Genomics 114 (2022) 110430

FI. SEVIER

Contents lists available at ScienceDirect
Genomics

journal homepage: www.elsevier.com/locate/ygeno

5

_GENOMICS

Original Article

L)

Check for

A new method for determining ribosomal DNA copy number shows | opnes’
differences between Saccharomyces cerevisiae populations

Diksha Sharma?, Sylvie Hermann-Le Denmat *°, Nicholas J. Matzke *, Katherine Hannan ©¢,

d

Ross D. Hannan ©%*" Justin M. O'Sullivan ¥, Austen R.D. Ganley *"

@ School of Biological Sciences, University of Auckland, Auckland, New Zealand
b Ecole Normale Supérieure, PSL Research University, F-75005 Paris, France

¢ ACRF Department of Cancer Biology and Therapeutics, The John Curtin School of Medical Research, ACT 2601, Australia
4 Department of Biochemistry and Molecular Biology, University of Melbourne, Parkville, Victoria 3010, Australia

¢ Division of Research, Peter MacCallum Cancer Centre, Melbourne, Victoria 3000, Australia

f Sir Peter MacCallum Department of Oncology, University of Melbourne, Parkville, Victoria 3010, Australia
& Department of Biochemistry and Molecular Biology, Monash University, Clayton, Victoria 3168, Australia

h Liggins Institute, University of Auckland, Auckland, New Zealand

! Maurice Wilkins Center, University of Auckland, New Zealand

I MRC Lifecourse Unit, University of Southampton, United Kingdom

X Brain Research New Zealand, The University of Auckland, Auckland, New Zealand

ARTICLE INFO ABSTRACT

Keywords:

Ribosomal DNA

Copy number

Tandem repeats
Saccharomyces cerevisiae
Sequence read coverage
Bioinformatics method

Ribosomal DNA genes (rDNA) encode the major ribosomal RNAs and in eukaryotes typically form tandem repeat
arrays. Species have characteristic rDNA copy numbers, but there is substantial intra-species variation in copy
number that results from frequent rDNA recombination. Copy number differences can have phenotypic conse-
quences, however difficulties in quantifying copy number mean we lack a comprehensive understanding of how
copy number evolves and the consequences. Here we present a genomic sequence read approach to estimate
rDNA copy number based on modal coverage to help overcome limitations with existing mean coverage-based

approaches. We validated our method using Saccharomyces cerevisiae strains with known rDNA copy numbers.
Application of our pipeline to a global sample of S. cerevisiae isolates showed that different populations have
different rDNA copy numbers. Our results demonstrate the utility of the modal coverage method, and highlight
the high level of rDNA copy number variation within and between populations.

1. Introduction

The ribosomal RNA gene repeats (rDNA) encode the major ribosomal
RNA (rRNA) components of the ribosome, and thus are essential for
ribosome biogenesis and protein translation. In most eukaryotes the
rDNA forms large tandem repeat arrays on one or more chromosomes
[1]. Each repeat unit comprises a coding region transcribed by RNA
polymerase I (Pol—I) that encodes 18S, 5.8S and 28S rRNA [2], and an
intergenic spacer region (IGS) that separates adjacent coding regions
(Fig. 1). The number of rDNA repeat copies varies widely between
species, typically from tens to hundreds of thousands of copies [1,3-5].
However, each species appears to have a ‘set’ or homeostatic (in the
sense of [6]) rDNA copy number that is returned to if the number of
copies deviates [7-10]. Such deviations in rDNA copy number between
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individuals within a species or even between cells within a multicellular
organism are well documented and can be substantial [11-16]. They
result from ongoing unequal homologous recombination generating loss
or gain of rDNA copies ranging from single copy changes up to large
numbers of copies [8,17-20]. This copy number variation is also,
somewhat counter-intuitively, what drives the high levels of sequence
homogeneity observed between the rDNA copies within a genome, a
pattern known as concerted evolution [21-23]. Recent results in
Saccharomyces cerevisiae have revealed an elegant mechanism through
which homeostatic rDNA copy number is maintained in the face of this
rDNA copy number change via the abundance of the Pol-I transcription
factor UAF (upstream activating factor) and the histone deacetylase Sir2
[24].

Copy number variation is thought to be tolerated because of
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redundancy in rDNA copies [8,25]. Redundancy in the rDNA can partly
be explained by the striking observation that only a subset of the repeats
in a genome is transcribed at any one time [2]. Thus, cells can
compensate for changes in rDNA copy number by activating or silencing
repeats to maintain the same transcriptional output [26]. Despite this
redundancy, there is growing evidence that rDNA copy number and the
proportion of active/silent rDNA copies impact several aspects of cell
biology beyond simply rRNA production [20]. For example, early ob-
servations found an association between rDNA copy number and growth
rate in flax [27], and loss of rDNA copies results in DNA damage
sensitivity in S. cerevisiae [25,28], a mild mutant phenotype (bobbed) in
Drosophila [8] and embryonic defects in chickens [29]. In addition,
rDNA copy number variation has been associated with changes in gene
expression/epigenetic silencing in several species [12,30-34], and has
even been suggested to underlie what is described as transgenerational
epigenetic inheritance [35]. More recently, several studies have found
associations between rDNA copy number and cancer [36-40]. However,
the selective pressure(s) that may influence the population dynamics of
rDNA copy number and the homeostatic rDNA copy number remain
poorly understood.

