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Repetitive sequence variation and dynamics in the
ribosomal DNA array of Saccharomyces cerevisiae as
revealed by whole-genome resequencing

Stephen A. James,'* Michael |.T. O’Kelly,%*> David M. Carter,?® Robert P. Davey,'

Alexander van Oudenaarden,? and lan N. Roberts

1,7

"National Collection of Yeast Cultures, Institute of Food Research, Norwich Research Park, Colney, Norwich NR4 7UA,
United Kingdom; ?Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA;
3Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 1HH, United Kingdom

Ribosomal DNA (rDNA) plays a key role in ribosome biogenesis, encoding genes for the structural RNA components of
this important cellular organelle. These genes are vital for efficient functioning of the cellular protein synthesis machinery
and as such are highly conserved and normally present in high copy numbers. In the baker’s yeast Saccharomyces cerevisiae,
there are more than 100 rDNA repeats located at a single locus on chromosome XII. Stability and sequence homogeneity
of the rDNA array is essential for function, and this is achieved primarily by the mechanism of gene conversion. Detecting
variation within these arrays is extremely problematic due to their large size and repetitive structure. In an attempt to
address this, we have analyzed over 35 Mbp of rDNA sequence obtained from whole-genome shotgun sequencing (WGSS)
of 34 strains of S. cerevisiae. Contrary to expectation, we find significant rDNA sequence variation exists within individual
genomes. Many of the detected polymorphisms are not fully resolved. For this type of sequence variation, we introduce
the term partial single nucleotide polymorphism, or pSNP. Comparative analysis of the complete data set reveals that
different S. cerevisiae genomes possess different patterns of -DNA polymorphism, with much of the variation located within
the rapidly evolving nontranscribed intergenic spacer (IGS) region. Furthermore, we find that strains known to have
either structured or mosaic/hybrid genomes can be distinguished from one another based on rDNA pSNP number,
indicating that pSNP dynamics may provide a reliable new measure of genome origin and stability.

[Supplemental material is available online at www.genome.org.]

In the baker’s yeast Saccharomyces cerevisiae, the rDNA array, which
typically comprises of between 150 and 200 tandem repeats de-
pending on the strain, occupies ~60% of chromosome XII (Petes
1979; Kobayashi et al. 1998; Kobayashi 2006). In the case of S.
cerevisiae, each repeat comprises of four ribosomal RNA (rRNA)
genes, the large subunit (LSU) (also referred to as the 26S rRNA),
small subunit (SSU) (also referred to as the 18S rRNA), 5.8S and 5S
rRNA genes, as well as two internal transcribed spacers (ITS1 and
ITS2), two external transcribed spacers (ETS1 and ETS2), and
a large intergenic spacer (IGS) (Fig. 1). Due to its large size (~1.5
Mbp), and coupled with its highly repetitive structure, accurate
and reliable sequence assembly of the entire tDNA array is im-
possible by current sequencing methods. Indeed, when the first
genome sequence of a eukaryotic organism, namely, S. cerevisiae
strain $288c, was determined, only the sequences for the terminal
left- and right-hand rDNA repeats were published (Goffeau et al.
1996). Both repeats were found to have identical (9.1-kb) sequences
and the rest of the array repeats were assumed, by default, to be
identical as a result of rapid homogenization predicted by gene
conversion (Gangloff et al. 1996). High levels of sequence identity
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between individual (rfDNA) repeats have also been reported for
many other eukaryotes (for review, see Eickbush and Eickbush
2007); however, such assumptions overlook the possibility that
cryptic variation may exist in large tandem repeat arrays. This
type of variation is difficult to detect and even when found can
easily be overlooked or dismissed as sequencing errors (O’Donnell
and Cigelnik 1997). Evidence to suggest that some degree of se-
quence variation can exist within yeast tDNA arrays comes from
two recent studies. In Clavispora lusitaniae, strains have been
found that display intragenomic sequence heterogeneity in the
D1/D2 variable domains of the large-subunit rDNA (Lachance
et al. 2003). Likewise, in a phylogenetic analysis of Saccharomyces
sensu stricto strains, Montrocher et al. (1998) found that repeated
attempts to sequence the PCR-amplified ITS region from the S.
cerevisiae type strain (CBS 11717) failed, indicating that this strain
appears to possess more than one type of ITS sequence.

With the advent of whole-genome shotgun sequencing (WGSS),
the opportunity has arisen, not only to be able to search for
variation within large repeat arrays such as the rDNA but also to
quantify such variation should it exist. The advantage of the
WGSS approach is that, in theory, all regions of the target genome
receive equal coverage. In essence, each repeat is equally likely to
contribute to the final data set. This means that WGSS data is
well-suited for determining the absolute level of sequence varia-
tion within a specific repeat array. This approach was used re-
cently in two separate studies examining rDNA sequence
variation, one focusing on Drosophila (Stage and Eickbush 2007)
and the other on fungi (Ganley and Kobayashi 2007). In the
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Figure 1. Distribution of (base substitution-only) polymorphisms, occurring in 100-bp bins, in the S. cerevisiae rDNA array derived from the combined

sequence data of 34 different strains of S. cerevisiae (Table 1; Supplemental Table 1).

Drosophila study, Stage and Eickbush (2007) analyzed sequencing
reads obtained from the WGSS projects of 12 Drosophila species,
and identified variation in more than 3% of the rDNA repeats for
11 of these species, with the majority of detected variation located
in the noncoding ETS and IGS regions of the rDNA repeat. In the
fungal study, which focused on five different fungi, including
three species of yeast (viz. Cryptococcus neoformans, S. cerevisiae,
and Saccharomyces paradoxus), Ganley and Kobayashi (2007)
found that very little variation appears to exist within the rDNA
arrays of these eukaryotic microorganisms. Indeed, in the case of
S. cerevisiae, only four polymorphisms, all regarded to be of high
confidence by the investigators, were detected, evenly distributed
across the entire rDNA repeat, of which only two were found to be
present on a relatively high number of sequence reads. To in-
vestigate this in far greater depth, we have analyzed over 35 Mbp
of rDNA sequence data (a total of 44,443 individual sequencing
reads) for 34 different strains of S. cerevisiae, obtained from the
Wellcome Trust Sanger Institute as part of the Saccharomyces Ge-
nome Resequencing Project (SGRP) (www.sanger.ac.uk/Teams/
Team118/sgrp), a population genomics study of S. cerevisiae and
its close wild relative S. paradoxus (Liti et al. 2009). The selected S.
cerevisiae strains, whose genomes were sequenced to varying
depths of coverage, were isolated from a wide variety of sources,
including baking, brewing, laboratory, pathogenic, pro-biotic,
and environmental, and from numerous locations around the
world (Supplemental Table 1; Liti et al. 2009),

