleus of the intestine. Scale bar, 2.5 μm.  
b, Quantification of the percentage of the indicated AID-tagged animals (RNA Pol 
I, Pol II and Pol III) within the indicated categories for 3D chromatin organization 
in intestine and timepoint of auxin exposure. Data are shown as mean ± s.e.m. 
of three independent biological replicas. c, Line plots of the averaged single 

nuclei profile of Hoechst 33342-stained DNA from 72 intestinal nuclei of the 
indicated fed, degron-tagged animals in presence of ethanol as control or 
3 h on 1 mM auxin, from three independent biological replicas, showing the 
radial fluorescence intensity as a function of the relative distance from the 
nucleolus centre. The shaded area represents the 95% confidence interval of the 
mean profile. For RNA Pol I- and Pol II-AID at 3 h of auxin exposure, animals in 
proportions to their relative abundance within the 3D chromatin organization 
categories as in b were analysed. d, Line plot as in c but from 70 intestinal cells of 
fed WT and raga-1GF animals expressing RNA Pol I degron-tagged (RNA Pol I-AID) 
treated with 1 mM auxin for 5 h. Data are from three independent biological 
replicas. For c and d, heat maps displaying the single nuclei profiles are provided 
in Extended Data Figs. 6c,n, respectively. Source numerical data are available in 
Source data.
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Extended Data Fig. 6m,n). As RAGA-1GF expression is unchanged after 
few hours of transcriptional inhibition (Extended Data Fig. 6l), this 
shows that RNA Pol I transcription acts downstream of mTORC1 in the 
regulation of the 3D chromatin architecture by nutrients.

During fasting, the nucleolus shrinks more in the intestine com-
pared with hypoderm and muscle (Fig. 4d) and chromatin rings form 
only in the intestine (Fig. 1a–c and Extended Data Fig. 1c,d). This sug-
gests that the fasting-induced decrease in RNA Pol I activity in these tis-
sues may not be sufficient for chromatin to reorganize into concentric 
rings. This led us to investigate how a direct acute inhibition of RNA Pol 
I would affect nucleolar size and chromatin organization in hypoderm 
and muscle cells. To this aim, we used RPOA-2-AID worms and switched 
to monitoring HIS-72/H3.3–GFP, as the live staining of DNA labels only 
intestinal cells. To be able to simultaneously image the nucleolus in red 
and histones in green, we used a different tir1 allele. In this experimental 
setting, a complete depletion of RPOA-2 from intestinal cells and whole 
larvae occurred after 8 h on auxin (Extended Data Fig. 7a,b), along with 
a reduction in pre-rRNA levels for all tissues tested, confirming RNA Pol 
I inhibition (Extended Data Fig. 7c). As expected, in intestinal cells of fed 

animals exposed to auxin for 8 h, chromatin rings are formed (Fig. 7a,b 
and Extended Data Fig. 7d) and nucleolar size is strongly reduced 
(Fig. 7c). Next, we monitored the size of the nucleolus in hypoderm and 
muscle and found that for both it decreases more than during fasting 
(Fig. 7d), with the reduction in nucleolar volume in hypoderm, but not 
in muscle, now aligning to that observed in intestine both during fasting 
and Pol I inhibition (Fig. 7c,d). Strikingly, we observed the formation of 
chromatin rings in hypoderm but not in muscle (Fig. 7a,e and Extended 
Data Fig. 7d), even when analysing only the longest radial distances 
(Extended Data Fig. 7e,f). This shows that the ability to rearrange the 
3D genome into chromatin rings is not unique to intestinal cells. How-
ever, during fasting, this chromatin reconfiguration appears to be an 
intestine-specific phenomenon, probably because of an insufficient 
inhibition of RNA Pol I in other tissues, such as hypoderm.

Specific genes are upregulated when chromatin rings form
The 3D genome architecture is closely linked to gene expression 
regulation11. Thus, to begin exploring whether the reorganization 
induced by fasting influences gene expression, we performed RNA 
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Fig. 7 | RNA Pol I depletion is sufficient to trigger the formation of chromatin 
rings in hypoderm of fed animals. a, Single focal planes of representative fed 
L1 larvae expressing HIS-72/H3.3–GFP, ubiquitous TIR1 alone (TIR1 only) or with 
RPOA-2-AID (Pol I-AID), treated with 1 mM auxin for 8 h. Insets: zoom of single 
nucleus of the indicated tissue. Hyp: hypoderm; int: intestine; mus: muscle. 
Inset scale bar, 2.5 μm. b, Line plot of the averaged single nuclei profile of HIS-72/
H3.3–GFP from 72 intestinal nuclei of fed, Pol I-AID or TIR1 only as control, in the 
presence of 1 mM auxin, showing the radial fluorescence intensity as a function 
of the relative distance from the nucleolus centre. The shaded area represents 
the 95% confidence interval of the mean profile. Data are from three independent 
biological replicas. c, Box plot showing relative changes in nucleolar volume, 
measured using FIB-1–mCherry, in intestine, hypoderm and muscle cells of Pol 
I-AID animals, compared with control TIR1 only, in the corresponding tissue 
upon treatment with 1 mM auxin for 8 h. d, Box plot as in c but comparing fasted 

over fed animals and Pol I-AID over TIR1 only animals (upon 1 mM auxin exposure 
for 8 h), in the indicated tissues. The dotted grey line represents the median 
reduction in nucleolar volume in fasted intestine over fed. e, Line plots as in b but 
in 72 hypodermal and muscle nuclei from three independent biological replicas. 
Single-peak profiles were compared to estimate the statistical significance 
of differences, as described in Methods. P values are given in Supplementary 
Table 2. For b and e, heat maps displaying the single nuclei profiles are provided 
in Extended Data Fig. 7d. For c and d, box limits are 25th and 75th percentiles, 
whiskers denote 1.5 times the interquartile ranges, points outside the whiskers 
are outliers and the median is shown as a line. Probability values from two-sided 
Wilcoxon rank sum tests are shown: **P < 0.01 and ****P < 0.0001. Data are from 
three independent biological replicas. See P values and n in Supplementary Table 
2. Source numerical data are available in Source data.
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sequencing (RNA-seq) in dissected intestines from fed and 12 h fasted 
adults (Extended Data Fig. 8a,b). We found that ~16% of all genes are 
differentially expressed, with 2,982 upregulated and 351 downregulated 
(Fig. 8a). This is consistent with the notion that lack of food induces 
a complex response involving multiple pathways66, many of which 
are likely to regulate gene expression independently of the observed 
3D chromatin reorganization. Thus, a first step to identify genes that 
might be sensitive to the reorganization of the intestinal chromatin into 
two rings is to uncouple the configuration of the 3D genome from the 
nutritional status of the animal and quantify gene expression changes 
(Fig. 8b). To this aim, we performed RNA-seq in intestinal cells of fed 
adults where chromatin rings are induced by AID-mediated RNA Pol 
I inhibition (Extended Data Fig. 8c–e). In particular, we monitored 
gene expression in the intestine of TIR only as a control, and Pol I-AID 
animals at three different timepoints of auxin exposure: 0, 12 and 24 h 
(Extended Data Fig. 8f,g). As expected, without auxin exposure (0 h), 
Pol I-AID and TIR1-only expressing animals show virtually no difference 
in gene expression. In contrast, after 12 and 24 h on auxin, loss of Pol 
I induces gene expression changes, with a stronger effect after 24 h 
(316 genes upregulated and 285 downregulated; Fig. 8c). Genes that 
are changed by Pol I depletion after 24 h on auxin have the tendency to 
be already altered in the same direction (up- or downregulated) after 
12 h, albeit to a lesser degree (Fig. 8d–f), revealing that the changes 
induced by RNA Pol I inhibition are progressive. Next, we compared the 
Pol I degradation-induced gene expression changes with those occur-
ring in fasted animals. Strikingly, the majority of genes overexpressed 
in response to Pol I inhibition in fed animals were also upregulated in 
intestinal cells during fasting (Fig. 8d,f and Extended Data Fig. 9a). In 
contrast, most genes that are downregulated by Pol I depletion after 
24 h on auxin are not repressed during fasting (Fig. 8e,f and Extended 
Data Fig. 9a). Interestingly, the reverse analysis yielded similar results: 
genes that are upregulated during fasting (Fig. 8a) tended to be upregu-
lated also in Pol I-depleted animals (Fig. 8g), while genes with reduced 
expression during fasting were overall not downregulated in absence 
of Pol I activity (Fig. 8g). Thus, in the two different conditions where the 
intestinal genome is reorganized into chromatin rings, we observed the 
upregulation of an overlapping set of genes. Whether their expression 
is regulated by RNA Pol I activity alone or through the reorganization 
of the 3D genome remains to be determined.

Both fasting (Extended Data Fig. 6a) and Pol I inhibition (Extended 
Data Fig. 7c) affect pre-rRNA levels, potentially influencing the expres-
sion of genes involved in ribosome biogenesis, nucleolar structure and 
translation. To test whether these genes were the drivers of the overlap 
detected between the two conditions, we selected them using four 
Gene Ontology (GO) categories (ribosomal, rRNA processing, nucleo-
lus and translation-related genes) and examined their expression in 
the intestine of both Pol I-depleted and fasted animals. Interestingly, 
all categories are upregulated in fasted intestinal cells, which aligns 

with prior studies67, but none is overexpressed when Pol I is inhibited 
(Fig. 8h and Extended Data Fig. 9b), indicating that, overall, these genes 
are sensitive to lack of food but not to the formation of chromatin 
rings. Intriguingly, we found that, instead, genes that are upregulated 
when rings are formed either in fed animals lacking RNA Pol I or during 
fasting are enriched in GO categories related to metabolism and stress 
response (Fig. 8i).

Discussion
Connections between cellular metabolism and chromatin architecture 
have been studied primarily in yeast68 or in isolated cells or tissues69. In 
this study, we describe how the nutritional state alters the large-scale 
spatial organization of the genome of a living multicellular organism.

By using live confocal microscopy in C. elegans, we discovered 
that fasting triggers a reversible (Fig. 5a,b) and large-scale 3D genome 
reorganization specifically in intestine (Fig. 1a–c).

On the basis of our results, we propose that the 3D genome archi-
tecture of intestinal cells is modulated by mTOR signalling in response 
to nutrients acting through the regulation of RNA Pol I, which tran-
scribes the ribosomal DNA in the nucleolus (Fig. 8j). We find that RNA 
Pol I has a critical and unique role in shaping 3D genome architecture: 
transcription by RNA Pol I, but not Pol II or Pol III, is essential to reverse 
the chromatin rings in the intestine upon refeeding (Fig. 5e–g). Moreo-
ver, its inhibition, but not that of Pol II or III, in fed animals is sufficient 
to mimic fasting and induce the two chromatin rings organization not 
only in intestine (Fig. 6a,c), but also in hypoderm (Fig. 7a,e), a tissue 
where this 3D chromatin configuration is not observed during fasting.

