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abundant RNAs in the cell. We found that the copy number of the gene encoding 35S
rRNA, transcribed by RNA polymerase I, changes proportionally to the cell volume in
budding yeast via a feedback mechanism based on the Sir2 histone deacetylase, which
guarantees that yeast cells have the appropriate RNA polymerase I synthesis rate required
for rRNA homeostasis.

Introduction

Eukaryotic cells have distributed the transcription work in its nuclei among three different
RNA polymerases (RNA pol). RNA pol II transcribes most genes, including those that encode
proteins. RNA pol III transcribes some several hundreds of genes (mostly tRNAs and 5S rRNA
genes). RNA pol I, specialized in transcribing only one gene, the large rRNA 35-47S gene
(depending on the particular eukaryote) is, however, the biggest consumer of ribonucleotides
given the need for a vast amount of this precursor of ribosomes [1,2]. Ribosomes are central in
protein synthesis machinery and, therefore, ribosome content is a determinant of protein syn-
thesis and, hence, of cell growth and division [1-3]. This implies that given the high metabolic
cost of rRNA synthesis, a tightly regulated transcription system is necessary to ensure that the
mature rRNA level is coupled with cellular growth demands. In the yeast Saccharomyces cerevi-
siae, RNA pol I uses 60% of all ribonucleotides for its single gene target [1,4]. This extremely
high synthesis rate (SR) is possibly due to the high density and speed of this RNA pol [2], as
well as the large number of 35S rDNA gene copies. In most eukaryotes, the rDNA gene exists
as a long tandem repeat in one chromosome or several [5,6]. So it would appear that the high
SR required for the rRNA synthesis needed during active cell growth and proliferation [7] can-
not be achieved only by using RNA pol I at its maximum capacity, and the multiplication of
the rDNA gene is necessary. This is a slow SR regulation system because the change in the
rDNA copy number can be done only during genome replication using an unequal homolo-
gous recombination between sister chromatids [6,8,9]. rDNA loci are very dynamic genome
regions whose copy number varies considerably in a single species, and even between cells in a
single individual [5,10-13]. Apart from regulating the rDNA copy number, regulating rRNA
synthesis is also possible by acting on RNA pol I transcription initiation [14] or elongation (see
[15] for a recent review), and by controlling the proportion of active rDNA repeats [16]. This
last option is feasible because repeats can exist as either silenced chromatin covered by regu-
larly packaged nucleosomal arrays or a transcriptionally active and nucleosome-depleted copy
[7,17]. This mechanism is also likely to be slow as the change between chromatin states
requires the passage of the replication fork through rRNA genes to reset nucleosome assembly
[18].

In order to maintain its identity and physiological features, a cell should keep the concen-
trations of its molecules constant, or at least within a certain limited range. This homeostatic
control involves maintaining the total amount of RNAs and proteins, which are performers of
genetic information. Total protein content is homeostatically controlled due to the high pro-
tein content of all cells and the high cost of protein synthesis (see [4] for a detailed discussion).
This means that the ribosome concentration, and consequently the rRNA concentration
([rRNAJ), is strictly controlled because it is a key determinant of protein synthesis (see above).
[rFRNA] depends on a dynamic equilibrium between its synthesis and decay rates. As stated
above, the SR for rRNA is extremely high in actively dividing cells, which means that RNA pol
I should be very efficiently controlled to adjust to cell requirements. The rate at which RNA
pol I makes the rRNA precursor (also called 35-47S [5]) is known as the nascent transcription
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rate (nTR, [19]) and accounts for the number of rRNA molecules made by a time unit. As the
homeostatic equilibrium depends on concentrations, and not on numbers of molecules,
changes in cell volume add another factor that should be taken into account. Thus the SR and
the nTR are conceptually different parameters (see ref. [19] for a detailed explanation). The SR
accounts for the rate of mature [rRNA] change and varies independently of the nTR because
of changes in rRNA maturation and/or in cell volume. By assuming no changes in rRNA post-
transcriptional processing, the SR can be calculated from the nTR by dividing it by cell volume
[19]. Change in cell volume is a phenomenon linked with not just progression during the cell
cycle, but also with cell aging as mother cells undergo progressive size increases across genera-
tions [20], and also with the genotype of yeast strains given the influence of many mutations
on the cell cycle [21]. When cell volume changes, both the SR and n'TR become numerically
different because the SR equals the nTR divided by cell volume [19]. However, as the physical
parameter that measures RNA pol activity is the nTR, all kinds of regulations act primarily on
it.

We have previously shown that the nTR for RNA pol IT is regulated differently in cells pre-
senting symmetrical or asymmetrical cell division [22]. In that study we proposed three models
or scenarios for nTR regulation depending on the symmetry of division and the involved RNA
pol. For RNA pol II in symmetrically dividing cells increases the RNA pol I nTR in parallel
with cell volume to keep SR constant. In this scenario (#1), RNA pol IT is limiting and the cell
volume increase is accompanied by the volume-dependent recruitment of RNA pol IT onto tar-
get genes, as recently demonstrated in S. pombe [23]. For budding yeast however, a different
scenario (#3) applies: the RNA pol II nTR remains constant in spite of cell volume changes by
changing the RNA pol II cell concentration to avoid changes in cell physiology during succes-
sive asymmetric cell divisions [22]. Finally, the S. cerevisiae RNA pol I n'TR also remains con-
stant with cell volume, but via a different mechanism: nTR regulation by limiting RNA pol I
targets (scenario #2).

