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ABSTRACT

Polymorphism drives survival under stress and provides adaptability. Genetic polymorphism of ribosomal RNA (rRNA)
genes derives from internal repeat variation of this multicopy gene, and from interindividual variation. A considerable
amount of rRNA sequence heterogeneity has been proposed but has been challenging to estimate given the scarcity of
accurate reference sequences.We identified four rDNA copies on chromosome 21 (GRCh38) with 99% similarity to recent-
ly introduced reference sequence KY962518.1. We customized a GATK bioinformatics pipeline using the four rDNA loci,
spanning a total 145 kb, for variant calling and used high-coverage whole-genome sequencing (WGS) data from the 1000
Genomes Project to analyze variants in 2504 individuals from 26 populations. We identified a total of 3791 variant posi-
tions. The variants positioned nonrandomly on the rRNA gene. Invariant regions included the promoter, early 5′′′′′ ETS,
most of 18S, 5.8S, ITS1, and large areas of the intragenic spacer. A total of 470 variant positions were observed on 28S
rRNA. The majority of the 28S rRNA variants were located on highly flexible human-expanded rRNA helical folds ES7L
and ES27L, suggesting that these represent positions of diversity and are potentially under continuous evolution.
Several variants were validated based on RNA-seq analyses. Population analyses showed remarkable ancestry-linked ge-
netic variance and the presence of both high penetrance and frequent variants in the 5′′′′′ ETS, ITS2, and 28S regions seg-
regating according to the continental populations. These findings provide a genetic view of rRNA gene array
heterogeneity and raise the need to functionally assess how the 28S rRNA variants affect ribosome functions.
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INTRODUCTION

The ribosomal RNA (rRNA) genes encode for the main
RNA component of the ribosome and are essential for
ribosome synthesis and hence protein translation.
Ribosome biogenesis is dependent on transcription of
the rRNAs involving a coordinated action by three poly-
merases and synthesis of hundreds of proteins. RNA poly-
merase I (Pol I) transcribes a 13 kb polycistronic 47S rRNA
precursor that is cotranscriptionally processed and cleaved
into the mature 5.8S, 18S, and 28S rRNAs (Moss et al.
2007). Transcription terminates at a series of noncon-
served termination repeat elements, followed by a long
∼30 kb intragenic spacer (IGS) (Németh et al. 2013). The
mature rRNAs are flanked by noncoding spacers called

5′ and 3′ external transcribed spacers (5′ and 3′ ETSs)
and are separated by internal transcribed spacers 1 and
2 (ITS1 and ITS2) (Henras et al. 2015). Precise, sequential
cleavage occurs at the processing sites and is assisted by
a multitude of rRNA biogenesis proteins and small nucleo-
lar noncoding RNAs (Lafontaine 2015). The processing,
folding and maturation requires also extensive post-trans-
lational modification of the rRNAs (Sloan et al. 2017).
Ultimately, the rRNAs are assembled into ribosomes,
large protein–RNA complexes composed in the human
of a large 60S subunit consisting of 28S, 5S, and 5.8S
rRNAs and 47 proteins, and a small 40S subunit with 18S
rRNA and 33 proteins (Anger et al. 2013; Khatter et al.
2015).
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The human multicopy rRNA genes are organized in re-
peat arrays on five acrocentric chromosomes: 13, 14, 15,
21, and 22 (Henderson et al. 1972). Copy numbers are es-
timated to vary between 100–600 per diploid genome, are
unevenly distributed on the acrocentric chromosomes, and
vary between individuals (Gibbons et al. 2015; McStay
2016; Xu et al. 2017; van Sluis et al. 2020). The rRNA
gene loci contain not only the gene arrays, but are also
highly repetitive due to the presence of satellite repeats
and other repetitive elements rendering them challenging
to study and assess their genetic variability (McStay 2016).
The Telomere-to-Telomere (T2T) Consortium very recently
provided in-depthmapping of these previously unannotat-
ed gene arrays covering a total of 10 Mb rDNA sequence
derived from a functionally haploid CHM13 hydatidiform
mole cell line (Nurk et al. 2021). This analysis, using a
combination of PacBio HiFi, Oxford Nanopore and PCR-
free sequencing and bioinformatic methods, indicated
chromosome-dependent variation of the rDNA copies
(Nurk et al. 2021).
While substantial progress has been made in identifying

the proximal and distal sequences of the arrays, consensus
or reference sequences for the human rRNA gene have
been lacking (McStay 2016).Only a few reference sequenc-
es have existed until recently (U13369, AL353644.34)
(Gonzalez and Sylvester 1995). The reference sequence
U13369.1 was deposited in 1994 (Gonzalez and Sylvester
1995) and has been used in a vast majority of studies since
then. Yet, reports recognizing rRNA sequence variation
have been published since the 1980s (Gonzalez et al.
1985, 1988; Worton et al. 1988; Kuo et al. 1996). Recent
transformation-associated recombination (TAR) cloning
and long-read coding efforts, using a single chromosome
21mouse/human hybrid as a source, enabled the accurate
assembly of a new 45 kb rDNA sequence, identified
numerous discrepancies to the earlier reference and sub-
stantially refined it, and introduced a reference sequence
(KY962518.1) which was 1.8 kb longer than the previous
(Kim et al. 2018). These sequencing efforts also identified
single-nucleotide variants (SNV) and insertion/deletions
(INDEL) in the rRNA coding and noncoding IGS sequences
based on multiple sequenced clones of chromosome 21
(Kim et al. 2018). Several earlier studies have conducted
variant calling approaches of the rRNA genes, but may
be compromised by calling variants representing sequenc-
ing or alignment errors due to the use of the earlier refer-
ence U13369 (Babaian 2017; Xu et al. 2017; Parks et al.
2018). The identificationof variants still requires refinement
and their implications are yet to be determined.
Here we identified three full and one partial rRNA gene