In agreement with a critical role of RNA Pol I activity in 3D chroma-
tin reorganization, the nucleolus shrinks during fasting, before rings 
are formed in the intestine (Fig. 4c), and it enlarges rapidly upon refeed-
ing before a fed-like 3D genome architecture is re-established (Fig. 5c). 
Furthermore, in fasted animals the volume of the nucleolus is more 
strongly reduced in intestine compared with hypoderm and muscle, 
which do not reorganize their chromatin into rings (Fig. 4d). However, 
during fasting, pre-rRNA levels are reduced to a similar degree in the 
tissues analysed (Extended Data Fig. 6a). This suggests that rather than 
RNA Pol I transcription itself, it is the remodelling of nucleolar struc-
ture, particularly a drastic drop in size following RNA Pol I inhibition, 
that might be critical for 3D genome reorganization in response to 
nutrient deprivation. Accordingly, deleting rDNA repeats in Drosophila 
melanogaster leaves the steady-state concentration of rRNA unaltered 
but remodels the nucleolus and compromises heterochromatic silenc-
ing in other sites of the genome70.

During fasting (Fig. 4d), mTOR inhibition (Fig. 4e) and upon RNA 
Pol I inhibition (Fig. 7c), the volume of the nucleolus in muscle cells 
is only weakly decreased, suggesting that nucleolar remodelling can 
be regulated tissue specifically in response to the same stimulus, 
potentially explaining the inability of muscle cells to form chromatin 

Fig. 8 | Specific genes are upregulated when chromatin rings form.  
a, Representative scatter plot comparing the relative gene expression FCs in 
intestinal cells of WT fasted animals compared to fed in two different biological 
replicas (rep). In red and in blue are the upregulated (UP) and downregulated 
(DOWN) genes, respectively (FDR <0.01 and 1.5 FC, N = 4). b, A scheme of the 
rational of the RNA-seq experiment in a and c–i). c, Scatter plots as in a but in 
intestines of animals expressing RPOA-2-AID (Pol I-AID) compared with control 
(TIR1 only), treated with 1 mM auxin for the indicated time. Significant up- and 
downregulated transcripts are highlighted in red and blue, respectively (FDR 
<0.05 and 2.0 FC, N = 4). d, Heat map of the expression changes of the genes 
that are significantly upregulated in the intestine of Pol I-AID after 24 h on auxin 
(encircled with a black square) in the intestine of Pol I-AID at 0 and 12 h on auxin 
and of fasted animals. e, Heat map as in d but of genes that are downregulated 
in the intestine of Pol I-AID after 24 h on auxin. f, Line plots of z-score values to 
measure the relative expression changes of genes that are upregulated (top) or 
downregulated (bottom) in Pol I-AID (24 h on auxin), in Pol I-AID at 0 and 12 h 

on auxin and in the intestine of fasted animals. Data are shown as mean ± s.d. 
of four biological replicas. g, As in f but for genes that are upregulated (top) or 
downregulated (bottom) upon fasting. h, Comparison of the relative expression 
of genes belonging to the GO category of ‘ribosomal’ or ‘rRNA processing’ in the 
intestine of Pol I-AID, treated with 1 mM auxin for the indicated time or in WT 
fasted animals. Data are shown as mean ± s.d. of four biological replicas. i, GO 
term enrichment for genes upregulated both in Pol I-depleted (24 h on auxin) 
and fasted animals. ncRNA, non-coding RNA; tRNA, transfer RNA. Significance 
was calculated using the hypergeometric test, adjusted for multiple testing with 
the default g:SCS (set counts and sizes) method integrated into the gprofiler2 R 
package. j, A model showing that in fed animals, mTORC1 promotes transcription 
by RNA Pol I. During fasting, mTORC1 inactivation represses RNA Pol I 
transcription leading to a drastic reduction in nucleolar size in intestinal cells, 
thus promoting a 3D reorganization of the genome, which becomes enriched 
at the nuclear and nucleolar periphery. This 3D chromatin configuration might 
support the upregulation of a set of metabolic and stress-related genes.
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rings. Alternatively, the relatively small size of muscle nuclei (~4 times 
smaller than intestinal nuclei), might counteract ring formation. Further 
confirming that nucleolar structure is regulated tissue specifically, 
vacuole-containing nucleoli are prominent in intestine but not in hypo-
dermal cells at the L3–L4 stage in C. elegans and their formation is pro-
moted by an alternative rRNA processing pathway71. This suggests that, 
like nucleolar size, the processing of rRNA varies across cell types and 
might be implicated in 3D genome organization in response to nutrients.

With live microscopy experiments, we showed that chromatin 
rings form at the nuclear and nucleolar periphery (Fig. 2a,b), well-known 
heterochromatic compartments11. Yet, the depletion of canonical 
heterochromatic marks, namely, H3K9me and H3K27me3, leaves the 
fasting-induced 3D genome reconfiguration unchanged (Fig. 2c), sug-
gesting that other mechanisms are involved. Rapamycin-induced inhi-
bition of the mTOR pathway increases core histone expression in the 
intestine of D. melanogaster72. Instead, in C. elegans, prolonged starva-
tion leads to a global degradation of histone H2Bs73. The tissue-specific 
dynamics of histone abundance in the early stages of fasting is not 
known, and its investigation might help to shed light on the mechanism 
of chromatin ring formation.

RNA pol I depletion has been recently reported to increase, more 
than decrease, chromatin accessibility74 and, although the effect on 
absolute transcriptional output remains to be determined, our RNA-seq 
data revealed that the formation of chromatin rings during fasting and 
upon Pol I depletion coincides with specific genes being upregulated 
rather than repressed (Fig. 8d–g). Whether the observed changes in 
gene expression are driven by RNA Pol I inhibition, the 3D genome recon-
figuration or both remains to be determined. Nonetheless, our data 
provide a basis to further explore the regulation of RNA Pol II targets by 
a 3D chromatin configuration that is modulated by RNA Pol I activity.

There is growing evidence that environmental cues in the form 
of diet and lifestyle contribute to the onset of metabolic diseases in 
humans via epigenetic mechanisms75. While a role for chromatin archi-
tecture in this process remains undetermined, our work unveils that 
nutritional stimuli from the environment alter the spatial organiza-
tion of the genome, adding an additional layer of complexity to the 
regulation of genome architecture, which may contribute to health 
and diseased states.
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Methods
C. elegans maintenance and strains
Nematodes were grown with Escherichia coli OP50 bacteria on nema-
tode growth medium (NGM) agar plates at 20 °C except where other-
wise stated. All strains used in this study are listed in Supplementary 
Table 1.

Constructs and strains
Endogenously tagged rpc-1 at the C-terminus with STSGGSGGTGGS-
mNeonGreen-GSAGSA-degron was obtained by CRISPR–Cas9 from 
the company SunyBiotech.

For the HIS-1–GFP fusion construct, the his-1 gene was amplified 
from N2 worm genomic DNA and fused by PCR to GFP, which contained 
introns. The ges-1 promoter and unc-54 3′ untranslated region were 
amplified from N2 genomic DNA. The final plasmid construct was gen-
erated by MultiSite Gateway cloning (Invitrogen). The strain express-
ing HIS-1/H4–GFP was made using the Mos1-mediated single-copy 
insertion technique76. The transgene was inserted into ttTi5605 on 
chromosome II.

The degron–GFP tagged rpoa-2 allele was constructed as 
described77 using Cas9 protein driven by eft-3 promoter in pDD162 and 
genomic RNA targeting a genomic sequence in the N-terminus of rpoa-2 
in pRR13, a derivative of pRB1017, an empty vector for gRNA cloning. 
The degron–GFP-c1^sec^3xflag repair template was constructed for gen-
erating the knock-in into the N-terminus of the rpoa-2 gene. The 5′ and 
3′ homology arms 751 bp upstream of the rpoa-2 start codon and 566 bp 
downstream of the start codon were used to replace the ccdB cassette 
in the degron–GFP-c1^sec^3xflag repair template. Each knock-in was 
isolated via hygromycin selection and the self-excising cassette (SEC) 
was then excised by heat shock to produce degron::GFP::rpoa-2 strain.

Information on the hetero- and euchromatic reporters used in 
Fig. 2 and Extended Data Fig. 2. In C. elegans, integrated transgene 
arrays acquire different chromatin marks and subnuclear locations, 
based on their size. Especially in embryos, large arrays that are com-
posed of 300–500 plasmid copies are ‘heterochromatinized’ by the 
deposition of H3K9me3 and H3K27me3, peripherally located and 
silenced, while the same sequence, if present in less than 50 copies, is 
not78. The heterochromatin reporter used in Extended Data Fig. 2f–h, 
is a large array composed of about 300 copies. As cells differenti-
ate, arrays carrying tissue-specific promoters shift inwards from the 
nuclear periphery exclusively in the tissue in which they are active, 
regardless of their copy number19. The euchromatic reporters used in 
Fig. 2d–f and Extended Data Fig. 2i–k are small transgene of about 30 
copies19 driven by the pha-4 promoter, which is actively transcribed 
in intestine. Accordingly, these reporters are internally positioned in 
fed intestinal cells (ref. 19 and data in this study). The GW429 strain19 
was created by ballistic transformation, generating a rare integration 
event of about 30 copies of the pha-4::mCherry plasmid. The 256 cop-
ies in the genotype refers to the copies of LacO repeats carried by the 
cointegrated plasmid to enable visualization of the allele by GFP–LacI.

Feeding, fasting and refeeding
Worms were maintained well fed on OP50 at 20 °C for at least two 
generations.

Fed L1 larvae (L1s) were obtained by washing plates of mixed-stage 
animals twice with M9 buffer to remove adults and larvae. The washes 
were performed with gentle swirling to avoid removing the bacteria. 
To obtain synchronized L1s, the embryos remaining on the plate were 
allowed to hatch for 2 h.

For L1s fasting, embryos were isolated by standard hypochlorite 
treatment and maintained in M9 buffer on a roller at 20 °C. L1s hatch 
approximately 12 h after hypochlorite treatment (ref. 79 and our own 
observation), and hence, this timepoint was considered 0 h of fasting. 
Consequently, 12 h of fasting corresponds to 24 h after hypochlorite 
treatment.

Refeeding was performed by placing 12 h fasted L1s on 
OP50-seeded NGM plates for the indicated time, after which they 
were collected for imaging.

To study the kinetics of chromatin reorganization during fasting, 
synchronized L1s were obtained as described above for fed L1s. They 
were then washed three times with M9 buffer for 10 min each and left 
in M9 buffer for the indicated time on a roller at 20 °C.