In this study, we extend the previous study by focusing on RNA pol I regulation in bud-
ding yeast with regards to changes in cell volume. We considered changes in cell volume
when comparing the average cell volume in asynchronous actively growing yeast popula-
tions. By running different types of experiments to determine the RNA pol I nTR, we found
that budding yeast adapts the number of chromosomal rDNA repeats to the population’s
average cell volume. We propose a model of regulation, based on that previously proposed
by D. Shore [10] and T. Kobayashi [24,25], in which we include the cell volume as the physio-
logical mechanism controlling the Sir2 histone deacetylase activity. This, in turn, regulates
the homologous recombination at the rDNA locus and allows the repeat copy number to
vary.

Results

The nascent transcription rate (nN'TR) of RNA pol I is proportional to the
ploidy of yeast strains and varies with cell volume

In a previous study, which aimed to elucidate the influence of cell size on transcription rates
[22], we used non synchronized exponentially growing cultures of yeast strains with different
average cell volumes. The set of strains included the wild-type haploid strain BY4741, two hap-
loid mutants (cIn3 and whi5) respectively with large and small volumes, and three polyploid
(2n, 3n and 4n) strains created by D. Pellman’s group [26] (with cell sizes of approximately 2x,
3x and 4x regarding BY4741). All the strains grew similarly (S1 Table), which excludes any dif-
ference in the nTR due to changes in growth rates [27]. We found that the total n'TR increased
linearly with volume in polyploid cells because of the parallel increase in genome copies. Thus
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the nTR per genome copy remained constant, and we postulated a scenario for RNA pol I reg-
ulation in which the nTR of this RNA pol strictly depended on the abundance of its substrate:
35S rDNA [22].

In this paper, we analyzed the behavior of haploid mutant strains whi5 and cin3 by filter
run-on (see below) and confirmed it by chromatin immunoprecipitation. Transcriptional run-
on is based on capturing elongating RNA pol when rNTPs are depleted by the detergent per-
meabilization of cells. Then these paused RNA pols are allowed to resume elongation after the
addition of external rNTPs, including **P-UTP. It detects all types of nuclear active elongating
RNA pols (I, IT and III) [28]. The run-on signal is proportional to the number of active elon-
gating RNA pol and allows the nTR between different samples to be compared, provided that
the elongating speed of RNA pol does not change. We followed a simplified protocol with the
TCA precipitation of the labeled nascent RNA on glass fiber filter discs (“filter run-on”: see
M&M). Given that RNA pol II only accounts for 25% of the total, this result informs about
RNA pol I+III nTR behavior (Fig 1A). The use of a specific antibody for RNA pol I (against
the second largest RNA pol I subunit: A135) confirms that the total n'TR per genome copy is
much higher in cIn3 and slightly lower in whi5 than in the wild-type and diploid strains (Fig
1B). Thus, as differences in the nTR cannot be caused by changes in ploidy for haploid mutants
of a different cell size, we hypothesized that the variation in the RNA pol I substrate could be
due to a change in the number of rDNA repeats.

The chromosomal rDNA copy number increases in a c/n3 mutant to
compensate the bigger cell volume

The rDNA gene in S. cerevisiae forms tandem repeats between 100-200 copies [9]. The repeat
copy number has been shown to vary between different mutants [29]. It is also known that
rDNA repeats can pop-out, which leads to the production of extrachromosomal rDNA circles
[30]. ERC production can also be a mechanism of rDNA amplification [31]. Therefore, we
hypothesized that the number of rDNA repeats increased in the ¢/n3 mutant and decreased in
whi5 to adjust its number to the average cell size. To test this, we measured the rDNA repeat
number in the series of yeast strains by gPCR. Figs 2A and S1A show that the total copy num-
ber in relation to a single copy gene control (ACT1I) is more than double in the c/n3 mutant
and slightly lower in the whi5 mutant compared to BY4741. In fact the relative rDNA copy
number change in both mutants with regards to BY4741 (2.2 and 0.9) comes very close to the
relative changes in the observed RNA pol I nTR (2.3 and 0.85, from the Filter run-on data in
Fig 1A). In order to check if the copy number of rDNA repeats is related to cell volume, we
checked the Yeast rDNA Stability (YRS) database of Kobayashi’s group in which about 4800
yeast gene knockout strains are classified as four groups according to the number of rDNA
repeats [29]. We compared the average cell volume (taken from [21] and [32]). In Figs 2B and
S1B we can see that cell size significantly increases in the cells with a bigger rDNA copy num-
ber. Given that the genetic determinants of cell size are multiple [33], the small, but significant,
correlation demonstrates that the number of rDNA repeats tends to increase with cell size irre-
spectively of the physiological reason for cell increase.

