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Abstract

Tandem repeats are inherently unstable and exhibit extensive copy number polymorphisms. Despite mounting evidence for their adaptive
potential, the mechanisms associated with regulation of the stability and copy number of tandem repeats remain largely unclear. To study
copy number variation at tandem repeats, we used two well-studied repetitive arrays in the budding yeast genome, the ribosomal DNA
(rDNA) locus, and the copper-inducible CUP1 gene array. We developed powerful, highly sensitive, and quantitative assays to measure re-
peat instability and copy number and used them in multiple high-throughput genetic screens to define pathways involved in regulating
copy number variation. These screens revealed that rDNA stability and copy number are regulated by DNA replication, transcription, and
histone acetylation. Through parallel studies of both arrays, we demonstrate that instability can be induced by DNA replication stress and
transcription. Importantly, while changes in stability in response to stress are observed within a few cell divisions, a change in steady state
repeat copy number requires selection over time. Further, H3K56 acetylation is required for regulating transcription and transcription-in-
duced instability at the CUP1 array, and restricts transcription-induced amplification. Our work suggests that the modulation of replication
and transcription is a direct, reversible strategy to alter stability at tandem repeats in response to environmental stimuli, which provides cells
rapid adaptability through copy number variation. Additionally, histone acetylation may function to promote the normal adaptive program
in response to transcriptional stress. Given the omnipresence of DNA replication, transcription, and chromatin marks like histone acetyla-
tion, the fundamental mechanisms we have uncovered significantly advance our understanding of the plasticity of tandem repeats more
generally.
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INTRODUCTION
Repetitive DNA sequences constitute large fractions of all eukary-

otic genomes and copy number polymorphisms at repetitive

regions are now recognized as a significant source of genetic di-

versity. In fact, copy number variations are now recognized as

the most significant source of genetic diversity in human popula-

tions (Iafrate et al. 2004; Sebat et al. 2004; Redon et al. 2006; Zarrei

et al. 2015) and are associated with many human chromosomal

syndromes (Wyandt et al. 2017). A recent genome-wide associa-

tion study of 1011 natural isolates of the budding yeast,

Saccharomyces cerevisiae, showed that copy number variations not

only constituted the most genetic variation, but also had the

most significant effect on phenotype (Peter et al. 2018).

Computational studies estimate that the human genome con-

tains at least 25,000 arrays of tandem repeats between 600 bp

and 10 kb in length, with 503 arrays larger than 10 kb (Warburton

et al. 2008), and these tandem repeats exhibit extreme variability

in copy number (Brahmachary et al. 2014). These data suggest

that copy number polymorphisms, particularly at tandem

repeats, may significantly contribute to genome function. To elu-
cidate the mechanisms underlying the regulation of instability
and adaptive copy number changes at tandem repeats, we chose
to study the two features of tandem repeats that are key to their
ability to undergo extensive copy number variation—instability,
and copy number maintenance—using two well-studied repeti-
tive arrays in the yeast genome, the ribosomal DNA (rDNA) locus,
and the copper-resistance CUP1 gene array.

The rDNA genes encode ribosomal RNA (rRNA), and are the
most well-characterized tandem repeat family. Given their uni-
versally conserved function in ribosome biogenesis, and the con-
servation of the organization of the genes and key regulatory
elements from yeast to humans, the budding yeast rDNA locus
has been used as a model to study mechanisms of copy number
variation at tandem repeats. The budding yeast rDNA locus is
comprised of �100–200 copies of a 9.1-kb repeat unit arranged in
tandem on the long arm of Chromosome XII. Each 9.1-kb repeat
unit contains coding sequences for a pre-35S rRNA, transcribed
by RNA polymerase I (RNAPI), that gives rise to the 18S, 25S, and
5.8S rRNA species, and a 5S rRNA, transcribed by RNA
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polymerase III (RNAPIII). The 35S and 5S rRNA coding sequences
are separated by two intergenic spacers (IGS), IGS1 and IGS2,
which contain important regulatory elements. IGS2 contains an
rDNA origin of replication, rARS, and a cohesin-associating se-
quence (CAR). IGS1 contains a replication fork barrier (RFB) site
bound by the replication fork blocking protein Fob1, and E-pro, a
noncoding, bidirectional, RNA polymerase II (RNAPII) promoter
whose activity is normally suppressed by Sir2, an NADþ-depen-
dent histone deacetylase (Figure 1A). The rDNA array is the most
highly transcribed locus in the yeast genome, and high rates of
transcription from multiple copies of rDNA repeats are essential
to support rRNA production in actively growing cells. rDNA

repeat units are maintained far in excess of the requirement for
ribosome biogenesis, with only about half of the 100–200 repeats
transcribed in actively growing yeast cells (French et al. 2003).
Additionally, while rDNA copy number can be reduced signifi-
cantly (down to �20 copies) with little effect on rRNA output or
cell growth (Kobayashi et al. 1998; French et al. 2003), extra, untran-
scribed rDNA repeats are required to ensure efficient DNA damage
repair in the highly transcribed rDNA array (Ide et al. 2010).

Normal rDNA copy number is thought to be maintained by a
recombination-mediated amplification of rDNA repeats that
depends on RNAPI transcription (Kobayashi et al. 1998). Recent
work from Mansisidor et al. (2018) and Iida and Kobayashi (2019)

Figure 1 Development of a system to study copy number variation at tandem repeats. (A, B) The rDNA and CUP1 gene arrays share design features.
Cartoons showing the structure of the (A) rDNA and (B) CUP1 gene arrays in S. cerevisiae along with key regulatory elements in each array. The rDNA
array comprises 100–200 �9.1 kb repeat units arranged in tandem at a single locus on Chromosome XII. Direction of blue block arrows indicates
direction of rDNA transcription. IGS1 and IGS2, Intergenic spacers 1 and 2; rARS, rDNA origin of replication; CAR, cohesin associated region; E-pro,
bidirectional RNAPII promoter whose activity is suppressed by Sir2 binding; RFB, replication fork barrier, bound by Fob1. The CUP1 array comprises 2–20
�2kb repeats arranged in tandem at a single locus on Chromosome VIII. Direction of grey block arrows indicates direction of CUP1 ORF transcription.
ARS, origin of replication; CUT, cryptic unstable transcript. Red bars within coding sequences of both arrays indicate target regions for ddPCR assays to
measure repeat copy number, relevant restriction sites flanking the ddPCR assay targets are also indicated. (C) Basic principle of the quantitative, single
cell assay to measure repeat instability (qRIN). MFA1 in a haploid, wild-type MATa strain (i) is tagged with three copies of GFP to generate the MFA1-
3�GFP strain (ii). A single copy of MATALPHA is integrated at the locus of interest, e.g., one rDNA repeat (iii). The a2 repressor produced from MATALPHA
represses GFP expression. GFP-positive cells produced by loss of the MATALPHA-containing region can be rapidly counted using flow cytometry as
shown in representative flow cytometry analyses of the wild-type MATa strain, the MFA1-3�GFP strain, and the RDN25-MATa strains with GFP-positive
cells gated by the black polygon.
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suggests that cells depend on multiple RNAPI transcription-de-
pendent mechanisms to (a) monitor rDNA copy number at every
cell division, and (b) trigger amplification of the array in cells
with critically low rDNA copy number (Mansisidor et al. 2018; Iida
and Kobayashi 2019). During S-phase, the binding of Fob1 to the
RFB inhibits DNA replication in the direction opposite to 35S
rDNA transcription, preventing the head on collision of transcrip-
tion and replication machinery (Brewer et al. 1992; Kobayashi
2003). DNA replication forks stalled at the RFB are processed into
double-stranded breaks (DSBs), which are repaired by homolo-
gous recombination-mediated repair pathways (Kobayashi et al.
1998; Kobayashi 2003). The presence of multiple identical tandem
repeats that can serve as templates for recombination allows un-
equal sister chromatid exchange (USCE) events to occur, which
frequently result in copy number variations. USCE is suppressed
by cohesin binding at the CAR (Kobayashi et al. 2004).
Recombination is further suppressed by binding of Sir2 to E-pro
(Kobayashi et al. 2004; Kobayashi and Ganley 2005). Despite these
known mechanisms to suppress recombination at the rDNA, re-
combination-mediated repeat loss is relatively high in wild-type
cells, even in unperturbed conditions. Additionally, copy number
changes at the rDNA have been observed as adaptive responses
to mutations and environmental stresses, particularly DNA repli-
cation stress (Ide et al. 2007; Kwan et al. 2013; Shyian et al. 2016;
Salim et al. 2017) and perturbations in RNAPI transcription (Oakes
et al. 1993; Kobayashi et al. 1998; Oakes et al. 1999; Albert et al.
2011). This relatively high instability at the rDNA locus, the para-
doxical, stable maintenance of normal repeat copy number, and
the apparent lack of correlation between instability and repeat
copy number changes have all been areas of active investigation
for the last several years. These data suggest that the functions
of the rDNA go well beyond ribosome biogenesis. Therefore, char-
acterization of the mechanisms regulating the stability of the
rDNA array and its ability to accommodate extensive copy num-
ber variation is key to understanding the impact of these varia-
tions on genomic adaptation to the environment.

While the yeast rDNA array has served as a major model to
study the behavior of tandem repeats, rDNA genes are constitu-
tively transcribed, and their transcription is essential for cell via-
bility. Work from Hull et al. (2017) showed that transcription of
the CUP1 gene array induces copy number variation at this locus,
suggesting that the inherent instability at the rDNA array is due
in part to constitutively high levels of transcription at the array.
The requirement of rDNA transcription for cell survival makes it
impossible to study transcription-dependent and independent
aspects of copy number variation using the rDNA array. The
CUP1 array shares design features with the rDNA array. It is com-
prised of 2–20 copies of a �2kb repeat unit, arranged in tandem
at a single locus on chromosome VIII. Each repeat unit contains
the CUP1 coding sequence and an origin of replication (ARS). The
CUP1 promoter is bidirectional, with sense and antisense tran-
scription producing CUP1 mRNA and a cryptic unstable transcript
(CUT), respectively (Hull et al. 2017) (Figure 1B). CUP1 encodes a
metallothionein that sequesters environmental copper and cad-
mium. CUP1 is only transcribed in the presence of copper in the
medium, and copy number correlates directly with copper resis-
tance, making the CUP1 array a powerful, inducible system to
study copy number variation and adaptation. Further, work from
Hull et al. (2017) showed that CUP1 copy number variation was reg-
ulated by acetylation of the lysine 56 of histone H3 (H3K56), a
chromatin mark well known for its role in maintaining rDNA copy
number (Ide et al. 2013). These data suggest the conservation of

the basic principles of copy number variation at the rDNA and
CUP1 arrays.

While the last two decades have witnessed the discovery of
many genes involved in the regulation of rDNA copy number var-
iation in budding yeast (Smith et al. 1999; Ide et al. 2013; Saka et al.
2016; Salim et al. 2017), the lack of quantitative, sensitive assays
to measure the rapid induction of instability in a high-throughput
manner has limited our understanding of how instability aids
adaptive copy number variation. The lack of a clear distinction
between repeat instability and changes in steady-state copy
number has also resulted in several apparently paradoxical find-
ings. Here we report the development and validation of a quanti-
tative, single cell-based assay to measure repeat instability
(qRIN), and demonstrate its use in a quantitative and unbiased
high-throughput screen to identify genetic factors that regulate
rDNA stability. We identified several pathways that impact rDNA
instability; notably, in addition to factors that elevate instability,
factors that suppress instability were also identified. This sug-
gests that rather than minimizing instability, cells may have
evolved to maintain an “optimal rDNA stability” that promotes
genome stability while allowing for copy number variations to oc-
cur readily in response to genomic stresses. Additionally, to iden-
tify factors involved in the maintenance of normal rDNA copy
number, we used a droplet digital PCR (ddPCR) based assay to
measure rDNA copy number in 279 strains of a yeast conditional
temperature-sensitive (ts) mutant collection of essential genes.
Our screens, in conjunction with follow-up experiments, revealed
that instability and maintenance of copy number of the rDNA
and CUP1 arrays are regulated by DNA replication, transcription,
and acetylation of the lysine 56 residue of histone H3 (H3K56).
Based on these data, we propose that instability at tandem
repeats can be rapidly induced by replication and transcription.
While changes in instability at both rDNA and CUP1 arrays in re-
sponse to stress are observed within a few cell divisions, a change
in steady-state repeat copy number, or adaptation, requires pro-
longed propagation under selective conditions. H3K56 acetylation
specifically governs transcription-induced array amplification,
making it a regulator of the normal process of adaptation. We
propose that modulation of replication and transcription is a di-
rect, reversible strategy to alter instability at tandem repeats in
response to environmental stimuli, which provides cells rapid
adaptability through copy number variation.