Interest in the phenotypic consequences of rDNA copy number
variation has led to a number of approaches being used to measure it.
These include molecular biology approaches such as quantitative DNA
hybridization [41-44], pulsed field gel electrophoresis (PFGE) [45,46],
quantitative real-time PCR (qPCR) [15,37,47-50] and digital droplet
PCR (ddPCR) [51,52]. A major advance in the measurement of rDNA
copy number has been the emergence of bioinformatic approaches that
use whole genome (WG) next generation sequencing (NGS) reads to
estimate copy number. This is based on the rationale that sequence
coverage of the rDNA correlates with copy number. This correlation is a
consequence of concerted evolution, with the high sequence identity
between repeats resulting in reads from all rDNA copies mapping to a
single reference rDNA unit, thus providing a high coverage signal that is
proportional to copy number. Existing bioinformatic approaches calcu-
late the mean rDNA read coverage and normalize to the mean WG
coverage to estimate copy number [5,12,23,36,53], thus assuming that
mean coverage represents the “true coverage” for both the rDNA and the
WG. However, there are reasons to suspect this mean coverage approach
assumption might not always hold. Repetitive elements (e.g. micro-
satellites and transposons), PCR/sequencing bias (which is particularly
evident for the rDNA [54-58]; Supplementary Fig. 1), and large-scale
mutations such as aneuploidies and segmental duplications may all
cause the measured mean coverage to differ from the real coverage.
While efforts have been made to address some of these potential con-
founders [12,40,59], estimated copy number varies depending on which
region of the rDNA is used [12,36], thus the accuracy of the mean read
coverage approach has been called into question [5,37,60]. As a
consequence, the extent of copy number change required to produce
phenotypic effects has remained difficult to address.

Here we present a bioinformatics pipeline that measures rDNA copy
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number using modal (most frequent) NGS read coverage as a way to
overcome the limitations of the mean coverage bioinformatics approach.
We assessed the parameters important for performance and validated
the pipeline using S. cerevisiae strains with known rDNA copy numbers.
We then employed our pipeline to investigate whether S. cerevisiae
populations maintain different homeostatic rDNA copy numbers.

2. Materials and methods
2.1. Modified Saccharomyces cerevisiae genome

Chromosome sequences for S. cerevisiae strain W303 were obtained
from the NCBI (accession CM001806.1 - CM001823.1) and concate-
nated. rDNA copies present within the W303 reference genome were
identified using BLAST and removed using Geneious (v. 11.0.3). The
S. cerevisiae W303 strain rDNA repeat unit from [21] was then added as
an extrachromosomal rDNA reference, and this modified W303 yeast
reference genome (W303-rDNA) was used in subsequent analyses.

2.2. Yeast strains/isolates and growth conditions

Yeast strains/isolates that were cultured are listed in Supplementary
Table 1. Culturing was performed in liquid or solid (2% agar) YPD (1%
w/Vv yeast extract, 2% w/v peptone and 2% w/v D+ glucose) medium at
30 °C.

2.3. Genomic DNA extraction

High molecular weight genomic DNA (gDNA) was isolated as fol-
lows. Cell pellets from 3 to 5 mL liquid cultures were washed in 500 pL of
50 mM EDTA pH 8 and resuspended in 200 pL of 50 mM EDTA pH 8
supplemented with zymolyase (3 mg/mL). After 1 h at 37 °C, the cell
lysate was mixed with 20 pL of 10% sodium dodecyl sulfate then with
150 pL of 3 M potassium acetate (KAc) and incubated on ice for 1 h. 100
pL of phenol-chloroform-isoamyl alcohol was added to the SDS-KAc
suspension, and, following vortexing and centrifugation, 600 pL of
propanol-2 were added to the aqueous supernatant (=~ 300 pL). The
nucleic acid pellet was washed three times in 70% EtOH, dried and
resuspended in PCR grade water supplemented with RNase A (0.3 mg/
mL). After 1 h at 37 °C, samples were stored at —20 °C.

2.4. Whole genome sequence data

gDNA extracted from four isogenic strains with different rDNA copy
numbers (WT, 20-copy, 40-copy and 80-copy; Supplementary Table 1)
was sequenced using [llumina MiSeq (Supplementary Table 2). The raw
sequence files are available through the NCBI SRA (accession number
SUB7882611).
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Fig. 1. Organization of the rDNA repeats in Saccharomyces cerevisiae. Top shows a schematic of tandemly-repeated units in the rDNA array located on chromosome
XII. Bottom shows the organization of an individual rDNA repeat including transcription start sites, the 5’ external transcribed spacer (5’ETS), the rRNA (18S, 5.8S
and 28S) coding genes, the two internal transcribed spacers (ITS1 and 2), and the intergenic spacer (IGS). The IGS is divided into two by a 5S rRNA gene. Schematic is

not to scale.
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2.5. Read preparation