If the mutants had a different repeat copy number from the wild-type strain that they derive
from, we hypothesized that it would be due to a secondary effect after deleting the target gene.
This is because the cell, where deletion occurs, has a wild-type number of rDNA repeats. We
hypothesized that the rDNA copy number would be adjusted after gene deletion by successive
steps across genome replications [34]. To test this, we ran a 200-generation culture of four
freshly obtained (“early”, <20 generations) Acln3 mutants. We first checked the cell size of
these mutants and found that it was indistinguishable from a “late” c/n3 mutant obtained from
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Fig 1. The RNA pol I nTR per genome copy changes in haploid cell size mutants. The nTR was determined in a series of haploid yeast
strains with different cell volumes (see S1 Table) and a diploid (2n) control strain for the total RNA pol I nTR by filter run-on (A) that
measures the total n'TR (I+II+I1II), or by chromatin immunoprecipitation of its second largest subunit (A135) (B) that measures only RNA
pol I nTR. In both cases, the nTR is given per genome copy. A t-test was used for statistical significance: n.s (not significant), ***: p-

value < 0.0005.

https://doi.org/10.1371/journal.pgen.1009520.g001
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Fig 2. The number of rDNA repeats evolves in a c/n3 mutant to match the optimum value of the RNA pol I nTR required for its cell volume. A) The number
of rDNA repeats varies in different strains in such a way that it depends on ploidy, except for cell size haploid mutants (see S1C Fig). A t-test was used for statistical
significance: n.s (not significant), ***: p-value < 0.0005; **: p-value < 0.005. B) The average cell volume for the mutant strains from the Kobayashi database [29]
was calculated for the three groups of “normal” rDNA repeat copy number (#80-200), high copy number (#299-400) and very high copy number (>450) using the
cell volume data (in fL) from [21]. A similar plot, but using the cell volume data (in arbitrary units) from [32], is shown in S1B Fig. The difference was maintained
even with the mutants with a very low growth rate (using the data from [32]). We filtered out mutants at the 1.3-, 1.5- or 1.7-fold lower growth rates than the wild
type. The values obtained for average cell volumes were exactly the same as those shown in panel B. C) In an “early” c/n3 mutant, the copy number is small, similar
to its parental wt haploid (n: BY4741) when it is a recent transformant, but increases along with the number of generations for four independent clones
(#9,13,20,24). The dashed horizontal lines mark the repeat copy number for strains Euroscarf Acln3 (BQS2006) and wt (BY4741). D) Extrachromosomal rDNA
circles (ERCs) analysis. The DNA from different strains was isolated and quantified, electrophoresed, blotted and hybridized with ACT1 and 18S rDNA probes.
See S2 Fig for an example of electrophoresis. The number of repeats corresponded to the 185/ACT1 ratio and relativized to the wild type (125 copies). The
percentage of ERCs corresponded to the ratio of all the ERCs bands (see S2 Fig) to the genomic DNA band. Two repeats of the experiment were done. The values
represent the averages and standard deviations (SD) for them. The wild-type sample (BY4741) had no SD because it was taken as an internal reference of intensity
in each replicate using the calculated copy number of 125 repeats (panel A). E) The RNA pol I nTR of the different c[n3 mutants varies according to the rDNA
repeat number, as determined by the chromatin immunoprecipitation of the second largest RNA pol I subunit (A135) onto either the 25S (blue) or 18S (red)
transcribed regions. Strain Acln3 Euroscarf is BQS2006 (see S1 Table). A t-test was used for statistical significance of the differences between the freshly obtained
(20 generations, 20g) Acln3 mutant and the evolved Acln3 (“late” 200g and Euroscarf) mutants: ***: p-value < 0.0005. F) The RNA pol I nTR of the AcIn3 mutants
increase in parallel to the rDNA repeat number during the evolution experiment. The nTR was calculated as in E).

https://doi.org/10.1371/journal.pgen.1009520.9002

the Euroscarf collection in which we performed previous experiments: 83+10 fL (S1C Fig, S1
Table). We also checked that these four mutants had a wild-type rDNA copy number. Then
we cultured these Acln3 mutants in YPD for approximately 200 generations by refreshing cul-
tures daily in new medium every 10-12 generations. Fig 2C illustrates that all the cIn3 strains
progressively increased the number of rDNA repeats to up 250 on average, although variability
among strains was wide. Then we checked if the copy number increase was due to ERC ampli-
fication. ERCs can be distinguished from chromosomal rDNA copies by agarose electrophore-
sis and Southern blotting because they migrate as separate multimeric bands given their
circular and supercoiled nature [30,31]. In Fig 2D it can be seen that cIn3 strains have a higher
level of ERCs than the BY4741 wild type, and within the range of the sir2 mutant, but that this
level did not increase during the evolution from an “early” mutant to a “late” one. Thus, it
would seem that a fresh S. cerevisiae cln3 mutant had an intrinsic enlarged size because of its
longer G1 period [29,35], and not as a result of an altered rDNA copy number. Its larger size
can provoke a defect in the effective SR of 35S rRNA if the n'TR was not corrected. The plastic-
ity of the rDNA locus, however, may lead the chromosomal repeat copy number to rise and,
consequently, the nTR. In fact the measurements of elongating RNA pol I by immunoprecipi-
tation with Anti-A135 Ab confirmed that the actual RNA pol I nTR in the 200-generation-old
Acln3 cells was higher than in the <20-generation-old one (Fig 2E), and that it increased in the
newly generated ones across generations during the evolution experiment in parallel to the
increase in the rDNA repeat copy number (Fig 2F).

