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upon heat stress in a Cdc14-independent TORC1-dependent manner
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ABSTRACT
Chromosome morphology in Saccharomyces cerevisiae is only visible at the microscopic level in the
ribosomal DNA array (rDNA). The rDNA has been thus used as a model to characterize condensation and
segregation of sister chromatids in mitosis. It has been established that the metaphase structure (“loop”)
depends, among others, on the condensin complex; whereas its segregation also depends on that
complex, the Polo-like kinase Cdc5 and the cell cycle master phosphatase Cdc14. In addition, Cdc14 also
drives rDNA hypercondensation in telophase. Remarkably, since all these components are essential for cell
survival, their role on rDNA condensation and segregation was established by temperature-sensitive (ts)
alleles. Here, we show that the heat stress (HS) used to inactivate ts alleles (25 �C to 37 �C shift) causes
rDNA loop condensation in metaphase-arrested wild type cells, a result that can also be mimicked by
other stresses that inhibit the TORC1 pathway. Because this condensation might challenge previous
findings with ts alleles, we have repeated classical experiments of rDNA condensation and segregation,
yet using instead auxin-driven degradation alleles (aid alleles). We have undertaken the protein
degradation at lower temperatures (25 �C) and concluded that the classical roles for condensin, Cdc5,
Cdc14 and Cdc15 still prevailed. Thus, condensin degradation disrupts rDNA higher organization, Cdc14
and Cdc5 degradation precludes rDNA segregation and Cdc15 degradation still allows rDNA
hypercompaction in telophase. Finally, we provide direct genetic evidence that this HS-mediated rDNA
condensation is dependent on TORC1 but, unlike the one observed in anaphase, is independent of Cdc14.
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Introduction

The generation of conditional alleles has been of the upmost
importance to address the biological function of essential genes.
These alleles let the carrying organism to live and reproduce
without major problems in what is called the permissive condi-
tion, whereas viability is severely compromised in the restrictive
condition. Conditional alleles carry mutations that make the
encoded protein hypersensitive to a restrictive condition that is
not deleterious for the organism per se. Thermosensitive (ts)
alleles are the most widely used conditional alleles in all organ-
isms, from virus to cell lines [1,2]. These alleles have the advan-
tage of allowing the experimenter to shift between permissive
and restrictive conditions in a very straightforward and inex-
pensive manner. In the yeast Saccharomyces cerevisiae, ts alleles
have been critical to understand the logic behind the cell cycle,
DNA replication, transcription, etc. [3–6] When performing
experiments with ts alleles, yeast cells are grown at 21�-25�C
(permissive condition) and then shifted to 34�–37�C (restric-
tive condition) to investigate the function of the essential pro-
tein. A prerequisite for the use of ts alleles is that the biological
process the protein participates in is affected by neither the per-
missive nor the restrictive temperature. In the past, temperature
has been often neglected as a variable in the experiment because
wild type yeast cells seem to grow well at 37 �C.

Chromosome reshaping during the cell cycle is among the
many biological processes where multiple essential proteins
have been identified, such as histones, topoisomerase II (Top2)
and those that comprise the cohesin and condensin complexes
[7,8]. Other essential proteins linked to the different chromo-
some morphologies observed within a round of cell division are
cell cycle regulators that indirectly drive chromosome reorgani-
zation through the posttranslational modification of the afore-
mentioned players [7]. In eukaryotes, the most striking
chromosome reorganizations take place during the last stage of
the cell division (M phase). Five are the major signatures: chro-
mosome axial compaction and lateral condensation; sister
chromatid resolution of the chromosome arms, chromosome
alignment at the metaphase plate; sister chromatid segregation;
and chromosome decondensation. Whereas in higher eukar-
yotes these signatures proceed more or less in that order from
prophase to telophase, in yeast and other fungi both the signa-
tures and their order appear to be slightly different. Thus, in
S. cerevisiae, it is not simple to divide M phase into substages:
G2, prophase and metaphase are indistinguishable; they are
collectively referred to as G2/M. On the one hand, there is a
very modest general condensation of chromosomes, which
make impossible to visualize them as single entities [9]. On the
other hand, there is no chromosome alignment prior to
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segregation and, as opposed to higher eukaryotes, sister chro-
matid resolution goes from centromeres to telomeres right at
the time of segregation [10,11]. In spite of these differences,
cohesin, condensin, Top2 and many cell cycle regulators of
chromosome morphology are found in yeast. Not only that,
their functions seem to be conserved with respect to higher
eukaryotes; indeed, S. cerevisiae has importantly contributed to
our knowledge on the function of these proteins, often with the
aid of the corresponding ts alleles [9,12–22].

Since individual chromosomes cannot be visualized within
the yeast nucleus, at least in mitosis, yeast researchers have
relied on the only chromosome portion whose sequence is
repetitive enough to infer structural patterns, the ribosomal
DNA array (rDNA). This array can be studied either by Fluo-
rescence In Situ Hybridization (FISH) with probes against the
rDNA sequence or by coating the repetitive sequence with spe-
cific binding proteins fused to fluorescent reporters (e.g., Net1-
GFP) [9,10]. These studies first established the rDNA structural
reorganization along the cell cycle and then the roles of cohesin,
condensin and cell cycle regulators such as Cdc5, Cdc14 and
Ipl1 [9,18,19,22]. The most impacting visual structure that
came up from these studies was the rDNA metaphase loop. Ini-
tially thought to be a condensed structure, its axial length is
actually the longest during the cell cycle. Nevertheless, its thin
linear pattern points out that it is a highly organized structure
with probable lateral condensation [9,22,23]. Previous studies
with ts alleles showed that both the condensin and cohesin
complexes were needed for the rDNA loop establishment and
maintenance in metaphase [18]. Condensin is also a critical
player in sister chromatid resolution, a needed step for faithful
chromosome segregation in anaphase. The rDNA is particu-
larly troublesome for resolution and segregation because the
very high level of transcription blocks condensin from loading
onto. Thus, transcription must be temporarily shut down in
anaphase. This is accomplished through the activation of the
master cell cycle phosphatase Cdc14, which is preceded by that
of the Polo-like kinase Cdc5 [24–28]. Noteworthy, the rDNA
itself is responsible for keeping Cdc14 inactive for most of the
cell cycle. Thus, Cdc14 binds tightly to the rDNA all through-
out the cell cycle but anaphase through its inhibitor Net1
[25,28–30]. Upon anaphase onset, Cdc5 gets active and aids in
diminishing the strong interaction between Cdc14 and Net1
[31–34]. This allows Cdc14 to temporarily abandon the rDNA
in two waves. The first (minor) wave is controlled by the Cdc
Fourteen Early Anaphase Release (FEAR) network and the sec-
ond (major) wave is triggered by the Mitotic Exit Network
(MEN). These two activation waves allow Cdc14 to reach its
multiple targets and co-ordinately execute anaphase first
(Cdc14/FEAR) and then telophase-to-G1 transition (Cdc14/
MEN) [32,35–37]. The role of Cdc14 is not only to allow
rDNA segregation but also to carry out rDNA axial compaction
in order to avoid severing by cytokinesis. This latter role was
inferred because a telophase block by a ts allele for the MEN
component CDC15 showed a hypercondensed rDNA [9,22].

