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ABSTRACT

Despite the key role of the human ribosome in protein
biosynthesis, little is known about the extent of se-
quence variation in ribosomal DNA (rDNA) or its pre-
rRNA and rRNA products. We recovered ribosomal
DNA segments from a single human chromosome
21 using transformation-associated recombination
(TAR) cloning in yeast. Accurate long-read sequenc-
ing of 13 isolates covering ∼0.82 Mb of the chro-
mosome 21 rDNA complement revealed substantial
variation among tandem repeat rDNA copies, sev-
eral palindromic structures and potential errors in
the previous reference sequence. These clones re-
vealed 101 variant positions in the 45S transcription
unit and 235 in the intergenic spacer sequence. Ap-
proximately 60% of the 45S variants were confirmed
in independent whole-genome or RNA-seq data, with
47 of these further observed in mature 18S/28S rRNA
sequences. TAR cloning and long-read sequencing
enabled the accurate reconstruction of multiple rDNA
units and a new, high-quality 44 838 bp rDNA refer-
ence sequence, which we have annotated with vari-
ants detected from chromosome 21 of a single in-
dividual. The large number of variants observed re-
veal heterogeneity in human rDNA, opening up the

possibility of corresponding variations in ribosome
dynamics.

INTRODUCTION

According to the messenger RNA (mRNA) hypothesis, as
first reviewed by Jacob and Monod, each ribosome has been
considered equivalent to all others, a tabula rasa instructed
by mRNAs to form corresponding proteins (1). To sus-
tain the growth of any cell, about half of all RNA synthe-
sis is therefore ribosomal RNA and variable rates of tran-
scription are maintained in part by the relative activity of
multiple copies of rDNA in the cell nucleus. In humans,
∼400 rDNA repeats are distributed among five nucleolar
organizer regions (NORs) on the short arms of the acro-
centric chromosomes 13, 14, 15, 21 and 22 (2,3,4). Most
of the repeats are organized as tandem arrays. The num-
ber of rDNA repeats in individual human NORs is in the
range of 1–3 to more than 140 (4,5,6), and only 20–50% of
all RNA genes are transcriptionally active in most human
cells (7). An rDNA repeat unit encodes a copy of 18S, 5.8S
and 28S rRNA sequences separated by internal transcribed
spacer sequences and flanked by external transcribed spac-
ers (ETSs) and an ∼30 kb intergenic spacer (IGS). The
precursor 45S pre-rRNA transcript is synthesized by poly-
merase I and processed into the mature rRNA species (8,9).

Intra-genomic variation in the ribosomal RNA genes is
well-documented in several species (10,11,12,13). For hu-
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man, subcloned rDNA fragments sequenced from several
individuals found early evidence of variation––primarily
single nucleotide variants (SNVs)––in the transcribed re-
gions (14,15,16,17) compared to a reference sequence (18).
However, none of the observed variants was validated in un-
cloned DNA, and in the intervening years, there has been no
comprehensive census of rDNA variants or their frequency
within and between individuals.

Large structural variants within human NORs, includ-
ing palindromic rDNA repeats, have also been noted (19).
But again, there has been no study at sequence resolution
of the structure or frequency of such variants, or the degree
to which they are shared in individuals or populations. In
fact, the only reported systematic study of sequences prox-
imal (centromeric) and distal (telomeric) to rDNA arrays
(20), based on the analysis of bacterial artificial chromo-
some (BAC) and fosmid clones available in GenBank, con-
cluded that these sequences are nearly identical among all
five acrocentric chromosome pairs.

Unfortunately, computational assembly of the NORs
from shotgun sequencing of total human DNA is ham-
pered by the size and similarity of the rDNA tandem repeat
units (21). Assembling rDNA repeats from whole-genome
data results in a consensus representation that is suitable
for inter-species comparisons but masks variation within
species and individuals (22). The assembly problem is sim-
plified via cloning, which can isolate a few copies of rDNA
for sequencing, but each individual copy still contains in-
ternal repeats that are difficult assemble. Recent advances
in sequencing technology have resulted in read lengths of
greater than 100 kb (23), capturing entire rDNA units in in-
dividual reads and thereby greatly simplifying sequence as-
sembly. Although the error rate of long-read sequencing is
relatively high, technologies such as PacBio single-molecule
sequencing produce largely random error that can be statis-
tically corrected with sufficient sequencing depth, resulting
in near-perfect (>99.999%) consensus accuracy (24). Thus,
targeted, long-read sequencing has enabled highly accurate
reconstruction of individual rDNA units for the first time.