A model for RNA pol I transcription regulation by cell volume

We previously published a model for RNA pol I transcription regulation with cell volume,
which is based on large excess and a high affinity of this RNA pol to its targets (scenario #2 in
[22]). This model predicts that [RNA pol I] does not decrease with cell volume to keep the
nTR constant (unlike RNA pol II, see [22]). We used the set of yeast strains with different cell
volumes (see S1C Fig) for the Western blot quantification of the two main subunits of this
RNA pol to find that the RNA pol I concentration remained constant (Fig 3).

In that scenario [22], the total nTR was, thus, driven by the actual number of rDNA gene
copies present in each strain. For the previously described 200-generation-evolved cln3
mutants, this would appear to be modulated by an amplification of the rDNA repeats occur-
ring along many genome replications. T. Kobayashi’s group has shown that the rDNA locus is
very plastic and undergoes expansions and contractions. Expansions are driven by unequal
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Fig 3. The cellular concentration of RNA pol I does not vary with cell volume. A) The RNA pol I concentration in the different
polyploids (n-4n) and haploid mutants (whi5, cIn3) shown in Fig 2A was calculated by Western blot using approximately the same
amount of total protein and correcting by the G6P-DH signal. An antibody against the second largest RNA pol I subunit (A135, blue
squares) and one against the largest RNA pol I subunit (A190, red triangles) are shown. The graphs (representing the fold change
regarding the haploid strain) represent the average and standard deviations of three biological replicates. B) In both cases, an example
of a Western blot is shown below. The slopes of the trend lines in panel A) do not significantly deviate from the horizontal according
to an F-test (p-values are shown).

https://doi.org/10.1371/journal.pgen.1009520.g003

sister-chromatid recombination, which produces two cells with different repeat copy numbers,
followed by a gradual evolution (see [34,36]). This evolutionary pathway fits our previous
results with c[n3 mutants. A recent paper [24] postulates that the control of homologous
recombination is due to the action of histone deacetylase Sir2 which, in turn, is controlled at
the transcription initiation level by the upstream activator factor (UAF) complex. The UAF is
both an activator of RNA pol I transcription and a repressor of SIR2 transcription by RNA pol
II. Here we adapt this model to account for our observations as regards cell volume. Our
model (Fig 4A) assumes that both the UAF and RNA pol I have very high affinity constants

for the rDNA promoter. Under steady-state growth conditions, both proteins saturate the
available (open chromatin) repeat copies. Under steady conditions, the UAF is in a limiting
amount [24], whereas RNA pol I comes in excess [7,22]. When the CLN3 gene is deleted after
transformation, the wild-type cell instantaneously becomes a Acln3 mutant and changes its cell
cycle to become larger than the wild type. As most proteins maintain their concentration
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Fig 4. Model for rDNA copy number regulation by cell volume. A) A cartoon model for cell size control on the rDNA repeat copy number is shown (see the main text
for details). B) A mathematical model (see S1 Appendix) predicts that the Sir2 activity (blue line) suddenly decreases after cell enlargement in cell that becomes Acin3
and that progressively recovers in parallel to the increase in rDNA copy number that results from the increased recombination at the rDNA locus and the selection for
higher copy number successive generations. C) The relative levels of UAF30 and SIR2 to a reference gene (ACT1) in the cln3 strains of different numbers of generations
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repeats) used as a reference. The x axes reveal the rDNA copy number of the different strains used. A t-test was used for statistical significance: n.s. (not significant), ***:
p-value < 0.0005.

https://doi.org/10.1371/journal.pgen.1009520.9004

independently of cell volume, the number of the UAF and RNA pol I molecules/cell increases
proportionally to cell volume. This has no effect on RNA pol I behavior because the consider-
able molar excess over its targets renders the change in the number of free molecules irrele-
vant. Conversely for the UAF, the proportional change in the number of molecules to the
increase in volume, because of the constant rDNA copy number, provokes a change in the free
[UAF]. UAF also has affinity for the SIR2 promoter, albeit much lower than for rDNA [24].
Therefore, an increased concentration of free UAF leads to SIR2 gene repression. Thus in
larger cells, the UAF will repress SIR2 transcription which, in turn, will cause the de-repression
of the homologous recombination and will promote an increased copy number [34]. When
the number of rDNA repeats reaches the necessary number to sequester most of the free UAF
molecules present in the new cell volume, the system will return to the steady state.

We studied this homeostatic control of the rDNA repeat copy number using a differential
equation-based mathematical model (S1 Appendix). Intriguingly, our mathematical model
corresponded to an integral feedback mechanism to control the concentration of rDNA
repeats at a prescribed set point. Such integral feedbacks have recently been shown to be
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essential for robust perfect adaptation when faced with environmental perturbations [37]. We
refer readers to the Supplementary Information for mathematical modeling details. It can be
seen that the model predicts a fast decrease in Sir2 activity after cell volume increase followed
by a recovery to a normal levels in parallel to the increase in rDNA copy number (Fig 4B) simi-
lar to the increase in rDNA repeats observed in the Acln3 mutant evolutionary experiment
(Fig 2C).