Materials and methods
Yeast strains and media
All yeast strains used are listed in Supplementary Table S2. Strains
were grown in nonselective synthetic complete (SC) medium [6.7 g/L
yeast nitrogen base without amino acids þ ammonium sulfate, 20 g/
L dextrose, 2 g/L SC supplement], or SD-dropout medium (6.7 g/L
yeast nitrogen base without amino acids þ ammonium sulfate, 20 g/
L dextrose, CSM-dropout supplement) lacking specific amino acids
as indicated. Copper and/or hydroxyurea (HU)-treated cells were
grown in SC complete medium containing indicated concentrations
of CuSO4 and/or HU. Rich medium used was YPD (1% yeast extract,
2% peptone, 2% dextrose). For CUP1-MATa cup2D (þPGAL1-CUP1)
strains, selective medium used was SRaff-Leu-Ura (6.7 g/L Yeast
Nitrogen Base without amino acids þ ammonium sulfate, 0.67 g/L
CSM-Leu-Ura supplement, 20 g/L raffinose), and nonselective me-
dium used was SRaffþGal-Ura (6.7 g/L Yeast Nitrogen Base without
amino acids þ ammonium sulfate, 0.77 g/L CSM-Ura supplement,
20 g/L raffinose, 20 g/L galactose) containing the indicated concen-
tration of CuSO4. All growth was at 30�C. Strain construction was
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carried out using standard yeast protocols. All strains were verified
by replica plating and PCR, followed by ddPCR to measure copy
numbers of rDNA, CUP1 as well as the MATa-LEU2 repressor
(Supplementary Table S4). Instability reporter strains were also
tested for green fluorescent protein (GFP) expression and repression
by flow cytometry.

ddPCR
Genomic DNA isolation, quantification, and ddPCR were carried
out, as previously described (Salim et al. 2017). Quantification
was performed using the Quantasoft software. For copy number
measurements, SD for each individual reaction was calculated
using the formula:

Standard deviation ¼ ðCImax � CIminÞ=ð2� 1:96Þ

where (CImax � CImin) is the 95% Confidence Interval for the ratio
of absolute copy number of the target of interest and TUB1 in
each reaction, with both assays multiplexed in the same well, as
generated by Quantasoft. ddPCR primers, probes, and PCR condi-
tions used are listed in Supplementary Table S3.

Measurement of repeat loss rates
Growth and sample collection:
Single colonies (four each) of freshly revived reporter strains were
inoculated into 5 mL SD-Leu medium and grown overnight (up to
24 h) at 30�C. The next day, each overnight culture was used to
inoculate cells into 5 mL SC complete such that the starting cell
density of this culture was OD600�0.05. Actual OD600 following in-
oculation into SC complete medium (t¼ 0), OD600-0, was also
measured and recorded, following which cells were allowed to
grow in SC complete medium for �24 h (�10–12 doublings,
t¼ 24h) at 30�C. Additionally, 100–200mL of each overnight culture
(SD-Leu) was also harvested and fixed for cytometric analysis of
the fraction of GFP-positive cells at t¼ 0. The next day, the cell
density of each SC Complete culture (t¼ 24h), OD600-24, was mea-
sured and recorded. Additionally, 100–200mL of each culture was
harvested and fixed for cytometric analysis of the fraction of
GFP-positive cells at t¼ 24h.

Preparing samples for cytometry:
To prepare cells for cytometry, cells were harvested from an ap-
propriate volume of the culture by centrifuging at <3000 rpm for
5 min. The medium was aspirated, and cells were washed once in
1� phosphate-buffered saline (PBS) (<3000 rpm, 5 min). Following
removal of 1�PBS, cells were resuspended in 100–200 mL 4% para-
formaldehyde solution [Per 40 mL: 10 mL 16% paraformaldehyde
(Ted Pella), 1.36 g sucrose] and incubated at room temperature, in
the dark, for 15 min. Fixed cells were centrifuged at 3000 rpm for
5 min to remove the paraformaldehyde, washed once with 1�PBS
(3000 rpm, 5 min), and resuspended in 1 mL 1�PBS. Fixed samples
were then stored at 4�C in the dark for up to a week until needed
for cytometry.

Flow cytometry:
Fixed samples were analyzed on a MACSQuant Analyzer
(Miltenyi Biotec) or a ZE5 Cell Analyzer (Bio-Rad). At least 200,000
single cells were counted for each sample. Data analysis was per-
formed using FlowJo v10 to obtain the fraction of GFP-positive
cells. The FlowJo analysis template used can be accessed from
the Stowers Original Data Repository at http://www.stowers.org/
research/publications/libpb-1576.

Calculation of repeat loss rates:
The fraction of GFP-positive cells and OD600 measurements for
each sample at t¼ 0 and t¼ 24 h were recorded in Microsoft

Excel. Equations (5) and (6) in Supplementary File S1 were applied

to these data to calculate repeat loss rates using Mathematica 10

(Wolfram Research 2014).

Testing for loss of the MATa-LEU2 repressor
Single colonies of freshly revived MFA1-3�GFP, RDN25-MATa, and

CUP1-MATa strains were inoculated into 5 mL SC Complete and

SD-Leu, respectively, and allowed to grow to overnight at 30�C.

The next day, a small aliquot of each overnight culture (t¼ 0) was
used for fluorescence-activated cell sorting (FACS) sorting GFP-

positive and GFP-negative cells from each sample. The overnight

culture was also diluted into 5 mL SC Complete medium, and

allowed to grow overnight at 30�C. The following day, an aliquot
from this culture (t¼ 24h) was also used for FACS.

Samples from t¼ 0 and t¼ 24h were sorted using an S3 Cell

Sorter (Bio-Rad), MoFlo Legacy cell sorter (Beckman Coulter), or

an Influx cell sorter (BD Biosciences) depending on instrument

availability. 100,000 GFP-negative cells and 1000–100,000 GFP-
positive cells (depending on the frequency of GFP-positive cells)

were sorted from each sample into �500mL YPD. The sorted cells

were diluted and plated at single cell density on to YPD plates.

The plates were incubated at 30�C for �2 days until colonies
appeared. The plates were photographed, following which each

plate was replica plated on to both, YPD and SD-Leu plates. The

plates were incubated at 30�C for 1 day, until colonies appeared

and photographed.
Twelve single colonies were then picked at random from the

YPD replica plates, resuspended in 200 mL ddH2O, and stored at
�80�C prior to genomic DNA isolation for ddPCR. Four additional

single colonies were also picked from the replica plates to gener-

ate the growth curves in Figure 2B. Single colonies were used to

inoculate 175 mL SC Complete at a starting OD600 of 0.05 in a 96-
well plate. Each colony was inoculated in triplicate, and growth

curves were generated from average (of 3) measurements of

OD600 taken every 15 min using a TECAN Infinite M200 plate

reader for growth at 30�C for 24 h.

High-throughput screens
Plasmid preparation and transformation into WT reporter
strain:
The freshly revived RDN25-MATa strain was inoculated into

200 mL SD-Leu and incubated overnight, with shaking, at 30�C. In

the following morning, the culture was spun down and the me-

dium decanted. The cell pellet was then washed twice with
ddH2O and once with 0.1 M lithium acetate. The washed pellet

was resuspended in 1.5 mL 1 M lithium acetate, 0.5 mL ddH2O,

and 2 mL 2 mg/mL sheared salmon sperm DNA. 50 mL of this mix

was aliquoted into all wells of a 96-well PCR plate. 200 ng of each

MoBY plasmid was then added to each well of the PCR plate and
vortexed prior to the addition of 100 mL 50% PEG3350. The plate

was sealed, vortexed, and briefly spun down before heat shocking

at 42�C for 1 h. The plate was then spun down, and the superna-

tant was aspirated off. 200 mL SD-Leu-Ura was then added to each
well, and the cultures were transferred to a flat-bottom 96-well

plate and incubated overnight, with shaking, at 30�C. Cultures

were then spotted onto SD-Leu-Ura PlusPlates and grown for two

nights at 30�C. Cells from each spot were then inoculated into
150 mL SD-Leu-Ura broth and grown overnight at 30�C. 65 mL 50%
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Figure 2 Validation of the qRIN assay. (A) GFP-positive cells in the RDN25-MATa strain at t¼ 24h are generated predominantly by a complete loss of
MATALPHA-LEU2. (i) Flow cytometry data showing GFP-positive and GFP-negative cells sorted from the MFA1-3�GFP and RDN25-MATa strains grown in
nonselective medium (t¼ 24h). (ii) Sorted GFP-positive and GFP-negative cells plated on YPD plates, and replica plated on to YPD and SD-Leu plates. 91%
(364/400 colonies) GFP-positive cells from RDN25-MATa strain are Leu�. (iii) Copy number of MATALPHA-LEU2 in 12 colonies picked from the YPD replica
plate for each sorted population measured by ddPCR. Error bars represent standard deviation for each individual reaction. 91.67% (11/12 colonies) GFP-
positive cells from the RDN25-MATa strain have lost the MATALPHA-LEU2 construct. (B) Loss of MATALPHA-LEU2 does not confer a growth advantage.
Representative growth curves of single colonies (1 each) derived from sorted GFP-positive cells from RDN25-MATa and MFA1-3�GFP strains and sorted
GFP-negative cells from RDN25-MATa. Growth curves were plotted based on average of triplicate measurements of OD600 taken at 15-min intervals for
24 h. Inset: growth rates for four independent colonies derived from each population. Error bars represent standard deviation. (C) Average repeat loss
rates from three different genomic regions—CUP1 gene arrays containing 2, 6, 12, or 17 copies of CUP1, the rDNA array, and a “stable” intergenic region
downstream of TUB1. (D) Similar rDNA repeat loss rates obtained from a variety of reporter strains. (E) Altered rDNA repeat loss rates in mutants known
to affect rDNA stability. For (C–E), error bars represent standard deviation based on four biological replicates. Statistical significance was calculated
using a standard two-tailed t-test. **P< 0.01, ****P< 0.0001.

D. Salim et al. | 5



glycerol was added to each well of the plate, mixed, and frozen at
�80�C.

Growth and preparation for cytometry:
30 mL of the glycerol stock of each strain from RDN25-MATa þ
MoBY library was inoculated into 1.5 mL SD-Leu-Ura in a 96-
deepwell plate. These plates were incubated overnight, with
shaking, at 30�C. The next morning, 100 mL of the overnight cul-
tures were fixed for cytometric analysis. In parallel, the overnight
cultures were also diluted 1:50 into 1.5 mL SD-Ura in 96-deepwell
plates. OD600 following inoculation into nonselective medium
(t¼ 0), OD600-0, was measured immediately after inoculation us-
ing a TECAN Infinite M200 plate reader and recorded. This set of
plates was incubated overnight, with shaking, at 30�C. The fol-
lowing morning, 100mL of the overnight cultures in nonselective
media were fixed for cytometric analysis. Additionally, the cul-
tures were diluted 1:10 and used to obtain OD600 following growth
in nonselective medium (t¼ 24h), OD600-24, using a TECAN Infinite
M200 plate reader. Cells were fixed for cytometry as described
above, with minor modifications. Briefly, cells were pelleted, resus-
pended in 100mL 4% paraformaldehyde, and incubated at room
temperature for 15 min. Fixed cells were then washed twice with
200mL 1�PBS and resuspended in 250mL 1�PBS. Flow cytometry to
estimate the fraction of GFP-positive cells, and calculation of
rDNA repeat loss rates was carried out as described above.

Hit validation:
The top �200 hits with high rDNA instability and the top
�100 hits with low rDNA instability were cherry-picked and re-
arrayed into 96-well plates, as previously described (Salim et al.
2017). rDNA repeat loss rates were measured in these strains two
additional times (three independent measurements including ini-
tial screen) as described above. Genomic DNA was isolated from
these hits for ddPCR, as previously described (Salim et al. 2017).