Herein, we present data that the rDNA loop is dramatically
changed upon incubation at 37�C in wild type yeast strains.
Hence, we have checked again the roles of condensin, Cdc5,
Cdc14 and Cdc15, but making use of the novel auxin-mediated
degradation of aid alleles as an alternative to ts alleles. We

show that the classical findings of ts alleles for these four play-
ers still prevail. Finally, we demonstrate that this novel mecha-
nism of rDNA condensation in metaphase is dependent on
TORC1 but independent of Cdc14.

Results

Heat stress causes condensation of the metaphase rDNA
loop

We began this work because of a casual observation while film-
ing Cdc14-GFP in yeast cells blocked in metaphase. We were
initially interested in recording any possible Cdc14 relocaliza-
tion upon different kinds of environmental stresses. Cytolog-
ically, Cdc14-GFP relocalization is seen as an overall drop of
the rDNA/nucleolus signal. Most clearly of all, Cdc14 binds to
the Spindle Pole Body (SPB) upon its release, which is then eas-
ily visible as a fluorescent focus [31,36].

Incidentally, we blocked cells in metaphase at 25 �C with the
microtubule depolymerizing drug Nocodazole (Nz), which also
elicits the most spectacular rDNA loops in vivo [10,22]. As
expected from its binding to the rDNA, Cdc14-GFP appeared as
a loop in 80% of cells blocked in Nz (Figure 1A). To our great
surprise, we observed that the Cdc14-GFP loop was largely lost
when the cell culture was shifted to 37 �C for 1 h while keeping
the metaphase block with Nz. A temperature shift from 25 �C to
37 �C is considered to be a physiologically meaningful heat stress
[38]. Instead of keeping the loop appearance, an oval- or line-
like Cdc14-GFP signal was seen in 80% of cells at 37 �C
(Figure 1A). Even in the remaining 20% of cells where a loop-
like structure could still be distinguished at 37 �C, the loop was
shorter than the one at 25 �C (see below). We performed this
experiment in an YPH499/S288C background, but similar results
were obtained in other backgrounds (data not shown).

The pattern of the Cdc14-GFP change pointed towards a
reorganization of the rDNA rather than a Cdc14 relocalization;
i.e., there was no fainting and diffusion of Cdc14-GFP, nor was
there appearance of the extra SPB foci (see other chapters below
for further support). We assumed that these oval- or line-like
signals were similar to the “condensed” rDNA phenotype
described earlier on [9,19]. In order to get further support for
this temperature-dependent loss of the rDNA loop, we checked
a strain with a histone protein (Hta2) labelled with CFP. Histo-
nes are unlikely to detach from the DNA upon this moderate
heat stress (HS). Indeed, we were able to observe a histone-
labelled loop upon Nz arrest at 25 �C and how this loop disap-
peared after the HS (Figure 1B), strongly supporting that the
observed phenotype is a morphological change of the rDNA
rather than a relocalization of Cdc14. Although Hta2-CFP can
be used a marker for presence/absence of the loop it fails to
address whether the loop always corresponds to the rDNA and
also what happens to the loop after the HS. Thus, we next chose
a constitutive marker for the rDNA: Net1-GFP. Unlike Cdc14,
Net1 is known to be an exclusive rDNA-binding protein
throughout the entire cell cycle and has been broadly used as a
first-class rDNA reporter for in vivo studies [10,22,29,32,39].
We again confirmed this change from looped to condensed
rDNA upon the 25 �C to 37 �C shift. We further filmed this
change and observed that the transition from the loop to the
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Figure 1. The rDNA metaphase loop gets condensed upon heat stress (HS). (A) Strain FM230 (CDC14:GFP, YPH499 background) was blocked in metaphase with Nocoda-
zole (Nz) for 3h at 25 �C and then shifted to 37 �C for 1 h. Samples were taken and visualized under the fluorescence microscope before and after the temperature shift.
Representative photos are shown on the left and a quantification chart on the right. (B) Strain yED233 (HTA2:yEmCFP) was Nz-blocked at 25 �C and then shifted to 37 �C
for 1 h. Representative photos are shown before and after the temperature shift. White arrows point to the metaphase loop seen with the HTA2-CFP histone signal. (C)
Strain FM225 (NET1:GFP, YPH499 background) was Nz-blocked for 3h at 25 �C before being sawed onto an agarose patch with Nz and filmed while cells were being
heated up to 37 �C. A representative cell filmed in 10 min intervals during this HS time-lapse is shown. (D) Strain FM931 (OsTIR1 NET1:GFP, W303 background) was Nz-
blocked at 25 �C and then shifted to 37 �C for 1 h. Box plot of the quantification of the length of the loop, the line or the major axis of the oval shape (when neither a
loop nor a line could be inferred) before and after the HS. White scale bars represent 5 mm. BF, bright field; Nz, nocodazole.
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condensed form seems to occur through axial compaction of
the rDNA until it loses its loop-like shape (Figure 1C).

Anticipating the consequences that this finding might have
for previous works on rDNA structure and segregation that
were carried out with ts alleles, we further included for analysis
the reference strain created for degradation of essential proteins
by C-terminal tagging with the auxin-based degron sequence
(aid) [40]. At present, auxin-degron tagging of essential genes
seems to be the best alternative to ts alleles. Again, we observed
the Net1-GFP condensation upon the temperature shift in Nz.
Quantification of the rDNA length before (Nz, 25 �C) and after
(Nz, 37 �C x 1h) the HS showed that the transition goes from a
loop with a median length of »5 mm into an oval/line con-
densed form which is »2 mm long in its major axis (Figure 1D).

Finally we wondered if the temperature might have an effect
on the rDNA morphologies observed with the Net1-GFP marker
in cycling yeast cells, as opposed to cells blocked in metaphase
with Nz. Strikingly, rDNA loops were rare or small in cycling
cells, even in G2/M cells at 25 �C (Figure S1). In addition, no
clear differences could be inferred between 25 �C and 37 �C, or
throughout the cell cycle (e.g., small loops were also observed in
G1 and early S phase). Noteworthy, most cycling G2/M cells has
a condensed morphology for the rDNA rather similar to what
we observe after the HS in Nz-arrested cells.