Paired-end reads were combined and quality checked using Solex-
aQA [61]. Low-quality ends of reads (score cutoff 13) were trimmed
using DynamicTrim, and short reads were removed using a length cutoff
of 50 bp with LengthSort, both within SolexaQA, as follows:

command: ~/path/to/solexaQA/SolexaQA++ dynamictrim /fastq/
file

command: ~/path/to/solexaQA/SolexaQA++ lengthsort -1 50
/trimmed/fastq/file

2.6. Obtaining whole genome and rDNA coverages

The W303-rDNA reference genome was indexed using bowtie2 (v.
2.3.2):

command:
<bt2_base>

Coverage files for the whole genome and rDNA were obtained using a
four step pipeline:

Step-1: Processed reads were mapped to the indexed W303-rDNA
genome using bowtie2:

command: ~/bowtie2-2.3.2/bowtie2 -x /path/to/indexed/genome/
—U /path/to/trimmed/reads/ —S /output SAM file/

Step-2: The subsequent SAM format alignment was converted to
BAM format using SAMtools (v. 1.8):

command: ~/samtools-1.8/samtools view -b —S -0 <output BAM>
<input_SAM>

Step-3: Mapped reads in the BAM file were sorted according to the
location they mapped to in W303-rDNA using SAMtools:

command: ~/samtools-1.8/samtools sort <input BAM> -0
<output_sorted.bam>

Step-4: Per-base read coverages across the entire W303-rDNA
genome and the rDNA were obtained using BEDtools (v. 2.26.0):

command: ~/bedtools genomecov -ibam <aligned_sorted.bam> -g
<reference_genome.fasta> -d <bedtools_coverage WG.txt>

command: grep “rDNA_BLAST” <bedtools_coverage WG.txt>
<rDNA_bedtools_coverage.txt>

~/bowtie2-2.3.2/bowtie2-build <reference_in>

2.7. Calculation of rDNA copy number using modal coverage

Coverage frequency tables for the rDNA and whole genome
(excluding mitochondrial DNA and plasmids) were obtained from per-
base read coverage files by computing the mean coverage over a given
sliding window size with a slide of 1 bp. The mean coverage for each
sliding window was then allocated into a coverage bin. The bin that
includes read coverage of zero was subsequently removed. The three
highest frequency coverage bins from both the rDNA and whole genome
frequency tables were used to calculate rDNA copy number as follows:

Peak rDNA coverage bin value

rDNA copy number =
Py Peak whole genome coverage bin value

rDNA copy number estimates are the mean of all pairwise combinations
of these copy number values (Supplementary Fig. 2).

To perform weighted average modal coverage estimates, the same
sliding window approach as above was used, but in addition each
coverage value within a window was weighted by multiplying with a
weighting factor decaying linearly on each side of the mid-point of the
window.

2.8. Pipeline availability

The pipeline for modal calculation of rDNA copy number from an
alignment of sequence reads to a reference genome containing one rDNA
copy is available through Github (https://github.com/dikshal621
/TDNA-copy-number-pipeline).
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2.9. Calculation of rDNA copy number using mean and median coverage

Per-base read coverage across W303-rDNA from Bedtools was input
into custom R-scripts to obtain mean and median coverage values for the
whole genome and rDNA after removing the rDNA, 2-micron plasmid,
and mitochondrial DNA coverage values from the whole genome
calculation. For the mean coverage method, a 100 bp sliding window
was used to calculate coverage values. rDNA copy number was then
calculated for the mean and median data as follows:

FDNA copy number — coverage across rDNA

coverage across whole genome

2.10. Subsampling

To generate different coverage levels for copy number estimation,
sequence reads were randomly downsampled using the seqtk tool
(https://github.com/1h3/seqtk):

command: ~/seqtk/seqtk sample ~-s$RANDOM <name of fastqfile>
<number of reads required> <outputfile>

2.11. rDNA copy number measurement by ddPCR

At least three independent cultures (biological replicates) were
generated for each isolate using one independent colony per culture. To
evaluate rDNA copy number variation over generations, cultures were
propagated over 4 days (—~60 generations) as follows: individual col-
onies were initially grown in 3 mL YPD for 24 h. 30 pL of this was used to
inoculate 3 mL YPD and this was grown for another 24 h. This process
was repeated for 4 days. Cells were harvested after 24 h (~15 genera-
tions) and 4 days, and cell pellets frozen at —80 °C. gDNA was extracted
as above, then linearized by Xbal in NEB2 buffer following the manu-
facturer's instructions (NEB) to individualize rDNA repeats. gDNA line-
arization was verified by separation on agarose gels and DNA
concentration measured on a Qubit Fluorometer using the Qubit dsDNA
HS assay (Thermo Fisher). Linearized gDNA was brought to 2 pg/uL by
serial dilution. EvaGreen master mixes were prepared with an rDNA
primer pair (rDNAScSp F2 5- ATCTCTTGGTTCTCGCATCG-3,
rDNAScSp_R2 5’-GGAAATGACGCTCAAACAGG-3') or a single copy
RPS3 gene primer pair (RPS3ScSp_F2 5’-CACTCCAACCAAGACCGAAG-
3, RPS3ScSp_R2 5’-GACAAACCACGGTCTTGAAC-3'). RPS3 and rDNA
ddPCR reactions were performed with 2 pL (4 pg) of the same linearized
gDNA dilution as template. Droplet generation and endpoint PCR were
performed following the manufacturer's instructions, and droplets were
read using a QX200 droplet reader (BioRad). Quantification was per-
formed using QuantaSoft Analysis Pro (v. 1.0.596). rDNA copy number
was determined by the (rDNA copy/pL)/(RPS3 copy/pL) ratio.