Screen to identify genes involved in rDNA copy number
maintenance:
Genomic DNA isolation from the yeast ts mutant collection of es-
sential genes (Ben-Aroya et al. 2008) and ddPCR was performed, as
previously described (Salim et al. 2017). rDNA copy number meas-
urements for eight colonies of wild-type BY4741 (Supplementary
Table S6) were used to set thresholds as follows: mean rDNA copy
number 6 2SD – no change. rDNA copy number > mean rDNA
copy number þ 2SD OR rDNA copy number < mean rDNA copy
number – 2SD – significant change.

GO enrichment analysis:
GO enrichment analyses were performed using GOrilla (Eden
et al. 2007, 2009).

Subculturing experiments
All subculturing experiments were performed, as described previ-
ously (Salim et al. 2017).

H3 point mutants and plasmid shuffle
Plasmids containing hht2(K56A)-HHF2, hht2(K9A)-HHF2, hht2(K14A)-
HHF2, and HHT2-HHF2 (wild-type) were obtained from the SHIMA li-
brary (Nakanishi et al. 2008). Plasmids containing hht2(K56R)-HHF2
and hht2(K56Q)-HHF2 were generated by site-directed mutagenesis
as described in Nakanishi et al. (2008). Each of these plasmids also
contain the TRP1 selectable marker. Each plasmid was transformed
into the RDN25-MATa (YBL574) reporter strain, and transformants
selected by plating on SD-Leu-Trp medium. Cells were subjected to

two rounds of selection on SD-Leu-Trpþ 5-FOA to eliminate the
plasmid containing wild-type HHT2-HHF2 (URA3) to obtain the
RDN25-MATa (YBL574) þ HHT2-HHF2 or H3K56A or H3K56R or
H3K56Q or H3K9A or H3K14A strains. rDNA repeat loss rates in these
strains were measured as described above. Selective medium used
was SD-Leu-Trp, and nonselective medium used was SD-Trp.

CUP1 mRNA measurements
Freshly revived CUP1-MATa reporter strains were grown overnight
at 30�C in 5 mL selective medium (SD-Leu). In the morning, 100 mL
of this overnight culture was diluted into 10 mL of SC complete or
SC complete containing 1 mM (for 6�CUP1 and 17�CUP1 strains)
CuSO4. These cultures were incubated at 30�C and allowed to
grow to an OD600 of �0.6–1.0. Cells were harvested, and pellets
were flash frozen in liquid nitrogen and stored at �80�C until fur-
ther use. RNA was isolated from frozen cell pellets using the hot
acid phenol method. Briefly, the frozen cell pellet was resus-
pended in 800 mL of cold AE Buffer (50 mM NaOAc (pH 5.2), 10 mM
EDTA in RNase free water), 80 lL of 10% SDS and 800mL acid phe-
nol (pH 4.3) (Ambion #AM9720) and incubated at 65�C for 10 min.
The cell suspension was incubated on ice for 5 min and centri-
fuged for 20 min at 14,000 rpm, 4�C. The supernatant was trans-
ferred to a fresh tube, mixed with 800 mL of chloroform, and
centrifuged for 15 min at 14,000 rpm, 4�C. The chloroform extrac-
tion was repeated one more time. The supernatant was trans-
ferred to a fresh tube, and 10 lg of linear acrylamide, 3 M NaOAc,
pH 5.2–5.6 (1/10th of total volume), and isopropanol (volume equal to
total volume) were added and centrifuged for 20min at 14,000rpm,
4�C. The pellet was washed with 1 mL 70% ethanol and resuspended
in 100lL TE buffer (10 mM Tris (pH 8.0), 0.1 mM EDTA in RNase-free
water). The RNA was chilled on ice for 5 min, then incubated for
�30 s at 65�C. It was mixed by gentle vortexing and chilled on ice for
5 min before storing at�80�C until further use.

Purity of each RNA sample was analyzed on a NanoDrop ND-
1000 spectrophotometer. RNA integrity was analyzed using a
2100 Bioanalyzer (Agilent Technologies). After ensuring purity
and integrity, RNA concentration was measured on a Qubit 2.0
Fluorometer using the Qubit RNA BR assay (Invitrogen). For each
sample, 1 lg total RNA was used to set up DNase treatment reac-
tions (to remove genomic DNA contamination) followed by cDNA
synthesis reactions using the iScript gDNA Clear cDNA Synthesis
Kit (Bio-rad). All reactions were set up in triplicate. Additionally, a
“no-RT control” reaction (identical in composition to the three
cDNA synthesis reactions, but lacking reverse transcriptase) was
also set up for each sample. Following DNase treatment and cDNA
synthesis, the cDNA was serially diluted using RNase-free water,
and CUP1 mRNA immediately measured using ddPCR.

ddPCR was performed as described previously (Salim et al.
2017), with some modifications. Primers and conditions used are
listed in Supplementary Table S3. 5 lL serially diluted cDNA was
used per 20 lL reaction. ddPCR was performed according to the
manufacturer’s protocol (Bio-Rad). Briefly, master mixes contain-
ing the dsDNA binding dye EvaGreen, primers for CUP1 or refer-
ence genes, cDNA, and the restriction endonuclease MseI (New
England Biolabs, Inc.) were prepared and aliquoted into
Eppendorf twin.tec plates. Reaction mixtures were incubated at
room temperature for 15 min to allow restriction digestion of
cDNA prior to droplet generation. Droplets were cycled to end-
point and subsequently read using the QX200 droplet reader.
Quantification was performed using the Quantasoft software to
obtain the absolute concentration of the target of interest (cop-
ies/lL). Expression of eight reference genes (TUB1, ACT1, CDC28,
MUD1, SER2, SPT15, TRP1, and ZWF1) was also measured in each

6 | G3, 2021, Vol. 11, No. 6



sample, but not used for normalization of CUP1 mRNA levels ow-
ing to changes in their expression in the presence of copper, and
in mutant backgrounds. The strains tested carry an auxotrophic
mutation in the TRP1 gene, and do not express TRP1. Therefore,
TRP1 expression was used as a control. Average [CUP1 mRNA]
(copies/ng of total RNA) and standard deviation were calculated
for each sample based on data from triplicate cDNA samples (at
the same dilution) synthesized from the same RNA sample.

Data availability
Original data underlying this manuscript can be accessed from the
Stowers Original Data Repository at http://www.stowers.org/re
search/publications/libpb-1576. Strains and plasmids are available
upon request. Supplementary Figure S1 contains additional valida-
tion of the qRIN assay. Supplementary Figure S2 contains analysis of
rDNA stability in fob1D mutants. Supplementary Figure S3 contains
analysis of the loss of MATa-LEU2 in fob1D mutants. Supplementary
Figure S4 contains analysis of rDNA stability in NAM. Supplementary
Figure S5 contains validation of the qRIN assay for the CUP1-MATa

reporter strains. Supplementary Figure S6 contains validation of hits
with altered rDNA stability. Supplementary Figure S7 contains func-
tional validation and additional supporting information with regard
to deletion of CUP2 in CUP1-MATa reporter strains. Supplementary
Figure S8 contains stress and locus-specific effects of copper treat-
ment. Supplementary Figure S9 contains data regarding how deletion
of RTT109, HST3, and HST4 affect stability of TUB1. Supplementary
Figure S10 contains data regarding how H3K56 acetylation restricts
transcription-induced amplification of the CUP1 array in a 17 copy
strain. Supplementary File S1 describes how to calculate repeat loss
rates. Supplementary File S2 describes the method for determining
and the location of the MATa-LEU2 casette in reporter strains.
Supplementary Table S1 summarizes rDNA and CUP1 instability
measurements from the literature. Supplementary Table S2 is a list
of yeast strains. Supplementary Table S3 is a list of primers.
Supplementary Table S4 contains validation copy number measure-
ments for 25S rDNA, CUP1, LEU2, and MATALPHA1 in various yeast
strains. Supplementary Table S5 contains the rDNA repeat loss rates
and copy number measurements from the screens. Supplementary
Table S6 contains rDNA copy number measurements from the tem-
perature-sensitive mutant collection. Supplementary Table S7 con-
tains copy number measurements of subcultured CUP1-MATa

strains.
Supplementary material is available at figshare DOI: https://

doi.org/10.25387/g3.14195492.

Results
Development and validation of qRIN, a
quantitative, single-cell assay to measure rapid
induction of repeat instability
The budding yeast rDNA locus has been used to model copy number
variation at tandem repeats for several decades. Since recombination-
mediated repeat copy number variation is the major source of insta-
bility at the rDNA locus, various measures of rDNA copy number vari-
ation, and rDNA repeat loss rates have been used as indicators of
rDNA stability. In some studies, pulsed-field gel electrophoresis has
been used to observe gross changes in rDNA copy number by the size
of chromosome XII (Saka et al. 2016; Horigome et al. 2019). However,
this method is labor-intensive, and only provides a qualitative esti-
mate of rDNA copy number variation. Studies on recombination at
the rDNA in yeast typically involved estimation of rDNA repeat loss
rates by measuring the frequency of loss of a selectable marker (such
as URA3, ADE2, LEU2) integrated into a single rDNA repeat (Petes 1980;

Szostak and Wu 1980; Wagstaff et al. 1985; Gottlieb and Esposito 1989).
This method involves plating and counting thousands of colonies, and
is therefore not amenable to high-throughput analysis. A more recent
study involved the insertion of a small targeted mutation in the IGS of
a single rDNA repeat and monitoring the rate of loss of this single unit
and its frequency of duplication over several generations (Ganley and
Kobayashi 2011). However, this method demands PCR of >200 colo-
nies per time point to estimate the fraction of cells that have lost or
gained the tagged repeat, making it unsuitable for high-throughput
analysis. Moreover, the use of different parameters by different groups
to represent their estimates of rDNA instability makes direct compari-
son of data from different studies challenging.

To measure rDNA instability in a quantitative, highly sensi-
tive, and simple manner that is amenable to high-throughput
studies, we developed a single-cell, fluorescence-based assay
that combines the basic principles of traditional marker-loss
assays and those of the quantitative, single-cell, cytometry based
assay for measurement of chromosome transmission fidelity
(qCTF) in yeast developed by Zhu et al. (2015). We call our assay
qRIN. To construct the reporter strain to measure rDNA instabil-
ity, we first tagged the most highly expressed MATa-specific gene,
MFA1 (Ghaemmaghami et al. 2003) with three copies of GFP in a
haploid S288C yeast strain of MATa mating type. The MATa-LEU2
cassette, containing the MATa locus and the selectable marker,
LEU2, was then introduced into a single rDNA repeat unit. The a2
transcriptional repressor produced from the MATa locus strongly
represses MATa-specific genes, such as MFA1-3�GFP. Thus, when
the MATa-containing rDNA repeat is present, the expression of
Mfa1-3�GFP is strongly repressed. However, if this repeat is lost,
Mfa1-3�GFP will be expressed and the cell will become highly
fluorescent within one cell cycle after the loss event due to rapid
proteasome degradation of the a2 repressor (Laney et al. 2006)
(Figure 1C).

To measure rDNA repeat loss rates, single colonies of freshly
revived reporter strains are inoculated into Leucine-dropout me-
dium to select for the retention of the MATa-LEU2 repressor con-
struct and allowed to grow overnight. The cultures are then
diluted into nonselective medium (time t¼ 0) to allow for the loss
of the MATa-containing rDNA repeat. The cell density and frac-
tion of GFP-positive cells are measured at the start of the experi-
ment. Following growth in nonselective medium for �24 h (time
t¼ 24h, �10–12 doublings), cell density, and fraction of GFP-
positive cells in the culture are measured. Optical density at
600 nm (OD600) is used as a measure of cell density, and the fraction
of fluorescent cells can be rapidly measured using flow cytometry
in low or high-throughput formats, and subsequently used to calcu-
late the rate of loss of rDNA repeats using a simple mathematical
formula derived based on the methods in Zhu et al. (2015) and de-
scribed in Supplementary File S1.

