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ABSTRACT 

In most eukaryotes the ribosomal RNA genes (rDNA) exist as a tandem array(s) of repeats with high 

variability in copy number within and between species. The rDNA is central to many critical cellular 

activities for which its multi-copy nature is believed to be important. However, while the mechanism 

of rDNA copy number variation is understood, little is known about rDNA dynamics at the population 

level, partly because of difficulties in measuring copy number. The predominant bioinformatics 

method for estimating rDNA copy number does so using mean coverage. To overcome limitations 

arising from biases in read coverage that can reduce the accuracy of the mean coverage method, I 

developed a novel bioinformatics approach to measure rDNA copy number from whole genome 

sequence data using the modal (most frequent) coverage. I validated this approach using 

Saccharomyces cerevisiae isolates with different, known rDNA copy numbers and show that my 

approach produces robust and reliable results down to whole genome sequence coverages of ~3X. 

Different species are thought to maintain different “homeostatic” rDNA copy numbers to which copy 

number returns when perturbed. To test whether this holds true for different populations within the 

same species, I applied my pipeline to investigate intra-species variation in rDNA copy number 

between different S. cerevisiae and human populations. Using 788 1002 Yeast Genome Project S. 

cerevisiae isolates from around the world, I show that different populations have different 

homeostatic rDNA copy numbers. Consistent with this, I find there is no recovery towards a common 

copy number following growth for ~60 generations. In contrast, I found little correlation between 

phylogeny and rDNA copy number, unlike what is seen above the species level in fungi. I ruled out 

ploidy differences and high variation in S. cerevisiae copy number driving this lack of correlation. 

Instead, I suggest that environmental differences drive the rDNA copy number population differences 

I observe, although my analyses only provide equivocal support for this explanation.  

I then applied my pipeline to test whether different human populations have different rDNA copy 

numbers. Using two different datasets totaling 430 individuals from populations across the world, I 
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failed to find evidence for rDNA copy number differences between populations, except for the Papuan 

population in one dataset. However, this Papuan copy number difference was not replicated in the 

other dataset. 

Together, my work establishes a robust and simple platform for determining rDNA copy number 

from whole genome sequence data. I provide evidence for population-level differences in rDNA copy 

number in S. cerevisiae, whereas for humans the results are equivocal and further studies are required 

to establish whether inter-population homeostatic differences exist. Application of my pipeline has 

enabled a better understanding of rDNA copy number, and  provides robust methodology for 

determining the significance of rDNA copy number changes in many contexts, including cancer. 
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Chapter 1 

General Introduction 
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1.1. Eukaryotic ribosomal DNA (rDNA)     

The ribosomal DNA gene repeats (rDNA) encode the major ribosomal RNA (rRNA) molecules, with 

these being integral structural and catalytic components of ribosomes. In eukaryotes, the rDNA is 

organized into arrays of nearly identical repeat copies that are arranged in a head-to-tail orientation 

(Henderson et al. 1972b; Stults et al. 2008). Thus, these rDNA arrays form unique and complex loci in 

eukaryotic genomes, with there usually being tens to tens-of-thousands of repeat copies, depending 

on the species (Prokopowich et al. 2003). Nucleoli are sub-nuclear bodies that house the rDNA 

repeats, and therefore are the sites of rRNA transcription. In turn, nucleolar organizer regions (NORs) 

are the chromosomal location around which the nucleoli form (McStay and Grummt 2008). NORs 

are usually considered to consist of rDNA arrays and the regions surrounding them (rDNA flanking 

regions)(Figure 1.1). NORs are present on one or more chromosomes, again depending on species 

(Henderson et al. 1972a; Dev et al. 1977; McStay and Grummt 2008) 

Each rDNA repeat unit comprises a coding region that encodes the rRNA genes separated by internal 

transcribed regions (ITS-1 and ITS-2), and an intergenic spacer region (IGS) that separates adjacent 

coding regions (Long 1980)(Figure 1.1). The sequences of the rRNA genes are highly conserved, 

while the size of coding region and IGS varies across different species (). The coding region is 

transcribed by RNA polymerase I (Pol I) to form a single precursor 35S  (Maleszka and Clark‐Walker 

1993)/47S (mammals) rRNA (pre-rRNA). This transcript is then post-transcriptionally spliced and 

modified to form the mature 18S, 5.8S, 25S (Maleszka and Clark‐Walker 1993)/28S(mammals) 

rRNA species. The other rRNA species in eukaryotes, the 5S rRNA, is transcribed separately to the 

rDNA by RNA polymerase III. The 5S rRNA gene is also usually repeats but is usually (although not 

always) located separately from the rDNA. 

 In eukaryotes, the process of rRNA transcription initiates with the recruitment of the Pol I initiation 

complex to the rDNA promoter, facilitated by an upstream activating factor (UAF), and a core factor 

(CF), to license transcription of the 35S/47S pre rRNA transcript. The pre-rRNA transcript is co-
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transcriptionally methylated and pseudouridylated, with the help of small nucleolar riboproteins 

(snoRNPs). The pre-rRNA transcript then associates with more than 200 trans-acting factors and 

ribosomal proteins (RPs) to yield the 90S pre-ribosomal particle. The pre-rRNA transcript in the 90S 

pre-ribosomal particle is then processed into the mature rRNA species through a series of exo- and 

endo-nucleolytic events that results in removal of the flanking regions and the internal transcribed 

spacers. Cleavage between the 18S and 5.8S rRNA separates the large 90S particle into 40S and 60S 

subunit pre-cursors. The pre-40S is transferred to cytoplasm where its maturation is completed. The 

pre-60S undergoes additional processing of the 5.8S and 25/28S rRNAs as well as, incorporation of 

the 5S rRNA. This occurs in the nucleolus, before export to the cytoplasm where final maturation 

occurs (Warner 1999; Henras et al. 2008; Kressler et al. 2010; Panse and Johnson 2010; Thomson et 

al. 2013; Burlacu et al. 2017; Derenzini et al. 2017; Pelletier et al. 2018). 
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Figure 1.1. Schematic of eukaryotic rDNA organization. The top part of the figure depicts a 
chromosome that contains an rDNA array and its flanking regions (named for proximity to the 
centromere), that together comprise a nucleolar organizer region. The head-to-tail tandem 
organization of the rDNA repeats is depicted by blue arrows below this. The bottom part shows a 
single rDNA unit. The coding region encodes the 18S, 5.8S and 25/28S rRNA genes which are 
separated by internal transcribed spacer regions ITS1 and ITS2, and also includes 5’ and 3’ external 
transcribed spacer regions (5’ and 3’ ETS). Adjacent coding regions are separated by an intergenic 
spacer region. 
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1.2. Chromatin states of ribosomal DNA  

Eukaryote genomes typically contain multiple copies of the rDNA but only some of them are 

transcriptionally active at any given time (McStay and Grummt 2008).  The control of rDNA activity 

is thought to be epigenetic, with rDNA copies existing in one of the two epigenetic chromatin states 

: active or silent. The rDNA chromatin state is associated with differences in histone modifications at 

the rDNA promoter (McStay and Grummt 2008), and governs their accessibility to the Pol I 

transcriptional regulatory machinery (Santoro and Grummt 2001; Santoro et al. 2002; Grummt and 

Pikaard 2003; Grummt 2007; Hamperl et al. 2013; Kusnadi et al. 2015; Hung et al. 2017; Diesch et 

al. 2019). Active rDNA units have an open chromatin state that is characterized by acetylated histones 

H3/H4 histones H3K27ac and H3K4me3, whereas silent copies have methylated/repressive 

H3K9me3, H3K20me3 and H3K27me3 histone modifications (McStay and Grummt 2008). Cells can 

modulate their rRNA transcriptional level by switching repeats between these epigenetic states, as 

well as by changing the per-repeat level of rRNA transcription (Conconi et al. 1989; Sanij and Hannan 

2009; Poortinga et al. 2011; Chandrasekhara et al. 2016). In theory, they can also do so by changing 

the number of rDNA copies, although whether this mechanism of control is actually employed has 

not been thoroughly investigated.  

A major question in rDNA biology is why are there so many repeat copies if many of them are 

transcriptionally inactive? One explanation is that unlike protein-coding genes, there is no opportunity 

for amplification of rRNA by translation. Therefore, multiple copies of the rDNA is one of the few 

ways cells have to produce high levels of rRNA. However, this does not explain why many of these 

copies are silent. One explanation for the additional silent copies is that they act as templates for the 

repair of damaged rDNA copies. Evidence for this comes from S. cerevisiae strains that have reduced 

rDNA copy numbers. These low-copy strains are more prone to the DNA damaging agents methyl 

methane sulfonate (MMS) and ultraviolet light than a wild-type rDNA copy number strain (Iida and 

Kobayashi 2019a). The inactive copies facilitate repair by binding condensin, a protein complex 
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involved in homologous recombination. In low rDNA copy number strains most or all copies are 

occupied by the Pol I transcription machinery, precluding condensin access and thus impeding repair 

of rDNA damaged copies (Ide et al. 2010). Furthermore, the abundance of silent rDNA copies is 

suggested to reduce rDNA transcriptional stress (Ide et al. 2010). The idea is that when copy number 

is low, many copies are actively transcribed and there are few inactive copies to absorb the torsional 

stress created by high levels of transcription that can result in rDNA recombination. As a result ratio 

of silent and active rDNA copies varies with cellular state, and the ribosome requirement of the cell 

(Ritossa and Spiegelman 1965; Hawley and Marcus 1989). 
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1.3. Ribosomal RNA (rRNA) transcription and cancer  

The primary function of the nucleolus, which houses the rDNA is ribosome biogenesis via 

transcription of rDNA. Interestingly, one of the oldest molecular characteristics identified in cancers 

is abnormalities in nucleolar morphology and this has been used as a diagnostic marker of aggressive 

tumors (Pianese 1896; Busch and Smetana 1970; Derenzini et al. 1998). Ribosome biogenesis and 

cellular proliferation are tightly coupled (Ruggero and Pandolfi 2003) with cells upregulating the rate 

of ribosome biogenesis to meet the demand for protein synthesis during cellular proliferation 

(Derenzini et al. 2017) It is believed that cancer cells have high proliferation rates, thus, requiring 

high levels of ribosome biogenesis to produce the large number of ribosomes required for protein 

synthesis (White 2005; Montanaro et al. 2008; Drygin et al. 2011). However, it is not clear that 

proliferation and rDNA transcription are necessarily well coordinated.  Similarly, the connection 

between rDNA chromatin/epigenetic state and rRNA transcription is still ambiguous (Sanij et al. 

2008; Poortinga et al. 2011; Diesch et al. 2019). For example a recent study found an increase in the 

fraction of active repeats during the transition to malignancy in a mouse model of lymphoma but this 

increase was subsequent to increased levels of rRNA transcription (Diesch et al. 2019). The increased 

recognition that cancers frequently have perturbed ribosome biogenesis has stimulated development 

of cancer therapeutics that work by inhibiting ribosome biogenesis. These drugs appear to target a 

dependency of cancer cells on the increased rates of ribosome biogenesis, and they include a number 

of Pol I transcriptional inhibitors including, actinomycin D (ActD) (Montanaro et al. 2007), CX-3543 

(Drygin et al. 2009), CX-5461(Whitten et al. 2008; Drygin et al. 2011; Bywater et al. 2012) and 

BMH-21 (Peltonen et al. 2014). These Pol-I inhibitors selectively kill tumor cells while sparing 

normal cells (Quin et al. 2014). These studies suggests that deepening our understanding of how 

rRNA transcription is regulated might can offer possibilities to combat cancer by selectively targeting 

rRNA components that are involved in cancer progression. 
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1.4. rDNA copy number variation  

The rDNA in eukaryotes exhibits a high degree of variability in copy number within and between 

species (Gerlach and Dyer 1980; Rogers and Bendich 1987; Zhang et al. 1990; Maleszka and Clark‐

Walker 1993; Pasero and Marilley 1993; James et al. 2009; Eagle and Crease 2012; Long et al. 2013; 

Gibbons et al. 2014; Gibbons et al. 2015). For example, in animals and fungi the copy number is 

reported to range from ~40 to ~20,000 (Prokopowich et al. 2003), while in plants it ranges from ~150 

to ~26,000 copies (Prokopowich et al. 2003). A few species have been reported to have fewer copies, 

but these appear to have lost the tandem arrangement of the rDNA (Ma et al. 2016; Maeda et al. 

2018). However, the drivers for this large variation in copy number are not known. The level of copy 

number variation within a species is much less, but can still be significant. For instance, D. 

melanogaster exhibits a  six-fold variation in copy number between individuals (Lyckegaard and 

Clark 1989; Lyckegaard and Clark 1991), and humans have been reported to exhibit a 10-fold 

variation among individuals (Gibbons et al. 2014). This variation in rDNA copy number is thought 

to be tolerated because of the redundancy in copy number that the rDNA exhibits.  

Despite the striking copy number variation among individuals, rDNA copy number seems to be well-

maintained within species. Studies in S. cerevisiae, Drosophila, and Neurospora have demonstrated 

reversion back to the ‘wild-type’ copy number following reductions in the number of rDNA copies 

(Ritossa 1968; Atwood 1969; Russell and Rodland 1986; Kobayashi et al. 1998). This suggests that 

each species has a “set” or homeostatic rDNA copy  number (Iida and Kobayashi 2019b). The idea 

of a homeostatic rDNA copy number is also supported by a recent study showing that rDNA copy 

number and phylogeny correlate across a wide range of fungal taxa (Lofgren et al. 2019). However, 

other studies in S. cerevisiae and Drosophila  have shown persistence of the stochastic rDNA copy 

number (Aldrich and Maggert 2014; Mansisidor et al. 2018).  
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1.5. Mechanism of  rDNA copy number variation 

Variation in the number of rDNA copies is a result of homologous recombination, with unequal 

recombination between the repeat copies producing gain and loss of rDNA copies. The molecular 

details of this recombination-mediated gain and loss of rDNA copies has been well characterized in 

S. cerevisiae (Kobayashi et al. 1998). rDNA recombination in S. cerevisiae results from repair of 

DNA double-stranded breaks (DSBs). DSBs in the rDNA are primarily the result of Fob1-mediated 

arrest of the replication fork. Fob1 is a protein that inhibits the replication fork in one direction, 

apparently exclusively at replication fork barrier sites (RFB) in the rDNA (Kobayashi et al. 1998; 

Takeuchi et al. 2003). It is thought this RFB activity acts to avoid collision between the replication 

and Pol I transcriptional machinery (Kobayashi et al. 1998; Takeuchi et al. 2003). The arrest of the 

replication fork can induce a DNA double strand break (DSB) at the RFB site which is then repaired 

by  homologous recombination (Kobayashi et al. 1998). The recombination can result in both 

expansion and contraction of rDNA locus, depending on the number of copies present in the cell 

(Kobayashi et al. 1998). 

In S. cerevisiae, determination of whether the recombination will occur using equal or unequal sister 

chromatid is mediated by a histone deacetylase, Sir2. When rDNA copy number is around the wild-

type number (~150 copies), Sir2 represses transcription of a bidirectional non-coding promoter in the 

rDNA called E-pro. The transcription of E-pro dissociates cohesin, a protein that holds the two sister-

chromatids together (Figure 1.2). Repression of E-pro transcription thereby allows cohesin to 

associate with rDNA, where it holds the two-sister chromatids together. This positions the DSB-

containing rDNA unit to align equally with its sister-chromatid repeat, and thus be repaired by using 

equal sister-chromatid, resulting in no change in rDNA copy number (Kobayashi et al. 1998; 

Kobayashi and Ganley 2005). In contrast, when the number of copies is less than wild-type Sir2 

repression is removed and E-pro is actively transcribed. The act of transcription causes cohesin to 

dissociate from the rDNA disrupting association between the sister-chromatids and facilitating 
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unequal alignment with the DSB-containing rDNA unit. This results in the break being repaired by 

unequal sister-chromatid recombination, leading to a change in rDNA copy number (Figure 1.2 B,C). 

If the unequal alignment involves a replicated DNA repeat unit, rDNA copy number will be increased 

by re-replicating one or more copies (Figure 1.2 B). However, if the unequal alignment involves an 

unreplicated repeat downstream of the DSB site loss of copies between the DSB-containing repeat 

and the template repeat will ensue (not shown in Figure 1.2). Moreover, unequal alignment can also 

occur via intra-chromosomal recombination where the DSB-containing rDNA repeat uses another 

rDNA repeat on the same chromatid as the template for repair (Figure 1.2 C). In this case, the rDNA 

copies between the damaged rDNA unit and the template rDNA unit are recombined into a circular 

molecular which is then lost thereby decreasing rDNA copy number (Figure 1.2 C) (Sinclair and 

Guarente 1997; Kobayashi 2006; Mansisidor et al. 2018). The relative importance of unequal inter-

chromatid versus intra-chromatid recombination for loss of rDNA copies is not yet clear.  
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Figure 1.2. rDNA copy number change through homologous recombination. The induction of a 
DSB in the rDNA by Fob1-mediated fork arrest triggers rDNA repair via homologous recombination. 
(A) When rDNA copy number is close to wild-type number, the histone deacetylase Sir2 represses 
E-pro transcription. Inactive E-pro, allowing cohesin (shown as grey rings) activity to hold the two 
sister chromatids together aligning them equally. This results in the DSB being repaired via equal 
sister chromatid recombination, resulting in no change in rDNA copy number. (B) When the copy 
number is reduced, Sir2 repression is lost leading to activity of E-pro. E-pro transcription causes 
cohesin to dissociates from the rDNA, hence releasing the two sister-chromatids. The DSB-
containing repeat can now align with an unequal repeat for homologous recombination-mediated 
repair. If the unequal alignment happens with an already-replicated repeat (e.g repeat 1) some copies 
are re-replicated resulting in an increase in rDNA copies. However, if the recombination happens 
with an unreplicated repeat (e.g. repeat 3), it results in loss of the copies between the DSB-containing 
repeat and the template repeat (not shown). (C) Another potential outcome following the dissociation 
of cohesin due to E-pro transcription, is intra-chromosomal recombination, which results in loss of 
rDNA copies in the form of extra-chromosomal circles. Lines represent single chromatids (double-
stranded DNA). Figure taken from Kobayashi (2006). 
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1.6. rDNA copy number maintenance mechanism  

Cells appear to maintain their rDNA copy number at a set, ‘homeostatic’ level. A recent study in S. 

cerevisiae revealed an elegant mechanism through which this homeostatic rDNA copy number is 

sensed and maintained (Iida and Kobayashi 2019a). This mechanism is based on the abundance of a 

Pol I transcription factor, UAF (upstream activating factor), and the histone deacetylase Sir2 (Iida 

and Kobayashi 2019a). UAF is present at a stable level which allows copy number regulation by 

providing a “count” of rDNA copies through UAF binding to them. If the copy number is reduced, 

the excess UAF binds to and represses the SIR2 gene. This then activates E-pro transcription, resulting 

in Fob1-induced DSBs being repaired by unequal homologous recombination. This, in turn, allows 

an increase in rDNA copy number and thus restoration of copy number back to the homeostatic level 

(Figure 1.3). Once the copy number reaches the homeostatic level, all UAF proteins will be bound to 

the rDNA and SIR2 repression by UAF is released. Sir2 activity then restores silencing of E-pro 

transcription, resulting in DSB repair by equal sister-chromatid recombination without a change in 

rDNA copy number (Iida and Kobayashi 2019a) (Figure 1.3). However, it is not yet clear whether 

reductions in rDNA copy number in response to the excess rDNA copies is mediated by this 

mechanism or not. 
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Figure 1.3. rDNA copy number maintenance mechanism. rDNA copy number maintenance is 
regulated by the interplay between UAF and Sir2. When rDNA copy number is reduced, UAF 
binds to the SIR2 gene and represses its transcription. This activates the bidirectional E-pro promoter 
(as shown on the right). E-pro transcription leads to unequal sister-chromatid rDNA recombination, 
causing an increase in rDNA copy number (as described in Figure 1.2). Once rDNA copy number 
has recovered to the level that all UAF proteins bind to the rDNA (shown on the left), SIR2 expression 
is no longer repressed. Sir2 activity therefore represses E-pro transcription and pushes rDNA 
recombination back to equal sister chromatid exchange. Features are the same as in Figure 1.2. 
(Figure taken from (Iida and Kobayashi 2019a)).  
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1.7. Homogeneity of the rDNA repeats  

One consequence of unequal recombination and its resulting copy number variation is the 

homogenization or high levels of sequence similarity between the rDNA repeats. Homogenization 

results from the duplication and deletion of rDNA copies through unequal sister-chromatid 

recombination-mediated DSB repair (Figure 1.2). This continual turnover of repeats, where mutations 

in one rDNA repeat are either eliminated or spread to other copies, is responsible for driving 

homogeneity between the rDNA repeats present within the genome (Stage and Eickbush 2007; James 

et al. 2009). As a result of homogenization, the rDNA shows a concerted evolution pattern, which is 

where repeats are more similar to each other within a genome than they are to their orthologs in 

related species (Elder Jr and Turner 1995; Eickbush and Eickbush 2007; Ganley and Kobayashi 2007; 

Stage and Eickbush 2007; James et al. 2009). The high level of sequence identity between repeats 

that results from homogenization means that, when analysing whole genome sequence data, the reads 

from all rDNA copies collapse down to a single rDNA unit. As a result, assembled reference genomes 

usually only have one or two rDNA units present, as the individual rDNA repeats are not able to be 

independently assembled. For example, the human hg38 reference genome assembly has one and a 

half rDNA units present on an unplaced contig, and the S. cerevisiae W303 reference genome contains 

only two full units on chr XII (section 2.3.2.1). 
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1.8. The phenotypic consequences of rDNA copy number 

variation  

Deficiency of rDNA copies has been reported to result in phenotypical and functional consequences 

in a variety of species. One of the first instances describing the phenotypic consequences of reduced 

rDNA copy number is the Drosophila melanogaster bobbed (bb) mutation. This results from 

deletions of rDNA copies (Hawley and Marcus 1989; Paredes et al. 2011), and the bobbed phenotype 

is characterized by short, thin bristles, a prolonged larval stage, reduced viability, and cuticular 

etchings (Hawley and Marcus 1989; Paredes et al. 2011). Deletion of the rDNA arrays from the Y-

chromosome in D. melanogaster has also been shown to reduce heterochromatin in the nucleus, 

resulting in reduction of heterochromatin-induced gene silencing (Paredes and Maggert 2009). In 

contrast, in S. cerevisiae reduction in the number of rDNA copies has been shown to result in 

increased gene silencing (Michel et al. 2005), although the mechanism by which this is mediated was 

not investigated. Moreover, chickens that have only 45% of the normal rDNA content show abnormal 

embryo morphology, embryonic developmental arrest, and early embryonic mortality (Delany et al. 

1994). Reduction in rDNA copies has been shown to result in increased sensitivity to DNA damage 

in both S. cerevisiae (Ide et al. 2010)  and humans (Son et al. 2020). Furthermore, alteration in rDNA 

copies over time has been connected to ageing, with some studies revealing an age-dependent loss of 

rDNA copies (Johnson and Strehler 1972; Gaubatz and Cutler 1978; Das et al. 1986; Sinclair and 

Guarente 1997; Zafiropoulos et al. 2005; Lu et al. 2018; Malinovskaya et al. 2018b). However, other 

studies have not found an effect of rDNA copy number on ageing (Peterson et al. 1984; Halle et al. 

1997; Takeuchi et al. 2003; Hallgren et al. 2014). Increase in the number of rDNA copies has been 

also linked with the unusually tall growth in flax (Schneeberger and Cullis 1991). In addition, a 

correlation between rDNA copy number and mitochondrial DNA copy number has been reported 

(Gibbons et al. 2014), raising the possibility that rDNA copy number variation might result in 

phenotypical consequence for mitochondria. Variation in rDNA copy number has been associated 
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with various disease conditions in humans, including neurological disorders (Jesse et al. 2017; Maina 

et al. 2018; Núñez Villacís et al. 2018; Sun et al. 2018). Finally, it has recently been proposed that 

what are commonly thought to be phenotypic consequences of epigenetic changes are actually the 

result of rDNA copy number variation (Bughio and Maggert 2019). The environmental changes can 

induce changes in the phenotype and because these are rapid and not associated with any change in 

the DNA sequence. They are considered to be “epigenetic changes”. Interestingly, rDNA copy 

number also changes in response to the environmental factors. This variation in rDNA copy number 

can result in downstream phenotypical effects. Therefore, the idea is that these so called “epigenetic 

changes” are actually induced phenotypical changes arising due to rDNA copy number variation 

caused by the response to changes in the environment. If true, this phenomenon may have gone 

unnoticed because almost no studies measure rDNA copy number. However, because none of the 

studies have actually looked at the genomic content (particularly rDNA copy number changes) to 

map these epigenetic changes, thus this idea has never been tested. Altogether, there is evidence that 

modulation of rDNA copy number has the potential to impact phenotype in a variety of different 

ways. 

Copy number variation in the rDNA may also be involved in cancer. There is a strong evidence that 

many cancers show increased rates of rRNA transcription (Diesch et al. 2019), and more recently 

evidence has been reported suggesting that cancer is also associated with changes in rDNA copy 

number (Zhao et al. 2013; Wang et al. 2019; Feng et al. 2020). Surprisingly, it seems that rDNA copy 

number is frequently reduced in cancers (Wang and Lemos 2017; Xu et al. 2017). If in cancers, both 

increase in rRNA transcription and decrease in rDNA copy number is true, then presumably the 

proportion of active to inactive rDNA repeats will be increased. A recent study has found that cells 

with higher  proportion of active rDNA repeats are more sensitive to Pol-I inhibition (Son et al. 2020). 

Therefore, this reduction in rDNA copies in cancer, resulting in an increased proportion of active 

rDNA repeats may underlie the observed sensitivity of cancer cells to Pol-I inhibition (Son et al. 
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2020). If so, rDNA copy number may be an unrecognized marker of cancer, suggesting there is benefit 

in exploring whether rDNA copy number correlates with clinical features of malignancy. 
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1.9. Determining rDNA copy number  

rDNA copy number has been estimated using a variety of different approaches. Initially these 

estimates were made using molecular biology methods, and a number have been developed to 

quantify rDNA copy number. These include quantitative DNA hybridization (Ritossa and Spiegelman 

1965; Wallace and Birnstiel 1966; Matsuda and Siegel 1967; Schweizer et al. 1969), measuring the 

size of the rDNA array(s) using pulsed field gel electrophoresis (PFGE)(Schwartz et al. 1983), 

quantitative real-time PCR (or qPCR) (Paredes and Maggert 2009; LeRiche et al. 2014; Chestkov et 

al. 2018; Son et al. 2020) and the recently developed digital droplet PCR (dd-PCR) (Hayden et al. 

2013; Alanio et al. 2016; Xu et al. 2017). The emergence of next generation sequencing (NGS) and 

its provision of large numbers of whole genome datasets has led to the development of bioinformatics 

approaches to quantify rDNA copy number using whole genome sequence reads. To date, all these 

bioinformatics methods are based on the rationale that coverage across the rDNA correlates with its 

copy number. The principle behind this is that rDNA copies are highly similar in sequence as a result 

of concerted evolution, therefore all the reads from the rDNA will map to a single reference rDNA 

unit, thus giving a high coverage signal at the rDNA locus that is proportional to the copy number.  

The predominant bioinformatics method in current usage calculates the mean coverage across the 

rDNA and normalizes it to the whole genome average coverage to estimate rDNA copy 

number(Gibbons et al. 2014; Gibbons et al. 2015). The applicability of this mean copy number method 

to NGS whole genome sequence data has seen it being used to estimate rDNA copy number for a 

variety of purposes. For example, several studies have used this approach to investigate the variation 

in rDNA copy number within and between species (West et al. 2014; Gibbons et al. 2015; Lofgren et al. 

2019). In addition, studies have shown that copy number decreases in variety of human cancers(Wang 

and Lemos 2017; Xu et al. 2017). The method has been used to look for correlations between 

expression of various genes and rDNA dosage (Xu et al. 2017), and the copy numbers of other 

repetitive loci and the rDNA (Gibbons et al. 2014). This approach also enabled the estimation of 
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rDNA number in metagenomic samples (Gong and Marchetti 2019). Finally, this approach has 

enabled to understand whether rDNA copy number exhibits phylogenetic signals(West et al. 2014; 

Lofgren et al. 2019). 

The critical assumption underpinning the mean rDNA coverage method is that the mean coverage 

represents the “true” coverage for both the rDNA and the whole genome. However, there are reasons 

to suspect this assumption might not always hold. First, alignment of reads to repetitive elements such 

as microsatellites and transposons may result in inaccurate coverage results. The inaccuracies can 

come both from multi-mapped reads producing erroneously high coverage values, and from software 

dropping multi-mapped reads to produce erroneously low coverage values (Treangen and Salzberg 

2012; Sims et al. 2014). Second, PCR/sequencing bias against certain regions, which is particularly 

evident for the rDNA (Buckler et al. 1997; Mayol and Rossello 2001; Xu et al. 2009; Xu et al. 2015; 

Agrawal and Ganley 2016) (Figure 1.4) may produce erroneous coverage values. Finally, large-scale 

mutations such as aneuploidies and segmental duplications can affect the whole genome coverage. 

Various efforts have been made to address some of these potential confounders. For example, a 

popular implementation of this approach uses a set of single copy introns and exons to determine the 

whole genome coverage signal as a way of avoiding the repetitive genomic regions (Gibbons et al. 

2014). In addition, correcting based on GC-content has been used to ameliorate the effects of 

sequence bias against GC-rich regions (Yoon et al. 2009; Benjamini and Speed 2012; Gong and 

Marchetti 2019). Moreover, a recent study has suggested that the average coverage approach lacks 

precision unless the whole genome coverage is high (close to 65X)(Lofgren et al. 2019), and mean 

coverage methods have not been validated against genomes with known rDNA copy numbers. 

Therefore, there would be benefit in a method that can overcome these coverage limitations, and 

ideally this method would also be validated with known rDNA copy number genomes. 
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Figure 1.4. Line graph showing coverage across human rDNA locus. Y-axis represents the 
coverage (log scale) of the corresponding base positions across the rDNA locus, represented on the 
x-axis. The horizontal black line depicts the mean coverage across rDNA; red line the modal 
coverage; and yellow line the median coverage. The regions of high coverage (over-represented 
regions) and low coverage (under-represented regions) results in biases in the overall mean coverage 
calculated. The line graph is plotted using whole genome sequence data obtained from an individual 
from 1000 genomes.org (HG00268). At top is a schematic depicting various features of the human 
rDNA unit including rRNA genes (red boxes), transcribed spacers (pale grey boxes), repetitive 
elements such as Alus and microsatellites (orange boxes), a cdc27 pseudogene (yellow box), 
conserved regions (Agrawal and Ganley, 2018; green boxes), and promoter elements (light green 
boxes). 
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 1.10. Aims  

There is growing evidence that rDNA copy number variation has downstream phenotypic 

consequences for organisms, including impacts on ageing, genomic instability and various human 

diseases. These impacts make the accurate determination of rDNA copy number a priority. While the 

availability of whole genome sequence data makes bioinformatic methods that estimate rDNA copy 

number from the relative coverages of the rDNA and whole genome attractive, coverage is subject to 

bias from repetitive elements, PCR/sequencing biases, and large-scale perturbations such as 

aneuploidies. Therefore, there is value in the development and implementation of methods that can 

reduce the impacts of these coverage biases on rDNA copy number estimations. This study has two 

major aims:  

Aim 1: To develop and validate a bioinformatics pipeline that can estimate rDNA copy number using 

whole genome sequence data while reducing the impacts of limitations of coverage data.  

The work in Aim 1 will address all the limitations imposed by existing coverage methods for 

estimating rDNA copy number through the development of a novel bioinformatics approach for 

calculating rDNA copy number from genome sequence data that is based on modal coverage rather 

than mean coverage. It will then validate this approach using WG sequence data from organisms with 

known rDNA copy numbers. 

 

Aim 2: To characterize variation in rDNA copy number across multiple Saccharomyces cerevisiae 

and human individuals, and to determine whether different populations of these species have different 

homeostatic rDNA copy numbers. 