In this study, we identified all the rDNA-specific shotgun reads
from the complete SGRP WGSS data set for each individual strain,
and aligned these against the rDNA consensus sequence of the
S. cerevisiae reference strain (S288c¢) to look for base substitution-
only type polymorphisms. Stringent quality score filtering was
employed to minimize the expected number of false positives, due
to either the introduction of non-rDNA sequences or sequencing
error (for details, see Methods). The results provide an un-
precedented in-depth insight into both the differing levels of vari-
ation found to exist within different S. cerevisiae TDNA arrays and its
distribution. Furthermore, we show how partial single nucleotide

polymorphism (pSNP) variation and dynamics can be used as
a means to differentiate between strains with structured “clean”
genomes and strains with genomes of hybrid or “mosaic” origin
(Liti et al.2009).

Results

As previously commented on by Ganley and Kobayashi (2007),
the high similarity between individual repeats within the rDNA
means it is impossible to establish from which repeat in the array
any particular sequence read originates. Instead, the sequence data
reduce to a single repeat consensus alignment for each strain with
coverage determined by the tDNA copy number, which in §. cer-
evisiae typically ranges from 150-200 copies per haploid genome
(Petes 1979; Kobayashi et al. 1998), and the level of genome se-
quencing coverage. In the case of the 34 strains included in this
study, genome coverage ranges from a depth of 0.65 (NCYC 361)
to 3.83 for (Y55) (see Table 4, below; Liti et al. 2009). The number
of tDNA-specific reads divided by the total number of reads (per
strain) was used to determine how much of each genome is made
up of rDNA. Using the SGRP estimates of the genome size for each
strain, coupled with the known length of the S. cerevisiae IDNA
repeat (9.1 kb) (Goffeau et al. 1996), an estimate of the IDNA copy
number for each strain was calculated. Taken together, rtDNA
coverage was calculated for each individual strain, with the aver-
age coverage determined to be 140.36 reads per nucleotide (see
Supplemental Table 1). As discussed by Stage and Eickbush (2007),
differentiating between authentic sequence variation and se-
quencing errors is often complicated by recurring errors (i.e., the
same error detected in multiple traces of the same sequence) and is
especially compounded in large repeat arrays, where high copy
number can give rise to hundreds of reads covering each in-
dividual repeat region. In an effort to reduce the likelihood of
introducing false positives into the data set due to sequencing
errors, we have used a stringent filtering strategy based on phred
quality (q) scores (for details, see Methods) to identify base
substitution-only type polymorphisms. We have mapped their

Genome Research 627
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on January 25, 2013 - Published by Cold Spring Harbor Laboratory Press

James et al.

positions in relation to the S$288c rDNA repeat consensus sequence
(Goffeau et al. 1996) for each individual S. cerevisiae TDNA array.
Polymorphisms found on single reads (referred to as single read
polymorphisms) unique to individual strains were also excluded,
as we could not reliably discount the possibility that these had
arisen due to sequencing error. In the case of UWOPS83-787-3,
this led to a substantial reduction in the total number of poly-
morphisms identified (from 158 to 76). Many of the UWOPS83-
787-3 single read polymorphisms were found to occur in small
clusters dispersed across 1GS2, indicating further research is re-
quired. A list of all the single read polymorphisms excluded from
our final analyses (a total of 88 “putative” polymorphisms) is
presented in Supplemental Table 2.

Sequence variation within individual rDNA arrays

Accurate and reliable inter- and intra-specific alignment of highly
variable regions of DNA, such as the rDNA IGS region that includes
a number of long homopolymeric polyA and polyT tracts (Skryabin
et al. 1984; Jemtland et al. 1986; Goffeau et al. 1996), can prove
problematic. The presence of indels (insertions and deletions),
which can often extend over multiple positions, particularly in long
homopolymeric tracts, are difficult to count in a consistent and
unbiased way. For this reason, we restricted our current study to the
detection and comparative analysis of base substitution-only type
polymorphisms (i.e., transitions and transversions).

Contrary to expectation and despite the exclusion of indels
from our analyses, we nevertheless found the level of variation
within individual S. cerevisiae TDNA arrays to be remarkably high, dif-
fering quite markedly between strains (ranging from 10 polymor-
phisms in DBVPG 1788 to 76 polymorphisms in UWOPS83_787.3)
(Table 1). Figure 1 is based on the combined sequence data for all
34 strains and shows the distribution of base substitution-only
polymorphisms, occurring in 100-bp bins, over the entire S. cer-
evisiae TDNA repeat. In total, 227 polymorphic sites were identi-
fied: 44 sites in the rRNA-encoding genes (five in the 18S, 35 in
the 26S, and three in the 5S rRNA genes), 27 sites in the ETS re-
gion, 11 sites in the ITS region, and 146 sites in the non-
transcribed IGS region.

With regard to 18S and 26S rRNA genes, we also examined
polymorphism distribution in relation to rRNA secondary struc-
ture. To do this, we used the SSU and LSU rRNA secondary struc-
ture models and the derived variability maps from the European
Ribosomal RNA database (Van de Peer et al. 1997; Ben Ali et al.
1999). In each variability map, every single nucleotide residue is
categorized according to its level of conservation, which in turn is
dependent upon whether it is located within a “core region” or an
“expansion region” (domains V1 to V9 in 18S rRNA; domains D1
to D12 in 26S rRNA; Hassouna et al. 1984; De Rijk et al. 1992).
Core region sequences evolve much slower than expansion region
sequences as they contain the essential sites necessary for function
(i.e., active sites, substrate binding sites, and subunit contact
points). In our study, many of the detected polymorphisms (29 of
40 sites) are found either in the more rapidly evolving expansion
regions or in single-stranded and loop regions located elsewhere in
the two rRNA molecules. Between the two genes, the 26S TRNA D7
domain was found to contain by far the most polymorphisms (11
in total). In contrast, far less variation was detected in the core
regions, which is unsurprising, as these regions are under far greater
functional constraint than the expansion regions. A complete list of
all the 18S and 26S rRNA polymorphisms and their secondary
structure locations is presented in Supplemental Table 3.