For fasting of adults, synchronized L1s by hypochlorite treat-
ment were grown on OP50-seeded plates until day 1 of adulthood. 
Next, adults were collected with M9 buffer. A fraction of worms was 
immediately imaged for the fed state or dissected for intestine-specific 
RNA-seq, the rest were washed three times with M9 buffer for 10 min 
and fasted in M9 buffer for 12 h on a roller at 20 °C prior to imaging or 
intestine dissection.

For feeding in liquid, to obtain fed and synchronized L1s that 
were maintained in liquid for the same duration as the fasted animals, 
embryos obtained from hypochlorite treatment were kept in M9 buffer 
for 21 h. Next, L1s were pelleted, M9 buffer was removed and S-basal 
complete medium supplemented with 6 mg ml−1 E. coli OP50 was added. 
L1s were subsequently fed in liquid culture for 3 h before imaging, 
reaching a total of 24 h in liquid.

For fasting on plates, isolated embryos obtained by hypochlorite 
treatment were placed onto M9 agarose plates without any bacteria for 
24 h so that L1s were fasted for an average of 12 h as described above 
for fasting in liquid.

Auxin stock and plates
Auxin 3-indoleacetic acid (Sigma-Aldrich) was dissolved in ethanol to 
prepare a 57 mM stock solution and stored at 4 °C. Auxin was added to 
NGM plates to a final concentration of 1 mM. Control plates contained 
an equivalent amount of ethanol (1.75%). Plates were then seeded with 
OP50 bacteria.

Auxin treatment
For all degron-tagged strains, the tir1 allele ieSi57 was used except for 
experiments shown in Fig. 7a–e and Extended Data Fig. 7a–f, where the 
tir1 allele wrdSi23 was used.

Degradation of polymerase subunits. Degradation of polymerase 
subunits in strains expressing RPB-2-AID, RPC-1-AID and RPOA-2-AID 
was obtained as follows: fed L1s were obtained as described above and 
added onto auxin or ethanol plates containing Hoechst 33342-stained 
OP50 bacteria. L1s were maintained on auxin plates for the indicated 
amount of time, and on ethanol plates for 3 h, before imaging.

For RPOA-2 degradation in animals expressing HIS-72/H3.3–GFP, 
fed L1s were collected as described above and added onto auxins plates 
containing unstained OP50 bacteria.

To quantify the effect of RPB-2 depletion on the transcriptome 
(Extended Data Fig. 6e), animals were grown on OP50 at a density of 
approximately 40 animals per plate. Animals were maintained at 25 °C, 
which rendered the population sterile, and exposed to 375 µM of auxin 
(ɑ-naphthaleneacetic acid) starting at age 2 of adulthood. They were 
collected into lysis buffer for sequencing80 on day 6, 96 h post-auxin 
treatment.

For the refeeding experiments in absence of the polymerases 
core subunits, embryos were isolated using hypochlorite treatment 
and left in M9 buffer to allow L1s to hatch in absence of food. After a 
fasting period of 10 h (22 h post-bleaching), an aliquot of L1s was DNA 
live stained to verify the formation of the chromatin rings in intestine 
by microscopy, as follows: 10 h fasted L1s were incubated in M9 supple-
mented with 1 mM auxin and 40 µM Hoechst 33342 for 2 h in the dark, 
then L1s were imaged. To the remaining 10 h fasted L1s, auxin was added 
at a final concentration of 1 mM in M9 buffer. After 2 h on auxin (12 h of 
fasting), L1s were transferred to auxin plates seeded with OP50 bacteria 
stained with Hoechst 33342. Next, L1s were fed for 30 min and imaged.
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For RPOA-2 degradation in adults, synchronized L1s by hypochlo-
rite treatment were grown on OP50-seeded NGM plates for 72 h until 
day 1 of adulthood. Next, they were picked from the plates and trans-
ferred onto auxin plates seeded with OP50 and maintained for the 
indicated time.

Degradation of DAF-15. Embryos isolated by hypochlorite treatment 
were plated onto auxin, or ethanol plates as control, seeded with OP50 
bacteria for 21 h. To stain the DNA, hatched L1s were moved onto auxin 
(or ethanol plates) seeded with Hoechst 33342-stained OP50 for 3 h. 
The absorption of auxin is not efficient in embryos due to their egg-
shell81. Thus, because L1s hatch approximately 12 h after hypochlorite 
treatment79, we considered our total 24 h of auxin treatment as embryos 
and L1s to correspond to 12 h of auxin exposure as L1s. Degradation of 
DAF-15-AID upon auxin treatment was previously performed and found 
to require 1 h on 1 mM auxin35.

Heat and cold stress
Fed L1s were placed onto standard NGM plates with OP50 and were 
subjected to either a 6 h heat shock at 34 °C or a 6 h cold shock at 6 °C 
in an air incubator.

Osmolarity
The final osmolarity of a solution was calculated by summing the osmo-
larity contributed by each solute present in the solution. To determine 
the osmolarity of each solute, the molarity of the solute was multiplied 
by the number of osmoles it produces when dissolved in water. M9 
buffer was calculated to be 360 mOsm. To achieve different osmolari-
ties, M9 buffer was diluted in MilliQ water to obtain buffers with osmo-
larities of 180, 150 and 120 mOsm. To create a solution of 540 mOsm, 
NaCl (90 mM) was added to M9.

Actinomycin D and α-amanitin treatments
A 25 mg ml−1 stock solution of actinomycin D (Bioaustralis) was pre-
pared in dimethylsulfoxide. For the treatment plates, actinomycin 
D was diluted into NGM medium to achieve a final concentration of 
100 μg ml−1. Control plates were prepared with an equivalent amount 
of dimethylsulfoxide (0.4%). The plates were seeded with OP50 bacteria 
and the bacteria were subsequently stained with Hoechst 33342 dye. 
Fed L1s were placed onto the plates and imaged after 6 h.

A 2 mg ml−1 stock solution of α-amanitin (Th. Geyer) was prepared 
in water. For the treatment plates, α-amanitin was diluted into NGM 
medium to achieve a final concentration of 25 μg ml−1. Control plates 
were prepared with an equivalent amount of water (1.25%). The plates 
were seeded with OP50 bacteria. Fed L1s were placed onto the plates 
and imaged after 6 h.

RNAi experiments
RNAi experiments were performed at 20 °C on NGM agar plates sup-
plemented with 100 µg ml−1 carbenicillin and 400 µM isopropyl-β-d- 
thiogalactoside. Plates were seeded with double-stranded RNA- 
producing bacteria, grown overnight at 37 °C. As negative control, the 
RNAi clone containing the empty L4440 vector (Fire vector library) 
was used. In every experiment, let-607 RNAi was performed in paral-
lel to confirm the efficiency of the RNAi plates, as a phenotype of very 
delayed growth/lethality is expected compared with worms grown on 
L4440 RNAi. RNAi clones were obtained from Ahringer library, Source 
BioScience Ltd. All RNAi clones used were sequenced to confirm target 
specificity.

For let-363 knockdown, synchronized L1s were seeded on RNAi 
plates and grown for 72 h. They were then transferred to freshly made 
RNAi-seeded plates. The following day, worms were washed off and dis-
carded, leaving only laid embryos on the RNAi plates. After 2 h, hatched 
L1s were collected, washed three times, filtered with a 5 µm syringe 
strainer (PluriSelect) and seeded on fresh RNAi plates containing the 

respective RNAi bacteria. After 12 h, L1s of let-363 were collected for 
live imaging/RNA fluorescence in situ hybridization (FISH). To obtain 
stage-matched larvae, L1s seeded on the L4440 control were main-
tained on plates for 5 h before collection.

For mpk-1 knockdown, embryos isolated by standard hypochlo-
rite treatment were placed and grown on RNAi plates until adulthood 
(P0). Next, the progeny of this RNAi-fed population was obtained 
by hypochlorite treatment of the adults and fasted for 12 h (24 h 
post-bleaching), before imaging.

For mes-6 and met-2, fasted animals were obtained as described for 
mpk-1 but fed L1s were also imaged in parallel by collecting the larvae 
that hatched on the RNAi plates.

For mes-6, RNAi efficiency was verified by incubating L1s on mes-6 
RNAi plates for two generations, which produced 50–60% F1 adult ste-
rility, as expected given the role of this gene in the germline82. For mpk-1, 
RNAi efficiency was verified by monitoring the amount of progeny of 
the RNAi-fed P0 and observing about 75% reduction, as expected given 
the role of this gene in the germline83.

Live staining of DNA
To prepare the staining solution, Hoechst 33342 (ChemCruz, 20 mM 
stock) was diluted 1:1,000 in M9 buffer, resulting in a final concentra-
tion of 20 µM. Next, the staining solution was added on OP50 bacteria, 
previously seeded and dried on NGM plates, making sure that all bacte-
ria are covered. Next, the plates were left to dry in the dark.

To perform DNA live staining in fed larvae, L1s were obtained by 
washing plates of mixed stages and waiting 2 h for embryos to hatch. 
Hatched L1s were collected and added to these plates directly on the 
food and allowed to feed for 3 h on Hoechst 33342-stained bacteria.

Staining of the intestinal DNA in fasted worms was achieved by first 
feeding L1s with Hoechst 33342-stained bacteria for 3 h, as described 
above. Next, L1s were collected using M9, washed three times in M9 for 
10 min to remove the bacteria and subsequently fasted in M9 buffer 
for 6–10 h.