Little is known about rDNA dynamics at the intra-species level, partly because of difficulties in 

measuring copy number. In particular, while much evidence supports the idea that different species 

maintain different homeostatic rDNA copy numbers, it is not known if this holds true for different 

populations of the same species. The availability of genome sequence data from multiple individuals 
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from different populations of the same species provides the opportunity to address this question. The 

work in this second aim will use the bioinformatics approach developed in Aim 1 to characterize how 

copy number variation is distributed within and between different populations of S. cerevisiae and 

humans, so I can determine whether different populations maintain different homeostatic rDNA copy 

numbers. 
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Chapter 2 

Developing a bioinformatics pipeline to 

measure ribosomal DNA copy number using 

whole genome sequence data 
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2.1. Introduction  

The abundance of data generated from next generation sequencing platforms has led many studies to 

use read depth as a measure of rDNA copy number. The dominantly used bioinformatics method to 

calculate rDNA copy number involves alignment of the whole genome reads to the reference genome 

and then using ratio of mean coverage of rDNA and whole genome to account for the rDNA dosage. 

These methods assume that mean coverage represents the “true coverage”. However, repeat elements, 

sequence biases and large-scale changes like aneuploidies all potentially results in mean coverage not 

accurately representing true coverage, hence mean coverage methods may not be accurate. To 

overcome these limitations of the mean coverage approach, I have decided to develop a novel 

sequence read-based rDNA copy number calculation approach that uses the most frequent coverage 

(from here on referred to as modal coverage) to determine rDNA copy number. The conceptual basis 

of this approach is that coverage at each nucleotide in reference genome is allocated to a coverage 

bin for both the whole genome and the rDNA. Then, the ratio of the most frequently occurring 

coverage bins for the rDNA versus those for the whole genome are used to calculate rDNA copy 

number (per haploid genome or the single set of chromosomes). The modal approach is expected to 

be robust to features that can perturb mean coverage approaches such as repetitive elements, large 

duplications and deletions, regions exhibiting sequencing biases, sequence divergence from the 

reference sequence, and aneuploidies. In this chapter I describe the design strategy for this copy 

number determination pipeline, as well as its implementation, optimisation and validation.  
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2.2.  Materials and Methods 

2.2.1.  Development of bioinformatics pipeline to measure rDNA copy 

number 

2.2.1.1.  Modified Saccharomyces cerevisiae genome  

Chromosome sequences for W303 were obtained from NCBI (accession: CM001806.1.. 

CM001823.1) and concatenated using the “cat” command. To capture all the reads mapping to 

rDNA locus, the already present rDNA copies within the W303 concatenated reference genome 

sequence were deleted and a single copy of rDNA was introduced as an extrachromosomal 

element. This modified W303 S. cerevisiae reference genome (referred as W303-rDNA reference 

genome from here onwards) was used for further analysis. 

 

2.2.1.2  Whole genome sequence data  

The whole genome sequence data for six Saccharomyces strains (Table 2.1) was generated  by our 

laboratory on the Illumina platform (University of Auckland Genomics Facility). 
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Table 2.1. Saccharomyces strains used for copy number measurement development and testing  

Strain Name Genotype Reference 

S. cerevisiae 

Wild Type (WT) 

NOY408-1bf MATa ade2-1 ura3-1 his3-11 

trp1-1 

leu2-3, 112 can1-100 

fob1∆::HIS3 

(Ide et al. 

2010) 

S. cerevisiae 

20-rDNA-copy 

(20c) 

Derivative of 

NOY408-1bf 

MATa ade2-1 ura3-1 his3-11 

trp1-1 

leu2-3, 112 can1 

100 fob1∆::HIS3 

(Ide et al. 

2010) 

S. cerevisiae 

40-rDNA-copy 

(40c) 

Derivative of 

NOY408-1bf 

MATa ade2-1 ura3-1 his3-11 

trp1-1 

leu2-3, 112 can1-100 

fob1∆::HIS3 

(Ide et al. 

2010) 

S. cerevisiae 

80-rDNA-copy 

(80c) 

Derivative of 

NOY408-1bf 

MATa ade2-1 ura3-1 his3-11 

trp1-1 

leu2-3, 112 can1-100 

fob1∆::HIS3 

(Ide et al. 

2010) 

S. paradoxus (WT) NRRL Y-17217 Wild isolate, diploid strain (Ide et al. 

2010) 

S. cerevisiae 

Brewing strain 

 

               US-05 

Wild isolate, diploid strain      

Fermentis, 

USA 
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2.2.1.3.  Sequence read quality trimming 

The forward and the reverse paired end reads for strains in Table 2.1 were concatenated and quality 

checked using SolexaQA (Cox et al. 2010). 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 the SolexaQA package as follows: 

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

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

 

2.2.1.4.  Obtaining whole genome and rDNA coverages 

The W303-rDNA reference genome was indexed using the bowtie2 (ver 2.3.2) build command as 

follows: 

command:  ~/bowtie2-2.3.2/bowtie2-build <reference_in>  <bt2_base>  

Coverage files for the whole genome and rDNA were then obtained using a four-step pipeline. 

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

(ver  2.3.2). 

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 the SAMtools 

(ver 1.8) view command as follows: 

command: ~/samtools-1.8/samtools view -b -S -o  <output_BAM>  <input_SAM> 

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

reference genome using the SAMtools sort command as follows: 
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command: ~/samtools-1.8/samtools sort <input_BAM> -o <output_sorted.bam> 

Step-4: Per-base read coverages across the entire W303-rDNA reference genome and the rDNA were 

obtained using BEDtools (ver 2.26.0). 

The per-base read coverage for whole genome was obtained using the following command: 

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

<bedtools_coverage_WG.txt> 

The per-base read coverage for the rDNA locus was obtained from the per-base whole genome read 

coverage file as follows: 

command: grep “rDNA_BLAST” <bedtools_coverage_information_for_WG.txt> 

<rDNA_bedtools_coverage.txt> 
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2.2.1.5.  Calculating mean read depth with a sliding window approach 

Per-base read coverage files obtained from bedtools were passed onto a custom R-script (Appendix 

A.Script 1) which computes the mean depth over a given window size. The mean depth was computed 

with a slide of 1 bp. The coverage bins were calculated using the bin size and mean coverage for 

rDNA and whole genome as follows: 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝒓𝒓𝒂𝒂𝒂𝒂𝑪𝑪 𝒃𝒃𝒃𝒃𝒃𝒃 =
𝟏𝟏

𝒃𝒃𝒃𝒃𝒃𝒃 𝒔𝒔𝒃𝒃𝒔𝒔𝑪𝑪
𝑿𝑿 𝒂𝒂𝑪𝑪𝑪𝑪𝒓𝒓𝒂𝒂𝒂𝒂𝑪𝑪 𝒄𝒄𝑪𝑪𝑪𝑪𝑪𝑪𝒓𝒓𝒂𝒂𝒂𝒂𝑪𝑪 𝒂𝒂𝒄𝒄𝒓𝒓𝑪𝑪𝒔𝒔𝒔𝒔 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓/𝑾𝑾𝑾𝑾 

The mean depth for each sliding window was then allocated into the appropriate coverage bin to allow 

calculation of the frequency of each coverage bin (i.e. number of base-positions having a particular 

coverage range) in a frequency table. This was performed separately for the whole genome and the 

rDNA. 

 

2.2.1.6.  Calculation of rDNA copy number using modal coverage approach 

The frequency tables obtained for the rDNA and whole genome were passed onto another custom R-

script (Appendix A, Script 1) to determine the three coverage bins with the highest frequency values 

separately for the rDNA and whole genome. These three highest frequency bins were used to calculate 

rDNA copy number using the following formula: 

𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒄𝒄𝑪𝑪𝒄𝒄𝒄𝒄 𝒃𝒃𝒏𝒏𝒏𝒏𝒃𝒃𝑪𝑪𝒓𝒓 =
𝑷𝑷𝑪𝑪𝒂𝒂𝑷𝑷 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒄𝒄𝑪𝑪𝑪𝑪𝑪𝑪𝒓𝒓𝒂𝒂𝒂𝒂𝑪𝑪 𝒃𝒃𝒃𝒃𝒃𝒃 𝑪𝑪𝒂𝒂𝒗𝒗𝒏𝒏𝑪𝑪𝒔𝒔

𝑷𝑷𝑪𝑪𝒂𝒂𝑷𝑷  𝒘𝒘𝒘𝒘𝑪𝑪𝒗𝒗𝑪𝑪 𝒂𝒂𝑪𝑪𝒃𝒃𝑪𝑪𝒏𝒏𝑪𝑪 𝒄𝒄𝑪𝑪𝑪𝑪𝑪𝑪𝒓𝒓𝒂𝒂𝒂𝒂𝑪𝑪 𝒃𝒃𝒃𝒃𝒃𝒃 𝑪𝑪𝒂𝒂𝒗𝒗𝒏𝒏𝑪𝑪𝒔𝒔
 

The estimated rDNA copy number was calculated as the mean of the 36 values that this approach 

generates, as outlined in Figure 2.1. 

The rDNA copy number interquartile range (IR) was also calculated using the 36 copy number values 

(Figure 2.1) in excel using built-in quartile() function. as follows: 

IR = Q3- Q1 
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Figure 2.1. rDNA copy number calculated from three highest coverage bins from whole genome 
and rDNA. R1, R2, and R3 represents the three highest frequency coverage bin values for rDNA;  
WG1, WG2, WG3 represents the three highest frequency coverage bin values for whole genome, and 
CN depicts the copy numbers calculated using these rDNA and whole genome highest bin values. 
R1-1 represents the lower limit of the first highest frequency coverage bin for rDNA, R1-2, represents 
the upper limit of the first highest frequency coverage bin for rDNA, likewise, R2-1 depicts the lower 
limit of the second highest frequency coverage bin for rDNA, and R2-2, depicts the upper limit of the 
second highest frequency coverage bin for rDNA. Similarly, WG1-1 depicts the lower limit of the 
first highest frequency coverage bin for whole genome, WG1-2, depicts the upper limit of the first 
highest frequency coverage bin for whole genome, whereas WG2-1 depicts the lower limit of the 
second highest frequency coverage bin for whole genome, and, WG2-2 depicts the upper limit of the 
second highest frequency coverage bin for whole genome. Each rDNA copy number (CN) was 
calculated using the equation shown in section 2.2.1.6. The overall mean copy number was estimated 
as the mean of all of the 36 copy number values obtained (CN1- CN36). 
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2.2.1.7.  Calculation of rDNA copy number using mean coverage  

The per-base read coverage across the rDNA and whole genome (chr1-chr16) obtained from bedtools 

(step 4, section 2.2.1.4) was used to obtain the mean coverage for the rDNA and whole genome using 

awk command as follows: 

command:  awk '{sum+=$3}END{print FILENAME, sum/NR}' infile 

The rDNA copy number was then calculated as follows: 

𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒄𝒄𝑪𝑪𝒄𝒄𝒄𝒄 𝒃𝒃𝒏𝒏𝒏𝒏𝒃𝒃𝑪𝑪𝒓𝒓 =
𝑴𝑴𝑪𝑪𝒂𝒂𝒃𝒃 𝒄𝒄𝑪𝑪𝑪𝑪𝑪𝑪𝒓𝒓𝒂𝒂𝒂𝒂𝑪𝑪 𝒂𝒂𝒄𝒄𝒓𝒓𝑪𝑪𝒔𝒔𝒔𝒔 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓

𝑴𝑴𝑪𝑪𝒂𝒂𝒃𝒃 𝒄𝒄𝑪𝑪𝑪𝑪𝑪𝑪𝒓𝒓𝒂𝒂𝒂𝒂𝑪𝑪 𝒂𝒂𝒄𝒄𝒓𝒓𝑪𝑪𝒔𝒔𝒔𝒔 𝒘𝒘𝒘𝒘𝑪𝑪𝒗𝒗𝑪𝑪 𝒂𝒂𝑪𝑪𝒃𝒃𝑪𝑪𝒏𝒏𝑪𝑪
 

Range = smallest umber across all values obtained – largest number across all values obtained 

 

2.2.1.8.  Calculation of rDNA copy number using the median coverage  

 

The per-base read coverage file across the W303 reference genome and rDNA obtained in step 4, 

section 2.2.1.4, was used to calculate the median coverage across the whole genome and rDNA using 

awk command as follows:  

command:  awk  ‘{print $3}’  infile | datamash -s median 1 

 

 The median coverage obtained for the whole genome and rDNA was used to calculate the rDNA 

copy number as follows:  

𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 𝒄𝒄𝑪𝑪𝒄𝒄𝒄𝒄 𝒃𝒃𝒏𝒏𝒏𝒏𝒃𝒃𝑪𝑪𝒓𝒓 =
𝑴𝑴𝑪𝑪𝑴𝑴𝒃𝒃𝒂𝒂𝒃𝒃 𝒄𝒄𝑪𝑪𝑪𝑪𝑪𝑪𝒓𝒓𝒂𝒂𝒂𝒂𝑪𝑪 𝒂𝒂𝒄𝒄𝒓𝒓𝑪𝑪𝒔𝒔𝒔𝒔 𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓 

𝑴𝑴𝑪𝑪𝑴𝑴𝒃𝒃𝒂𝒂𝒃𝒃 𝒄𝒄𝑪𝑪𝑪𝑪𝑪𝑪𝒓𝒓𝒂𝒂𝒂𝒂𝑪𝑪 𝒂𝒂𝒄𝒄𝒓𝒓𝑪𝑪𝒔𝒔𝒔𝒔 𝒘𝒘𝒘𝒘𝑪𝑪𝒗𝒗𝑪𝑪 𝒂𝒂𝑪𝑪𝒃𝒃𝑪𝑪𝒏𝒏𝑪𝑪
 

Range = smallest number across all values obtained – largest number across all  values obtained 
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2.2.1.9.  Sequence read subsampling   

 

Reads were randomly downsampled to different coverage levels using the seqtk tool 

(https://github.com/lh3/seqtk) as follows: 

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

<outputfile> 

 

2.2.1.10. Extracting the coding region coordinates for the S. cerevisiae  rDNA  

The coordinates for the coding region of the W303 rDNA were obtained by comparing the sequence 

of the RDN37-1 locus (representing the 35S rRNA) of S. cerevisiae S288C (available through 

Saccharomyces Genome Database (SGD), https://www.yeastgenome.org/) to the W303 rDNA 

sequence. Coverage information for the coding region coordinates was then extracted from the per-

base read coverage file obtained for rDNA  (step 4, section 2.2.1.3) using the sed() command.  

command:    sed -i <coordinates to remove> <inputfile.txt> 

  

https://github.com/lh3/seqtk
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2.3.  Results and Discussion 

 
2.3.1. Design strategy of the bioinformatics pipeline for measuring 

rDNA copy number 

The underlying rationale in using read depth as a measure for the rDNA copy number is the sequence 

similarity between rDNA repeat copies within a genome. This sequence similarity results in all the 

reads arising from the rDNA mapping to the reference rDNA sequence, giving a high coverage signal 

at the rDNA locus. Therefore, the first step in designing this pipeline was to enable capture of all 

rDNA reads from the mapped sequence reads (Figure  2.2).To achieve this, I decided to remove all 

pre-existing rDNA copies (if present) from the reference genome sequence and manually add (section 

2.2.1.1) a single rDNA reference copy as an extrachromosomal element in the reference genome. 

This was done so all the rDNA reads only map to the “single extrachromosomal rDNA copy” and not 

elsewhere in the reference genome. 

 The second step is to extract coverage information to calculate rDNA copy number. The coverage 

across the rDNA locus is quite variable with regions of high coverage and also regions with low 

coverage. This coverage variation is attributed to the repetitive elements and sequencing biases (for 

details see chapter 1). To help smooth this coverage I decided to employ a sliding window approach 

that involves  calculating mean coverage over a given number of base-positions with a slide of +1bp 

every time (Figure 2.2). Sliding window works by aggregating multiple points into one. This will 

average out the low and high coverage signals across rDNA locus. While also making pipeline 

efficient when handling low-coverage whole genome datasets which have greater levels of stochastic 

variation in coverage, it will also make the analysis of large datasets easier by aggregating multiple 

points into one value. The mean coverage calculated using sliding window can then be allocated into 

coverage bins, the size of which will be decided using the mean coverage across the rDNA locus and 
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whole genome. From this the frequency of each coverage bin (the number of sliding window sets 

with the corresponding coverage range) can easily be calculated (Figure 2.2). The rDNA copy number 

can then be calculated using this straightforward pipeline by taking the mean of the three highest 

frequency rDNA coverage bins and three highest frequency whole genome coverage bins. The three 

highest frequency bins were chosen as they are more likely to give the true coverage estimation as 

compared to just taking one coverage bin value to calculate the rDNA copy number. This therefore 

allows the determination of the precision of rDNA copy number estimation by calculating the range 

of rDNA copy numbers from these highest frequency coverage bins 

 

Figure 2.2. Overview of the modal coverage pipeline to estimate rDNA copy number from whole 
genome sequence data. To capture all reads coming from the rDNA, the whole genome sequence 
reads are mapped against a reference genome containing a single rDNA copy as an extrachromosomal 
element. Coverage is calculated from the mapped reads for the rDNA and whole genome by 
employing a sliding window appproach. The mean sliding window coverages are then allocated into 
coverage bins, allowing the frequency of each coverage bin to be calculated (which can be plotted as 
histograms, as shown at the bottom). To calculate modal rDNA copy number, the three highest 
frequency coverage bins for both rDNA and WG are used to compute ratios that represent the rDNA 
copy number. Boxes in the histogram panels indicate the three most frequent coverage bin ranges for 
rDNA and whole genome. The histogram shown are plotted using the 20-copy S. cerevisiae whole 
genome sequence at 5-fold coverage, with bin sizes of 1/200th of the rDNA mean coverage, and 1/50th 
of the whole genome mean coverage, and a sliding window of 600 bp. 
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2.3.2.  Developing the modal coverage pipeline to measure rDNA copy 

number  

 

To develop the modal coverage pipeline, I decided to use whole genome sequence data that were 

available for W303 wild type S. cerevisiae strain with about 150 rDNA copies (WT strain), and a S. 

cerevisiae strain with 20 rDNA copies (20-copy strain) (Ide et al. 2010). The rDNA copy number for 

the 20-copy strain has been artificially reduced to 20 copies only and the copy number was frozen in 

place through disruption of the FOB1 gene responsible for rDNA copy number change in both the 

WT and 20-copy strain (Kobayashi et al. 1998). These whole genome sequence data were generated 

by our laboratory, giving 1,232,762 reads at a genome-wide coverage of 13.1X for 20-copy strain and 

1,706,686 reads for WT strain. WT S. cerevisiae strain whole genome sequence data was used to 

decide from the different bin sizes to be used in the pipeline whereas 20-copy strain was decided to 

be used for testing different sliding window sizes and the effectiveness of the pipeline with different 

coverage levels, given the reduced rDNA repeat number to 20-copy only. 

 

2.3.2.1.  W303 S. cerevisiae whole genome reference sequence 

To create a reference genome for determining coverage from the sequence data, S. cerevisiae W303 

chromosome sequences were obtained from NCBI (accession: CM001806.1.. CM001823.1) and 

concatenated using the “cat” command. The rDNA copies already present within the concatenated 

W303 genome, were identified using BLAST with the S. cerevisiae W303 complete rDNA unit 

sequence from Ganley and Kobayashi (2007). Two partial units (coordinates : 455128-451367 and 

464254- 468890 bp) were found to be present on either side of one full unit of rDNA (455129-464253 

bp) on chr XII (Figure 2.3). All of these rDNA units were removed from the chr XII sequence using 

Geneious (version 11.0.3). The rDNA sequence from Ganley and Kobayashi (2007)(9081 bp, RMII-
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1a strain) was instead added as an extrachromosomal rDNA reference, and this modified W303 S. 

cerevisiae reference genome (referred to as W303-rDNA reference genome from here onwards) was 

used for further analysis. 

 

 

Figure 2.3. rDNA copies present within S. cerevisiae W303 chr XII sequence. The rDNA 
sequence of S. cerevisiae (9081 bp, RMII-1a strain) from Ganley and Kobayashi 2007 was used as a 
query to find the rDNA copies already present within chr XII of S. cerevisiae W303 genome 
(GenBank CM001817.1). One full unit (thick red line) along with two partial units (thick green lines) 
were found to be present. The coordinates of the resulting units are indicated next to them.  

 

2.3.2.2.  Bin size for rDNA and whole genome coverage  

The Illumina reads from the WT-strain were mapped to a W303-rDNA reference genome using 

bowtie2 (section 2.2.1.4). The mapped reads were used to extract the per-base coverage information 

across the rDNA and whole genome using Bedtools (in section 2.2.1.4). The mean coverage was then 

calculated using a sliding window approach and was then allocated to the coverage bins. To find the 

best bin size, I tested four different bin sizes :1/20th , 1/50th, 1/100th, 1/200th of the mean coverage for 

rDNA and 1/20th and 1/50th of the mean coverage for the whole genome. The different bin sizes gave 

qualitatively similar distributions (Figure 2.4), with higher bin sizes giving somewhat better precision 

(Table 2.2). The rDNA coverage is not distributed as normally as the whole genome coverage (Figure 

2.4), thus to preserve more of this coverage variation and give good precision, I decided to use bin 

sizes of 1/50th of the whole genome mean coverage and 1/200th of the mean rDNA coverage for 

further copy number estimations.  
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Figure 2.4. rDNA and whole genome coverage frequency distributions produced by different 
bin sizes. Histogram plots produced using different bin sizes for the rDNA (A,B,C,D) and whole 
genome (E,F). The histograms represent S. cerevisiae wild-type whole genome sequence per-base 
coverage data generated using a sliding window size of 600 bp for both the rDNA and whole genome 
plots and plotted with the bin sizes indicated.  
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Table 2.2.  rDNA copy number and the precision estimated by my modal coverage pipeline 

using different bin sizes for rDNA and whole genome 

*maximum variation of rDNA copy number calculated from combinations of the highest rDNA and 
whole genome bins are shown in parentheses. 

 

 

2.3.2.3. Assessing the effect of coverage levels and window size on rDNA copy 

number estimation 

The rationale behind using whole genome sequence data for copy number estimations is that coverage 

correlates with copy number. Recent study suggests that for accurate estimation of rDNA copy 

number, a whole genome coverage level of ~65X or higher is required using mean coverage approach 

(Lofgren et al. 2019). Therefore, to determine the effectiveness of my pipeline with different read 

coverage levels, I tested coverage levels from 1X to 12X whole genome read coverage. This was 

assessed in combination with different sliding window sizes. To find the best coverage level and 

window size, I applied the pipeline to a 20-copy strain whole genome sequence data at 13.1X 

coverage. I downsampled the reads to obtain 100 technical replicates for each of the coverage levels 

from 1X to 12X (section 2.2.1.9). To evaluate the best sliding window size for both the rDNA and 

whole genome, I tested seven different window sizes :100 bp, 200 bp, 500 bp, 600bp, 700 bp, 800 bp 

and 1000 bp. I found that the performance of the pipeline was poorer at low coverage levels i.e 1X 

and 2X (Appendix A, Table 1). Therefore, I restricted further analyses to coverage levels from 3X to 

12X and computed the rDNA copy number means and range (Figure 2.5). To measure the accuracy 

of my rDNA copy number estimates, I used the difference between my rDNA copy number estimate 

(using the pipeline) and the reported rDNA copy number (20 copies ; Kobayashi et al. 1998)(Figure 

 rDNA 1/20th  rDNA 1/50th  rDNA 1/100th  rDNA 1/200th  

WG 1/20th  163.31 (43.82)* 158.17 (37.64) 162.65 (35.38) 161.95 (35.93) 

WG 1/50th  161.21/ (25.63) 157.94 (19.83) 160.56 (17.42) 159.87 (18.07) 
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2.5 A). To measure the precision, I used the interquartile range of copy number values estimated 

across the 100 technical replicates for each coverage level and window size combination (Figure 2.5 

B).The pipeline showed the poorest accuracy and precision at low coverage levels/smaller sliding 

window sizes (Figure 2.5). However, larger sliding window sizes could compensate for low coverage 

by improving both accuracy and precision of rDNA copy number estimation (Figure  2.5). However, 

even at a whole genome read coverage of 5X, my method shows good performance as long as the 

sliding window size is 600-700 bp (Figure 2.5). I decided to use sliding window size of 600 bp for 

further analysis. 

 

 

 

Figure 2.5. Assessing parameters for rDNA copy number estimation accuracy and precision. 
Each cell represents the (A) deviation of the calculated mean rDNA copy number from the “true” 
rDNA copy number (20) as reported (Kobayashi et al. 1998), and (B) interquartile range of rDNA 
copy number calculated from the 100 technical replicates for each coverage level and sliding window 
size combination. The heatmap scales used are indicated with (A) “zero” representing no difference 
in the estimated versus the reported rDNA copy and, (B) the range of rDNA copy number estimates. 
In (A) rDNA copy number was rounded to the nearest integer. 
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2.3.3.  Validation of the modal coverage pipeline using S. cerevisiae and 

S. paradoxus strains with various rDNA copy numbers 

I wanted to assess the performance of my pipeline with higher and different rDNA copy number 

strains. To do this, I used my pipeline with three different S. cerevisiae strains (40-copy, 80-copy, 

and WT) and a S. paradoxus strain (Table 2.1) that have known and frozen rDNA copy numbers with 

the disruption of FOB1 gene, similar to 20-copy and WT-strain. The Illumina whole genome 

sequence reads obtained from these strains were downsampled to 10X coverage each, and rDNA copy 

numbers were calculated using my pipleine with a sliding window of 600 bp and bin sizes of 1/200th 

of the mean coverage for rDNA and 1/50th of the mean coverage for whole genome. The estimated 

rDNA copy numbers were 32-40 (x̅ = 36 copies) for the 40-copy strain; 57-72 (x̅ = 64 copies) for the 

80-copy strain; 129-177 (x̅ = 157 copies) for the WT strain, and 55-73 (x̅ = 64 copies) for S. 

paradoxus. The copy number values estimated using my pipeline while are similar to the reported 

copy numbers for these strains (Ide et al. 2010) but the 80-copy strain in particular is much lower 

than reported. Therefore, to provide accurate rDNA copy number estimates for validating my 

pipeline, the copy number of the four S. cerevisiae strains were estimated in our lab using digital 

droplet PCR (Table 2.3, Hermann-Le Denmat and Ganley, unpublished results). The copy number 

values reported with ddPCR were similar to the values estimated using my pipeline. Importantly, the 

copy number estimate for the 80-copy strain is similar to that measured using my modal coverage 

pipeline (Table 2.3), and thus different to that previously reported (Ide et al. 2010) . This suggests 

that our isolate of the 80-copy strain has fewer rDNA copies than reported. This may be due to a 

stochastic change in rDNA copy number that has happened in our isolate. All together, these results 

suggest that my pipeline is able to accurately estimate rDNA copy number.  
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Table 2.3. Modal coverage and digital droplet PCR rDNA copy number estimates for S. 

cerevisiae and S. paradoxus strains 

Strains ddPCR rDNA copy number 

estimates a 

Modal coverage rDNA copy number 

estimates 

S. cerevisiae 
Wild Type (WT) 

151 157 

S. cerevisiae 
40-rDNA-copy (40c) 

41 36 

S. cerevisiae 
80-rDNA-copy (80c) 

64 64 

S. paradoxus (WT) 80 64 

a ddPCR rDNA copy number measures were determined in our laboratory at the University of 
Auckland (Hermann-Le Denmat and Ganley, unpublished results). 
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2.3.4.  Modal coverage outperforms the mean and median coverage  

The mean coverage pipeline is the most frequently used method to calculate rDNA copy number 

using whole genome sequence data. Therefore, I wanted to test the performance of my pipeline in 

comparison with the mean coverage approach. To do this, I used a simple formulation of the mean 

coverage approach (section 2.2.1.7). rDNA copy numbers were calculated from the 20-, 40-, 80- and 

WT S. cerevisiae strains using the same 10X downsampled whole genome sequence read datasets, 

that were used for the modal coverage method validation (section 2.3.3). The mean coverage 

estimated rDNA copy numbers were lower compared to the modal coverage estimates (Table 2.2)  

and also lower compared to the reported copy numbers for these strains (Ide et al. 2010). A correlation 

plot of rDNA copy numbers estimated using the bioinformatic approaches versus the ddPCR copy 

number results (Tables 2.3) was generated for both the mean and modal coverage methods. While 

both methods perform well, the modal approach has a better r-squared value (0.9959 compared to 

0.9612), and the slope is closer to the expected value of 1 (Figure 2.6). These results show that my 

modal coverage pipeline outperforms the mean coverage approach, at least for the datasets analysed 

here and produces accurate rDNA copy number estimates across a range of copy numbers. 
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Figure 2.6. Comparison of modal and mean coverage copy number estimation methods.  A 
correlation plot of estimated rDNA copy number for 20-copy, 40-copy, 80-copy and WT strains (10-
fold coverage) calculated using the modal (orange line) and mean (blue line) coverage methods versus 
the copy number determined using ddPCR. The expected 1:1 line is shown in black, and the slope 
and r-squared values are indicated. 

 

Another way to calculate the coverage rather than using the mean or mode is to use the median, which 

is also less sensitive to the variation in the data. To see if median can produce accurate results for 

rDNA dosage estimation, I estimated rDNA copy number by calculating the median coverage for the 

rDNA and whole genome and compared the results against those from my modal coverage method. 

For this, I used the same 100 20-copy strain technical replicates from section 2.3.2.4. and calculated 

the rDNA copy number using median coverage (section 2.2.1.8). For median coverage copy number 

calculation, I simply used the ratio of  rDNA and whole genome median coverage (section 2.2.1.8). 

While the median coverage method showed greater precision compared to the modal coverage, the 
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accuracy was poorer (Figure 2.7). Therefore, I conclude that the modal coverage approach is better 

for estimating rDNA copy number than the median coverage approach because it is more accurate 

results as compared to the median coverage approach 

 

Figure 2.7. Accuracy and precision of rDNA copy number esimates using median and modal 
coverage approaches for the 20-copy strain. (A) Each cell represents the deviation of the estimated 
rDNA copy number from 20 copies using the median and the modal coverage approaches with dataset 
at various different covearge levels. (B) maximum variation of rDNA copy number calculated from 
the 100 technical replicates for each coverage level and sliding window size combination. The 
heatmap scales used are indicated with (A) “zero” representing no difference in the estimated versus 
the reported rDNA copy and, (B) the range of rDNA copy number estimates. In (A) rDNA copy 
number was rounded to the nearest integer. 
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2.3.5.  Modal coverage approach is not dependent on very high coverage 

to accurately estimate rDNA copy number 

Copy number estimates using mean coverage approach were recently reported to be unreliable below 

a whole genome coverage of ~65X (Lofgren et al. 2019). To investigate whether very high whole 

genome read coverages improve estimates of rDNA copy number using my modal coverage 

approach, I obtained whole genome sequence data from S.cerevisiae brewing strain (US-05, 

Fermentis, USA) (Table 2.1) at a genome-wide coverage of 118X. The reads were downsampled to 

generate 100 technical replicates at each of the different coverage levels (Table 2.4), and all replicate 

sequence read datasets were individually mapped to the W303-rDNA reference genome. I used the 

mean coverage method from section 2.3.3 and my modal coverage method to estimate rDNA copy 

number from these datasets. For the modal coverage approach I used bin sizes of 1/200th of the rDNA 

mean coverage and 1/50th of the whole genome mean coverage, and a sliding window of 600 bp. 

Unlike described in Lofgren (2019), the performance of the mean coverage method at lower coverage 

(5X) was similar to that at high coverage level (118X) (Table 2.4), hence I was unable to recreate the 

dependency on high coverage that they reported. Furthermore, both the mean and my modal coverage 

methods gave similar copy number estimates, albeit with the mean method again (Figure 2.6) 

producing lower rDNA copy number estimates than the modal method, consistently across different 

coverage levels (Table 2.4). Investigation of plots of coverage across the rDNA for different coverage 

values (Figure 2.8) showed that the coverage is uneven, particularly as a result of regions with very 

low coverages. These low coverage regions are consistent with under-estimation of rDNA copy 

number by the mean coverage method. Therefore, together these results suggest that the modal 

coverage approach estimates rDNA copy number more accurately than the mean coverage method. 