Using a combination of transformation-associated re-
combination (TAR) cloning and multiple sequencing tech-
nologies, we report a pilot characterization of variants in
rDNA repeats from a single chromosome of one individual.
We first isolated and sequenced individual rDNA units us-
ing long reads to identify candidate variants. These variants
were then validated and their frequencies assessed using
long-read and short-read sequencing of whole genomes and
transcriptomes sampled from multiple individuals. From
this analysis, an improved rDNA reference sequence is pre-
sented along with a new catalog of rDNA variants assessed
with high confidence.

MATERIALS AND METHODS

Cell line and media

Mouse/human monochromosomal hybrid cells were cul-
tured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (Atlanta Biologicals,
Lawrenceville, GA, USA) and 800 ug/ml G418 (InvivoGen)

at 37◦C in 5% CO2. The A9 (21–16) cell line (mouse A9 cells
containing human chromosome 21) was obtained from Dr
Mitsuo Oshimura (25).

Construction of ribosomal DNA transformation-associated
recombination (TAR) cloning vectors and rDNA clone recov-
ery

The TAR vectors, TAR- #2, - #6, - #11, -#16 and - #22,
were constructed using the shuttle vector pJYB, contain-
ing a yeast cassette (CEN6 and HIS3) and a BAC cas-
sette carrying the F-factor origin of replication (Supple-
mentary Figure S1). These vectors contain combinations
of four 130–170 bp targeting sequences (hooks) H1, H2,
H3 and H4, chosen from rDNA 5′ ETS region (see Figure
1A). These targeting sequences were polymerase chain re-
action (PCR)-amplified from the BAC CH507-528H12 (GI:
FP236383.15). Sequences of the primers and their location
on rDNA sequence are presented in Supplementary Table
S1. In three vectors, #6, #11 and #16, both hooks have
the same orientation corresponding to that in the reference
rDNA (Figure 1B). For these vectors, the expected size of
the targeted genomic fragment is ∼43 kb or two to three
times bigger if two or three rDNA units will be cloned. In
two other vectors, #2 and #22, one of the hooks is inverted
(Figure 1C). The hooks were cloned into the pJYB vector as
either SalI–AscI or NotI–XbaI fragments. The TAR vectors
were linearized with and AscI and NotI (the sites are flanked
by pBR322 origin sequence) before transformation to yield
a molecule bounded by the desired targeting sequences. De-
tailed physical maps of the TAR vectors, are shown in Sup-
plementary Figure S1.

To TAR clone human rDNA, each vector and genomic
DNA gently isolated from the A9 (21–16) hybrid cells were
presented to yeast spheroplasts and His+ transformants
were selected as described (see below). In some experiments,
genomic DNA was pre-treated with CRISPR-Cas9 nucle-
ases to generate double-strand breaks near the targeted ge-
nomic region (Supplementary Figure S2) to promote an in-
crease in gene-positive colonies (26).

For transformations, the highly transformable Saccha-
romyces cerevisiae strain VL6-48 (MATα, his3-Δ200, trp1-
Δ1, ura3-52, lys2, ade2-101, met14) that has HIS3 deleted
was used (27). For TAR cloning of the rDNA regions, 2–
3 �g of genomic DNA isolated from the mouse/human
monochromosomal hybrid cell line was mixed with a
AscI/NotI-linearized TAR vector (∼1 �g) and presented
to freshly prepared yeast spheroplasts. Yeast transformants
were selected on synthetic complete medium plates lacking
histidine. In total, six to eight transformation experiments
were carried out for each TAR vector.