Staining of DNA in fixed larvae
In Extended Data Fig. 2d, left, fasted L1s were fixed with 4% paraformal-
dehyde in PBS for 5 min and washed with PBS containing 30 mM glycine 
(PBS-G) for 10 min at room temperature. Next, worms were permeabi-
lized with acetone at −20 °C for 1 min and subsequently washed with 
PBS-G. For staining, a solution was prepared by adding two drops of 
EasyProbe-Hoechst 33342 Live Cell Stain (GeneCopoeia) into 1 ml 
of M9 buffer. Next, the fixed worms were incubated in this staining 
solution for 15 min. After staining, a final 5 min wash with PBS-G was 
performed before preparing the samples for imaging on an agarose 
pad as described above but without sodium azide. In Extended Data 
Fig. 2d, right, fasted L1s were spotted on poly-l-lysine covered slides 
and allowed to settle for few minutes. Next, coverslips were applied 
and slides were snap frozen on dry ice for 25 min. To permeabilize 
worms, samples were then freeze-cracked by flicking the coverslips 
and immersed immediately in 100% ice-cold methanol for 10 s. Next, 
the slides were transferred to a fixing solution (0.08 M HEPES pH 6.9, 
1.6 mM MgSO4, 0.8 mM EGTA and 3.7% formaldehyde, in PBS) for 
10 min. After fixation, slides were washed three times with TBS-T (TBS 
with 0.1% Tween-20). To visualize DNA, samples were incubated with 
10 µM Hoechst 33342 (ChemCruz) for 2 h, washed once with TBS-T, 
mounted with 80% glycerol in PBS and imaged.

rRNA FISH
To detect pre-rRNAs, we ordered six FISH probes targeting the internal 
transcribed spacer region 1 (its-1 in worms) labelled with fluorescent 
ATTO 488 at the 5′ end from Integrated DNA Technologies. Probe 
sequences are listed in Supplementary Table 3. To make the stock solu-
tion, each probe was dissolved in RNase-free H2O to a concentration of 
1 μg μl−1. Next, 5 μl of each probe was pooled together and RNase-free 

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01512-w

H2O was added to reach a dilution of 1:12 for each probe (30 μl probes 
mix + 30 μl H2O). This stock solution was then diluted 1:500 in a hybridi-
zation buffer containing 2× SSC, 10% formamide, 5% dextran sulfate and 
2 mM Ribonucleoside Vanadyl Complexes, to obtain the hybridization 
mix. Right before use, the hybridization mix was denatured for 5 min 
at 80 °C and incubated of at least 20 min at 37 °C.

Worms were collected and washed twice with PBS containing 0.01% 
Triton X-100 for 5 min each on a roller. They were then transferred to 
1.5 ml tubes and pelleted at 1,500g for 3 min. The supernatant was 
aspirated, and 1 ml of fixation buffer (3.7% formaldehyde solution, 1× 
PBS and 0.01% Triton X-100) was added. The samples were incubated 
with fixation buffer for 45 min at room temperature. Afterwards, the 
samples were pelleted again, the fixation buffer was removed and the 
samples were washed twice with 1 ml of PBS containing 0.01% Triton 
X-100. Next, 1 ml of 70% ethanol was added and the samples were incu-
bated overnight at 2–8 °C.

The next day, ethanol was removed after pelleting the samples 
and the fixed worms were rehydrated with PBS containing 0.01% Tri-
ton X-100 for 5 min at room temperature. The PBS was then removed, 
and 1 ml of permeabilization buffer (PBS with 0.5% Triton X-100) was 
added and incubated for 5 min at room temperature. After removing 
the permeabilization buffer, 1 ml of equilibration buffer (2× SSC, 10% 
formamide and 0.01% Triton X-100) was added and incubated for 15 min 
at room temperature. The equilibration buffer was then removed 
and the worms were incubated in the dark with hybridization buffer 
containing the final probe mix solution for at least 16 h at 42 °C while 
shaking at 1,200 r.p.m. in a thermal shaker.

The following day, after two brief washes with 2× SSC, the worms 
were incubated with wash buffer (1× SSC, 10% formamide and 0.01% 
Triton X-100) twice for 5 min each at 42 °C. This was followed by an incu-
bation with Hoechst (1:2,000 in 1× PBS) for 30 min at room tempera-
ture. The worms were then washed again with wash buffer for 5 min at 
42 °C and transferred to a poly-l-lysine-coated slide. To ensure proper 
adhesion to the surface, they were left to dry for a few minutes. Finally, 
the samples were mounted on microscope slides with Vectashield Plus 
Antifade Mounting Medium (Biozol), coverslips were applied and the 
edges were sealed with nail polish.

Microscopy
Microscopy was carried out using a live-cell imaging system (Confocal 
Spinning Disk Microscope) from Visitron Systems GmbH, equipped as 
follows: Nikon Eclipse Ti2 microscope with a Plan apo λ 100×/1.45 oil 
objective, Plan apo λ 60×/1.40 oil objective, Yokogawa CSU-W1 confo-
cal scanner unit, VS-Homogenizer, Electron Multiplying CCD camera 
(Andor iXon Series) and VisiView software for acquisition.

Live microscopy was carried out on 2% agarose pads supple-
mented with 0.15% sodium azide (Interchim) to paralyse the worms, 
as previously described19. All Images were acquired with the Plan apo λ 
100×/1.45 oil objective except for adults which were acquired with the 
Plan apo λ 60×/1.40 oil immersion objective. For each image, a range 
of stacks, from 50 to 120 stacks depending on the stage, were captured 
with a z-spacing of 200 nm.

Image analyses
Fluorescence intensities. Fluorescence intensities of GFP and mNeon-
Green were measured using Fiji/ImageJ84,85.

For the polymerase subunits degradation experiments shown in 
Extended Data Figs. 5a–f and 7a, for each strain, images of the different 
treatments were acquired with the same settings. Intestinal nuclei were 
selected as region of interest based on Hoechst 33342 signal. Within 
each nucleus, quantitation of GFP or mNeonGreen mean signal inten-
sity on focal stack images was done by selecting the brightest plane 
and subtracting the average background of the corresponding image.

For the analysis of RPOA-2-AID-GFP in whole larvae (Extended 
Data Fig. 7b), z-stack images were sum projected. Worms were selected 

as the region of interest using the freehand tool and the mean GFP 
signal intensity was measured. Background intensity was measured 
in animals expressing only TIR1 and subtracted from the GFP mean 
signal intensity.

For the RAGA-1GF–GFP experiment (Extended Data Fig. 6l), z-stack 
images were sum projected. Quantitation of the GFP mean signal inten-
sity on the projected images was done by selecting the worms as the 
region of interest using the freehand tool and subtracting the average 
background intensity from the corresponding image.

Worm size measurements. For DAF-15 degradation, the experiment 
was conducted as described in ‘Auxin treatment’ section. The first 
images were acquired 24 h after plating the embryos on auxin and 
ethanol plates, which was considered day 1. For let-363 knockdown, 
the experiment details are described in ‘RNAi experiments’ section. 
Briefly, the first images were acquired immediately after transferring L1 
larvae of the F1 generation onto fresh RNAi plates containing the RNAi 
bacteria. This was considered day 1. Images were captured with a Leica 
M165 FC fluorescent stereo microscope connected to a Leica K5 camera, 
using the LAS X software. Worm size was quantified using ImageJ. The 
freehand tool was used to draw around each worm and measure the area.

Chromatin profiling. Nuclei of mid-intestine, hypoderm and muscle 
were manually segmented in 2D or 3D using Cell-ACDC86 based on HIS-
72–GFP or Hoechst 33342 signal (the latter works only for intestinal 
cells). To extract the intensity profiles shown in Figs. 1c,e,g,i, 2c, 3,c,f, 
4b,h, 5b,g, 6c,d and 7b,e and Extended Data Figs. 1b,d,h,k, 3c,f,j,o, 4f, 
6h,k, 7f and 8e, we implemented a custom routine written in Python. 
The analysis steps were as follows: (1) manual annotation of the centre 
of the inner dark area of the nuclei using Cell-ACDC. This is assumed 
to be the centre of the nucleolus. (2) Determination of the nuclei con-
tours from the segmented objects (using the function from OpenCV 
package called ‘findContours‘). (3) Extraction of the intensity profiles 
from the centre determined in the previous step and all the points 
on the contour. (4) Normalization of each profile using the distance 
from the centre to the contour point (0% centre, 100% contour). (5) 
Binning the intensities into 5% width bins (for example, intensities at 
any distance in the ranges 0–5%, 5–10%, 10–15% and so on were con-
sidered being at 2.5%, 7.5%, 12.5% (bin centre) and so on distance from 
the centre). (6) Averaging of the binned normalized profiles along the 
distance to obtain the single-nuclei average profiles shown as single 
rows on the heat maps (Fig. 1b and Extended Data Figs. 1a,c,e,g,j l,m, 
2c, 3b,e,h,i,n,p, 4a,c,e, 5g,h, 6c,g,j,n, 7d,e and 8d). (7) Normalization of 
each single-nucleus profile by its max intensity value. (8) Averaging and 
standard error calculation of the single-nuclei profiles within the same 
experimental conditions to obtain single-condition average profiles 
and its associated standard errors. Since 3D segmentation is quite time 
consuming, we set out to determine whether 2D segmentation would 
yield similar results. Therefore, we segmented the same nuclei in 3D 
and in 2D, where 3D segmentation allows for automatic determination 
of the centre z-slice (using the z coordinate of the 3D object’s centroid). 
We then compared the intensity profiles between 3D and 2D segmenta-
tion and found minimal differences. Thanks to this validation, we could 
proceed to segment all the other experiments in 2D.

To estimate the significance of the difference between the mean 
at each distance percentage 5% bin between chromatin profiles having 
a single peak, we performed permutation tests. To calculate a final P 
value, we adjusted the multiple P values for multiple tests using Bonfer-
roni correction and combined the adjusted P values at three different 
regions of the plot (0–30%, 35–65% and 70–100%) using Pearson´s 
combined probability test.

To obtain the intensity profiles shown in Extended Data Fig. 2a, 
we applied the profile analysis described above but we included the 
nucleoli segmentation masks (see ‘Nucleolar volume analysis’ sec-
tion). The centre of the inner dark area was therefore replaced with 

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01512-w

the centroid of the segmented nucleoli. Finally, the distances were not 
normalized as in (4), but they were plotted as absolute differences from 
the nucleolus edge (in μm).