2.12. Pulse field gel electrophoresis (PFGE)

To make chromosome plugs [19], cells from overnight liquid cul-
tures were resuspended in 50 mM EDTA pH 8.0-2.10° cells/mL, trans-
ferred to 45 °C, and mixed with an equal volume of 1.5% low melting
point agarose in 50 mM EDTA prewarmed to 45 °C. The mixture was
transferred by gentle pipetting to PFGE plug molds (BioRad) to set at
4 °C for 15 min. Plugs were transferred to fresh spheroplasting solution
(1 M Sorbitol, 20 mM EDTA pH 8.0, 10 mM Tris-HCl pH 7.5, 14 mM 2-
mercaptoethanol, 2 mg/mL zymolyase). After 6 h incubation at 37 °C
with occasional inversion, plugs were washed for 15 min in LDS buffer
(1% lithium dodecyl sulphate, 100 mM EDTA pH 8.0, 10 mM Tris-HCl
pH 8.0), before overnight incubation at 37 °C in the same buffer with
gentle shaking. Plugs were incubated twice for 30 min each in NDS
buffer (500 mM EDTA, 10 mM Tris-HCl, 1% sarkosyl, pH 9.5) and at
least three times for 30 min in TE (10 mM Tris-HCI pH 8.0, 1 mM EDTA
pH 8.0). Plugs were stored at 4 °C in fresh TE. For restriction digestion,
half plugs were pre-washed for 2 h in TE, three times for 20 min each in
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TE, and three times for 20 min each in 300 pL restriction buffer sup-
plemented with 100 pg/mL BSA, all at room temp. Restriction digestion
was performed overnight at the recommended temperature in a total
volume of 500 pL containing 100 U of restriction endonuclease. Digested
plugs were washed in 50 mM EDTA pH 8.0 and stored at 4 °C in 50 mM
EDTA pH 8.0 before loading. PFGE was performed using 1% agarose gel
in 0.5x TBE (Thermo-Fisher) in a CHEF Master XA 170-3670 system
(BioRad) with the following parameters: auto algorithm separation
range 5 kb - 2 Mb (angle 120 °C, run 6 V/cm, initial switch time 0.22s,
final switch time 3 min 24 s, run time 916 min) at 14 °C. DNA was
visualized by staining in ethidium bromide (5 pg/mL) and imaging (Gel
Doc XR-+; BioRad).

2.13. 1002 Yeast Genome project rDNA copy number estimation

[lumina reads from the 1002 Yeast Genomes project were obtained
from the European Nucleotide Archive (www.ebi.ac.uk/) under acces-
sion number ERP014555. We omitted clades with few members, mosaic
clades, and unclustered isolates, giving a total of 788 isolates. Reads
were downsampled to 10-fold-coverage using seqtk() and rDNA copy
number for each isolate was calculated using W303-rDNA as the refer-
ence. The bin sizes that rDNA and whole genome coverage values were
allocated to were 1/200th of the mean coverage for the rDNA and 1/
50th for the whole genome, respectively. A sliding window size of 600
bp for both estimates was used. Violin plots were plotted using the
ggplot() package in R.

2.14. Phylogenetic analyses

To create a neighbour-joining phylogeny based on rDNA copy
number values, rDNA copy number for each isolate (after removing 30
isolates for which SNP data were not available) was normalized on a 0-1
scale. Normalized values were used to calculate pairwise Euclidean
distances between each pair of isolates to generate a distance matrix that
was applied to construct a phylogeny via neighbour-joining using MEGA
X [62].

Phylocorrelograms of copy number and SNP phylogeny were
generated using phylosignal [63] (v.1.3; https://cran.r-project.
org/web/packages/phylosignal/index.html). Phylocorrelograms repre-
senting no phylogenetic signal (a “white noise” random distribution)
and high phylogenetic signal (a character evolving on the SNP tree ac-
cording to a Brownian motion model) were also generated. For the white
noise distribution, data were simulated from a normal distribution with
mean and standard deviation matching those of the observed copy
number data (mean = 92.5, sd = 30.8). For the Brownian motion model,
we first estimated the ancestral mean (z0 = 83.2) and the rate parameter
(62 = 72,557.2) from the observed copy number data using the fit-
Continuous function from geiger [64] (https://cran.r-project.org/packa
ge—geiger). Then, we simulated from these parameters on the SNP tree
using fastBM from phytools 0.7 (https://cran.r-project.org/package=ph
ytools). Phylocorrelograms were generated for the observed and two
simulated datasets, estimating correlations at a series of 100 phyloge-
netic distances using 100 bootstrap replicates.