These results also reinforce the conclusions from section 2.3.2.4 that relatively low coverage levels 

are sufficient to produce accurate rDNA copy number estimates using the modal coverage approach. 
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Table 2.4. rDNA copy number estimates using modal and mean coverage approaches with S. 

cerevisiae strain US-05 

Whole genome 

coverage level 

Modal coverage rDNA copy 

number estimates a 

Mean coverage rDNA copy number 

estimates 

5X 62 53 

15X 61 52 

25X 60 53 

35X 60 53 

45X 60 53 

55X 59 53 

65X 59 53 

118X 59 52 

a The rDNA copy number was calculated using a bin sizes of 1/200th of the mean coverage for the 
rDNA, and 1/50th of the mean coverage for the whole genome and a sliding window of 600 bp. 
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Figure 2.8. Sequence coverage across the rDNA for S. cerevisiae strain US05. Y-axis represents 
the coverage (linear scale) of the corresponding base positions across rDNA locus that are represented 
on the x-axis. The horizontal black line depicts the mean rDNA coverage; red line depicts the modal 
coverage. Shown are plots for six different sequence coverage levels. Regions of low coverage 
(under-represented regions) are seen in all cases. 
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2.3.6. Assessment of the modal rDNA copy number estimation using 

only the S. cerevisiae rDNA coding region  

The repetitive nature of the rDNA means that, for most of the species, the complete rDNA unit 

sequence is not included in the genome assembly. As a result for many species only the coding region 

sequence of the rDNA is available. To assess whether my modal coverage pipeline gives accurate 

rDNA copy number estimates using only the rDNA coding region, I used only the coverage across 

the coding region of W303 rDNA reference to determine rDNA coverage. The coordinates of the 

rRNA coding region (1-3257 bp and 5521-9125 bp) were identified by comparing the W303 rDNA 

sequence with the annotated S. cerevisiae S288C RDN37-1 available from Saccharomyces  Genome 

Database (SGD)  (https://www.yeastgenome.org/) using BLAST. The per-base coverage information 

for the resulting coordinates was extracted (section 2.2.1.10) and copy number was determined using 

the coding region coverage to calculate the modal rDNA coverage. This was done using 100 replicates 

of 20-copy strain at different coverage levels (4X-12X) and four different sliding window sizes (100 

bp, 200 bp, 500 bp and 1000 bp) (Figure 2.9). The copy number estimations are found to be similar 

to those calculated using the complete rDNA unit (Figure  2.8). These results suggest that it is possible 

to implement my modal coverage pipeline with only the coding region of the rDNA to produce 

accurate rDNA copy number estimates. 

  

https://www.yeastgenome.org/
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Figure 2.9. Comparing the accuracy of rDNA copy number esimates using complete rDNA unit 
and coding region only for the 20-copy strain. Each cell represents the deviation of the estimated 
rDNA copy number from 20 copies with the median coverage calculated using (A) complete rDNA 
unit , (B) only the coding region of rDNA, at various different covearge levels. The heatmap scales 
used are indicated with “zero” representing no difference in the estimated versus the reported rDNA 
copy. In (A) and (B), rDNA copy numbers were rounded to the nearest integer. 
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2.4. Summary  

The highly repetitive nature of the rDNA and the high level of sequence similarity between the rDNA 

repeat copies has imposed difficulties in measuring rDNA copy number. Furthermore, repetitive 

elements present within the IGS of the rDNA, sequence biases against certain regions and large-scale 

genomic rearrangements like aneuploidies also have the potential to interfere with the ability to 

determine rDNA copy number using existing bioinformatics methods. To overcome the limitations 

imposed by a mean coverage approach to determine rDNA copy number, in this work, I have 

developed a novel bioinformatics pipeline that calculates sequence read depth from whole genome 

sequence data and employs the modal coverage to estimate rDNA copy number. This straightforward 

pipeline calculates copy number using the three most frequent whole genome coverage bins given 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). I have assessed the parameters (read 

coverage, bin size and sliding window size) important for the performance of my method (section 

2.3.2.3) to determine which combination of parameters produces good results. I have also validated 

the method using Sacchromyces genomes with rDNA copy numbers that were experimentally 

confirmed using ddPCR (section 2.3.3). This work shows that modal coverage pipeline provides 

robust estimates of rDNA copy number is reliable even with relatively low coverage sequence data 

(section 2.3.5). The low coverage reliability I found may partly be a consequence of the larger sliding 

window size I used compared to what mean coverage methods typically use, as larger window sizes 

are expected to smooth stochastic variation in read depth in low coverage datasets. Although this 

pipeline is developed for measuring rDNA copy number, in principle it can be used to calculate copy 

number of any repeat for which all sequence reads will map to a single copy and for which the 

sequence is known. 
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Chapter 3 

Investigating the dynamics of rDNA copy 

number at the intra-species level using 

S. cerevisiae populations 
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3.1. Sacchromyces cerevisiae ribosomal DNA  

Saccharomyces cerevisiae commonly known as budding yeast, typically has 150-200 copies of the 

rDNA per haploid genome. These rDNA repeats are organized in a single tandem repeat cluster that 

is present on chromosome XII (Petes 1979; Kobayashi et al. 1998). A single S. cerevisiae rDNA unit 

is ~9 kb in length consisting of a ~6 kb of 35S pre-rRNA that gets processed to form mature rRNA 

5.8S, 18S, 25S, and a ~ 3 kb of intergenic spacer region (IGS). As is found for some species, in S. 

cerevisiae 5S rRNA is located in the IGS separating IGS into IGS1 and IGS2 (Figure 3.1). IGS1 

consists of a replication fork barrier site (RFB) , where FOB1 protein associates and unidirectionally 

arrests the replication fork to avoid collision with replication machinery. Sir2 protein and cohesin are 

also known to associate with RFB region . IGS1 also contains a bidirectional RNA Pol II promoter, 

E-pro. On the other hand, IGS2 consists of an origin of replication (ARS), and also a cohesin 

associating region (CAR) (Figure 3.1). 

Figure 3.1. Schematic of rDNA organization and structure in S. cerevisiae.  In yeast, rDNA is 
present as a tandem array of repeats on chr XII (top schematic). Each rDNA unit is ~9 kb in length, 
consisting of a ~ 7 kb rRNA gene coding region that encodes 18S, 5.8S and 25S separated by internal 
transcribed spacer regions ( ITS1 and ITS2), and flanking external transcribed regions (5’ ETS and 
3’ ETS), along with a ~2 kb of intergenic spacer region (IGS). IGS consists of 5S rRNA gene coding 
region that separates IGS into IGS1 and IGS2. IGS1 consists of replication fork barrier site (RFB), 
E-promoter, and transcription terminators whereas IGS2 contains origin of replication (ARS), and a 
cohesin associating region (CAR). The figure is not to scale. 
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3.1.1.  S. cerevisiae rDNA copy number 

S. cerevisiae has been used as a model organism to study various aspects of rDNA biology including 

its structure, organisation, recombination, sequence variation, copy number variation, copy number 

maintenance etc. Given its small genome containing a single cluster of rDNA copies (~150) present 

only on one chromosome, all contributes towards making yeasts a choice for studying rDNA. Various 

molecular biology methods  including a variety of hybridisation techniques, pulse-field gel 

electrophoresis (CHEF), PCR techniques along with bioinformatics methods have been used to 

estimate rDNA copy number in lab yeasts, estimating the copy number to be around 150-250 copies 

per haploid genome (Petes 1979; Kobayashi et al. 1998; James et al. 2009; Liti et al. 2009; West et 

al. 2014). rDNA dosage quantifications have been done for wild yeast isolates with copy number 

reported as ~100 copies per haploid genome, which is lower than ~150 copies present in lab yeasts 

(James et al. 2009; Liti et al. 2009; West et al. 2014). Similar to other species, S. cerevisiae isolates 

also show a wide variation in their rDNA copy number ranging from ~ 50-400 copies (West et al. 

2014). Despite this wide variation among individuals, the range of copy number is well maintained 

at the species- specific homeostatic number as demonstrated by Kobayashi (1998), attributed to a 

mechanism well explained by Ide (2010). Recently a study showed correlation between rDNA copy 

number and phylogeny in few S. cerevisiae populations but were unable to see the similar association 

in S. paradoxus clades and rDNA copy number (West et al. 2014). However, it is still not clear if this 

also holds true for a variety of different populations of one species. To investigate this, I decided to 

apply my modal coverage pipeline to 1002 S. cerevisiae genome project isolates. This dataset consists 

of 949 wild yeasts isolates organised into 26 clades, based on the geographic/phylogenetic origin of 

the isolates or their industrial usage. I obtained whole genome sequence data for these isolates and 

calculated their rDNA copy number using my modal coverage pipeline so I could evaulate whether 

there are differences in the rDNA copy number of these different S. cerevisiae populations. 
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3.2. Materials and Methods  

 

3.2.1.  1002 S. cerevisiae genome project rDNA copy number estimation 

3.2.1.1.   Whole genome sequence data from 1002 S. cerevisiae genome project 

Illumina reads from the 1002 S. cerevisiae genomes project were obtained from the European 

Nucleotide Archive (www.ebi.ac.uk/) accession number PRJEB13017. A total of 949 S. cerevisiae 

isolates organised into 26 clades are present. However, clades that only include one or two isolates 

including CHNI and CHNII clades, the mosaic clade, and the “not clustered” group, were excluded 

leaving a total of 788 isolates. Reads for these 788 isolates were downsampled to 10-fold-coverage 

using the seqtk tool (section 2.2.1.9). rDNA copy number for each isolate was calculated using my 

modal coverage approach as described in Chapter 2 (section 2.2), using the modified W303 genome 

with a single copy of rDNA present as an extrachromosomal element as the reference genome. Bin 

sizes of 1/200th of the mean rDNA coverage and 1/50th of the mean whole genome coverage, and a 

window size of 600 bp were used. Violin plots were plotted using the ggplot() package in R. 

 

3.2.2.  Phylogenetic analyses  

Out of 788 isolates, 30 isolates were not included in the genomic phylogeny generated by Peter, 

2018. Therefore, I also excluded these 30 isolates and used the rest 758 S. cerevisiae isolates for 

phylogenetic comparisons. To create a phylogeny based on rDNA copy number values, rDNA copy 

number for each of 759 isolates was normalized on a 0-1 scale (Gong et al. 2012). Normalized 

values were then used to calculate pairwise Euclidean distances between each pair of isolates 

generating a distance matrix that was used to construct a neighbour-joining phylogeny with MEGA 

X (Kumar et al. 2018). 

http://www.ebi.ac.uk/
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3.2.2.1. Tree-to-tree distance metrics 

Comparisons between the rDNA copy number phylogeny and the genomic phylogeny  obtained from 

Peter (2018) were performed using dist.topo (PH85 and score methods) within the ape package in R 

(Paradis et al. 2004) and the  treedist() function within the phangorn package in R, was used to 

compare phylogenies. To test if the tree-to-tree distance values were different from random, tip-labels 

from the rDNA copy number phylogeny were shuffled 1000 times using a custom R script (Appendix 

B, Script 1). The pairwise distances between the genomic phylogeny and each of the 1000 randomly 

shuffled rDNA copy number phylogenies were calculated to generate a null-distribution of tree-to-

tree distances using treedist() (Appendix B - Script 2) and dist.topo() (Appendix B - Script 3). The 

histogram showing the distribution of distances was generated using the hist() function in R. 

  

3.2.2.2.  Spatial auto correlation (using Moran’s I as a measure of distance 

metrics)  

Phylocorrelograms of copy number and the SNP phylogeny were generated using phylosignal v.1.3 

(https://cran.r-project.org/web/packages/phylosignal/index.html). Phylocorrelograms representing a 

no phylogenetic signal dataset (a “white noise” random distribution) and a high phylogenetic signal 

dataset (a character evolving on the SNP tree according 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, the ancestral mean (z0=83.2) and the rate parameter (σ2=72557.2) was 

first generated from the observed copy number data using the fitContinuous function from geiger 

(https://cran.r-project.org/package=geiger). Then, simulated from these parameters on the SNP tree 

using fastBM from phytools 0.7 (https://cran.r-project.org/package=phytools). Phylocorrelograms 

were generated for the observed and the two simulated datasets, estimating correlations at a series of 

100 phylogenetic distances using 100 bootstrap replicates.   

https://cran.r-project.org/web/packages/phylosignal/index.html
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3.2.2.3.  Phylogenetic independent contrasts   

Phylogenetic independent contrasts (PICs) were calculated using a custom R-script (Appendix B, 

Script 5) to quantify the correlation between the S. cerevisiae genomic and rDNA copy number 

phylogenies. 

 

3.2.3.  Comparing intra-species variation in rDNA copy number  

rDNA copy number estimates for twelve randomly selected isolates from the 1002 S. cerevisiae 

genomes data were drawn 1,000 times using a custom bash-script (Appendix B, Script 6). The 

maximum and minimum rDNA copy number across these random 1000 (12-isolate sets) drawings 

were used to calculate the range.  

 

3.2.4. Statistical analyses 

Statistical analyses were performed to evaluate differences in rDNA copy number between clades 

using ANOVA, the Welsch t-test and the non-parametric Wilcoxon-Mann-Whitney test (t-test and 

wilcox test) in R, with p-values considered statistically significant at p < 0.05. 
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3.2.5. rDNA copy number estimation using ddPCR 

3.2.5.1. S. cerevisiae strains and growth conditions 

 Cultured yeast strains are listed in Table 3.1. All growth was carried out in YPD (1% w/v yeast 

extract, 2% w/v peptone and 2 % w/v D+ glucose) at 30°C. For ddPCR analyses, at least three 

independent cultures (biological replicates) were performed using one independent colony per 

culture. To evaluate rDNA copy number variation over generations, cultures were propagated over 

four days (≈ 60 generations) as follows: 

Step 1: Individual colonies were initially grown in 3 mL YPD for 24 hr. 

Step 2: Then, 30 µL of  each culture was used to inoculate 3mL of fresh YPD, and grown for a further 

24 hr.  

Step 3: Step 2 was repeated for each culture over four days. Cells were harvested by centrifugation at 

room temperature and cell pellets were frozen at -80˚C. 

 

3.2.5.2. Genomic DNA extraction  

High molecular weight genomic DNA (gDNA) was isolated as follows. Cell pellets were washed in 

500 µL of 50 mM EDTA pH 8 and resuspended in 200 µL of 50 mM EDTA pH 8 supplemented 

with zymolyase (3 mg/mL). After 1 hr at 37°C, the cell lysate was mixed with 20 µL of 10% SDS 

then with 150 µL of 3 M potassium acetate (KAc) and left on ice for 1 hr. 100 µL of phenol-

chloroform-isoamyl alcohol were added to the SDS-KAc suspension, and following vortexing and 

centrifugation, 600 µL of propanol-2 were added to the aqueous supernatant (≈ 300 µL). Tubes were 

gently mixed to precipitate nucleic acid. After centrifugation at 4˚C for 15 minutes, the resulting 

nucleic acid pellet was washed three times in 70% EtOH, dried and resuspended in PCR grade (40 

µL ) water supplemented with RNase A (0.3 mg/mL). After 20 minutes, at 37˚C, gDNA samples 

were stored at -20°C. 
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Table 3.1. S. cerevisiae strains cultured in this study 

Strains Details Source 

YJM981 Human clinical isolate from Italy; Mat a, 

ho::HygMX, ura3::KanMX-Barcode 

(Cubillos et al. 2009) 

DBVPG1373 Netherlands isolate from soil; Mat a, 

ho::HygMX, ura3::KanMX-Barcode 

(Cubillos et al. 2009) 

UWOPS03-461-4 Malaysian isolate from nectar (Liti et al. 2009) 

UWOPS03-461-4 (Mat a) Derivative of UWOPS03-461-4; Mat a, 

ho::HygMX, ura3::KanMX-Barcode 

(Cubillos et al. 2009) 

UWOPS03-461-4 (Mat α) Derivative of UWOPS03-461-4; Mat α, 

ho::HygMX, ura3::KanMX-Barcode 

(Cubillos et al. 2009) 

YPS128 US isolate from soil beneath Quercus alba (Liti et al. 2009) 

DBVPG1788 Finland isolate from vineyard soil (Liti et al. 2009) 

 

 

3.2.5.3. rDNA copy number measurement by ddPCR 

Genomic DNA were digested by XbaI in NEB2 buffer to separate individual rDNA repeats, following 

the manufacturer’s instructions (NEB). gDNA digestion was verified using agarose gels and the DNA 

concentration measured on a Qubit Fluorometer using the Qubit dsDNA HS assay. Digested gDNA 

were brought to 2 pg/µL 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 µL (4 pg) of the same digested gDNA 

dilution as template. Droplet generation and endpoint PCR were performed following the 
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manufacturer’s instructions (BioRad), and droplets read using a QX200 droplet reader. Quantification 

was performed using QuantaSoft Analysis Pro (v. 1.0.596). rDNA copy number was determined by 

calculating the (rDNA copy/µL)/(RPS3 copy/µL) ratio.  
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3.3.  Results and Discussion 

In chapter 2, I have developed a novel bioinformatics pipeline to measure rDNA copy number using 

whole genome sequence data. I wanted to apply my method to a problem that has surprisingly 

received a little attention: rDNA copy number patterns in populations of the same species. A recent 

study demonstrates distinct rDNA copy numbers for different species across much of the fungi 

kingdom using a phylogenetic approach (Lofgren et al. 2019). Another study with few clades showed 

the association between rDNA copy number and phylogeny within S. cerevisiae. However, it is still 

not clearly understood if this correlation can still hold true with a variety of different populations of 

the same species, given the high levels of variation seen in rDNA copy number. To investigate this, 

I used 1002 S. cerevisiae genomes project which contains 788 wild-yeast isolates from around the 

world (Peter et al. 2018) to test whether different populations identified in 1002 S. cerevisiae genomes 

project, harbor different homeostatic rDNA copy numbers. 

 

3.3.1.  rDNA copy number estimation of 1002 S. cerevisiae genome 

project isolates 

I obtained whole genome sequence data for 788 isolates from the 1002 S. cerevisiae genomes project. 

Reads for each isolate were downsampled to 10X genome coverage, mapped to the modified W303-

rDNA reference genome (section 2.3.3.2), and rDNA copy number was estimated using the modal 

coverage pipeline (section 3.2.1). Standard parameters were used for the calculation of the rDNA 

copy number, namely bin size of 1/200th of the rDNA mean coverage and 1/50th of the whole genome 

mean coverage and a 600-bp sliding window. The rDNA copy number across all 788 isolates ranged 

between 22-227 (x̅ = 92) (Figure 3.2, Appendix B, Table 1). The rDNA copy number for most of 

these 788 wild isolates was lower than the 150-250 rDNA copies observed in most laboratory S. 

cerevisiae strains (Petes 1979; Kobayashi et al. 1998; James et al. 2009; Liti et al. 2009; West et al. 
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2014). Thus, my results are consistent with the previous results suggesting higher numbers of rDNA 

copies are found in laboratory yeast strains compared to wild isolates (James et al. 2009; Liti et al. 

2009; West et al. 2014). 

Figure 3.2. rDNA copy numbers estimated for 788 1002 S. cerevisiae genome project isolates. 
The line plots rDNA copy numbers (22-227 copies, y-axis) as calculated using the modal coverage 
pipeline for all 788 S. cerevisiae isolates (x-axis). The reads for each isolate were downsampled to 
10X whole genome coverage and standard parameters (bin sizes of 1/200th of rDNA mean coverage 
and 1/50th of whole genome mean coverage; 600 bp sliding window) were used to calculate rDNA 
copy number. The red line represents the mean rDNA copy number (92 copies). 

 

The rDNA copy number of 11 wild isolates included in this dataset had been previously estimated by 

two studies using a mean coverage method (James et al. 2009; West et al. 2014). As expected from 

Figure 2.6 and Table 2.4, the modal coverage estimates for nine of these 11 isolates were higher 

compared to the previous mean coverage estimates (Table 3.2). I also calculated the rDNA copy 

number of these 11 isolates using my version of mean coverage method (section 2.2.1.7), and this 

also resulted in similar or lower rDNA copy number estimates compared to the modal estimates for 

nine of these isolates (Table 3.2). Interestingly, the previous rDNA copy number number estimates 

were higher than my modal estimates for W303 and YJM981, with the biggest discrepancy being the 
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YJM981 isolate (Table 3.2). My mean coverage estimate of W303 was similar to those previously 

reported, but that of YJM981 was dramatically different. To investigate the discrepancy for the 

estimates of YJM981 isolate further, the per-base coverage across the complete rDNA locus was 

plotted for YJM981 (Figure 3.3).  The resulting coverage plot for YJM891 is not qualitatively to that 

of other isolates examined (Figure 3.3; Appendix B, Figure 2). Therefore, it is unclear why previous 

studies estimated such a high rDNA copy number for this isolate.  
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Figure 3.3. Comparison of sequence read coverage across rDNA locus of ERR1308593  
(YJM981) and ERR1309167 isolate. Y-axis represents the coverage across the rDNA base 
positions (x-axis) of S. cerevisiae isolates from 1002 yeast genome project. The black horizontal line 
depicts the mean coverage value.    
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Table 3.2.  Read coverage rDNA copy number estimates for 11 isolates from this study with 

previously-estimated rDNA copy numbers  

Strains Previous rDNA 

CN estimatesa 

rDNA CN estimates using 

modal coverage approachb 

rDNA CN estimates using 

mean coverage approachc 

DBVPG 1788 75 67 87e 85 

DBVPG 1106 112 98 110 110 

DBVPG 6044 120 107 131 139 

YJM981 511 354 171 159 

UWO0S03-461-4 98 89 106 107 

W303 217 182 157 179 

Y12 85 78 105 103 

Y55 86 72 107 106 

Y9 88 79 188 178 

K11 54 50 138 106 

YPS128 64 62 89 89 

a   For further details on previous rDNA copy number estimates for the 11 isolates (see James et al. 
2009) left column and (West et al. 2014) right column)). 
b  rDNA copy number estimates using modal coverage method were performed using 10-fold whole 
genome sequence coverage and a 600 bp sliding window with bin-sizes of 1/200th of rDNA mean 
coverage and 1/50th for whole genome mean coverage. 
 c   Mean coverage rDNA copy number estimates (section 2.2.1.7) were calculated using the same 10-
fold coverage whole genome data as used for the modal coverage estimates. 
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3.3.2.  Population-level differences in rDNA copy number  

To determine whether different S. cerevisiae populations identified in 1002 yeast genomes pproject 

have different rDNA copy numbers, I used the 23 phylogenetic clades defined by Peter (2018) as 

proxies for S. cerevisiae populations. I tested whether the rDNA copy numbers calculated using my 

modal coverage pipeline differ across all 23 clades (populations). The distributions of rDNA copy 

numbers within and between these populations are shown in Figure 3.4. To determine whether the 

rDNA copy number differences between populations provide statistical support for different 

homeostatic rDNA copy numbers, I performed an ANOVA using 23 clades. The results rejected the 

notion that the rDNA copy numbers from these populations all come from the same distribution (p = 

4.37e-15), suggesting that different S. cerevisiae populations have different rDNA copy numbers. 
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Figure 3.4. rDNA copy numbers in S. cerevisiae populations. To the left is the phylogeny of the 
23 S. cerevisiae clades taken from Peter, 2018,  that encompass the 788 isolates included in this study. 
rDNA copy number, calculated using the modal coverage method, is displayed as a violin plot for 
each clade with mean copy numbers indicated by white triangles. Numbers to the right of the plot 
represent the number of isolates in each clade. The red vertical line represents overall mean rDNA 
copy number (92 copies) for all 788 isolates. The underlying copy number data is same as shown in 
Figure 3.2. 
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3.3.3. rDNA copy number differences are not explained by isolate 

ploidy difference 

The ANOVA results showed population-level differences in rDNA copy numbers of the S. cerevisiae 

isolates from 1002 yeast genomes project. This 788 isolates dataset contains 497 isolates that have 

diploid status and 83 isolates with haploid status as identified by (Peter et al. 2018). Now, if 

homeostatic rDNA copy number is determined on a “per cell”, rather than per genome basis, the 

haploid and diploid isolates will have a similar number of rDNA copies, but haploid isolates would 

have double the “per-genome” rDNA copy number compared to diploid isolates. Therefore, to test, 

whether ploidy is responsible for the differences (shown by ANOVA) in mean rDNA copy number 

between different populations, I used my modal coverage calculated rDNA copy number data and 

calculated the mean copy number across all the 83 isolates identified as haploid and all the 497 

isolates identified as diploid in the 1002 S. cerevisiae genome project data (Figure 3.4, Appendix B - 

Table 2). While the mean rDNA copy number across all haploid isolates is larger than that for all 

diploids (~104 versus ~91 copies) (Figure 3.5, Appendix B - Table 3), the magnitude of the difference 

is not sufficient to explain the difference in rDNA copy number between the 1002 S. cervisiae isolates.  

I also considered the nine “natural” haploids as defined by Peter et al. 2018 (the remaining haploid 

isolates have genetically manipulated haploid status (Peter et al. 2018)), but the mean rDNA copy 

number of these haploids was still ~104 copies (Figure 3.5, Table 3.3). Thus, these results indicates 

that rDNA copy number is not determined on per-cell basis, and therefore is more likely determined 

on a per-genome basis. Also, these results suggest that population level differences in S. cerevisiae 

are likely to be real, and is not the result of ploidy differences between the isolates in study.  
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Figure 3.5. rDNA copy number distribution for diploid and haploid isolates from the 1002 S. 
cerevisiae genome project. rDNA copy numbers (y-axis) taken from the data displayed in Figure 3.2 
are plotted as a boxplot for all diploid, haploid and only natural haploid isolates (x-axis) in the 1002 
yeast genomes project. Number at the top, N is the number of isolates in each category. The red 
triangles represent the mean rDNA copy number across all diploid isolates (~91 copies), all haploid 
isolates (~ 104 copies), and nine of the natural haploid isolates (~104 copies). 
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Table 3.3. rDNA copy number for nine natural haploids  

Natural haploid isolates a Modal rDNA copy number b 

DBVPG 1126 103 

CECT 10266 81 

V8_(6) 88 

SM.9.1.BL7 71 

DBVPG 6590 117 

HE015 62 

1  116 

DBVPG 6350 168  

UC5 128  

Mean rDNA copy number  104 

a For more information on the natural haploids see (Peter et al. 2018). 
b rDNA copy number estimates are taken from the data depicted in Figure 3.2. 
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3.3.4. Population rDNA copy numbers changes do not reflect phylogeny 

Given that different S. cerevisiae populations show different rDNA copy numbers, I expected that 

copy number would correlate with phylogeny. Such a correlation was previously reported for species 

across the fungal kingdom (Lofgren et al. 2019) with more closely related species showing more 

similar rDNA copy numbers. To test whether a similar correlation between rDNA copy number and 

phylogeny can be seen within the different populations of S. cerevisiae, I used the rDNA copy number 

data I estimated from the 759 1002 Yeast genome project isolates and the previously reported 

phylogeny that was constructed using genomic sequence data (Peter et al. 2018) (section 3.2.2). I 

constructed a neighbour-joining phylogeny using rDNA copy number as the phylogenetic character 

for the isolates and compared this phylogeny to the genomic phylogeny (Peter et al. 2018). To assess 

how well these two phylogenies correlate, I used three different phylogeny comparison methods: the 

distance based methods: dist.topo and treedist, a spatial autocorrelation method (Local Moran’s 

index), and a phylogenetic independent contrasts (PICS) method. Firstly, I performed tree-to-tree 

distance based comparisons using dist.topo (PH85 and score) and treedist to calculate the distance 

between the rDNA copy number phylogeny and the genomic phylogeny. To generate a null 

distribution of tree-to-tree distances, the tip labels (isolate names) of the rDNA copy number 

phylogeny were randomly shuffled 1000 times using a custom bash-script (Appendix B, Script 1). 

The distances between each shuffled phylogeny and the genomic phylogeny were calculated using 

dist.topo() and treedist(). The distributions of the phylogeny-to-phylogeny distances resulting from 

dist.topo (Figure 3.6) and treedist (Appendix B, Figure 1) were plotted. Surprisingly, the distributions 

indicate that the observed distance between the rDNA copy number phylogeny (unshuffled) and the 

genomic phylogeny is same as that expected under a null hypothesis of random similarity between 

the phylogenies (Figure 3.6).  
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Figure 3.6. Observed pairwise distances between 1000 randomly shuffled rDNA copy number 
phylogenies with genomic phylogeny taken from Peter (2018). The histograms show the 
distribution of distances between the genomic phylogeny (Peter et al. 2018) and each of the shuffled 
rDNA copy number phylogenies using (A) tree topologies (PH85 method), and (B) branch lengths 
(score method). The observed tree-to-tree distances (black arrows) are the same as expected under a 
null hypothesis of random similarity. Tree distance values were calculated using dist.topo function 
(PH85 and score method) in R. 
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To independently verify the lack of correlation between the rDNA copy number and phylogeny 

observed using distance methods, I used Moran’s Index of spatial autocorrelation I, to quantify the 

correlation between the two phylogenies. Moran’s I was originally used as standard measure of 

autocorrelation and later was proposed for measuring phylogenetic signal (Gittleman and Kot 1990). 

The value for Moran’s I can vary from -1 to +1, with positive values signifying that the traits are more 

similar in close relatives while negative values indicate the absence of a correlation. A random 

distribution was generated using rnorm() as a null distribution of random similarity between the 

phylogenies. A Brownian distribution was generated using rTraitCont() as a positive control 

distribution where rDNA copy number correlates with phylogeny following a Brownian motion 

process. Moran’s I showed only a modest correlation between rDNA copy number at short 

phylogenetic distances (Figure 3.7), suggesting that there is very little correlation between  rDNA 

copy number and phylogeny. 
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Figure 3.7. Phylocorrelograms of autocorrelations based on Moran’s I. Phylogenetic distance  
spatial autocorrelations  between (A) the SNP-based S. cerevisiae phylogeny and the rDNA copy 
number phylogeny, (B), a Brownian motion phylogeny, and (C) random data are plotted. Red 
segments beneath each phylocorrelogram indicate significant positive autocorrelation, black no 
significant autocorrelation, and blue significant negative autocorrelation. Dotted lines indicate 
autocorrelation 95% confidence intervals. Significance is based on comparison to zero phylogenetic 
autocorrelation (horizontal black line at 0). 
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The third method used to investigate the correlation between the rDNA copy number and genomic 

phylogenies was a phylogenetic independent contrasts (PICs) based pairwise comparison method 

(Felsenstein 1985). A null distribution was generated again and used as a negative control to represent 

random similarity between phylogenies. A positive control distribution, where rDNA copy number 

correlates with phylogeny, was generated again by simulating a Brownian model of copy number 

evolution. PICs are calculated as the difference in trait values between the terminal taxa or the two 

adjacent nodes in the phylogeny. In the Brownian model, variance between tips in the phylogeny is 

expected to increase linearly with the phylogenetic distance between tips (Figure 3.8 C), whereas in 

the random model variance between tips is expected to be constant with phylogenetic distance. The 

variance observed between the tips and phylogenetic distance in my rDNA copy number phylogeny 

resembled to the variance observed in null distribution representing random similarity between the 

phylogenies (Figure 3.8 A, B). 