Nucleolar volume analysis. Nuclei of mid-intestine, hypoderm and 
muscle were manually segmented in 2D using Cell-ACDC86 based on 
HIS-72–GFP or Hoechst 33342 signal and stacked into 3D ‘cylindrical’ 
objects. To detect and quantify the volume of nucleoli in 3D, we adapted 
the spot detection routine developed in ref. 87 and ref. 88. The analysis 
steps were as follows: (1) application of a 3D Gaussian filter with a small 
sigma (0.75 voxel) of the FIB-1::mCherry signal. (2) Instance segmenta-
tion of the spots’ signal using the best-suited automatic thresholding 
algorithm (either the threshold yen or Li algorithms from the Python 
library scikit-image89). (3) 3D connected component labelling of the 
thresholded mask obtained in (3) to separate and label the objects. 
(4) Manual inspection and removal of nucleoli segmented from other 
tissues. This step is required because nuclei were segmented in 2D and 
stacked into 3D, raising the possibility of nucleoli from other tissues 
to be detected. (5) The final volume of the nucleolus was calculated 
by fitting a 3D Gaussian function to the intensities of the pixels in the 
segmented mask. The 3D Gaussian function is

g (x, y, z) = g (x) g ( y) g (z) + B,

where B  is a fitting parameter and g (x), g ( y)  and g (z)  are one- 
dimensional Gaussian functions given by

g (x) = A exp (− (x − xc)
2

2σx2
) ,

where xc, σx and A, are fitting parameters and they are the centre coor-
dinate, the width (sigma) and the amplitude of the Gaussian peak. The 
σx, σy and σx  parameters are then used to calculate the volume of the 
nucleolus with the following formula (ellipsoid’s volume):

Vnucleolus =
4
3πσzσyσx,

Nucleolar/nuclear area. Mid-intestine nuclei were manually seg-
mented in 2D in their central plane, and the area was calculated using 
Cell-ACDC86 based on HIS-72–GFP. Nucleoli were segmented in 3D as 
described in ‘Nucleolar volume analysis’ section. The segmentation 
mask was then projected to obtain a 2D representation and the area 
was calculated using ACDC.

rRNA FISH quantification. Nuclei of mid-intestine, hypoderm and 
muscle were manually segmented in 2D at their central plane using 
Cell-ACDC86 based on Hoechst 33342 signal. The segmentation mask 
was extended ten slices (of 200 nm each) above and below the central 
plane to cover the whole nucleus. To detect and quantify the FISH 
signal, we adapted the spot detection routine developed in ref. 87 
and ref. 88. The analysis steps were as follows: (1) application of a 3D 
Gaussian filter with a small sigma (0.75 voxel) of the ATTO 488-labelled 
FISH probes. (2) Instance segmentation of the spots’ signal using the 
best-suited automatic thresholding algorithm (Li algorithms from the 
Python library scikit-image89). (3) 3D connected component labelling of 
the thresholded mask obtained in (3) to separate and label the objects. 
(4) The background-corrected sum of all the voxel values belonging 
to the segmented objects was calculated. Background correction was 
performed by subtracting the median of the pixels’ intensities outside 
of the segmented object and inside the nucleus at the central z-slice.

Chromatin rings analysis in adult and L1 larvae. The ratio between 
the outer and inner peak amplitudes of Extended Data Fig. 1n was cal-
culated from each average single-nucleus chromatin profile (SNCP).  

To calculate the amplitudes, we fitted the following model to the SNCPs 
(sum of two Gaussian peaks)

B + Ai exp (−
(x − xi)

2

2σi2
) + Ao exp (−

(x − xo)
2

2σo2
) ,

where Ai, xi, σi, Ao, xo, σo and B are fitting parameters. The subscripts  
and o refer to inner and outer peaks, while A, x and σ  are the amplitude, 
centre location and standard deviation (a measure of the width) of the 
specific peak, respectively. The parameter B is the background level. 
The outer-to-inner ratios are therefore calculated as Ao/Ai.

For the fitting procedure we used the Python function ‘scipy.
optimize.curve_fit’ from the ‘scipy’ library90 with bounds on the fitting 
parameters. The amplitude and the background levels had a lower bound 
of 0 and an upper bound equal to the maximum of the SNCP; the centre 
location was bounded at ±5% (distance from the nucleolus centre of 
mass), and the standard deviation was bounded in the range (0%, 100%).

Resolution limit analysis. The procedure described in ‘Chromatin 
rings analysis in adult and L1 larvae’ section was also used to estimate 
the resolution limit of our imaging setup. The Gaussian function can in 
fact be used to approximate the Airy pattern91. Therefore, the average 
between σi and σo was used to compute the radius of the Airy disk as

d ≅ 1.45σio + 2Δxe,

where d  is the minimum resolvable distance, σio is the average between 
σi and σo, and Δxe is the average distance between the centre of the 
peaks, xi and xo, and the edges of the nucleolus and the nucleus, respec-
tively. The nucleolus was segmented as explained in ‘Nucleolar volume 
analysis’ section.

Since muscle cells have the smallest space between nucleolus and 
nucleus, we wanted to compare single-nucleus profiles where non-resolv-
able radial profiles were not included. We estimated the minimum resolv-
able distance in muscle cells to be approximately 8.7 pixels (4.7 + 2 × 2 in 
the equation above); therefore, we calculated the single-nucleus profiles 
by discarding from the average those radial profiles whose nucleolar 
edge–nuclear periphery length was shorter than 9 pixels.

Positioning of heterochromatic and euchromatic reporters. Quan-
titation of heterochromatic (Extended Data Fig. 2h) and euchromatic 
reporter (Extended Data Fig. 2j) distributions on focal stacks of images 
was done with the ImageJ plugin PointPicker (http://bigwww.epfl.ch/
thevenaz/pointpicker/) as previously described18. Briefly, for Extended 
Data Fig. 2h, the disc of the nucleus in which the spot is the brightest is 
divided into three zones of equal surface, each containing 33% of the 
area and the frequency of the spot in these three zones is quantified for 
fed and fasted nuclei. For Extended Data Fig. 2j, the relative nucleolus 
edge–nuclear periphery distance is divided into 10 bins, with 0–1 clos-
est to the nucleolus edge and 9–10 closest to the nuclear periphery, and 
the frequency of the spot in each bin is scored for fed and fasted nuclei.

RNA extraction from L1 larvae and quantitative PCR with 
reverse transcription
To monitor the expression of pre-messenger RNAs in Extended Data 
Fig. 6d, the same number of RPB-2-degraded (3 h on 1 mM auxin) L1 
larvae and TIR1-only controls was collected in Trizol (15596026, Thermo 
Fisher) and snap frozen in liquid nitrogen. After freeze cracking samples 
by five subsequent transfers from liquid nitrogen to 42 °C, samples 
were vigorously shaken for 2.5 min with 5× 30 s on/off cycles at room 
temperature. Next, total RNA was extracted following the manufac-
turer’s instructions of the Rneasy Mini kit (74104, Qiagen), including 
an on-column DNase digestion (79254, Qiagen).

Complementary DNA was obtained by using the Maxima H 
Minus cDNA Synthesis Master Mix (M1661, Thermo Scientific).  
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For gene expression analysis, real-time PCR with the PowerUp SYBR 
Green Master Mix (A25742, Life Technologies) was used. Since the 
number of larvae was quantified and constant between the two sam-
ples, we performed a relative quantification, normalizing against unit 
mass by calculating the ΔCt against the control strain followed by the 
ratio (2ΔCt). All experiments were repeated at least three times. The 
primers are listed in Supplementary Table 3.

Intestine dissection
For fed adults, animals were transferred into a M9 bath in a 6 cm plate 
and washed for at least 10 min before intestine dissection, while fasted 
adults were directly used.

Adults were placed into a drop (~15 µl) of dissection buffer (M9 
buffer with 0.1% Tween and 12 mM levamisole) on a glass slide. The 
intestine was dissected by decapitating the worm using Gr.20 syringes 
(Sterican), as previously described92. The extruding part of the intes-
tine was cut off the worm carcass, then transferred into pre-cooled RL 
lysis buffer (Norgen Biotek Corp.) on ice. A total of 30 intestines was 
collected per condition.

RNA extraction for RNA-seq
RNA from dissected adult intestines was extracted using the Single Cell 
RNA Purification kit (Norgen Biotek Corp.) following the manufacturer’s 
instructions. RNA quality was assessed in an RNA Pico Chip on a 2100 
Bioanalyzer (Agilent Technologies) and quantified using the Qubit 
RNA HS Assay kit in a Qubit 3 Fluorometer (Life Technologies). cDNA 
synthesis, amplification and purification were performed using the 
SMART-Seq mRNA kit (Takara Bio) following the manufacturer’s instruc-
tions. In brief, 10 ng RNA was used as input for cDNA synthesis, 9× PCR 
cycles were performed for cDNA amplification and cDNA was purified 
using AMPure XP beads (Beckman Coulter) in a ratio of 0.6:1 to cDNA. 
cDNA quality was assessed on a High Sensitivity DNA Chip on a 2100 Bio-
analyzer (Agilent Technologies) and quantified using the Qubit dsDNA 
HS Assay kit in a Qubit 3 Fluorometer (Life Technologies). Dual-indexed 
libraries were prepared using the NexteraXT kit (Illumina) and sequenc-
ing was performed on a NextSeq2000 (Illumina) sequencer.

To quantify absolute transcript levels (Extended Data Fig. 6e), 
30 nematodes were picked per replicate for a total of four technical 
replicates per sample and added to a lysis buffer, which was prepared 
together with a mix of External RNA Controls Consortium spike-ins93. 
cDNA libraries were prepared as previously described94.

RNA-seq analysis
For Fig. 8, reads were analysed as described previously95. In summary, 
adaptors were trimmed using Trimmomatic v0.39. Reads were aligned 
to the C. elegans genome (ce10) with Bowtie2 v2.4.5 and the R package 
QuasR v1.42.1,(www.bioconductor.org/packages/2.12/bioc/html/
QuasR.html). The command ‘proj <-qAlign(‘samples.txt’,‘BSgenome. 
Celegans.UCSC.ce10’, splicedAlignment=TRUE)’ instructs hisat296 to 
align using default parameters, considering unique reads for genes and 
genome-wide distribution. Count tables of reads mapping within anno-
tated exons in WormBase (WS220) were constructed using the qCount 
function of the QuasR package to quantify the number of reads in each 
window (qCount(proj, GRange_object, orientation = ‘same’)) and nor-
malized by division by the total number of reads in each library and mul-
tiplied by the average library size. Transformation into log2 space was 
performed after the addition of a pseudocount of 8 to minimize large 
changes in abundance fold change (FC) caused by low count numbers. 
The EdgeR package v4.0.14 was applied to select genes with differential 
transcript abundances between indicated conditions (contrasts) based 
on false discovery rates (FDR) and log2 FC. The intestinal specificity 
of all samples (Extended Data Fig. 8b,g) was tested by measuring the 
expression enrichment within available datasets of different worm 
tissues96. Pearson coefficients describing the correlation of replicas 
are shown in Extended Data Fig. 8a,f. GO terms were extracted from 

wormbase.org and the GO term and Kyoto Encyclopedia of Genes 
and Genomes pathway enrichment analysis was performed using the 
gprofiler2 package (v 0.2.2) as an interface to g: Profiler97.

For Extended Data Fig. 6e, differences in absolute transcript abun-
dance between samples were calculated via differential expression 
analysis using DESeq2 (ref. 98), with DESeq2 size-factors calculated 
exclusively from reads mapping to ERCC spike-ins.

Statistics and reproducibility
No statistical method was used to predetermine sample size. Sample 
sizes were chosen based on previous literature and what is common 
practice in the field. No data were excluded from the analyses. The 
experiments were not randomized. Investigators were not blinded to 
group allocation of samples (genotype/treatment) during most data 
collection and analysis. However, key findings (chromatin reorganiza-
tion in fasting and RNA Pol I-AID) were reproduced by at least an addi-
tional independent investigator who was blinded to group identity.

