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A B S T R A C T

Spatial organisation of chromosomes is a determinant of genome stability and is required for proper mitotic
segregation. However, visualization of individual chromatids in living cells and quantification of their geometry,
remains technically challenging. Here, we used live cell imaging to quantitate the three-dimensional con-
formation of yeast Saccharomyces cerevisiae ribosomal DNA (rDNA). rDNA is confined within the nucleolus and is
composed of about 200 copies representing about 10% of the yeast genome. To fluorescently label rDNA in living
cells, we generated a set of nucleolar proteins fused to GFP or made use of a tagged rDNA, in which lacO
repetitions were inserted in each repeat unit. We could show that nucleolus is not modified in appearance, shape
or size during interphase while rDNA is highly reorganized. Computationally tracing 3D rDNA paths allowed us
to quantitatively assess rDNA size, shape and geometry. During interphase, rDNA was progressively reorganized
from a zig-zag segmented line of small size (5,5 µm) to a long, homogeneous, line-like structure of 8,7 µm in
metaphase. Most importantly, whatever the cell-cycle stage considered, rDNA fibre could be decomposed in
subdomains, as previously suggested for 3D chromatin organisation. Finally, we could determine that spatial
reorganisation of these subdomains and establishment of rDNA mitotic organisation is under the control of the
cohesin complex.

1. Introduction

In interphase, the global organization of the 16 yeast chromosomes
depends on three structural elements: centromeres (CEN), telomeres
(TEL) and the nucleolus (Taddei and Gasser, 2012). All 16 CENs are
tethered near the spindle-pole body by intra-nuclear microtubules
(Bystricky et al., 2004; Guacci et al., 1994, 1997a, Jin et al., 1998,
2000) and TELs appear clustered in foci at the nuclear envelope (NE)
(Gotta et al., 1996; Klein et al., 1992). Consequently, chromosome arms
extend outwards from CEN to the periphery, defining a Rabl-like con-
formation (Jin et al., 2000). During the entire cell cycle, excluding
telophase, diametrically opposed to the spindle-pole body, the nu-
cleolus physically separates the repetitive ribosomal DNA (rDNA) genes
from the rest of the genome (Yang et al., 1989; Bystricky et al., 2005).

rDNA is the genomic region with the highest transcriptional activity

in a cell nucleus. Massive rRNAs production initiates ribosome bio-
genesis, the major anabolic event of the growing cell (Potapova and
Gerton, 2019). In metazoan cells (Pederson, 2011), the nucleolus is
divided into three ultrastructural subdomains described by transmission
electron microscopy (TEM). Fibrillar centres (FCs) enriched in RNA
polymerase I (Pol I) are surrounded by the dense fibrillar component
(DFC) bearing Fibrillarin (Nop1 in yeast), itself embedded in the
granular component (GC) (Smirnov et al., 2016). Pol I transcription is
thought to take place at the interface between FC and DFC (Pederson,
2011). In yeast, the nucleolus is a crescent shaped domain flanking the
NE, which was also described as having a tripartite organisation (Léger-
Silvestre et al., 1999; Trumtel et al., 2000), DFC is loaded with early
pre-rRNAs, Nop1 and Gar1 proteins, while GC is filled with assembly
factors such as Rlp7 or Nug2 (Gadal et al., 2002b; Léger-Silvestre et al.,
1999). By in situ hybridization at the ultrastructural level, rDNA appears
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concentrated in the DFC, at the periphery of FC (Trumtel et al., 2000).
However, FCs are difficult to detect in nuclear sections (strong genetic
background dependency), leading to the definition of a bipartite
structure encompassing FC and DFC (Thiry and Lafontaine, 2005).
Nucleolar morphology is mostly analysed on asynchronous cell culture,
ignoring possible cell-cycle specific reorganization of the nucleolus.
Therefore, in yeast, rDNA position within nucleolar subdomains is still
not elucidated (Albert et al., 2013; Taddei et al., 2010).

Due to its repetitive nature, rDNA is easily amenable to fluorescent
in situ hybridization (FISH) and live cell imaging. Using these techni-
ques, rDNA organisation could be easily probed and it is now clear that
rDNA adopts very distinct appearances following cell cycle progression.
Visually, puff, line and loop morphologies were successively detected
during cell cycle using fluorescent microscopy (Guacci et al., 1994;
Lavoie et al., 2004). Since then, rDNA has become the gold standard
locus to screen for genome organisation defects and particularly assess
how stress or SMC complexes such as cohesin and condensin could
affect chromatin compaction (Castano et al., 1996; D’Ambrosio et al.,
2008b, 2008a; Freeman et al., 2000; Guacci et al., 1994, 1997a; Lavoie
et al., 2004; Lopez-Serra et al., 2013; Thattikota et al., 2018; Wang
et al., 2016a). Thus, quantitative description of rDNA organisation
would have broad implications for our understanding on how chro-
mosome conformation is achieved.

Analysis of rDNA morphology relies on visual inspection, defining
structures that can be easily distinguished. Such visual classification
does not allow a quantitative analysis of rDNA array organisation in
three dimensions and ignores possible modification of the nucleolus.
Most studies use FISH to label rDNA, which can lead to some artefacts
because of cell fixation and/or denaturation steps. Other studies have
used live imaging but rDNA organisation remained mostly restricted to
two dimensions analysis (Lavoie et al., 2004; Miyazaki and Kobayashi,
2011). At this stage, we lack a precise quantification of rDNA geometry
and of nucleolar compartment modification during cell cycle in yeast S.
cerevisiae.

In this study, we made use of localization microscopy in living cells
to quantitatively assess modifications of both nucleolar compartment
and rDNA array three-dimensional organizations, during cell cycle.
Using fluorescent microscopy, we could show that rDNA and bona fide
nucleolar proteins such as Nop1 (yeast ortholog of fibrilarin) labelling
are distinct and we confirmed that they could be segregated in vivo.
Next, we defined the optimal rDNA labelling to achieve accurate seg-
mentation in three dimensions. By quantitating rDNA reorganization
during cell cycle, we could reveal the existence of spatially segregated
subdomains within rDNA at all cell cycle stages. Finally, we showed
that cohesin expressed in G1, and artificially stabilized on DNA, is
sufficient to partially reorganize rDNA in a mitotic like conformation.