These results from all the three phylogenetic comparisons suggest that unlike above the species level, 

rDNA copy number does not reflect the phylogeny of these S. cerevisiae populations. The implication 

of these results is therefore either that homeostatic copy number does not differ between populations, 

in direct contrast to my ANOVA results suggesting that different S. cerevisiae populations do have 

different homeostatic rDNA copy numbers or that if it does differs something is interferring with the 

correlation with phylogeny. 
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Figure 3.8. Diagnostic plots for phylogenetic independent contrasts (PICS) of rDNA copy 
number. Phylogeny comparisons between the S. cerevisiae genomic phylogeny and phylogenies 
generated from S. cerevisiae rDNA copy number (A), random shuffling (B), and Brownian motion 
(C). The plots on the left are the quantile-quantile plots (QQ-plot) testing whether the traits fit a half-
normal distribution depicted by a straight line as expected based on the Brownian model of evolution 
(C). The plots on the right show the variance between tips versus phylogenetic distance as a measure 
of correlation (correlation = covariance/variance and semivariance = 0.5* variance). The Brownian 
model expects variance between the tips to increase linearly with the phylogenetic distance between 
tips, whereas if random the variance between tips will be constant with the phylogenetic distance 
between the tips.  
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3.3.5.  Large variance in rDNA copy number fails to explain lack of 

correlation with phylogeny 

To explain why significant copy number differences were observed between populations in my 

ANOVA analysis despite copy number not correlating with phylogeny, I considered whether S. 

cerevisiae has an unusually large variance in rDNA copy number.  A large variance is suggested by 

the range for rDNA copy number for  S. cerevisiae (22-227 copies) being 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; Figure 3.9)(Lofgren et al. 2019). Furthermore, S. cerevisiae 

rDNA copy number has a relatively normal-looking distribution (Figure 3.9) which is consistent with 

single homeostatic rDNA copy number. To test whether S. cerevisiae rDNA copy number variation 

is large, I compared S. cerevisaie rDNA copy number to that from another fungal species Suillus 

brevipes for which rDNA copy number has been estimated for multiple (12) isolates (Lofgren et al. 

2019). To do this comparison, I generated a similar S. cerevisiae rDNA copy number range by 

randomly drwaing twelve S. cerevisiae isolates from my data 1000 times (section 3.2.3) and compared 

this to the range (70-156 copies) seen across the twelve Suillus brevipes isolates (Lofgren et al. 2019). 

The copy number range across the 1000 replicates of 12 S. cerevisiae isolates was 50-158 copies 

which is very similar to the Suillus brevipes rDNA copy number range. Indeed, on a distribution plot 

of S. cerevisiae copy number range from each random draw, the Suillus brevipes range (80 copies) 

falls in the middle of this distribution (Figure  3.10). These results suggests that the variability of 

rDNA copy number in S. cerevisiae is similar to that seen in the Suillus brevipes atleast. Therefore, 

there is no evidence that S. cerevisiae rDNA copy number has a high level of variation. The similar 

range of rDNA copy numbers observed for S. cerevisiae (789 isolates) and the whole fungal kingdom 

(91 species) is likely to simply reflect the sample size difference between the two. In summary, these 

results suggest that the failure to find a correlation between phylogeny and rDNA copy number in S. 

cerevisiae is not the result of S. cerevisiae having a particularly large rDNA copy number variance. 
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Figure 3.9. Distribution of rDNA copy number for fungi and S. cerevisiae. The histogram 
represents rDNA copy number (x-axis) for 91 taxa across the fungal kingdom (blue bars, y-axis, on 
left; (Lofgren et al. 2019) and for the 788 S. cerevisiae isolates (orange bars; y-axis, on right). rDNA 
copy numbers (y-axis) taken from the data displayed in Figure 3.2 
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Figure 3.10. Ranges of rDNA copy number estimates for S. cerevisiae and Suillus brevipes. 
Histogram of the rDNA copy number ranges obtained from 1,000 randomly drawn sets of 12 S. 
cerevisiae isolates, with the ranges calculated from rDNA copy numbers drawn from the data 
displayed in Figure 3.2. The red vertical line represents the range (84) observed for 12 Suillus brevipes 
isolates (Lofgren et al. 2019). The Suillus brevipes copy number values were taken from Lofgren 
(2019). 
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3.3.6.  Correlation of rDNA copy number with environment 

I ruled out a large variance in S. cerevisiae rDNA copy number explaining the lack of correlation 

between rDNA copy number and phylogeny despite the ANOVA results suggesting that different S. 

cerevisiae populations have different homeostatic rDNA copy numbers. Therefore, another 

explanation is needed for these contradicting results. I wondered whether rDNA copy number evolves 

in response to different environmental conditions, with the different environments ocuupied by the S. 

cerevisiae populations not being correlated with their phylogeny. To look for evidence for this, I 

compared the rDNA copy numbers of phylogenetically divergent populations that share a similar 

environment. For this, I took association with oak as the environment, and therefore compared a 

Mediterranean oak (MO) population (10 isolates) and a North American oak (NAO) population 

(11isolates) (Lofgren et al. 2019). I also compared copy numbers of these MO and NAO populations 

with their nearest phylogenetic neighbours which come from different environments (Figure 3.4; 

Table 3.4). The rationale behind this comparison is that, if environment is responsible for driving 

copy number changes, then the MO and NAO populations, which in share a similar environment 

(oak) should have similar rDNA copy numbers, but this would not be the case with their nearest 

phylogenetic neighbours from different environments. I performed two independent statistical tests 

on rDNA copy number for these populations (Table 3.4). Wilcoxon and Welch t-tests (section 3.2.4) 

both showed no significant difference (p = 0.5156, and 0.3783) in rDNA copy number between MO 

and NAO populations from similar environments (Table 3.4), as expected if environment rather than 

the ancestry is driving rDNA copy numbers. Furthermore, for both oak clades (MO and NAO) there 

was a statistically supported difference in rDNA copy number compared to one of the nearest 

phylogenetic neighbour clades (Table 3.4), as expected given the lack of correlation between copy 

number and phylogeny I found and because these do not share similar environments. However, when 

I compared these two oak clades to their other nearest neighbours, there was no significant difference 

in copy number (Table 3.4). This is opposite to what is expected for clades that do not share a similar 

environment if environment and not ancestry drives copy number changes. Therefore, I did not find 
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strong support for environment driving the rDNA copy number differences between S. cerevisiae 

populations that I observed, but nor did I find convincing support for environment not driving copy 

number differences. These results are consistent with previous results in fungi that found no 

correlation between rDNA copy number and trophic mode (Lofgren et al. 2019). Nevertheless, these 

analyses are severely limited by the lack of knowledge of what, if any, environmental factor(s) drives 

differences in rDNA copy number.  

 

Table 3.4. Analysis of rDNA copy numbers from environmentally and phylogenetically similar 

clades 

Clades pairwise comparison Welch two 

sample t-test (p 

values) 

 

Mann Whitney 

Wilcoxon rank 

sum test 

(p values) 

Type of comparison 

Mediterranean Oak (MO) (10)* - 

North American Oak (NAO) (11) 

0.5156 0.3783 Same environment 

MO (10) – French Dairy (36) 9.617 e-05 0.0001462 Nearest phylogeny 

neighbours MO (10) – African Beer (20) 0.9489 0.495 

NAO (11) - Far East Russian (4) 0.01922 0.018467 

NAO (11) – Ecuadorean (10) 0.0957 0.113 

*The number of isolates in each population group is given in parentheses 
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3.3.7. Population level differences in rDNA copy number confirmed by 

ddPCR 

The results until now are equivocal as to whether different S. cerevisiae populations have different 

homeostatic rDNA copy numbers. The ANOVA results suggest that there is a difference, but this is 

not supported by the lack of phylogenetic correlation I observed. I have discounted a large variance 

in S. cerevisiae rDNA copy number being responsible for the lack of correlation and found no 

overwhelming support for environment driving rDNA copy number changes independent from 

ancestry. Therefore, I decided to investigate if the apparent differences observed in the rDNA copy 

numbers of different S. cerevisiae populations are simply due to the stochastic copy number variation 

from ongoing rDNA recombination. If this is the case and S. cerevisiae has a single homeostatic 

rDNA copy number, then different populations that show stochastic deviation of their rDNA copy 

number are expected to recover back to the homeostatic copy number over time. To test this, I directly 

measured the rDNA copy numbers of seven of the 1002 S. cerevisiae genomes project isolates that 

were available to us using both droplet digital PCR (ddPCR) and the modal coverage pipeline. Three 

biological replicates of each of the seven isolates were grown for ~60 generations to allow any 

fluctuation in rDNA copy number to return to the homeostatic level (Kobayashi et al. 1998). rDNA 

copy number was determined before (for one of the three replicates) and after (for each of the three 

replicates of these seven isolates) the ~60 generations growth using ddPCR. Furthermore, one of the 

three replicates were sequenced after ~60 generations and its rDNA copy number estimated from the 

resultant whole genome data using the modal coverage approach. The ddPCR and modal coverage 

rDNA copy number estimates for most of the isolates are quite similar to each other before and after 

the ~60 generations of growth, with no obvious recovery of copy number to the overall S. cerevisiae 

mean copy number (Table 3.5). The fact that rDNA copy number shows no tendency to return to the 

species-wide mean strongly suggests that different yeast populations do have different homeostatic 

rDNA copy numbers, and that the copy numbers I estimated from the 1002 S. cerevisiae genomes 
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project isolates are likely to be largely representative of their homeostatic numbers, albeit with some 

stochastic variation. 
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Table 3.5. rDNA copy numbers for S. cerevisiae isolates before and after ~60 generations of 

growth  

Isolates ddPCR results 
 

Modal coverage results  

rDNA CN at starta rDNA CN after ~60 
generations 

Original modal CN 
estimationb 

Final modal CN 
estimationg 

S. cerevisiae 
Wild type 

rep1c 

213 130  
 

185d 

 
 

157 

 
 

ND 
rep2 

 
217 

rep3 
 

208 
S. cerevisiae  

20-copy 
rep1 

21 28  
 

26 

 
 

20 

 
 

ND 
rep2 

 
29 

rep3 
 

22 
YJM981 

rep1 
174 120  

 
175 

 
 

171 

 
 

163 rep2 
 

183 
rep3 

 
221 

DBVPG1373 
rep1 

69 77  
 

85 

 
 

78 

 
             68 

 rep2 
 

72 
rep3 

 
107 

UWOPS03-461-4e 
rep1 

85 113  
 

95 

 
 

106 

 
103 

rep2 
 

88 
rep3 

 
83 

UWOPS03-461-4e 
(Mat a) 

rep1 

244 164  
 

146 

 
 

ND 

 
 

ND 
rep2 

 
167 

rep3 
 

106 
UWOPS03-461-4e 

(Mat α) 
rep1 

NDf 108  
 

109 

 
 

ND 

 
 

ND 
rep2 

 
115 

rep3 
 

105 
YPS128 

rep1 
89 87  

 
79 

 
 

89 

 
 

63 rep2 
 

73 
rep3 

 
77 

DBVPG1788  
rep1 

95 126  
108  

 
87 

 
87 

rep2 
 

100 
rep3 

 
97 

a Measured using ddPCR 
b Measured using the modal coverage pipeline 
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c rep: biological replicate 
d Mean of the three replicates to the nearest integer 
e UWOPS03-461-4 is the parent isolate of UWOPS03-461-4 Mat a and UWOPS03-461-4 Mat α 
derivatives 
f Not determined 
g Measured after ~60 generations using the modal coverage pipeline 
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3.4.  Summary  

In conclusion, I used my modal coverage pipeline to estimate the rDNA copy numbers for 788 S. 

cerevisiae 1002 yeast genome project isolates organised into 23 clades (section 3.3.1) . The mean 

rDNA copy number of these wild S. cerevisiae populations is substantially lower than the rDNA copy 

number reported for lab S. cerevisiae strains (section 3.3.1, Figure 3.2), and instead overlaps the 

rDNA copy numbers reported for most fungi (Lofgren et al. 2019) (section 3.3.5) Using my rDNA 

copy number data, I found that the different S. cerevisiae populations differ in mean homeostatic 

rDNA copy numbers (section 3.3.2). Surprisingly, despite this result and the results of recent studies 

showing that rDNA copy number correlates with phylogeny for 91 fungal species (Lofgren et al. 

2019), and another one showing rDNA copy number correlates with phylogeny of different S. 

cerevisiae isolates (West et al. 2014). I found very little correlation between rDNA copy number and 

phylogeny of the different S. cerevisiae isolates (section 3.3.4). My results provide no evidence that 

high levels of copy number variance in S. cerevisiae account for this lack of correlation (section 

3.3.5). Instead my results showed that unrelated populations living on the same environment (on oak) 

have similar rDNA copy numbers consistent with environment rather than ancestry driving 

homeostatic rDNA copy number (section 3.3.6). However, I also found that unrelated strains living 

in different environments can have similar rDNA copy numbers, therefore my results do not 

unequivocally support environment driving different rDNA copy numbers (section 3.3.6). My ddPCR 

results further emphasizes the presence of different homeostatic rDNA copy numbers (section 3.3.7). 

Therefore, the existence of homeostatic copy number in the absence of correlation with phylogeny is 

curious, and hence need further studies to explore this. However, despite my equivocal results, 

environmental difference is still the most likely explanation for population-level differences that are 

not correlated with phylogeny. This is supported by the  demonstrations that nutritional factors can 

induce rDNA copy number changes (Aldrich & Maggert, 2015; Jack et al., 2015) and that the 

resulting copy number differences can have phenotypic consequences (Hawley and Marcus 1989; 
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Schneeberger and Cullis 1991; Delany et al. 1994; Paredes and Maggert 2009; Paredes et al. 2011; 

Lu et al. 2018; Mansisidor et al. 2018; Bughio and Maggert 2019). Recent studies in S. cerevisiae and 

Drosophila showed that the copy number changes induced by the changed diet can be transmitted to 

several generations (Aldrich and Maggert 2015; Mansisidor et al. 2018). Therefore, it will be 

interesting to determine what factors in the natural environments might be driving copy number 

differences between the populations, and my results and pipeline potentially provides a way to 

achieve this by determining what environmental factors correlate with rDNA copy number. 
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Chapter 4 

Investigating the dynamics of rDNA copy 

number at intra-species level using Human 

populations 
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4.1. Human ribosomal DNA  

A diploid human genome contains ~400-600 rDNA copies distributed as tandem repeats on the short 

arms (p-arms) of the five acrocentric chromosomes (chr 13, chr 14, chr 15, chr 21 and chr 22) 

(Henderson et al. 1972b; Stults et al. 2008) (Figure 4.1). Nucleoli house ribosomal DNA genes. The 

nucleolar organizer region (NOR) is the chromosomal location around which the nucleoli form 

(Henderson et al. 1972b 2008 2008)(Figure 4.1). Each array consists of multiple rDNA copies (~70) 

that are highly identical in their sequences showing a concerted evolution pattern (Eickbush and 

Eickbush 2007; Ganley and Kobayashi 2007; James et al. 2009). As in other species, human rDNA 

is transcribed by RNA Pol I generating a 47S pre-rRNA transcript, which is post-transcriptionally 

modified to form mature rRNA species i.e 18S, 5.8 S and 28S. In humans, 5S genes resides on chr I 

and is transcribed by RNA Pol III. The number of 5S copies has been shown to correlate with the 

number of 45S copies in human (Gibbons et al. 2014). Each human rDNA repeat unit is ~43 kb in 

length, and is comprised of a ~13 kb 47S pre-rRNA coding region and a ~30 kb intergenic spacer 

(IGS) region separating adjacent coding regions (Gonzalez and Sylvester 1995) (Figure 4.1). The 

gene encoding region of 18S and 5.8S are highly conserved (Hillis and Dixon 1991) whereas the 28S 

consists of conserved as well as the variable region (Gonzalez et al. 1985). 
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4.1.1. Human rDNA intergenic spacer region or IGS 

4.1.1.1. Repetitive elements in IGS 

Similar to rest of the human genome, the human IGS contains many repetitive elements. The most 

abundant repeat element in the human IGS are Alu elements, that alone account for approximately 

13% of the human IGS (Gonzalez and Sylvester 1995; Agrawal and Ganley 2018). Alus are classified 

as short interspersed nuclear elements (SINEs), a class of retrotransposons (Shen et al. 1991). Each 

Alu elements are ~300 bp in length, are derived from a 75L RNA gene and has a dimeric structure 

(Deininger 2011). Each of the two non-identical monomer of the Alu elements are joined by a poly-

A region. The human IGS contains both a full dimeric Alu elements, along with the fragmented Alu 

elements (Figure 4.1). In addition to the presence of SINEs, IGS also contains another class of 

retrotransposons called long interspersed nuclear elements or LINEs (Gonzalez and Sylvester 1995) 

(Figure 4.1). The fragmented blocks of LINEs that are usually 500-8000 bps along with fragmented 

long terminal repeats or LTRs, 200-5000 bp in length, accounts for ~5% of the human IGS (Agrawal 

and Ganley 2018). Several blocks of microsatellites, 2-6 bp in length, are also present in the human 

IGS (Gonzalez and Sylvester 1995) (Figure 4.1). IGS also contains a set of tandem repeats called R-

repeat (Figure 4.1). Each R-repeat consists of a highly conserved ~400bp repeat block, and a variable 

AT-rich 150-400 bp block (Gonzalez and Sylvester 1995). Two copies of 2-kb each, Long repeats 

are also found in the human IGS region (Gonzalez and Sylvester 1995)(Figure 4.1). Long repeats 

contains several repetitive elements including, 2 copies of Alu elements, LTRs, and different 

microsatellites (Gonzalez and Sylvester 1995). Another repetitive sequence element called Butterfly 

repeat appears twice in the human IGS (Figure 4.1). These are ~300-bp in length and are named 

because of the butterfly-shaped pattern they show on the sequencing gels (Gonzalez and Sylvester 

1995). IGS also house a cdc27 pseudogene, which is ~2327 bp in length (Figure 4.1) and is present 

further towards the end of the IGS (Figure 4.1). 
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Figure 4.1. Schematic of organization of human ribosomal DNA unit. The rDNA is present on 
the five acrocentric chromosomes in humans (chr 13, 14, 15, 21 and 22 as indicated at top right. Each 
acrocentric chromosome consists of nucleolar organizer regions (NORs) that consists of rDNA cluster 
along with its flanking regions. Each cluster consists of an multiple rDNA units organized as head-
to-tail tandem repeats. Each rDNA unit consists of a ~13 kb coding region that encodes 18S, 5.8S 
and 28S separated by internal transcribed regions (ITS-1 and ITS-2) along with ~ 30 kb intergenic 
spacer (IGS). The coding region has a flanking 5’ and a 3’ external transcribed region (5’-ETS and 
3’ ETS). The IGS contains a variety of repetitive elements and a pseudogene as indicated by the 
colored boxes at the bottom (adapted from (Agrawal and Ganley 2018)). Various functional elements 
are also present in IGS including, terminators, promoters (containing transcription start site) and 
replication fork barrier site (RFB) as indicated on the schematic. 
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4.1.1.2. Functional elements in IGS 

In addition to variety of repetitive elements, human IGS region is reported to contain a variety of 

functional elements including transcription regulators (terminators and promotors), replication fork 

barrier site (RFB), along with non-coding RNA transcripts. The human rDNA promoter contains two 

distinct control domains, a core promoter element (CPE) having a transcription start site, and an 

upstream promoter element (UPE) essential for the rDNA transcription by Pol I. Alongside promoter, 

multiple copies of an RNA Pol I terminators (also known as Sal boxes) present downstream of 28S 

coding region are also found in the human IGS (Figure 4.1).  Similar to yeasts, replication fork barrier 

site (RFB) is also reported in humans IGS, shown to arrest the replication fork to avoid collision with 

the transcription machinery. Human RFBs are shown to be bidirectional stopping the replication fork 

in both directions (Little et al. 1993; Kobayashi and Ganley 2005). Human IGS have been shown to 

produce a number of non-coding RNA transcripts that plays an important role as stress regulators 

(Audas et al. 2012) and regulating rDNA transcription in humans (Bierhoff et al. 2010). 
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4.1.2. Human rDNA copy number  

The rDNA copy number in humans has been measured using various molecular biology and 

bioinformatics methods (Bross and Krone 1972; Schmickel 1973; Young et al. 1976; Veiko et al. 

2003; Gibbons et al. 2014; Gibbons et al. 2015; Wang and Lemos 2017; Xu et al. 2017; Malinovskaya 

et al. 2018a). Various different hybridization techniques and pulse-field gel electrophoresis has 

estimated ~200-700 copies (per diploid genome) in humans (Bross and Krone 1972; Schmickel 1973; 

Young et al. 1976; Veiko et al. 2003; Stults et al. 2008; Malinovskaya et al. 2018a). Whereas with 

ddPCR and various bioinformatics studies the estimated range is ~14-410 copies (per diploid genome) 

in humans (Gibbons et al. 2014; Gibbons et al. 2015; Wang and Lemos 2017; Xu et al. 2017). 

A recent study reported a 10-fold variation in rDNA copy number among individuals from the same 

population (Gibbons et al. 2014; Gibbons et al. 2015). Another study from same group using two 

different populations saw no significant differences in rDNA copy number between populations 

(Gibbons et al. 2014). This might indicate the existence of a single homeostatic rDNA copy number 

for all humans. However, no further study other than the one reported (Gibbons et al. 2014) has been 

done to explore the homeostatic rDNA copy number existence in humans. 

 The copy number estimations in S. cerevisiae using my modal coverage pipeline suggest that 

different homeostatic rDNA copy number exists for different S. cerevisiae populations. I suggested 

that these different homeostatic copy numbers are determined by different environments, as I found 

no evidence of ancestry regulating these copy number numbers. In this Chapter, I wanted to address 

the question of whether different populations having different homeostatic copy numbers is a 

characteristic of S. cerevisiae or if it can also be seen in other eukaryotes namely humans? To answer 

this, I decided to apply my modal coverage pipeline to two large human whole genome sequence 

datasets. One dataset contains 142 individuals belonging to 13 different populations from across 

Indonesia (Hudjashov et al. 2017). A key feature of this Hudjashov (2017) dataset is that it contains 

individuals from two major diverged genetic ancestries Asian and Papuan, that originate from western 
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and eastern Indonesia respectively. It also includes a series of admixed populations formed by human 

migration/admixture between the deeply divergent Asian and Papuan populations. A population 

structure analysis done by Hudjashov (2017) found no component of Papuan ancestry in the western 

Indonesian population group (the Asian group), and similarly found no traces of mainland ancestry 

in Papuan group (Hudjashov et al. 2017). The second dataset includes 288 individuals belonging to 

12 different human pipulation around the globe (Mallick et al. 2016). I obtained whole genome 

coverage files of the 430 individuals from across these two studies and calculated their rDNA copy 

number using my modal coverage pipeline so I could evaluate whether there are any differences in 

the rDNA copy numbers between these human populations. 
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4.2.  Materials and Methods  

4.2.1. rDNA copy number estimation using modal coverage pipeline 

The per-base whole genome read coverage files for all autosomes (chr1-chr 22) and sorted bam files 

for the unplace contig GL0002201.1 contig that contains the rDNA and flanking regions were 

obtained for all 430 individuals from Murray Cox (Massey University, New Zealand), as part of the 

analysis of the Hudjashov dataset (Hudjashov et al. 2017). 

 

4.2.1.1. Obtaining per-base read coverage for rDNA   

The per-base read coverage information for the IGS (coordinates 118781-149395) was extracted from 

the GL000220.1 sorted bam file for all individuals using samtools with a cut-off score of 1,00,000 as 

the maximum per base coverage per base-position as follows: 

command : ~/ samtools mpileup --max-depth 100000 -f "$ref_seq" -s "$mapped_sorted_bam" >> 

“$pileup” 

 

4.2.1.2. Obtaining highest coverage bins for rDNA and whole genome 

The mean coverage used to calculate the bin-size for the whole genome (autosomes only) was 

calculated using a modification of the script described in section 2.3.2, as follows. The per-base read 

coverage files for each chromosome was passed on a custom bashscript which calculates the sum of 

the coverage values across all the 22 chromosome files and then calculates the overall mean whole 

genome coverage by dividing the total sum with the genome’s length. The mean coverage for rDNA 

(IGS only) was calculated as described in section 2.2.1.6. The coverage frequency was calculated 

using the standard parameters : a binsize of 1/200th of the average coverage for rDNA, and 1/50th for 
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whole genome with a window size of 600 bp for the modal coverage pipeline. The three highest 

coverage rDNA and whole genome bins was obtained as described in section 2.2.1.5 and 2.2.1.6. 

 

4.2.1.3.  Calculation of rDNA copy number using modal coverage approach 

The mean rDNA copy number and rDNA copy number range were then calculated as described in 

section 2.2.1.6. 

 

4.2.2. Statistical analyses 

Statistical analyses to evaluate differences in rDNA copy number between populations and studies 

were performed using one-way ANOVA (aov) and TukeyHSD analyses, with p-values considered 

statistically significant at p < 0.05. 

Violin plots and histograms were generated using the ggplot2 package in R.  
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4.3.  Results and Discussion 

 

In chapter 3, I demonstrated that, different S. cerevisiae populations have different homeostatic rDNA 

copy numbers. To investigate if such population-level differences in the number of rDNA copies is 

found between human populations, I obtained whole genome per-base read coverage files for the 

autosomes (chr1-chr22) and for an unplaced contig containing the rDNA (GenBank accession 

GL000220.1) (Figure 4.2) from 430 individuals from two studies (Mallick et al. 2016; Hudjashov et 

al. 2017). The first study consists of 288 individuals, coming from 138 populations, organized into 

11 different continents (Mallick et al. 2016) (referred as Mallick dataset from here onwards). The 

second dataset contains 142 individuals coming from 13 different populations, organized into 3 

different continent groups (Hudjashov et al. 2017) (referred as Hudjashov dataset from here onwards).  

 

Figure 4.2. Unplaced contig GL000220.1 contig containing rDNA. A 161802 bp unplaced 
GL0002201.1 contig (thick black line) in the human genome assembly hs37d5 contains one full copy 
of rDNA sequence (43,972 bp) and, a 12407 bp second copy that corresponds to the rRNA coding 
region. The coordinates for the full rDNA unit corresponding to the ones for the human rDNA unit 
from Agrawal & Ganley (2008) (thick blue line) are 1-43,972 bp. 
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4.3.1. rDNA copy number calculation for the different human 

populations 

To test if the human populations represented in these datasets exhibit differences in their rDNA copy 

numbers, I first estimated the rDNA copy numbers for all 430 individuals using my modal coverage 

approach from the per-base read coverage files. The rDNA is present on unplaced contig 

GL000220.1, which contains one full unit and, an additional 12,407 bp of a second unit that 

corresponds approximately to the rRNA coding region (Figure 4.2). I found that there was no 

coverage for either of these duplicated rRNA coding region copies. The reads had been mapped using 

the BWA aligner (ver–0.7.12), Murray Cox, Massey University, New Zealand, personal 

communication) which gives low mapping quality scores to reads mapping to multiple locations 

which are then removed by mpileup (samtools) when extracting coverage information (Murray Cox, 

Massey University, New Zealand, personal communication). This has resulted, in all reads mapping 

to the duplicated part of the GL0002201.1 contig being removed (Figure 4.3). Therefore, I only used 

per-base read coverage information from the IGS region of the rDNA, specifically coordinates: 

118781-149395 bp from GL0002201.1. These coordinates correspond to the coordinates: 13357-

43972 bp from the human rDNA unit sequence from Agrawal & Ganley, 2008. Given the results from 

S. cerevisiae suggesting my method is robust even when using only a part of the rDNA unit (Figure 

2.9), I expect  results using only the IGS region to also provide good estimates of rDNA copy number. 

Estimating rDNA copy number across all 430 individuals resulted in estimates ranging from 96 to 

702 copies (per haploid genome) with x̅ = 198 copies (Figure 4.4, Appendix C Table 1). These rDNA 

copy number results are little lower as compared to the those from previous studies, which estimated 

means of ~300-400 copies (Bross and Krone 1972; Gibbons et al. 2014; Gibbons et al. 2015; Wang 

and Lemos 2017; Xu et al. 2017).  
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Figure 4.3. No coverage for the duplicated rRNA coding region in the human rDNA reference 
contig. Integrative Genomics Viewer (IGV) view of the sorted GL0002201.1 contig bam file showing 
BWA mapped reads. At the top is shown a complete rDNA unit (thick black arrows) consisting of an 
rRNA coding region and the intergenic spacer, followed by 12,407 bp of a second unit that 
approximately corresponds to the coding region. Reads only map to the unique region, which 
approximately corresponds to the IGS, as indicated in grey below.  
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Figure 4.4. rDNA copy numbers estimated for 430 individuals from Mallick et al. 2016 and 
Hudjashov et al. 2017 study. The line plots rDNA copy numbers (96-702 copies, y-axis) calculated 
using the modal coverage pipeline for all 430 individuals (x-axis). The bin sizes of 1/200th of rDNA 
average coverage and 1/50th of whole genome average coverage; and 600-bp sliding window were 
used to calculate the rDNA copy number. The red line represents the mean rDNA copy number (x̅ = 
198 copies). 
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4.3.2.  Human populations share a single homeostatic rDNA copy 

number except the Papuan population  

Before investigating if different human populations exhibit different homoestatic rDNA copy 

numbers, I first checked the copy number estimates from the two datasets. First, two individuals 

(NIAS38 and LP6005443_DNA-F05) had unusually rDNA copy number estimates (compared to 

others in their population groups). I therefore looked to see whether these results were robust, or 

whether there was reason to exclude these (and other) individuals. To check whether any individuals 

should b,e excluded, I  compared the rDNA and whole genome coverage distributions of individuals 

with the highest and lowest rDNA copy number estimates from the two datasets against individuals 

with copy numbers in the normal range. The NIAS38 individual from the Hudjashov dataset which 

has the highest number of copies (702) actually was sequenced twice, with both sequences present in 

the dataset. The other genome sequence of this individual (NIAS38d) reported 216 copies. 

Furthermore, the NIAS38 rDNA and in particular whole genome distributions are anomalous 

compared to those of NIAS38d (Figure 4.5). Therefore, I excluded NIAS38. Similarly, the whole 

genome distribution in particular for LP6005443_DNA-F05, which has the highest number of copies 

(400) from the Mallick dataset, is anomalous compared with individual LP6005443_DNA-E11 (179 

copies) from the same population group (Figure 4.6). Therefore, LP6005443_DNA-F05 was also 

excluded from further analysis. I also checked the rDNA and whole genome distributions for the next 

highest rDNA copy number individuals (BNA29 from Hudjashov; 397 copies and LP6005443-

DNA_F08 from Mallick; 316 copies) and the lowest-rDNA copy number individuals (SMT12 from 

Hudjashov; 118 copies and LP6005441-DNA_H09 from Mallick; 96 copies) but the distributions 

looked normal, hence these and all other indiviudals were retained for further analysis. 
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Figure 4.5. Comparison of the rDNA and whole genome coverage frequency distributions for 
NIAS38 and NIAS38d individuals from Hudjashov et al. (2017). Histogram plots represent the 
per-base coverage data generated for rDNA (A and C) and whole genome plots (B and D) for 
NIAS38d (A and B) and NIAS38 (C and D) individuals. These are plotted with a bin size of 1/200th 
of mean rDNA coverage, 1/50th of mean whole genome coverage, and a sliding window size of 600 
bp. 
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Figure 4.6. Comparison of the rDNA and whole genome coverage frequency distributions for 
LP6005443_DNA-E11 and LP6005443_DNA-F05 individuals from Mallick et al. (2016). 
Histogram plots represent the whole genome sequence per-base coverage data generated for rDNA 
(A and C) and whole genome plots (B and D) for LP6005443_DNA-E11 (A and B) and 
LP6005443_DNA-F05 (C and D) individuals. These are plotted with a bin size of 1/200th of mean 
rDNA coverage, 1/50th of mean whole genome coverage, and a sliding window size of 600 bp. 

 

 

I next compared whether there are any systematic differences in copy number between the two studies 

(Mallick et al. 2016; Hudjashov et al. 2017). After removing the two outlier individuals, the 

Hudjashov dataset consists of sequence data from 141 Indonesian individuals (Hudjashov et al. 2017) 

at a genome-wide coverage of ~35X, while the Mallick dataset consists of  sequence data from 287 

individuals, also at a genome wide coverage of ~35X (Mallick et al. 2016). The rDNA copy number 

range I estimated for the Hudjashov dataset was 118-397 copies (per haploid genome), with x̅ = 242 

copies (Figure 4.7), while the Mallick dataset has a range of 96-317 copies (per haploid genome), 

with a x̅ = 174 copies (Figure 4.8). To determine whether these copy numbers are significantly 

different, I performed ANOVA and TukeyHSD analysis on the copy numbers from the two datasets. 
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Many populations defined in the Hudjashov and Mallick datasets contain few individuals, therefore, 

I used the 11 continents defined by Mallick et al. 2016 and the three continents defined by Hudjashov 

et al. 2017 as proxies for populations. One-way Anova and Tukey HSD analysis both showed that the 

two datasets exhibit significant differences in their rDNA copy numbers (ANOVA, p = 2e-16; 

TukeyHSD, p = ~0). While it is unclear why these two datasets differ in copy number, I decided to 

analyse these two datasets separately.  