All experiments were reproduced with similar results. The images 
in Figs. 1a,d,h, 2a,b, 3a, 4a, 5a,e, 6a and 7a and Extended Data Figs. 1f,i, 
2b,k, 3d,l, 6f,i,m and 8c represent data from three independent biologi-
cal experiments (n > 30 animals). The experiment in Extended Data 
Fig. 3a was repeated independently four times (n > 50 animals). The 
images in Figs. 2f and 3d are representative of five independent biologi-
cal experiments (n > 60 animals). Experiments in Fig. 1f and Extended 
Data Fig. 5a,c,e were repeated independently twice (n > 30 animals).

Statistics analysis and data visualization were performed in Python 
(3.10), Excel (Version 2308), R (4.3.1), GraphPad Prism (8.0.1) or the 
gprofiler2 package (v 0.2.2). All statistical tests, exact P values, n and 
number of biological replicas are listed in Supplementary Table 2.

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

Data availability
The RNA-seq datasets comparing fed and fasted worms have been 
deposited at the Gene Expression Omnibus and can be accessed under 
GSE268926. The RNA-seq datasets measuring the effect of RNA Pol I 
depletion have been deposited at the Gene Expression Omnibus and 
can be accessed under GSE268974. The RNA-seq datasets analysing 
the transcriptome following RPB-2 degradation have been deposited 
at bioproject and can be accessed under PRJNA1140129. The publicly 
available dataset used in this study, BSgenome.Celegans.UCSC.ce10, is 
available at https://bioconductor.org/packages/BSgenome.Celegans.
UCSC.ce10/ (ref. 99). All other data supporting the findings of this study 
are available from the corresponding author on reasonable request. 
Source data are provided with this paper.

Code availability
All code used to perform chromatin profiling is available on GitHub 
at https://github.com/SchmollerLab/SeelMito (ref. 100) and https://
github.com/ElpadoCan/ChromRings (ref. 101).

References
76.	 Frokjaer-Jensen, C. et al. Single-copy insertion of transgenes in 

Caenorhabditis elegans. Nat. Genet. 40, 1375–1383 (2008).
77.	 Zhao, Q., Rangan, R., Weng, S., Ozdemir, C. & Sarinay Cenik, E. 

Inhibition of ribosome biogenesis in the epidermis is sufficient 
to trigger organism-wide growth quiescence independently of 
nutritional status in C. elegans. PLoS Biol. 21, e3002276 (2023).

78.	 Towbin, B. D., Meister, P., Pike, B. L. & Gasser, S. M. Repetitive 
transgenes in C. elegans accumulate heterochromatic marks and 
are sequestered at the nuclear envelope in a copy-number- and 
lamin-dependent manner. Cold Spring Harb. Symp. Quant. Biol. 
75, 555–565 (2010).

http://www.nature.com/naturecellbiology
http://www.bioconductor.org/packages/2.12/bioc/html/QuasR.html
http://www.bioconductor.org/packages/2.12/bioc/html/QuasR.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE268926
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE268974
https://bioconductor.org/packages/BSgenome.Celegans.UCSC.ce10/
https://bioconductor.org/packages/BSgenome.Celegans.UCSC.ce10/
https://github.com/SchmollerLab/SeelMito
https://github.com/ElpadoCan/ChromRings
https://github.com/ElpadoCan/ChromRings


Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01512-w

79.	 Webster, A. K., Chitrakar, R., Taylor, S. M. & Baugh, L. R. Alternative 
somatic and germline gene-regulatory strategies during 
starvation-induced developmental arrest. Cell Rep. 41, 111473 
(2022).

80.	 Picelli, S. et al. Smart-seq2 for sensitive full-length transcriptome 
profiling in single cells. Nat. Methods 10, 1096–1098 (2013).

81.	 Negishi, T., Asakawa, M., Kanemaki, M. & Sawa, H. Modified 
auxin improves the auxin-inducible degradation (AID) 
system for laid C. elegans embryos. MicroPubl. Biol. 2019, 
https://www.micropublication.org/journals/biology/
micropub-biology-000190 (2019).

82.	 Capowski, E. E., Martin, P., Garvin, C. & Strome, S. Identification 
of grandchildless loci whose products are required for normal 
germ-line development in the nematode Caenorhabditis elegans. 
Genetics 129, 1061–1072 (1991).

83.	 Church, D. L., Guan, K. L. & Lambie, E. J. Three genes of the MAP 
kinase cascade, mek-2, mpk-1/sur-1 and let-60 ras, are required 
for meiotic cell cycle progression in Caenorhabditis elegans. 
Development 121, 2525–2535 (1995).

84.	 Rueden, C. T. et al. ImageJ2: ImageJ for the next generation of 
scientific image data. BMC Bioinf. 18, 529 (2017).

85.	 Schindelin, J. et al. Fiji: an open-source platform for 
biological-image analysis. Nat. Methods 9, 676–682 (2012).

86.	 Padovani, F., Mairhormann, B., Falter-Braun, P., Lengefeld, J. & 
Schmoller, K. M. Segmentation, tracking and cell cycle analysis of 
live-cell imaging data with Cell-ACDC. BMC Biol. 20, 174 (2022).

87.	 Seel, A. et al. Regulation with cell size ensures mitochondrial 
DNA homeostasis during cell growth. Nat. Struct. Mol. Biol. 30, 
1549–1560 (2023).

88.	 Chatzitheodoridou, D., Bureik, D., Padovani, F., Nadimpalli, K. V. & 
Schmoller, K. M. Preprint at bioRxiv (2023).

89.	 van der Walt, S. et al. scikit-image: image processing in Python. 
PeerJ 2, e453 (2014).

90.	 Virtanen, P. et al. SciPy 1.0: fundamental algorithms for scientific 
computing in Python. Nat. Methods 17, 261–272 (2020).

91.	 Zhang, B., Zerubia, J. & Olivo-Marin, J. C. Gaussian approximations 
of fluorescence microscope point-spread function models. Appl. 
Opt. 46, 1819–1829 (2007).

92.	 Ananthaswamy, D., Croft, J. C., Woozencroft, N. & Lee, T. W. C. 
elegans gonad dissection and freeze crack for immunofluorescence 
and DAPI staining. J. Vis. Exp. 187, e64204 (2022).

93.	 Baker, S. C. et al. The External RNA Controls Consortium: a 
progress report. Nat. Methods 2, 731–734 (2005).

94.	 Schiffer, J. A. et al. Caenorhabditis elegans processes sensory 
information to choose between freeloading and self-defense 
strategies. eLife 9, e56186 (2020).

95.	 Delaney, C. E. et al. SETDB1-like MET-2 promotes transcriptional 
silencing and development independently of its 
H3K9me-associated catalytic activity. Nat. Struct. Mol. Biol. 29, 
85–96 (2022).

96.	 Cao, J. et al. Comprehensive single-cell transcriptional profiling 
of a multicellular organism. Science 357, 661–667 (2017).

97.	 Kolberg, L. et al. g:Profiler—interoperable web service for 
functional enrichment analysis and gene identifier mapping 
(2023 update). Nucleic Acids Res. 51, W207–W212 (2023).

98.	 Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome 
Biol. 15, 550 (2014).

99.	 Full genome sequences for Caenorhabditis elegans (UCSC 
version ce10). Bioconductor https://bioconductor.org/packages/
BSgenome.Celegans.UCSC.ce10/

100.	SeelMito. GitHub https://github.com/SchmollerLab/SeelMito
101.	 ChromRings. GitHub https://github.com/ElpadoCan/ChromRings

Acknowledgements
We thank R. Schneider, M.-E. Torres-Padilla and S.M. Gasser for 
critical reading of the manuscript; the labs of H. Grosshans and F. 
Steiner; R. Gleason in X. Chen´s lab; the Caenorhabditis Genetics 
Center, funded by the National Institutes of Health Office of Research 
Infrastructure Programs (grant no. P40 OD010440CGC); and 
the C. elegans Gene Knockout Project at the Oklahoma Medical 
Research Foundation for sharing strains. We thank SunyBiotech 
for support in generating the rpc-1-mNeonGreen-AID allele. D.S.C. 
thanks Helmholtz Munich for support. Funding was provided by the 
German Research Foundation (Deutsche Forschungsgemeinschaft) 
Sonderforschungsbereiche (SFB) 1064, collaborative research center 
in chromatin dynamics (D.S.C.). The German Research Foundation 
(Deutsche Forschungsgemeinschaft) Schwerpunktprogramm 
2202 Priority Programme ‘Spatial Genome Architecture in 
Development and Disease’ (D.S.C.). National Institutes of Health grant 
5R35GM138340-03 (E.S.C.). The Welch Foundation F-2133-20230405 
(E.S.C.). Human Frontier Science Program (career development award) 
(K.M.S.). The Swiss National Science Foundation in the form of an 
Eccellenza Professorial Fellowship (PCEFP3_181204) (B.D.T.). European 
Research Council under the European Union’s Horizon 2020 Research 
and Innovation Programme (grant agreement no. 852201) (N.S.). 
The Spanish Ministry of Economy, Industry and Competitiveness 
to the European Molecular Biology Laboratory partnership, the 
Centro de Excelencia Severo Ochoa (CEX2020-001049-S, MCIN/
AEI /10.13039/501100011033), the Centres de Recerca de Catalunya 
Programme/Generalitat de Catalunya (N.S.). The Spanish Ministry of 
Economy, Industry and Competitiveness Excelencia award PID2020-
115189GB-I00 (N.S.)

Author contributions
Conceptualization: N.A.-R. and D.S.C. Methodology: F.P., K.M.S., D.S.C. 
and J.P. Software: F.P. Investigation: N.A.-R., J.H., F.B., D.S.C., L.P., J.P. 
and A.d.C.F. Visualization: F.P., N.A.-R., D.S.C., K.M.S., J.P. and A.d.C.F. 
Validation: N.A.-R., J.H. and F.B. Resources: Q.Z., E.S.C., B.D.T. and N.S. 
Funding acquisition: D.S.C., K.M.S., E.S.C., N.S. and B.D.T. Supervision: 
D.S.C. Writing—original draft: N.A.-R. and D.S.C. Writing—review and 
editing: D.S.C., N.A.-R., K.M.S., B.D.T., J.P. and L.P.

Funding
Open access funding provided by Helmholtz Zentrum München - 
Deutsches Forschungszentrum für Gesundheit und Umwelt (GmbH).

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41556-024-01512-w.

Supplementary information The online version contains 
supplementary material available at  
https://doi.org/10.1038/s41556-024-01512-w.

Correspondence and requests for materials should be addressed to 
Daphne S. Cabianca.

Peer review information Nature Cell Biology thanks the anonymous 
reviewers for their contribution to the peer review of this work. Peer 
reviewer reports are available.