copies on chromosome 21 (GRCh38) with 99% similarity to
the most recent rDNA reference KY962518.1. We used
whole-genome sequencing (WGS) new high-coverage
data from the 1000 Genomes Project, including 2504 indi-
viduals from 26 populations (1000 Genomes Project

Consortium et al. 2015; Byrska-Bishop et al. 2021) and per-
formed variant calling against the identified rDNA se-
quences in GRCh38 to generate a comprehensive set of
SNVs and INDEL variant positions (SNV/INDEL) of the
rDNA arrays. We discovered a total of 3791 variant posi-
tions on the rRNA genes. Moreover, the variants distinctly
clustered on the rRNA gene coding and IGS regions, while
regions for core ribosomal protein interactions and rRNA
modification sites and large areas in the IGS were near in-
variant. A high number of variant positions, 380 SNVs and
90 INDELs, were detected on the mature 28S rRNA. The
majority of the 28S rRNAvariants were located on the high-
ly flexible human-expanded rRNA helical folds ES7L and
ES27L. We further validated several variant positions using
high-coverage RNA-seq data from the 1000 Genomes
Project, and annotated these variants across the human
population. These analyses identified shared and popula-
tion-stratified variants. We infer that the rRNA array mosa-
icism substantially contributes to the number of detected
variants, some of which have evolved in a population-spe-
cific manner. Collectively, our findings provide a genetic
view for rRNA heterogeneity and suggest potential links
between variants and ribosome functions.

RESULTS

Genomic variation of rDNA copies in GRCh38
chromosome 21

To identify rDNA loci in the GRCh38 human genome refer-
ence, we performed pairwise alignment of the human
rDNA reference sequence assembled by using TAR clon-
ing and long-read sequencing (GenBank: KY962518.1)
against current human reference genome GRCh38. We
identified three full and one partial rDNA copies on chro-
mosome 21 (GRCh38) with 99% similarity to the reference
KY962518 (Fig. 1A; Supplemental Table S1). The 13.3 kb
rRNA coding sequence of these copies varied in length
by up to 42 nt due to length variation of all but the 5.8S
rRNA domain (Table 1; Supplemental Table S1). Next,
we performedmultiple sequence alignment of rDNA refer-
ence sequence KY962518 and the four chromosome 21
rDNA copies (Fig. 1B). We identified a total of 163 SNV/
INDELs among these rDNA coding regions. Over half of
the variants were detected in the 5′ ETS region, 15% in
the 28S rRNA, and 11% in 18S rRNA, whereas there were
no variants in the 5.8S rRNA coding region (Table 2).
Among the variants in the 28S rRNA, two 4–6 nt INDELs
were found, which were present in two rDNA copies and
absent in the other two (Fig. 1C,D). The two short
INDELs consisted of GC-repeats (Fig. 1D) and were locat-
ed in the ES7L and ES15L expansion segments (not shown).
The observed variation between the repeats in one chromo-
some suggests that diversity between different copies is
likely to exist. This is in accordance with the mosaic pattern
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of rDNA array copies detailed in the study by Nurk et al.
(2021).

High rDNA GC content anticorrelates with WGS
read depth

The GC content of rDNA is high and reaches up to 90%.
High genomic GC content poses a challenge to PCR-
based sequencing technologies (Meienberg et al. 2015).
To assess the impact of GC content on the sequencing
depth throughout the rRNA coding region, we used high
coverage WGS data from the Cancer Cell Line
Encyclopedia (CCLE) project (Barretina et al. 2012). For
this purpose, we randomly selected 70 cancer cell lines,
conducted read alignment to the reference KY962518 us-
ing Sentieon DNASeq tools and calculated the read depth
across the rDNA sequence. We normalized the read depth
per position against the total rDNA reads in the 13.3 kb
coding region for each cancer cell line. The GC
content was calculated in 70 bp bins and correlated with

the normalized read depth. This analysis showed that the
GC content strongly negatively correlated with the read
depth (Fig. 2A). We then plotted the read depth and GC
content per 70 bp bins. Notably, the majority of the
rDNA coding region read depth of the 70 cancer cell lines

B

A
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D

FIGURE 1. Multiple sequence alignment of human rRNA coding region in chromosome 21. (A) Schematic representation of four rDNA copies in
human acrocentric chromosome 21 (GRCh38). rDNA copies are labeled by different colors. (B) Multisequence alignment of the coding regions of
the chromosome 21 rDNA copies and KY962518 reference sequence. The differences are colored by red. rRNA coding regions are shown on the
top. (C ) Multisequence alignment of 28S rRNA. Asterisks indicate the position of small INDELs. (D) Multisequence alignment of two INDELs in 28S
rRNA. Numbering on the left refers to 28S rRNA positions.