I next wanted to investigate whether the different Indonesian populations from the Hudjashov dataset 

show differences in rDNA copy number. To do this, I compared the rDNA copy numbers of the 141 

individuals in this dataset using one-way ANOVA. This analysis rejected the notion that these 

Indonesian populations have different mean rDNA copy numbers (p = 0.0978), suggesting that unlike 

what I found for S. cerevisiae populations, these human populations have a single homoeostatic rDNA 

copy number. TukeyHSD analysis supported this conclusion, as every pairwise comparison across 

the 3 populations dataset had a p > 0.05 (Table 4.1). To further test this conclusion I compared the 

rDNA copy numbers of the two most genetically divergent populations present in Hudjashov dataset; 

population with purely Asian and purely Papuan ancestry (Hudjashov et al. 2017). The purely Asian 

population with 100% Asian ancestry consists of 25 individuals coming from western Indonesian 

islands Mentawai and Nias (sub-populations in West ISEA group, Figure 4.7), whereas the purely 

Papaun population with 100% Papuan ancestry has 14 individuals from New Guinea (sub-population 

in Papuan group, Figure 4.7). I also included populations coming from Kei, Tanimbar and Alor (sub-

populations from East ISEA group, Figure 4.7), that consists of 14 individuals with 50:50 admixture 

of Asian and Papuan ancestry (Hudjashov et al. 2017) ; Murray Cox, Massey University, New 

Zealand, personal communication). The high level of divergence between these Asian and Papuan 

populations should make this comparison the most sensitive for detecting population-level 

differences in rDNA copy number. Consisent with the previous results ANOVA and TukeyHSD 

analyses showed no statistical difference between the rDNA copy numbers of these populations (p = 

0.1153 and 0.11532, respectively; Table 4.2). These results suggests that a single homeostatic rDNA 



104 
 

copy number exists for these populations, despite their high level of divergence. To investigate 

whether admixture between highly diverged parent populations can reveal rDNA copy number 

differences, I also performed analyses including the 50:50 Asian and Papuan admixed population. 

One-way Anova and TukeyHSD analyses showed no evidence for rDNA copy number differing 

between any of these populations (Table 4.2). Therefore, the results from the Indonesian population 

data from Hudjashov dataset suggests that these populations share a single homeostatic rDNA copy 

number. 

 

Table 4.1. Tukey HSD analyses of rDNA copy number between the three Indonesian 

populations 

Population comparisons Tukey HSD Analysis 
(p-value) 

Papuan and East ISEA 0.254 

West ISEA and East ISEA 0.151 

West ISEA and Papua 0.8943 
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Figure 4.7. rDNA copy number mean and distribution across different Indonesian populations 
taken from Hudjashov et al. 2017 study. rDNA copy number for 141 individuals from three 
Indonesian populations was calculated using the modal coverage method and is plotted as a violin 
plot for each population (names on the left). Mean rDNA copy number is indicated by white triangles 
and numbers on the right represents number of individuals in each population. The red vertical line 
represents the average rDNA copy number (242 copies) across all the 141 Indonesian individuals. 
rDNA copy number estimations were performed using a bin size of 1/200th of the average coverage 
for rDNA, and 1/50th for whole genome with a 600-bp sliding window. 
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Table 4.2. One-way ANOVA and Tukey HSD analyses of rDNA copy number between the 

deeply diverged and admixed Indonesian populations 

Population comparisons One-way ANOVA 
(p-value) 

Tukey HSD Analysis 
(p-value) 

Papuan and Asian 0.1153 0.11532 

Asian and Mixed 0.1182 0.1675 

Papuan and Mixed 0.834 0.9882 

Asian, Papuan and Mixed 0.0837 - 

 

To test, if the populations from Mallick dataset also share a single rDNA copy number, I performed 

one-way ANOVA and TukeyHSD on the rDNA copy numbers of the 287 individuals coming from 

11 populations in this dataset. The ANOVA rejected that all these population share the same rDNA 

copy number  (p = 1.25e-05). The TukeyHSD results (Appendix C -Table 2) show that most pairwise 

comparisons of populations do not have significantly different rDNA copy numbers (p > 0.05). The 

exceptions were comparisons between Papuan and Central Asia-Siberia populations (p = 0.0003), 

Papuan and East Asia populations (p = 0.0011), South Asia-and Papua populations (p = 0.0027), and 

West Eurasia and Papua populations (p = 0.00033) for which shared rDNA copy numbers was 

rejected. These significant population comparisons are likely the reason why ANOVA indicates a 

significant difference. All the significant comparisons assessed by the TukeyHSD involve the Papuan 

population. These results suggest that Papuans might have a different rDNA copy number to the other 

human populations I analysed here, although this was only observed for the Mallick dataset. 

Nevertheless, the mean rDNA copy number of Papuan individuals was the highest of all the 

populations for both datsets (262 copies (Hudjashov dataset) and 209 copies (Mallick dataset); Figure 

4.7 and 4.8). It is possible that the reason why there was not a significant difference seen in rDNA 

copy number between Papuans and the other populations in the Hudjashov (2017) dataset but was 

observed for Mallick (2016) dataset, could be because the mean rDNA copy number is relativey 
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higher for Hudjashov dataset (242 copies) as compared to Mallick dataset (174 copies). As a result 

percent difference between the mean rDNA copy number across all populations, and the mean rDNA 

copy number of Papuan in Hudjashov dataset is relatively smaller as compared to percent difference 

shown across all the populations and Papuans in Mallick dataset. Therefore, it is possible that the 

high mean rDNA copy number in the Hudjashov dataset is a confounder for masking the significant 

difference that was observed for the Mallick dataset. 
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Figure 4.8. rDNA copy number distributions and means for global populations from Mallick et 
al. 2016 study. rDNA copy number from 287 individuals from 11 continents used as a proxy for 
populations across the planet was calculated using the modal coverage method and is plotted as a 
violin plot for each population (names on the left). Mean copy number is indicated by white triangles. 
Numbers on the right represent the numbers of individuals in each population. Red vertical line 
represents the mean rDNA copy number (174 copies) across all 287 individuals. rDNA copy number 
estimations were performed using a bin size of 1/200th of the average rDNA coverage, and 1/50th of 
the average whole genome coverage, with a 600-bp sliding window. 
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4.4.  Summary  

I estimated the rDNA copy numbers of 430 individuals from two datasets (Mallick et al. 2016; 

Hudjashov et al. 2017), using my modal coverage pipeline to investigate whether different human 

populations have different homeostatic rDNA copy number (section 4.3.1). The mean rDNA copy 

number of 198 copies (per haploid genome) is consistent with the observed range of rDNA copy 

number for humans (Gibbons et al. 2014; Gibbons et al. 2015). Analysis of whether different 

populations have different rDNA copy numbers produced discordant results between the two datasets. 

Analysis of the Indonesian dataset (Hudjashov et al. 2017) suggests that a single homeostatic number 

exists across different human populations which is emphasized by the lack of statistical support for 

the two genetically diverged populations (purely Asians and purely Papuans) having different rDNA 

copy numbers (section 4.3.2). In contrast the Mallick dataset did show the difference in rDNA copy 

number between some of the populations (section 4.3.2). All the significant differences seen in the 

Mallick dataset involves Papuan population, thereby suggesting that Papuan population might have 

different rDNA copy number as compared to other human populations (section 4.3.2). To evaluate 

the differences between the rDNA copy numbers, I used broad continent groups (having several 

different sub-populations) as a proxy for populations for both the datasets. The clumping together of 

several sub-populations together to make broader population groups might have masked out 

significant differences (if present), thus erasing any signal of copy number differences in Hudjashov 

dataset. Furthermore, no significant difference is seen for the two African populations in Mallick 

dataset: Africa (consisting of two sub-populations) and Africa-sub Saharan (consisting of 17 sub-

populations), although these populations group individuals with far greater genetic divergence than 

any of the other populations in the two datasets (Mallick et al. 2016). On the other hand, the 

Hudjashov et al. 2017 dataset with carefully curated populations still shows no difference in mean 

rDNA copy number. Together, these results suggest that a single homeostatic rDNA copy number 

may exist for all human populations, except possibly for the Papuan population. However, further 
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studies are required to determine if this difference in the Papuan population is real. This could include 

validating the modal coverage estimates I have made here with a molecular biology technique(s) such 

as the ddPCR I employed for S. cerevisiae in chapter 3, as well as determining the rDNA copy number 

for more Papuan individuals. Furthermore, it would be worthwhile to confirm that the copy number 

estimates made here using the IGS region are consistent with those produced using coverage across 

the whole rDNA unit. 
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Chapter 5 

Conclusions and Future Directions 
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5.1.  Conclusions 

This study has developed a novel bioinformatics pipeline that calculates rDNA copy number from 

whole genome sequence data using modal read depth (modal coverage). This method was developed 

to overcome limitations faced by the currently used mean coverage bioinformatics method, with 

implementation of a modal coverage approach predicted to reduce coverage biases by estimating the 

most frequent coverage across both the reference genome and the rDNA. I have applied this pipeline 

to S. cerevisiae and human whole genome sequence datasets to investigate rDNA copy number 

dynamics at the intra-species level. The major outcomes of this work are: 

1.) Development of a novel bioinformatics pipeline to estimate rDNA copy number from NGS 

whole genome sequence data using a modal coverage approach (Chapter 2). 

2.) Demonstration that different S. cerevisiae populations exhibit different homeostatic rDNA 

copy numbers (Chapter 3). 

3.) Demonstration that human populations appear to share a single homeostatic rDNA copy 

number, with the exception of the Papuan population that possibly has a different homeostatic 

rDNA copy number (Chapter 4). 

A common feature of publicly available whole genome NGS sequence datasets is that they frequently 

have low coverage levels. One potential advantage of my pipeline is the ability to accurately estimate 

rDNA copy number from these low coverage datasets, based on the robust and reliable results I found 

even when the whole genome coverage is less than 5-fold (Figure 2.5). One way that the modal 

coverage method may reliably estimate rDNA copy number from low coverage datasets is the use of 

a larger sliding window size than is commonly employed (Lofgren et al. 2019). The use of a larger 

sliding window size is likely to compensate for the low/zero coverage values that are frequently 

observed for low coverage datasets. 

The rDNA copy number values estimated using the modal coverage approach I developed here are 

subject to both technical and biological variation. The technical variation arises because of variation 
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in the level of sequence coverage across the rDNA couple with this approach taking the three highest-

frequency coverage bins. The biological variation arises as a result of copy number variation between 

cells in a sample. Therefore, these two sources of variation go hand-to-hand and are difficult to 

disentangle. Nevertheless, the copy number range estimate that is generated by the modal coverage 

pipeline probably better represents the range of copy numbers present in a given sample better than a 

single number. 

I investigated intra-species variation in rDNA copy number using a publicly available set of S. 

cerevisiae whole genome sequences (Chapter 3). This allowed me to postulate the existence of 

different homeostatic rDNA copy numbers for the different populations (section 3.3). My results are 

consistent with those from a previous study that suggested S. cerevisiae populations have different 

homeostatic rDNA copy numbers, based on a limited set of populations. One feature of my results is 

that I did not find a correlation between rDNA copy number and phylogeny for these S. cerevisiae 

isolates (section 3.3.4). One explanation for this lack of correlation is that the environment modulates 

homeostatic rDNA copy number in S. cerevisiae, and that phylogeny does not correlate with 

environment. However, while I found some support for this explanation through different 

phylogenetic clades from similar habitats showing similar rDNA copy numbers, this evidence was 

equivocal because I also found clades from dissimilar habitats showing similar rDNA copy numbers 

(section 3.3.6). Nevertheless, based on studies showing that environmental and nutritional changes 

can induce rDNA copy number change (Aldrich and Maggert 2015; Jack et al. 2015), I suggest that 

these types of environmental changes are still the most likely explanation for different homeostatic 

copy numbers that do not correlate with phylogeny.  

I found that the mean rDNA copy number across all S. cerevisiae wild populations assayed in this 

study is ~92 (section 3.3.2), consistent with a previous report (West et al. 2014). This number is 

substantially lower than the mean rDNA copy number documented for lab S. cerevisiae isolates 

(~150-200 copies) (Kobayashi et al. 1998; Salim et al. 2017). The high lab S. cerevisiae rDNA copy 

number is likely to be real, as the copy number has been shown to return to this high value following 
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perturbation (Kobayashi et al. 1998; Iida and Kobayashi 2019a). The estimates for the wild S. 

cerevisiae populations also appear to be largely representative of their homeostatic numbers, as no 

recovery to lab wild-type number (~150 copies) was observed for eleven wild S. cerevisiae isolates 

that were grown for ~60 generations in this study (section 3.3.7). One possible explanation for this 

difference in copy number could be that the lab S. cerevisiae isolates have evolved a higher rDNA 

copy number in response to laboratory conditions. This is consistent with the notion that the 

environment can modulate rDNA copy number. Alternatively, the lab isolates could be derived from 

a strain that had high rDNA copy number, and this high number has been conserved as a result of the 

mechanism maintaining homeostatic rDNA copy number (Iida and Kobayashi 2019a). S288C and 

W303, (a descendant of S288C; (Matheson et al. 2017)) are the most widely used lab S. cerevisiae 

isolates. A recent phylogenetic analysis found that these isolates group together with other European 

wine strains (Matheson et al. 2017). It is not clear whether the Matheson European wine strains fall 

within the 1002 Yeast Genome Project Wine/European clade I used. However, the mean rDNA copy 

number across the 1002 Yeast Genome Wine/European clade isolates from my work is ~93 copies 

(section 3.3.2), suggesting that if the lab strains are part of this Wine/European clade, the high lab 

strain copy number is not the result of their ancestor having a high copy number. If so, this suggests 

that the high copy number seen for the lab S. cerevisiae strains is likely to be the result of adaptation 

to laboratory conditions. 

To investigate whether population-level differences in homeostatic rDNA copy number are found in 

other eukaryotes, I looked at different human populations using two different datasets (Mallick et al. 

2016; Hudjashov et al. 2017) (Chapter 4). The Hudjashov dataset consists of populations across 

Indonesia, including highly diverged Asian and Papuan genomes, whereas the Mallick dataset 

consists of several populations from around the world. The range of rDNA copy numbers estimated 

using my modal coverage pipeline across both human datasets is 96-397 copies (per haploid genome) 

(Figure 4.4). This range is narrower than that reported by a previous study (14-410 copies; Gibbons 

et al. 2015). The dataset used to estimate rDNA copy number in this Gibbons study was a mix of low 
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and high whole genome sequence read coverages (Gibbons et al. 2015). Low coverage datasets have 

the potential to underestimate rDNA mean coverage due to the presences of coverage biases against 

certain regions in the rDNA coding region (GC-rich regions, and/or regions that form secondary 

structures)(Figure 1.4) which might be exacerbated when the coverage is low. This would lead to 

under-estimation of rDNA copy number in such low coverage datasets. Therefore, low coverage 

datasets may have contributed to the lower estimates of the human rDNA copy number range in the 

previous study (Gibbons et al. 2015). If low coverage does lead to lower copy number estimates, this 

may explain why I did not estimate such low rDNA copy numbers, as my modal coverage approach 

performs well even with low coverage datasets (section 2.3.2.3).   

Investigation of the human rDNA copy number results revealed no significant differences in the 

rDNA copy numbers between any of the populations from the Hudjashov dataset, suggesting that a 

single homeostatic rDNA copy number is shared across these populations, unlike what I found for S. 

cerevisiae (section 4.3.2). This was the case even when comparing rDNA copy numbers of the two 

most genetically diverged populations (Asian and Papuan; section 4.3.2; Table 4.2). For the second 

dataset, most populations did not show significant differences in rDNA copy number, consistent with 

the first dataset (section 4.3.2) and with a previous study that showed no difference in rDNA copy 

number between Northern European (CEU) and Yoruba (YRI) populations (Gibbons et al. 2015). 

However, I did find that the Papuan population from the Mallick dataset showed significant 

differences in rDNA copy number to various other populations from this dataset (section 4.3). This 

is in direct contrast to what I observed in the Hudjashov dataset. Examination of the rDNA copy 

numbers in the Papuan population showed that in both datasets, Papuans have the highest mean copy 

number (Figures 4.7 and 4.8). It is possible that significant rDNA copy number differences between 

the Papuans and Asians in the Hudjashov dataset were masked because of the higher overall mean 

rDNA copy numbers found in that dataset. Overall, my results suggest that most or all human 

populations have a single homeostatic rDNA copy number (section 4.3.2). My results also suggest 
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the Papuan population might have a different homeostatic rDNA copy number to the other human 

populations, but further studies are required to determine whether this difference is real. 

Studies using a variety of model organisms have seen that rDNA copy number recovers from 

perturbation following a certain number of generations, supporting the existence of a homeostatic 

number (Ritossa 1968; Atwood 1969; Russell and Rodland 1986; Kobayashi et al. 1998). However, 

persistence of stochastic copy number changes has also been observed, with no recovery to the wild-

type copy number (Aldrich and Maggert 2015; Mansisidor et al. 2018), suggesting that rDNA copy 

number may not be subject to homeostatic regulation. If rDNA copy number is not homeostatically 

maintained in humans and/or S. cerevisiae, my results can simply be interpreted as different 

populations having stochastically different rDNA copy numbers. This is consistent with my ddPCR 

observations, where none of the isolates seemed to be returning to a single rDNA copy number 

following ~60 generations of growth (section 3.3.8; Table 3.5). Therefore, my results are also 

consistent with the absence of homeostatic rDNA copy numbers. In this case, it is possible that rDNA 

copy number could be governed physiologically by environmental and/or others factors. It will be 

interesting to reconcile the conflicting observations regarding the existence or otherwise of 

homeostatic copy numbers by determining to what extent the copy number changes I observe between 

populations are the result of copy number homeostasis versus stochastic variation in rDNA copy 

number. 

My work shows that it is difficult to determine if there are different rDNA copy numbers at the  

population level, in contrast to what is seen at the inter-species level. Why is it difficult to distinguish 

whether different populations have different rDNA copy numbers or not? For humans, one possible 

explanation is the small sample sizes I used. I clumped several sub-populations together to make quite 

broad population groups. If each sub-population has a different homeostatic number, then this 

clumping might have averaged out these differences, thus giving the appearance of no copy number 

differences between the population groups. Another explanation is that copy number variation could 

be a confounder. rDNA copy number is known to be highly variable and this high variation in copy 
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number might overwhelm subtle differences in homeostatic rDNA copy number between populations. 

Therefore, testing whether population-level differences in rDNA copy number is true for other species 

will be important for better understanding on rDNA variation between cells, individuals, and 

populations, and my bioinformatics pipeline provides an easy and robust platform with which to 

achieve this.  
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5.2. Future Directions 

5.2.1. Making the pipeline available as a Singularity container 

One way to make the modal coverage pipeline easy to utilize is to make it available as a ‘container’. 

A container is a unit of a software that carries an application/code and all its dependencies. This 

enables it to be easily and reliably used from one computing environment to another. Having my 

pipeline packed in a container would enable a high level of portability and reproducibility, and would 

avoid problems with dependencies, operating systems, and scripting language versions. One such 

container is Singularity (https://singularity.lbl.gov/), where users can have full control of the 

environment and does not require administration rights. A Singularity container with my pipeline and 

all the dependencies required would enable users to download, run, and share my pipeline even on 

high-end computing platforms where users typically do not have root privileges. 

 

5.2.2. Investigating homeostatic rDNA copy number differences 

between human populations  

The clumping of several human sub-populations into one large population because of small sample 

sizes might have contributed towards masking the differences in rDNA copy number between human 

populations (if exist). To further investigate whether homeostatic rDNA copy number differences 

exist at the population level in humans, a dataset consisting of specific populations groups based on 

traits such as linguistic, geographic location, culture etc., can be investigated. These populations 

should comprise individuals with pure ancestries, such as was done with the 100% Asian and 100% 

Papuan ancestry genomes from the Hudjashov dataset using population structure analysis (Hudjashov 

et al. 2017). However, these populations did not show a significant difference in copy number, 

therefore suggesting that larger numbers of individuals in each population would allow greater power 

https://singularity.lbl.gov/
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to test for differences in homeostatic copy number. If homeostatic copy rDNA copy number 

differences are observed, it would be informative to test if there is a correlation between the rDNA 

copy number and the phylogeny of these different human populations to determine if homeostatic 

number is driven by ancestry in humans.  

 

5.2.3. Validating and investigating the copy number maintenance 

mechanism for other species 

The presence of population-level differences in homeostatic rDNA copy number observed in S. 

cerevisiae suggests these differences are genetically determined. The genetic copy number 

maintenance mechanism that was characterized in S. cerevisiae shows that rDNA copy number is 

dependent on the cellular amount of UAF (Iida and Kobayashi 2019b). If the population-level 

differences between populations I observed are true, and this mechanism for sensing and maintaining 

rDNA copy number is also true, then the cellular amounts of UAF should be different for different 

populations. Accordingly, the populations with high rDNA copies should have high UAF levels and 

the populations with fewer rDNA copies should have low UAF levels. The amounts of UAF can be 

measured using molecular techniques such as Western blotting. This would allow a validation of the 

UAF-mediated rDNA copy number maintenance mechanism. This approach could also be used to 

test the existence of a similar mechanism in other species. 
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5.2.4. Re-evaluating the correlation between rDNA and mitochondrial 

DNA copy number 

A previous study using the mean coverage approach has shown a negative correlation between rDNA 

copy number and mitochondrial DNA (mtDNA) copy number in humans (Gibbons et al. 2014). As 

postulated in section 5.1, low coverage datasets may result in the mean coverage approach 

underestimating rDNA coverage, which would result in underestimation of the rDNA copy number 

while not affecting the estimation of mtDNA copy number. Therefore, it is possible that the inverse 

correlation observed between rDNA copy number and mtDNA copy number could partly be 

explained by underestimation of rDNA copy number in low coverage datasets. To test whether the 

correlation between rDNA copy number and mtDNA copy number is robust, the copy numbers of 

both the rDNA and mtDNA can be re-estimated using my pipeline, which I have shown can perform 

well even when coverage is low. Such a re-estimation of these copy numbers will help determine if 

there really is an inverse correlation between rDNA and mtDNA copy number, or whether this is 

likely to be an artifact of the mean coverage approach.  

 

5.2.5. Re-estimating rDNA copy number in cancer genomes  

Two studies reporting the number of rDNA copies in cancers have reported a surprising reduction in 

rDNA copies through utilization of the mean coverage approach (Wang and Lemos 2017; Xu et al. 

2017). This comes despite the rate of rRNA transcription frequently being observed to increase in 

cancer (Chan et al. 2011; Bywater et al. 2012; Hein et al. 2013; Diesch et al. 2019). There is a 

possibility that this decrease in rDNA copy number observed in cancers is also an artifact of the mean 

coverage method, resulting from aneuploidies in the cancer genomes used in these analyses. The 

presence of aneuploidies, which are frequently observed in cancers, has the potential to affect the 

estimation of whole genome coverage when using a mean coverage approach, as a result of the 
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increased or decreased chromosome numbers. If in the cancer genomes analysed there were 

aneuploidies that are predominantly gains of chromosomes, then the estimated whole genome 

coverage will be artificially higher than the actual whole genome coverage. The mean coverage 

approach uses the ratio between the rDNA and whole genome mean coverages, therefore an 

artificially higher whole genome coverage would produce lower rDNA copy number estimates. To 

test whether there is a loss of rDNA copies in cancer or whether the observations in the previous 

studies are an artifact of aneuploidies, the rDNA copy numbers of cancer genomes can be re-estimated 

using my modal coverage method. This could be done by estimating rDNA copy numbers from 

publicly available matched normal cancer datasets, such as are available from The Cancer Genome 

Atlas (TCGA), using my modal coverage pipeline. Such an investigation would be a simple and 

robust way to validate the cancer rDNA copy number results.  

 

5.2.6. Copy number estimation of other repeats  

In principle, my modal coverage pipeline can be used to calculate copy number for any repeated 

sequence where the sequence is known and the repeats are similar enough that sequence reads will 

all map to a single reference repeat copy. One such tandem repeat family for which the copy number 

is not straightforward to determine is the centromeric repeats. Repeat families such as the centromeric 

repeats could be investigated in the context of disease. For example, it is unknown whether variation 

in the copy number of the centromeric repeats is associated with human diseases including cancer. 

My method provides a way to investigate whether there is any association between centromeric repeat 

copy number and disease, and whether changes in copy number correlate with relevant features of 

disease. Likewise, my pipeline can be applied in similar ways to investigate the phenotypical effects 

of the dosage of other repetitive regions of genomes, of chloroplast genomes, and of mtDNA 

genomes. My pipeline is again expected to provide robustness to the coverage biases that could 

otherwise affect copy number estimations for these repeat types when performing such analyses. 
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Appendix A. Script 1. Modal coverage Pipeline 

 

#!/usr/bin/Rscript 
 
date; 
 
freq_SD <- function(infile, 
                    colname, 
                    window_size = 600, 
                    includerange = FALSE, 
                    br_start = 0, 
                    br_end = 5000, 
                    br_by = BS, 
                    outfile = NA, 
                    write_to_file = FALSE) 
{ 
  chr <- read.table(infile, header = FALSE) 
  names(chr) <- c("GenomeID", "BasePos", "Depth") 
  library(Gittleman and Kot) 
  swm <- rollmean(chr$Depth, window_size) 
  swmdf <- data.frame(y = swm) 
  colnames(swmdf) <- c(colname) 
  br = seq(br_start, br_end, by = br_by) 
  br[length(br) + 1] = 600000 
  ranges = paste(head(br, -1), br[-1], sep = "-") 
  freq = hist(swmdf[[colname]], 
              breaks = br, 
              include.lowest = TRUE, 
              plot = FALSE) 
  if (includerange) 
  { 
    sample.freq = data.frame(range = ranges, y = freq$counts) 
    colnames(sample.freq) <- c("range", colname) 
  } 
  else 
  { 
    sample.freq = data.frame(y = freq$counts) 
    colnames(sample.freq) <- c(colname)     
  } 
  if (write_to_file) 
    write.table(sample.freq, 
                file = outfile, 
                sep = " ", 
                row.names = FALSE) 
   
  return(sample.freq) 
} 
 
freq_SD_all <- function(directory, fpattern = "*.txt") { 
  files = list.files(directory, pattern = fpattern) 
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  first_run = TRUE 
   
  for (file in files) { 
    filename = paste0(directory, "/", file) 
    chr = substr(file, start = 1, stop = 18) 
    if (first_run) 
    { 
      sfreq <- freq_SD(filename, colname = chr, includerange = TRUE) 
      first_run = FALSE 
    } 
    else{ 
      sfreq2 <- freq_SD(filename, colname = chr) 
      sfreq <- cbind(sfreq, sfreq2) 
    } 
     
  } 
  write.table(sfreq,file = "outfile.txt",row.names = FALSE, sep = "\t") 
} 
 
freq_SD_all("directory") 
 
date; 
 
 
file <- read.table("infile.txt", header= TRUE, stringsAsFactors =FALSE) 
freq <- t(apply(WG[ ,-1,drop=F], 2, function(x) { 
        names(x) <- file$range; 
     names(sort(x, decreasing = TRUE)[1:no.of peaks required]) 
    })) 
write.table(freq,file = "outfile.txt",row.names = TRUE, sep = "\t") 
 
date; 
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Appendix A. Table 1. rDNA copy number estimates and precision using bin sizes of 1/100th and 

1/200th of the mean rDNA coverage 

Whole genome 

sequence 

coverage  

rDNA copy 

number with 

binsize 1/100th 

for rDNAa 

Variation in 

estimate at 

1/100th binsizeb 

rDNA copy 

number with 

binsize 1/200th 

for rDNA 

Variation in 

estimate at 

1/200th binsize 

1X 35 43.4 34 42.8 

2X 21 6.8 21 6.7 

3X 20 3.3 20 3.2 

4X 20 3.3 20 3.0 

5X 20 3.2 20 2.9 

6X 19 3.1 20 2.7 

7X 20 2.8 20 2.7 

8X 20 2.6 20 2.6 

9X 20 2.8 20 2.7 

10X 20 2.4 20 2.3 

11X 20 2.5 20 2.4 

12X  20 2.5 20 2.7 
a The rDNA copy number estimates and variation are for a 20-copy S. cerevisiae strain and a sliding 

window size of 500 bp. The copy number was rounded to the nearest integer. 

b The variation of rDNA copy number was calculated from the 100 technical replicates at each 

coverage level using a sliding window of 500 bp. 
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Appendix B. Script 1. Script to randomly shuffle tip labels from rDNA CN phylogeny 1000 times 

 
for(i in 1:1000)  
{ 
temp <- CN_tree 
randtips <- sample(temp$tip.label, length(temp$tip.label)) 
temp$tip.label <- randtips 
rtree_list_new[[i]] <- temp 
} 
  
   
Appendix B. Script 2. Script to calculate the distance between each randomised CN phylogeny and 
genomic phylogeny using treedist() 

 
for(i in 1:1) 
{ 
for(j in 1:100) 
{ 
cat(j, " ", sep="") 
d.tree[j,] <- treedist(SNP_tree, rtree_list_new[[j]], check.labels=TRUE) 
} 
} 
 
  
Appendix B. Script 3. Script to calculate the distance between each randomised CN phylogeny and 
genomic phylogeny using dist.topo(PH85 and score method) 

 

d.tree_disttopo_PH85 <- matrix(nrow= 1, ncol = 1000) 
for(i in 1:1) 

{  
for (j in 1:1000) 

{ 

print (c(i,j)) 
d.tree_disttopo_PH85[i,j] = dist.topo(SNP_tree, rtree_list_new[[j]], method = "PH85"/  ”score”) 
}} 

 

  
 
Appendix B. Script 4. Script to compute variance between the tree tips 

if (diag5==TRUE && diag6==TRUE) 

pairwise_Gs = NULL 
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pairwise_Gs = apply(xd, MARGIN=1, function(xd) 0.5 * (xd^2)) 

#subsamp_phyd = NULL 

   

# Set up for making variograms   

tmpphyd = phyd 

Gmeans = c() 

Gbins = c() 

np = c() 

# Pick your variogram binning method: 

#vgm_binning_method = "unique" 

if (vgm_binning_method == "simple") 

{ 

# simplest: bin x-axis into say 20 bins 

nbins = 8 

bins = pretty(tmpphyd, n=nbins) 

# Gather the mean semivariances for each bin, and take the mean 

for (i in 1:(length(bins)-1)) 

{ 

rows_to_get = (tmpphyd >= bins[i]) + (tmpphyd < bins[i+1]) == 2 

tmpGs = pairwise_Gs[rows_to_get] 

tmpGmean = mean(tmpGs, na.rm=TRUE) 

Gmeans = c(Gmeans, tmpGmean) 

# Do this if you are averaging the bin position 

tmpGbins = (bins[i] + bins[i+1])/2 

Gbins = c(Gbins, tmpGbins) 

# get number of points (np) 
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tmpnp = sum(rows_to_get) 

np = c(np, tmpnp) 

} 

}   

if (vgm_binning_method == "sequential") 

{ 

# or, sort by e.g. 1st 5 points, next 5 points, etc. 

ordered_by_PD = order(tmpphyd) 

numpoints_per_bin = 200 

bins = pretty(tmpphyd, n=length(tmpphyd)/numpoints_per_bin)  

for (i in 1:(length(bins)-1)) 

{ 

rows_to_get = (tmpphyd >= bins[i]) + (tmpphyd < bins[i+1]) == 2 

tmpGs = pairwise_Gs[rows_to_get] 

tmpGmean = mean(tmpGs, na.rm=TRUE) 