Table 1. S. cerevisiae rDNA array polymorphism totals

Strain® Type® Polymorphism total®
273614N Clinical 43
322134S Clinical 33
378604X Clinical 40
BC187 Fermentation 17
DBVPG 1106 Fermentation 16
DBVPG 1373 Wild 16
DBVPG 1788 Wild 10
DBVPG 1853 Fermentation 40
DBVPG 6040 Spoilage 44
DBVPG 6044 Fermentation 29
DBVPG 6765 Pro-biotic 27
K11 Fermentation 31
L 1374 Fermentation 18
NCYC 110 Fermentation 23
NCYC 361 Spoilage 31
$288c Laboratory 23
SK1 Laboratory 35
UWOPS03-461-4 wild 33
UWOPS05-217-3 Wild 36
UWOPS05-227-2 Wwild 33
UWOPS83-787-3 Wild 76
UWOPS87-2421 wild 21
W303 Laboratory 23
Y12 Fermentation 27
Y55 Laboratory 40
Y9 Fermentation 29
Yllc17_E5 Fermentation 39
Y|JM975 Clinical 12
YJM978 Clinical 17
YJM981 Clinical 12
YPS128 Wwild 16
YPS606 wild 21
YS4 Baking 41
YS9 Baking 38

?For additional strain details see Liti et al. (2009) and Supplemental Data.
Strain W303 was created by multiple crossing (Rothstein 1977; Rothstein
et al. 1977).

PStrains are subdivided into seven categories according to their source of
origin (i.e., baking [2], clinical [6], fermentation [10], laboratory [4], pro-
biotic [1], spoilage [2], and wild type [9]).

“The rDNA arrays with the lowest and highest number of (base sub-
stitution-only) polymorphisms are in bold.

Collectively, our findings contrast with those of Ganley and
Kobayashi (2007), who identified only four polymorphisms (or
seven, if low-confidence polymorphisms are also considered) in
the rDNA array of the single S. cerevisiae strain included in their
study. These four polymorphisms, all regarded to be of high con-
fidence by the investigators, were found to be evenly distributed
across the rDNA repeat, with two located in the large-subunit
rRNA gene, one in IGS1, and one in ITS2. None of these poly-
morphisms were detected in the present study, and it is likely
therefore that they are specific to RM11-1a, the S. cerevisiae strain
sequenced by the Broad Institute as part of the Fungal Genome
Initiative (http://www.broad.mit.edu/annotation/fgi/) and in-
cluded as the sole S. cerevisiae representative in the Ganley and
Kobayashi (2007) study. At first glance, RM11-1a appears to have
a comparable number of polymorphisms to that found in DBVPG
1788 (10), which had the fewest number of polymorphisms in the
S. cerevisiae strain set analyzed in this study (Table 1). However, itis
important to note that one key difference between the two (fungal)
studies is that our analyses were restricted to the detection of base
substitution-only polymorphisms, whereas Ganley and Kobayashi
(2007) measured both base substitutions and indels. Thus, it is quite
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probable that the amount of variation detected in DBVPG 1788,
and indeed in all the S. cerevisiae TDNA arrays analyzed in this
study, is an underestimate and could, with the inclusion of indels,
be significantly higher. Evidence to support this comes from the
observation that the rtDNA consensus sequences assembled from
the SGRP individual strain data sets vary in length between
strains, ranging from 9083 bp (UWOPS03-461-4, UWOPS05-217-
3, and UWOPS05-227-2) to 9147 bp (273614N) (see Supplemental
Table 1). Furthermore, a preliminary visual examination of
a subset of 100 DBVPG 1853-specific reads covering the 3’ end of
IGS1 has revealed the existence of at least one homopolymeric
tract that varies in length between individual repeats within the
same rDNA array (see Supplemental Fig. 1). Currently we are de-
veloping an accurate alignment method for detecting and quan-
tifying indel variation both between and within individual yeast
rDNA arrays.

To examine the rDNA sequence variation further, we also
subdivided the polymorphisms into three categories, namely,
transitions, transversions, and complex mutations. The latter
category was included to accommodate any nucleotide positions
at which different S. cerevisiae strains exhibit different types of
mutation (i.e., a transition in one strain as opposed to a trans-
version in another). For example, in IGS2 at nucleotide position
8383 (G in the reference strain S288c), YIIc17_ES has a G—T
transversion, whereas strains DBVPG 6040, UWOPS03_461_4,
UWOPS05_217_3, UWOPS05_227_2, and UW83_787_3 all have
a G—A transition. In total, eight such sites were identified, three in
IGS1 (nucleotide positions 6862, 6878, and 6895) and five in IGS2
(nucleotide positions 8021, 8084, 8383, 8581, and 8709) (see
Supplemental Table 4). Like Ganley and Kobayashi (2007), we
found transitions to be the most abundant form of mutation,
representing ~71% (162 of 227 sites) of all base substitutions
found in the S. cerevisiae tDNA array (Table 2).

Distribution of rDNA polymorphisms

In addition to the fact that many of the strains analyzed in this
study have far more variation in their tDNA arrays than was found
in S. cerevisiae RM11-1a (Ganley and Kobayashi 2007), we also
found that the sequence variation is not distributed evenly over the
rDNA repeat (Fig. 1). Indeed as discussed in the previous section, the
majority of polymorphisms are found in the IGS region: 83 sites in

Table 2. Region-by-region breakdown of rDNA polymorphisms
categorized according to mutation type

Polymorphisms

Region Transitions Transversions Complex?® Total
ETS1 15 2 0 17
18S 3 2 0 5

ITS1 10 1 0 11

5.8S 0 0 0 0
ITS2 0 0 0 0
26S 27 8 0 35

ETS2 7 3 0 10
IGS1 58 22 3 83
5S 2 1 0 3
IGS2 40 18 5 63
Total 162 57 8 227

Complex mutations are those where transitions and transversions occur
at the same nucleotide position but in different S. cerevisiae rDNA arrays
(see Results).