TABLE 1. Coding region length (nt) variation of rDNA loci on
chromosome 21

Region Copy 1 Copy 2 Copy 3 Copy 4 KY962518

5′ETS 3643 3645 3631 3654 3657

18S 1869 1863 1869 1869 1869
ITS1 1071 1075 1071 1077 1070

5.8S 157 157 157 157 157

ITS2 1160 1172 1163 1167 1167
28S 5053 2863 5056 5067 5051

3′ETS 360 NA 362 360 361

Total 13,313 10,775 13,309 13,351 13,332
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was high. Areas with very low read depths were evident
and largely correlated with areas of over 80% GC content
(Fig. 2B).

Variant discovery in rRNA genes across human
2504 genomes

To explore rRNA gene variation in human genomes, we
used the most recent iteration of the 1000 Genomes
Project high-coverageWGS resource that has enabled var-
iant discovery across populations (1000 Genomes Project
Consortium et al. 2015; Byrska-Bishop et al. 2021). We first
examined the sequence coverage of rDNA and WGS data
on 2504 individuals using Samtools. Consistent with the
description of theWGS data, we observed 30-fold or high-
er whole genome coverage of the 2504 samples (Fig. 3A).
The coverage for rDNAwason average5000-fold in the hu-
man WGS data set (Fig. 3A). This estimation indicates that
despite the existence of some highly challenging read ar-
eas, the coverage for the rDNA sequences is deep and suit-
able for variant calling.
To perform large scale variant calling of WGS data, the

standard software package for variant calling, GATK
(Genome Analysis Toolkit) pipeline, is computing-intense
for the analysis of singleWGS samples even using multiple

computing nodes and after optimization (Van der Auwera
et al. 2013). To offer further computing speed over GATK,
several ultrafast options have been developed (Raczy et al.
2013; Weber et al. 2016; Pluss et al. 2017). Given that the
DNASeq pipeline of Sentieon provides faster variant call-
ing without compromising accuracy, we used it for the
analysis of the genomic variation in human rDNA. The
workflow was applied on WGS data of 2504 individuals
to perform variant calling against the four chromosome
21 rDNA copies, including the coding and IGS sequences,
totaling 145 kb. The cut-off for variant calling was defined
as variant quality score (QUAL) > 30 (<0.1% error), and rare
variants observed in <3 alleles were excluded.
The final variant call set across the 2504 samples identi-

fied 2659 SNV and 1132 INDEL positions (Table 3;
Supplemental Table S2). The mean variant density across
the rDNA coding region was 86 variants/kb. The density
was highest on the terminator (over 500 variants/kb),
whereas overall was low on the IGS (54 variants/kb) (Fig.
3B). The data showed that the terminator domain and
IGS region had the largest number of variant positions
(2691 positions). Notably, the ITS2 and 3′ ETS domains
had very high variant densities (over 200 variants/kb) (Fig.
3B). The variants clustered around peaks with very high
QUAL scores (>106) and positioned nonrandomly on the
rDNA (Table 3; Fig. 3C).
We further visualized the variant density in the coding

region (Fig. 3D). In addition to the ITS2 and 3′ ETS do-
mains, the 5′ ETS domain had a high density of variants
clustered around 2100 to 3000 bp from transcription start
site (Fig. 3D). None of these variants position to the known
human rRNA processing sites (Henras et al. 2015). Of note,
18S and 5.8S rRNA had only a few variants, whereas 470
variant positions and a total of 592 variants were observed
in the 28S rRNA (Fig. 3D,E). This indicates that 18S and
5.8S rRNAs are highly conserved compared to 28S rRNA.
Overall, these results, based on diverse populations and
thousands of individuals, reveal highly conserved and var-
iable regions throughout the rDNA sequence.

TABLE 2. Variant positions in four chromosome 21 rDNA loci

Region SNV INDEL Total

5′ETS 35 54 89

18S 7 11 18
ITS1 6 4 10

5.8S rRNA 0 0 0

ITS2 3 18 21
28S rRNA 12 12 24

3′ETS 0 1 1

Total 63 100 163

BA

FIGURE 2. WGS sequence read depth anticorrelates with rDNAGC content. (A) Scatter plot showingGC content as compared to the normalized
mean read depth in rDNA coding region. High coverage WGS data were obtained from 70 cancer cell lines in the CCLE database. P was deter-
mined by two-sided Pearson’s correlation test. (B) Normalized read depth andGC content are plotted across the rDNA coding region. (Top) rRNA
coding regions.