A prediction of this model is that the total cell [UAF] will be always constant, but excess
free [UAF] will repress SIR2 expression in freshly made c/n3 mutants and will recover to its
wild-type levels after 200 generations. Fig 4C shows that the UAF30 subunit mRNA expression
is constant in the cln3 strains with a different rDNA copy number, but SIR2 expression is
lower in the cln3 strains with a small rDNA copy number and increases to wild-type levels in
the strains with a larger rDNA copy number. The observed profile of SIR2 mRNA fits to that
predicted for Sir2 activity by the mathematical model (Fig 4B).

Discussion

How the cell controls the activity of its RNA polymerases (i.e. their nTR) to obtain the right
synthesis rate depends on cell division symmetry [22]. Symmetrically dividing cells, such as
human fibroblasts and S. pombe, increase the number of elongating RNA pol II by keeping its
cellular concentration constant independently on cell volume, while maintaining a very strong
association constant with gene promoters [38,39]. In this way the equilibrium is strongly dis-
placed toward the chromatin binding of RNA pol II, which assures that the increase in RNA
pol IT molecules with cell volume, required to maintain the concentration constant, will
directly increase the nTR. We called this “scenario #1” in our previous study [22]. It has been
recently demonstrated in S. pombe that the RNA pol I amount scales with cell volume during
the cell cycle and has a direct consequence on transcription initiation rates [23]. Due to the
asymmetric division in budding yeast, the n'TR cannot increase with cell volume because it
would provoke a never-ending increase in daughter cells with every generation [22]. Instead
we found that S. cerevisiae lowered the SR through volume increase because the RNA pol II
concentration was down-regulated by cell volume and mRNA homeostasis was maintained by
a compensatory increase in global mRNA stability [22].

The conceptual problem solved for RNA pol II in different organisms is applicable to the
other nuclear RNA pol. Our previous study suggested that in budding yeast, RNA pol I had
also a constant n'TR per gene copy due to an excess amount of this RNA pol regarding its
rDNA template (which is limiting). We proposed a new scenario (#2), in which the rise in the
nTR in large-sized polyploid cells would be caused by their increase in ploidy, which would
proportionally augment the total number of rDNA repeats by keeping the SR constant. How-
ever, we found that other yeast strains with smaller or bigger sizes than the wild type, but with
haploid genomes (e.g. cIn3 and whi5), also adapted their total nTR to their cell size. We sug-
gested that it could be related to the plasticity of rDNA repeats, which are known to be variable
in number [29]. In the present study, we performed a series of experiments that confirmed our
hypotheses: the nTR per gene copy was constant in asynchronous populations of yeast strains
with different average cell volume. Thus, the total nTR could increase with cell volume by
increasing the rDNA copy number with ploidy increase [22] or by altering the rDNA repeats
per genome (this paper). We also found that the number of rDNA repeats in budding yeast
adjusted to the required RNA pol I SR by a mechanism based on the transcriptional control of
the histone deacetylase SIR2 gene (Fig 4). Our model of rDNA copy number control by cell
volume is based on T. Kobayashi’s previous model [24,25] called “Musical chair”. This model
predicts that, similarly to the scenarios proposed for RNA pol II transcription rate control (see
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above), a limiting amount of a DNA binding protein (UAF), together with its high binding
constant to the rDNA promoter, would lead the concentration of free UAF to be negligible in
wild-type cells, but would be exquisitely dependent on the number of rDNA repeats. lida and
Kobayashi [24] demonstrated that the UAF is also able to bind the SIR2 gene promoter, albeit
with a much lower binding constant than for an rDNA promoter, by acting as a repressor. In
this way, Sir2 histone deacetylase activity becomes dependent on the number of free UAF mol-
ecules. The silencing activity of Sir2 on an ncRNA gene placed within the rDNA repeat is nec-
essary to repress the homologous recombination between rDNA repeats during replication,
which is the origin of repeat copy number variability [6,23,24]. This variability would then
allow the evolution of the appropriate -DNA copy number for its genetic features and cell vol-
ume. Interestingly, the increase in the rDNA copy number that happens in cells with a few
repeats has been demonstrated to depend on the target of rapamycin (TOR) pathway [40].
Only when TOR is active can rDNA amplification occur. This amplification also takes place,
as in our study, by increasing chromosomal copies, and not by ERCs increase. Our studies
have been done in exponential growth-rich media when TOR is active. The evolution experi-
ment, however, included the daily re-inoculation of post-diauxic cultures to simulate common
yeast growth conditions. As most cell divisions occur in the exponential phase during the time
periods when TOR is active, this has no major effect on our evolution experiment and in simi-
lar ones performed by other authors under comparable conditions [36,40]. The TOR pathway
is also a positive effector on the transcription of ribosome proteins genes by acting via Sfp1
and Sch9 activators and Fhll and Ifh1 transcription factors [41]. Our previous results estab-
lished that ribosome protein expression is regulated by cell volume at the transcription and
mRNA stability levels [32]. Our present results and those previously obtained in Houseley’s
lab [40] show that TOR acts on the RNA pol I transcription level by controlling, through Sir2
and other histone deacetylases, the rDNA repeat number. These results are added to the previ-
ously known effect of TOR regulation of RNA pol I transcription at the initiation level [14].
The necessary parallel mechanism to coordinate rRNA levels with ribosome protein synthesis,
thus, acts in S. cerevisiae differently on mRNAs, which can be easily regulated at the stability
level, and rRNA, which is much stable, but can be regulated at the gene copy level.