From this set of experiments we concluded that moderate
HS (25 �C to 37 �C incubations) reshapes the canonical rDNA
loop morphology observed in Nz-blocked cells into a more
condensed organization. Because this might have enormous
consequences for previous works where rDNA structure and
segregation were studied with ts alleles, we decided to revisit
some of the most remarkable previous findings, yet making use
of the auxin-degron system as an alternative to ts alleles.

Auxin-mediated degradation of Cdc14 still forms an rDNA
anaphase bridge

Amongst the previous findings obtained with ts alleles that
more closely relate to the rDNA we find the involvement of
Cdc14 in the segregation of this locus in anaphase. We and
others have previously reported that cells bearing cdc14-ts
alleles get blocked in anaphase with the rDNA forming an ana-
phase bridge at the restrictive temperature [10,21–23,41]. Since
the HS-mediated rDNA condensation takes place before cdc14-
ts cells notice the absence of Cdc14 by anaphase, it is conceiv-
able that the rDNA condensation itself is linked to the segrega-
tion problems seen in cdc14-ts; i.e., Cdc14 might not be
required for rDNA segregation if the locus maintained the loop
structure at anaphase onset. In order to address this doubt, we
tagged CDC14 with several versions of the auxin-degron
sequence; including the one developed originally (simply
referred to as aid) [40], and newer and shorter versions of it
(aid�) further tagged with sequences for detection by Western
blotting (9xmyc) and fluorescence microscopy (e.g., GFP) [42].
All these tags conferred strong sensitivity to the auxin 3-indol-
acetic acid (IAA) in the micromolar range (Figure 2A). As
expected, this sensitivity fully depended on the co-expression
of a plant-based auxin-degron targeting ubiquitin ligase
(OsTIR1 in this case) (Figure S2A). Thus, Cdc14 tagged with
different versions of aid appeared to be functional, and growth

was only abrogated when both the auxin and OsTIR1 were
present. Furthermore, all these strains got arrested as dumb-
bells within one cell cycle (>95% cells after 3 h with 1 mM
IAA, data not shown). We determined the fate of Cdc14-aid�

after IAA treatment and could confirm that the protein levels
quickly dropped >85% by western blotting (aid�-9myc,
Figure 2B) and up to becoming undetectable by fluorescence
microscopy (aid�-GFP, Figure S2B).

Importantly, when we looked at the nuclear masses and the
rDNA (Net1-GFP) upon Cdc14-aid�-9myc depletion (2-3 h
after 1 mM IAA addition), we still found that the rDNA formed
a bridge connecting the DAPI-stained daughter nuclei
(Figure 2C). Likewise, the nucleolar marker Nop1-CFP was
abnormally segregated when depleting Cdc14-aid�-GFP (Figure
S2C). We confirmed that these segregation problems still hap-
pened even though the metaphase rDNA loop remained as
such in the new Cdc14 depleting conditions (Figure 2D, S2D).
In fact, the loop got slightly extended after the extra hour in Nz
+IAA (Figure 2D, box-plot). Additionally, two important corol-
laries can be driven from this latter experiment. Firstly, auxin
treatment, unlike HS, does not stress the cells to condense the
rDNA loop (also confirmed in cells lacking either aid tagging
or OsTIR1, data not shown). Secondly, Cdc14 depletion does
not disarray the rDNA loop in Nz-blocked cells.

Altogether, we conclude in this chapter that Cdc14 depletion
through the auxin-based degron resembles the rDNA segrega-
tion problems previously reported with cdc14-ts alleles.

Disruption of condensin by auxin-mediated degradation
wholly disorganizes and spreads the rDNA structure

Probably the most important works where the rDNA has been
used as a model for chromosome structure in yeast relate to
condensin function [18,19]. Condensin is a multimeric com-
plex thought to either staple distant regions within the same
chromosome or topologically modify the chromosome to allow
such stapling [7,8,43]. It is a highly conserved across all life
kingdoms. In humans, there are two complexes and their dis-
ruption causes clearly visible condensation abnormalities dur-
ing prophase and metaphase, as well as chromosome bridges
during anaphase. In yeast, the most obvious problem of knock-
ing down its only condensin complex is the presence of ana-
phase bridges [17]. The rDNA has been used to address if
condensin disruption also caused signs of condensation prob-
lems [18,19]. The main conclusion from these works was that
condensin was essential to establish and maintain the highly
organized metaphase rDNA loop structure. Thus, when con-
densin function was abrogated by means of ts alleles for its sub-
units (e.g., smc2-8, ycs4-2, etc.), the loop got disorganized into
the G1-like structure termed “puff”; i.e., the rDNA appears
spread and punctuated by FISH.

We have now revisited condensin results on the rDNA, yet
making use of aid-tagged alleles for condensin subunits (SMC2:
aid� and YCS4:aid) and the rDNA marker Net1-GFP. As
shown for Cdc14-aid, cells carrying either Smc2-aid� or Ycs4-
aid were fully viable in the absence of auxins, yet become highly
hypersensitive to 1 mM IAA, and this sensitivity also depended
on OsTIR1 (Figure 3A). In integral wild type cells (i.e., non-
treated for FISH analysis), there is barely a sign of a puff-like
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Figure 2. Auxin-driven depletion of Cdc14 at 25 �C still resembles the terminal phenotype of cdc14-ts alleles at 37 �C. (A) Strains FM931 (OsTIR1 NET1:GFP), FM1391
(OsTIR1 NET1:GFP cdc14:aid), FM1784 (OsTIR1 cdc14:aid�:GFP) and FM1785 (OsTIR1 NET1:GFP cdc14:aid�:9myc) were spotted on YPD plates containing increasing concentra-
tions of the auxin IAA and incubated for 3 days at 25 �C. (B) Strain FM1785 was first blocked 3h with Nz and then incubated with 1 mM IAA. At the indicated time points, a
sample was taken and processed for western blotting against the myc epitope (upper picture depicts the actual western blotting and lower picture the Ponceau staining
of the membrane). The amount of Cdc14 was normalized to OsTIR1 and the relative Cdc14 abundance compared to the time of IAA addition. (C) A log-phase culture of
FM1785 was treated with 1 mM IAA for 3h at 25�C. A representative picture of the major phenotype is shown on the right: a cell arrested in anaphase with DAPI-stained
segregated nuclear masses and a Net1-GFP anaphase bridge. On the left, a quantification of the segregation pattern of Net1-GFP. (D) The same strain was blocked 3h
with Nz before adding 1 mM IAA for an extra hour at 25 �C. Representative cells before and after IAA addition are shown on the left. A box plot of the loop lengths is
included on the right. Note how neither auxin addition nor Cdc14 depletion caused the condensation of the rDNA loop. White scale bars represent 5 mm. BF, bright field;
Nz, nocodazole; IAA, 3-indolacetic acid.
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structure for Net1-GFP, even in G1 cells (Figure S1) [44,45].
This was also true for either condensin subunit tagged with aid,
provided that auxin was absent. In addition, Nz brought about
the Net1-coated rDNA loop in all strains (Figure 3B). Never-
theless, auxin caused a complete disruption of Net1-GFP signal
in both SMC2:aid� and YCS4:aid strains when Nz was added
together with the auxin to block the cells in metaphase
(Figure 3B, C). In all cases, Net1-GFP appeared randomly dot-
ted and, very often, a diffuse GFP pool was also discernible.
Co-staining with DAPI showed that Net1-GFP could still partly
localize within a region next to the main nuclear DNA signal,
although it seems that Net1-GFP has also invaded the nuclear
DNA (Figure 3C). In many ways, this clearly aberrant

phenotype resembles the puff structure described years ago by
FISH in ts alleles for condensin subunits [18,19]. Therefore, we
again concluded that the classical role of condensin as a key
organizer of the rDNA loop prevails.