2.15. Comparing intra-species variation in rDNA copy number

Copy number estimates for twelve isolates from the 1002 Yeast Ge-
nomes data were randomly drawn 1000 times using a custom bash-script
to obtain rDNA copy number ranges.

2.16. Statistical analyses

Statistical analyses were performed in R. Significance was calculated
using the Welch t-test (t-test), the non-parametric Wilcoxon-Mann-
Whitney test (wilcox test) or ANOVA, with p-values considered statis-
tically significant at p < 0.05.
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3. Results and discussion

3.1. Establishment of a modal coverage bioinformatics pipeline for
estimating rDNA copy number

The abundance of data generated from NGS platforms has led a
number of studies to use mean read depth to estimate rDNA copy
number [5,12,23,36,40,53,59]. However, repeat elements, sequence
biases and large-scale changes like aneuploidies can potentially result in
non-normal read coverage distributions where the mean coverage does
not accurately represent the true coverage. To overcome these limita-
tions, we developed a novel sequence read-based rDNA copy number
calculation approach based on the most frequent (modal) coverage. The
rationale for this approach is that modal coverage will provide an esti-
mate of the relative coverage representation of a given region in a
genome that is more robust to biases away from normality than the
mean or median. The approach allocates coverage across a reference
genome into coverage bins, and the ratio of the most frequently occur-
ring coverage bins for the rDNA and the WG is then used to calculate
rDNA copy number (per haploid genome). We implemented this modal
coverage approach as a simple pipeline to calculate rDNA copy number
from mapped sequence reads (Supplementary Fig. 3). To help smooth
across positions that stochastically vary in coverage, an issue that is
particularly prevalent with very low coverage datasets, we used a sliding
window approach to calculate coverage. Our straightforward pipeline
uses a sorted BAM file of reads aligned to a reference genome for which
the position of the rDNA is known (either embedded in the genome or as
a separate contig) to calculate copy number.

To implement our modal coverage approach, we generated test
datasets by performing WG Illumina sequencing of a haploid wild-type
laboratory S. cerevisiae strain reported to have 150-200 rDNA copies,
and three isogenic derivatives in which the rDNA has been artificially
reduced to 20, 40 and 80 copies, and “frozen” in place through disrup-
tion of a gene (FOBI) that promotes rDNA copy number change [25]
(Supplementary Table 1). Initially, we investigated which parameters
provide the most accurate results by applying our pipeline to the WG
sequence data obtained from the strain with 20 rDNA copies (20-copy
strain). We obtained a genome-wide read coverage of 13.1-fold (Sup-
plementary Table 2) and mapped these reads to the W303-rDNA yeast
reference genome that has a single rDNA copy. The mapping output was
used to determine per-base coverage values, which were placed into
coverage bins using a sliding window. We investigated a range of sliding
window sizes, from 100 bp (previously reported to have an approxi-
mately normal distribution of WG sequence read coverage [65]) to 1000
bp (large sliding window sizes, whilst smoothing stochastic coverage
variation, converge on the mean coverage as the window size ap-
proaches the rDNA unit length). We also assessed the impact of coverage
on copy number estimation by downsampling the sequence reads. We
ran all these analyses with 100 technical replicates and computed the
rDNA copy number means and ranges. We found that, as expected, the
accuracy and precision (defined here as similarity to known copy number
and copy number range, respectively) of the pipeline was poorer at lower
coverage levels, while larger sliding window sizes could compensate for
a lack of reads to improve both measures (Fig. 2). Coverage levels above
10-fold with a sliding window size between 500 and 800 bp produced
accurate rDNA estimates. However, our method also demonstrated
adequate performance even with a coverage level of 5-fold, when the
sliding window was 600-700 bp (Fig. 2). Once the coverage drops below
5-fold, accuracy is maintained for sliding window sizes of 500-700 but
the precision declines across all sliding window sizes we investigated,
suggesting it is difficult to generate precise copy number estimates at
these low coverage levels. We found that the method works similarly
when using the rRNA coding region (Supplementary Fig. 4) rather than
the full repeat, which is important as the full rDNA unit sequence is often
not available. We also examined the performance of median coverage,
but found that while it had greater precision compared to the modal
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Fig. 2. Assessing parameters for rDNA copy number estimation accuracy and precision. Cells represent the (A) deviation of the calculated modal rDNA copy number
from 20, and (B) maximum variation of rDNA copy number calculated from the 100 technical replicates for each coverage level and sliding window (SW) size
combination. The heatmap scales used are indicated. In (A), rDNA copy number was rounded to the nearest integer.

coverage approach, the accuracy was poorer (Supplementary Fig. 5).
Given the rapid rate at which copy number changes even during vege-
tative growth [19], the lower precision of our method may more accu-
rately represent the range of copy numbers likely to be present in
samples that consist of multiple cells. Finally, an orthogonal approach to
using a simple sliding window for smoothing stochastic coverage levels
is to use a weighted average of coverage within the window. We found
that this method gave similar, albeit not identical, copy number esti-
mates to those using a sliding window (Supplementary Fig. 6).