Reprints and permissions information is available at  
www.nature.com/reprints.

http://www.nature.com/naturecellbiology
https://www.micropublication.org/journals/biology/micropub-biology-000190
https://www.micropublication.org/journals/biology/micropub-biology-000190
https://bioconductor.org/packages/BSgenome.Celegans.UCSC.ce10/
https://bioconductor.org/packages/BSgenome.Celegans.UCSC.ce10/
https://github.com/SchmollerLab/SeelMito
https://github.com/ElpadoCan/ChromRings
https://doi.org/10.1038/s41556-024-01512-w
https://doi.org/10.1038/s41556-024-01512-w
https://doi.org/10.1038/s41556-024-01512-w
https://doi.org/10.1038/s41556-024-01512-w
http://www.nature.com/reprints


Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01512-w

Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | related to Fig. 1. a, Heatmaps showing the radial 
fluorescence intensity profiles of HIS-72/H3.3-GFP in intestinal nuclei of wt L1s 
of the indicated nutritional status as a function of the relative distance from 
the nucleolus center. Each row corresponds to a single nucleus, segmented 
in 3D (left) or in 2D at its central plane (right). The same 72 intestinal nuclei in 
animals from 3 independent biological replicas were analysed for the 3D and 
2D segmentation. b, Line plots of the averaged single nuclei profile shown in 
(a). The shaded area represents the 95% confidence interval of the mean profile. 
c, Heatmap as in (a, right) but for muscle nuclei of fasted L1s where individual 
radial profiles with nucleolar edge-nuclear periphery length lower than 9 pixels 
were excluded. 59 muscle nuclei were analysed in animals from 3 independent 
biological replicas. d, Line plots as in (b) but of the averaged single nuclei profile 
shown in (c). e, Heatmaps as in (a, right) but of Hoechst 33342-stained DNA in 
intestinal nuclei of fed and fasted animals. 72 intestinal nuclei were analysed 
in animals from 3 independent biological replicas. f, Single focal planes of 
representative wt L1 larvae expressing HIS-72/H3.3-GFP, fed in liquid or  
fasted on plate. Insets: zoom of single intestinal nucleus. Inset scale bar, 2.5 μm.  
g, Heatmaps as in (a, right) but for 48 intestinal nuclei of wt animals fed in liquid 

or fasted on plate. Data are from 3 independent biological replicas. h, Line plots 
as in (b) but of the averaged single nuclei profile shown in (g). i, Single focal 
planes of representative, wt intestinal nuclei expressing HIS-72/ H3.3-GFP in 
L1 larvae that were fasted at the indicated osmolarity. * indicates the standard 
osmolarity of worm plates (150 mOsm). Scale bar indicates 2.5 μm. j, Heatmaps 
as in (a, right) but for 48 intestinal nuclei of animals fasted at 120 mOsm or at 
540 mOsm. Data are from 3 independent biological replicas. k, Line plots as in (b) 
but of the averaged single nuclei profile shown in (j). l) Heatmaps as in (a, right) 
but for 48 intestinal nuclei of L1 larvae heat shocked at 34 °C or cold shocked at 
4 °C for 6 hours. Data are from 2 independent biological replicas. m) Heatmaps as 
in (a, right) but for 60 intestinal nuclei of wt adults fed or fasted. Data are from 3 
independent biological replicas. n, Boxplot showing the ratio of the amplitude of 
the outer and inner peak HIS-72/H3.3-GFP signal in fasted adults and L1 larvae. 60 
and 72 intestinal nuclei were analysed for adults and L1 larvae, respectively, from 
3 independent biological replicates. Box limits are 25th and 75th percentiles, 
whiskers denote 1.5 times the interquartile ranges, points outside the whiskers 
are outliers, and the median is shown as a line. Source numerical data are 
available in source data.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | related to Fig. 2. a, Line plot of the average distance of 
the HIS-72/H3.3-GFP signal from the nucleolus edge, identified using FIB-1-
mCherry, in single intestinal nuclei of fed and fasted L1 larvae. The shaded area 
represents the 95% confidence interval of the mean profile. 72 intestinal nuclei 
were analysed in animals from 3 independent biological replicas. b, Single focal 
planes of representative fasted L1 larvae of the indicated genotype, expressing 
fluorescently tagged HIS-72/H3.3. Insets: zoom of single intestinal nucleus. 
Inset scale bar, 2.5 μm. c, Heatmaps showing the radial fluorescence intensity 
profiles of HIS-72/H3.3-GFP in intestinal nuclei of fasted L1 larvae of the indicated 
genotype as a function of the relative distance from the nucleolus center. Each 
row corresponds to a single nucleus, segmented in 2D at its central plane. 70 
intestinal nuclei were analysed in animals from 3 independent biological replicas. 
d, As in (b) but of representative wt L1 larvae fasted, fixed with the indicated 
chemical and stained with Hoechst 33342 to visualize DNA. e, Schematic 
representation of intestinal nuclei in L1 larvae. f, Schematic representation 
of the heterochromatic reporter used in (h). g, Zoning assay for GFP-LacI 
marked heterochromatic reporter distribution. Radial position is determined 

relative to the fluorescently-tagged nuclear membrane, and values are binned 
into three concentric zones of equal surface. Zone 1 is the most peripheral. 
h, Heterochromatic reporter distribution quantitation, as described in (g), 
in mid intestine cells of wt fed and fasted L1 larvae. Red dashed line indicates 
random distribution of 33%. Animals from 3 independent biological replicas, 
with at least 70 GFP-LacI spots per replicate, were analysed. Data are shown as 
mean ± SEM. By χ2 test, fed and fasted samples are not significantly (ns) different 
from each other. p value and exact n are in Supplementary Table 2. i, Schematic 
representation of the euchromatin reporter (I) used in (j) and (k). j, Line plots 
of the percentage of alleles represented in (i) found at the indicated relative 
position between the nucleolus and the nuclear envelope in fed and fasted 
animals. Data are shown as mean ± SEM of 3 independent biological replicas. 
p value by χ2 is shown; **** indicates a p value < 0.0001. See n and p values in 
Supplementary Table 2. k, As in (b), but for wt L1 larvae expressing the indicated 
fluorescently-tagged markers, fed or fasted. * mark autofluorescence from the 
intestinal cytoplasm. Source numerical data are available in source data.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | related to Fig. 3. a, Single focal planes of representative 
fasted L1 larvae of the indicated genotype, expressing fluorescently tagged  
HIS-72/H3.3. Insets: zoom of single intestine nucleus. Inset scale bar, 2.5 μm.  
b, Heatmaps showing the radial fluorescence intensity profiles of HIS-72/H3.3-
GFP in 60 intestinal nuclei of fasted wild type or aak-1; aak-2 mutant as a relative 
distance from the nucleolus center. Each row corresponds to a single nucleus, 
segmented in 2D at its central plane. Data are from 4 independent biological 
replicas. c, Line plot of the averaged single nuclei profile shown in (b). The shaded 
area represents the 95% confidence interval of the mean profile. d, As in (a) but 
of fasted wt L1 larvae under control or mpk-1 RNAi. e, Heatmaps as in (b) but of 60 
intestinal nuclei of wt L1 larvae under control or mpk-1 RNAi from 3 independent 
biological replicas. f, Line plot as in (c) but of the averaged single nuclei profile 
shown in (e). g, Line plot comparing the differences in developmental growth 
between control and let-363 RNAi animals, as measured by body size. Day 1 
represents the first day after hatching. Data are shown as mean ± SEM of 4 
independent biological replicas. h, Heatmaps as in (b) but of 72 intestinal nuclei 
of the indicated tissue of fed L1 larvae treated with control or let-363 RNAi from 
3 independent biological replicas. i, Heatmap as in (b) but of 74 muscle nuclei of 
fed L1s treated with let-363 RNAi where individual radial profiles with nucleolar 
edge-nuclear periphery length lower than 9 pixels were excluded. Data are from 

3 independent biological replicas. j, Line plots as in (c) but of the averaged single 
nuclei profile shown in (i). k, Line plot as in (g) but of fed animals, expressing 
an endogenously degron-tagged (AID) DAF-15/Raptor treated with 1 mM auxin 
or EtOH (control). Data are shown as mean ±SEM of 3 independent biological 
replicas. l, As in (a) but of fed L1 larvae expressing an endogenously tagged 
DAF-15/Raptor-AID treated with 1 mM auxin, or EtOH (control), and where the 
DNA has been stained with Hoechst 33342. m, Quantification of the percentage 
of fed DAF-15/Raptor-AID animals treated with 1 mM auxin or EtOH within the 
indicated categories for 3D chromatin organization in intestine. Data are shown 
as mean ±SEM of 3 independent biological replicas. n, Heatmaps as in (b) but 
of Hoechst 33342-stained DNA in intestinal nuclei of fed L1 expressing DAF-15/
Raptor-AID, treated with 1 mM auxin or EtOH. 72 and 71 intestinal nuclei were 
analysed for 1 mM auxin and EtOH, respectively, from 3 independent biological 
replicas. For auxin-treated individuals, animals in proportions to their relative 
abundance within the chromatin organization categories as in (m) were analysed. 
o, Line plots as in (c) but of the averaged single nuclei profile shown in (n).  
p, Heatmaps as in (b) but for 72 intestinal nuclei of fasted wt and raga-1GF animals. 
Data are from 3 and 4 independent biological replicas for raga-1GF and wt, 
respectively. Source numerical data are available in source data.
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Extended Data Fig. 4 | related to Fig. 4. a, Heatmaps showing the radial 
fluorescence intensity profiles of HIS-72/H3.3-GFP in intestinal nuclei of wt 
animals of the indicated nutritional status as a function of the relative distance 
from the nucleolus center. Each row corresponds to a single nucleus, segmented 
in 2D at its central plane. 72 intestinal nuclei were analysed in animals from 
3 independent biological replicas. b, Boxplots comparing the volume of the 
nucleolus, measured with FIB-1-mCherry, in the intestine, hypoderm and muscle 
of fed wt L1 larvae. Data are from 3 independent biological replicas. c, Heatmaps 
as in (a) but for single intestinal nuclei of fasted wt and raga-1GF animals with the 
same nucleolar volume shown in (Fig. 4g). 50 intestinal nuclei were analysed.  
d, Boxplots showing 35 intestinal nuclei with the same nucleolar (up) and 