Auxin-mediated degradation of Cdc15 also blocks
telophase with a hypercondensed rDNA

Another important rDNA phenotype described previously with
ts alleles was that the locus appears fully segregated and hyper-
condensed (line-like) in a cdc15-2 telophase block [9,21,22,44].
Cdc15 is a key kinase in the MEN-driven Cdc14 activation in
late anaphase [35]. Thus, the terminal hypercondensed

Figure 3. Condensin depletion disorganizes the rDNA loop at 25 �C. (A) Strains FM1009 (OsTIR1 NET1:GFP ycs4:aid), FM2055 (NET1:GFP ycs4:aid) and FM2150 (OsTIR1 NET1:
GFP smc2:aid�) were spotted on YPD plates with and without 1 mM IAA and incubated for 3 days at 25 �C. (B) Strain FM1009 was blocked in metaphase (Nz x 3h) at 25 �C
with or without the simultaneous addition of 1 mM IAA. Samples were taken for each condition and immediately visualized under the microscope without further proc-
essing. (C) Strain FM2150 was treated like in B. Samples were frozen 24 h at -20 �C before staining with DAPI and visualized under the microscope. White scale bars repre-
sent 5 mm. BF, bright field; Nz, nocodazole; IAA, 3-indolacetic acid.
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phenotype in cdc15-2 has been attributed to the action of Cdc14
during its first wave of activation by FEAR; i.e., Cdc14 allows
condensin binding to the rDNA, which condenses the locus,
resolves sister chromatid entanglement and allows segregation
[17,21–23,27,46]. Again, it might happen that this hypercon-
densed state is actually a consequence of the temperature
(37 �C) at which the cells are incubated to bring about the
cdc15-2 block. Thus, we studied the terminal rDNA appearance
in an auxin-driven cdc15-aid� telophase block at 25 �C. First,

we checked that Cdc15-aid worked as expected from the
essential functions attributed to this kinase; i.e., (i) cdc15:
aid� strains grow normally without auxin and were highly
hypersensitive to it (Figure S3A), (ii) incubation of the strain
with the auxin led to a telophase block in the first cell cycle
(Figure 4A, chart). After showing that both requirements
were fulfilled, we checked the rDNA with Net1-GFP and
found that it appears evenly segregated and condensed
(Figure 4A, photos). We therefore concluded that Cdc14

Figure 4. Cdc15 depletion at 25 �C blocks cells with the rDNA hypercondensed and segregated, whereas Cdc5/Polo depletion at 25 �C leads to an anaphase block with
missegregated rDNA. (A) A log-phase 25 �C culture of the strain FM2177 (OsTIR1 NET1:GFP cdc15:aid�:9myc) was treated with 1 mM IAA for 3h at 25�C. A representative
picture of the major phenotype is shown. A quantification chart of the Net1-GFP segregation pattern is included on the right. (B) A log-phase 25 �C culture of the strain
FM2833 (OsTIR1 NET1:GFP cdc5:aid�:9myc) was treated with 5 mM IAA for 3h at 25 �C. A representative cell with the major phenotype is shown: Missegregated rDNA with
a DAPI bridge. Whereas missegregated rDNA was seen in almost all cells, the nuclear morphology was more variable. A chart quantifying the different nuclear DAPI sig-
nals in dumbbell cells is included on the right. White scale bars represent 5 mm. BF, bright field; IAA, 3-indolacetic acid.
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does trigger an rDNA condensation in anaphase, ruling out
any confounding effect due to the HS-mediated rDNA con-
densation just described above.

Auxin-mediated degradation of Cdc5 prevents segregation
of the rDNA in anaphase

Another important factor that regulates Cdc14 throughout ana-
phase, both by FEAR and MEN, is the Polo kinase Cdc5 [32].
An anaphase block with an rDNA anaphase bridge is the termi-
nal phenotype of cdc5-ts alleles [22]. In addition, cdc5-ts fails to
hyperactivate condensin, which results in non-cannonical
rDNA structures in anaphase; i.e., rDNA bunches into a cluster
rather the classical line seen in cdc15-ts [47]. More recently, it
has been shown that cdc5-ts also abolishes a protruding nucleo-
lus in metaphase, which might also influence the rDNA loop
shape and its later segregation [48]. We thus checked the main
terminal cdc5-aid� phenotype at 25 �C in order to see if it also
mimicked that of the cdc5-ts alleles (Figure 4B). We found that
1 mM of IAA caused severe but not complete growth impair-
ments (Figure S3B). Increasing the IAA concentration up to
5 mM caused complete growth inhibition, but still some
remaining Cdc5-aid�9myc could be detected by Western blot-
ting (Figure S3C). Despite this caveats, 3h incubations with
5 mM IAA led to a complete cell cycle block reminiscent of
that shown above for cdc14-aid; i.e., dumbbell morphology and
Net1-GFP forming an anaphase bridge (Figure 4B). In most
cells, the segregation of the main nuclear mass was also seri-
ously compromised, as it has been reported for cdc5-ts alleles.
We concluded here that auxin-driven Cdc5 depletion at 25�C
leads to a terminal phenotype which is similar to cdc5-ts alleles
at 37�C.

The mechanism of condensation of the rDNA loop by heat
stress does not involve Cdc14

Having addressed the consequences of the HS-mediated rDNA
condensation over our previous knowledge with ts alleles, we
went back to the primary phenotype in order to shed more light
on the mechanism.