2. Materials and methods

Media and culture conditions: Yeast strains and plasmids used in this
study are listed in Tables S1 and S2 respectively. Strains NOY1064
(rDNA copy number ~ 190) and NOY1071 (rDNA copy number ~ 25)
were transformed with plasmid pASZ11-NUPNOP: GFP-NUP49,
mCherry-NOP1 to label NPCs (Nup49) and nucleolus (Nop1). All ex-
periments were done on exponentially growing cells. For G1 synchro-
nisation, strain TMY3 was grown overnight in rich medium (YPD: 1%
bacto peptone (Difco), 1% bacto yeast extract (Difco) and 2% glucose),
the day after the culture was diluted and exponentially growing cells
were arrested in G1 by addition of α-factor (Antibody-online,
ABIN399114, 1 µg/ml final) every 30min for 2h30. After washing in
cold media, cells were released synchronously and samples were taken
for imaging every 10min, for 120min. To overexpress non-cleavable
Scc1 variant (Scc1(R180D,268D)-HA, Scc1-RR-DD), strains FB09-4A,
FB09-9C, FB08-5C, FB08-6A were grown overnight in YP medium
supplemented with 2% raffinose (Sigma-Aldrich, R0250). The day after,
cells were synchronised in G1 (see above) but 1 h after starting α-factor

treatment, expression of Scc1-RR-DD was induced by addition of newly-
made galactose (Sigma-Aldrich, G0750, 2% final) to the cultures. For
metaphase arrest using Nocodazole, TMY3 strain was arrested in G1
(see above) in YPD and released in Nocodazole-containing YPD (Sigma-
Aldrich, M1404, 10 µg/ml final) for 2 h. To assess effect of Scc1 de-
pletion (Scc1-PK3-aid, scc1-AID), strains FB39 and yLD127-20c were
grown overnight in synthetic complete medium deprived of methionine
(SC-Met) (SC: 0.67% yeast nitrogen base without amino acids (Difco),
supplemented with a mix of amino-acids, uracil and adenine, 2% glu-
cose). The day after cultures were synchronised in G1 and auxin
(Sigma-Aldrich, I3750) was added (1mM final) after 1 h to induce Scc1
degradation. To arrest cells in metaphase (pMet::CDC20), they were
released from G1 block in rich medium supplemented with methionine
(2mM final) and imaged after 2 h.

Microscopy: Confocal microscopy was performed as previously de-
scribed (Albert et al., 2013).

Image Analysis: To determine the best rDNA labelling, signal over
noise ratio was measured as median rDNA signal minus median back-
ground signal, divided by background standard deviation. Background
corresponds to signal acquired outside of cells. Signal specificity was
measured as ratio between median rDNA and nucleoplasmic/cyto-
plasmic GFP signals.

To assess nucleolar volume fluctuation during cell cycle progression
using microfluidic device, timelapse of six representative cells were
analysed in three dimensions using Nucquant image processing pipeline
(Wang et al., 2016b).

3D rDNA reconstruction: rDNA reconstruction was performed by an
initial segmentation, followed by key points extraction. Key points were
next connected to minimize rDNA path outside of segmented area.
Segger segmentation was used, an extension to UCSF Chimera
(Pettersen et al., 2004). A our density map and Bi the segmented re-
gions:

= =A B .i n i1.. (1)

Key points extraction was next defined such as for each Bi the
barycenter is designated by Pig = (xig,yig,zig). For two regions Bi and Bj
we denote by Pic = (xic,yic,zic) and Pjc = (xjc,yjc,zjc) the nearest points in
the two regions. Path connecting key points was computed using a
graph matrix. We fixed the parameter δmax= 150 nm, the value beyond
which no connection is possible between two key points. The graph
matrix is such that:

= <S i j Si j if Pig c Pjg c( , ) , ( ) 1 distance( , , , )max max (2a)

=S i j Si j( , ) , ( ) 0 elsewheremax (2b)

We used depth-first search (DFS) algorithm to find all possible paths
(ζi)i=1..K that cross all the vertices in the graph. 3D rDNA geometry, in
which len is the length of the rDNA, is define such as ζopt:

= =opt Argi K len i1. . min{ ( )} (3)

Fluorescent in situ hybridization: Yeast cells were cultivated in YPD
and treated for G1 and G2/M synchronization as described in “Media
and culture conditions” section. The spheroplasts were prepared ac-
cording to Guacci et al. with minor modifications (Guacci et al., 1994).
Cells were fixed in 4% formaldehyde for 2 h at RT, washed 3 times with
milliQ water and suspended in 1ml of 1,2M sorbitol, 0,1 M Phosphate
buffer, pH 7,5 (sorbitol buffer). To digest the cell wall, the cells were
then resuspended in a mix containing [50 µg/ml] Zymolyase 100 T and
1/500 vol ß-mercapto-ethanol in sorbitol buffer during 45–60min at
RT. The cell wall degradation was controlled under a microscope and
stopped by adding 1 vol of 1% Triton X100. Spheroplasts were trans-
ferred on poly-L-lysine (0,1% in water) coated coverslips and let for
15min at RT. The suspension was then removed from coverslips and
replaced with 0.5% SDS for 3min at RT. The 0,5% SDS was removed
and replaced by fresh 0,5% SDS for an additional 10min incubation at
RT. Coverslips were then submerged in 3:1 methanol/acetic acid for
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5min at RT, dried at RT and stored until FISH procedure. The FISH was
performed according to Guacci et al. (Guacci et al., 1994) and Waminal
et al. (Waminal et al., 2018). The coverslips were treated with RNase
(100 µg/ml in 2× SSC) 1 h at 37 °C and washed 4 times with 2xSSC at
RT. The spheroplasts were then dehydrated in an ethanol series of 2min
(70%, 80% and 95% at −20 °C) and air-dried. The coverslips were next
incubated with Proteinase K (200 µg/ml in 20mM Tris, pH7,4, 2mM
CaCl2) for 15min at 37 °C and then dehydrated by an ethanol series of
1min (70%, 80%, 90%, 100%, −20 °C). Subsequently, the DNA in
spheroplasts was denaturated by incubating the coverslip for 5min in
70% formamide/2× SSC. The spheroplasts were then immediately
dehydrated by an ethanol series of 1min (70%, 80%, 90%, 100%,
−20 °C); at this step, they were ready for hybridization. To visualize the
rDNA, we used, as probe, a mix of eleven Cy3-labelled oligonucleotides
complementary to sequences spanned over the S. cerevisiae rDNA locus
(Table S3). Probes at ~[19 ng/µl] were denatured in 50% formamide,
10% dextran sulfate, 400 µg/ml salmon sperm DNA for 5min at 70 °C.
Hybridization of 20 µl probe/coverslip proceeded for 2 h at RT, in a
humid chamber.