IGS1 and 63 sites in IGS2 (Table 2). To explore this in greater detail,
we refined our analyses to focus specifically on the location and
distribution of polymorphisms found within this region.

With the exception of the intervening RNA polymerase III
(Pol I1I) transcribed 5SS rRNA gene (Fig. 2), and unlike both the ITS
and ETS regions, the IGS is a nontranscribed region of rDNA.
Despite this, it nevertheless contains a number of highly con-
served cis-acting functional elements essential for chromosome
function and maintenance of tDNA copy number. These include
a replication fork barrier (RFB) site in IGS1 (Brewer et al. 1992;
Kobayashi et al. 1992; Kobayashi 2003), and an origin of replica-
tion, also referred to as the ribosomal autonomously replicating
sequence, or rARS, in IGS2 (Brewer and Fangman 1991). In addi-
tion to these, in a recent phylogenetic footprinting study of sev-
eral Saccharomyces species, Ganley et al. (2005) identified a highly
conserved sequence in IGS1, corresponding to a previously iden-
tified bidirectional RNA polymerase II (Pol II) promoter (Santan-
gelo et al. 1988). Subsequent analyses of this sequence, which the
investigators named E-pro (for expansion region [EXP] promoter),
have shown it to play an important role in tDNA repeat amplifi-
cation following copy number loss due to unequal sister chro-
matid recombination (Kobayashi et al. 2001; Kobayashi and
Ganley 2005; Kobayashi 2006).

A distribution plot of (base substitution-only) polymor-
phisms, occurring in 20-bp bins, over the entire 2.28-kb IGS region
is presented in Figure 2. The location of the 5S rRNA gene, as well
as the three functional elements (RFB site, E-pro, and rARS), is
indicated. Like Figure 1, this plot is derived from the combined
data sets for all 34 strains. In total, 149 polymorphisms were
detected in the IGS region, which if evenly distributed would
mean that one site would occur, on average, every 15.3 nucleo-
tides (i.e., ~1.3 sites per 20 nucleotides). However, it is evident
from Figure 2 that this is not, in fact, the case. For instance, al-
though smaller in size (IGS1, 915 bp; IGS2, 1243 bp), notably more
polymorphisms are found in IGS1 (83 sites) compared with 1GS2
(63 sites). Indeed, if the respective size of these two regions is taken
into consideration, then IGS1 has nearly 1.8 times more poly-
morphisms than IGS2 (IGS1, ~1.8 sites per 20 nucleotides; 1GS2,
~1 site per 20 nucleotides). Furthermore, even within 1GS1,
polymorphisms are not distributed evenly, with over half of all
detected sites (47 of 83 sites) located in the first third of the spacer
region. The location of the 5S rRNA gene, nucleotide positions
7774-7894 (corresponding to positions 916-1037 in Fig. 2), is also
immediately apparent as only three polymorphic sites, all specific
to the laboratory strains $288c and W303, were detected in this
highly conserved rRNA gene. In contrast to IGS1, there appears to
be a far more even distribution of polymorphisms across 1GS2,
with 33 sites found in the 5’ half, and 30 sites in the 3’ half of the
spacer region.

We also examined the frequency and specific location of
polymorphisms found in the three functional elements. In a pre-
vious mutational study of the S. cerevisiae rARS, Miller and Kowalski
(1993) found that the introduction of a double point mutation
within only one of the three internal ARS core-consensus sequen-
ces, or ACSs, present within this element (Celniker et al. 1984;
van Houten and Newlon 1990; Miller and Kowalski 1993), was
sufficient to abolish complete origin-of-replication activity. In our
study, 37 polymorphisms were found distributed among the three
functional elements, 17 in the 118-bp REFB site, 13 in the 141-bp
E-pro sequence, and seven in the 107-bp rARS (Fig. 2). When
polymorphism number was measured against the size of each
element, the rARS was found to have the fewest polymorphisms
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Figure 2. Distribution of (base substitution-only) polymorphisms, occurring in 20-bp bins, across the 2.28-kb IGS region. The approximate locations of

the 5S rRNA gene, the RFB site, E-pro, and rARS are shown, along with the number of polymorphisms (in parentheses) identified in each cis-acting
functional element. A trend line (dotted line) has also been added to show the polymorphism distribution if the 149 detected sites were evenly distributed

across this region (i.e., at a frequency of ~1.3 sites per 20 nucleotides).

per 100 nucleotides (6.5), while the RFB site had the most (14.4).
However, it is worth noting that in the case of the RFB site, 11 of
the 17 sites (~65% of sites) are specific to UWOPS83-787-3. Fur-
thermore, two of these elements, namely, the RFB site and rARS,
are composed of core consensus sequences. These are named
RFB1, RFB2, and RFB3 in the RFB site (Ward et al. 2000; Kobayashi
2003) and ACS1, ACS2, and ACS3 in the rARS (Miller and
Kowalski 1993). In the rARS, only two of the seven detected
polymorphisms, both T—C transitions, are found in the 11-bp
ACSs (at positions 8490 [ACS1] and 8512 [ACS2]), reflecting the
functional importance of these core sequences. In comparison,
eight of the 17 RFB site polymorphisms are found in the core
consensus sequences: three in RFB1, two in RFB2, and three in
RFB3. However, of these, five are specific to UWOPS83-787-3.