Gmeans = c(Gmeans, tmpGmean) 

tmpGbins = (bins[i] + bins[i+1])/2 

Gbins = c(Gbins, tmpGbins) 

tmpnp = sum(rows_to_get) 

np = c(np, tmpnp) 

} 

}   

if (vgm_binning_method == "unique") 

{ 

bins = sort(unique(tmpphyd)) 

for (i in 1:length(bins)) 
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{ 

rows_to_get = (tmpphyd == bins[i]) 

tmpGs = pairwise_Gs[rows_to_get] 

tmpGmean = mean(tmpGs, na.rm=TRUE) 

Gmeans = c(Gmeans, tmpGmean) 

Gbins = c(Gbins, bins[i])     

tmpnp = sum(rows_to_get) 

np = c(np, tmpnp) 

}} 

print(tmpphyd) 

print(Gbins) 

Gbins = Gbins[is.na(Gmeans) == FALSE] 

np = np[is.na(Gmeans) == FALSE] 

Gbins[Gbins == 0] = 0.001   

# Fix Gmeans last  

Gmeans = Gmeans[is.na(Gmeans) == FALSE] 

 

# build the empirical phylovariogram 

emp_phy_vg = as.data.frame(cbind(np, Gbins, Gmeans, rep(0,length(Gmeans)), 
rep(0,length(Gmeans)), rep("phyvg",length(Gmeans)) )) 

names(emp_phy_vg) = c("np", "dist", "gamma", "dir.hor", "dir.ver", "id") 

 

# remove NaNs (gamma values with NaN due to no points at those lag distances 

emp_phy_vg = emp_phy_vg[emp_phy_vg$gamma != "NaN", ] 

 

# add the appropriate class 

class(emp_phy_vg) <- c("gstatVariogram", class(emp_phy_vg)) 
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# make the numbers non-factors 

emp_phy_vg = dfnums_to_numeric(emp_phy_vg) 

 

# make a default model variogram 

default_vgm = vgm(psill=0.5*mean(pairwise_Gs), model="Exp", range=0.5*max(tmpphyd), 
nugget=0) 

# fit a variogram 

phy_vgm = fit.variogram(emp_phy_vg, model=default_vgm) 

   

# If the variogram model has NaNs, go back to the default one 

numNans = sum(is.na(phy_vgm)) 

if (numNans > 0) 

{ 

cat("WARNING FROM NJM: the phy_vgm model contains NaNs; resetting to default.\n") 

phy_vgm = default_vgm 

} 

# fix ranges < 0 

lt_zero = phy_vgm$range < 0 

if (sum(lt_zero) > 0) 

{ 

cat("WARNING FROM NJM: Your estimated variogram model came out with a\n", sep="") 

cat("WARNING FROM NJM: sill range < 0.  Resetting to default variogram, but check!\n", 
sep="") 

cat("WARNING FROM NJM: Printing messed-up variogram model:\n", sep="") 

print(phy_vgm) 

#phy_vgm$range[lt_zero] = 0 
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phy_vgm = default_vgm 

} 

# Plot the phylovariogram#  

# These use plot.gstatVariogram, which uses panels and xyplot; 

individual_plots = FALSE 

xlims = c(0, max(tmpphyd, na.rm=TRUE)) 

ylims = c(0, max(pairwise_Gs, na.rm=TRUE)) 

if (individual_plots == TRUE) 

{ 

plot(emp_phy_vg, model=default_vgm, xlab="phylogenetic distance", col="black", pch=".", 
main="Empirical phylovariogram with default variogram model", xlim=xlims, ylim=ylims) 

plot(emp_phy_vg, model=phy_vgm, xlab="phylogenetic distance", col="black", pch=".", 
main="Empirical phylovariogram with fitted variogram model", xlim=xlims, ylim=ylims) 

} else { 

 

################################### 

# Empirical variogram with default variogram model 

################################### 

plot(emp_phy_vg$dist, emp_phy_vg$gamma, xlim=xlims, ylim=ylims, xlab="phylogenetic 
distance", ylab="semivariance", pch=1, main="Empirical phylovariogram &\ndefault variogram 
model", cex=1) 

# plot the actual individual points, also, but smaller 

points(jitter(tmpphyd), jitter(pairwise_Gs), pch=".", cex=0.8, col=transparent_grey) 

# Make variogram line 

tmpline = variogramLine(object=default_vgm, maxdist=max(emp_phy_vg$dist)) 

lines(tmpline) 

################################### 

# Empirical variogram with fitted variogram model 
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################################### 

plot(emp_phy_vg$dist, emp_phy_vg$gamma, xlim=xlims, ylim=ylims, xlab="phylogenetic 
distance", ylab="semivariance", pch=1, main="Empirical phylovariogram &\nfitted variogram 
model (linear=BM)", cex=1) 

# plot the actual individual points, also, but smaller 

points(jitter(tmpphyd), jitter(pairwise_Gs), pch=".", cex=0.8, col=transparent_grey) 

# Make variogram line 

tmpline = variogramLine(object=phy_vgm, maxdist=max(emp_phy_vg$dist)) 

lines(tmpline) 

}} # END if diag6 

 

Appendix B. Script 5. Script used to randomly draw copy number values for 12 isolates from 1002 
yeasts genome project 

for((i=1;i<=1000;i++)) 
do  
shuf -n 12 rDNA_CN_10Xseqs.txt > $i.randomoutput.txt 
 done 
 

Appendix B. Table 1. rDNA copy number values as estimated for 788 isolates from 1002 yeasts 

genome project using modal coverage pipeline 

Clades  Accession No. Modal rDNA CN 
estimationa 

 Wine/European 342  ERR1308578 59 

 Wine/European 342  ERR1308579 70 

 Wine/European 342  ERR1308580 87 

 Mixed origin 73  ERR1308581 79 

 Mixed origin 73  ERR1308582 131 

 Brazilian bioethanol 36 ERR1308583 82 

 Wine/European 342  ERR1308584 85 

 Asian fermentation 36  ERR1308585 80 

 Wine/European 342  ERR1308586 56 

 Wine/European 342  ERR1308588 76 
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 Brazilian bioethanol 36 ERR1308589 91 

 Wine/European 342  ERR1308590 103 

 French Guiana human 31  ERR1308591 107 

 Wine/European 342  ERR1308592 44 

 Wine/European 342  ERR1308593 171 

 Mixed origin 73  ERR1308594 88 

 Wine/European 342  ERR1308596 75 

 Wine/European 342  ERR1308597 124 

 Wine/European 342  ERR1308598 124 

 Wine/European 342  ERR1308599 135 

 Wine/European 342  ERR1308600 65 

 Wine/European 342  ERR1308601 73 

 Wine/European 342  ERR1308603 70 

 Far East Russian 4  ERR1308604 53 

 Wine/European 342  ERR1308605 83 

 Wine/European 342  ERR1308606 68 

 Asian fermentation 36  ERR1308607 188 

 Mixed origin 73  ERR1308608 73 

 Mosaic beer 18  ERR1308609 159 

 Wine/European 342  ERR1308610 71 

 French dairy 37  ERR1308612 67 

 Wine/European 342  ERR1308613 134 

 Wine/European 342  ERR1308614 101 

 Mixed origin 73  ERR1308615 190 

 Wine/European 342  ERR1308616 68 

 Far East Asia 8  ERR1308618 69 

 Sake 47  ERR1308619 76 

 Wine/European 342  ERR1308620 95 

 Wine/European 342  ERR1308621 92 

 Mexican agave 7  ERR1308622 75 

 Asian fermentation 36  ERR1308623 108 

 Wine/European 342  ERR1308624 91 

 Sake 47  ERR1308625 128 

 Mixed origin 73  ERR1308627 174 

 Wine/European 342  ERR1308628 91 

 Wine/European 342  ERR1308629 81 
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 Wine/European 342  ERR1308630 90 

 Wine/European 342  ERR1308632 184 

 Wine/European 342  ERR1308633 62 

 Asian fermentation 36  ERR1308634 104 

 Wine/European 342  ERR1308635 82 

 Wine/European 342  ERR1308636 107 

 Asian islands 10  ERR1308638 85 

 Wine/European 342  ERR1308639 71 

 Mixed origin 73  ERR1308640 113 

 Wine/European 342  ERR1308641 68 

 Ale beer 19  ERR1308642 94 

 Wine/European 342  ERR1308643 83 

 Asian fermentation 36  ERR1308644 117 

 Asian islands 10  ERR1308645 109 

 Mosaic beer 18  ERR1308646 67 

 Mixed origin 73  ERR1308648 90 

 Asian islands 10  ERR1308649 86 

 Mixed origin 73  ERR1308650 74 

 Wine/European 342  ERR1308651 74 

 Mixed origin 73  ERR1308652 127 

 Wine/European 342  ERR1308653 88 

 African beer 20  ERR1308654 79 

 Ecuadorean 10  ERR1308655 54 

 Mosaic beer 18  ERR1308657 122 

 Asian islands 10  ERR1308658 171 

 Wine/European 342  ERR1308659 99 

 Wine/European 342  ERR1308660 98 

 Wine/European 342  ERR1308661 70 

 Wine/European 342  ERR1308662 121 

 CHNIII 13 ERR1308663 76 

 Wine/European 342  ERR1308664 61 

 Wine/European 342  ERR1308665 142 

 Wine/European 342  ERR1308667 177 

 Wine/European 342  ERR1308668 68 

 Wine/European 342  ERR1308670 60 

 Alpechin14 ERR1308671 93 
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 Wine/European 342  ERR1308672 124 

 Wine/European 342  ERR1308674 91 

 Malaysian 4  ERR1308675 77 

 Wine/European 342  ERR1308676 90 

 Mixed origin 73  ERR1308678 83 

 Wine/European 342  ERR1308679 150 

 Mosaic beer 18  ERR1308680 55 

 Wine/European 342  ERR1308681 57 

 Taiwanese 3  ERR1308682 59 

 Wine/European 342  ERR1308683 134 

 Wine/European 342  ERR1308684 134 

 Wine/European 342  ERR1308686 111 

 Wine/European 342  ERR1308687 122 

 Wine/European 342  ERR1308688 63 

 Wine/European 342  ERR1308689 93 

 Alpechin14 ERR1308690 81 

 French Guiana human 31  ERR1308691 92 

 Asian fermentation 36  ERR1308692 81 

 Mixed origin 73  ERR1308693 95 

 Asian islands 10  ERR1308694 62 

 African beer 20  ERR1308696 63 

 Wine/European 342  ERR1308697 51 

 Mixed origin 73  ERR1308698 90 

 French dairy 37  ERR1308699 54 

 Sake 47  ERR1308700 189 

 Wine/European 342  ERR1308702 92 

 Wine/European 342  ERR1308703 76 

 Wine/European 342  ERR1308705 104 

 Sake 47  ERR1308706 50 

 Mixed origin 73  ERR1308707 116 

 North American oak 11  ERR1308708 89 

 Wine/European 342  ERR1308709 154 

 Wine/European 342  ERR1308710 55 

 Wine/European 342  ERR1308711 93 

 Wine/European 342  ERR1308712 98 

 West African cocoa 12  ERR1308713 69 
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 Wine/European 342  ERR1308714 61 

 Wine/European 342  ERR1308716 93 

 Wine/European 342  ERR1308717 92 

 Wine/European 342  ERR1308718 94 

 African palm  wine 24  ERR1308719 82 

 Alpechin14 ERR1308720 99 

 Wine/European 342  ERR1308721 80 

 Ecuadorean 10  ERR1308722 54 

 Mediterranean oak 10  ERR1308723 72 

 Asian fermentation 36  ERR1308725 94 

 Alpechin14 ERR1308726 69 

 French Guiana human 31  ERR1308727 78 

 Mediterranean oak 10  ERR1308728 75 

 Brazilian bioethanol 36 ERR1308731 77 

 Far East Asia 8  ERR1308732 75 

 French dairy 37  ERR1308733 51 

 Sake 47  ERR1308734 119 

 West African cocoa 12  ERR1308735 84 

 Wine/European 342  ERR1308736 68 

 Mixed origin 73  ERR1308737 135 

 Wine/European 342  ERR1308738 150 

 North American oak 11  ERR1308739 86 

 Sake 47  ERR1308740 66 

 French Guiana human 31  ERR1308742 95 

 Wine/European 342  ERR1308744 67 

 Asian fermentation 36  ERR1308745 182 

 Taiwanese 3  ERR1308746 137 

 French Guiana human 31  ERR1308748 75 

 Wine/European 342  ERR1308749 57 

 Asian fermentation 36  ERR1308750 85 

 African beer 20  ERR1308751 121 

 French dairy 37  ERR1308752 69 

 Asian islands 10  ERR1308753 115 

 Wine/European 342  ERR1308755 77 

 Wine/European 342  ERR1308757 95 
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 African beer 20  ERR1308758 104 

 Sake 47  ERR1308759 117 

 Asian fermentation 36  ERR1308760 76 

 Sake 47  ERR1308761 113 

 Wine/European 342  ERR1308762 68 

 Mixed origin 73  ERR1308763 88 

 Wine/European 342  ERR1308764 126 

 Asian fermentation 36  ERR1308765 88 

 Sake 47  ERR1308768 140 

 Wine/European 342  ERR1308769 68 

 Wine/European 342  ERR1308770 33 

 Wine/European 342  ERR1308771 79 

 Mixed origin 73  ERR1308772 62 

 Wine/European 342  ERR1308773 106 

 CHNIII 13 ERR1308775 75 

 Ecuadorean 10  ERR1308776 62 

 Sake 47  ERR1308777 111 

 CHNIII 13 ERR1308778 82 

 French dairy 37  ERR1308779 61 

 African beer 20  ERR1308780 48 

 Wine/European 342  ERR1308781 64 

 Mosaic beer 18  ERR1308784 152 

 French Guiana human 31  ERR1308785 128 

 Wine/European 342  ERR1308786 74 

 French Guiana human 31  ERR1308787 97 

 Wine/European 342  ERR1308788 112 

 Wine/European 342  ERR1308789 113 

 Asian fermentation 36  ERR1308790 60 

 Wine/European 342  ERR1308791 87 

 Wine/European 342  ERR1308792 95 

 African palm  wine 24  ERR1308796 72 

 French dairy 37  ERR1308797 48 

 French dairy 37  ERR1308798 43 

 Wine/European 342  ERR1308799 94 

 Wine/European 342  ERR1308800 42 

 Wine/European 342  ERR1308801 53 
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 CHNIII 13 ERR1308802 110 

 CHNIII 13 ERR1308803 82 

 CHNIII 13 ERR1308804 103 

 Sake 47  ERR1308805 91 

 Mexican agave 7  ERR1308806 107 

 Wine/European 342  ERR1308809 82 

 Brazilian bioethanol 36 ERR1308810 54 

 Wine/European 342  ERR1308811 125 

 Wine/European 342  ERR1308813 80 

 Wine/European 342  ERR1308814 137 

 Wine/European 342  ERR1308815 68 

 Wine/European 342  ERR1308817 55 

 Wine/European 342  ERR1308818 79 

 CHNIII 13 ERR1308819 78 

 Wine/European 342  ERR1308821 96 

 Mixed origin 73  ERR1308822 97 

 Mediterranean oak 10  ERR1308823 92 

 French Guiana human 31  ERR1308824 62 

 Wine/European 342  ERR1308826 89 

 French dairy 37  ERR1308827 27 

 Wine/European 342  ERR1308828 89 

 Sake 47  ERR1308829 128 

 Far East Asia 8  ERR1308830 66 

 West African cocoa 12  ERR1308831 104 

 Wine/European 342  ERR1308832 102 

 African palm  wine 24  ERR1308833 82 

 Wine/European 342  ERR1308834 90 

 Wine/European 342  ERR1308835 110 

 African beer 20  ERR1308836 124 

 Wine/European 342  ERR1308837 97 

 Wine/European 342  ERR1308838 73 

 Ale beer 19  ERR1308839 47 

 West African cocoa 12  ERR1308840 88 

 French Guiana human 31  ERR1308841 93 

 African beer 20  ERR1308843 66 

 Wine/European 342  ERR1308844 86 
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 Mixed origin 73  ERR1308845 69 

 Wine/European 342  ERR1308846 110 

 Brazilian bioethanol 36 ERR1308847 84 

 French Guiana human 31  ERR1308848 81 

 Mixed origin 73  ERR1308849 123 

 Wine/European 342  ERR1308852 102 

 Mexican agave 7  ERR1308853 66 

 CHNIII 13 ERR1308854 81 

 French Guiana human 31  ERR1308855 87 

 French dairy 37  ERR1308856 79 

 Mixed origin 73  ERR1308858 63 

 Brazilian bioethanol 36 ERR1308859 67 

 Brazilian bioethanol 36 ERR1308860 65 

 Wine/European 342  ERR1308861 98 

 Brazilian bioethanol 36 ERR1308862 78 

 Wine/European 342  ERR1308863 138 

 Mixed origin 73  ERR1308864 151 

 Wine/European 342  ERR1308866 96 

 North American oak 11  ERR1308867 93 

 Asian fermentation 36  ERR1308868 107 

 Brazilian bioethanol 36 ERR1308869 143 

 Wine/European 342  ERR1308870 78 

 African palm  wine 24  ERR1308871 70 

 Asian fermentation 36  ERR1308872 89 

 Sake 47  ERR1308873 79 

 Wine/European 342  ERR1308874 79 

 French dairy 37  ERR1308875 67 

 Wine/European 342  ERR1308876 75 

 Wine/European 342  ERR1308877 80 

 Sake 47  ERR1308878 114 

 Sake 47  ERR1308880 139 

 Wine/European 342  ERR1308881 59 

 Wine/European 342  ERR1308884 87 

 Sake 47  ERR1308885 120 

 Wine/European 342  ERR1308886 51 

 Wine/European 342  ERR1308887 64 
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 French Guiana human 31  ERR1308888 77 

 French Guiana human 31  ERR1308889 90 

 Wine/European 342  ERR1308891 136 

 Ale beer 19  ERR1308892 94 

 Asian fermentation 36  ERR1308893 105 

 Wine/European 342  ERR1308894 102 

 Asian fermentation 36  ERR1308895 82 

 African palm  wine 24  ERR1308896 120 

 Wine/European 342  ERR1308897 147 

 Wine/European 342  ERR1308898 118 

 African beer 20  ERR1308900 58 

 Wine/European 342  ERR1308901 136 

 Sake 47  ERR1308902 115 

 Mixed origin 73  ERR1308903 80 

 French Guiana human 31  ERR1308904 103 

 Wine/European 342  ERR1308905 61 

 Asian fermentation 36  ERR1308906 93 

 African palm  wine 24  ERR1308907 132 

 French dairy 37  ERR1308908 41 

 Wine/European 342  ERR1308909 91 

 French dairy 37  ERR1308910 122 

 Asian fermentation 36  ERR1308911 84 

 Sake 47  ERR1308912 111 

 French Guiana human 31  ERR1308913 76 

 West African cocoa 12  ERR1308914 86 

 North American oak 11  ERR1308915 104 

 Wine/European 342  ERR1308917 125 

 Brazilian bioethanol 36 ERR1308918 114 

 African palm  wine 24  ERR1308920 49 

 Wine/European 342  ERR1308921 75 

 Wine/European 342  ERR1308922 106 

 Wine/European 342  ERR1308923 183 

 Asian islands 10  ERR1308924 95 

 Brazilian bioethanol 36 ERR1308925 85 

 Wine/European 342  ERR1308926 100 

 Wine/European 342  ERR1308927 67 
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 Wine/European 342  ERR1308930 95 

 Wine/European 342  ERR1308931 128 

 Wine/European 342  ERR1308932 96 

 Wine/European 342  ERR1308933 52 

 Alpechin14 ERR1308934 101 

 Wine/European 342  ERR1308935 111 

 North American oak 11  ERR1308936 97 

 Sake 47  ERR1308937 130 

 Asian fermentation 36  ERR1308938 95 

 Wine/European 342  ERR1308939 153 

 Wine/European 342  ERR1308940 91 

 Wine/European 342  ERR1308941 51 

 Wine/European 342  ERR1308942 60 

 Wine/European 342  ERR1308943 94 

 Wine/European 342  ERR1308944 101 

 Wine/European 342  ERR1308947 98 

 African beer 20  ERR1308948 94 

 Wine/European 342  ERR1308949 39 

 Wine/European 342  ERR1308951 110 

 Wine/European 342  ERR1308952 225 

 Far East Asia 8  ERR1308953 89 

 Wine/European 342  ERR1308954 66 

 North American oak 11  ERR1308955 94 

 Wine/European 342  ERR1308956 93 

 French dairy 37  ERR1308957 52 

 French dairy 37  ERR1308958 52 

 Wine/European 342  ERR1308959 66 

 African beer 20  ERR1308960 100 

 African palm  wine 24  ERR1308961 87 

 Wine/European 342  ERR1308962 104 

 African palm  wine 24  ERR1308963 117 

 Ale beer 19  ERR1308964 74 

 French Guiana human 31  ERR1308965 116 

 Wine/European 342  ERR1308966 95 

 Asian fermentation 36  ERR1308967 172 

 Wine/European 342  ERR1308968 86 
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 Wine/European 342  ERR1308970 61 

 Ecuadorean 10  ERR1308971 90 

 Asian fermentation 36  ERR1308972 158 

 Wine/European 342  ERR1308973 103 

 Mixed origin 73  ERR1308976 96 

 Wine/European 342  ERR1308977 104 

 Mixed origin 73  ERR1308978 80 

 Ale beer 19  ERR1308979 103 

 Wine/European 342  ERR1308981 120 

 West African cocoa 12  ERR1308982 65 

 Brazilian bioethanol 36 ERR1308983 106 

 Sake 47  ERR1308985 110 

 French dairy 37  ERR1308986 59 

 Mixed origin 73  ERR1308987 42 

 Wine/European 342  ERR1308988 135 

 Wine/European 342  ERR1308989 131 

 Mixed origin 73  ERR1308990 93 

 Wine/European 342  ERR1308991 122 

 French dairy 37  ERR1308992 49 

 Ecuadorean 10  ERR1308993 95 

 Wine/European 342  ERR1308994 85 

 Mexican agave 7  ERR1308995 73 

 French dairy 37  ERR1308997 44 

 Sake 47  ERR1309002 121 

 Wine/European 342  ERR1309003 103 

 West African cocoa 12  ERR1309004 102 

 Wine/European 342  ERR1309005 56 

 CHNIII 13 ERR1309006 73 

 Wine/European 342  ERR1309007 72 

 Wine/European 342  ERR1309008 87 

 Wine/European 342  ERR1309010 63 

 Sake 47  ERR1309011 95 

 Wine/European 342  ERR1309012 62 

 Ecuadorean 10  ERR1309013 88 

 French dairy 37  ERR1309014 51 

 Wine/European 342  ERR1309016 66 
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 Wine/European 342  ERR1309017 87 

 Asian fermentation 36  ERR1309019 80 

 Sake 47  ERR1309021 142 

 Mediterranean oak 10  ERR1309022 82 

 Wine/European 342  ERR1309023 100 

 Wine/European 342  ERR1309024 76 

 Wine/European 342  ERR1309025 94 

 Ale beer 19  ERR1309026 36 

 Wine/European 342  ERR1309027 117 

 Sake 47  ERR1309029 117 

 Sake 47  ERR1309030 116 

 Wine/European 342  ERR1309031 70 

 Far East Asia 8  ERR1309032 72 

 Wine/European 342  ERR1309033 174 

 Sake 47  ERR1309034 85 

 Wine/European 342  ERR1309035 60 

 African palm  wine 24  ERR1309036 96 

 Wine/European 342  ERR1309037 88 

 Ale beer 19  ERR1309038 27 

 Asian fermentation 36  ERR1309040 62 

 Brazilian bioethanol 36 ERR1309041 164 

 Wine/European 342  ERR1309042 105 

 Wine/European 342  ERR1309043 68 

 Wine/European 342  ERR1309044 109 

 Mexican agave 7  ERR1309045 50 

 French Guiana human 31  ERR1309046 81 

 French dairy 37  ERR1309048 125 

 Sake 47  ERR1309049 124 

 Wine/European 342  ERR1309050 70 

 Mediterranean oak 10  ERR1309052 78 

 French dairy 37  ERR1309053 47 

 Asian islands 10  ERR1309054 121 

 Sake 47  ERR1309055 157 

 Wine/European 342  ERR1309056 125 

 Sake 47  ERR1309057 131 

 Wine/European 342  ERR1309058 84 
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 Mixed origin 73  ERR1309059 103 

 Wine/European 342  ERR1309060 134 

 French dairy 37  ERR1309062 51 

 Mixed origin 73  ERR1309063 115 

 Asian fermentation 36  ERR1309064 101 

 Wine/European 342  ERR1309065 61 

 French dairy 37  ERR1309066 106 

 Wine/European 342  ERR1309067 79 

 Mexican agave 7  ERR1309068 71 

 Sake 47  ERR1309069 89 

 Sake 47  ERR1309070 97 

 Wine/European 342  ERR1309072 114 

 Mixed origin 73  ERR1309074 113 

 Alpechin14 ERR1309075 56 

 African beer 20  ERR1309076 186 

 Wine/European 342  ERR1309077 147 

 Far East Russian 4  ERR1309078 78 

 Mixed origin 73  ERR1309079 80 

 Sake 47  ERR1309081 75 

 Wine/European 342  ERR1309082 76 

 Wine/European 342  ERR1309083 84 

 Asian fermentation 36  ERR1309087 62 

 African palm  wine 24  ERR1309089 99 

 Ecuadorean 10  ERR1309090 74 

 Wine/European 342  ERR1309091 80 

 Mixed origin 73  ERR1309092 66 

 CHNIII 13 ERR1309093 83 

 Wine/European 342  ERR1309094 227 

 Wine/European 342  ERR1309096 112 

 Wine/European 342  ERR1309099 54 

 Mosaic beer 18  ERR1309102 86 

 Brazilian bioethanol 36 ERR1309103 101 

 Wine/European 342  ERR1309104 87 

 French Guiana human 31  ERR1309105 76 

 Wine/European 342  ERR1309106 115 

 Wine/European 342  ERR1309107 97 



147 
 

 Wine/European 342  ERR1309108 87 

 Wine/European 342  ERR1309109 98 

 Brazilian bioethanol 36 ERR1309110 136 

 Wine/European 342  ERR1309111 112 

 African palm  wine 24  ERR1309112 87 

 African palm  wine 24  ERR1309113 125 

 Wine/European 342  ERR1309115 61 

 Wine/European 342  ERR1309116 97 

 Wine/European 342  ERR1309117 79 

 Wine/European 342  ERR1309118 140 

 Mixed origin 73  ERR1309119 65 

 Mixed origin 73  ERR1309122 59 

 Brazilian bioethanol 36 ERR1309123 149 

 African palm  wine 24  ERR1309124 105 

 Wine/European 342  ERR1309126 104 

 Mixed origin 73  ERR1309127 96 

 Wine/European 342  ERR1309ERR130 101 

 Mixed origin 73  ERR1309131 139 

 Mixed origin 73  ERR1309133 86 

 Brazilian bioethanol 36 ERR1309134 51 

 Alpechin14 ERR1309135 75 

 Mixed origin 73  ERR1309136 98 

 Brazilian bioethanol 36 ERR1309137 100 

 French dairy 37  ERR1309138 52 

 Sake 47  ERR1309140 105 

 Wine/European 342  ERR1309142 82 

 Wine/European 342  ERR1309143 91 

 Mosaic beer 18  ERR1309146 136 

 African beer 20  ERR1309147 97 

 Sake 47  ERR1309148 101 

 African palm  wine 24  ERR1309149 104 

 Far East Asia 8  ERR1309150 84 

 Mixed origin 73  ERR1309151 87 

 Wine/European 342  ERR1309152 102 

 Wine/European 342  ERR1309153 99 

 Mixed origin 73  ERR1309155 105 



148 
 

 Wine/European 342  ERR1309156 75 

 Brazilian bioethanol 36 ERR1309157 102 

 Wine/European 342  ERR1309158 75 

 Sake 47  ERR1309159 138 

 Asian fermentation 36  ERR1309160 183 

 French dairy 37  ERR1309161 45 

 North American oak 11  ERR1309162 58 

 Mixed origin 73  ERR1309163 79 

 African beer 20  ERR1309165 101 

 Sake 47  ERR1309166 96 

 Asian fermentation 36  ERR1309167 199 

 Wine/European 342  ERR1309168 114 

 Wine/European 342  ERR1309169 73 

 Wine/European 342  ERR1309170 42 

 Wine/European 342  ERR1309171 87 

 Wine/European 342  ERR1309172 86 

 Wine/European 342  ERR1309173 53 

 Mixed origin 73  ERR1309174 49 

 Ale beer 19  ERR1309175 93 

 Wine/European 342  ERR1309176 78 

 French Guiana human 31  ERR1309177 74 

 Sake 47  ERR1309178 141 

 Sake 47  ERR1309179 75 

 Wine/European 342  ERR1309180 83 

 West African cocoa 12  ERR1309181 93 

 Wine/European 342  ERR1309182 106 

 Wine/European 342  ERR1309183 73 

 Brazilian bioethanol 36 ERR1309184 166 

 African beer 20  ERR1309185 69 

 Wine/European 342  ERR1309186 68 

 Wine/European 342  ERR1309187 92 

 French dairy 37  ERR1309188 37 

 Taiwanese 3  ERR1309189 83 

 African beer 20  ERR1309191 52 

 French Guiana human 31  ERR1309193 98 

 Sake 47  ERR1309195 90 
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 Mixed origin 73  ERR1309196 82 

 Far East Asia 8  ERR1309197 77 

 Far East Asia 8  ERR1309198 80 

 Asian fermentation 36  ERR1309199 76 

 Wine/European 342  ERR1309200 115 

 Wine/European 342  ERR1309201 103 

 African palm  wine 24  ERR1309202 90 

 Mixed origin 73  ERR1309203 112 

 French dairy 37  ERR1309204 70 

 Wine/European 342  ERR1309205 101 

 Wine/European 342  ERR1309206 187 

 Wine/European 342  ERR1309208 90 

 Wine/European 342  ERR1309209 78 

 Mixed origin 73  ERR1309210 28 

 Brazilian bioethanol 36 ERR1309211 109 

 Mixed origin 73  ERR1309212 64 

 Wine/European 342  ERR1309213 64 

 Wine/European 342  ERR1309214 78 

 Wine/European 342  ERR1309215 122 

 Ale beer 19  ERR1309217 102 

 Sake 47  ERR1309218 120 

 Wine/European 342  ERR1309219 129 

 Brazilian bioethanol 36 ERR1309220 88 

 Wine/European 342  ERR1309221 140 

 Ecuadorean 10  ERR1309222 107 

 Wine/European 342  ERR1309223 87 

 Ecuadorean 10  ERR1309224 80 

 Wine/European 342  ERR1309225 94 

 Mixed origin 73  ERR1309226 64 

 Wine/European 342  ERR1309227 125 

 Wine/European 342  ERR1309228 112 

 French dairy 37  ERR1309230 44 

 African palm  wine 24  ERR1309231 97 

 French Guiana human 31  ERR1309232 77 

 Mosaic beer 18  ERR1309233 121 

 Mediterranean oak 10  ERR1309234 71 
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 African beer 20  ERR1309235 66 

 Mixed origin 73  ERR1309236 58 

 Mosaic beer 18  ERR1309237 112 

 Wine/European 342  ERR1309238 91 

 Asian fermentation 36  ERR1309239 92 

 Wine/European 342  ERR1309240 106 

 Wine/European 342  ERR1309241 77 

 CHNIII 13 ERR1309243 73 

 Alpechin14 ERR1309244 87 

 Wine/European 342  ERR1309245 119 

 Wine/European 342  ERR1309246 79 

 Wine/European 342  ERR1309247 85 

 Mediterranean oak 10  ERR1309248 94 

 Wine/European 342  ERR1309252 172 

 Sake 47  ERR1309253 123 

 Wine/European 342  ERR1309254 59 

 African palm  wine 24  ERR1309255 68 

 Mediterranean oak 10  ERR1309256 68 

 Wine/European 342  ERR1309257 53 

 Asian islands 10  ERR1309258 80 

 Mosaic beer 18  ERR1309259 95 

 Mixed origin 73  ERR1309260 126 

 Wine/European 342  ERR1309261 97 

 Alpechin14 ERR1309262 88 

 Wine/European 342  ERR1309263 78 

 Brazilian bioethanol 36 ERR1309264 123 

 Wine/European 342  ERR1309265 51 

 Wine/European 342  ERR1309266 81 

 French Guiana human 31  ERR1309269 131 

 Mixed origin 73  ERR1309271 74 

 Wine/European 342  ERR1309272 87 

 Wine/European 342  ERR1309273 83 

 Mixed origin 73  ERR1309274 92 

 Wine/European 342  ERR1309275 104 

 Sake 47  ERR1309277 88 

 Sake 47  ERR1309278 95 
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 Mixed origin 73  ERR1309279 65 