Coverslips were then washed at RT, 5min in 2xSSC, 10min in
0,1× SSC, 5min in 2× SSC and 1min in PBS/Igepal 0,1%. The DNA
was counterstained with premixed 4′-6′-diamino-2-phenylindole (DAPI)
solution (25 µg/ml in Mowiol). Metamorph was used to acquire images
with an inverted fluorescent Olympus IX81 microscope equipped with a
sCMOS Hamamatsu ORCA-Flash 4.0 camera. Acquisitions were made
with a UPlan SApo X100 1.4 oil objective and using a Cy3 Lumencore
SpectraX (λ excitation= 542/33) illumination was combined with an
emission Chroma dual band filter set Cy3/Cy5 (51007). The panel of
photos was prepared with Photoshop.

Transmission Electron Microscopy: Electron microscopy was per-
formed as previously described (Albert et al., 2011).

Flow cytometry: About 2.8 x 106 were fixed in ethanol 70% and
stored at −20 °C. Cells were the pelleted, washed and incubated
overnight in Tris-HCl 50mM pH 7,5 complemented with RNase A
(10mg/ml; Sigma-Aldrich) at 37 °C. Cells were pelleted, resuspended
400 μl of 1,0mg/ml propidium iodide (Fisher, P3566) in 50mM Tris pH
7,4, NaCl, MgCl2 and incubated for 1 h at room temperature. Flow cy-
tometry was performed on a CyFlow® ML Analyzer (Partec) and data
were analysed using FloMax software.

3. Results

3.1. Fluorescent microscopy allows to physically distinguish rDNA from
Nop1-labelled dense fibrillar component (DFC)

rDNA being confined inside the nucleolus, we first decided to better
define the relationship between nucleolar architecture and rDNA or-
ganisation in yeast. Due to the small size of the yeast nucleolus (1 µm−3

(Wang et al., 2016b)), sub-nucleolar domains (FC, DFC and GC) are
mostly defined by electron microscopy and are more challenging to
discriminate when using light microscopy (with resolution limited to
200 nm). To tackle this issue, we decided to track proteins bound to
rDNA (Rpa190, Uaf30, Net1; Fig. 1a) relative to Nop1 labelling
(Fig. 1b). Nop1 is the yeast ortholog of fibrillarin, an essential methyl-
transferase modifying rRNAs and histones (Tessarz et al., 2014;
Tollervey et al., 1991). It is a bona fide marker of DFC compartment and
is not physically associated with rDNA (Gadal et al., 2002b). rDNA
bound proteins were tagged with GFP and live cell imaging was per-
formed. Signals were qualitatively different: Nop1 was crescent-shaped,
appearing homogeneous from cell to cell while rDNA bound proteins
formed dot-like structures, confirming previous report (Ha et al., 2012).
These dot like structures were reminiscent of puffs, lines or loops of
various sizes previously reported by FISH (Guacci et al., 1994). In
agreement with these results, we also reproduced these patterns by
FISH (Suppl. Fig. S1). To confirm this apparent difference in mor-
phology between Nop1 labelling and the one from rDNA bound

proteins, we compared both fluorescent signals in the same nucleus. We
took advantage of the previously described TMY3 strain, in which rDNA
was labelled with Fluorescent Repressor/Operator System (FROS), al-
lowing LacI-GFP to specifically bind to lacO-modified rDNA repeats
(Miyazaki and Kobayashi, 2011). We introduced in TMY3 strain
mCherry-Nop1 fusion protein to test relative localization of Nop1 and
rDNA (Fig. 1c). LacI-GFP signal appeared as dot-like structures, re-
miniscent of what was observed for Net1, Uaf30 or Rpa190 labelling.
Nop1 appeared broader and embedded rDNA. Besides their close
proximity, yeast rDNA and Nop1 appeared as morphologically different
nucleolar subdomains, visible at the fluorescent microscopy resolution.