To validate the qRIN assay, we first constructed a reporter
strain, hereafter referred to as RDN25-MATa, where the MATa-
LEU2 repressor construct was integrated near the 30-end of the
25S rRNA coding sequence of a single rDNA repeat. We grew this
strain overnight in leucine-dropout medium to select for MATa,
diluted into complete, nonselective medium (t¼ 0), and allowed
growth for 10–12 generations (t¼ 24h). We collected and analyzed
samples from t¼ 0 and t¼ 24 h by flow cytometry. As expected, a
vast majority of cells were GFP-negative at both time points
(Supplementary Figure S1A). A small fraction of cells (0.436 6 0.08%,
n¼ 8 experiments) exhibited GFP fluorescence 10- to 100-fold higher
than that of the GFP-negative population at t¼ 24h, and a small, but
much lower fraction of cells (0.1186 0.02%, n¼ 8 experiments) also
exhibited similar GFP fluorescence at t¼ 0 (Supplementary Figure
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S1A). The presence of a small number of GFP-positive cells at t¼ 0
following growth in selective leucine-dropout medium could be due
to silencing of the MATa-LEU2 repressor and the imperfect nature
of selection in dropout media. In contrast, this highly fluorescent
GFP-positive population was the predominant population
(97.06 6 2.70% at t¼ 24 h and 94.78 6 3.79% at t¼ 0, n¼ 8 experi-
ments) in samples collected at both time points from the parent
strain, hereafter referred to as MFA1-3�GFP, that contains the
3�GFP tagged Mfa1, but lacks the MATa-LEU2 repressor
(Supplementary Figure S1A). Additionally, this highly fluorescent
GFP-positive population was absent at both time points in a con-
trol strain, BY4741, that does not contain the 3�GFP tagged Mfa1
(Supplementary Figure S1A). Altogether these data demonstrate
that highly fluorescent cells detected by cytometry derive from
the expression of 3�GFP from the MFA1 promoter.

We then used FACS to sort both, the GFP-positive and GFP-
negative populations, in the RDN25-MATa reporter strain grown
in complete medium to test for the presence of the MATa-LEU2 re-
pressor construct. To do this, we collected samples at t¼ 0 and
t¼ 24 h from the RDN25-MATa strain grown as described above
(Figure 2A(i), Supplementary Figure S1B(i)). As a control, we also
sorted GFP-positive cells from the MFA1-3�GFP strain grown in
complete medium at both t¼ 0 and t¼ 24 h (Figure 2A(i),
Supplementary Figure S1B(i)). We then plated the FACS-sorted
cells at single-cell density on to rich medium, followed by replica
plating on to leucine-dropout medium. We found that all the
sorted GFP-negative cells from the RDN25-MATa strain were Leuþ
at both time points (Figure 2A(ii), Supplementary Figure S1B(ii)).
As expected, 100% of the sorted GFP-positive cells from the
MFA1-3�GFP strain at both time points were Leu� (Figure 2A(ii),
Supplementary Figure S1B(ii)). Only 78.25% (331/423 colonies) of
the GFP-positive cells sorted from RDN25-MATa at t¼ 0 were Leu-
(Supplementary Figure S1B(ii)). Given the (very low) presence of
GFP-positive cells at t¼ 0 following growth in leucine-dropout
medium, this is a reasonable fraction of Leu� cells and further
highlights the imperfect nature of selection in dropout media.
However, 91% (364/400 colonies) of the GFP-positive cells sorted
from RDN25-MATa at t¼ 24h were Leu�, suggesting that most of
the GFP-positive cells generated during the course of growth in
nonselective medium had lost MATa-LEU2 (Figure 2A(ii)).

To further confirm that most of the GFP-positive cells gener-
ated after growth in nonselective medium had in fact lost MATa-
LEU2, we used PCR genotyping. We picked 12 colonies at random
from the different sorted populations that had been plated on
rich medium for both, the MFA1-3�GFP and the RDN25-MATa

strains, and measured the copy number of LEU2 and the two
genes that constitute the MATa locus, MATa1, and MATa2, using
ddPCR assays designed to target these genes. The MFA1-3�GFP
strain contains one copy of leu2-3,112, which confers leucine aux-
otrophy, one copy of MATa1 (at the silenced HML locus), and three
copies of MATa2 (1 copy of MATa2 at the silenced HML locus, one
copy of MATa2 identical in sequence to MATa2 at the mating type
MAT locus, and one copy of MATa2 at the silenced HMR locus).
The RDN25-MATa strain derived from this strain contains one ad-
ditional copy each of LEU2, MATa1, and MATa2. Therefore, the
GFP-positive cells sorted from MFA1-3�GFP at t¼ 0 and t¼ 24 h
should contain one copy each of LEU2 and MATa1, and three cop-
ies of MATa2, which is what our ddPCR copy number measure-
ments show (Figure 2A(iii), Supplementary Figure S1B(iii)).
Similarly, the GFP-negative cells sorted from RDN25-MATa con-
tain two copies each of LEU2 and MATa1 and four copies of
MATa2 as expected (Figure 2A(iii), Supplementary Figure S1B(iii)).
Finally, 5/12 (41.67%) of the sorted GFP-positive cells from t¼ 0

and 11/12 (91.67%) of the sorted GFP-positive cells from t¼ 24h of
the RDN25-MATa strain contain only one copy each of LEU2 and
MATa1, and three copies of MATa2, which are the expected copy
number measurements of MATa and LEU2 for cells that have lost
the MATa-LEU2 repressor (Figure 2A(iii), Supplementary Figure
S1B(iii)). Some of these GFP-positive cells could be generated by
silencing of the MATa-LEU2 within the rDNA, especially at t¼ 0,
and could account for a small fraction of the GFP-positive cells
that still contain the MATa-LEU2 repressor. Silencing of RNAPII
transcribed reporters at the rDNA can be altered by several fac-
tors including the integration site within a single repeat and rela-
tive location within the array, and levels of silencing factors like
Sir2 (Smith et al. 1998; Huang and Moazed 2003; Wang et al. 2016);
a significant change in silencing of the MATa-LEU2 repressor is
expected to result in an underestimation of rDNA repeat loss
rates. This is a caveat inherent to all marker loss assays, under-
scoring the need for validation and follow-up experiments, as for
any screening method. Our validation experiments confirm that
GFP-positive cells in the wild-type reporter strain grown in nonse-
lective medium are mostly generated by a complete loss of the
MATa-LEU2 repressor construct. We also compared growth rates
of cultures derived from GFP-positive and GFP-negative cells
sorted from samples collected at t¼ 24h for RDN25-MATa and
found no significant differences (Figure 2B), which is critical for
downstream rate calculations as described in SupplementaryFile
S1.

To test the quantitative performance of our assay, we calcu-
lated rDNA repeat loss rates per cell division in the RDN25-MATa

reporter strain grown in nonselective medium for 10–12 genera-
tions, as described above. While average repeat loss rates ranged
from �0.0003 to 0.001 per cell division across all our experiments,
biological replicates within any single experiment showed low
variability, as shown in Figure 2C. The rates of rDNA repeat loss
estimated using qRIN are similar to estimates of mitotic intra-
chromosomal recombination rates at the rDNA obtained using
traditional marker loss assays (Supplementary Table S1).

Further, we also constructed three additional reporter strains
where the MATa-LEU2 repressor was integrated into different
parts of a single rDNA repeat. RDN18-MATa and RDN58-MATa

contain MATa-LEU2 integrated into the 18S rRNA and the 5.8S
rRNA coding sequences of a single rDNA repeat, respectively, and
RDN25-MATa (reverse) contains MATa-LEU2 integrated near the
30-end of the 25S rDNA gene on the noncoding strand. The rDNA
repeat loss rates calculated using these different reporter strains
were similar to one another in any given experiment, and all
within the range of 0.0003–0.001/cell division across all experi-
ments (Figure 2D). We also determined the position of integration
of the MATa-LEU2 repressor in the rDNA array in these reporter
strains using Southern blotting as described in Supplementary
File S2. We found that both, the RDN25-MATa and RDN18-MATa

reporter strains each have one MATa-LEU2 unit inserted �5
repeats into one end of the rDNA array. RDN58-MATa has one
MATa-LEU2 unit inserted �15 repeats into one end of the rDNA
array, and RDN25-MATa (reverse) has one MATa-LEU2 unit
inserted in the middle of the array. The similarity in rDNA repeat
loss rates across these reporter strains with different integration
sites within a single rDNA repeat and across the rDNA array sug-
gests that the effect of the position of MATa-LEU2 on the estima-
tion of rDNA instability using the qRIN assay is minimal.

We constructed a fourth reporter strain, TUB1-MATa, where the
MATa-LEU2 repressor was inserted into the intergenic region down-
stream of the essential gene TUB1, a unique genomic region that
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should be “stable” relative to the rDNA. As shown in Figure 2C, the
loss of MATa is negligibly low for this region, as expected.

Next, we chose a small set of genes well-known for their
effects on rDNA stability—TOP1, which encodes Topoisomerase I,
RAD52, which is required for homologous recombination-mediated
DSB repair, and FOB1, which encodes the rDNA RFB binding protein.
We deleted each of these genes in the RDN25-MATa reporter strain to
test the ability of our assay to detect changes in rDNA stability. The
top1D mutants showed increased rDNA repeat loss rates (Figure 2E),
consistent with previous reports of increased marker loss rates and
extensive copy number variation at the rDNA in top1 mutants
(Houseley et al. 2007; Andersen et al. 2015). The rad52D mutants
showed decreased rDNA repeat loss rates, as expected, supporting
the idea that homologous recombination-mediated repeat loss is a
major source of instability at the rDNA.

The RDN25-MATa fob1D mutants, on the other hand, showed a
significant increase in rDNA repeat loss rates relative to wild-
type controls in our assay (Figure 2E), contrary to previous reports
of lower marker loss and marker duplication frequencies in these
mutants (Kobayashi et al. 1998; Johzuka and Horiuchi 2002;
Kobayashi 2003). We observed a consistent increase in rDNA re-
peat loss rates in fob1D mutants in multiple independent isolates
of fob1D in the RDN25-MATa background across multiple experi-
ments. We also observed elevated repeat loss rates in fob1D

mutants in the RDN18-MATa and RDN58-MATa backgrounds
(Supplementary Figure S2A). To rule out the contribution of the
genetic background of our reporter strains to this phenotype, we
generated fob1D mutants in the RDN25-MATa (W303) strain back-
ground and measured rDNA repeat loss rates as before. We found
that rDNA repeat loss rates in the fob1D mutants were higher
than those in the wild-type RDN25-MATa (W303) strain
(Supplementary Figure S2A). We confirmed that there were no
changes in rDNA copy number, and that there was only one copy
of the MATa-LEU2 repressor in the fob1D mutants (Supplementary
Figure S2B). Given the reported roles of Fob1 in the silencing of
RNAPII transcribed genes at the rDNA (Buck et al. 2016; Di Felice
et al. 2019) and the lack of clear separation between GFP-positive
and GFP-negative cells in this mutant (Supplementary Figure S3),
we considered the possibility that the expression of the MATa-
LEU2 repressor may be altered in a fob1D mutant background. To
test for the presence of the MATa-LEU2 repressor construct, we
sorted GFP-positive and GFP-negative cells from t¼ 0 and t¼ 24h
for wild-type and fob1D RDN25-MATa strains grown in complete
medium. As described above, we plated the sorted cells at single-
cell density on to rich medium, followed by replica plating on to
leucine-dropout medium. We found that 100% of the GFP-posi-
tive cells sorted from the RDN25-MATa fob1D strain were Leuþ,
suggesting retention of the MATa-LEU2 repressor and the genera-
tion of GFP-positive cells likely through silencing of the repressor
(Supplementary Figure S3).

Tof1 and Csm3, like Fob1, are required for replication fork
pausing within the rDNA and RFB activity. However, loss of these
proteins does not affect reporter silencing within the rDNA
(Bando et al. 2009; Mohanty et al. 2009). To test the effects of re-
porter silencing-independent loss of RFB activity on rDNA stability,
we deleted TOF1 and CSM3 in the RDN25-MATa strain, and mea-
sured rDNA stability in the mutant strains. We found that both
tof1D and csm3D mutants had increased rDNA repeat loss rates
(Figure 2E), suggesting that the loss of RFB activity decreases rDNA
stability, presumably because of increased head-on collisions of
the replisome with RNAPI transcription machinery.