We then assessed the performance of our pipeline with the 40-copy,
80-copy, and WT S. cerevisiae strain data. Illumina WG sequence reads
(Supplementary Table 2) obtained from these strains were downsampled
to generate 100 technical replicates at 10-fold coverage for each strain,
and rDNA copy numbers were calculated using our modal coverage
pipeline with a sliding window of 600 bp. The resultant rDNA copy
numbers were: 32-40 (x = 36 copies) for the 40-copy strain; 57-72 (x_
= 64 copies) for the 80-copy strain; and 129-177 (x = 157 copies) for
the WT strain. Very similar estimates were again obtained when the
weighted average approach was used (Supplementary Table 3). These
values, while similar to the reported copy numbers for these strains, are
not identical. Therefore, to check the actual copy numbers of these
strains, and to provide a direct validation of our modal pipeline method,
we next experimentally determined the rDNA copy numbers of these
strains.

We chose ddPCR to experimentally determine rDNA copy number
because it is less sensitive than qPCR to biases in secondary structure
regions that are common in the rDNA coding region [20]. The ddPCR
data showed that the rDNA copy numbers of our strains are similar to
those calculated by our modal coverage method, with both methods
suggesting that the “80-copy” strain actually has substantially fewer
copies than reported (Supplementary Table 3; Supplementary Fig. 7A),
perhaps due to a stochastic change in copy number that has occurred in
our version of this strain. We also compared our two modal coverage
approaches (simple sliding window and weighted average) with the
mean coverage calculated from the same datasets. We used a simple
mean calculation to match the implementation of our modal approach,
using the same down-sampled 10-fold WG coverage datasets. The copy
number estimates made using the mean coverage approach were uni-
formly lower than the other estimates (Supplementary Table 3), which

we suggest is the result of sequencing biases against regions in the rRNA
coding region, something that also holds true when lower coverage (5x)
datasets are used (Supplementary Table 4). Correlating read coverage
and ddPCR copy number estimates showed that both modal coverage
slopes were closer to the expected value of 1 than the mean coverage
slope (Fig. 3). Absolute copy numbers cannot be accurately estimated if
the slope deviates from 1. Furthermore, slope deviation from 1 suggests
biases in the data, with these biases precluding comparisons between
different datasets unless the biases are all the same. Thus, our method
allows absolute copy number determination as well as being robust for
cross-dataset comparisons. We also estimated the copy number using
pulsed field gel electrophoresis based on the size of the restriction
fragment encompassing the entire rDNA array divided by the rDNA unit
size (accounting for the sizes of the flanking regions), again with
consistent results (Supplementary Fig. 7B,C). Together, these results
suggest the modal coverage approach is an accurate way to estimate
rDNA copy number.

Our results suggest that the modal coverage pipeline provides robust
estimates of rDNA copy number even when coverage is <5-fold. This
reliability may partly be a consequence of the larger sliding window size
we used compared to that commonly applied for mean coverage
methods. It was previously reported that coverage below ~65x results
in precision issues when estimating rDNA copy number [5]. However,
we did not find this, either for our method or when using mean coverage,
suggesting the issues might be specific to the approach and/or dataset
used in that study. The simple implementation of our modal approach
coupled with its good performance make it an attractive method for
estimating rDNA copy number from sequence read data. Furthermore, a
modal approach is expected to be more robust than mean approaches to
features that skew coverage distributions, such as repeat elements, large
duplications and deletions, regions exhibiting sequencing biases, modest
sequence divergence from the reference sequence, and aneuploidies
[37]. Although we have developed our pipeline for measuring rDNA
copy number, in principle it can be used to calculate copy number for
any repeated sequence where all reads map to a single repeat copy and
the sequence is known, such as mitochondrial and chloroplast genome
copy numbers. Given its strong performance, we applied our method to
characterize the inter-population distributions of rDNA copy number in
S. cerevisiae.
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Fig. 3. Comparison of modal and mean
coverage copy number estimation methods.
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3.2. rDNA copy number population dynamics in S. cerevisiae

addressed this question. Given that variation in rDNA copy number has

been associated with altered phenotypes [8,12,20,25,27-33,35,36], we

Studies in model organisms have provided evidence that each species
has a homeostatic copy number which is returned to following copy
number perturbations [7-10]. This homeostatic copy number appears to
have a genetic basis [5,24], suggesting it might vary between pop-
ulations as well as between species. However, few studies have
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decided to undertake a comprehensive assessment of S. cerevisiae rDNA
copy number at the population level using the global wild yeast dataset
from the 1002 Yeast Genomes project [66]. We obtained WG sequence
data for 788 isolates from the 1002 Yeast Genomes project. Reads for
each isolate were downsampled to 10x genome coverage, mapped to
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Fig. 4. rDNA copy number in S. cerevisiae populations. Phylogeny (left) of 23 S. cerevisiae clades from [66] that encompass the 788 isolates included in this study.
Scale represents substitutions per site. Right shows mean rDNA copy numbers calculated using the modal coverage method for each clade as violin plots. Mean
population copy numbers are indicated by white triangles. Numbers to the right represent the number of isolates in each clade. Red vertical line is overall mean rDNA
copy number (92 copies). Copy number estimations were determined using 10-fold coverage and a 600 bp sliding window.
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our W303-rDNA reference genome, and rDNA copy numbers estimated
using our sliding window modal coverage pipeline. The rDNA copy
numbers ranged between 22 and 227 (x = 92) across the 788 isolates
(Supplementary Table 5). The copy numbers of 11 wild S. cerevisiae
isolates included in our dataset that had previously been estimated
[14,23] are largely consistent with these previous estimates (Supple-
mentary Table 6).