To gain insight into the interplay between rDNA and nucleolus or-
ganizations, we then explored consequence of rDNA copy number var-
iation or decreased rRNA synthesis on nucleolar morphology. We took
advantage of yeast strains in which rDNA copy number has been de-
creased by 8-fold (from 190 to about 25 copies; (Kobayashi et al., 1998))
without detectable growth defect (Albert et al., 2011; French et al.,
2003). We labelled Uaf30 to track rDNA and analysed both rDNA mor-
phology and nucleolar volume. Nucleoporin Nup57 was also labelled in
these strains to allow nuclear periphery detection and nuclear volume
quantification. Reducing rDNA copy number resulted in a strong de-
crease in length and intensity of the rDNA signal (Fig. 2a). Surprisingly,
Nop1 signal appeared unchanged and still accounted for about one third
of the total nuclear volume in strain harbouring reduced rDNA copy
number (Fig. 2b). Using a dedicated image analysis pipeline, we mea-
sured nucleolar/nuclear volume ratio. Nop1 signal was segmented de-
fining nucleolus, and nuclear volume was computed by fitting volume of
an ellipsoidal shape to 3D nuclear pore complexes (NPC) positions
(Fig. 2c; red: nucleolus, ellipsoidal mesh: nucleus, blue spheres: detected
NPCs) (Berger et al., 2008). We could show that nucleolus/nucleus ratio
significantly increased, with median shifting from 26,7% (±0.07) to
33.3% (±0.08) in strains harbouring 190 and 25 rDNA copies respec-
tively (note that nuclear volume is marginally increased in 25 rDNA
copies strain). Therefore, upon decreased rDNA copy number, nucleolar
volume is not reduced but even enlarged by 6%.

Other evidence for differential behaviour between nucleolar rDNA-
bound and unbound proteins came from the fact that they harbour
distinct segregation properties during mitosis (Girke and Seufert, 2019).
Additionally rapamycin treatment, or other environmental conditions
quickly repressing Pol I transcription, physically segregate fluorescently
tagged rDNA-bound proteins apart from unbound ones (Ha et al., 2012;
Mostofa et al., 2018). Along the same line, we previously reported that
about 5-fold reduction in rRNA production, due to Pol I lacking subunit
Rpa49 (rpa49Δ mutant) resulted in a fragmented nucleolus (Albert
et al., 2011). By introducing rpa49Δ allele in strain bearing mCherry-
Nop1 construct and FROS-modified rDNA, we confirmed that Nop1
signal spread in the entire nucleus and formed droplets, appearing as
foci of higher intensities (Fig. 2d). In this condition, rDNA remained
confined and did not localise with intense Nop1 clusters. Therefore,
upon acute reduction of rRNA synthesis, rDNA-bound and unbound
proteins can be physically segregated as distinct subdomains.

In conclusion, upon active rRNA synthesis, rDNA array is confined
inside the nucleolus but occupies a defined region that can be dis-
tinguished from bulk Nop1 staining using fluorescent microscopy. Still,
rDNA array and Nop1 behave differently, with decreased rDNA repeats
increasing nucleolar volume and reduced rRNA production segregating
rDNA away from nucleolar proteins.

3.2. Ranking rDNA fluorescent markers to optimize rDNA labelling

More than 200 proteins are present in the yeast nucleolus but at
variable concentrations and a small number of which is directly bound
to rDNA (Fig. 3a) (Huh et al., 2003; Kulak et al., 2014; Peng et al.,
2012). To study rDNA reorganisation in three dimensions during cell
cycle, our first goal was to determine the best rDNA-labelling marker in
living cells. As protein concentration is crucial for high-quality
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fluorescent staining, we performed confocal imaging of several fluor-
escently tagged endogenous rDNA bound proteins to determine re-
porters allowing the best rDNA segmentation (Fig. 3). Strain bearing all
rDNA units modified to contain FROS system was also included (Fig. 3b,
(Miyazaki and Kobayashi, 2011)). We then quantitated signal-to-noise
ratio (SNR, see materials and methods) and signal specificity for each
candidate using maximal intensity projection of 3D stacks (Fig. 3c).
Signal specificity was defined as ratio between rDNA and nucleoplasmic
signals. Among rDNA bound proteins, we tested the largest Pol I subunit
Rpa190, its associated transcription factors Core Factor and UAF or
termination protein Nsi1, all known as components of rRNA tran-
scription machinery (Hamperl et al., 2013). We also tested regulatory
factors enriched at rDNA such as the replication-fork barrier protein
Fob1, RENT (Regulator of nucleolar silencing and telophase exit)
complex subunits (Cdc14, Sir2, Net1), condensin subunits (Smc4 and
Ycg1) or HMGB-box protein Hmo1 (Gadal et al., 2002a; Ha et al., 2012;
Lu et al., 1996). SNR ratio (Fig. 3c, upper panel) generally correlated
with protein abundance per cell, with Rpa190 being the most abundant
protein with 104 proteins per cell and a SNR of 250. However, Hmo1
signal was a striking exception with a low SNR with up to 2.104 proteins
per cell (Ghaemmaghami et al., 2003; Kulak et al., 2014; Peng et al.,

2012). We next used signal specificity to evaluate quality of rDNA la-
belling (Fig. 3c, lower panel). With a significant signal in the nucleo-
plasm, Rpa190 or Hmo1 were not specific for rDNA and thus could not
be good predictors of rDNA organisation. When considering both SNR
and specificity of rDNA labelling, Net1 appeared as the best candidate
to label rDNA, followed by LacI-GFP expressed in the FROS-tagged
rDNA strain and Cdc14.

3.3. Cell cycle dependent association of Net1 with rDNA

Our first ranking amongst rDNA bound proteins based on signal
intensity and specificity suggested that Net1-GFP allowed an optimal
rDNA labelling. However, another prerequisite for our study was that
rDNA association of Net1 tagged proteins remained unchanged
throughout the cell cycle. Net1 is part of the RENT complex together
with Sir2 and Cdc14 and has been described as a Pol I activator (Hannig
et al., 2019; Shou et al., 2001; Straight et al., 1999). It is bound to rDNA
in two genomic regions: within the IGS2 via its association to the re-
plication fork barrier protein Fob1 and at Pol I promoter (Hannig et al.,
2019; Huang and Moazed, 2003). Cdc14 has been proposed to con-
tribute to Pol I repression during anaphase, possibly by acting on Pol I