Partial single nucleotide polymorphisms

Perhaps the most surprising finding of our study is the discovery
that so many of the identified rDNA polymorphisms are not fully
resolved to a true single nucleotide polymorphism (SNP) in any
strain. This indicates that these polymorphisms have either not
yet spread to all repeats or have yet to be lost from all repeats
within the individual arrays. A similar
observation was made by Ganley and
Kobayashi (2007), who reported that

and were therefore classified as pSNPs. To examine these sites
further, we calculated the frequency of each individual pSNP as
a percentage of reads on which a specific base substitution occurs
and recorded the highest value (maximum pSNP frequency) for
each site. Some pSNPs were found to be strain specific, while
others were shared between a number of strains but at differing
frequencies. For example, in the ITS1 region, the T—C pSNP at
position 2661 is specific to DBVPG 1853, occurring with a fre-
quency of 24.4%, whereas the C—T pSNP at position 2683 is
common to strains DBVPG 1853, NCYC 110, SK1, and Y55, oc-
curring with frequencies of 19.4%, 52.7%, 85.5%, and 63.4%, re-
spectively. In the latter example, the SK1 pSNP has the highest
frequency (i.e., 85.5%) and so is recorded as the maximum pSNP
value for this site. pSNPs were then grouped according to their
maximum frequency values, in bins of 10% increments (i.e.,
<10%, 10%-19%, 20%-29%, etc), and Table 3 shows the resulting
region-by-region breakdown. More than half of all pSNPs (~55%)
are found in the IGS region (57 in IGS1 and 29 in IGS2) (Table 3),
where the majority of rDNA variation occurs (Fig. 1; Table 2).
When a distribution of maximum pSNP frequency values was
plotted (Fig. 3), it was observed that a significant proportion of
PSNPs (94 of 156 [~60%]) occur at low frequency (<10%) and are

Table 3. Region-by-region breakdown of pSNP frequency (occupancy ratio) totals

most of the polymorphisms identified in
their study, including two of the four S.

pSNP? frequency (%)

cerevisiae RM11-1a polymorphisms, were

Region <10
present on only one or a few reads. As

10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 Total

these polymorphisms are not present in  ETS1 8
every single repeat of the rDNA array, 18S 3
they cannot, by definition, be classified ITS1 3

. . 5.8S 0
as conventional SNPs. Thus we introduce 155 0
the term partial single nucleotide poly-  26s 29

AbhWUL—_NOOOO—

morphism, or pSND, to describe this type  ETS2 3

of sequence variation, specific to repeat IGST 35

5S 0

arrays such as the rDNA. 1Gs2 13
In total, 156 of the 227 polymor- Total 94 1

0 0 0 0 1 1 1 1 13
0 0 0 0 0 0 0 2 5
1 1 1 0 0 1 1 0 8
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
1 0 1 0 0 0 0 1 34
0 0 0 0 0 1 0 2 7
1 2 2 2 4 1 1 4 57
0 0 0 0 0 0 0 0 3
2 1 2 0 1 2 1 3 29
5 4 6 2 6 6 4 13 156

phisms (~69% of all sites) are not fully
resolved in any of the 34 strains analyzed

“Base substitution-only pSNPs.
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Figure 3. Distribution plot of rDNA pSNP frequency (occupancy ratio) values grouped in bins of 10%
increments.

thus present in low copy number in the individual S. cerevisiae
rDNA arrays. In fact, many of the detected 18S and 26S rDNA
polymorphisms (32 of 40 sites [80%]) were found to be low fre-
quency pSNPs, 17 of which have a maximum frequency of 5% or
less, undoubtedly reflecting the fact that these genes, in compar-
ison to the transcribed and nontranscribed spacer regions, are
under greater functional constraint. Interestingly, when we re-
examined the RFB, E-pro, and rARS polymorphisms, we found that
out of the three functional elements, the REB site has by far the
highest number of pSNPs (14 of 19 polymorphisms [~82% of

>

sites]) (Fig. 4A). In contrast, E-pro has six
PSNPs (~46% of sites), and the rARS has
just two pSNPs (~13% of sites) (Fig. 4B).
Furthermore, of the 14 RFB pSNDs, 11
occur at low frequency, with nine of
these occurring at a frequency of 5% or
less, while the rARS has one low fre-
quency pSNP, and E-pro has none.

PSNP number and depth
of sequencing coverage

When strains were ordered according to
depth of sequencing coverage (see Sup-
plemental Fig. 2), we found no indication
to suggest that strains with low coverage
(i.e., <1X) possessed significantly fewer pSNPs than strains whose
genomes had been sequenced to a greater depth (Pearson’s corre-
lation coefficient = —0.03451147; Spearman rank test, correlation
coefficient = —0.07392106). For example, although NCYC 361
received considerably less coverage compared with Y55 (0.65X
and 3.83X%, respectively) (Table 4), both strains were found to
possess similar numbers of pSNPs (31 and 25, respectively) (Table
4). However, many of the pSNPs identified in this study (~60%)
occur at low frequency and are present on <10% of reads. This
means that for some strains such as K11, which not only received

Max. pSNP frequency (%)

1 6 11 16 21 26 31 36 41 46 51

RFB3 RFB2

56

61 86 91 96 101 106 111 116

Position

RFB1

17 polymorphisms: 14 pSNPs (11 of low frequency)

w

0 ‘ ‘ ‘

Max. pSNP frequency (%)

1 5 9 13 17 21 25 29 33 37 #41

45 49 53 57 61

65 69 73 77 81 85 89 93 97 101 105

Position

—EEE—IZE

EE—

7 polymorphisms: 2 pSNPs (1 of low frequency)

Figure 4.
(118) (A), and the rARS, nucleotide positions 8473 (1) to 8579 (107) (B).

Maximum frequency (occupancy ratio) distribution plots of polymorphisms found in the RFB site, nucleotide positions 6913 (1) to 7030
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low sequencing coverage (0.88X) (Table 4) but is also estimated to
have a relatively small rDNA copy number (54 repeats) (Supple-
mental Table 1), itis likely that the stringent (quality score) filtering
strategy employed in this study underestimates the actual number
of low frequency pSNPs present in their rDNA arrays. Furthermore,
the fact that strain-specific single read polymorphisms were ex-
cluded, for reasons already discussed, would also contribute to an
overall underestimate in low frequency pSNP numbers. While it is
likely that additional low frequency pSNPs remain to be discovered,
the lack of correlation between genome sequencing coverage and
pSNP number indicates that the patterns of pSNP variation we have
described are unlikely to change significantly with increased cov-
erage.

pPSNP number and genome type

As with overall polymorphism totals, we found that the number of
PSNPs varies quite markedly between individual strains and ranges
from two in YPS128 and DBVPG 1788 to 71 in UWOPS83-787-3.
No correlation was observed between either total polymorphism
number and rDNA copy number, or pSNP total and rDNA copy