To identify rDNA-containing clones, the transformants
were combined into pools, each containing 30 transfor-
mants and tested with diagnostic primers (Supplementary
Table S1) for unique sequences specific for the targeted hu-
man rDNA unit. Individual clones obtained by four dif-
ferent TAR cloning vectors were designated as JH2–JH18.
Supplementary Table S2 shows which vector has been used
for isolation of each clone and the size of each cloned re-
gion.
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Figure 1. Scheme for isolation of human ribosomal DNA from mouse/human hybrid cell line as circular YAC/BAC. (A) Schematic representation of
rDNA cluster in human acrocentric chromosomes 21. Both canonical rDNA units organized as a tandem repeats and rDNA units forming palindromic
structure are shown. Each unit is composed of an ∼13 kb transcribed region encoding 45S rRNA (5′ ETS, 18S, ITS1, 5.8S, ITS2, 28S and 3′ ETS) and an
∼32 kb IGS. All four targeting sequences for TAR vectors, hooks (H1, H2, H3 and H4), were chosen from the 5′ ETS region that is ∼1.4 kb upstream of
the 18S rRNA. Human rDNA could be cleaved at the two positions between H2 and H3 by the Cas9–gRNA complexes (red bars). (B) Scheme for TAR
cloning of rDNA organized as tandem repeats. Three TAR vectors, #11, #6 and #16, with canonical orientation of the hooks are shown. Homologous
recombination between the targeting sequences in the vectors and a targeted human rDNA fragment leads to the establishment of a circular YAC/BAC.
(C) Scheme illustrating TAR cloning of rDNA sequences organized as a palindrome. Two TAR vectors, #2 and #22, in which one hook is inverted (rH2
or rH4) were constructed. Homologous recombination between the targeting sequences in the vectors and the targeted human rDNA fragment may lead
to the establishment of a circular YAC/BAC only for regions with a palindromic structure. (ETS: External transcribed spacer; ITS: Internal transcribed
spacer).

Physical characterization of TAR clones

To prove the presence of the predicted genomic sequences
in TAR/YAC isolates, DNA from the clones was exam-
ined by PCR (Supplementary Table S1) using primers cov-
ering the rDNA reference sequence. Analysis of one iso-
lated clone (JH5) is shown in Supplementary Figure S3C.
The TAR-isolated YAC/BACs were moved to Escherichia
coli by electroporation. In brief, yeast chromosome-size
DNAs were prepared in agarose plugs and, after melt-
ing and agarase treatment, the DNAs were electroporated
into DH10B competent cells (Gibco/BRL) by using a Bio-
Rad Gene Pulser as previously described (28). To deter-
mine the size of the BACs, each of the clones was analyzed
by contour-clamped homogeneous electric field (CHEF)

gel electrophoresis. Supplementary Figure S3D illustrates
CHEF gel analysis of six rDNA-containing BAC isolates.

Fluorescence in situ hybridization (FISH) analysis

Two probes were prepared. The first probe targets human
chromosome 21 alphoid DNA derived from a pYB 21�-18
BAC containing ∼18 kb of human chromosome 21 alphoid
type-I sequence (Supplementary Figure S4A). The second
probe is derived from an ∼53 kb rDNA BAC clone that
contains only human IGS sequence (JH10, Supplementary
Table S2). Both probes were used to confirm the presence of
human chromosome 21 in hybrid cells (Supplementary Fig-
ure S4A and B). BAC DNAs were Cyanine 3-UTP (Enzo)
labeled using a nick-translation kit (Abbot Molecular Ins.).
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The probes were denatured at 78◦C for 10 min and kept to
37◦C before use. Slides were incubated at 72◦C for 2 min be-
fore overnight incubation at 37◦C. After washes with 0.4 ×
Saline-sodium citrate (SSC) + 0.3% Tween 20 at 72◦C fol-
lowed by a wash with 2 × SSC + 0.1% Tween 20 at room
temperature, standard procedures were used to visualize
probes. Slides were mounted with VectaShield and screened
for the presence of the human chromosome 21.

Fiber-FISH analysis

The A9 (21–16) cells were trypsinized and resuspended
in phosphate-buffered saline (PBS). 1 × 105 Cells were
then embedded in a pulsed-field gel electrophoresis agarose
plug to prepare high-molecular-weight genomic DNA. Af-
ter proteinase K digestion, the agarose plug was washed
with TE buffer, melted in 0.1 mM MES (pH 6.5) and di-
gested using 2 �l of �-agarase (Biolabs). The DNA so-
lution was poured into a Teflon reservoir and DNA was
combed onto silanized coverslips (Microsurfaces) using a
combing machine. The coverslips were baked at 65◦C for
an hour and then denatured with 0.5 M NaOH for 20 min.
PBS-washed coverslips were dehydrated with a 70, 90 and
100% ethanol series and dried 10 min before hybridiza-
tion. The biotin labeled rDNA IGS spacer DNA probe and
DIG labeled rDNA coding region probe were synthesized
by Bio-prime labeling kit (Invitrogen) and DIG DNA la-
beling kit (Roche), respectively. A total of 300 ng of la-
beled DNA probes/sample were boiled for 5 min in hy-
bridization buffer, immediately chilled on ice for 10 min
and then loaded onto the combed DNA coverslip and in-
cubated overnight at 37◦C in a moisture chamber. After hy-
bridization, coverslips were washed twice with 50% FA/2
× SSC and twice with 2 × SSC at room temperature. For
detection of ssDNA, biotin, and DIG, we used mouse anti-
ssDNA antibody (Millipore), Alexa555 conjugated strep-
tavidin and anti-DIG-FITC (Roche) as the primary anti-
body, respectively. Following the wash, coverslips were incu-
bated with chicken anti-mouse Alexa 647, biotin conjugated
streptavidin and rabbit anti-FITC secondary antibodies. To
amplify the biotin and DIG signals, additional incubations
were performed with Alexa 555 conjugated streptavidin and
goat anti-rabbit FITC, respectively. Images were taken using
an OLYMPUS IX70 (60 × /1.40 oil Ph3 PlanApo, Retiga-
SRV FAST1394) controlled by IPlab pathway 4.0, and 1 �m
was estimated to cover 2 kb, as previously reported using
image J software (29).