The rDNA copy numbers we estimate are, in general, much lower
than those (~150-200) measured for most laboratory strains (e.g.
[25,43,46]). We looked to see whether ploidy affects rDNA copy num-
ber, given that laboratory strains are predominantly haploid while the
wild S. cerevisiae isolates we analyzed are mostly diploid. We observed a
small difference in copy number between haploid and diploid isolates
(104 vs 91 copies, respectively; Supplementary Fig. 8 and Supplemen-
tary Information), but overall do not find a strong effect of ploidy on
copy number. Thus, the copy number differences between lab and most
wild S. cerevisiae isolates seem to be a property of these isolates.

We next investigated whether different S. cerevisiae populations
harbor different rDNA copy numbers. To do this, we used 23 previously
defined phylogenetic clades [66] as proxies for S. cerevisiae populations,
and looked at the distributions of rDNA copy number within and be-
tween these populations (Fig. 4). ANOVA analysis rejects homogeneity
of rDNA copy number between these populations (p = 4.37e %), sug-
gesting there are population-level differences in S. cerevisiae copy
number.

We next sought complementary evidence that S. cerevisiae pop-
ulations have different rDNA copy numbers, rather than our results
being an artifact of high stochastic variation in copy number [19]. If
stochastic variation explains our results, divergent copy numbers are
expected to return to a single homeostatic value over time. To test this,
we used ddPCR to measure the rtDNA copy numbers of six of the 1002
Yeast Genomes project isolates that represent the range of copy numbers
observed. We grew three biological replicates of each isolate for ~60
generations to allow any fluctuation in rDNA copy number to return to
the homeostatic level [7]. Despite copy number variation between
replicates, expected given stochastic variation in copy number, rDNA
copy numbers before and after the ~60 generations resemble the copy
numbers we estimated from the sequence data and show no tendency to
converge on the overall S. cerevisiae mean copy number (Table 1; Sup-
plementary Table 7). For example, a comparison to see if post-culture
copy number moves closer to the species-wide mean copy number
revealed no significant change (Supplementary Fig. 9). The exception is
the three UWOPS03-461-4 isolates, which initially show different copy
numbers but converge on a similar value (Table 1). However, this is
expected as these isolates are obviously related and so expected to have
the same homeostatic copy number. Thus, while isolates vary in copy
number, there is no tendency for the copy numbers of different pop-
ulations to recover towards a common value. From this we conclude that
our method of estimating rDNA copy number is robust and that different
S. cerevisiae populations have different homeostatic rDNA copy
numbers.

Copy number has previously been shown to correlate with phylogeny
for species across the fungal kingdom [5]. Given the differences in rDNA
copy number we observe, we wondered whether a similar correlation
exists for S. cerevisiae populations. To test this, we constructed a
neighbour-joining phylogeny using rDNA copy number as the phyloge-
netic character for 758 isolates (30 were removed as SNP data were not
available) and compared this to the reported S. cerevisiae phylogeny
created from genomic SNP data [66]. To assess how well the two phy-
logenies correlate, we used Moran's Index of spatial autocorrelation I,
which quantifies the correlation between two traits. Moran's I indicated
a small positive correlation between rDNA copy number and phylogeny
at short phylogenetic distances (Fig. 5), but not a significant negative
correlation at greater phylogenetic distances like that previously
observed above the species level [5]. These results suggest that phy-
logeny only partially explains the distribution of rDNA copy numbers

Genomics 114 (2022) 110430

Table 1
S. cerevisiae rDNA copy number does not recover to a common value following
~60 generations of growth.

Isolates rDNA CN at rDNA CN Original modal CN
start” after ~60 estimation”
generations®
and the
(mean)
S. cerevisiae wild-type
b P . 130 . )
rep2 3 217 85 57
rep3 208
YJM981 repl 120
rep2 174 183 175 171
rep3 221
DBVPG1373 repl 77
rep2 69 72 85 78
rep3 107
UWOPS03-461-4° repl 113
rep2 85 88 95
rep3 83
UWQOP503—461- 164
4°(Mata) repl
rep2 244 167 146 106
rep3 106
UWOPS03-461-
4°(Mata) repl ND' 108 ]
rep2 115 09
rep3 105
YPS128 repl 87
rep2 89 73 79 89
rep3 77
DBVPG1788 repl 126
rep2 95 100 108 87
rep3 97

# Measured using ddPCR.

b Measured using our modal coverage pipeline; included only to show the
variation in copy number we tested, not as a measure of accuracy as the samples
we experimentally tested are separated from the sequenced samples by an un-
known number of generations.

¢ rep: biological replicate.