Human rRNA gene heterogeneity

www.rnajournal.org 481

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.078925.121/-/DC1


Annotation of variants on the 28S rRNA structure

Given the abundance of variants in 28S rRNA and their
clustering to distinct high- and low-density regions, and
significance of the mature 28S rRNA for the 60S subunit
function, we focused on annotation of the variants on
28S rRNA. We mapped the variant density profile on the

human 28S rRNA secondary structure derived from
Ribovision (Bernier et al. 2014). Interestingly, variants
with the highest QUAL scores were located in the highly
flexible expansion segment helical folds ES27L and ES7L
(Fig. 4A). To position the variants to the three-dimensional
environment in the rRNA structure, wemapped the variant
density profile to the 28S rRNA in the 80S ribosome cryo-

E

BA

C

D

FIGURE 3. rRNA gene variant discovery in the human genome. (A) Coverage of rDNA and whole genome reads are shown for each individual
from the 1000 Genomes Project (n=2504). (B) Number of variant positions in the rRNA gene domains per kilobase (kb). (C ) Manhattan plot of
variant distribution in a full-length 45 kb rDNA copy. Colors depict rRNA regions, which are indicated on the top. INDELs are shown in solid
dots, and SNVs in circles. Gray horizontal line represents the variant quality score significance (QUAL) threshold set at 30. (D) Density plot of
the variants in the 13 kb rDNA coding region. Coding region domains are color-labeled as indicated by the legend. (E) Manhattan plot of variant
distribution in the rRNA coding region. Color-coding as in C.
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TABLE 3. Variant position calls of rDNA copies in 2504 human genomes

Variants

Copy 1 Copy 2 Copy 3 Copy 4 Total

SNV INDEL SNV INDEL SNV INDEL SNV INDEL SNV INDEL ALL

5′ETS 165 29 45 4 2 0 0 0 212 33 245

18S 6 2 1 0 0 0 0 0 7 2 9
ITS1 1 0 3 1 0 0 0 0 4 1 5

5.8S rRNA 0 0 1 0 0 0 0 0 1 0 1

ITS2 117 23 35 5 93 17 0 0 245 45 290
28S rRNA 291 65 13 5 10 1 66 19 380 90 470

3′ETS 10 2 NA NA 56 12 0 0 66 14 80

Terminator 366 269 NA NA 146 33 194 118 706 420 1126

IGS 634 316 NA NA 327 197 77 14 1038 527 1565
Total 1590 706 98 15 634 260 337 151 2659 1132 3791

BA

FIGURE 4. Annotation of variants on 28S rRNA structure. (A) Variant density on the secondary structure diagram of 28S rRNA. Nucleotides are
color-labeled by the variant density value. (B) Variants of 28S rRNA (shown in blue) are shown on the 3D structure model (PDB 4V6X). Nucleotides
are color-labeled by the variant density value as in A. High variant density expansion segments (ES) ES7L and ES27L are indicated. Images were
generated with RiboVision.
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EM structure (Anger et al. 2013). The regions with highest
density of variants were located on the surface of the
ribosome (Fig. 4B). These regions represent expansion
segments forming A-form helices that are under species-
specific evolution (Anger et al. 2013; Fujii et al. 2018).

Chemical modifications of human rRNA are introduced
during ribosome biogenesis and required for the rRNA
folding and stability. More than 130 individual rRNA mod-
ifications are indicated in the 3D structure of the human ri-
bosome (Natchiar et al. 2017). We further compared the
humangenome variant positions to the recordedmodifica-
tion sites in 28S rRNA. Only one modification site (C2861
methylation) had a SNV in the human genomes, but had
a very low allele count and QUAL score (7 and 99, respec-
tively). The combined results suggest that the rRNA
core ribosomal protein interaction sites and chemicalmod-
ifications on rRNAare critical for functioning ribosomes and
are rarely altered. The high number of variants in the 28S
rRNA flexible expansion segments suggest that these
may supply ribosome heterogeneity.

Population-stratified rRNA variants

To validate whether the genomic variants are expressed as
RNA, high-coverage RNA-seq data available on five indi-
viduals in the 1000 Genomes Project were downloaded,
and the variant calling pipeline was used to analyze for
presence of rRNA variants compared to the 145 kb rRNA
gene reference. This resulted in identification of 172
unique variant positions of which close to 30% matched
with those of the DNA variants in the coding region. We
considered these 50 variant positions as high-confidence
positions for further population analyses (Supplemental
Table S3). We refined this data set by excluding data on
positions where it was available in <30% of all analyzed in-
dividuals or <2% variant events were recorded, reasoning
that these have a low level of population impact. This re-
tained 38 variant positions for which the variant allele fre-
quencies were calculated as the number of genomic
variant reads/number of total reads for each position.
This showed large, position-dependent variation in the al-
lele frequencies (0.4%–76%) (Fig. 5A; Supplemental Table
S4). Positions with common, high variant frequencies
(>10%) were observed in the ITS2, 28S, and 3′ ETS do-
mains. There were no private variants in any of the 26 pop-
ulations, and the averaged variant frequency distribution
of the 38 variants among the populations was very similar
(Supplemental Table S4; Supplemental Fig. S1). These
findings indicated extensive sharing of the variants among
the populations.