 Wine/European 342  ERR1309280 61 

 Wine/European 342  ERR1309281 80 

 Mixed origin 73  ERR1309282 85 

 Asian fermentation 36  ERR1309284 92 

 Wine/European 342  ERR1309285 73 

 Wine/European 342  ERR1309286 144 

 Brazilian bioethanol 36 ERR1309287 119 

 Wine/European 342  ERR1309290 158 

 Ale beer 19  ERR1309291 67 

 Wine/European 342  ERR1309292 63 

 Brazilian bioethanol 36 ERR1309294 71 

 Wine/European 342  ERR1309295 138 

 Mixed origin 73  ERR1309296 113 

 Mixed origin 73  ERR1309297 116 

 West African cocoa 12  ERR1309298 98 

 Mixed origin 73  ERR1309299 64 

 Ale beer 19  ERR1309300 85 

 Wine/European 342  ERR1309302 106 

 Alpechin14 ERR1309305 84 

 French Guiana human 31  ERR1309306 92 

 Wine/European 342  ERR1309307 89 

 Wine/European 342  ERR1309309 81 

 Wine/European 342  ERR1309310 95 

 CHNIII 13 ERR1309311 74 

 Wine/European 342  ERR1309312 76 

 Ale beer 19  ERR1309313 91 

 Ale beer 19  ERR1309314 56 

 Wine/European 342  ERR1309315 104 

 Wine/European 342  ERR1309316 50 

 Wine/European 342  ERR1309317 122 

 Mixed origin 73  ERR1309318 149 

 Wine/European 342  ERR1309319 85 

 Mixed origin 73  ERR1309320 105 

 Mixed origin 73  ERR1309321 61 

 CHNIII 13 ERR1309322 77 
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 Wine/European 342  ERR1309323 86 

 Malaysian 4  ERR1309324 75 

 Wine/European 342  ERR1309325 45 

 Asian fermentation 36  ERR1309326 120 

 Mixed origin 73  ERR1309327 22 

 Wine/European 342  ERR1309328 95 

 Brazilian bioethanol 36 ERR1309329 92 

 Wine/European 342  ERR1309330 97 

 French Guiana human 31  ERR1309332 78 

 African beer 20  ERR1309333 65 

 Ale beer 19  ERR1309334 71 

 Mexican agave 7  ERR1309336 83 

 French Guiana human 31  ERR1309337 63 

 Wine/European 342  ERR1309338 154 

 Brazilian bioethanol 36 ERR1309339 136 

 Mixed origin 73  ERR1309340 40 

 Mixed origin 73  ERR1309341 63 

 African beer 20  ERR1309342 72 

 Wine/European 342  ERR1309343 75 

 Wine/European 342  ERR1309345 100 

 Brazilian bioethanol 36 ERR1309346 175 

 Mixed origin 73  ERR1309347 111 

 Wine/European 342  ERR1309350 82 

 Mediterranean oak 10  ERR1309352 99 

 Sake 47  ERR1309353 89 

 Wine/European 342  ERR1309354 75 

 Wine/European 342  ERR1309355 107 

 Wine/European 342  ERR1309356 51 

 Brazilian bioethanol 36 ERR1309357 103 

 African beer 20  ERR1309358 57 

 North American oak 11  ERR1309359 92 

 Wine/European 342  ERR1309360 87 

 French dairy 37  ERR1309362 48 

 Asian islands 10  ERR1309363 91 

 Mosaic beer 18  ERR1309364 96 

 French dairy 37  ERR1309365 56 
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 Wine/European 342  ERR1309367 84 

 Wine/European 342  ERR1309368 205 

 Wine/European 342  ERR1309369 122 

 Wine/European 342  ERR1309371 80 

 West African cocoa 12  ERR1309372 70 

 Wine/European 342  ERR1309374 88 

 Brazilian bioethanol 36 ERR1309375 104 

 Mixed origin 73  ERR1309376 136 

 Ale beer 19  ERR1309377 73 

 Mixed origin 73  ERR1309378 132 

 Malaysian 4  ERR1309380 106 

 Mixed origin 73  ERR1309381 76 

 African palm  wine 24  ERR1309382 77 

 African beer 20  ERR1309384 81 

 Mixed origin 73  ERR1309385 114 

 Wine/European 342  ERR1309386 81 

 Brazilian bioethanol 36 ERR1309387 124 

 West African cocoa 12  ERR1309388 88 

 Wine/European 342  ERR1309389 79 

 Wine/European 342  ERR1309390 113 

 Wine/European 342  ERR1309391 72 

 Ale beer 19  ERR1309393 54 

 Wine/European 342  ERR1309394 107 

 Wine/European 342  ERR1309395 86 

 French Guiana human 31  ERR1309396 101 

 Wine/European 342  ERR1309397 84 

 Wine/European 342  ERR1309398 94 

 Wine/European 342  ERR1309399 103 

 Sake 47  ERR1309400 119 

 Wine/European 342  ERR1309401 112 

 French dairy 37  ERR1309402 55 

 Mixed origin 73  ERR1309404 120 

 Mosaic beer 18  ERR1309406 121 

 French dairy 37  ERR1309408 35 

 Wine/European 342  ERR1309409 103 

 Wine/European 342  ERR1309410 61 
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 Wine/European 342  ERR1309411 81 

 French Guiana human 31  ERR1309413 74 

 Wine/European 342  ERR1309415 149 

 Mixed origin 73  ERR1309416 46 

 Wine/European 342  ERR1309418 53 

 Wine/European 342  ERR1309419 58 

 Mosaic beer 18  ERR1309420 90 

 Mosaic beer 18  ERR1309421 57 

 Wine/European 342  ERR1309423 100 

 Brazilian bioethanol 36 ERR1309424 102 

 Wine/European 342  ERR1309425 79 

 French dairy 37  ERR1309426 40 

 Wine/European 342  ERR1309428 129 

 Asian fermentation 36  ERR1309430 121 

 French dairy 37  ERR1309432 37 

 Ale beer 19  ERR1309433 62 

 Alpechin14 ERR1309434 104 

 Wine/European 342  ERR1309435 100 

 Wine/European 342  ERR1309436 58 

 Wine/European 342  ERR1309437 100 

 Mosaic beer 18  ERR1309438 124 

 French Guiana human 31  ERR1309439 70 

 Ale beer 19  ERR1309440 58 

 Far East Russian 4  ERR1309441 67 

 Ecuadorean 10  ERR1309443 48 

 Mixed origin 73  ERR1309444 196 

 Mixed origin 73  ERR1309445 59 

 French dairy 37  ERR1309446 59 

 African palm  wine 24  ERR1309447 129 

 North American oak 11  ERR1309448 100 

 Far East Russian 4  ERR1309449 73 

 Wine/European 342  ERR1309453 51 

 Wine/European 342  ERR1309454 98 

 Wine/European 342  ERR1309455 102 

 Mosaic beer 18  ERR1309456 63 

 Wine/European 342  ERR1309457 88 
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 North American oak 11  ERR1309458 81 

 Asian fermentation 36  ERR1309461 117 

 Wine/European 342  ERR1309462 53 

 Brazilian bioethanol 36 ERR1309463 92 

 Alpechin14 ERR1309464 84 

 Brazilian bioethanol 36 ERR1309465 119 

 Wine/European 342  ERR1309466 87 

 French Guiana human 31  ERR1309467 121 

 Ale beer 19  ERR1309468 46 

 African palm  wine 24  ERR1309470 79 

 Wine/European 342  ERR1309471 174 

 Wine/European 342  ERR1309472 36 

 Wine/European 342  ERR1309473 102 

 Wine/European 342  ERR1309474 104 

 Wine/European 342  ERR1309475 98 

 Wine/European 342  ERR1309476 74 

 French dairy 37  ERR1309477 66 

 Wine/European 342  ERR1309478 80 

 Wine/European 342  ERR1309479 106 

 Wine/European 342  ERR1309480 75 

 Wine/European 342  ERR1309482 43 

 Wine/European 342  ERR1309483 92 

 African palm  wine 24  ERR1309484 85 

 Wine/European 342  ERR1309485 87 

 Wine/European 342  ERR1309486 82 

 Wine/European 342  ERR1309487 120 

 Mediterranean oak 10  ERR1309488 111 

 Wine/European 342  ERR1309489 56 

 Asian fermentation 36  ERR1309492 97 

 African palm  wine 24  ERR1309493 119 

 Mixed origin 73  ERR1309494 55 

 Wine/European 342  ERR1309495 149 

 North American oak 11  ERR1309496 78 

 Brazilian bioethanol 36 ERR1309497 92 

 Mixed origin 73  ERR1309498 73 

 Alpechin14 ERR1309499 137 
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 French Guiana human 31  ERR1309500 94 

 Wine/European 342  ERR1309501 69 

 Asian fermentation 36  ERR1309502 168 

 French dairy 37  ERR1309503 77 

 African palm  wine 24  ERR1309504 67 

 Wine/European 342  ERR1309505 76 

 Wine/European 342  ERR1309506 72 

 Wine/European 342  ERR1309507 86 

 Sake 47  ERR1309508 136 

 Sake 47  ERR1309509 79 

 Wine/European 342  ERR1309510 67 

 Alpechin14 ERR1309511 93 

 Mosaic beer 18  ERR1309512 194 

 Wine/European 342  ERR1309513 67 

 French Guiana human 31  ERR1309515 103 

 Mosaic beer 18  ERR1309517 117 

 Wine/European 342  ERR1309518 79 

 West African cocoa 12  ERR1309519 95 

 Asian fermentation 36  ERR1309521 113 

 Wine/European 342  ERR1309523 61 

 Brazilian bioethanol 36 ERR1309524 144 

 Malaysian 4  ERR1309525 75 

 Wine/European 342  ERR1309526 150 
arDNA copy number measured using my modal coverage pipeline 
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Appendix B. Table 2. rDNA copy number values for 497 diploid isolates from 1002 yeast genome 

project estimated using the modal coverage pipeline  

 

Accession No. Modal rDNA CN estimationa 

ERR1308578 59 
ERR1308579 70 
ERR1308580 87 
ERR1308581 79 
ERR1308583 83 
ERR1308584 86 
ERR1308585 80 
ERR1308586 56 
ERR1308588 76 
ERR1308589 91 
ERR1308590 103 
ERR1308591 107 
ERR1308599 135 
ERR1308600 65 
ERR1308601 73 
ERR1308603 70 
ERR1308604 53 
ERR1308605 83 
ERR1308609 159 
ERR1308613 134 
ERR1308620 95 
ERR1308622 75 
ERR1308624 91 
ERR1308628 91 
ERR1308630 90 
ERR1308632 184 
ERR1308633 62 
ERR1308634 104 
ERR1308635 83 
ERR1308640 113 
ERR1308641 69 
ERR1308642 94 
ERR1308643 83 
ERR1308644 117 
ERR1308649 86 
ERR1308652 127 
ERR1308653 89 
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ERR1308655 55 
ERR1308659 99 
ERR1308661 70 
ERR1308662 121 
ERR1308663 76 
ERR1308667 177 
ERR1308668 68 
ERR1308670 60 
ERR1308672 124 
ERR1308675 77 
ERR1308676 90 
ERR1308681 57 
ERR1308682 59 
ERR1308683 134 
ERR1308684 134 
ERR1308687 122 
ERR1308688 63 
ERR1308689 93 
ERR1308691 92 
ERR1308692 81 
ERR1308694 62 
ERR1308696 63 
ERR1308697 51 
ERR1308699 54 
ERR1308702 92 
ERR1308703 76 
ERR1308705 104 
ERR1308708 89 
ERR1308709 154 
ERR1308712 98 
ERR1308713 69 
ERR1308714 61 
ERR1308717 92 
ERR1308718 94 
ERR1308720 99 
ERR1308721 80 
ERR1308726 69 
ERR1308727 78 
ERR1308732 75 
ERR1308735 84 
ERR1308736 68 
ERR1308739 87 
ERR1308742 95 
ERR1308744 67 
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ERR1308746 137 
ERR1308748 75 
ERR1308749 57 
ERR1308750 85 
ERR1308752 69 
ERR1308753 115 
ERR1308757 95 
ERR1308759 117 
ERR1308760 76 
ERR1308764 126 
ERR1308765 88 
ERR1308768 140 
ERR1308771 79 
ERR1308773 106 
ERR1308775 75 
ERR1308776 62 
ERR1308777 111 
ERR1308778 82 
ERR1308779 61 
ERR1308780 48 
ERR1308785 128 
ERR1308786 74 
ERR1308787 97 
ERR1308789 113 
ERR1308790 61 
ERR1308797 48 
ERR1308798 44 
ERR1308799 94 
ERR1308800 42 
ERR1308801 53 
ERR1308802 110 
ERR1308803 82 
ERR1308804 103 
ERR1308810 54 
ERR1308813 80 
ERR1308815 68 
ERR1308818 79 
ERR1308819 78 
ERR1308821 96 
ERR1308822 97 
ERR1308826 90 
ERR1308827 27 
ERR1308828 89 
ERR1308829 128 
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ERR1308830 66 
ERR1308831 104 
ERR1308834 90 
ERR1308835 110 
ERR1308837 97 
ERR1308838 73 
ERR1308840 88 
ERR1308841 93 
ERR1308844 86 
ERR1308846 110 
ERR1308848 81 
ERR1308849 123 
ERR1308852 102 
ERR1308853 66 
ERR1308854 81 
ERR1308855 87 
ERR1308856 79 
ERR1308859 67 
ERR1308860 65 
ERR1308861 98 
ERR1308862 78 
ERR1308863 138 
ERR1308866 96 
ERR1308867 93 
ERR1308868 107 
ERR1308869 143 
ERR1308870 78 
ERR1308872 89 
ERR1308874 79 
ERR1308876 75 
ERR1308877 80 
ERR1308880 139 
ERR1308884 87 
ERR1308887 64 
ERR1308888 77 
ERR1308891 136 
ERR1308892 94 
ERR1308894 102 
ERR1308895 82 
ERR1308896 120 
ERR1308897 147 
ERR1308901 136 
ERR1308904 103 
ERR1308905 61 
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ERR1308906 93 
ERR1308907 132 
ERR1308908 41 
ERR1308910 122 
ERR1308911 84 
ERR1308913 76 
ERR1308914 86 
ERR1308918 114 
ERR1308921 75 
ERR1308922 106 
ERR1308925 85 
ERR1308926 100 
ERR1308927 67 
ERR1308930 95 
ERR1308931 128 
ERR1308935 111 
ERR1308936 97 
ERR1308938 95 
ERR1308940 91 
ERR1308941 51 
ERR1308943 94 
ERR1308944 101 
ERR1308947 98 
ERR1308951 110 
ERR1308952 225 
ERR1308953 89 
ERR1308954 66 
ERR1308955 94 
ERR1308957 52 
ERR1308959 67 
ERR1308963 117 
ERR1308965 116 
ERR1308968 86 
ERR1308970 61 
ERR1308971 90 
ERR1308972 158 
ERR1308973 103 
ERR1308977 104 
ERR1308978 80 
ERR1308981 120 
ERR1308982 65 
ERR1308986 59 
ERR1308988 135 
ERR1308989 131 
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ERR1308990 93 
ERR1308991 122 
ERR1308994 85 
ERR1308995 73 
ERR1308997 44 
ERR1309003 103 
ERR1309004 102 
ERR1309005 56 
ERR1309006 73 
ERR1309007 72 
ERR1309008 87 
ERR1309010 63 
ERR1309012 62 
ERR1309013 88 
ERR1309016 66 
ERR1309024 76 
ERR1309025 94 
ERR1309027 117 
ERR1309030 116 
ERR1309031 70 
ERR1309032 72 
ERR1309034 85 
ERR1309036 96 
ERR1309037 88 
ERR1309038 27 
ERR1309040 62 
ERR1309042 105 
ERR1309043 68 
ERR1309044 109 
ERR1309046 81 
ERR1309048 125 
ERR1309050 70 
ERR1309052 80 
ERR1309055 153 
ERR1309056 120 
ERR1309057 123 
ERR1309058 85 
ERR1309060 134 
ERR1309065 61 
ERR1309067 79 
ERR1309068 71 
ERR1309072 114 
ERR1309075 56 
ERR1309077 147 
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ERR1309078 78 
ERR1309081 75 
ERR1309082 76 
ERR1309083 84 
ERR1309087 62 
ERR1309090 74 
ERR1309091 80 
ERR1309093 83 
ERR1309096 112 
ERR1309099 54 
ERR1309102 86 
ERR1309103 101 
ERR1309105 76 
ERR1309106 115 
ERR1309109 98 
ERR1309112 87 
ERR1309115 61 
ERR1309116 97 
ERR1309117 79 
ERR1309118 140 
ERR1309123 149 
ERR1309124 105 
ERR1309126 104 
ERR1309127 96 
ERR1309130 101 
ERR1309134 51 
ERR1309135 75 
ERR1309136 98 
ERR1309142 82 
ERR1309143 91 
ERR1309149 104 
ERR1309150 84 
ERR1309151 87 
ERR1309152 102 
ERR1309153 99 
ERR1309158 75 
ERR1309160 183 
ERR1309162 58 
ERR1309163 79 
ERR1309166 96 
ERR1309167 199 
ERR1309168 114 
ERR1309171 87 
ERR1309172 86 
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ERR1309176 78 
ERR1309177 74 
ERR1309178 141 
ERR1309180 83 
ERR1309181 93 
ERR1309182 106 
ERR1309184 166 
ERR1309186 68 
ERR1309187 92 
ERR1309188 37 
ERR1309189 83 
ERR1309193 98 
ERR1309195 90 
ERR1309197 77 
ERR1309198 80 
ERR1309199 76 
ERR1309201 103 
ERR1309204 70 
ERR1309205 101 
ERR1309206 187 
ERR1309208 90 
ERR1309209 78 
ERR1309211 109 
ERR1309212 64 
ERR1309213 64 
ERR1309214 78 
ERR1309215 122 
ERR1309218 120 
ERR1309219 129 
ERR1309221 140 
ERR1309222 107 
ERR1309223 87 
ERR1309224 80 
ERR1309225 94 
ERR1309227 125 
ERR1309228 112 
ERR1309230 44 
ERR1309231 97 
ERR1309232 77 
ERR1309233 121 
ERR1309234 72 
ERR1309238 91 
ERR1309239 92 
ERR1309243 73 
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ERR1309244 87 
ERR1309245 119 
ERR1309246 79 
ERR1309247 85 
ERR1309248 94 
ERR1309252 172 
ERR1309254 59 
ERR1309255 68 
ERR1309256 69 
ERR1309261 97 
ERR1309263 78 
ERR1309264 123 
ERR1309265 51 
ERR1309269 131 
ERR1309272 87 
ERR1309275 104 
ERR1309279 65 
ERR1309280 61 
ERR1309281 80 
ERR1309284 92 
ERR1309285 73 
ERR1309286 144 
ERR1309287 119 
ERR1309290 158 
ERR1309292 63 
ERR1309295 138 
ERR1309298 98 
ERR1309302 106 
ERR1309306 92 
ERR1309307 89 
ERR1309309 81 
ERR1309310 95 
ERR1309311 74 
ERR1309312 76 
ERR1309315 104 
ERR1309316 50 
ERR1309317 122 
ERR1309318 149 
ERR1309319 85 
ERR1309320 105 
ERR1309321 61 
ERR1309322 77 
ERR1309323 86 
ERR1309324 75 
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ERR1309325 46 
ERR1309326 120 
ERR1309328 95 
ERR1309329 92 
ERR1309330 98 
ERR1309332 78 
ERR1309336 83 
ERR1309337 63 
ERR1309338 154 
ERR1309343 76 
ERR1309345 100 
ERR1309346 175 
ERR1309350 83 
ERR1309352 99 
ERR1309354 89 
ERR1309357 103 
ERR1309359 92 
ERR1309362 48 
ERR1309363 92 
ERR1309364 96 
ERR1309367 84 
ERR1309369 122 
ERR1309371 80 
ERR1309372 70 
ERR1309374 88 
ERR1309375 104 
ERR1309376 136 
ERR1309380 106 
ERR1309386 81 
ERR1309387 124 
ERR1309388 88 
ERR1309389 79 
ERR1309390 113 
ERR1309391 72 
ERR1309394 107 
ERR1309395 86 
ERR1309396 101 
ERR1309397 84 
ERR1309398 94 
ERR1309400 119 
ERR1309401 112 
ERR1309402 55 
ERR1309404 120 
ERR1309408 35 
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ERR1309409 103 
ERR1309411 81 
ERR1309413 74 
ERR1309418 53 
ERR1309419 58 
ERR1309421 57 
ERR1309424 102 
ERR1309425 80 
ERR1309426 40 
ERR1309428 129 
ERR1309430 121 
ERR1309432 37 
ERR1309434 104 
ERR1309435 100 
ERR1309436 59 
ERR1309439 70 
ERR1309441 67 
ERR1309443 48 
ERR1309445 59 
ERR1309446 59 
ERR1309447 129 
ERR1309448 100 
ERR1309449 73 
ERR1309453 51 
ERR1309454 98 
ERR1309458 81 
ERR1309461 117 
ERR1309462 53 
ERR1309463 92 
ERR1309465 119 
ERR1309471 174 
ERR1309473 102 
ERR1309474 104 
ERR1309475 98 
ERR1309476 74 
ERR1309477 66 
ERR1309478 80 
ERR1309479 106 
ERR1309480 75 
ERR1309482 43 
ERR1309485 87 
ERR1309488 111 
ERR1309489 56 
ERR1309492 97 
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ERR1309494 55 
ERR1309495 149 
ERR1309496 78 
ERR1309497 92 
ERR1309498 73 
ERR1309500 94 
ERR1309501 69 
ERR1309503 77 
ERR1309505 77 
ERR1309506 72 
ERR1309507 86 
ERR1309510 67 
ERR1309511 93 
ERR1309515 103 
ERR1309518 79 
ERR1309519 95 
ERR1309523 61 
ERR1309525 75 
ERR1309526 150 

arDNA copy number measured using my modal coverage pipeline 
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Appendix B. Table 3. rDNA copy number values for 83 haploid isolates from 1002 yeast genome 

project estimated using the modal coverage pipeline  

Accession No. Modal rDNA CN estimation 

ERR1309487 120 
ERR1308784 152 
ERR1309410 61 
ERR1309457 88 
ERR1308664 61 
ERR1308737 135 
ERR1309237 112 
ERR1308657 122 
ERR1308725 94 
ERR1309094 227 
ERR1309305 84 
ERR1309483 93 
ERR1309108 87 
ERR1308614 101 
ERR1309033 174 
ERR1308686 111 
ERR1308993 95 
ERR1308915 104 
ERR1309423 100 
ERR1308893 105 
ERR1308607 188 
ERR1308665 142 
ERR1308618 69 
ERR1309466 87 
ERR1308809 82 
ERR1308917 125 
ERR1309089 99 
ERR1309064 101 
ERR1308593 171 
ERR1309159 138 
ERR1309029 117 
ERR1308788 112 
ERR1309484 85 
ERR1309406 121 
ERR1308873 79 
ERR1308731 77 
ERR1308847 84 
ERR1308639 71 
ERR1309512 194 
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ERR1308679 150 
ERR1308680 56 
ERR1308983 106 
ERR1309131 139 
ERR1309521 113 
ERR1309513 67 
ERR1308937 130 
ERR1309509 79 
ERR1309273 83 
ERR1309486 82 
ERR1308817 55 
ERR1309035 60 
ERR1308845 69 
ERR1308858 63 
ERR1308762 68 
ERR1309110 136 
ERR1309524 144 
ERR1308638 85 
ERR1309258 80 
ERR1309241 77 
ERR1308636 107 
ERR1309041 164 
ERR1308781 64 
ERR1308924 95 
ERR1308738 150 
ERR1309499 137 
ERR1308934 101 
ERR1309240 106 
ERR1309019 80 
ERR1308770 34 
ERR1309437 100 
ERR1309200 115 
ERR1308949 40 
ERR1309173 53 
ERR1309438 124 
ERR1309220 88 
ERR1308690 81 
ERR1308824 62 
ERR1309517 117 
ERR1309294 71 
ERR1308658 171 
ERR1309111 112 
ERR1309017 87 
ERR1308745 182 
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Appendix B. Figure 1. Observed pairwise distances between the 1000 randomly shuffled rDNA 
copy number phylogenies and the genomic phylogeny taken from (Peter et al. 2018). The 
histograms show the distribution of distances between the genomic phylogeny and each of the 
shuffled rDNA copy number phylogenies based on (a) topology of the trees, (b) branch length of the 
trees, (c) path or edge length of the trees, (d) weighted path differences between the trees. The 
observed tree-to-tree distances (black arrows) are similar as expected under a null hypothesis of 
random similarity. Tree distances were calculated using treedist() function in R.  
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Appendix B. Figure 2. Sequence read coverage across rDNA locus for different isolates from 
1002 yeast genome project . Y-axis represents the coverage across the rDNA base positions (x-axis) 
of S. cerevisiae isolates from 1002 yeast genome project. The black horizontal line depicts the mean 
coverage value and red line depicts the median coverage.  
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Appendix C 

Chapter 4 Supplementary Materials 
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Appendix C. Table 1. rDNA copy number estimates for 430 individuals using modal coverage 

pipeline 

 

Individuals ID Continental 
Group 

Population  Modal CN 
estimation  

Study  

LP6005441-DNA_G08 Africa Mozabite 160 Mallick, 2016 
LP6005441-DNA_H08 Africa Mozabite 222 Mallick, 2016 
LP6005619-DNA_B01 Africa Saharawi 161 Mallick, 2016 
LP6005619-DNA_C01 Africa Saharawi 189 Mallick, 2016 
LP6005441-DNA_A08 Africa, sub-

Saharan 
Mbuti 204 Mallick, 2016 

LP6005441-DNA_A11 Africa, sub-
Saharan 

Ju hoan North 130 Mallick, 2016 

LP6005441-DNA_B02 Africa, sub-
Saharan 

BantuKenya 193 Mallick, 2016 

LP6005441-DNA_B08 Africa, sub-
Saharan 

Mbuti 218 Mallick, 2016 

LP6005441-DNA_E07 Africa, sub-
Saharan 

Mandenka 181 Mallick, 2016 

LP6005441-DNA_F07 Africa, sub-
Saharan 

Mandenka 194 Mallick, 2016 

LP6005441-DNA_G02 Africa, sub-
Saharan 

Biaka 221 Mallick, 2016 

LP6005442-DNA_A02 Africa, sub-
Saharan 

Yoruba 178 Mallick, 2016 

LP6005442-DNA_A10 Africa, sub-
Saharan 

Esan 179 Mallick, 2016 

LP6005442-DNA_B02 Africa, sub-
Saharan 

Yoruba 144 Mallick, 2016 

LP6005442-DNA_B10 Africa, sub-
Saharan 

Esan 191 Mallick, 2016 

LP6005442-DNA_D09 Africa, sub-
Saharan 

Somali 138 Mallick, 2016 

LP6005442-DNA_E11 Africa, sub-
Saharan 

Luhya 176 Mallick, 2016 

LP6005442-DNA_F09 Africa, sub-
Saharan 

Luo 176 Mallick, 2016 

LP6005442-DNA_F11 Africa, sub-
Saharan 

Luhya 206 Mallick, 2016 

LP6005442-DNA_G10 Africa, sub-
Saharan 

Gambian 147 Mallick, 2016 

LP6005442-DNA_G11 Africa, sub-
Saharan 

Mende 149 Mallick, 2016 

LP6005442-DNA_H10 Africa, sub-
Saharan 

Gambian 163 Mallick, 2016 

LP6005442-DNA_H11 Africa, sub-
Saharan 

Mende 172 Mallick, 2016 
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LP6005443-DNA_A01 Africa, sub-
Saharan 

BantuKenya 119 Mallick, 2016 

LP6005443-DNA_B09 Africa, sub-
Saharan 

Dinka 308 Mallick, 2016 

LP6005443-DNA_E02 Africa, sub-
Saharan 

BantuHerero 188 Mallick, 2016 

LP6005443-DNA_E06 Africa, sub-
Saharan 

Masai 161 Mallick, 2016 

LP6005443-DNA_F02 Africa, sub-
Saharan 

BantuTswana 184 Mallick, 2016 

LP6005443-DNA_F06 Africa, sub-
Saharan 

Masai 194 Mallick, 2016 

LP6005443-DNA_G02 Africa, sub-
Saharan 

BantuTswana 270 Mallick, 2016 

LP6005443-DNA_G08 Africa, sub-
Saharan 

Ju hoan North 179 Mallick, 2016 

LP6005443-DNA_H08 Africa, sub-
Saharan 

Dinka 188 Mallick, 2016 

LP6005592-DNA_C03 Africa, sub-
Saharan 

Mbuti 252 Mallick, 2016 

LP6005592-DNA_C05 Africa, sub-
Saharan 

Khomani San 225 Mallick, 2016 

LP6005677-DNA_D03 Africa, sub-
Saharan 

Khomani San 144 Mallick, 2016 

LP6005677-DNA_G01 Africa, sub-
Saharan 

Luo 174 Mallick, 2016 

SS6004470 Africa, sub-
Saharan 

Mandenka 213 Mallick, 2016 

SS6004471 Africa, sub-
Saharan 

Mbuti 265 Mallick, 2016 

SS6004473 Africa, sub-
Saharan 

Ju hoan North 172 Mallick, 2016 

SS6004475 Africa, sub-
Saharan 

Yoruba 185 Mallick, 2016 

SS6004480 Africa, sub-
Saharan 

Dinka 153 Mallick, 2016 

LP6005441-DNA_A12 America Surui 188 Mallick, 2016 
LP6005441-DNA_B04 America Piapoco 233 Mallick, 2016 
LP6005441-DNA_B12 America Surui 204 Mallick, 2016 
LP6005441-DNA_E10 America Pima 134 Mallick, 2016 
LP6005441-DNA_F10 America Pima 138 Mallick, 2016 
LP6005441-DNA_G06 America Karitiana 204 Mallick, 2016 
LP6005441-DNA_G07 America Mayan 176 Mallick, 2016 
LP6005441-DNA_H06 America Karitiana 245 Mallick, 2016 
LP6005441-DNA_H07 America Mayan 211 Mallick, 2016 
LP6005442-DNA_A07 America Cree 182 Mallick, 2016 
LP6005442-DNA_B07 America Cree 262 Mallick, 2016 
LP6005442-DNA_H06 America Chipewyan 173 Mallick, 2016 
LP6005443-DNA_A12 America Zapotec 181 Mallick, 2016 
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LP6005443-DNA_E11 America Mixe 179 Mallick, 2016 
LP6005443-DNA_F05 America Chipewyan 400 Mallick, 2016 
LP6005443-DNA_G11 America Mixtec 185 Mallick, 2016 
LP6005443-DNA_H11 America Mixtec 183 Mallick, 2016 
LP6005519-DNA_A03 America Nahua 119 Mallick, 2016 
LP6005519-DNA_B03 America Nahua 130 Mallick, 2016 
LP6005519-DNA_D01 America Chane 253 Mallick, 2016 
LP6005519-DNA_G02 America Quechua 150 Mallick, 2016 
LP6005677-DNA_E01 America Quechua 214 Mallick, 2016 
LP6005677-DNA_F01 America Quechua 205 Mallick, 2016 
SS6004476 America Karitiana 190 Mallick, 2016 
SS6004479 America Mixe 153 Mallick, 2016 
LP6005441-DNA_E08 Central Asia, 