Table 4. S. cerevisiae strain ordering based on rDNA pSNP number

Strain Genome type® pSNP total Coverage®
DBVPG 1788 Structured 2 1.18
YPS128 Structured 2 1.28
YIM975 Structured 6 1.03
Y|M981 Structured 6 0.84
YPS606 Structured 8 1.59
K11 Structured 9 0.88
UWOPS87-2421 Mosaic 9 0.95
BC187 Structured 10 0.67
DBVPG 1106 Structured 10 0.69
DBVPG 1373 Structured 10 1.28
UWOPS03-461-4 Structured 10 0.99
NCYC 110 Structured 11 0.85
YJM978 Structured 11 1.06
L 1374 Structured 12 1.01
UWOPS05-227-2 Structured 12 1.02
DBVPG 6765 Structured 15 3.28
Y12 Structured 16 0.88
Y9 Structured 17 0.81
DBVPG 6044 Structured 13 1.4
SK1 Mosaic 20 3.58
$288c Mosaic 23 1.2
W303 Mosaic 23 2.44
Y55 Mosaic 25 3.83
322134S Mosaic 27 0.98
DBVPG 1853 Mosaic 28 0.97
YS4 Mosaic 28 1.08
UWOPS05-217-3 Structured 30 0.99
NCYC 361 Mosaic 31 0.65
Ylic17_E5 Mosaic 34 1.01
YS9 Mosaic 36 1.03
273614N Mosaic 38 0.93
378604X Mosaic 40 1.05
DBVPG 6040 Mosaic 44 0.86
UWOPS83-787-3 Mosaic 71 0.94
pSNP
No. of strains Genome type pSNP total average
19 Structured 210 11.1
15 Mosaic 477 31.8

For a more detailed discussion of individual genome structure, see Liti
et al. (2009).
PDepth of genome sequencing coverage.

number (data not shown). However, when the strains were or-
dered according to their pSNP totals, we discovered an interesting
correlation between genome type and pSNP number (Table 4). As
described in the recent population genomics study of S. cerevisiae
and its wild relative S. paradoxus, S. cerevisiae strains can be sub-
divided into two groups according to their genome structure (Liti
et al. 2009). One group, which can be further subdivided into five
geographical subgroups (i.e., strain sets from Malaysia, North
America, West Africa, Wine/Europe, and sake and related fermen-
tations), has “clean” structured genomes, while the other group
has mosaic-like genomes of hybrid origin (see Supplemental Table
1). Examples of the latter include the laboratory strains SK1 and
Y55, which appear to be derived from crosses between repre-
sentatives from the West African and Wine/European lineages.
When we ordered the strains according to their pSNP totals, we
observed that strains with structured genomes have, on average,
fewer pSNPs in their rDNA arrays than do strains with mosaic-like
genomes (Table 4). With the exception of UWOPS05-217-3 (30
PSNPs), structured genome strains have between two and 17
PpSNPs per rDNA array. In contrast, mosaic genome strains, with
the exception of UWOPS87-2421 (nine pSNPs), have between 20
and 71 pSNPs per tDNA array. In fact, strains with structured
genomes have, on average, 2.9 times fewer pSNPs (structured, 11.1
PSNPs per strain; mosaic, 31.8 pSNPs per strain) (Table 4). Fur-
thermore, although individual strains received different depths of
(sequencing) coverage (Table 4), both strain sets were found to
have received comparable average depth of coverage (structured,
1.14X per strain; mosaic, 1.43X per strain). Thus, the difference
observed between the pSNP totals of mosaic and structured strains
cannot be attributed to variation in genome sequencing coverage.
Despite the fact that these results are based on the analysis of
a limited number of strains (34), this finding nevertheless suggests
that rDNA pSNP count might be used as a simple, rapid method for
determining the genome type (i.e., structured or of hybrid origin)
of §. cerevisiae strains, and perhaps of other species as well.

Discussion

To our knowledge, this study has presented the first in-depth
quantitative analysis of base substitution polymorphisms present
within the S. cerevisiae tDNA array using a relatively large set of
strains isolated from a wide variety of different sources and geo-
graphic locations (Liti et al. 2009). Contrary to both expectation
and results from a previous study by Ganley and Kobayashi (2007),
we found that the level of variation present within individual S.
cerevisiae rDNA arrays is surprisingly high and can differ by nearly
an order of magnitude between individual strains. Indels were ex-
cluded from our study, due to computational issues concerning the
accurate and unbiased measurement of multiple position indels,
particularly when found in long homopolymeric tracts. However,
results from a preliminary analysis of a subset of IGS1 sequence reads
indicate that the overall levels of variation (i.e., base substitutions plus
indels) within individual S. cerevisiae tDNA arrays are likely to be
much higher. Furthermore, it is also likely that the number of single-
copy polymorphisms detected is underestimated, due to the stringent
filtering strategy used to minimize the introduction of false positives
due to sequencing error. This would especially apply to those strains
whose genomes had been sequenced to onefold coverage or less. In
such strains, single-copy polymorphisms would be expected to ap-
pear, at most, in only a single covering read. Nevertheless, depth of
sequencing coverage can be discounted as the main cause of pSNP
variation observed.
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When the $288c rDNA consensus sequence (Goffeau et al.
1996) was used to map the positions of all the detected poly-
morphisms in each individual array, we found that the variation is
not distributed evenly over the rDNA repeat. In fact, many of the
detected polymorphisms are found in the nontranscribed IGS re-
gion. This result is perhaps not unexpected, as of all the coding
and noncoding regions within the rDNA, the IGS is under the least
functional constraint and is, as a consequence, evolving the most
rapidly. For instance, in Drosophila, the IGS region is composed of
subrepeat sequences, and these can differ in number (from one to
six), sequence, and length between different species (Tautz et al.
1987; Stage and Eickbush 2007). Likewise, in human rDNA arrays,
individual IGS units can vary considerably in length, ranging from
9-72 kb, with an average length of 34.2 = 5.4 kb (Caburet et al.
2005). Indeed, for this very reason, the rDNA IGS has been spe-
cifically used in a number of yeast phylogenetic studies to examine
both inter- and intraspecific relationships (Molina et al. 1993; Fell
and Blatt 1999; Diaz et al. 2000, 2005). However, even within the
IGS, it is apparent that the distribution of polymorphisms is un-
even. Polymorphism distribution is clearly influenced by the
presence of the intervening and highly conserved 5S rRNA gene,
which separates IGS1 from IGS2. Furthermore, although notably
smaller in size, a larger number of base substitution poly-
morphisms are found in IGS1.