4 Mean of the three replicates to the nearest integer.

¢ UWOPS03-461-4 is the parent isolate of UWOPS03-461-4 Mata and
UWOPS03-461-4 Mata derivatives.

f Not determined.

amongst S. cerevisiae populations.

Another feature that might explain the distribution of rDNA copy
numbers between S. cerevisiae populations is the environment, given
that nutritional conditions have been proposed to influence copy num-
ber [67,68]. To investigate this, we compared the rDNA copy numbers
from two phylogenetically-diverged S. cerevisiae populations that are
associated with oak trees, which we took as a proxy for similar envi-
ronments. We found the oak populations did not show significantly
different copy numbers (p-value = 0.52), as expected if environment is
contributing to copy number. Thus, rDNA copy number might be
partially determined by the environmental conditions the population
has evolved in. However, we found no consistent pattern of copy number
similarities or differences with the nearest phylogenetic neighbours of
these oak clades (Supplementary Information), thus these results may
simply represent stochastic variation. We suggest that a better under-
standing of what environmental factors modulate rDNA copy number is
necessary before we can properly evaluate the impact of the environ-
ment on patterns of rDNA copy number variation.

Finally, we wondered whether large range in estimated S. cerevisiae
rDNA copy number (22-227 copies) might reflect an unusually large
variance in copy number in this species, given this range is almost the
same as that reported across 91 different fungal species from three
different fungal phyla (11-251 copies, excluding one outlier of 1442
copies; Fig. 6) [5]. However, comparing the S. cerevisiae copy number
range generated by drawing twelve S. cerevisiae isolates at random from
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Fig. 5. Phylocorrelograms of autocorrelation based on Moran's I. Phylogenetic
distance spatial autocorrelations between the SNP-based S. cerevisiae phylogeny
and the rDNA copy number phylogeny (A), a Brownian motion phylogeny (B),
and random data (C) are plotted. Red segments beneath each phylocorrelogram
indicate significant positive autocorrelation; black no significant autocorrela-
tion, and blue significant negative autocorrelation. Dotted lines indicate auto-
correlation 95% confidence intervals. Significance is based on comparison to
zero phylogenetic autocorrelation (horizontal black line at 0). Note the differ-
ences in y-axis scale. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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our data 1000 times to that previously measured across twelve isolates
of one fungal species (Suillus brevipes; [5]) shows that the S. brevipes
range falls in the middle of the S. cerevisiae distribution of copy number
ranges (Fig. 6). These results suggest that S. cerevisiae rDNA copy
number is no more variable than that of S. brevipes at least, and illustrate
the tremendous inter-individual variation in rDNA copy number that is
also likely the case for many other eukaryotic species.

4. Conclusions

Our results demonstrate that modal coverage can be used to robustly
determine rDNA copy number from NGS data. Using our novel
approach, we demonstrate that the mean rDNA copy number across all
wild S. cerevisiae populations is 92. This is substantially lower than the
copy numbers documented for lab S. cerevisiae strains, but overlaps the
‘typical’ rDNA copy numbers reported for fungi [5]. We show that
S. cerevisiae populations have different homeostatic rDNA copy
numbers, consistent with a previous study using a much smaller sample
size [14]. We found some correlation between rDNA copy number and
phylogeny, but not enough to suggest that homeostatic copy number is
simply drifting apart with increasing phylogenetic distance. We also
provide circumstantial evidence that environmental factors might help
drive the homeostatic rDNA copy number differences. This is consistent
with demonstrations that nutritional factors can induce physiological
rDNA copy number changes [67,68] and that such differences have
phenotypic consequences [8,12,20,25,27-33,35,36]. However, it has
been shown that rDNA copy number does not correlate with trophic
mode in fungi [5] and we cannot exclude stochastic copy number
variation explaining our environmental results. Therefore, more work is
required to determine what really drives copy number dynamics be-
tween populations. One caveat to our conclusions is that while studies
from a variety of organisms have demonstrated that copy number re-
covers from perturbation [7-10], presumably as a result of mechanisms
maintaining homeostatic copy number [24], some recent studies in
S. cerevisiae and Drosophila have reported the persistence of stochastic
copy number changes without recovery [67,69]. It will be important to
reconcile these conflicting results and to determine to what extent the
population-level differences we observe are the result of copy number
homeostasis (as we interpret them) versus copy number inertia.

Our results showing population-level differences in rDNA copy
number suggest that such differences can arise relatively quickly in
evolutionary time, although the very high level of copy number varia-
tion between individuals acts to obscure this pattern. Therefore, it is
important to take the large variances and rapid copy number dynamics
of the rDNA into account when interpreting the impact of copy number
variation on phenotype. Bioinformatics pipelines, such as the one we
have developed here, in conjunction with the increasing availability of
appropriate NGS datasets provide a way to establish baseline data on
rDNA copy number variation between cells, individuals, populations,
and species, as well as to investigate the phenotypic consequences of this
variation. Finally, while we report population-level differences in rDNA
copy number in S. cerevisiae, diverse human populations have been re-
ported to not differ in rDNA copy number [12,37]. Whether this reflects
a difference in biology (such as differences in the level of genetic
divergence between populations) or an incomplete understanding of
human population rDNA copy number will require further clarification.
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