Fig. 1. Fluorescent microscopy allows to physically distinguish rDNA from bulk nucleolar compartment. a) Right: exponentially growing cells were imaged for GFP-
tagged Rpa190, Net1 or Uaf30 (strains yLD11-1a, yLD3-1a and yLD12-1a respectively) under confocal microscope. Left: Scheme representing rDNA labelling. Scale
bar, 2 µm. b) Scheme representing Nop1 staining (left) and images from GFP-Nop1 expressing strain (right, strain yLD166-1a) treated as in a). Scale bar, 2 µm. c)
Exponentially growing culture of strain TMY3 expressing mCherry-Nop1 (yLD31-1a) was imaged under confocal microscope to assess colocalisation between nu-
cleolar protein Nop1 and rDNA bound LacI-GFP. Scale bar, 2 µm.
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Fig. 2. rDNA copy number modification and rRNA transcription modulate nucleolar size and morphology. a) rDNA from cells harbouring approximately 190 or 25
rDNA copies (yLD26-1a and yLD27-1a respectively) was imaged by tagging Uaf30 with GFP. tDimer-Nup57 stains nuclear pore complexes (NPCs). Scale bar, 2 µm. b)
Nucleolus was labelled with Nop1 in strains harbouring 190 or 25 rDNA copies (NOY1064 and NOY1071 respectively bearing plasmid pASZ11-NUPNOP: GFP-
NUP49, mCherry-NOP1). Scale bar, 2 µm. c) Quantification of ratio between nucleolar and nuclear volumes in the two same strains as in b) (middle, see materials and
methods). Right and left: examples of nucleus (green) and nucleolus (red) 3D segmentations. Ellipsoidal mesh represents nuclear volume fitted to NPCs (blue spheres)
positions. d) rDNA (LacI-GFP) and nucleoli (mCherry-Nop1) were labelled in exponentially growing, control and rpa49Δ strains (yLD31-1a and yLD42-1a respec-
tively). Scale bar, 2 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Defining the optimal in vivo labelling to
track rDNA. a) Top: rDNA array is assembled by
tandemly repeated rDNA genes, each com-
prising the coding region for the long rRNA
precursor 35S and an intergenic sequence.
Bottom: magnification of an intergenic se-
quence and its bound proteins. Proteins de-
picted in green ware tagged with GFP to track
rDNA array. b) Schematic representation of
rDNA in TMY3 strain (Miyazaki and Kobayashi,
2011): LacO repetitions were inserted in every
intergenic sequences of rDNA copies and ex-
pression of LacI-GFP fusion protein enabled its
labelling. c) Signal was quantified for each GFP-
tagged construct by measuring signal/noise
ratio (top) and signal specificity (bottom). The
latter reflects signal enrichment at rDNA com-
pared to nucleoplasm (see materials and
methods). (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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promoter (Clemente-Blanco et al., 2009). Moreover, Cdc14 plays a
crucial role in mitosis exit and is released from rDNA during anaphase
(Suppl. Fig. S2; Shou et al., 1999; Visintin et al., 1999). To evaluate if
Net1 association with rDNA was also cell cycle regulated, we compared
in vivo rDNA labelling by Net1 and LacI-GFP. We introduced a Net1
allele bearing a red fluorescent protein (tDimer) in the FROS tagged
rDNA strain (Fig. 4, upper panel). Labelling patterns of Net1 and LacI
were similar in both interphase and anaphase. Next, we evaluated rDNA
labelling in a fob1Δ strain in which Net1 is dissociated from IGS2 but
remains anchored at Pol I promoter (Huang and Moazed, 2003). In this
condition, we observed dissociation of Net1 from rDNA during ana-
phase, suggesting that Net1-rDNA association is at least partly regulated
by the cell cycle (Fig. 4, lower panel).

As a consequence, we decided to use TMY3 strain, harbouring FROS
insertions, to track rDNA along the entire cell cycle.

3.4. 3D analysis of nucleolar volume and rDNA organisation along cell
cycle

We performed confocal live imaging of asynchronous cells har-
bouring FROS-labelled rDNA. Analysis of projected images revealed
bright but heterogeneous rDNA signals appearing as puffs, necklaces
and lines, as previously described in populations synchronised at var-
ious cell cycle stages (Fig. 5a) (Guacci et al., 1994; Miyazaki and
Kobayashi, 2011). Consistent with the differential behaviour between
nucleolus and rDNA array described above, while rDNA is reorganised
during cell cycle progression, we could not detect such modifications in
nucleolar volume or morphology. Indeed, we first used microfluidic
device to measure nuclear and nucleolar volumes during an entire cell
cycle of about 90min (with stack acquisition every 15min). After de-
termining nuclear volume by approximating nuclear envelope position
in 3D and evaluating nucleolar volume by 3D-segmentation of Nop1

Fig. 4. Net1 association with rDNA is cell-cycle regulated. Asynchronous control (yLD30-1a) and fob1Δ (yLD41-1a) cells harbouring rDNA (LacI-GFP) and Net1
(tDimer) staining were imaged under confocal microscope. Anaphase cells were sorted based on rDNA morphology (i.e. long and stretched lines). Scale bar, 2 µm.
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staining, we noticed no significant modulation of nuclear/nucleolar
ratio during the entire cell cycle (Suppl. Fig. S3) (Wang et al., 2016b).
However, as cell cycle proceeds, nucleoli might be subjected to mor-
phological restructuration undetectable by fluorescent imaging. To test
this hypothesis, we synchronised cells either in G1, S or metaphase and
analysed nucleolar morphology. To best preserve ultrastructure, we
performed cryo-fixation, cryo-substitution, resin embedding, and ultra-
thin sectioning to visualize nuclear and nucleolar morphology by
transmission electron microscopy (TEM). Analysis of nuclear sections
suggested that nucleoli were not subjected to major reorganisations in
the cell cycle stages considered (Suppl. Fig. S4). Altogether, these re-
sults suggested that modifications of nucleolar volume or of its internal
organisation was not involved in cell-cycle dependent rDNA mor-
phology reorganisation. This is consistent with previous study in-
vestigating nucleolar size using soft-X-ray tomography (Uchida et al.,
2011). To study rDNA reorganisations in a large number of cells, yeast
culture (from rDNA-FROS-modified strain) was synchronised in G1 with
α-factor treatment, washed, released synchronously in fresh media and
imaged every 10min, for 100min (Fig. 5b, c). In G1, rDNA adopted puff
structures, visualised as blurred signals. Dot-like structures (necklaces)
became apparent at 20min and clear lines were established from S
phase (30min) to anaphase onset (60min). At the end of anaphase
(70min), rDNA arranged in short stretched lines and reorganised as
puffs as cells re-entered G1 phase (80min). Even if α-factor synchro-
nisation has been shown to enlarge nucleolar size (Wang et al., 2016b),
rDNA organisation did not seem markedly impacted by α-factor treat-
ment, as rDNA morphologies documented here are similar to the one
observed in asynchronous populations.