Less clear is the precise degree of influence upon poly-
morphism distribution imparted by the presence of cis-acting
elements such as the RFB site and the ribosomal autonomous
replicating sequence (rfARS) (Brewer and Fangman 1991; Brewer
et al. 1992; Kobayashi et al. 1992; Kobayashi 2003). Despite their
functional importance, both for chromosome function and
maintenance of rDNA copy number, none of the three elements
(RFB site, E-pro, or rARS) examined in this study were found to
contain significantly less polymorphisms than the individual IGS
region (IGS1 or IGS2) in which they are located. Indeed, in the case
of the RFB site, this functional element contains notably more
polymorphisms (per 20 nucleotides) than the surrounding IGS1.
One possible explanation for this, certainly in the case of the rARS,
is the fact that this element, like the RFB site, is composed of three
short core consensus sequences (ACSs) known to be essential for
function (Celniker et al. 1984; van Houten and Newlon 1990;
Miller and Kowalski 1993). Upon re-examination, slightly less var-
iation is found in the three ACSs compared with the entire 7ARS
element, suggesting that not every single nucleotide in this ele-
ment is necessarily essential and that a certain degree of sequence
variation can possibly be tolerated without a loss of overall func-
tion. Evidence to support this comes from the mutational study of
the S. cerevisiae rARS by Miller and Kowalski (1993), who discov-
ered that the introduction of a double point mutation (TT to AA) at
the ninth and 10th positions in ACS1 is sufficient to abolish
complete origin-of-replication activity. Whereas, when the same
double mutation was introduced into either ACS2 or ACS3, at the
same positions, overall activity was retained.

Significantly, many of the rDNA array polymorphisms iden-
tified in each strain are not present on every covering sequence
read of that strain. A comparative analysis of rDNA polymorphism
frequency reveals that most, in fact, are present on 10% or less of
covering reads (i.e., occur at a relatively low frequency). This
indicates that many of the detected base substitutions are some
way from either being fully removed or from becoming fixed
polymorphisms (SNPs), as they are present on only a small frac-
tion of the total number of repeats within each individual rDNA
array. Similar observations were made by Ganley and Kobayashi

(2007) in their study of five fungal tDNA arrays, including that of
S. cerevisiae RM11-1a, and by Stage and Eickbush (2007) in their
study of Drosophila TDNA arrays. By definition, these polymor-
phisms cannot be classified as conventional SNPs. Since they ap-
pear to be a more widespread phenomenon, being present in both
fungal and nonfungal species, we have introduced the term partial
single nucleotide polymorphism, or pSNP, to describe this type of
sequence variation, which is present in tDNA and which may also
exist in other large repeat arrays. It is worth noting that although
only four polymorphisms were found in S. cerevisiae RM11-1a,
none were fully resolved and so all can be described as pSNPs
according to our definition. The level of rDNA variation found in
RM11-1a, while lower than average, is still comparable to that
found in the rDNA arrays of some of the strains analyzed in the
present study (e.g., YPS128 and DBVPG 1788).

No correlation was observed between the number of pSNPs in
a strain and rDNA copy number (Liti et al. 2009). However a re-
lationship was discovered between pSNP number and hybridization
history (i.e., genome type). When strains were ordered according to
their pSNP number, all but one of the strains previously identified
as having clean structured genomes (Liti et al. 2009), were found to
have, on average, significantly fewer pSNPs than strains found to
have mosaic genomes, i.e., genomes of hybrid origin. Although the
rDNA arrays of further S. cerevisiae strains will need to be studied,
our finding suggests that rDNA pSNP number might be used more
broadly in population genetics studies as a simple indicator of ge-
nome structure, perhaps precluding the need for more extensive
genome sequencing and analysis.

Irrespective of genome type (i.e., structured or mosaic),
polymorphisms continually appear and disappear within the
rDNA array as a result of the ongoing processes of mutation and
recombination (Gangloff et al. 1996). However, in the case of
mosaic strains (i.e., strains of hybrid origin), additional variation
can be introduced by fixed differences (SNPs) present in the re-
spective parental tDNA arrays. Since the S. cerevisiae IDNA array is
~1.5 Mbp in size (Petes 1979; Kobayashi et al. 1998; Kobayashi
2006), some degree of crossover (due to recombination) between
the parental rDNA arrays is inevitable. Hence mating events be-
tween strains from different “geographical” lineages provide an
immediate means by which additional pSNPs can arise within the
array, other than by point mutation. In such a cross, the resulting
hybrid would be expected to possess a larger number of pSNPs in
its tDNA array than either of its parents. This expanded pop-
ulation of pSNPs would then be expected to persist in the hybrid
rDNA array until all, or at least the majority of repeats had
undergone homogenization as a result of concerted evolution
(Zimmer et al. 1980). In the case of the laboratory strains SK1 and
YSS, this certainly appears to be true. Both are believed to be de-
rived from crosses between West African and European/Wine
strains (Liti et al. 2009), and both have more pSNPs (in their rDNA
arrays) than any of the West African and European/Wine strains
included in this study. Indeed, an analysis of SNP-only rDNA
polymorphisms suggests that the parental West African strain of
both SK1 and Y55 may be more like DBVPG 6044 (isolated from
bili wine) than NCYC 110 (isolated from ginger beer) (data not
shown). In the case of UWOPS87-2421, this mosaic strain is
somewhat atypical as it has a pSNP number (nine) similar to that
of structured strains (two to 13). One conceivable explanation for
this could be that, in contrast to other mosaic strains (e.g., SK1 and
Y55), UWOPS87-2421 is derived from a cross between strains of
the same geographical lineage (which would likely have fewer
fixed differences in their respective rDNA arrays). Indeed, in their
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population genomics study, Liti et al. (2009) found UWOPS87-
2421, isolated from a cactus (Opuntia megacantha) in Hawaii, to
display a loose (phylogenetic) affinity to the North American
strain lineage (as represented by YPS128 and YPS606).