At present, the best known mechanism involved in rDNA
condensation is the one that takes place at anaphase onset [21–
23,28]. The FEAR-driven Cdc14 release from the nucleolus
transiently shuts down overall transcription which, in turn,
allows condensin to fully interact with chromatin [26,27,46,49].
Condensin-rDNA overloading is particularly critical due to the
special requirements of this locus. It is also likely that the role
of Cdc14 on condensation goes beyond the control of tran-
scription; Cdc14 also posttranslationally regulate condensin
[21]. So far, Cdc14 has been shown to get activated exclusively
by FEAR and, later, by MEN. No other mechanism out of
anaphase is known to activate Cdc14. This, in principle, would
discard Cdc14 as a player in the HS-mediated rDNA condensa-
tion in metaphase and, as noted above, there were no signs of
Cdc14 release when Cdc14-GFP was used as the reporter for
the HS-mediated condensation (Figure 1A). However, previous
reports have suggested that Cdc14 might somehow get acti-
vated out of anaphase as a response, for example, to environ-
mental conditions (i.e., DNA damage) [50]. Therefore, we

decided that more investigation on the relationship between
Cdc14 and the HS-mediated metaphase rDNA condensation
was needed.

Firstly, we carried out HS experiments with a Cdc14-GFP
strain that also bears the nucleolar marker Nop1-CFP and the
SPB reported Spc42-RedStar. We further stained the nuclear
DNA with DAPI. We reasoned that if Cdc14 gets released
upon the HS in metaphase, though transiently, it will spread
across the nucleus and further colocalize with the SPB. We
never observed this happening, even in 15’ intervals after the
temperature shift (data not shown). Indeed, we confirmed that
upon the HS the Cdc14-GFP loop shifted to an arc next to the
main DAPI signal (Figure 5A). Cdc14 was mostly embedded
into the Nop1-CFP signal both before and after the HS, and
never colocalized with the SPB.

Secondly, we carried out a HS experiment in cells blocked
in metaphase where we had previously knocked down
Cdc14-aid�-GFP with IAA. We reasoned that rDNA conden-
sation (in this case the nucleolar marker Nop1-CFP) would
not take place upon HS if Cdc14 was needed. However,
Nop1-CFP became an oval/round signal upon the HS treat-
ment (Figure 5B). Importantly, this experiment also strongly
argues against Cdc14 getting activated without being released
from the nucleolus, a hypothesis we could not rule out with
the first experiment and totally feasible taking into account
that Cdc14 and its target (i.e., rDNA) already colocalize in
metaphase.

Finally, we also used a CDC14 allele which is constitutively
active, i.e., CDC14TAB6. Cdc14Tab6-GFP appears coating the
rDNA in interphase, yet weaker than Cdc14-GFP, and can also
be distinguished as a diffuse signal within the nucleus plus a
distinctive focus, which likely corresponds to one SPB [24,51].
Our hypothesis was that, if Cdc14 was needed for the loop-to-
condensed transition, the loop would not arise at all upon Nz
treatment in this strain. Nevertheless, Cdc14Tab6-GFP was
indeed seen as a loop in the Nz block, fully colocalizing with
Net1-CFP, and HS made this loop to be remodelled into a con-
densed form (Figure 5C).

Putting all these data together, we conclude that the rDNA
condensation observed after the HS is independent of Cdc14.

TORC1 inhibition condensates the rDNA loop

Given the Cdc14-independent mechanism for the HS-mediated
rDNA condensation, we next wondered if this dramatic rDNA
reshaping was exclusive of the HS treatment or other stresses
could lead to the same outcome. HS has been shown to inhibit
TORC1, the master complex that regulates cell growth and pro-
liferation [52]. Thus, we tested if the TORC1 inhibitor rapamy-
cin could lead to a similar phenotype. Notably, rapamycin has
been shown to condensate the yeast interphase nucleolus
[39,53–55]. Thus, we added rapamycin to the metaphase rDNA
loop at 25 �C and also observed the rDNA condensation
(Figure 6A, B). Measurement of the looped and condensed sig-
nals showed that the transition was equivalent to that of the
HS. Similar results were obtained with other stresses known to
inhibit TORC1 (Fig 6C) [56]. Thus, oxidative stress, calorie
restriction, glucose depletion and nitrogen starvation led to
rDNA condensation in metaphase-arrested cells. Nevertheless,
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Figure 5. The condensation of the rDNA mediated by heat stress in metaphase is independent of Cdc14. (A) The strain FM2113 (OsTIR1 cdc14:aid�:GFP NOP1:CFP SPC42:
RedStar) was first blocked with Nz for 3h at 25 �C and then incubated for 1h at 37 �C. At the indicated time points, a sample was taken and processed for DAPI staining.
Representative cells are depicted for each incubation condition. A chart quantifying the relative co-localization of Cdc14-GFP and Nop1-CFP at the end of the experiment
is also shown (with representative pictures on its right). “Separated”, both signals did not colocalized; “attached”, Cdc14 mostly colocalized at the edge of the Nop1 signal;
“embedded”, Cdc14 was all within Nop1. (B) The same strain was blocked for 3h at 25 �C with Nz, then incubated with 1 mM IAA for an extra hour and finally shifted to
37 �C for another 1h incubation. Samples were collected just before and after the HS step. (C) The strain FM2333 (CDC14TAB6:5xGFP NET1:eCFP) was first Nz-blocked for 3h
at 25 �C and then incubated for 1h at 37 �C. Representative cells before and after the HS are shown on the left. On the right, a box plot of the loop length before and after
the HS. The white arrowheads point to the probable small pool of Cdc14TAB6 that binds to the Spindle Pole Bodies in a cell cycle independent manner (see text for more
details). White scale bars represent 5 mm. BF, bright field; Nz, nocodazole; IAA, 3-indolacetic acid.
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Figure 6. Condensation of the the rDNA loop depends on inhibition of TORC1. (A) The strain FM2113 (OsTIR1 cdc14:aid�:GFP NOP1:CFP SPC42:RedStar) was first meta-
phase-blocked with Nz for 3h at 25 �C and then incubated for 1h with 200 nM rapamycin. A cell, representative of the condensed rDNA/nucleolus seen after rapamycin
addition, is shown on the left. Box plots of loop lengths before and after rapamycin treatment is depicted on the right. (B) Box plots of loop lengths before and after rapa-
mycin addition for the strain FM931 (OsTIR1 NET1:GFP) under the same experimental conditions. (C) Box plots of loop lengths before and after other stresses. The FM931
strain was blocked like in A and then shifted to different media while keeping the Nz: CR (YPD with just 0.005% glucose; i.e., calorie restriction); -Glu (YP without any
cabon source); -N (Yeast Nitrogen Base media without amino acids and ammonium sulphate); H2O2 (YPD plus 1 mM H2O2); AZC (YPD plus 10 mM AZC). (D) A chart quanti-
fying the presence of the rDNA loop after blocking the strain FM2179 (OsTIR1 cdc14:aid�-GFP Dtor1) with Nz for 3h at 25 �C in YPD. Note how the rDNA loop is mostly
absent in this strain. (E) Auxin-mediated depletion of TORC1 activator Cdc60 causes rDNA loop condensation at 25 �C (see also Fig. S4C). Strains FM2292 (OsTIR1 cdc60:
aid�9myc NET1:GFP) and FM2332 (cdc60:aid�9myc NET1:GFP without OsTIR1) were treated with Nz for 3h at 25 �C and then incubated with 1 mM IAA for an extra hour at
the same temperature. Representative cells before and after IAA addition on the left and box plots of the rDNA loop length on the right. White scale bar represents
5 mm. BF, bright field; Nz, nocodazole; Rap, rapamycin; IAA, 3-indolacetic acid; AZC, L-Azetidine-2-carboxylic acid.
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this was not the case for another stress that shares with the HS
its ability to misfold proteins but does not inhibit TORC1; i.e.,
treatment with the proline analogue Azetidine-2-carboxylic
acid (AZC) [57,58].