Two-dimensions (2D) projections of rDNA fluorescent signal could
result in overlaying of subdomains and consequently in loss of in-
formation (resulting in a puff structure). To circumvent this problem,
we quantified rDNA organisation in 3D, using a dedicated image ana-
lysis pipeline (Fig. 6a, see materials and methods). Briefly, acquired
images were deconvolved and fluorescent signal for each nucleus was
segmented in three dimensions. We could observe that in all cells and
for every cell cycle stage considered, rDNA was organized as several
volumes of high intensities, separated by “constrictions” of lower
signal. Therefore, segmented rDNA was further divided into sub-
domains, using a watershed algorithm. Subdomains number was
slightly increased during the entire cell cycle, being the lowest in tel-
ophase with 5 rDNA subdomains per nucleus and the highest in meta-
phase with 8 subdomains (Suppl. Fig. S5). In order to explore rDNA
geometry, we next decided to compute a segmented line, with each
segment connecting neighbouring subdomains by their mass centres
(see materials and methods). Among all possible paths, we chose the
segmented line minimizing inter-domains distance (distance separating
green points; Fig. 6a). Using our computational analysis of rDNA, we
could extract parameters from this domains-connecting segmented line
and used them to explore and quantify rDNA morphological re-
organisation along the yeast cell cycle.

We identified three parameters allowing to discern rDNA re-
organisation during cell cycle: heterogeneity in subdomains volumes,
rDNA length and rDNA geometry (see materials and methods). First, we
computed volumes of all subdomains present in one nucleus. Their
standard deviation gave information on heterogeneity of domain vo-
lumes. Then, rDNA length was measured along the segmented line as

Fig. 5. Cell cycle dependent rDNA re-
organisation. a) Confocal imaging of
asynchronous FROS-modified strain
(TMY3). rDNA adopts different pat-
terns appearing as puffs (red square),
loops (blue square) and lines (orange
square). Scale bar, 2 µm. b), c) Same
strain as in a) was arrested in G1 with
α-factor and released synchronously
in the cell cycle. Samples were taken
every 10min and processed for flow
cytometry (b) and imaging (c).
Representative schemes are depicted
on the right of each imaging panel.
Scale bar, 2 µm. (For interpretation of
the references to colour in this figure
legend, the reader is referred to the
web version of this article.)
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the sum of mass centres-mass centres distances. Finally, 3D angles
within the segmented line connecting neighbouring subdomains were
measured and divided in bins of 30° to estimate rDNA geometry. As cell
cycle progressed, domain volumes became homogeneous (Fig. 6b) and
rDNA length increased from 5,5 µm in G1 to 8,7 µm in metaphase
(Fig. 6c). Mitotic rDNA compaction resulted in rDNA shortening up to
3,5 µm in telophase (Fig. 6c). Regarding rDNA geometry, G1 favoured
acute angles resulting in a zig-zag rDNA conformation. Conversely,
mitotic rDNA lines specifically showed increased proportion of obtuse
angles compared to acute ones (Fig. 6d). Note that to achieve a better
synchronisation and to increase sampling in metaphase, cells were
synchronised using the microtubules depolymerizing drug, nocodazole.

Confocal imaging followed by 3D image analysis provided a quan-
titative description of rDNA reorganisation during cell cycle. Rather
than rDNA being simply compacted (from puffs to necklaces, then
lines), we could document that rDNA is re-arranged spatially from
heterogeneous subdomains, interconnected as an irregular zig-zag
segmented line of small size to homogeneous domains, shaping a
straighter line of longer length. With such quantitative definition of the
rDNA geometry, we could then investigate how different factors con-
tribute to its organisation.

3.5. Cohesin loading is sufficient to promote mitotic-like rDNA organisation
in G1

Cohesin complex, belonging to the Structural Maintenance of
Chromosomes family, is a ring shaped complex originally described for
its role in sister chromatids cohesion (Guacci et al., 1997a; Losada et al.,
1998; Michaelis et al., 1997). It is now established that cohesin is also
involved in 3D genome organisation by triggering DNA looping (Kagey
et al., 2010; Parelho et al., 2008). In budding yeast, cohesin is loaded on
DNA in late G1. At this stage, its association with DNA is dynamic be-
cause of a releasing activity, mediated by Wpl1, which dissociates the
ring from DNA. Cohesin acetylation during replication abrogates Wpl1
activity and stabilises cohesin on DNA, allowing cohesion establishment.