Regarding the mechanism that controls rDNA amplification we hypothesized that any
change in cell volume with no change in rDNA repeats would alter the concentration of free
UAF molecules. This occurs because if UAF expression does not change (constant cellular pro-
tein concentration), the increase in cell volume involves a parallel increase in the total UAF
molecules per cell but, because of the invariant rDNA target number, the concentration of free
UAF will increase and lead to SIR2 transcription repression. Then we found that the increase
in rDNA copies which occurred in a freshly made cIn3 mutant (Fig 2C), with a wild-type copy
number, but a much larger cell size (S1C Fig), provoked a decreased SIR2 expression, which
recovered and reached the wild-type values (Fig 4C) along with the progressive increase in
rDNA repeats seen across successive generations (Fig 2C). This change took place without any
changes in UAF30 expression (Fig 4C). Interestingly, a previous study found that SIR2 expres-
sion was reduced in large cells and increased in small wild-type cells, although it was not
related to UAF regulation [42]. The increase in rDNA can also happen by the generation of
extrachromosomal minicircles (ERCs). This has been demonstrated to occur for balancing the
number of chromosomal repeats [31]. In that study, however, ERCs were generated when the
number of repeats lowered. In contrast, in our study the proportion of ERCs did not change,
in spite of chromosomal rDNA amplification. Therefore, the increased number of rDNA cop-
ies was not due to a greater accumulation of ERCs (Fig 2D).

Previous studies have shown that rRNA synthesis is determined by the RNA pol I loading
rate and not by the number of active genes, and that the number of elongating RNA pol I
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molecules remains constant in spite of the change in rDNA repeats [16]. This result, however,
was found for cases in which the number of rDNA repeats was very small (42 repeats). In that
case, the nTR increased because of the increase in both the proportion of active repeats and
RNA pol I density. In our case, however, the number of active RNA pol I molecules varied pro-
portionally to the -DNA copy number (Fig 2F), which supports the previous suggestion made
by Houseley [40], which indicates that regulation by gene copy number can be a safer strategy
and one that does not provoke genome instability in the long term (discussed in [40]).

We cannot rule out that the changes in the proportion of active genes and/or kinetic param-
eters of RNA pol I happen also in mutants whi5 and cln3, but the parallel increase in rDNA
repeats (Fig 2A) and the number of elongating RNA pol I molecules (Figs 1 and 2F) suggest
that this is the simplest explanation. The different increase observed for several cln3 transfor-
mants (Fig 2C) may, however, indicate that additional modes of regulation for the RNA pol I
nTR with cell volume could exist.

Finally, another question to arise from our model is the possible additional effects that the
change in Sir2 activity might have on other cellular processes. This histone deacetylase is
responsible for maintaining chromatin silencing in telomeric regions, and for mating type loci
and rDNA [36]. At rDNA, Sir2 acts in a complex called RENT, which interacts with the 35S
promoter. Although Sir2 seems dispensable for RNA pol I transcription, its tethering to the
35S promoter seems important to strike a balance between Sir2 action in rDNA and at telo-
meres (see [36] for a detailed description). Any shrinkage in the rDNA array not only releases
Sir2, but also causes both an increase in telomeric and mating-type gene silencing and a pro-
portional down-regulation of the SIR2 gene to repeat loss [10]. The down-regulation of Sir2
can be explained by the UAF repression described in the Musical Chair model [25]. D. Shore’s
group proposed that there is an equilibrium between the nucleolar and non-nucleolar pools of
the Sir2 protein, and that rDNA “buffers” the amount of Sir2 in a cell [10]. Thus, cell volume
changes could also have effects on telomere and mating-type silencing.

Materials and methods
Yeast strains, media and growth conditions

The S. cerevisiae strains used herein are summarized in S1 Table. The S. cerevisiae cells were
grown in either liquid YPD (2% glucose, 2% peptone, 1% yeast extract) or YPGal (2% galac-
tose, 2% peptone, 1% yeast extract) media. Experimental assays were performed with the cells
exponentially grown for at least seven generations until ODggo ~0.4-0.5 at 30°C.

The growth rate (GR) was calculated by growing 50 mL of yeast cultures in 250 mL flasks
with shaking (190 rpm) at 30°C. Aliquots were taken every 60 min in the exponential phase
and their ODg, were measured. GRs (h™") were calculated from growth curves in YPD and/or
YPGal and are shown in S1 Table.

cln3 strain evolution experiment

For culture evolution purposes, the Acln3 mutants were made from strain BY4741 by substitut-
ing the natural allele for the KanMX4 PCR-amplified cassette with the oligos described in S2
Table following the lithium acetate protocol [43]. An rDNA copy number alteration due to Li*
was discarded by qPCR test (see below) in the obtained clones. Small colonies (1 mm diame-
ter) were assumed to contain ~2x10° cells and corresponded to progenies after about 18 gener-
ations, starting from single ancestor cells [34]. The subcultures in liquid YPD medium were
started and growth was followed by measuring ODgqo. Repeated subculturing was done by
inoculating up to 10* cells/mL into 20 mL of fresh medium and allowing them to grow for 24 h
to 5-6 ODggq (to about 108 cells/mL, 10-11 generations). An aliquot of the culture was spun
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down daily, the supernatant was discarded and the cell pellet was frozen onto liquid nitrogen.
Four different small colonies Acln3 (#9, 13, 20, 24) were used to make four replicates of the
experiment.