nuclear (bottom) area, measured using FIB-1-mCherry and HIS-72/H3.3-GFP, 
respectively, in fasted wt and raga-1GF animals. e, Heatmaps as in (a) but for single 
intestinal nuclei shown in (d). f, Line plot of the averaged single nuclei profile 
shown in (e). The shaded area represents the 95% confidence interval of the mean 
profile. For b and d, box limits are 25th and 75th percentiles, whiskers denote 
1.5 times the interquartile ranges, points outside the whiskers are outliers, and 
the median is shown as a line. Probability values from two-sided Wilcoxon rank 
sum tests comparing to fed intestine (b) or to wt (d) are shown: **** indicates p 
value < 0.0001. ns= not significant. See p values and n in Supplementary Table 2. 
Source numerical data are available in source data.
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Extended Data Fig. 5 | related to Fig. 5. a, Single focal planes of representative 
fed L1 larvae expressing RPOA-2-GFP-AID from its endogenous locus, and TIR1, 
control treated (EtOH), or treated with 1 mM auxin for the indicated amount of 
time. Insets: zoom of single intestinal nucleus. Inset scale bar, 2.5 μm. b, Boxplot 
comparing the mean fluorescence intensity of RPOA-2-GFP-AID in intestinal 
nuclei in fed L1s expressing RPOA-2-GFP-AID and TIR1, control treated (EtOH), 
or treated with 1 mM auxin for the indicated amount of time. c, As in (a), but for 
animals expressing RPB-2-AID-GFP. d, As in (b), but for animals expressing RPB-
2-AID-GFP. e, As in (a), but for animals expressing RPC-1-AID-mNeonGreen. f, As 
in (b), but for animals expressing RPC-1-AID-mNeonGreen. For b, d and f, data 
are from 2 independent biological replicas. See n in Supplementary Table 2. Box 
limits are 25th and 75th percentiles, whiskers denote 1.5 times the interquartile 
ranges, points outside the whiskers are outliers, and the median is shown as a 

line. g) Heatmaps showing the radial fluorescence intensity profiles of HIS-72/
H3.3-GFP in intestinal nuclei of wt animals of the indicated nutritional status as a 
function of the relative distance from the nucleolus center. Each row corresponds 
to a single nucleus, segmented in 2D at its central plane. 72 intestinal nuclei were 
analyzed in animals from 3 independent biological replicas. h, Heatmaps as in (g) 
but of Hoechst 33342-stained DNA in intestinal nuclei of animals expressing the 
indicated AID tag or TIR1 only, as control, that were fasted or 30 minutes refed in 
presence of 1 mM auxin. 72 intestinal nuclei were analyzed, except for fasted RNA 
Pol II-AID and 30 minutes refed TIR1 only, where 69 and 71 nuclei were analyzed, 
respectively. Data are from 3 independent biological replicas. For RNA Pol II-AID 
30 minutes refed, animals in proportions to their relative abundance within 
the 3D chromatin organization categories as in (Fig. 5f) were analyzed. Source 
numerical data are available in source data.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | related to Fig. 6. a, Boxplot showing the relative changes 
in pre-rRNA levels, measured by FISH in the intestine, hypoderm and muscle of 
fasted wt animals compared to the corresponding tissues in fed animals. The 
results from 3 independent biological replicas are shown. b, same as (a) but for 
let-363 RNAi relative to control RNAi. Data are from 3 independent biological 
replicas. c, Heatmaps showing the radial fluorescence intensity profiles of DNA 
in 72 intestinal nuclei of the indicated fed, degron-tagged animals in presence 
of EtOH (control) or 3 hours on 1 mM auxin as a function of the relative distance 
from the nucleolus center. Each row corresponds to a single nucleus, segmented 
in 2D at its central plane. Data are from 3 independent biological replicas. 
d, RT-qPCR quantification of the expression level of 9 randomly selected genes 
with an intron >150 bp in RPB-2-AID larvae compared to controls (TIR1 only) 
exposed to 1 mM auxin for 3 hours. Data are shown as mean ±SD of 3 independent 
replicas. e, Scatter plot showing global reduction of the transcriptome in adults 
expressing RPB-2-AID and exposed to auxin for 96 hours compared to those not 
exposed to auxin. Statistical significance was assessed using the two-sided Wald 
test in DESeq298, with multiple hypothesis testing corrected by the Benjamini-
Hochberg procedure. Marked genes correspond to those quantified in panel 
(d). f, Single focal planes of representative fed wt L1 larvae expressing HIS-72/
H3.3, treated with 25 µg/mL α-amanitin or H2O (CTRL). Insets: zoom of single 
intestine nucleus. Inset scale bar, 2.5 μm. g, Heatmaps as in (c) but of HIS-72/H3.3 
in 60 intestinal nuclei of fed wt animals treated with α-amanitin or control (H2O) 

from 3 independent biological replicas. h, Line plots of the averaged single nuclei 
profile shown in (g). The shaded area represents the 95% confidence interval of 
the mean profile. Profiles were compared to estimate the statistical significance 
of differences, as described in the methods. p values are in Supplementary Table 
2. i, Same as (f) but of fed wt L1 larvae, live-stained with Hoechst 33342 and treated 
with 100 µg/mL Actinomycin D or DMSO (control). j, Heatmaps as in (c) but of 
Hoechst 33342-stained DNA in 60 intestinal nuclei of fed wt animals treated with 
Actinomycin D or DMSO from 3 independent biological replicas. k, line plots as 
in (h) but of the averaged single nuclei profile shown in (j). l, Boxplot comparing 
the intensity of GFP-RAGA-1GF in larvae treated with 100 µg/mL Actinomycin D or 
DMSO, as control, for 6 hours. Data are from 3 independent biological replicas. 
m, As in (f) but of fed wt and raga-1GF L1 larvae expressing RNA Pol I degron-tagged 
(RNA Pol I-AID) treated with 1 mM auxin for 5 hours and live-stained with Hoechst 
33342 to monitor DNA. n, As in (c) but for Hoechst 33342-stained intestinal 
nuclei of fed wt and raga-1GF animals expressing RNA Pol I degron-tagged (RNA 
Pol I-AID) that were treated with 1 mM auxin for 5 hours. 70 intestinal nuclei were 
analysed in animals from 3 independent biological replicas. For a, b and l, box 
limits are 25th and 75th percentiles, whiskers denote 1.5 times the interquartile 
ranges, points outside the whiskers are outliers, and the median is shown as a 
line. Probability values from two-sided Wilcoxon rank sum tests are shown: p 
values < 0.0001 are indicated by ****. ns= not significant. See p values and n in 
Supplementary Table 2. Source numerical data are available in source data.
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Extended Data Fig. 7 | related to Fig. 7. a, Boxplot comparing the expression of 
RPOA-2-AID-GFP in the intestine of fed L1 larvae expressing ubiquitous TIR1-BFP 
and treated with 1 mM auxin for the indicated time. Data are from 3 independent 
biological replicas. b, same as (a) but in whole larvae that were treated with 
1 mM auxin for 8 hours. 30 animals from 2 independent biological replicas were 
analysed. c, Boxplot showing the relative changes in pre-rRNA levels, measured 
by FISH, in intestine, hypoderm and muscle cells of Pol I-AID animals, compared 
to the corresponding tissue in TIR1 only animals, upon treatment with 1 mM 
auxin for 8 hours. The results from 3 independent biological replicas are shown. 
For (a-c), box limits are 25th and 75th percentiles, whiskers denote 1.5 times the 
interquartile ranges, points outside the whiskers are outliers, and the median 
is shown as a line. Probability values from two-sided Wilcoxon rank sum tests 
comparing to control are shown: **** indicate p value < 0,0001. See p values and n 

in Supplementary Table 2. d, Heatmaps showing the radial fluorescence intensity 
profiles of HIS-72/H3.3-GFP in the indicated tissues of fed animals expressing 
ubiquitous TIR1 alone (TIR1 only) or with RPOA-2-AID (Pol I-AID) in presence of 
1 mM auxin, as a function of the relative distance from the nucleolus center. Each 
row corresponds to a single nucleus, segmented in 2D at its central plane.  
72 intestinal nuclei were analysed in animals from 3 independent biological 
replicas. e, Heatmap as in (d) but for muscle nuclei of Pol I-AID animals where 
individual radial profiles with nucleolar edge-nuclear periphery length lower 
than 9 pixels were excluded. 69 muscle nuclei were analysed in animals from  
3 independent biological replicas. f, Line plots of the averaged single nuclei 
profile shown in (e). The shaded area represents the 95% confidence interval of 
the mean profile. Source numerical data are available in source data.
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Extended Data Fig. 8 | See next page for caption.

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-024-01512-w

Extended Data Fig. 8 | related to Fig. 8. a, Pearson correlation analysis between 
the biological replicates of intestinal RNA samples of fasted and fed adults. 
b, Boxplots showing the enrichment of the genes expressed in the dissected 
intestines of fed and fasted animals within expression datasets from different 
tissues indicated with different colors. The samples are enriched in intestinally-
expressed genes (labelled in light blue). c, Single focal planes of representative 
fed adults expressing HIS-72/H3.3-GFP, ubiquitous TIR1 alone (TIR1 only) or with 
RPOA-2-AID (Pol I-AID), treated with 1 mM auxin for the indicated time. Insets: 
zoom of single intestinal nucleus. Inset scale bar, 5 μm. d, Heatmaps showing 
the radial fluorescence intensity profiles of HIS-72/H3.3-GFP in intestinal nuclei 
of adults, expressing ubiquitous TIR1 alone (TIR1 only) or with RPOA-2-AID 
(Pol I-AID), treated with 1 mM auxin for the indicated time, as a function of the 

relative distance from the nucleolus center. Each row corresponds to a single 
nucleus, segmented in 2D at its central plane. 60 intestinal nuclei were analysed 
in animals from 3 independent biological replicas. e, Line plots of the averaged 
single nuclei profile shown in (d). The shaded area represents the 95% confidence 
interval of the mean profile. f, As in (a) but for adults expressing TIR1 alone (TIR1 
only) or with RPOA-2-AID (Pol I-AID), treated with 1 mM auxin for the indicated 
time. g, As in (b) but for adults expressing TIR1 alone (TIR1 only) or with RPOA-2-
AID (Pol I-AID), treated with 1 mM auxin for the indicated time. For b and g, the 
average of 4 biological replicas is shown. The boxes represent 50%, and whiskers 
90% of the group. The median is shown as a line and outliers are indicated as dots. 
Source numerical data are available in source data.
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Extended Data Fig. 9 | related to Fig. 8. a, Venn diagrams showing the overlap of 
upregulated (left) and downregulated (right) genes between fasted and RNA Pol 
I-AID animals exposed to auxin for 24 hours. See Fig. 8a, c for scatterplots where 
the differentially expressed genes are shown color-coded in both conditions.  

b, Comparison of the relative expression of genes belonging to the GO category 
of ‘Translation’ or ‘Nucleolus’ in the intestine of RPOA-2-AID (Pol I-AID) versus 
TIR-1 only animals, treated with 1 mM auxin for the indicated time, or in wt fasted 
versus fed animals. Data are shown as mean ± SD of 4 biological replicas.
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