Using Hi-C and FISH techniques, it has been shown that cohesin re-
organises all genomic regions, including rDNA locus, from late G1 until
mitosis (Dauban et al., 2019; Guacci et al., 1997b, 1994; Lazar-Stefanita
et al., 2017; Schalbetter et al., 2017). To study cohesin-mediated mitotic
organisation of rDNA in living cells, we degraded cohesin kleisin subunit
Scc1 using an auxin-degron strategy, in TMY3 strain (see materials and
methods). Upon cohesin depletion, mitotic rDNA did not organize into a
stretched line anymore but rather appeared as a zig-zag line of small size,
reminiscent of the one observed in G1-arrested cells (Fig. 7a). To un-
couple the effect of cohesin from the contribution of S phase and mitosis
specific processes on rDNA organisation, we checked whether cohesin
loading on DNA in early G1 would be sufficient to promote mitotic-like
rDNA organisation. To test this possibility, we expressed cohesin in early
G1-arrested cells and evaluated rDNA geometry. Fully functional cohesin
complex is absent from early G1 chromosomes in budding yeast because
of separase activity cleaving Scc1 from mitosis to G1 (Uhlmann et al.,
1999). To overcome separase activity, we expressed a non-cleavable
variant of Scc1 (Scc1-RR-DD), in G1-arrested cells (Suppl. Fig. 6a)
(Uhlmann et al., 1999). Expression of Scc1-RR-DD in G1 cells induced
slight changes in rDNA organisation (Fig. 7b, left panel, Suppl. Fig. 6b).
Image analysis revealed homogenisation of rDNA subdomain volumes, a
characteristic of rDNA reorganisation prior to mitosis (Fig. 7c). While a
tendency to an increased proportion of obtuse angles was detected, no
increase in line length could be measured (Fig. 7c). We concluded that
cohesin loading in G1 only partially reorganised rDNA from a G1 to a
mitotic-specific configuration. This partial effect could be due to Wpl1
activity removing cohesin from DNA at this stage (Haarhuis et al., 2017;
Kueng et al., 2006; Wutz et al., 2017). Indeed, cohesin needs to be sta-
bilised on DNA in S phase to allow cohesion establishment and genome
reorganisation. Therefore, cohesion stabilisation could also be necessary
in G1 to promote mitotic-like rDNA 3D folding. To test this hypothesis,
we stabilised cohesin on DNA by removing Wpl1 (wpl1Δ) and analysed
consequence on rDNA organisation. Surprisingly, Wpl1 deletion by itself
impacted rDNA organisation in G1. Subdomains folded into a more linear
structure, as indicated by the modest increase in obtuse angles and their

Fig. 6. 3D analysis of cell cycle dependent rDNA reorganisation. a) Raw images were deconvolved and fluorescent signal was segmented in 3D. Second round of 3D
segmentation enabled division of each cell signal into subdomains. Mass centres were computed and connected by the line with the shortest inter-subdomains
distance (see materials and methods). Three parameters were finely extracted from the chosen line: heterogeneity in domain volumes (b), length (c) and geometry
(d). Each of these parameters were quantified for cells arrested in G1 (0min), S (30min), metaphase (Nocodazole-arrested) and telophase (90min) and plotted as
cumulative distribution functions. G1, n=39; S, n=40; Meta, n=34; Telo, n=48.
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volumes heterogeneity drastically increased (Suppl. Fig. S6c). rDNA
length and subdomains number per nucleus were not impacted by Wpl1
deletion (Suppl. Fig. S6b, c). Nevertheless, overexpressing Scc1 in wpl1Δ
cells further impacted rDNA organisation. A distinct line could be ob-
served in 2D projections, reminiscent of mitotic organisation (Fig. 7b,
right panel). 3D image analysis confirmed a significant increase in obtuse
angles, previously documented to be a feature of rDNA geometry in
mitosis (Fig. 7c and see Fig. 6d). The volume of the subdomains remained
unchanged while rDNA line length shortened when compared to control
or Scc1 over-expression in presence of Wpl1. As a conclusion, cohesin
stabilisation in G1-arrested cells was sufficient to reshape rDNA from a
zig-zag organisation to a linear one but did not fully recapitulate a mi-
totic structure. Indeed, subdomains volume did not homogenize and
rDNA line length was not increased (Fig. 7c and Fig. 6b,c). This suggests
that at least another mechanism should be acting in mitosis to generate a
stretched mitotic rDNA.

In conclusion, cohesin alone can establish linear rDNA organisation
in G1, but other cell cycle regulated events are required to establish a
fully organized rDNA in mitosis, visible as an elongated line, made of
homogenous domains.

4. Discussion

In this work, we quantified rDNA 3D organisation changes following
cell cycle progression and measured involvement of cohesin in this
process. Despite the small size of the yeast nucleolus, we could clearly
establish that rDNA occupies only a fraction of this volume. rDNA
seems organised as a succession of subdomains, reminiscent of the
spatially segregated globules organising bulk chromatin, as previously
detected by super-resolution imaging in metazoan nuclei (Bintu et al.,
2018). Finally, we could show that cohesin ring dictates geometry be-
tween these subdomains, as artificially expressing Scc1 in G1-arrested
cells led to rDNA reorganisation into a “mitotic-like” geometry.

4.1. Hierarchical relationship between nucleolar morphology, rRNA
production by Pol I and rDNA genomic organisation

Some in silico models suggest that specific chromatin properties of
rDNA could be sufficient to organize the nucleolus. When chromatin
was modelled as a hetero-polymer, an increased diameter for rDNA

fibre relative to the rest of the DNA was sufficient to recapitulate a
crescent-shaped nucleolar distribution abutting the NE (Wong et al.,
2013, 2012). Alternatively, modelling enrichment of dynamic cross-
links within rDNA was sufficient to segregate nucleolar chromatin from
bulk chromosomes (Hult et al., 2017).

However, several experimental works in budding yeast reported a ra-
ther loose relationship between nucleolar morphology and rDNA genes
genomic organisation. When rDNA repeats were deleted from endogenous
loci and ectopically inserted at various positions within chromosome arms,
nucleolar morphology was not massively impaired (Oakes et al., 2006;
Zhang et al., 2017). Moreover, formation of a fragmented, NE-associated,
nucleolus was observed when rDNA genes were removed from chromo-
somal DNA and expressed from multicopy plasmids (Trumtel et al., 2000;
Zhang et al., 2017). We show here that nucleolus has a normal mor-
phology and is even increased in size while rDNA length is 8-fold shor-
tened. Therefore, modification of rDNA genomic organisation has sur-
prisingly mild consequences on nucleolar architecture.