Next, we chose a genetic approach for TORC1 inhibition.
Firstly, we deleted TORC1-specific TOR1 gene and were able to
preclude the formation of the rDNA loop after Nz treatment at
25 �C (Fig 6D, S4A). Secondly, we degraded through the auxin
system one of the most important nutrient sensors for TORC1
activation, Cdc60 (Figure S4B, S4C) [59]. We did so once the
rDNA loop had been mounted in Nz at 25�C, and this was
enough to trigger loop condensation in the absence of any
external stress (Figure 6E).

Altogether, we concluded that stresses that inhibit TORC1,
including HS, elicit rDNA condensation in metaphase-blocked
cells.

Discussion

In this report we described novel stressful conditions able to
condense the yeast mitotic ribosomal DNA (rDNA). The most
widely studied in this work relates to an acute heat stress (HS)
that affect cells growing at 25 �C when they are shifted to 37 �C
for just one hour. Such HS leads to an axial shortening of the
rDNA until it goes from the structure known as “loop”, which
is maximized in metaphase-blocked cells, to a line or oval shape
we refer to as “condensed”. We have studied this HS-mediated
rDNA condensation in vivo by means of proteins that specifi-
cally target the rDNA (Net1, Cdc14 and Nop1). While writing
of this manuscript was in progress, another report described
the same phenotype by DAPI staining of the rDNA loop in
fixed cells treated for spreading the nuclear DNA onto two
dimensions (i.e., a protocol for FISH but without all probe-
related steps) [60]. Based on our and their data, we propose
that the large rDNA loop visible after a protracted metaphase
arrest by nocodazole (Nz) is axially shortened upon HS.
We observed this kind of compaction in movies (Figure 1B),
and they found that the rDNA could still be spread as a loop
out of the main nuclear mass, yet having a much shorter length.
In vivo, this shorter loop could be still visible in around 20% of
cell, but in most cells it actually appeared as an amorphous oval
shape or just a line. This probably reflects the three dimensional
condition of our study whereby shorter loops could be less dis-
cernible. This is also the likely cause of why the loop was mostly
absent in rapidly cycling cells (Fig S1). Interestingly, in other
previous works in which the rDNA loop was assessed by FISH,
authors reported that the loop was still the major category pres-
ent in wild type cells shifted to 37 �C [9,17–19,23,48,61]. Unlike
the recent report by Shen and Skibbens, there were no compari-
sons of the loop length between 23–25 �C and 34–37 �C. Thus,
we assume that the rDNA metaphase loop conformation is not
dismantled into something else but it is shortened until getting
a condensed appearance in vivo.

Why and how does the loop become shorter after the HS?
Several hypotheses and models are plausible (Figure 7A, B). It
might happen that cells sense the HS and shut down transcrip-
tion of rRNAs to concentrate available resources in dealing
with this stress. Less transcription would allow overloading of
condensin on the rDNA and condensation of the locus, as it

has been shown in anaphase in a Cdc14-dependent manner
[26,27,46,49]. We call this kind of model “active rDNA conden-
sation” (Figure 7A). We here provide direct genetic evidence
that the nutrient sensor TORC1 complex is at the core of the
molecular mechanism behind this phenotype (Fig 6D, E). In
addition, rapamycin and nutrient starvation, which are well-
established triggers of TORC1 inhibition [56], condensed the
rDNA loop as well (Figure 6A, B, C). In cycling cells, TORC1
inhibition has been shown to downregulate rRNA production
and concomitantly recruit condensin and Sir2 to the rDNA in
order to stabilize the repetitive locus [53–55,62]. An alternative
mechanism for the HS-mediated condensation, the stress
response due to protein misfolding at higher temperatures, is
unlikely; a toxic proline analogue that causes this stress could
not condense the loop at 25 �C (Fig 6C). Other previous find-
ings also support this TORC1-dependent misfolding-indepen-
dent mechanism for HS-mediated rDNA condensation. Thus,
HS mostly triggers TORC1 inhibition, being the protein mis-
folding response secondary to this stress in yeast [63,64].
Therefore, we propose that solely TORC1 inhibition by HS is
needed to exert the observed condensation. Remarkably, we
also show here that this condensation is independent of Cdc14
(Fig 5, S2D). On support of this finding, a very recently pub-
lished paper has shown that nutrient starvation and rapamycin
do not cause Cdc14 release in metaphase [65].

Although the above-mentioned regulatory networks favour
the “active rDNA condensation” model, we contemplate that
other “passive rDNA condensation” models cannot be ruled
out at present (Figure 7B). For example, the protracted meta-
phase block may cause an accumulation of an intermediate
product of the rRNA/ribosome processing into the nucleolus,
which would fatten as a result, pushing the rDNA away from
the main nuclear mass to become the loop. This intermediate
product would be a rate-limiting step at low temperatures but
not at 37 �C, so the temperature shift would reverse the situa-
tion. In this scenario, HS and TORC1-inhibiting stresses
would lead to the same phenotype but through different mech-
anisms: HS would speed up the rate-limiting step and TORC1
inhibition would let flux forward the intermediate because
its substrate (i.e., transcription) has been removed. Another
“passive model” is based on the recent finding that the nuclear
envelope associated to the rDNA forms a flare during an
extended metaphase [66]. This flare results from the accumula-
tion of phospholipids, which are diverted towards the nuclear
envelope that surrounds the nucleolus. Since the rDNA is teth-
ered to the nuclear envelope [67], it might well happen that
the rDNA loop is just a consequence of the adaptation of this
locus to the physical space that occupies the flare. We thus
speculate that the HS somehow changes this flare/rDNA rela-
tionship, either the flare changes with temperature (e.g., phos-
pholipids are recycled from the nuclear envelope to other
membranes upon HS) or the rDNA gets detached by the stress.
Finally, other alternative explanations include either that
TORC1 itself is a structural component of the loop, as it gets
detached from rDNA promoter upon inhibition [68], or that
the change in the way nascent rRNAs are processed after
TORC1 inhibition modifies the rDNA morphology [69].
Current work in our lab has in mind these passive models of
rDNA condensation.
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A major orientation of the work undertaken in this report
relates to revisiting previous results obtained with temperature-
sensitive (ts) alleles for essential genes; more specifically, several
genes in which a role was given for the rDNA structure or segre-
gation. We chose five genes CDC14, CDC15, CDC5, SMC2 and
YCS4 (the latter two encoding proteins which belong to the con-
densin complex), although there are many others that should be
studied as well. The main reason for revisiting results obtained
through ts alleles with new conditional alleles whose restrictive
condition can be induced at 25 �C (auxin-driven aid alleles here)
is that the HS-driven rDNA condensation in metaphase could
have misled us about the real role of these genes. Thus, Cdc14
downregulates transcription and targets condensin to the rDNA
in anaphase [26,27,49]. However, if HS did the same in meta-
phase this could mask the real contribution of Cdc14 at a later