The role of Sir2 in suppressing recombination at the rDNA ar-
ray and the increase in rDNA instability in sir2D mutants are

well-known (Gottlieb and Esposito 1989). However, Sir2 is impor-
tant for silencing the HML and HMR loci, which contain full, si-
lenced copies of the MATa and MATa loci (Rine and Herskowitz
1987). Loss of Sir2 is therefore incompatible with our reporter sys-
tem, which relies on the native HML and HMR loci remaining si-
lenced, so that GFP-repression is dependent solely on the MATa-
LEU2 construct inserted in the rDNA. In a sir2D mutant strain, the
HML and HMR loci may be de-silenced, resulting in constitutive
expression of MATa, and consequent repression of Mfa1-3�GFP
irrespective of the presence of the MATa-LEU2 repressor con-
struct. To test this, we measured rDNA repeat loss rates in the
RDN25-MATa reporter strain grown in nicotinamide (NAM), an in-
hibitor of sirtuins including Sir2. As predicted, in NAM, the frac-
tion of GFP-positive cells at t¼ 0 is lower than in untreated
controls, and remains low even after growth in nonselective me-
dium, and therefore the calculated repeat loss rates were also
low (Supplementary Figure S4). While our qRIN assay depends on
normal function and silencing of the HML and HMR loci, the
quantitative power and scalability offered by this assay far out-
weighs this caveat.

Finally, we demonstrate the versatility of the qRIN assay by
adapting it to measure repeat loss rates at a second tandem array
in the yeast genome, the CUP1 gene array. Estimates of CUP1 in-
stability and copy number variation from previous studies are
also summarized in Supplementary Table S1. To construct the
CUP1-MATa reporter strains, we integrated the MATa-LEU2 repres-
sor construct at the 30-end of the CUP1 ORF in a single CUP1 re-
peat unit in the MFA1-3�GFP strain. This transformation resulted
in CUP1-MATa isolates that had CUP1 gene arrays ranging in size
from 2 to 17 repeats. As expected, copper resistance in the re-
porter strains was directly related to CUP1 copy number, and re-
quired the CUP1 transcription factor Cup2 (Ace1) (Supplementary
Figure S5A). As with the RDN25-MATa strain, we validated that
GFP-positive cells in the CUP1-MATa reporter strains were gener-
ated mostly by the loss of the MATa-LEU2 repressor
(Supplementary Figure S5B). We then measured transcription-in-
dependent CUP1 repeat loss rates in each of the reporter strains
with 2–17 copies of CUP1. Strains were grown in nonselective me-
dium, without any copper, and repeat loss rates calculated using
the formulae described in Supplementary File S1 . We found that
transcription-independent repeat loss rates at the CUP1 array
correlated positively with CUP1 copy number, and ranged from
1� 10�6 per cell division in a two-copy array to 5� 10�5 per cell
division in a 17-copy array (Figure 2C). This suggests that tran-
scription-independent repeat instability may be directly related
to the size of the tandem array. Further, in the absence of tran-
scription, the instability at the CUP1 array was at least 10-fold
lower than that of the constitutively transcribed rDNA
(Figure 2C), suggesting that the larger size of the rDNA array and
its constitutive transcription are significant sources of instability.
This further affirms the power of using an inducible array in the
study of mechanisms involved in the regulation of copy number
variation at tandem repeats. Notably, repeat loss rates at both
tandem arrays are orders of magnitude higher than the rate of
single base substitutions in the yeast genome (Supplementary
Table S1), or instability at TUB1, consistent with the potential for
copy number to profoundly impact genome diversity and evolu-
tion [reviewed in (Press et al. 2019)].

High-throughput screens to identify factors that
regulate rDNA copy number variation
Saka et al. (2016) reported the first high-throughput screen to
identify nonessential genes involved in the maintenance of rDNA
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stability in yeast. This group used PFGE to screen a yeast deletion
mutant collection of nonessential genes for alterations in the ex-
tent of rDNA copy number variation, as indicated by the size of
chromosome XII (Saka et al. 2016). This approach is, at best, a
qualitative estimate of the variability in rDNA copy number.
While marker loss assays have been used to carry out screens,
these have been focused on the identification of factors involved
in silencing of reporters at the rDNA (Smith et al. 1999). Further,
several reports suggest that rDNA copy number is maintained by
the fundamental processes of DNA replication and RNAPI tran-
scription, but many components of these processes are essential
to cell viability and are missing from high-throughput screens us-
ing the yeast knockout collection of nonessential genes. In order
to identify pathways that regulate rDNA instability in an unbi-
ased manner, while achieving maximum coverage of the genome,
we chose to use our qRIN assay to measure rDNA repeat loss
rates in a library of strains in which gene dosage was moderately
increased. To achieve this, we used the MoBY-ORF library, com-
posed of 4956 uniquely barcoded yeast ORFs, each cloned into a
Uracil-selectable plasmid along with their endogenous promoter
and 30-UTR sequences to ensure normal expression patterns (Ho
et al. 2009). The plasmids also contain a yeast centromeric se-
quence, which ensures that the plasmid is maintained at a low
copy number (�1–3 copies/cell), thereby only moderately increas-
ing the gene dosage. This library represents �90% of all nondubi-
ous ORFs annotated in the Saccharomyces Genome Database
(SGD) and contains over 250 essential genes. We isolated the indi-
vidual MoBY-ORF plasmids and transformed them each into the
RDN25-MATa reporter strain to generate the RDN25-MATa

(þMoBY-ORF) strain library comprising 4763 strains (representing
96.1% of the 4956 MoBY-ORF plasmids) (Figure 3A). Additionally,
the MoBY empty vector, p5472, was also transformed into the
RDN25-MATa reporter strain to generate the RDN25-MATa

(þp5472) control strain. The RDN25-MATa (þMoBY-ORF) strain li-
brary was arrayed into 60 96-well plates, with the following con-
trol strains added to random empty wells in each plate: BY4741
(wild-type, MATa strain with no 3�GFP tag), MFA1-3�GFP, RDN25-
MATa, and RDN25-MATa (þp5472) (Supplementary Table S5).

We then used our qRIN assay in high-throughput format to
measure rDNA repeat loss rates in the RDN25-MATa (þMoBY-
ORF) strain library, as illustrated in Figure 3A. As with batch cul-
tures, we first grew the RDN25-MATa (þMoBY-ORF) strain library
overnight in leucine and uracil-dropout medium to select for re-
tention of the MATa-LEU2 repressor and the MoBY-ORF plasmid.
We diluted the cultures into uracil-dropout medium (t¼ 0) to se-
lect for retention of the MoBY-ORF plasmid while allowing for
loss of the MATa-LEU2 repressor, and grew cells for �24 h (t¼ 24h,
�10–12 doublings). The control strain RDN25-MATa was initially
grown in leucine-dropout medium, followed by dilution into non-
selective medium at t¼ 0, whereas the control strains BY4741
and MFA1-3�GFP were always grown in nonselective medium.
We collected samples at t¼ 0 and t¼ 24h for measuring the frac-
tion of GFP-positive cells by cytometry. We also measured OD600

values at both time-points, and calculated rDNA repeat loss
rates/cell division for the RDN25-MATa (þMoBY-ORF) strain li-
brary using the formula described in detail in Supplementary File
S1.

The average of rDNA repeat loss rates/cell division obtained
across all 60 96-well plates was 0.0029 6 0.0012 (n¼ 60) in RDN25-
MATa, and 0.0006 6 0.0002 (n¼ 60) in RDN25-MATa (þp5472)
(Figure 3A). Surprisingly, the average rDNA repeat loss rates/cell
division for the RDN25-MATa control strain was approximately
fivefold higher than the rate obtained for the RDN25-MATa

(þp5472) control strain. However, the rDNA repeat loss rates for
the RDN25-MATa (þp5472) strain is within the range of 0.0003–
0.001/cell division we observed for the RDN25-MATa strain in
batch cultures. A closer examination of the cytometry data for
the RDN25-MATa strain revealed that the fraction of GFP-positive
cells was higher than usual at both, t¼ 0 and t¼ 24 h, suggesting
a jackpot event, a loss of the MATa-LEU2 repressor early in the es-
tablishment of the culture that was used to inoculate all 60 plates
used in the initial screen. We measured rDNA repeat loss rates in
47 colonies each of freshly revived RDN25-MATa and RDN25-
MATa (þp5472) strains grown in a 96-well plate as in the initial
screen. 8/47 colonies of the RDN25-MATa strain showed higher
fractions of GFP-positive cells at t¼ 0 and t¼ 24 h, characteristic
of jackpot events, and data from these colonies were excluded
from the analyses. Based on the analysis of rDNA repeat loss
rates for the remaining colonies, we found that the two reporter
strains had similar rDNA repeat loss rates that were indistin-
guishable from rates calculated for the RDN25-MATa (þp5472)
strain in the initial screen (Figure 3A).

A distribution of rDNA repeat loss rates/cell division for the
entire RDN25-MATa (þMoBY-ORF) strain library is shown in
Figure 3B. rDNA repeat loss rates ranged from �0.003 to þ0.01/
cell division, with the distribution centered around �0.0004/cell
division. We used the variation in rDNA repeat loss rates for the
RDN25-MATa (þp5472) strain across all 60 96-well plates from the
initial screen to set thresholds to identify RDN25-MATa (þMoBY-
ORF) strains that had significantly altered rDNA repeat loss rates.
Of the �4800 RDN25-MATa (þMoBY-ORF) strains screened, 712
strains had significantly altered rDNA repeat loss rates relative to
the empty vector control strain (P< 0.05). Of these, 480 strains
had significantly higher (>0.001/cell division) rDNA repeat loss
rates, and 232 strains had significantly lower (<0.0001/cell divi-
sion) rDNA repeat loss rates than the empty vector control strain.
We then performed a gene ontology (GO) enrichment analysis on
the initial 712 hits to identify pathways involved in regulating
rDNA stability to guide our validation experiments. We found
that the hits with lower rDNA repeat loss rates were significantly
enriched for genes involved in nucleic-acid metabolism and DNA
repair and/or recombination pathways (e.g., SGS1, HCA4, MLH1,
ADE6), mitotic cell cycle checkpoint regulation (e.g., MAD1,
RTT107, SLX4, CDH1), and sister chromatid segregation (e.g.,
SMC4, ECO1, CIN8, NPA3) (P< 0.001) (Figure 3B, Supplementary
Table S5). In contrast, the hits with elevated rDNA repeat loss
rates were significantly enriched for genes involved in acetylation
of histones, specifically at lysine residues (e.g., RTT109, GCN5,
SPT10, HFI1, SAS3, SAS4, SAS5, NAT4) (P< 0.001) (Figure 3B,
Supplementary Table S5). Interestingly, the hits with elevated
rDNA repeat loss rates were also significantly enriched for genes
involved in copper transport and/or homeostasis (P< 0.001)
(Figure 3B, Supplementary Table S5). This suggests that rDNA
stability could be modulated by environmental stresses such as
high concentrations of copper. However, the copper response
genes in yeast (e.g. SOD1) are also known to be activated by DNA
damage (Dong et al. 2013), and could regulate rDNA stability
through their role in the DNA damage response. Further, the
identification of hits with both increased and decreased rDNA re-
peat loss rates also suggests that cells may have evolved to opti-
mize rDNA instability rather than minimize it so as to allow for
rDNA copy number variation in response to genomic stresses.

As a preliminary validation of the results of our screen, we
chose to focus on the genes involved in sister chromatid segrega-
tion, specifically sister chromatid cohesion. We first performed
sequence validation and then manually transformed low copy
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plasmids containing various genes involved in sister chromatid
cohesion into the RDN25-MATa strain and measured rDNA repeat
loss rates. In agreement with the results from our initial screen,
these experiments showed that a moderate increase in the dos-
age of SMC1, SMC3, ECO1, SCC2, MCD1, and RAD61 increased
rDNA stability (Supplementary Figure S6A). Consistent with these

data, overexpression of ESP1, which encodes separase that dis-
rupts cohesion, made the rDNA more unstable (Supplementary
Figure S6A).