Besides, large bodies of works have shown a direct relationship be-
tween pre-rRNA production and nucleolar assembly (Rudra and Warner,
2004). Pre-rRNA abundance is directly correlated to nucleolar size when
Pol I is transcribing rDNA genes (Neumüller et al., 2013), while reduced
production of rRNAs by RNA polymerase II, either from artificial con-
structs or from rDNA genes, leads to a massively altered and detached
nucleolus from NE (Oakes et al., 1993; Trumtel et al., 2000). However,
even if Pol I activity is modulated during cell cycle (Clemente-Blanco
et al., 2009; Iacovella et al., 2015), nucleolar/nuclear volume ratio
measured here was not significantly modified following cell cycle pro-
gression (Suppl. Fig. S3). Therefore, nucleolar volume seems largely in-
sensitive to transient variations of Pol I activity during cell cycle. Com-
pensatory regulation of rRNA processing or decay may buffer variation of
Pol I induced rRNA production. Thus, pre-rRNA accumulation remains
the driving force for nucleolar assembly and slight changes in Pol I
transcription do not lead to nucleolar volume variation.

The nucleolus, the prominent compartment in the nucleus, is now
considered to be the paradigm of liquid-liquid phase separation (LLPS)
(Feric et al., 2016). Once rRNAs are produced by Pol I, they are bound
by early rRNA processing factors, which have the capacity to phase
separate into droplets and trigger the formation of a nucleolar com-
partment. This property is observed on the fragmented nucleolus of
rpa49Δ Pol I mutant, in which nucleolar material was detected as large

Fig. 7. Cohesin loading is sufficient to promote mitotic-like rDNA organisation in G1. a) Control strain (FB39) and strain expressing scc1-AID (yLD127-20c) were
synchronised in G1 in the presence of auxin, released in the cell cycle and arrested in metaphase after 2 h by Cdc20 depletion (see materials and methods). Scale bar,
2 µm b) Expression of a non-cleavable variant of Scc1 (Scc1-RR-DD) was induced in G1-arrested cells, in the presence or absence of Wpl1 (strains FB09-4A, FB09-9C,
FB08-5C, FB08-6A). Scale bar, 2 µm. c) Image analysis was performed on images from b), heterogeneity in domain volumes (left), line length (middle) and line
geometry (right) are displayed as cumulative distribution functions. Control, n= 50; Scc1-RR-DD, n= 45; wpl1Δ, Scc1-RR-DD n=50.
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“droplets” separated from rDNA genes (this study).
Our results support the model suggesting that high rDNA tran-

scription rate by Pol I results in massive rRNA production driving nu-
cleolar assembly (Hernandez-Verdun et al., 2002) by liquid-liquid
phase separation (Feric et al., 2016).

4.2. rDNA is organized by “chromatin blobs” at all cell cycle stages

Using three-dimensional imaging, we could document that the
2Mb-long rDNA is subdivided into subdomains at all cell cycle stages.
Such spatially segregated conformations were not previously docu-
mented in G1 or mitosis, but only in S-phase (Guacci et al., 1994; Lavoie
et al., 2004). In G1, subdomains were continuously overlaid thus they
could not be distinguished and appeared as a blurred puff using 2D
visualisation. Subdomains have been detected previously in S-phase, in
a necklace appearance (Lavoie et al., 2004). As they are homogenous
and have a straight geometry in mitosis, they were described as a “line”.
What are those subdomains? It is well established that about half of the
rDNA genes are actively transcribed and randomly distributed along the
repeats (Conconi et al., 1989; Dammann et al., 1995, 1993). With an
average of 6 subdomains per rDNA, about 30 rDNA genes would be
expected to be present in each subdomain; implying that this spatial
organisation does not reflect cluster of active or inactive rDNA genes.
We propose that such subdomains organisation could reflect intrinsic
properties of the chromatin polymer. Indeed, we previously suggested
that chromosomes could be subdivided in a series of polymer beads,
called blobs, which most likely arise from intrinsic properties of an
extended polymer chain (Socol et al., 2019; Wang et al., 2015). Im-
portantly, such subdomains are also reminiscent of spatially segregated
globular conformations observed when 1.2Mb of chromatin were vi-
sualized using super-resolution imaging (Bintu et al., 2018). Super-re-
solution is not required to detect rDNA subdomains because of spatial
segregation of rDNA away from bulk nucleoplasmic chromatin.

4.3. Geometrical reorganization of rDNA during the cell cycle.

In this work, we also documented a global reorganization of rDNA
subdomains, from a zig-zag segmented line of small size (5,5 µm) in G1,
to a long, homogeneous line of 8,7 µm in metaphase. Central roles of
cohesin and condensin complexes in rDNA organisation were pre-
viously established (Freeman et al., 2000; Guacci et al., 1994). In
budding yeast, intact cohesin subunit Scc1 is absent in G1, giving us the
opportunity to uncouple cohesin loading from cell cycle progression. By
artificially expressing a stable Scc1 variant in G1 and removing Wpl1 to
stabilize cohesin binding on DNA, we could observe that cohesin
loading reshaped rDNA global geometry into a line-like one. In me-
tazoan cells, cohesin also deeply influences size and geometry of
chromatin subdomains/globules. Its absence provokes a high variability
in size and position of chromosomal interacting subdomains from cell to
cell, abolishing topologically associating domains detected at the po-
pulation average level (Bintu et al., 2018). Thus, cohesin harbours a
conserved function of folding chromatin subdomains into higher orga-
nised structures along the entire genome, including rDNA array.

5. Conclusion

In this study, we could quantitate nucleolar size and rDNA 3D re-
organization during the entire cell cycle. Using live cell imaging, we
could precisely decipher how cohesin activity impacts rDNA organisa-
tion, independently of cell cycle. While rDNA is used as a “gold-stan-
dard” to study chromosome organisation, development of super-re-
solution imaging of budding yeast chromosome arms would be required
to investigate if nucleoplasmic chromatin follows a rDNA-like cell-cycle
dependent reorganisation.
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