cell cycle stage: rDNA segregation and subsequent hypercompac-
tion in anaphase (as previously addressed with cdc14-ts and
cdc15-ts alleles) [9,21,22,44]. Remarkably, we still observed gross
rDNA missegregation in cdc14-aid and rDNA hypercompaction
in cdc15-aid (i.e., it blocks cells in telophase but allows Cdc14
transient activation to segregate the rDNA). Likewise, cdc5-aid
still missegregates the rDNA, which also fails to get condensed in
anaphase, in accordance to expectation for the Cdc5 role in
Cdc14 and condensin activation as previously reported with ts
alleles [22,32,47]. It is important to note that Cdc5 and Cdc15 are
kinases, so conditional alleles sensitive to ATP analogues are
available (i.e., cdc5-as1 and cdc15-as1). This has allowed to inhibit
the enzymes at temperatures other than 37 �C, with results similar
to what we find with aid alleles [33,70]. Condensin was a remark-
able case to study since it has been shown to disorganize the

Figure 7. “Active” vs “passive” models of rDNA condensation by HS and other TORC1-dependent stresses. (A) An active model for rDNA condensation in metaphase upon
stress. Heat stress, rapamycin, nutrient starvation, etc. would temporarily stop rRNA transcription through TORC1 inhibition. This, in turn, would recruit condensin to the
locus to drive condensation of the loop. (B) Passive models for rDNA condensation in metaphase upon the same stresses. The rDNA loop in metaphase would be a result
of the rDNA being accommodated to either nucleolus flattening or nuclear envelope flaring. Either of these protrusions would act as rDNA scaffolds and depend on an
active TORC1. Environment stress would shrink these scaffolds (see text for more details) and the rDNA would accommodate to the reduced space. Note that both models
are not necessarily mutually exclusive. Light blue oval, the bulk of nuclear DNA; Thick green line, the rDNA loop; Thin red line, the nuclear envelope.
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rDNA structure into a randomly spread punctuated pattern by
FISH, the so-called “puff”. Puffed rDNA has also been observed
in G1 by FISH, but in live cells coated with Net1-GFP the rDNA
appears as a condensed line/oval shape in cycling G1 cells (Figure
S1) [44,45], rather similar to what we observed upon HS in meta-
phase. Strikingly, we observed puffed rDNA in virtually all Net1-
GFP cells upon condensin depletion. Because of this great depen-
dency on condensin for any coherent in vivo rDNA structure,
regardless the cell cycle stage and degree of condensation, we
believe condensin is always loaded onto the rDNA and we prefer
the use of the above-mentioned term “overloading” when Cdc14
and TORC1 inhibition (and perhaps HS) target further condensin
to the locus. In summary, the four players we have re-checked
here by aid alleles mimicked previous findings with ts alleles, so
the novel HS-mediated rDNA condensation have a minor effect
on previous results obtained with these ts alleles. Nevertheless, it
is premature to say that this is going to be the case for other play-
ers as well. Cohesin, Aurora kinase Ipl1, Top2 and essential fac-
tors implicated in rRNA maturation are among these other
players which are worth revisiting in the future.

A final consideration we would like to highlight is the possi-
ble implications of the HS-mediated rDNA condensation in
thermotherapy. Hyperthermia is a well known sensitizer in
antitumor therapy, although its mechanism of action is poorly
understood at present [71], It has been speculated that there is
a link between hyperthermia and ribosome biogenesis in
humans since HS inhibits mTOR, and the activity of this com-
plex is needed for RNA pol I transcription of the rDNA
[72,73]. Therefore, our new findings on the rDNA compaction
upon heat stress could shed more light on why cancer cells are
hypersensitive to hyperthermia and help to envision new thera-
peutical approaches against this devastating disease.

Material and methods

General experimental conditions

Yeast strains used in this study are listed on Table 1. Genetic
backgrounds of these strains are W303 and YPH499 (congenic
to S288C). Genetic engineering was carried out through stan-
dard PCR-based procedures [74]. We used two aid-based
degron systems, the originally reported and an improved ver-
sion formed by a chimera between a shorter aid (aid�) and epit-
opes such as 9xmyc and GFP [40,42].

For experiments, strains were routinely grown overnight in
YPD broth (http://www.bd.com/ds/productCenter/242820.asp) at
25�C with moderate shaking (200 rpm). Synthetic complete
media (SC) supplemented with the corresponding drop-outs was
also used in specific experiments. This media was made from
Yeast Nitrogen Base without Amino Acids (YNB). Two versions
of YNB were used: with and without ammonium sulphate as the
only nitrogen source. Both YNB media were also purchased from
BDTM. Chemical agents used in experiments were: Nocodazole,
Nz (http://www.sigmaaldrich.com/catalog/product/sigma/m1404);
3-indolacetic acid, IAA (http://www.sigmaaldrich.com/catalog/
product/sigma/i2886); rapamycin, Rap (http://www.sigmaaldrich.
com/catalog/product/sigma/r8781); hydrogen peroxide, H2O2

(http://www.sigmaaldrich.com/catalog/product/sigma/h1009); and

L-Azetidine-2-carboxylic acid, AZC (http://www.sigmaaldrich.
com/catalog/product/sigma/a0760).

For HS treatment in Nz-blocked cells, cultures were first
grown at 25�C until an OD660 of 0.4 was reached. Cells were
then blocked in metaphase by adding Nz (15 mg/ml in 1% v/v
DMSO, final concentration) and waiting for 3h at 25�C. Usu-
ally, Nz re-addition (50% of the working concentration) was
employed after 2h of the first addition to avoid release from the
arrest. Then, the temperature was set for 1h at 37�C to induce
the HS. In the case of experiments with IAA, a stock of
200 mM in Ethanol 100% v/v was used for a final concentration
of 1 mM or less, whereas a stock of 500 mM in DMSO was used
for 5 mM final concentration. For the rapamycin experiment, a
final concentration of 200 nM was used (from a 2.74 mM stock
in DMSO). For the H2O2 and AZC experiments, final concen-
trations of 1 and 10 mM were used, respectively.