Cell volume determination

The median values of the cell volumes of the population were obtained by a Coulter-Counter
Z series device (Beckman Coulter, USA), as previously described [22]. The absolute values (in
fL) are shown in S1 Table.

RNA extraction, RT-qPCR for mRNA levels

To determine the amount of RNA, cells were grown in rich media until the exponential phase
(see above). Then total RNA was purified by phenol:chloroform extraction, as described in
[44] in three biological replicates and was quantified by an OD,, estimation in a Nanodrop
device (ThermoFisher Scientific) or using the Qubit RNA BR Assay kit (Thermo Fisher Scien-
tific) measured in a Qubit fluorimeter for accurate quantification purposes.

The expression of SIR2 and UAF30 was measured by RT-qPCR in the DNase I-treated
RNA samples, extracted as previously described before being normalized against the ACT1
mRNA levels. Specific primers were designed for this aim and are listed in S2 Table. The
reverse transcription of mRNA was carried out using an oligo d(T),sVN with Maxima Reverse
Transcriptase (Thermo Fisher Scientific). cDNA was labeled with SYBR Pre-mix Ex Taq (Tli
RNase H Plus, from Takara) and the Cq values were obtained from the CFX96 Touch Real-
Time PCR Detection System (BioRad).

Determination of the nascent transcription and synthesis rates by filter
run-on

For the total (RNA pol I + II + III) nascent transcription rates (nTR), a run-on experiment was
used, followed by TCA precipitation onto a glass fiber filter. For these experiments, the S. cere-
visiae cells were grown to ODjgqg 0.4-0.6. Three biological replicates were performed for each
yeast strain. For each sample, two aliquots of 2.5x10 cells were collected by centrifugation at
4,000 rpm for 3 min in a 1.5 mL Eppendorf tube. Pellets were resuspended in 0.5 mL of 0.5%
sarkosyl and spun down again by centrifugation under the same conditions as above. Superna-
tants were discarded to completely eliminate sarkosyl. Then the pellet was resuspended in

7.2 uL of distilled water. The run-on pulse was performed by adding to the cell pellet, per sam-
ple, 9.87 uL of a master transcription mix, composed, per sample, of 7.5 pL of 2.5x transcrip-
tion buffer (50 mM Tris-HCI, pH 7.7, 500 mM KCI, 80 mM MgCI2), 1 pL of the rNTP mix (10
mM each ATP, CTP and GTP), 0.375 uL of 0.1 M DTT, 1 pL of UTP (0.9 uL of 3 pM cold UTP
and 0.1 uL of 3 uM [a->*P] UTP, Perkin Elmer, 3000 Ci /mmol, 10 uCi/uL) at a final, per sam-
ple, volume of 18.75 pL. To allow transcription elongation, the mix was incubated with agita-
tion (650 rpm) for 5 min at 30°C. The reaction was stopped by adding 82 puL of cold distilled
water to the mix and leaving it on ice. To measure the total amount of radioactivity present in
the mix (‘“Total’), 15 pL of the reaction were directly spotted onto glass fiber paper discs and
dried in an aerated heater at 65°C. Another 15 pL aliquot of the mix was spotted onto glass
fiber discs and precipitated by soaking it in 4 mL of 10% (v/v) of trichloroacetic acid (TCA) at
4°C for 20 min. TCA was removed and a new wash of 4 mL of cold TCA (10% v/v) was added
for 10 min. TCA was removed and discs were washed with 3 mL of cold 70% (v/v) EtOH.
Discs were dried again in a heater at 65°C. Once dried, 3.5 mL of a scintillation cocktail (Nor-
mascint #22, Scharlau) were added to each disc for radioactive counting purposes. All three
biological replicates were performed in three technical replicates for TCA and two for the total
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and were averaged. For each individual sample, incorporation was calculated as “TCA/Total”
being the total n'TR. Synthesis rates (SR) were estimated by dividing the nTR values by cell volume
(see above). The nTR values per genome copy were obtained by dividing the nTR by ploidy.

Determination of the nascent transcription and synthesis rates by
chromatin immunoprecipitation of RNA pol I

As an alternative way to measure the nTR, the recruitment of RNA polymerase I to rDNA
chromatin was assayed by a chromatin immunoprecipitation (ChIP) analysis with a specific
antibody for RNA pol I. Cells were grown in rich medium until the exponential phase. Cross-
linking between proteins and the associated DNA was performed by adding formaldehyde to
0.75% for 15 minutes. Samples were sonicated 12 times (30 sec on, 30 sec off) at high intensity
in a Bioruptor (Diagenode) device. Chromatin fragments were immunoprecipitated using a
rabbit polyclonal antibody (diluted 1:50) against RNA polymerase I subunit 135 (A135), cou-
pled to protein A-conjugated magnetic beads (Thermo Fisher Scientific). DNA fragments
were then amplified by qPCR and the Cq values were analyzed. SYBR Pre-mix Ex Taq (Takara)
was used for gPCR following the manufacturer’s instructions. The reaction was performed in
the CFX96 Touch Real-Time PCR Detection System (BioRad). The primers designed to detect
ribosomal genes (258, 18S) are listed in S2 Table. Their localization on the rDNA repeat is
shown in S1D Fig. Signals were normalized against the ACT1 gene signal to give the nTR val-
ues per genome copy.

qPCR quantification of rDNA repeats

The estimation of the number of ribosomal RNA gene (rDNA) repeats was measured by qPCR
and normalized against the ACT1 gene signal. For this purpose, genomic DNA was purified by
a standard phenol:chloroform extraction [45] and precipitated with ethanol. Primers were
designed against a specific region in the rDNA cluster (5.8S) and are listed in S2 Table. DNA
was labeled with SYBR Pre-mix Ex Taq (Tli RNase H Plus) from Takara and the Cq values
were obtained from the CFX96 Touch Real-Time PCR Detection System (BioRad).