Illumina sequencing

DNA from 13 BACs was purified using a Qiagen protocol,
resulting in BAC clones with sizes ranging from 50–170 kb
with concentrations of 75–900 ng/�l. These BACs were fur-
ther sheared using a BioRuptor for 7.5 min at high intensity
with 30 s on-off cycles between two and five cycles were used
depending on the initial BAC size and DNA concentration,
achieving an average sheared fragment size of 308 bp. A to-
tal of 50 ng of sheared DNA was used to generate sequenc-
ing libraries using the Illumina ChIPSeq library generation
kit. In short, the ends of the sheared DNA fragments were
first repaired using a mix of DNA polymerase and ligase,

then purified using Agencort Ampure XP magnetic beads.
The 3′ ends were adenylated and Illumina specific indexed
adaptors were ligated. These ligation products were puri-
fied and separated on a 9% agarose gel, and fragments be-
tween 300–450 bp were purified. The isolated libraries were
enriched for fragments containing ligated adaptors on both
ends using 18 cycles of PCR followed by a final cleanup
with magnetic beads. The final sequencing libraries had a
size range of 280–650 bp and an average size of 388 bp. Se-
quencing was performed using the Illumina HiSeq 2500 in
rapid run mode with on-board cluster generation. The total
raw read count was 514 million with ∼440 million passing
the quality filter and 92% of the reads with a Q score >30.
The 18 indexed samples ranged from 1.8 to 11.9% of total
reads with an average of ∼5.3%. This gave read counts for
each BAC in the range of 8–52 million (Supplementary Ta-
ble S2). The raw bcl files were demultiplexed and converted
to fastq files using bcl2fastq software provided by Illumina.

PacBio sequencing and assembly

DNA from 13 BACs was isolated, mechanically sheared and
size selected. Separate libraries were constructed for each
BAC and sequenced on a Pacific Bioscience RSII instru-
ment using two SMRTcells each, generating thousands of
fold coverage per BAC (Supplementary Table S2). Sequence
assemblies were generated with Canu 1.3 using default pa-
rameters (30). Valid assemblies were expected to contain
the vector sequence, a degree of circular overlap and the
hook sequences used for cloning. Vector sequence and cir-
cular overlaps were identified using Nucmer (31) and re-
moved, and the assemblies were re-oriented toward the first
base after the removed vector. The assemblies were then
polished using Quiver (24) with the raw PacBio data to
maximize accuracy. Illumina polishing using Pilon (32) was
also attempted. However, the Illumina-polished assemblies
yielded lower validation rates versus whole-genome data, so
the PacBio-polished assemblies were used for all analyses.

Nanopore sequencing

Following the strategy of Jain et al. (33), a standard Oxford
Nanopore protocol was modified to enable the sequencing
of entire BACs in individual ∼100 kb reads. Specifically, us-
ing the Nanopore SQK-RAD001 ‘rapid’ sequencing kit, a
series of titration experiments were carried out to determine
an optimal concentration of the transposase-based reagent
such that a fraction of the circular BACs would be cut at
a single location. This simultaneously linearizes the BACs
and adds the necessary sequencing adapters. Results of the
titration experiments were evaluated by CHEF gel elec-
trophoresis (Supplementary Figure S5). Satisfactory results
were obtained by incubating 2 �l of Fragmentation mix (
FRM) with 400 ng of BAC DNA in a total volume 20 �l
for 1 min at 30◦C. Nanopore sequencing libraries were con-
structed using this modified protocol and were sequenced
on FLO-MIN104 (R9) flow cells according to the manufac-
turer’s instructions. The BAC-length nanopore reads were
aligned against the PacBio assemblies for validation using
bwa-mem (https://arxiv.org/abs/1303.3997).

https://arxiv.org/abs/1303.3997
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Whole-genome validation samples

Whole-genome validation experiments were based on four
samples for which both high-coverage Illumina and PacBio
data were available (34,35,36,37,38,39): AK1 (Korean an-
cestry), HX1 (Chinese ancestry), NA12878 (Caucasian an-
cestry) and CHM1 (Caucasian ancestry) (see Data Access).