Siberia 
Mongola 190 Mallick, 2016 

LP6005441-DNA_F08 Central Asia, 
Siberia 

Mongola 150 Mallick, 2016 

LP6005441-DNA_H02 Central Asia, 
Siberia 

Biaka 151 Mallick, 2016 

LP6005442-DNA_E12 Central Asia, 
Siberia 

Tubalar 186 Mallick, 2016 

LP6005442-DNA_F01 Central Asia, 
Siberia 

Yakut 195 Mallick, 2016 

LP6005442-DNA_F02 Central Asia, 
Siberia 

Altaian 168 Mallick, 2016 

LP6005442-DNA_F12 Central Asia, 
Siberia 

Tubalar 148 Mallick, 2016 

LP6005442-DNA_G12 Central Asia, 
Siberia 

Ulchi 186 Mallick, 2016 

LP6005442-DNA_H12 Central Asia, 
Siberia 

Ulchi 162 Mallick, 2016 

LP6005443-DNA_A03 Central Asia, 
Siberia 

Aleut 115 Mallick, 2016 

LP6005443-DNA_B03 Central Asia, 
Siberia 

Eskimo 
Sireniki 

172 Mallick, 2016 

LP6005443-DNA_B04 Central Asia, 
Siberia 

Even 144 Mallick, 2016 

LP6005443-DNA_C03 Central Asia, 
Siberia 

Chukchi 103 Mallick, 2016 

LP6005443-DNA_C04 Central Asia, 
Siberia 

Even 184 Mallick, 2016 

LP6005443-DNA_D02 Central Asia, 
Siberia 

Yakut 184 Mallick, 2016 

LP6005443-DNA_D03 Central Asia, 
Siberia 

Eskimo 
Chaplin 

160 Mallick, 2016 

LP6005443-DNA_D04 Central Asia, 
Siberia 

Itelman 174 Mallick, 2016 

LP6005443-DNA_D05 Central Asia, 
Siberia 

Tlingit 121 Mallick, 2016 

LP6005443-DNA_E05 Central Asia, 
Siberia 

Tlingit 143 Mallick, 2016 
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LP6005443-DNA_F03 Central Asia, 
Siberia 

Eskimo 
Naukan 

145 Mallick, 2016 

LP6005443-DNA_F04 Central Asia, 
Siberia 

Mansi 138 Mallick, 2016 

LP6005443-DNA_G03 Central Asia, 
Siberia 

Eskimo 
Naukan 

154 Mallick, 2016 

LP6005443-DNA_G04 Central Asia, 
Siberia 

Mansi 167 Mallick, 2016 

LP6005443-DNA_H02 Central Asia, 
Siberia 

Aleut 163 Mallick, 2016 

LP6005443-DNA_H03 Central Asia, 
Siberia 

Eskimo 
Sireniki 

199 Mallick, 2016 

LP6005592-DNA_F03 Central Asia, 
Siberia 

Even 155 Mallick, 2016 

LP6005677-DNA_A02 Central Asia, 
Siberia 

Kyrgyz 154 Mallick, 2016 

LP6005677-DNA_B02 Central Asia, 
Siberia 

Kyrgyz 138 Mallick, 2016 

LP6005441-DNA_A09 East Asia Naxi 138 Mallick, 2016 
LP6005441-DNA_B07 East Asia Lahu 138 Mallick, 2016 
LP6005441-DNA_B09 East Asia Naxi 149 Mallick, 2016 
LP6005441-DNA_C05 East Asia Han 204 Mallick, 2016 
LP6005441-DNA_C06 East Asia Japanese 166 Mallick, 2016 
LP6005441-DNA_C08 East Asia Miao 201 Mallick, 2016 
LP6005441-DNA_D04 East Asia Dai 159 Mallick, 2016 
LP6005441-DNA_D05 East Asia Han 159 Mallick, 2016 
LP6005441-DNA_D06 East Asia Japanese 183 Mallick, 2016 
LP6005441-DNA_D08 East Asia Miao 120 Mallick, 2016 
LP6005441-DNA_D12 East Asia Tu 182 Mallick, 2016 
LP6005441-DNA_E09 East Asia Oroqen 166 Mallick, 2016 
LP6005441-DNA_F04 East Asia Daur 176 Mallick, 2016 
LP6005441-DNA_F09 East Asia Oroqen 206 Mallick, 2016 
LP6005441-DNA_F12 East Asia Tujia 122 Mallick, 2016 
LP6005441-DNA_G05 East Asia Hezhen 131 Mallick, 2016 
LP6005441-DNA_H05 East Asia Hezhen 179 Mallick, 2016 
LP6005442-DNA_B01 East Asia Uygur 166 Mallick, 2016 
LP6005442-DNA_D01 East Asia Xibo 174 Mallick, 2016 
LP6005442-DNA_G01 East Asia Yi 153 Mallick, 2016 
LP6005442-DNA_H01 East Asia Yi 142 Mallick, 2016 
LP6005443-DNA_A02 East Asia Tujia 115 Mallick, 2016 
LP6005443-DNA_B01 East Asia Dai 229 Mallick, 2016 
LP6005443-DNA_B02 East Asia Uygur 125 Mallick, 2016 
LP6005443-DNA_C02 East Asia Xibo 187 Mallick, 2016 
LP6005443-DNA_C06 East Asia Korean 132 Mallick, 2016 
LP6005443-DNA_D06 East Asia Korean 182 Mallick, 2016 
LP6005443-DNA_E01 East Asia Lahu 162 Mallick, 2016 
LP6005443-DNA_E09 East Asia Naxi 149 Mallick, 2016 
LP6005443-DNA_F01 East Asia She 143 Mallick, 2016 
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LP6005443-DNA_G01 East Asia She 163 Mallick, 2016 
LP6005443-DNA_H01 East Asia Tu 164 Mallick, 2016 
LP6005592-DNA_C02 East Asia Japanese 166 Mallick, 2016 
LP6005592-DNA_D03 East Asia Dai 160 Mallick, 2016 
SS6004467 East Asia Dai 186 Mallick, 2016 
SS6004469 East Asia Han 228 Mallick, 2016 
LP6005592-DNA_B02 Oceania Maori 165 Mallick, 2016 
LP6005592-DNA_H03 Oceania Hawaiian 152 Mallick, 2016 
SS6004477 Oceania Australian 300 Mallick, 2016 
SS6004478 Oceania Australian 192 Mallick, 2016 
LP6005441-DNA_A03 Papua Bougainville 180 Mallick, 2016 
LP6005441-DNA_A10 Papua New Guinea 199 Mallick, 2016 
LP6005441-DNA_B03 Papua Bougainville 137 Mallick, 2016 
LP6005441-DNA_B10 Papua New Guinea 234 Mallick, 2016 
LP6005443-DNA_A08 Papua New Guinea 153 Mallick, 2016 
LP6005443-DNA_B08 Papua New Guinea 252 Mallick, 2016 
LP6005443-DNA_C07 Papua New Guinea 152 Mallick, 2016 
LP6005443-DNA_C08 Papua New Guinea 230 Mallick, 2016 
LP6005443-DNA_D07 Papua New Guinea 226 Mallick, 2016 
LP6005443-DNA_D08 Papua New Guinea 285 Mallick, 2016 
LP6005443-DNA_E07 Papua New Guinea 256 Mallick, 2016 
LP6005443-DNA_E08 Papua New Guinea 187 Mallick, 2016 
LP6005443-DNA_F07 Papua New Guinea 143 Mallick, 2016 
LP6005443-DNA_F08 Papua New Guinea 316 Mallick, 2016 
LP6005443-DNA_G07 Papua New Guinea 200 Mallick, 2016 
LP6005443-DNA_H07 Papua New Guinea 209 Mallick, 2016 
SS6004472 Papua New Guinea 195 Mallick, 2016 
LP6005441-DNA_C01 South Asia Balochi 190 Mallick, 2016 
LP6005441-DNA_C03 South Asia Brahui 151 Mallick, 2016 
LP6005441-DNA_C07 South Asia Makrani 232 Mallick, 2016 
LP6005441-DNA_C10 South Asia Pathan 187 Mallick, 2016 
LP6005441-DNA_D01 South Asia Balochi 174 Mallick, 2016 
LP6005441-DNA_D03 South Asia Brahui 165 Mallick, 2016 
LP6005441-DNA_D07 South Asia Makrani 170 Mallick, 2016 
LP6005441-DNA_D10 South Asia Pathan 178 Mallick, 2016 
LP6005441-DNA_E03 South Asia Burusho 154 Mallick, 2016 
LP6005441-DNA_E05 South Asia Hazara 189 Mallick, 2016 
LP6005441-DNA_E06 South Asia Kalash 109 Mallick, 2016 
LP6005441-DNA_F03 South Asia Burusho 150 Mallick, 2016 
LP6005441-DNA_F05 South Asia Hazara 157 Mallick, 2016 
LP6005441-DNA_F06 South Asia Kalash 202 Mallick, 2016 
LP6005441-DNA_G11 South Asia Sindhi 170 Mallick, 2016 
LP6005441-DNA_H11 South Asia Sindhi 167 Mallick, 2016 
LP6005442-DNA_A12 South Asia Punjabi 200 Mallick, 2016 
LP6005442-DNA_B12 South Asia Punjabi 130 Mallick, 2016 
LP6005442-DNA_G09 South Asia Bengali 147 Mallick, 2016 
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LP6005442-DNA_H09 South Asia Bengali 202 Mallick, 2016 
LP6005443-DNA_C09 South Asia Kusunda 171 Mallick, 2016 
LP6005443-DNA_D09 South Asia Kusunda 172 Mallick, 2016 
LP6005519-DNA_A04 South Asia Kapu 152 Mallick, 2016 
LP6005519-DNA_A05 South Asia Relli 151 Mallick, 2016 
LP6005519-DNA_B04 South Asia Kapu 123 Mallick, 2016 
LP6005519-DNA_B05 South Asia Relli 147 Mallick, 2016 
LP6005519-DNA_C04 South Asia Yadava 167 Mallick, 2016 
LP6005519-DNA_C05 South Asia Irula 145 Mallick, 2016 
LP6005519-DNA_D04 South Asia Yadava 140 Mallick, 2016 
LP6005519-DNA_D05 South Asia Irula 151 Mallick, 2016 
LP6005519-DNA_E04 South Asia Mala 147 Mallick, 2016 
LP6005519-DNA_E05 South Asia Khonda Dora 157 Mallick, 2016 
LP6005519-DNA_F04 South Asia Mala 180 Mallick, 2016 
LP6005519-DNA_G03 South Asia Brahmin 145 Mallick, 2016 
LP6005519-DNA_G04 South Asia Madiga 143 Mallick, 2016 
LP6005519-DNA_H03 South Asia Brahmin 145 Mallick, 2016 
LP6005519-DNA_H04 South Asia Madiga 107 Mallick, 2016 
LP6005592-DNA_A04 South Asia Punjabi 163 Mallick, 2016 
LP6005592-DNA_B04 South Asia Punjabi 187 Mallick, 2016 
LP6005592-DNA_E05 South Asia Sherpa 189 Mallick, 2016 
LP6005592-DNA_F05 South Asia Sherpa 189 Mallick, 2016 
LP6005592-DNA_G05 South Asia Tibetan 166 Mallick, 2016 
LP6005619-DNA_A01 South Asia Tibetan 196 Mallick, 2016 
LP6007071-DNA_A01 South Asia Kharia 190 Mallick, 2016 
LP6007072-DNA_A01 South Asia Kurumba 167 Mallick, 2016 
LP6007073-DNA_A01 South Asia Onge 261 Mallick, 2016 
LP6007074-DNA_A01 South Asia Onge 188 Mallick, 2016 
LP6007075-DNA_A01 South Asia Mala 228 Mallick, 2016 
LP6007076-DNA_A01 South Asia Kashmiri 

Pandit 
150 Mallick, 2016 

LP6005441-DNA_G03 Southeast Asia Cambodian 185 Mallick, 2016 
LP6005441-DNA_H03 Southeast Asia Cambodian 182 Mallick, 2016 
LP6005442-DNA_C11 Southeast Asia Kinh 164 Mallick, 2016 
LP6005442-DNA_D11 Southeast Asia Kinh 295 Mallick, 2016 
LP6005443-DNA_A07 Southeast Asia Thai 139 Mallick, 2016 
LP6005443-DNA_B07 Southeast Asia Thai 136 Mallick, 2016 
LP6005519-DNA_A06 Southeast Asia Burmese 166 Mallick, 2016 
LP6005519-DNA_B06 Southeast Asia Burmese 152 Mallick, 2016 
LP6005441-DNA_A01 West Eurasia Adygei 142 Mallick, 2016 
LP6005441-DNA_A05 West Eurasia French 151 Mallick, 2016 
LP6005441-DNA_A06 West Eurasia Bergamo 132 Mallick, 2016 
LP6005441-DNA_B01 West Eurasia Adygei 147 Mallick, 2016 
LP6005441-DNA_B05 West Eurasia French 130 Mallick, 2016 
LP6005441-DNA_B06 West Eurasia Bergamo 130 Mallick, 2016 
LP6005441-DNA_C02 West Eurasia Basque 153 Mallick, 2016 
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LP6005441-DNA_C09 West Eurasia Orcadian 142 Mallick, 2016 
LP6005441-DNA_C11 West Eurasia Sardinian 157 Mallick, 2016 
LP6005441-DNA_D02 West Eurasia Basque 179 Mallick, 2016 
LP6005441-DNA_D11 West Eurasia Sardinian 121 Mallick, 2016 
LP6005441-DNA_E02 West Eurasia BedouinB 227 Mallick, 2016 
LP6005441-DNA_F02 West Eurasia BedouinB 179 Mallick, 2016 
LP6005441-DNA_G04 West Eurasia Druze 171 Mallick, 2016 
LP6005441-DNA_G09 West Eurasia Palestinian 148 Mallick, 2016 
LP6005441-DNA_G10 West Eurasia Russian 170 Mallick, 2016 
LP6005441-DNA_G12 West Eurasia Tuscan 148 Mallick, 2016 
LP6005441-DNA_H09 West Eurasia Palestinian 96 Mallick, 2016 
LP6005441-DNA_H10 West Eurasia Russian 187 Mallick, 2016 
LP6005441-DNA_H12 West Eurasia Tuscan 187 Mallick, 2016 
LP6005442-DNA_A03 West Eurasia Bulgarian 129 Mallick, 2016 
LP6005442-DNA_A04 West Eurasia Georgian 188 Mallick, 2016 
LP6005442-DNA_A08 West Eurasia Hungarian 171 Mallick, 2016 
LP6005442-DNA_A11 West Eurasia Spanish 208 Mallick, 2016 
LP6005442-DNA_B03 West Eurasia Bulgarian 192 Mallick, 2016 
LP6005442-DNA_B04 West Eurasia Georgian 225 Mallick, 2016 
LP6005442-DNA_B11 West Eurasia Spanish 193 Mallick, 2016 
LP6005442-DNA_C02 West Eurasia Abkhasian 187 Mallick, 2016 
LP6005442-DNA_C04 West Eurasia Iranian 130 Mallick, 2016 
LP6005442-DNA_C10 West Eurasia Finnish 118 Mallick, 2016 
LP6005442-DNA_D02 West Eurasia Abkhasian 203 Mallick, 2016 
LP6005442-DNA_D03 West Eurasia Chechen 165 Mallick, 2016 
LP6005442-DNA_D08 West Eurasia Icelandic 185 Mallick, 2016 
LP6005442-DNA_D10 West Eurasia Finnish 184 Mallick, 2016 
LP6005442-DNA_E04 West Eurasia Jordanian 176 Mallick, 2016 
LP6005442-DNA_E10 West Eurasia English 214 Mallick, 2016 
LP6005442-DNA_F04 West Eurasia Jordanian 181 Mallick, 2016 
LP6005442-DNA_F10 West Eurasia English 163 Mallick, 2016 
LP6005442-DNA_G02 West Eurasia Armenian 183 Mallick, 2016 
LP6005442-DNA_G03 West Eurasia Estonian 184 Mallick, 2016 
LP6005442-DNA_G04 West Eurasia Lezgin 112 Mallick, 2016 
LP6005442-DNA_G07 West Eurasia Greek 124 Mallick, 2016 
LP6005442-DNA_H03 West Eurasia Estonian 187 Mallick, 2016 
LP6005442-DNA_H04 West Eurasia Lezgin 223 Mallick, 2016 
LP6005443-DNA_A06 West Eurasia Greek 157 Mallick, 2016 
LP6005443-DNA_B06 West Eurasia Icelandic 121 Mallick, 2016 
LP6005443-DNA_B10 West Eurasia Iranian 163 Mallick, 2016 
LP6005443-DNA_D01 West Eurasia Druze 210 Mallick, 2016 
LP6005443-DNA_E10 West Eurasia North 

Ossetian 
163 Mallick, 2016 

LP6005443-DNA_F10 West Eurasia North 
Ossetian 

177 Mallick, 2016 

LP6005443-DNA_H05 West Eurasia Czech 120 Mallick, 2016 
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LP6005519-DNA_C03 West Eurasia Tajik 186 Mallick, 2016 
LP6005519-DNA_D03 West Eurasia Tajik 148 Mallick, 2016 
LP6005519-DNA_F03 West Eurasia Armenian 147 Mallick, 2016 
LP6005592-DNA_A02 West Eurasia Finnish 99 Mallick, 2016 
LP6005592-DNA_B01 West Eurasia Norwegian 176 Mallick, 2016 
LP6005592-DNA_B03 West Eurasia Palestinian 109 Mallick, 2016 
LP6005592-DNA_C01 West Eurasia Saami 149 Mallick, 2016 
LP6005592-DNA_D01 West Eurasia Saami 254 Mallick, 2016 
LP6005592-DNA_D04 West Eurasia Samaritan 133 Mallick, 2016 
LP6005592-DNA_E01 West Eurasia Iraqi Jew 123 Mallick, 2016 
LP6005592-DNA_E02 West Eurasia Polish 133 Mallick, 2016 
LP6005592-DNA_F01 West Eurasia Iraqi Jew 145 Mallick, 2016 
LP6005592-DNA_G01 West Eurasia Yemenite Jew 127 Mallick, 2016 
LP6005592-DNA_G03 West Eurasia Jordanian 233 Mallick, 2016 
LP6005592-DNA_H01 West Eurasia Yemenite Jew 148 Mallick, 2016 
LP6005677-DNA_A03 West Eurasia Turkish 181 Mallick, 2016 
LP6005677-DNA_B01 West Eurasia Albanian 209 Mallick, 2016 
LP6005677-DNA_C03 West Eurasia Turkish 163 Mallick, 2016 
LP6007068-DNA_A01 West Eurasia Crete 225 Mallick, 2016 
LP6007069-DNA_A01 West Eurasia Crete 227 Mallick, 2016 
SS6004468 West Eurasia French 140 Mallick, 2016 
SS6004474 West Eurasia Sardinian 164 Mallick, 2016 
LP6005442-DNA_C07 West ISEA Taiwan 185 Mallick, 2016 
LP6005442-DNA_E07 West ISEA Taiwan 154 Mallick, 2016 
LP6005443-DNA_G05 West ISEA Taiwan 206 Mallick, 2016 
LP6005519-DNA_C06 West ISEA Philippines 204 Mallick, 2016 
LP6005519-DNA_D06 West ISEA Philippines 245 Mallick, 2016 
LP6005519-DNA_E06 West ISEA Borneo 133 Mallick, 2016 
LP6005519-DNA_F06 West ISEA Borneo 165 Mallick, 2016 
ALK-TBR-025 East ISEA Tanimbar 255 Hudjashov, 2017 
ALR03 East ISEA Alor 229 Hudjashov, 2017 
ALR04 East ISEA Alor 253 Hudjashov, 2017 
ALR06 East ISEA Alor 266 Hudjashov, 2017 
ALR11 East ISEA Alor 275 Hudjashov, 2017 
ALR21 East ISEA Alor 171 Hudjashov, 2017 
BNA01 East ISEA Flores 233 Hudjashov, 2017 
BNA03 East ISEA Flores 174 Hudjashov, 2017 
BNA05 East ISEA Flores 219 Hudjashov, 2017 
BNA12 East ISEA Flores 271 Hudjashov, 2017 
BNA14 East ISEA Flores 239 Hudjashov, 2017 
BNA21 East ISEA Flores 299 Hudjashov, 2017 
BNA22 East ISEA Flores 295 Hudjashov, 2017 
BNA25 East ISEA Flores 271 Hudjashov, 2017 
BNA26 East ISEA Flores 231 Hudjashov, 2017 
BNA29 East ISEA Flores 397 Hudjashov, 2017 
BNA32 East ISEA Flores 274 Hudjashov, 2017 
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BNA40 East ISEA Flores 211 Hudjashov, 2017 
BRE05 East ISEA Flores 173 Hudjashov, 2017 
BRE06 East ISEA Flores 218 Hudjashov, 2017 
BRE10 East ISEA Flores 276 Hudjashov, 2017 
CBL002 East ISEA Flores 252 Hudjashov, 2017 
CBL006 East ISEA Flores 313 Hudjashov, 2017 
CBL010 East ISEA Flores 170 Hudjashov, 2017 
CBL018 East ISEA Flores 197 Hudjashov, 2017 
CBL019 East ISEA Flores 198 Hudjashov, 2017 
CBL022 East ISEA Flores 291 Hudjashov, 2017 
CBL025 East ISEA Flores 241 Hudjashov, 2017 
CBL027 East ISEA Flores 199 Hudjashov, 2017 
CBL054 East ISEA Flores 260 Hudjashov, 2017 
CBL33 East ISEA Flores 151 Hudjashov, 2017 
CBL34 East ISEA Flores 194 Hudjashov, 2017 
CBL49 East ISEA Flores 204 Hudjashov, 2017 
CBL55 East ISEA Flores 220 Hudjashov, 2017 
DTT-KEI-006 East ISEA Kei 203 Hudjashov, 2017 
DTT-KEI-031 East ISEA Kei 250 Hudjashov, 2017 
FAN-KEI-011 East ISEA Kei 242 Hudjashov, 2017 
FAN-KEI-024 East ISEA Kei 280 Hudjashov, 2017 
FDT-TBR-004 East ISEA Tanimbar 236 Hudjashov, 2017 
FLT018 East ISEA Lembata 278 Hudjashov, 2017 
FLT020 East ISEA Lembata 160 Hudjashov, 2017 
FLT022 East ISEA Lembata 247 Hudjashov, 2017 
FLT042 East ISEA Lembata 219 Hudjashov, 2017 
FLT060 East ISEA Lembata 306 Hudjashov, 2017 
FLT077 East ISEA Lembata 270 Hudjashov, 2017 
FLT078 East ISEA Lembata 220 Hudjashov, 2017 
MKT-TBR-007 East ISEA Tanimbar 175 Hudjashov, 2017 
RAM003 East ISEA Flores 227 Hudjashov, 2017 
RAM005 East ISEA Flores 201 Hudjashov, 2017 
RAM008 East ISEA Flores 215 Hudjashov, 2017 
RAM022 East ISEA Flores 232 Hudjashov, 2017 
RAM024 East ISEA Flores 217 Hudjashov, 2017 
RAM025 East ISEA Flores 202 Hudjashov, 2017 
RAM027 East ISEA Flores 296 Hudjashov, 2017 
RAM034 East ISEA Flores 170 Hudjashov, 2017 
RAM035 East ISEA Flores 234 Hudjashov, 2017 
RAM036 East ISEA Flores 230 Hudjashov, 2017 
RAM038 East ISEA Flores 218 Hudjashov, 2017 
RAM039 East ISEA Flores 280 Hudjashov, 2017 
RAM041 East ISEA Flores 178 Hudjashov, 2017 
RAM043 East ISEA Flores 161 Hudjashov, 2017 
RAM045 East ISEA Flores 171 Hudjashov, 2017 
RAM046 East ISEA Flores 200 Hudjashov, 2017 
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RAM067 East ISEA Flores 190 Hudjashov, 2017 
RAM087 East ISEA Flores 292 Hudjashov, 2017 
RAM105 East ISEA Flores 307 Hudjashov, 2017 
SLD-TBR-001 East ISEA Tanimbar 178 Hudjashov, 2017 
SLD-TBR-022 East ISEA Tanimbar 301 Hudjashov, 2017 
TMB-TBR-027 East ISEA Tanimbar 213 Hudjashov, 2017 
MPI-025 Papua New Guinea 283 Hudjashov, 2017 
MPI-030 Papua New Guinea 315 Hudjashov, 2017 
MPI-065 Papua New Guinea 256 Hudjashov, 2017 
MPI-070 Papua New Guinea 280 Hudjashov, 2017 
MPI-074 Papua New Guinea 234 Hudjashov, 2017 
MPI-296 Papua New Guinea 293 Hudjashov, 2017 
MPI-376 Papua New Guinea 172 Hudjashov, 2017 
NG02 Papua New Guinea 210 Hudjashov, 2017 
NG06 Papua New Guinea 246 Hudjashov, 2017 
NG09 Papua New Guinea 235 Hudjashov, 2017 
NG63 Papua New Guinea 270 Hudjashov, 2017 
NG65 Papua New Guinea 378 Hudjashov, 2017 
NG66 Papua New Guinea 207 Hudjashov, 2017 
NG88 Papua New Guinea 301 Hudjashov, 2017 
BLI615 West ISEA Bali 179 Hudjashov, 2017 
DNG02 West ISEA Java 254 Hudjashov, 2017 
DNG05 West ISEA Java 179 Hudjashov, 2017 
DNG06 West ISEA Java 218 Hudjashov, 2017 
DNG09 West ISEA Java 215 Hudjashov, 2017 
DNG17 West ISEA Java 205 Hudjashov, 2017 
DNG32 West ISEA Java 290 Hudjashov, 2017 
DNG34 West ISEA Java 214 Hudjashov, 2017 
KJG02 West ISEA Sulawesi 228 Hudjashov, 2017 
KJG04 West ISEA Sulawesi 370 Hudjashov, 2017 
KJG08 West ISEA Sulawesi 223 Hudjashov, 2017 
KJG18 West ISEA Sulawesi 268 Hudjashov, 2017 
KJG25 West ISEA Sulawesi 163 Hudjashov, 2017 
KJG32 West ISEA Sulawesi 255 Hudjashov, 2017 
MTW007 West ISEA Mentawai 197 Hudjashov, 2017 
MTW020 West ISEA Mentawai 230 Hudjashov, 2017 
MTW024 West ISEA Mentawai 238 Hudjashov, 2017 
MTW030 West ISEA Mentawai 207 Hudjashov, 2017 
MTW057 West ISEA Mentawai 300 Hudjashov, 2017 
MTW058 West ISEA Mentawai 249 Hudjashov, 2017 
MTW062 West ISEA Mentawai 266 Hudjashov, 2017 
MTW066 West ISEA Mentawai 260 Hudjashov, 2017 
MTW071 West ISEA Mentawai 271 Hudjashov, 2017 
MTW078 West ISEA Mentawai 290 Hudjashov, 2017 
NIAS01 West ISEA Nias 251 Hudjashov, 2017 
NIAS02 West ISEA Nias 267 Hudjashov, 2017 
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NIAS03 West ISEA Nias 294 Hudjashov, 2017 
NIAS04 West ISEA Nias 335 Hudjashov, 2017 
NIAS08 West ISEA Nias 330 Hudjashov, 2017 
NIAS10 West ISEA Nias 279 Hudjashov, 2017 
NIAS12 West ISEA Nias 294 Hudjashov, 2017 
NIAS13 West ISEA Nias 220 Hudjashov, 2017 
NIAS15 West ISEA Nias 291 Hudjashov, 2017 
NIAS16 West ISEA Nias 220 Hudjashov, 2017 
NIAS17 West ISEA Nias 336 Hudjashov, 2017 
NIAS21 West ISEA Nias 137 Hudjashov, 2017 
NIAS26 West ISEA Nias 294 Hudjashov, 2017 
NIAS33 West ISEA Nias 207 Hudjashov, 2017 
NIAS38/NIAS38d West ISEA Nias 702/216 Hudjashov, 2017 
SLW13 West ISEA Sulawesi 260 Hudjashov, 2017 
SLW36 West ISEA Sulawesi 290 Hudjashov, 2017 
SLW40 West ISEA Sulawesi 224 Hudjashov, 2017 
SLW42 West ISEA Sulawesi 254 Hudjashov, 2017 
SLW51 West ISEA Sulawesi 223 Hudjashov, 2017 
SLW54 West ISEA Sulawesi 246 Hudjashov, 2017 
SMT01 West ISEA Sumatra 295 Hudjashov, 2017 
SMT03 West ISEA Sumatra 361 Hudjashov, 2017 
SMT05 West ISEA Sumatra 165 Hudjashov, 2017 
SMT12 West ISEA Sumatra 118 Hudjashov, 2017 
SMT22 West ISEA Sumatra 248 Hudjashov, 2017 
SMT23 West ISEA Sumatra 221 Hudjashov, 2017 
SMT39 West ISEA Sumatra 197 Hudjashov, 2017 
TL003 West ISEA Borneo 205 Hudjashov, 2017 
TL004 West ISEA Borneo 206 Hudjashov, 2017 
TL032 West ISEA Borneo 233 Hudjashov, 2017 
TL038 West ISEA Borneo 164 Hudjashov, 2017 
TL097 West ISEA Borneo 320 Hudjashov, 2017 
TL113 West ISEA Borneo 281 Hudjashov, 2017 
TL119 West ISEA Borneo 276 Hudjashov, 2017 
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Appendix C. Table 2. Tukey HSD analyses of rDNA copy number between the populations from 

the Mallick dataset 

Population comparisons p value 
Africa, sub-Saharan-Africa 0.999999994 
America-Africa 0.999999997 
Central Asia, Siberia-Africa 0.972971144 
East Asia-Africa 0.995123986 
Oceania-Africa 0.999544416 
Papua-Africa 0.964528278 
South Asia-Africa 0.999319761 
Southeast Asia-Africa 0.999999985 
West Eurasia-Africa 0.996236883 
West ISEA-Africa 1 
America-Africa, sub-Saharan 1 
Central Asia, Siberia-Africa, sub-Saharan 0.056078563 
East Asia-Africa, sub-Saharan 0.158554422 
Oceania-Africa, sub-Saharan 0.999377815 
Papua-Africa, sub-Saharan 0.591246491 
South Asia-Africa, sub-Saharan 0.317188126 
Southeast Asia-Africa, sub-Saharan 0.999724913 
West Eurasia-Africa, sub-Saharan 0.072941506 
West ISEA-Africa, sub-Saharan 0.999999999 
Central Asia, Siberia-America 0.140550995 
East Asia-America 0.324743573 
Oceania-America 0.999429091 
Papua-America 0.686580069 
South Asia-America 0.545066913 
Southeast Asia-America 0.999853931 
West Eurasia-America 0.23242801 

West ISEA-America 1 
East Asia-Central Asia, Siberia 0.999967519 
Oceania-Central Asia, Siberia 0.447120377 
Papua-Central Asia, Siberia 0.00033707 

South Asia-Central Asia, Siberia 0.99040916 
Southeast Asia-Central Asia, Siberia 0.968460381 
West Eurasia-Central Asia, Siberia 0.999433353 
West ISEA-Central Asia, Siberia 0.828415066 
Oceania-East Asia 0.618899017 
Papua-East Asia 0.00112992 

South Asia-East Asia 0.999983726 
Southeast Asia-East Asia 0.996827392 
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West Eurasia-East Asia 1 
West ISEA-East Asia 0.947366153 
Papua-Oceania 0.999999752 
South Asia-Oceania 0.751679902 
Southeast Asia-Oceania 0.987450507 
West Eurasia-Oceania 0.622269918 
West ISEA-Oceania 0.999377531 
South Asia-Papua 0.0027239 

Southeast Asia-Papua 0.591307648 
West Eurasia-Papua 0.00033328 

West ISEA-Papua 0.906375009 
Southeast Asia-South Asia 0.999847199 
West Eurasia-South Asia 0.999995 
West ISEA-South Asia 0.987597457 
West Eurasia-Southeast Asia 0.997628017 
West ISEA-Southeast Asia 0.999999152 
West ISEA-West Eurasia 0.950822103 
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