Next, we selected �200 hits with elevated rDNA repeat loss rates,
and �100 hits with reduced rDNA repeat loss rates and subjected
them to additional validation. We re-arrayed these hits into three 96-

Figure 3 Screens to identify genes that regulate copy number variation at the rDNA. (A) Cartoon showing the design of the overexpression screen to
identify genes that regulate rDNA stability. Inset: rDNA repeat loss rates in wild-type RDN25-MATa and RDN25-MATa (þp5472) strains. Error bars
represent standard deviation based on the indicated number of biological replicates. (B) Distribution of rDNA repeat loss rates across the �4800 strains
of the RDN25-MATa (þMoBY-ORF) library. 232 and 480 strains had significantly lower (<0.00017/cell division) and higher (>0.001/cell division) rDNA
repeat loss rates than the empty vector controls, respectively (P< 0.05). FDR q-values for significantly enriched (P< 0.001) GO terms (sorted in order of
increasing P-values from top to bottom) for hits with high and low repeat loss rates are also shown. (C) Distribution of rDNA copy number in a second
yeast ts mutant collection. 161 and 63 strains had significantly lower (<105 copies) and higher copy number (>168 copies) than wild-type controls,
respectively (P< 0.05). The table summarizes the top hits with low rDNA copy number.
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well plates, along with control strains BY4741, MFA1-3�GFP, RDN25-
MATa, RDN25-MATa (þp5472), and RDN25-MATa top1D (which has el-
evated rDNA repeat loss rates, Figure 2E). We measured rDNA repeat
loss rates in high-throughput format in these hits two more times to
obtain three independent measurements of rDNA repeat loss rates
(including the initial screen) for each of these strains. The rDNA re-
peat loss rates from these three independent measurements are
summarized in (Supplementary Table S5). Sixty-five of the �200 hits
with high instability and 73 of the �100 hits with low instability
showed similarly high or low rDNA instability rates in at least one ad-
ditional validation run. We also isolated genomic DNA from these
hits and measured rDNA copy number as well as MATa-LEU2 copy
number. These copy number measurements are also summarized in
(Supplementary Table S5). We wanted to ensure that the reduction
in rDNA repeat loss rates were not due to amplifications of the
MATa-LEU2 repressor. In fact, almost all the hits had only one copy
of MATa-LEU2 repressor, and rDNA copy number similar to that of
the RDN25-MATa (þp5472) strain. The only exception was RDN25-
MATa (þMoBY-YCR035C), which had reduced rDNA repeat loss rates,
and four copies of the MATa-LEU2 repressor, suggesting duplications
of the MATa-LEU2 repressor, likely during strain construction. This
strain also had a significantly lower rDNA copy number (�69 copies),
and so we excluded this strain from further analyses. These data
suggest that the results of our screen were not confounded signifi-
cantly by copy number changes at the rDNA or amplifications of the
MATa-LEU2 repressor.

Finally, to gain a comprehensive understanding of the path-
ways involved in the regulation of copy number variation at the
rDNA, we supplemented our results from the screen for path-
ways that regulate instability with pathways that are involved in
the maintenance of rDNA copy number. We had reported previ-
ously, through an unbiased screen of 787 mutants of a yeast con-
ditional temperature-sensitive (ts) mutant collection covering
�45% of essential yeast genes, that mutations in DNA replication
machinery, particularly, subunits of DNA polymerases a, d, and e,
and various replication initiation complexes, such as the Mini
chromosome maintenance 2–7 (Mcm2–7) complex, the Origin
Recognition Complex (ORC), and the Cdc7–Dbf4 complex, were
associated with a loss of rDNA repeats (Salim et al. 2017).
However, this collection was missing mutants representing
RNAPI and RNAPIII transcription, and many additional DNA rep-
lication processes, all of which have the potential to regulate
rDNA copy number maintenance. Therefore, in this study, we ex-
tended this screen to nearly 75% of essential yeast genes by
screening an additional yeast ts mutant collection of 279 strains
(Ben-Aroya et al. 2008). We measured rDNA copy number in this
yeast ts mutant collection using established ddPCR based assays
(Salim et al. 2017). The mutant strains, along with wild-type con-
trols, were grown at the permissive temperature (room tempera-
ture), and then shifted to the restrictive temperature (37˚C) for
3 h. Following this, genomic DNA was isolated, and copy number
measured using ddPCR.

A distribution of rDNA copy number across the 279 strains
screened is shown in Figure 3C, and also summarized in
Supplementary Table S6. The mean rDNA copy number of wild-
type strains was 136.58 6 15.8 (n¼ 8). Mutants with significantly
higher or lower rDNA copy number were identified based on
thresholds set by variation in rDNA copy number in wild-type
controls. Of the 279 strains screened, 161 strains had a signifi-
cantly lower copy number (<105 copies), and 63 strains had sig-
nificantly higher copy number (>168 copies) than wild-type
controls (P< 0.05) (Figure 3C). GO enrichment analyses of the 63
hits with high copy number did not yield any significantly

enriched GO terms. The hits with low rDNA copy number, how-
ever, were significantly enriched for genes involved in macromo-
lecular biosynthesis (P< 0.001) (Figure 3C). A closer look at the
genes comprising this significantly enriched GO term revealed
that these were genes involved in DNA replication (subunits of
DNA polymerase d, the Origin Recognition Complex, MCM and
GINS complexes, Proliferating cell nuclear antigen (PCNA),
encoded by POL30), transcription (subunits of RNAPI, RNAPII, and
RNAPIII, transcription initiation, elongation, and termination fac-
tors), rRNA and tRNA synthesis factors, and SMC complex subu-
nits (cohesin and SMC5/6 complex subunits) (Supplementary
Table S6). These data suggest modifications in rDNA copy num-
ber are a common strategy to adapt to the loss of essential func-
tions related to DNA replication and transcription. Combining
multiple high-throughput genetic screens revealed that rDNA
stability and repeat copy number are regulated by the fundamen-
tal processes of DNA replication, transcription, and histone acet-
ylation.

Repeat instability at the rDNA and CUP1 arrays is
induced by DNA replication stress and
transcription
Seminal work in bacteria has shown that replication-transcrip-
tion conflicts promote instability [reviewed in (Lang and Merrikh
2018)], and elegant work in yeast demonstrated the role of tran-
scription in promoting copy number variation at the CUP1 array
(Hull et al. 2017). Taken together with our results, we postulate
that copy number variation at tandem repeats like the rDNA is
regulated by modulation of replication and/or transcription.
Conflicts between the DNA replication machinery and transcrip-
tion machinery operating on the same DNA template have now
been established as a significant source of genomic instability.
These replication–transcription conflicts occur frequently ge-
nome-wide and result installed or collapsed DNA replication
forks which can be processed into DSBs and repaired by one of
many recombination-mediated repair pathways. When this
occurs at tandem repeats, recombination can result in copy num-
ber variation at every cell division. While average repeat copy
number of a population remains stable in unperturbed condi-
tions, under stress, selection of advantageous copy number var-
iants can facilitate adaptation [reviewed in (Salim and Gerton
2019)]. Based on this model, we hypothesized that instability
at tandem repeats like the rDNA and CUP1 arrays could be regu-
lated by modulation of DNA replication, transcription, or
even the downstream processes of recombination-mediated DSB
repair.

To test this hypothesis, we measured the effect of DNA repli-
cation stress on instability at both, the rDNA and CUP1 arrays.
We measured rDNA and CUP1 repeat loss rates in RDN25-MATa

or CUP1-MATa (17�CUP1) treated with 0–200 mM HU, a ribonucle-
otide reductase inhibitor that depletes cellular dNTP pools. We
found that HU induced repeat instability at both the rDNA and
CUP1 gene arrays in a dose-dependent manner. Importantly, the
induction of instability at CUP1 was transcription-independent
(Figure 4A). As a control, we also treated the TUB1-MATa strains
with 0–200 mM HU and found that instability at this nonrepeti-
tive genomic locus remained low and unchanged irrespective of
the dose of HU (Figure 4A). Therefore, DNA replication stress can
increase instability specifically at tandem repeats.

Next, we perturbed transcription at the rDNA by deleting sev-
eral genes known to play critical roles in RNAPI transcription.
Loss of Rpa34, a subunit of RNAPI involved in transcription elon-
gation, resulted in increased instability at the rDNA (Figure 4B).
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Loss of the Rpa49 subunit of RNAPI also altered rDNA stability,
however we observed significant variability in the direction and
magnitude of change in rDNA stability between biological repli-
cates (Figure 4B). We speculate that this could be due to suppres-
sor mutations that are known to arise in the rpa49D background
that could result in altered RNAPI transcription (Darriere et al.
2019). Loss of Hmo1, an HMG-box protein involved in regulation
of RNAPI transcription, induced instability at the rDNA
(Figure 4B), consistent with a previous report of increased marker
loss rates at the rDNA in hmo1D mutants (Mansisidor et al. 2018).
We also generated mutants lacking Rnh1 and Rnh201, subunits
of the functionally redundant RNases H1 and H2, respectively,
that are required to process R-loops generated at the highly tran-
scribed rDNA genes. Loss of Rnh1 and Rnh201 should result in an
accumulation of R-loops at the rDNA and create more replica-
tion-transcription conflicts. Our model predicts that this should
induce instability at the rDNA, which is exactly what we observed
in rnh1Drnh201D mutants (Figure 4B). HMO1 and RNH201 were
also validated hits from our screen; overexpression of each of

these genes increased rDNA instability (Supplementary Table S5),
suggesting both loss and increased dosage compromise stability.

While these results suggest that transcription at the rDNA
induces rDNA instability, the requirement of rDNA transcription
for cell viability makes it impossible to test this directly. To com-
plement these data, and directly test the effects of transcription
on repeat stability, we used the CUP1-MATa reporter strains and
measured CUP1 instability in the presence of copper in the me-
dium. We observed that copper-induced CUP1 instability in a
dose-dependent manner (Figure 4C). Since copper is also known
to induce DNA damage, and copper response genes are induced
by and involved in the DNA damage response, we wanted to ver-
ify that it is the copper-induced transcription of the array that
induces CUP1 instability. To this end, we constructed a strain
lacking Cup2, the transcription factor required for copper-
induced CUP1 transcription (Welch et al. 1989). Since cup2D

strains cannot grow in copper, we introduced into this strain a
high-copy plasmid containing the CUP1 ORF under the control of
a galactose inducible promoter, resulting in CUP1-MATa cup2D

Figure 4 Transcription and replication stress induce repeat instability. (A) Repeat instability is induced by Hydroxyurea (HU) induced replication stress
in a dose-dependent manner at both, the rDNA and CUP1 gene arrays, but not at TUB1. (B) rDNA repeat loss rates in mutants that affect RNAPI
transcription. # High variability in repeat loss rates between biological replicates. (C) Dose-dependent induction of instability at the CUP1 gene array by
copper. ## No growth/cell divisions in the duration of the experiment. (D) Copper induces CUP1 instability through Cup2-mediated transcription of
CUP1. (A–D) Error bars represent standard deviation based on four biological replicates. Statistical significance was calculated using a standard two-
tailed t-test. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001, n. s., not significant.
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(þPGAL1-CUP1) strains that do not transcribe the native CUP1 ar-
ray in the presence of copper in the medium, but are copper resis-
tant when galactose is present in the medium (Supplementary
Figure S7A). We found that copper no longer induced CUP1 insta-
bility in this strain (Figure 4D, Supplementary Figure S7B), sug-
gesting that it is the copper-induced transcription, and not DNA
damage, that induces CUP1 instability. These data suggest that
instability at both the rDNA and CUP1 gene arrays can be rapidly
induced (�5–10 cell divisions) by modulation of replication or
transcription.

Stress-induced instability facilitates adaptation
through environment and locus-specific copy
number changes
Since replication stress and transcription induce repeat instabil-
ity, we wondered if there would be synergy between the effects of
DNA replication and transcription on repeat instability. To test
this, we grew the RDN25-MATa rpa34D strain in the presence of
HU. Interestingly, HU-induced rDNA instability was lower in the
rpa34D strain relative to the wild-type RDN25-MATa strain
(Figure 5A(i)), suggesting that slowing DNA replication and tran-
scription may promote stability at the rDNA. At the CUP1 array,
transcription and replication stress had an additive effect
on instability (Figure 5A(ii)). These data suggest that repeat insta-
bility is regulated by the relative balance between DNA replica-
tion and transcription at the array. Perturbation of one or
both can rapidly induce instability within a few generations, pre-
sumably by increasing the frequency of replication–transcription
conflicts.