To visualize individual variation and potential clustering
of some of the variants in a population-dependent man-
ner, the variant frequencies were displayed as a supervised
ancestry-organized heatmap. A large degree of interindi-
vidual variation was observed across all populations, as

well as population clustering of certain variants (Fig. 5B).
To further assess this, we conducted unsupervised analy-
ses on eight variant positions. We first calculated the aver-
age variant frequency for each population per position and
then conducted Euclidian distance matrix analysis. This
showed organization of the variants according to their
superpopulations (African, European, American, South
Asian, East Asian) (Fig. 6A). Two populations were outliers
of their superpopulations, Finnish (FIN) (present in the
American instead of European) and Peruvian (PEL) (present
in the East Asian instead of American). We then computed
the variance in the 26 populations for each position and
conducted K-means clustering analyses. As shown in Fig-
ure 6B, this led to the clustering of 23 out of 26 populations
according to their superpopulations. In this analysis, all ex-
cept the FIN and PEL populations were found in clusters
expected of their superpopulations, and the Bengali pop-
ulation (BEB) clustered at the edge of the South Asian
superpopulation. To assess the population variance in de-
tail, the variant frequencies of all 38 positions were plotted
according to their superpopulations using violin plots
(Supplemental Fig. S2). These showed that in a subset of
5′ ETS, ITS2, and 28S rRNA positions, there was a strong
tendency for a superpopulation-dependent variation fre-
quency.

To further illustrate the ancestry of selected variants, we
plotted their variation frequency in each population (Fig.
7). For example, 5′ ETS C2422A and C2443G were very
rare or absent (<2%) in the African populations, whereas
were present in all others. ITS2 G7196GT was present at
a much higher frequency in the South Asian (>20%) and
European (>14%) populations than the African, American
or East Asian (10% and less) populations, whereas ITS2
A7222C was high in European (>20%) and rare in the
East Asian populations (less than 1%). The highest variant
frequency of ITS2 C7760G was observed in the South
Asian populations (>24%), whereas was present in <17%
in East Asian, European and American populations. On
the other hand, G11390A, locating to the 28S rRNA
ES27L position 3490, had a higher frequency in the
African (>20%) and East Asian (>18%) populations, where-
as was present on average at <10% in others. 28S rRNA
G11050GGA in ES27L position 3126 was highest in the
East Asian (>13%) populations, but rare or absent in the
African (<1%). On the other hand, 5′ ETS T2177C and
CA11266C in 28S position 3342 are examples of positions
in which no marked distribution differences were detected
(Fig. 7). Hence, distinct ancestry-linked variants were ob-
served in several positions in the rRNA coding region.

DISCUSSION

The current knowledge of the variation in human rDNA se-
quences is incomplete. This study shows the heterogene-
ity of human rRNA genes in a comprehensive study of
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individuals from the 1000 Genomes Project popula-
tions. We show that diverse lengths and considerable se-
quence variation exists within the established human
rDNAGRCh38 chromosome 21 sequences. We annotated
the human rDNA variants (SNV/INDEL) using the high cov-
erageWGS data including 2504 individuals from 26 ances-
try-diverse populations.We performed SNV/INDEL calling
on the GRCh38 reference rRNA gene copies and generat-
ed a comprehensive rDNAvariantmap. In total, 3791 SNV/
INDEL variant positions were identified. Density distribu-
tion analysis of variants showed noticeable clustering
throughout the gene, including in the rRNA coding region,
providing a perspective of both invariant and highly
diverse regions. Several of the variants were validated by
their presence in RNA-seq data sets. Furthermore, the fre-
quency of some of the 5′ ETS, ITS2, and 28S rRNA variants
were ancestry-linked, suggesting that they represent sites
with genetic drift. Also, many highly penetrant variants

were identified, suggesting that they represent rDNA array
mosaicism. We mapped the 28S rRNA high density vari-
ants on the ribosome structure, which showed their loca-
tion in the 28S rRNA expansion segments. This suggests
that the variation in the 28S rRNA can potentially contrib-
ute to heterogeneity in ribosome function. The advantage
of analysis of this large data set, instead of single-genome
sample comparisons, is that it not only affirms confidence
of the reference genotype, but provides a resource to as-
sess the impact of rRNA diversity in subsequent functional
studies and population-based analyses.
Genomic GC content affects sequencing depth due to

PCR bias during the sequencing process (Dohm et al.
2008; Meienberg et al. 2015; Laursen et al. 2017).
Reduction of GC bias is critical in improving the assembly
of the genomes and increasing the accuracy of biomedical
or clinical application. Given that the rDNA copies have
high GC content regions in eukaryotes (Escobar et al.

B

A

FIGURE 5. Population-wide analyses of the RNA-validated genomic variants. Variant allele frequency was calculated as the number of variant
reads/number of total reads for each position and is expressed as %. (A) Average allele frequency (%) per position. (B) Supervised heat map or-
ganized by population (y-axis) and position (x-axis). Superpopulations are indicated by color codes, and populations are abbreviated using their
1000 Genomes Project acronyms. Heatmap is depicted as light blue to maroon gradient. White cells, no data.
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2011; Parks et al. 2018) and that PCR bias affects the accu-
racy of rDNA gene sequencing, we calculated the se-
quencing depth of rDNA using cancer cell line WGS data
from the CCLE resource. The CCLEWGS data set was gen-
erated using PCR amplification (Ghandi et al. 2019). Rela-