In S. cerevisiae, a number of studies have shown that although
this yeast possesses more than 100 copies of the rDNA repeat only
half are actually actively transcribed (Dammann et al. 1993; French
etal. 2003). In fact, Kobayashi and colleagues have created a strain of
S. cerevisiae, which possesses only one seventh of the wild-type rDNA
copy number and yet still retains normal viability in the laboratory
(Takeuchi et al. 2003). This suggests that the S. cerevisiae IDNA array
may be able to accommodate/tolerate a certain degree of sequence
variation between its individual repeats without suffering any
overall deleterious loss of function. It is therefore notable that many
of the pSNPs identified in this study are not only found in the
nontranscribed regions of the rDNA but also occur at a relatively low
frequency (i.e., in less than 10% of covering reads), presumably be-
low a threshold level that would otherwise compromise fitness. The
fact that the pSNPs are not uniformly distributed across the repeat
also indicates that those that arise in coding regions (e.g., the 18S
and 26S rRNA genes) are eliminated much more rapidly that those
that appear in regions such as the IGS where sequence variation is
less critical to cellular function. While beyond the scope of the
present study, we can nevertheless speculate that the repeats in
which many of these pSNPs are found could reside in inactive (nu-
cleosomal) regions of the (rDNA) array (Dammann et al. 1993;
Ganley and Kobayashi 2007; Kobayashi 2008). If so, then this would
suggest that chromatin structure, as well as regulating rRNA tran-
scription (Dammann et al. 1993), may also, in some way, influence
the spread of polymorphisms in the rDNA array.

In conclusion, as more genomes are sequenced or resequenced,
analyses of WGSS data, similar to that carried out in this study and
those by Ganley and Kobayashi (2007) and Stage and Eickbush
(2007) will undoubtedly help to establish whether the rDNA arrays
of other species display similar levels of cryptic variation. Indeed
extension of this approach to other repeat families will help to elu-
cidate whether this type of sequence variation is specific to rDNA
arrays or a more widespread phenomenon. Furthermore, examina-
tion of pSNPs may also provide a simple measure of genome mosa-
icism and hybrid history in population genetics studies of other
species, both fungal and nonfungal. Analysis of shared and private
pSNPs among different lineages could provide a novel measure of
rates of recombination and gene conversion across lineages, and al-
low rigorous testing of hypotheses of rDNA function in cellular
ageing and maintenance of genome integrity (Kobayashi 2008).

Methods

Identifying rDNA polymorphisms

BLAST (Altschul et al. 1997) was used to identify and tentatively align
reads containing rDNA sequences; MUSCLE (Edgar 2004), to perform
multiple alignment of the results across all strains. Script parameters
and quality score filters were selected to minimize the introduction of
non-rDNA or erroneous sequences into the final multiple alignments.

Raw sequencing reads were processed in three stages. In stage
one, all reads containing rDNA sequences were identified by
BLASTing the complete SGRP S. cerevisiae WGSS database. Using
the rDNA consensus sequence derived from the reference strain
S288c (Goffeau et al. 1996), a series of 100-bp (rDNA) query
sequences were selected at 20-bp sliding intervals. These sequen-
ces were used for gapped BLAST queries against the S. cerevisiae
(WGSS) database to identify all IDNA sequence reads. At this stage,

to ensure that non-rDNA sequences were not selected, only
alignments spanning at least 70 bp of the 100-bp query and
having no more than 30 mismatches were accepted. All accepted
reads from stage one were assembled into a new rDNA-only da-
tabase and formatted for BLAST searching.

In stage two, using the newly created rDNA-only database, less
stringent BLAST searches were performed to find alignments that
might be quite divergent from the S288c consensus sequence. False
positives, due to sequencing error, were accepted at this stage to
ensure comprehensive sampling of variability. In order to generate
such alignments, minimal values were used (i.e., for gap opening
[-3], gap extension [—1], mismatch [—1], and extension penalty
[1]). The same series of IDNA query sequences as in stage 1 were
used. However, in this instance, the central 20 bp of each query
sequence was considered the target for polymorphism analysis. The
flanking 40 bp on either side of the central 20-bp target were buffer
sequences used to ensure the specificity of the BLAST searches.
Complete coverage of the entire rDNA repeat was ensured by this
sliding window technique. In stage two, BLAST alignments were
only accepted if they spanned at least 62 bp of the query sequence,
and these were collected for subsequent multiple alignment.

In stage three, multiple alignments were performed using
MUSCLE (Edgar 2004), with the default parameters. To improve
overall efficiency, all redundant reads were excluded from the
alignments at this stage. Although very few reads are identical in
their entirety, the majority of 100-bp substrings for a particular
alignment window of interest are identical. The original BLAST
window query was added to the stack of read fragments to be
aligned so the output alignments could be compared to the orig-
inal S288c rDNA repeat consensus sequence.

Finally, in order to distinguish authentic sequence variation
from variation due to sequencing error, phred quality (q) scores (Ewing
and Green 1998; Ewing et al. 1998), published along with the original
SGRP WGSS database, were extracted and analyzed. To minimize the
expected number of false positives, due to sequencing error, to less
than one, stringent quality score filtering was employed. Candidate
polymorphisms (base substitutions only) were accepted only if they
appeared on covering reads with a quality score of 40 or above. Fur-
thermore, polymorphisms found on single reads (single read poly-
morphisms) were only accepted if the polymorphism was shared by
two or more strains. All single read polymorphisms unique to a single
strain were excluded, as we could not reliably discount the possibility
that these had arisen due to sequencing errors. Using this conserva-
tive filtering strategy, IDNA polymorphisms were identified and their
positions mapped (in relation to the S288c rDNA repeat consensus
sequence) for each individual S. cerevisiae strain. In addition, the
percentage frequency for each individual polymorphism was calcu-
lated (i.e., number of accepted reads carrying the polymorphism di-
vided by the total number of accepted covering reads).
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