We had previously reported that replication stress induced by
high levels of HU selects for a loss of rDNA repeats; cells that had
lost rDNA repeats survived better under conditions of replication
stress, suggesting that the loss of rDNA repeats facilitated adap-
tation to DNA replication stress (Salim et al. 2017). However, the
loss of repeats required propagation under conditions of DNA
replication stress (�150 mM HU) for at least 50 generations
(Salim et al. 2017). Repeat instability, as measured by our assay,
on the other hand, is rapidly induced within a few generations in
a variety of conditions including low doses of HU. Therefore, we
wanted to examine changes in steady-state copy number in re-
sponse to prolonged propagation under these stresses.

To study transcription-dependent adaptation via copy number
variation, we chose to monitor CUP1 copy number in a CUP1-
MATa reporter strain subcultured for �50 generations in com-
plete medium, or complete medium containing copper, or HU.
We found that copper-resistant cells emerged after �25–50 gen-
erations in high concentrations of copper, and these cells had
amplified CUP1 arrays (Supplementary Figure 5B). High concen-
trations of copper that select for amplified CUP1 arrays also in-
duce instability at the rDNA array (Supplementary Figure S8A).
However, rDNA copy number remains unaltered in these cells
(Supplementary Figure S8B). Importantly, while instability at the
CUP1 array is also induced by low concentrations of copper that
cells are resistant to, CUP1 copy number remains unchanged in
these conditions, even after 50 generations of growth
(Supplementary Figure S8C). Further, no changes in CUP1 array
size were observed in HU (Figure 5B). These experiments highlight
the distinction between instability and copy number changes.

Finally, given the synergistic effect of HU and copper on CUP1
instability, we also subcultured the CUP1-MATa reporter strain
used in Figure 5B in medium containing both copper and HU to
test whether the additive effect on instability might accelerate
adaptation to high concentrations of copper. We found that

copper resistant cells with amplified CUP1 arrays emerged, how-
ever our ability to qualitatively estimate adaptation rates was
confounded by the slow growth of cells in medium containing
both copper and HU. Altogether, these data strongly support our
hypothesis that repeat instability can be rapidly induced by DNA
replication stress and transcription in a dose-dependent manner,
but a change in steady-state repeat copy number requires selec-
tion for locus-specific advantageous copy number variants that
facilitate adaptation.

H3K56 acetylation regulates rDNA stability and
copy number
Histone acetylation is a chromatin mark well known for its roles
in promoting transcription (Yang et al. 2008; Varv et al. 2010),
maintaining DNA replication timing and origin firing (Vogelauer
et al. 2002; Aparicio et al. 2004; Unnikrishnan et al. 2010; Casas-
Delucchi et al. 2012), and even influencing the choice of break re-
pair pathway (Munoz-Galvan et al. 2013; Che et al. 2015), and
therefore has the potential to have profound impacts on rDNA
stability and copy number variation. Hst3 and Hst4 are key global
H3K56 deacetylases, (Celic et al. 2006; Maas et al. 2006), and
Rtt109 is the global H3K56 acetyltransferase (Han et al. 2007).
Loss of Rtt109, or Hst3 and Hst4 were both shown to result in am-
plification of rDNA repeats (Ide et al. 2013), suggesting a key role
for H3K56 acetylation in steady-state copy number. To validate
the results from our screens and directly demonstrate the role of
H3K56 acetylation in the regulation of rDNA stability, we gener-
ated rtt109D mutants and hst3Dhst4D double mutants in the
RDN25-MATa background. We first measured rDNA repeat loss
rates in these mutants. Interestingly, rtt109D mutants had signifi-
cantly lower rDNA repeat loss rates than wild-type RDN25-MATa

(Supplementary Figure S6B). On the other hand, the hst3Dhst4D

double mutants had higher rDNA repeat loss rates than wild-
type RDN25-MATa (Supplementary Figure S6B). We also mea-
sured the loss of MATa from a unique intergenic region down-
stream of TUB1 and found that while loss of Rtt109 did not affect
the stability of this region, loss of Hst3 and Hst4 increased insta-
bility at this region (Supplementary Figure S9). This suggests that
perturbing H3K56 acetylation affects global genome stability, al-
though the effects vary. While Hst3 and Hst4 mainly target acety-
lated H3K56, Rtt109 acetylates both H3K56 and H3K9 residues.
Additionally, given the role of Sir2 in regulating rDNA stability,
and the role of its multiple targets, particularly H3K14, in regulat-
ing silencing at the rDNA, we sought to identify the key lysine res-
idue of histone H3 involved in regulation of rDNA stability and
copy number variation.

To characterize the role of the H3K56 residue in regulating
rDNA stability, we generated three H3K56 point mutants, an ala-
nine substitution mutant, H3K56A (Nakanishi et al. 2008), and
H3K56R (which mimics the unacetylated form of H3K56) and
H3K56Q (which mimics the acetylated form of H3K56). We also
generated alanine substitution mutants in H3K9 and H3K14,
H3K9A and H3K14A (Nakanishi et al. 2008). We transformed each
of these plasmids into the RDN25-MATa (YBL574) reporter strain,
which was constructed exactly as described above in the yeast
histone shuffle strain, YBL574 (Nakanishi et al. 2008). YBL574 has
the native histone H3/H4 loci (HHT1-HHF1 and HHT2-HHF2) de-
leted and carries wild-type HHT2-HHF2 on a Uracil-selectable
plasmid. The H3K56A, H3K56R, H3K56Q, H3K9A, and H3K14A
mutations were each carried on a tryptophan-selectable plasmid.
We transformed each of the mutant plasmids, as well as a trypto-
phan-selectable plasmid carrying wild-type HHT2-HHF2 into
RDN25-MATa (YBL574). We grew transformants on Tryptophan-
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dropout medium containing 5-fluorooroticacid (5-FOA) to select
for the Tryptophan-selectable mutant HHT2-HHF2 plasmids and
simultaneously remove the Uracil-selectable wild-type HHT2-
HHF2 plasmids. We then measured rDNA repeat loss rates in the
resulting strains.

The “wild-type” RDN25-MATa and RDN25-MATa (YBL574) re-
porter strains as well as the RDN25-MATa (YBL574) strain con-
taining the wild-type HHT2-HHF2 plasmid had comparable rDNA
repeat loss rates (Supplementary Figure S6C). We found that the
H3K9A and H3K14A mutations did not alter rDNA repeat loss
rates. All three H3K56 mutations altered rDNA repeat loss rates,
however, unexpectedly, H3K56A, H3K56R, and H3K56Q, all

increased rDNA repeat loss rates (Supplementary Figure S6C).
Next, we measured rDNA copy number in multiple isolates of
each of these strains. Despite isolate to isolate variability in rDNA
copy number, the rtt109D and hst3Dhst4D double mutants, and all
three H3K56 mutant strains had amplified rDNA arrays in com-
parison to the corresponding parent strains, as previously
reported (Ide et al. 2013) (Supplementary Figure S6D). These data
suggest that the H3K56 acetylation pathway plays a key role in
the regulation of rDNA stability and maintenance of normal
rDNA copy number. Furthermore, these data suggest the H3K56
acetylation/deacetylation cycle regulates stability more than any
particular state of acetylation.

Figure 5 Stress-induced instability facilitates adaptation through stress and locus-specific copy number changes. (A) Synergistic effect of transcription
and Hydroxyurea (HU) induced replication stress on instability at (i) rDNA and (ii) CUP1 arrays. Error bars represent standard deviation based on four
biological replicates. Statistical significance was calculated using a standard two-tailed t-test. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001. (B) The wild-
type CUP1-MATa strain (2�CUP1) was subcultured in the indicated medium for �6 days (approximately 50 generations). After every 3 days, three
independent isolates were used to measure CUP1 copy number by ddPCR. Error bars represent standard deviation for each individual reaction.
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H3K56 acetylation regulates CUP1 transcription
and stability
H3K56 acetylation has been demonstrated to directly affect rDNA
transcription; while total 18S and 25S rRNA levels in H3K56A
mutants are comparable to wild-type strains, these mutants
have decreased RNA polymerase I (RNAPI) binding at the rDNA
and accumulate unprocessed rRNA precursors, both indicative of
reduced rDNA transcription efficiency (Chen et al. 2012). Further,
the normal H3K56 acetylation/deacetylation cycle has been
shown to promote DNA damage repair via homologous recombi-
nation with the sister chromatid (Munoz-Galvan et al. 2013; Che
et al. 2015). Consistent with this, control of rDNA amplification by
the TOR signaling pathway has been shown to be mediated by
H3K56 acetylation through break-induced replication (BIR) medi-
ated repair pathways (Chen et al. 2012; Jack et al. 2015). These
data suggest that rDNA amplification in mutants with perturbed
H3K56 acetylation is due at least in part to constitutive and per-
turbed transcription at the locus, which may in turn influence
the choice of the repair pathways in a manner that results in a
net gain of repeats.

High levels of constitutive rDNA transcription are essential for
cell viability. This makes it impossible to directly test transcrip-
tion-dependent and independent functions of H3K56 acetylation
in the maintenance of rDNA stability and copy number. We chose
to study this in the copper-inducible CUP1 gene array because
Hull et al. (2017) showed that transcription induces copy number
variation at the CUP1 array in an Rtt109-dependent manner (Hull
et al. 2017). Based on their observation of low CUP1 copy number
variation in rtt109D mutants, this group had predicted that adap-
tation and CUP1 amplification in response to copper would re-
quire Rtt109. This prediction is confounding given the rDNA
hyper-amplification observed in rtt109D mutants. However, their
results are consistent with our observations of decreased rDNA
repeat loss rates in rtt109D mutants, and high rDNA repeat loss
rates in hst3Dhst4D mutants (Supplementary Figure S6B). We also
previously showed that instability at both, the rDNA and CUP1
arrays is regulated by the fundamental processes of DNA replica-
tion and transcription (Figure 4). Taken together, these data sug-
gest that the use of the inducible CUP1 array can help identify
conserved general principles that govern the regulation of these
two tandem repeats by H3K56 acetylation.

We found that disrupting the H3K56 acetylation cycle pre-
vented transcription-induced instability at CUP1 in CUP1-MATa

reporter strains with 6 or 17 copies of CUP1. We showed previ-
ously that copper-induced transcription increases CUP1 instabil-
ity in a dose-dependent manner in CUP1-MATa reporter strains
(Figure 4, C and D). In contrast, we find that transcription does
not increase instability in the rtt109D or the hst3Dhst4D mutants
(Figure 6A). Further, while transcription-independent CUP1 insta-
bility in the rtt109D mutants is comparable to that of correspond-
ing wild-type strains, transcription-independent CUP1 instability
in hst3Dhst4D mutants is significantly elevated (Figure 6A). These
data suggest that both transcription-dependent and independent
stability at the CUP1 array are affected by the H3K56 acetylation/
deacetylation pathway.

Given the role of H3K56 acetylation in promoting transcription
at the rDNA, and the induction of instability at the CUP1 array by
transcription in a dose-dependent manner, we wondered
whether the changes in CUP1 instability in the rtt109D and
hst3Dhst4D mutants were due in part to altered CUP1 transcrip-
tion. To test this, we measured basal CUP1 mRNA levels in wild-
type, rtt109D and hst3Dhst4D mutant strains in CUP1-MATa

reporter strains with 6 or 17 copies of CUP1. We also measured
CUP1 mRNA levels in each of these strains following induction of
the CUP1 array with the same concentrations of copper used for
the instability measurements in Figure 6A. The decrease in CUP1
mRNA levels is modest in the copper-treated 6�CUP1 strains
(91% and 70% of wild-type levels in rtt109D and hst3Dhst4D, re-
spectively), and significant in the 17�CUP1 strains (38 and 63% of
wild-type levels in rtt109D and hst3Dhst4D, respectively)
(Figure 6B). Nevertheless, the rtt109D and hst3Dhst4D strains do
not exhibit altered copper sensitivity compared to corresponding
wild-type strains (Figure 6C). These data suggest that the H3K56
acetylation/deacetylation cycle is important for copper-induced
CUP1 transcription at �6�CUP1 arrays. Given the higher tran-
scriptional output and the more pronounced decrease in CUP1
transcript levels in the mutant 17�CUP1 strains, we speculate
that disruption of H3K56 acetylation/deacetylation becomes in-
creasingly detrimental to transcription as array size and tran-
scriptional load on the array increases.