tively low read depth was observed in
the high GC content regions, showing
a significant negative correlation with
the GC-rich areas. High GC content
will also impact other PCR-based
methods such as chromatin and RNA
immunoprecipitation and sequencing
analyses, and has been observed in
studies involving rRNA genes, such
as low read coverage areas. Computa-
tional methods and PCR-free technol-
ogy in WGS have been developed to
decrease this bias and to obtain better
coverage of biologically important
loci with high GC content (Benjamini
and Speed 2012; Ross et al. 2013).
Benefiting from the high coverage of
1000 genomes WGS data sequenced
using PCR-free technology, we report
a mean 5000-fold coverage on the
rRNA gene, enabling robust variant
calling analysis. Furthermore, the first
complete human genome sequence
that detailed the acrocentric rDNA ar-
rays in the haploid CHM13 cells using
PacBio HiFi and Oxford Nanopore se-
quencing was released by the T2T
consortium (Nurk et al. 2021). These
advanced techniques and resources
help remove obstacles in the identi-
fication of human variants both in
discovery research and precision
medicine.
Few studies have evaluated the het-

erogeneity of rRNA genes across hu-
man populations. This is partly due
to the difficulty of assembling a refer-
ence for the highly variable rDNA
loci. Unfortunately, assembly contin-
ues to be a computationally challeng-
ing problem for rDNA tandem repeat
units using shotgun sequencing. A re-
fined reference for a rDNA copy unit,
assembled applying TAR cloning and
long sequencing technologies, has
enabled further assessment of individ-
ual rDNA units on chromosomes 21
and 22 (Kim et al. 2018, 2021). Here,
based on the refined human rDNA ref-
erence sequence (KY962518), we

identified four copies of rDNA in the current human refer-
ence genome GRCh38 suitable for rDNA SNV/INDEL call-
ing. Though they were 99% identical to the reference
KY962518, each copy presented with both length and se-
quence variation, and a total of 163 variant positions

B

A

FIGURE 6. Multidimensional scaling of variants. (A) Euclidian distance matrix analysis. Variant
positions (2422, 7196, 7222, 7234, 7443, 7460, 7760, 11390) were used to calculate the aver-
age variant frequency for each population per position. Below, superpopulations are indicated
by color codes. (B) K-means clustering analysis was conducted based on the variance in each
population. Clusters of superpopulations are indicated. Dashed lines indicate outlier popula-
tions in the cluster.
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were identified. This copy variation is consistent with the
observation that chromosome 21 rRNA gene copies are
mosaic (Nurk et al. 2021). Based on the T2T consortium
data on CHM13 cell line HiFi reads, the degree of mosai-
cism varies between the acrocentric arrays, being high on
chromosomes 13, 15, and 21 and low on 14 and 22. The
mosaicism in the copies usedhere is hencepresent as anat-
ural variation in our variant calling pipeline. The variant call-
ing pipeline was designed to identify both intra-array and
interindividual heterogeneity in the rRNA arrays compared
to the reference.We took advantage of the 1000Genomes
Project, the largest fully open resource of whole-genome
sequencing data, making this resource an ideal starting
point to identify human rDNA variants. Our analysis was
based on the newhigh coverageWGS resource and gener-
ated a comprehensive set of rDNA SNV/INDELs.
In contrast to previous published studies, based on the

earlier reference sequence U13369 (Babaian 2017; Xu
et al. 2017; Parks et al. 2018), this study demonstrates dis-
tinct clustering of the variants to specific rRNA regions. The
highest density of variants was observed in the rRNA tran-
scription termination sites containing repetitive CT-se-
quences, as well as in the 5′ ETS and ITS2 domains

flanking 18S and 28S rRNA coding regions. However,
we did not detect any variants in the rRNA processing sites
present in these regions. Also, the 18S and 5.8S rRNA cod-
ing sequences, in agreement with Xu et al. (2017), but in
contrast to Parks et al. (2018), were near invariant in this
deep data set, suggesting a low tolerance for adaptation
of these mature rRNA coding sequences. Also, in contrast
to the studybyParks et al. (2018), wedid not detect variants
in the 28S rRNA modification sites or high-confidence, fre-
quent variants in the ribosome bridge intersubunit sites.
Overall, these findings suggest that rRNA gene domains
and sites essential for the processing, maturation and as-
sembly into ribosomes are selected against for further
variation.
Notably, and surprisingly, large areas of the IGS were

devoid of variants. This is in contrast to the earlier notion
that IGS is highly variable (Gonzalez and Sylvester 1995,
2001). The conservation of IGS may be driven by as of yet
unidentified functional relevance of these sequences.
Stress-inducible noncoding IGS-derived RNAs have been
identified, and IGS contains regions with transcriptionally
active chromatin states, with both sense and antisense tran-
scription by Pol I and Pol II being reported (Audas et al.

FIGURE 7. Population stratification of variants. Population distribution of intra-individual variant frequencies of selected 5′ ETS, ITS2, and 28S
rRNA positions are shown as violin plots. Solid lines, median; dashed lines, quartiles. Populations are color-coded according to their superpopu-
lations. Top, rRNA coding regions and variant positions.
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2012; Agrawal and Ganley 2018; Abraham et al. 2020). On
the other hand, high variant densities with high QUAL
scores were observed in the IGS at 16, 23–24, 28, 31, 33,
and 39 kb that frequently were represented by CT and TG
repeat sequences. Overall, these results suggest a high de-
gree of conservation of not only the rDNA arrays between
chromosomes, but also low variance between individuals.
Given that the rDNA copies are considered to undergo fre-
quent genomic alterations, this conservation is remarkable.