For spot dilution assays on plates, cultures were grown expo-
nentially and adjusted to an OD660 of 0.4 and then serially
diluted in 10-fold steps in distilled water. Volumes of 5 ml where
spotted onto the corresponding plates and incubated at the indi-
cated temperatures for 3–4 days before taking the photo.

Western blotting

For western blotting, 5 ml of the yeast liquid culture was used to
extract total protein using the alkaline method [75]. During IAA
treatment, cells were incubated with the appropriate concentra-
tion range and at the indicated time points. Briefly, cell pellets
were re-suspended in 100 ml of distilled water and then 100 ml of
0.2 M of NaOH was added. After 5 min incubation at room tem-
perature, the sample was pelleted again and re-suspended in
50 ml of PAGE sample buffer (http://www.bio-rad.com/es-es/sku/
1610737-2x-laemmli-sample-buffer), then boiled for 3 min and
pelleted again. Next, 6–10ml per lane of the supernatant (contain-
ing proteins) was resolved on a 10% SDS-PAGE gel

Table 1. Strains used in this work.

Strain Genotype Origin

AS499 MATa ura3-52 lys2-801 ade2-101 trp1-D63 his3-
D200 leu2-D1 bar1-D

Strunnikov lab

FM225 AS499 NET1:GFP(LEU2) Aragon lab
FM230 AS499 CDC14:GFP:KanMX Aragon lab
YNK54 Mata ura3-1::ADH1-OsTIR1:9Myc(URA3) ade2-1 his3-

11,15 leu2-3,112 trp1-1 can1-100
Kanemaki lab

FM931 YNK54 NET1:GFP(LEU2) This work
FM1009 FM931 ycs4:aid:KanMX This work
FM1391 FM931 cdc14:aid:KanMX This work
FM1784 YNK54 cdc14:aid�-GFP:HphNT This work
FM1785 FM931 cdc14:aid�-9myc:HphNT This work
FM1934 FM1784 ura3-1 (-OsTIR1)1 This work
FM2055 FM1009 ura3-1 (-OsTIR1)1 This work
FM2113 FM1784 SPC42:RedStar:KanMX [NOP1-CFP(LEU2)] This work
FM2150 FM931 smc2:aid�:hphNT This work
FM2177 FM931 cdc15:aid�:hphNT This work
FM2179 FM1784Dtor1::kanMX4 This work
FM2283 FM931 cdc5:aid�-9myc:HphNT This work
FM2292 FM931 cdc60:aid�-9myc:HphNT This work
FM2332 FM2292 ura3-1 (-OsTIR1)1 This work
yED233 Mata ura3-1::Hta2:CFP(URA3) ade2-1 his3-11,15

leu2-3,112 trp1-1 can1-100
Pelet lab

BY23836 MATa TAB6-5GFP ade2-1 his3-11,15 leu2-3,112 trp1-
1 ura3-1 can1-100

Toh-e lab2

FM2333 BY23836 NET1:eCFP:KanMX This work
1OsTIR1was removed by reverting the ura+ phenotype on 5-FOA plates.
2Obtained from the NBRP repository (http://yeast.lab.nig.ac.jp/yeast/)
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electrophoresis. After transferring the proteins to PVDF mem-
branes, the myc epitope was detected with successive incubations
with a primary monoclonal mouse anti-myc antibody (http://
www.sigmaaldrich.com/catalog/product/sigma/m4439; 1:20,000)
and a secondary rabbit anti-mouse conjugated to alkaline
phosphatase (S3721; https://www.promega.com/; 1:60,000). Light
emission was detected with CDP-Star detection reagent
(RPN3682; http://www.gelifesciences.com) on a Vilber-Lourmat
Fusion Solo S chemiluminescence detector. Finally, a staining of
the membrane with Ponceau S-solution (https://www.applichem.
com/en/shop/product-detail/as/ponceau-s-loesung/) was also car-
ried out for a loading reference. The myc specific signal was quan-
tified in non-saturated conditions with the Bio1D software.

The relative amount of aid�-9myc tagged proteins after IAA
addition was estimated using OsTIR1-9myc as an internal house-
keeping control. We validated that OsTIR1-9myc amounts did
not change over the course of an IAA experiment. For that pur-
pose, we compared OsTIR1-9myc signal with overall lane loading
as reported by the Ponceau staining.

Fluorescence microscopy

A Leica DMI6000B epifluorescence microscope with an ultra-
sensitive DFC350 digital camera was employed for single cell
visualization as we have reported before [76,77]. Briefly, 250 ml
of cell culture was collected at each time point, centrifuged at
3,000 r.p.m. for 2 min at room temperature, the supernatant
carefully retired, and »1 ml of the pellet was added to »1 ml of
water on the microscope slide. Samples were visualized directly
using a 63X/1.30 immersion objective, immersion oil with a
refractive index of 1.515-1.517, and the appropriate filter cube
for each tag/stain. In the case of DAPI staining, the cell pellet
was frozen 24h at ¡20�C and then »1 ml of the pellet was
added to »1 ml of 4 mg/ml of DAPI (http://www.sigmaaldrich.
com/catalog/product/sigma/32670) on the microscope slide.
For each field, we first captured a series of 20 z-focal plane
images (0.3 mm depth between each consecutive image), and
then we processed images with the Leica AF6000 software and
ImageJ (https://imagej.nih.gov/ij/). For time-lapse movies of
living cells, a small number of Nz-blocked cells were spread
onto small patches of agarose medium as we have reported
before [76]. The patches had 15 mg/ml Nz as well.

Loop length quantification was performed on a z-stack
image with the AF6000 software.

Statistics

Nz-blocked cells were dichotomically categorized when possible
(e.g., rDNA loop vs condensed shape, loop/condensed vs puff,
etc.), and the corresponding proportions calculated and repre-
sented in bar charts. Error bars in these charts depict 95% confi-
dence intervals under the assumption of a binomial distribution.

Continuous data (i.e., loop length in mm) were represented
in box-plots (http://shiny.chemgrid.org/boxplotr/). In these
plots, centre lines depict the medians; box limits indicate the
25th and 75th percentile and notches roughly give the 95% con-
fidence intervals for each median. Sample means are repre-
sented by a cross and confidence interval of means is
represented as grey boxes inside. Altman whiskers were

depicted, which extend to 5th and 95th percentiles (outliers are
represented by dots outside whiskers). Numbers at the bottom
of the box plots indicate the rDNA entities measured in the
analysis. Statistical significance of the difference between
medians was calculated applying a Mann-Whitney U test.

R software (https://www.r-project.org/) was used for calcula-
tion of confidence intervals and statistical tests.
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