Basal CUP1 mRNA levels in untreated cells were also signifi-
cantly affected in the rtt109D and hst3Dhst4D mutants in all three
CUP1-MATa reporter strains tested. We found that the basal tran-
script abundance was significantly reduced in both rtt109D and
hst3Dhst4D mutants in strains with �6�CUP1. The 6�CUP1
rtt109D and hst3Dhst4D strains exhibited a �2.4-fold and �1.9-
fold decrease in basal CUP1 mRNA levels, respectively (Figure 6B).
While the 17�CUP1 rtt109D strain exhibited a �2.3-fold decrease
in CUP1 mRNA levels, transcript levels were unchanged in the
17�CUP1 hst3Dhst4D strains (Figure 6B). These data show that the
H3K56 acetylation/deacetylation pathway is critical to maintain
normal basal CUP1 transcription irrespective of array size.

The decrease in both, transcriptional output as well as tran-
scription-dependent instability, suggests that the H3K56 acetyla-
tion/deacetylation pathway regulates instability at the CUP1
array partly through its effects on transcription. The differences
in the changes in CUP1 transcript levels between the mutant
6�CUP1 and 17�CUP1 strains also suggest that the size of the
tandem array may be critical in determining its response to tran-
scription and perturbed H3K56 acetylation. Since transcription-
induced CUP1 instability facilitates adaptation to high concentra-
tions of copper (Figure 5), the dependence of transcription and
stability of the CUP1 array on the H3K56 acetylation pathway sug-
gests that the typical response of this array to transcription is
critically dependent on its H3K56 acetylation status.

H3K56 acetylation restricts transcription-induced
CUP1 amplification
Our study showed that in wild-type CUP1-MATa cells, CUP1 am-
plification facilitates adaptation to high concentrations of copper
after prolonged propagation (25–50 generations) in selective con-
ditions (Figure 5). While all mutations that affect H3K56 acetyla-
tion are known to be associated with amplifications of the rDNA
array, we noticed that in uninduced conditions, copy number of
the CUP1 array was stably maintained in both, rtt109D and
hst3Dhst4D mutants irrespective of starting array size (Figure 7,
Supplementary Figure S10). Because both rtt109D and hst3Dhst4D

mutants with �6�CUP1 had low copper-induced instability and
CUP1 mRNA levels, like Hull et al. (2017), we also predicted that
these mutants may be defective in adapting to high concentra-
tions of copper. However, when we subcultured various rtt109D

and hst3Dhst4D reporter strains with �6�CUP1 in high concentra-
tions of copper, we were surprised to find that copper resistant
cells that had amplified CUP1 arrays readily emerged after 25–50
generations as in the corresponding wild-type strains (Figure 7,
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Supplementary Figure S10). Since this was reminiscent of the am-
plification of the constitutively transcribed rDNA array observed
in rtt109D and hst3Dhst4D mutants, we hypothesized that in
rtt109D and hst3Dhst4D mutants, transcription of the locus may
induce amplification of the CUP1 array independent of growth

defects. If this were the case, we would expect CUP1 amplifica-
tions to occur even in low concentrations of copper that do not
affect cell growth.

To test this hypothesis, we subcultured �6�CUP1 rtt109D and
hst3Dhst4D strains in low levels of copper that do not impair

Figure 6 H3K56 acetylation regulates CUP1 instability and transcription. (A) Transcription dependent and independent CUP1 repeat loss rates in rtt109D
and hst3Dhst4D mutants. Error bars represent standard deviation based on 4 biological replicates. (B) Absolute CUP1 mRNA concentration (�10 copies/ng
of total RNA) in rtt109D and hst3Dhst4D mutants measured by RT-ddPCR. Error bars represent standard deviation based on three technical replicates for
cDNA synthesis from the same RNA sample. Fold-change relative to the corresponding wild-type strain is indicated. For (A) and (B), the 6�CUP1 strains
and the 17�CUP1 strains were grown in 1 mM CuSO4. Statistical significance was calculated using a standard two-tailed t-test. *P<0.05, **P< 0.01,
***P< 0.001, ****P< 0.0001, n. s., not significant. (C) Growth assays showing copper resistance of rtt109D and hst3Dhst4D mutants.
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growth. Importantly, these concentrations of copper induce in-
stability at the CUP1 array in wild-type cells, but not in rtt109D or
hst3Dhst4D mutants (Figure 6A). Interestingly, despite low rates of
repeat loss, we found that after 25-50 generations, CUP1 amplifi-
cation still occurred in all the �6�CUP1 rtt109D strains, but not in
the corresponding wild-type strains (Figure 7, Supplementary
Figure S10). This result demonstrates that stability and copy
number maintenance need not be directly correlated, and high-
lights the importance of distinguishing between changes in insta-
bility and steady-state copy number.

While the hst3Dhst4D mutants did not exhibit net CUP1 ampli-
fication after �50 generations in these nonselective conditions,
we found that there was more isolate to isolate variability in
CUP1 copy number in these strains (Figure 7(iii)). Given the high
transcription-independent repeat loss rates in this strain, it is
possible that CUP1 amplification is countered by high rates of re-
peat loss, and requires propagation longer than 50 generations in
these conditions. These data suggest that H3K56 acetylation is re-
quired for regulating transcription and transcription-induced in-
stability at the CUP1 array, and importantly, it also functions to
restrict transcription-induced amplification. Therefore, the
H3K56 acetylation/deacetylation cycle is required to maintain
the characteristic adaptive response to transcriptional stress.

Discussion
Eukaryotic genomes contain large stretches of tandem repeats.
These repeats are repositories for copy number variation and can
facilitate rapid adaptation to stress. Stress-induced adaptation
through copy number variation could facilitate genome evolution
in a variety of conditions like cancers, and treatment with anti-
cancer drugs or antibiotics. This underscores the need to charac-
terize the program of adaptation at tandem repeats. Here, we
carried out a genetic screen with a new quantitative method to
measure instability at two tandem arrays in budding yeast, the
rDNA array, and the CUP1 gene array, to define the program of re-
peat stability and adaptation in response to transcriptional
stress. We also used previously established ddPCR-based assays
to measure rDNA copy number in a yeast ts mutant collection of
279 essential genes and identify additional essential factors

involved in rDNA copy number maintenance. Altogether, our
screens revealed that rDNA copy number and stability are regu-
lated by the ubiquitous processes of DNA replication, transcrip-
tion, and histone acetylation. Our assay was based on repeat loss;
additional regulatory factors may be discovered if repeat gain
was also monitored.

The traditional view of evolution states that adaptive muta-
tions occur at random under stress and are selected for during
growth under that stress. However, several studies in bacteria
have shown that the genome may be designed to direct muta-
tions to loci that require rapid evolution and tune the rates of
mutation at relevant loci in the face of stress [reviewed in (Salim
and Gerton 2019)]. Directing mutations to specific genomic
regions is not restricted to bacteria; elegant work by Hull et al.
(2017) demonstrated that in budding yeast, mutagenesis could be
directed to the CUP1 array in a transcription-dependent manner
(Hull et al. 2017). We extend our understanding of repeat stability
by demonstrating its dependence not only on transcription itself,
but also on transcription-associated consequences, such as
R-loops. Furthermore, we demonstrate synergy for instability be-
tween DNA replication and transcription. Selection can act on
the variation resulting from induced instability, which can pro-
duce a new “adapted” steady-state copy number over time.
Therefore, stress-induced instability at tandem repeats can ac-
celerate adaptation through copy number variation. These data
support the model that the sensitivity of tandem repeats to tran-
scription and DNA replication stress makes them unstable by de-
sign, enabling them to accommodate copy number variation and
facilitate adaptation to genomic stresses.

Finally, we also define the contributions of histone acetylation
to the process of adaptation at tandem repeats. Through studies
using the CUP1 array, we show that H3K56 acetylation (a) regu-
lates transcription, (b) supports transcription-dependent repeat
instability, and (c) restricts transcription-induced repeat amplifi-
cation. Importantly, we demonstrate that the responses to per-
turbation of H3K56 acetylation are dependent on the size of the
array and its transcriptional status. While Hull et al. (2017) had
proposed the importance of H3K56 acetylation in transcription-
induced copy number variation, our studies provide experimental
evidence for the role of this chromatin mark in governing

Figure 7 H3K56 acetylation restricts transcription-induced amplification of the CUP1 array. (i) Wild-type, (ii) rtt109D or (iii) hst3Dhst4D CUP1-MATa strains
(6�CUP1) were subcultured in the indicated medium for �6 days (approximately 50 generations). After every 3 days, three independent isolates were
used to measure CUP1 copy number by ddPCR. Error bars represent standard deviation for each individual reaction.
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transcription-induced instability at the CUP1 array and subse-
quent adaptation to copper. Our findings also highlight the im-
portance of the characterization of instability and distinguishing
it from changes in steady-state copy number upon prolonged
propagation under transcriptional stress. Our studies suggest
that loss of H3K56 acetylation may bias recombination events at
the array toward amplification under transcriptional stress, which
manifests as low repeat loss rates, but this requires further investiga-
tion. Parallel measurements of repeat stability and copy number
changes at the rDNA suggest that the rDNA hyperamplification phe-
notype in these mutants may also be due to constitutive, perturbed
transcription, and homologous recombination at the locus.
Altogether, we have demonstrated that under conditions of tran-
scriptional stress, H3K56 acetylation normally restricts amplification.

The fundamental principles underlying copy number varia-
tion at tandem repeats in budding yeast may be instructive to un-
derstand the behavior of other tandem repeats. One interesting
application of our findings is in understanding the molecular evo-
lution of cancer genomes because cancer cells are frequently
characterized by transcriptional stress and copy number amplifi-
cations. Altered transcription may induce copy number variation
at tandem repeats, facilitating adaptive copy number changes to
occur, both, during the course of disease establishment and in re-
sponse to therapy. There are several tandem repeat arrays on the
X-chromosome (e.g., CT45, CT47) that are only expressed in the
testis and in cancer (Ross et al. 2005); our results suggest tran-
scription would trigger their instability in cancer. The observa-
tions that (a) the rDNA array is highly susceptible to
recombination-mediated rearrangements in solid tumors (Stults
et al. 2009), (b) rRNA transcription is frequently dysregulated in
cancers (Lu et al. 2009; Xu et al. 2017; Udugama et al. 2018, (c)
RNAPI transcription has emerged as an effective therapeutic tar-
get in a variety of cancers (Hannan et al. 2013), and (d) 45S rDNA
repeats are lost in many cancer genomes (Wang and Lemos 2017;
Xu et al. 2017; Udugama et al. 2018) all support the idea that 45S
rDNA arrays are unstable in cancer and their instability is gov-
erned by the same foundational principles described in yeast.

Our findings have profound impacts for understanding the gen-
eral principles underlying the evolution of genomes under stress.
The TOR pathway regulates rDNA transcription by targeting the
H3K56 acetylation pathway. Interestingly, in cells with low rDNA
copy number, TOR-induced rDNA transcription as well as canoni-
cal HR-independent rDNA amplification by inhibiting key H3K56
deacetylases (Chen et al. 2012; Jack et al. 2015). Our data show that
the regulation of repeat stability and copy number by transcription
and histone acetylation is not limited to recovery or maintenance
of normal rDNA copy number. Our studies of the CUP1 array sug-
gest that transcription and histone acetylation may govern the be-
havior of tandem repeats in general and dictate adaptive
outcomes. These data also have implications for understanding
the molecular evolution of diseases like cancer, which are charac-
terized by global dysregulation of transcription and histone acety-
lation, and copy number amplifications (Santarius et al. 2010;
Audia and Campbell 2016). We speculate that altered transcription
in the context of perturbed histone acetylation may underlie at
least some of these amplifications. Further, because histone acety-
lation is often a target of anticancer drugs, understanding how
acetylation impacts the stability and copy number of tandem
arrays could be relevant to understanding how cancer cells adapt
in response to therapy. Taken together, our studies of the yeast
rDNA and CUP1 arrays reveal the unifying principles that govern
tandem repeat plasticity and adaptation.
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