Based on the population analyses of the RNA-validated
variants, a majority displayed high (>5%) frequencies. The
average variant frequency of all positions was similar
among the populations. However, when inspected by po-
sition, remarkable, population-linked differences were ob-
served that consistently segregated with their continental
superpopulations. Given the rRNA gene array mosaicism,
the likeliest explanation is that these represent variation
in the arrays and their copy numbers in individual chromo-
somes. As an example, 5% variant frequency corresponds
to its presence in 20 copies in an average 400 copy ge-
nome. Copy number variation of an array carrying a partic-
ular variant(s) will result in the findings described here.
Hence, variants that display a highly population-stratified
frequency represent these selective changes in the rRNA
arrays. Interestingly, no population private variants were
detected, that is, all variants were observed in multiple
populations albeit at variable frequencies. Once further
long-read rRNA array assemblies representing humans of
diverse ancestry origins are compiled, these variants will
be useful in identification and quantification of the rRNA
arrays. Nevertheless, these findings are reflective of a re-
markable variance of the rRNA genes and that this genetic
variance is also ancestry-linked. This suggests that these
variant positions may have undergone adaptive selection
or otherwise remarkable genetic drift potentially at times
of population genetic bottlenecks.

Genomic variants of rRNA genes may provide a molecu-
lar basis for heterogeneous ribosomes, potentially leading
to functional consequences. rDNA unit diversity has been
observed in various species (Tseng et al. 2008; Matyasek
et al. 2012; Agrawal and Ganley 2018). In mouse, the
rDNA array consists of genetically distinct variants, and a
subset of rDNA genes are regulated in a cell type-specific
manner (Tseng et al. 2008). Mouse rRNA variants are differ-
entially expressed in organs and the epigenetic state of
rDNA copies is influenced by in utero nutrition (Holland
et al. 2016; Parks et al. 2018). Hence, variation arising
from the rRNA sequence can lead to ribosome heterogene-
ity (Sauert et al. 2015; Shi and Barna 2015; Emmott et al.
2019; Ferretti and Karbstein 2019). Ribosome-associated
proteins further functionally diversifymammalian ribosomes
(Simsek et al. 2017). Heterogeneous ribosomes, containing
diverse post-translational modifications of the ribosomal
proteins or distinct ribosome binding factors, can preferen-
tially translate different subsets of mRNAs (Emmott et al.

2019; Li and Wang 2020). However, whether variation in
the rRNA coding sequences have an impact on ribosomal
functional heterogeneity remains poorly understood. The
expansion segments, especially ES27L, are dynamic and as-
sist in connecting the 40S mRNA exit and 60S tunnel exit
sites on the ribosome, and interact with export factors and
other regulators (Anger et al. 2013). For example, the hu-
man ES27L acts as an RNA scaffold to facilitate binding of
themethionine amino peptidase to control translation fidel-
ity (Fujii et al. 2018).We observed that positions relevant for
the rRNA-ribosomal protein interaction are much less vari-
ant compared to the highly flexible human-expanded
rRNA ES7L and ES27L helical folds on the surface of the
complex. Some of the 28S rRNA variant sites, such as
ES27L 3342, showed very high variant frequencies
(>40%), suggesting highly penetrating heterogeneity.
Also, 28S ES27L 3490 had a remarkable population distri-
bution, the variant allele being most frequent in the
African populations (>20%), whereas was present on aver-
age at 5% in the American and European populations.
Hence, variation in the 28S ES27L may provide a genetic
basis for heterogeneous translation fidelity in human indi-
viduals. On the other hand, our data show that rRNA mod-
ification sites are highly conserved. This is consistent with
the notion that rRNA-ribosomal protein interaction sites
and chemical modifications on rRNA are critical for ribo-
some assembly and function and are under strict preserva-
tion. Yet, the high number of 28S rRNA variants and the
frequencies of the validated sites implicate that they poten-
tially contribute to translation control or mediate selective
mRNA translation. However, this study does not directly ex-
plore whether the variant rRNAs are incorporated into ribo-
somes. Also, we do not account for putative tissue-specific
heterogeneity or somatic alterations of the rDNA genes.
These important aspects await validation in future studies.

In addition to the challenge of the sequence identity of
the gene copies, the rDNA repeats are highly dynamic due
to recombination events duringmeiosis, DNA repair and in
diseases such as cancer. Identification of disease-linked
variants will require comprehensive assessment of the
rDNA variation in the normal human genome. Our study
of genetic variation on the rRNA genes across human pop-
ulations, aided by high coverageWGS data, narrows down
the previously presumed variation and provides a resource
of rRNA variant detection and basis for the understanding
of the impact of rRNA variants potentially affecting physi-
ology and disease.

MATERIALS AND METHODS

Identification of rDNA regions in the human
reference genome GRCh38

rDNA reference KY962518 (GenBank: KY962518.1) was aligned
to the human genome reference genome (Homo sapiens
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genome assembly GRCh38.p13) by using the Basic Local
Alignment Search Tool (BLAST). Highly similar sequences
(Megablast) with 100% query coverage and ≥99% identity were
considered as high confidence rDNA copies. An unlocalized ge-
nomic scaffold and a PATCHES sequence were excluded from
blast results. The rDNA locus on chromosome 21 was visualized
using RIdeogram R package (Hao et al. 2020).