Western blot analysis

Protein extraction from 1-2x10° yeast cells was done by suspending the cell pellet in 200 uL of
NaOH 0.2M. After 5 minutes, samples were centrifuged and then mixed with 100 uL 2X
SDS-PAGE loading buffer. They were incubated at 95°C for 5 minutes to completely extract
proteins from cells. For the Western blot analysis [46], similar protein amounts were injected
into SDS-PAGE acrylamide gels under reducing and denaturing conditions. Rabbit polyclonal
antibodies against A190 and A135 RNA pol I subunits were assayed (diluted 1:5000) in this
study, which were provided from O. Calvo and C. Fernandez-Tornero. Glucose 6-phosphate
dehydrogenase (G-6-PDH) was used as an internal control by re-incubating the same blots
with a specific antibody (A9521 from Sigma Aldrich). Bound antibodies were detected using
appropriate horseradish peroxidase-conjugated secondary antibodies (1:10000, Promega), fol-
lowed by chemiluminescence detection with an ECL Prime Western blotting detection kit (GE
Healthcare). At least three replicates of each sample were analyzed by using the ImageQuant
LAS 4000 software (GE Healthcare).

Determination of the percentage of ERCs

Total cellular DNA was obtained from saturated YPD cultures as previously described.
Approximately 10 pg of undigested genomic DNA were resolved by gel electrophoresis at a
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low voltage (0.7% agarose, 1.5 V/cm for 40 h) in TAE buffer (40 mM Tris, 20 mM acetate, 1
mM EDTA, pH 8). Gel was soaked in 0.25 M HCl for 10 min and DNA was transferred to a
positively charged nylon membrane under alkaline conditions (0.4 M NaOH, 1 M Na(l) for at
least 8 h. Membranes were then neutralized (0.5 M Tris-Cl pH 7.2, 1 M NaCl) for 15 min and
successively hybridized with >*P-labelled ACT1 and rDNA probes. Probes were generated
from a template that was PCR-amplified from genomic DNA and random-primed labeled
with the High Prime kit (Sigma). After hybridization (24 h at 65°C in 0.5 M phosphate buffer,
1 mM EDTA, 7% SDS), blots were washed with washing solution I (1x SSC, 0.1% SDS) and
washing solution II (0.5x SSC, 0.1% SDS) at 65°C. ERCs and ACT1 levels were defined with a
phosphorimaging system and quantification was done using the ImageJ software. The ERC
and genomic rDNA values were normalized against the ACT1 values.

Supporting information

S1 Fig. The number of rDNA repeats changes in cells with a different volume. A) The num-
ber of IDNA repeats per genome in different strains is constant, except for cell size haploid
mutants. A t-test was used for statistical significance: ***: p-value < 0.0005; the other samples
were not statistically different. B) The average cell volume (in arbitrary units) increases with
the rDNA repeat copy number in a list of mutant strains from [29]. This graph is complemen-
tary to Fig 2B, but used the cell volumes from [34]. C) Cell volumes in the different strains
used in this study. A t-test was used for statistical significance: ***: p-value < 0.0005; **: p-
value < 0.005. D) A scheme of the rDNA locus and the probes used for gPCR is shown. Strain
NOY408-1b (“1b”, see S1 Table), with a known rDNA copy number (150 repeats, see [34]),
was used as an internal control.

(PDF)

S2 Fig. Extrachromosomal rDNA circles (ERCs) analysis. The DNA from different strains
was isolated and quantified. About 10 ug of DNA were electrophoresed in 0.7% agarose gel in
TAE buffer at 1.5 v/cm for 40 h. A sample of BY4741 (wt) DNA was digested with BamHI and
was used as a size marker (left lane). DNA was transferred by alkaline Southern blot and suc-
cessively hybridized with ACT1 and rDNA (18S) probes. The signal from ACT1 hybridization
was used for normalization between samples to obtain the relative genomic rDNA repeats
number (see Fig 2D). The sum of all the ERC bands, which corresponded to different repeat
copy number ERCs [30,31], was related to the rDNA genomic band. The sir2 strain was used
as a control because it was described to have a high proportion of ERCs [47]. The size of the
BamHI ACT1 band (16.5 kb) is shown. As the rDNA repeat has no BamHI cutting site, it
shows a band for it in the genomic DNA position.

(PDF)

S1 Table. Yeast strains used in this study.
(PDF)

S2 Table. Oligonucleotides used in this study.
(PDF)

S1 Appendix. Integral Feedback Mathematical Model.
(PDF)
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