Multiple sequence alignments

Multiple sequence alignment of the rDNA reference KY962518
and rDNA copies identified on chromosome 21 was performed
with Clustal Omega Multiple Sequence Alignment (MSA) to
detect variation across copies. The alignment results were visual-
ized by NCBI MSA viewer. The number of SNVs and INDELs were
counted by Jvarkit and VCFtools (Danecek et al. 2011). INDELs
from multiple sequence alignment were visualized using the
ggmsa R package (Yu 2020).

Comparison of GC content and read depth

Genomic GC content percentage was calculated as Count(G+C)/
Count(A+T+G+C)×100%. AGC%valuewas computed for each
70 nt interval in the rDNA reference KY962518. We randomly se-
lected 70 cancer cell lines from the CCLE project, downloaded re-
latedWGS data and performed read alignment to KY962518 using
SentieonDNASeq tools. Read depth at eachpositionor regionwas
computed by samtools depth according to the Samtools manual.
For each sample, we normalized the read depth per position as
depth per position/mean depth in the rDNA coding region.
Mean normalized read depth values for 70 cancer cell lines are pre-
sented. We then calculated Pearson correlation between the GC
content and mean normalized read depth of the 70 samples.

Coverage for rDNA and WGS sequence reads

The average rDNA read coverage was computed by samtools
flagstat according to protocol in the Samtools manual for WGS
read analysis. GRCh38 was used as reference, and reads mapping
to the identified rDNA copies were calculated. Mapped reads for
each sample were extracted and rDNA coverage was computed
as (mapped read count × read length)/rDNA copy size. Genome
sequence read coverage was computed as (mapped read count
× read length)/total genome size.

Variant calling and variant density measurements

High coverage (mean 34×) WGS data for 2504 individuals were
obtained from the 1000 Genomes Project, and read alignment
to the human reference genome GRCh38, duplicate marking,
and Base Quality Score Recalibration (BQSR) was performed
(Byrska-Bishop et al. 2021). The sequencing was conducted using
NovaSeq 6000 using PCR-free technology (Byrska-Bishop et al.
2021). The full GRCh38 reference, including ALT contigs, decoy,
EBV and HLA sequences, was included to avoid mismapping.
Alignment files in CRAM format were used for variant calling.
Germline SNVs and INDEL variants were called with the
DNAseq pipeline (Sentieon, Release 201911). The DNAseq pipe-

line has demonstrated strong performance for variant calling and
suitability of usewith the NovaSeq 6000 technology (Kendig et al.
2019; Pei et al. 2021). We used the following variant call criteria:
QUAL score >30 PHRED (P<0.001) and presence in three or
more alleles. Computing was conducted using Maryland
Advanced Research Computing Center (MARCC) high perfor-
mance cluster computing nodes. The Integrative Genomics
Viewer (IGV, version 2.8.6) was used to visualize read alignments.
SNVs and INDELs were summarized from gVCF files derived by
Sentieon DNAseq pipeline and visualized by the ggplot2 R pack-
age. The density of variants located in the rDNA region was calcu-
lated and visualized by the ggridges and ggplot2 R packages.
The bandwidth used for density calculation was provided as 50.

RNA variant analyses and data sets

High-coverage RNA-seq reads from five individuals (NA19650,
NA19240, HG03732, HG03371, HG00096) included in the 1000
Genomes Project were downloaded from the International Ge-
nome Sample Resource (www.internationalgenome.org). FASTQ
files were used for variant calling against the GRCh38 reference
containing four rRNA gene copies on chromosome 21. SNVs
and INDEL variants were called using the RNA Variant Calling
pipeline (Sentieon) similarly to the DNA variant calling using a
threshold for QUAL>20. RNA and DNA variants were aligned ac-
cording to their genomic positions resulting in validation of 50 var-
iants overlapping in the coding region (Supplemental Table S3).
The variant frequencies were calculated for each position as the
number of variant reads/number of total reads for each position,
and were plotted using Prism9 supervised heatmaps and violin
plots. Multidimensional scaling was conducted in R using Euclidi-
an distance matrix and K-means cluster analysis using k=5. The
population nomenclature according to the 1000Genomes Project
Consortium et al. (2015) was adhered to and is provided in
Supplemental Table S5.

Annotation of variants on 28S rRNA
2D and 3D structure

Ribosome Visualization Suite RiboVision2 (http://apollo.chemistry
.gatech.edu/RiboVision2/) was used to visualize the density of
variants on 28S rRNA (Bernier et al. 2014). Variant density was
mapped on the secondary (2D) structure of 28S rRNA and por-
trayed by color gradient. All proteins in the tool were checked
for visualizing the protein contacts on 28S rRNA. The variant den-
sities were mapped to the three-dimensional (3D) structures of ri-
bosomes and the density intensity is indicated by a color gradient.
Images were generated using RiboVision2 based on PDB 4V6X
(Anger et al. 2013).
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