Whole-genome short-read 45S validation

All rDNA-like regions in GRCh38 were masked and re-
placed by a single reference sequence. To mask rDNA-like
regions in the reference, 500 × coverage of 2 × 100 bp
reads were simulated from U13369.1 and mapped against
GRCh38 using bwa-mem. All 500 bp reference windows
(non-overlapping) hit by ≥2 simulated reads were masked
(∼313 kb of sequence in total, 144 kb of which are on chro-
mosome 21). In addition, reference contigs GL000220.1
and KI270733.1, which contain near-complete matches to
U13369.1, were also removed, (removing an additional 224
kb of sequence).

A multiple sequence alignment containing all 45S se-
quences extracted from the TAR-cloned BACs was con-
structed using mafft (parameter-auto) (40) and manually
curated. Illumina reads from the four validation samples
were mapped to the modified reference genome, separately
for each validation sample. Using samtools (41) mpileup
(parameters -q13 -Q10), high-confidence read alleles and
their coverages were extracted in a column-wise fashion
and projected onto the 45S multiple sequence alignment. To
count as ‘validated’, an allele required at least 20 support-
ing read alleles in at least one sample. Variants in the spacer
region were assessed in an analogous manner, employing a
multiple sequence alignment containing the new reference
sequence and sequences homologous to the new reference
sequence extracted from the BACs.

Within-genome variant allele frequencies

Within-genome variant allele frequency was approximated
by dividing variant allele coverage by total column cover-
age. These data were collected during whole-genome short-
read validation. Variant allele frequencies are presented
only for alleles that passed whole-genome validation.

45S expression analysis

Following Zentner et al. (42), nucleolar RNA-seq sequenc-
ing data of the cell line K562 was obtained from ENCODE
(see Data Acess), including both ‘long RNA’ (2 × 76 bp Il-
lumina reads) and ‘short RNA’ (1 × 36 bp Illumina reads)
datasets generated by the Gingeras lab (43,44). RNA-seq
data were also available for the AK1 sample (2 × 100 bp
Illumina). Using STAR (44) and GENCODE v25 annota-
tions (45), RNA-seq reads were mapped to the same masked
reference genome used for validation of 45S variants, sep-
arately for each dataset. Using samtools mpileup (parame-
ters -q13 -Q10), high-confidence RNA-seq read alleles were
extracted in a column-wise fashion. The total number of
reads mapped to the modified reference sequence was 2 179
533 (short K562), 84 693 198 (long K562) and 1 910 753
(AK1). Analogous to the steps described for the validation

of 45S variants from DNA, the extracted sample alleles were
projected onto the multiple sequence alignment of BAC-
derived sequences. Only alleles with source column total
coverage ≥100 were evaluated, and variants with >10% rel-
ative allele frequency were counted as ‘validated’.

Whole-genome long-read structural validation

FASTA sequences representing all BAC assemblies were
added to the GRCh38 human reference genome. PacBio
sequencing reads from the four validation samples were
mapped to this extended reference genome using bwa-mem
(option -x pacbio). We defined breakpoints coordinates
(Supplementary Table S3) and extracted primary align-
ments spanning these breakpoints plus an additional 2500
bp on each side. Of note, there are differences in read length
between the four PacBio samples (average read alignment
length: 7.7 kb for CHM1; 6.8 kb for AK1; 5.5 kb for HX1;
3.4 kb for NA12878). Consistent with this, the total num-
ber of reported spanning reads was lowest for NA12878. All
validating long reads and their breakpoint sequence align-
ments were confirmed by manual inspection using Nucmer
(31).

Location of variants within higher order RNA structure

RNA secondary structures were predicted using methods
based on global and local free energy estimation or mini-
mum free energy consensus structure for aligned RNA se-
quences. Allelic variants of mature and pre-rRNAs were
computationally folded and the minimum free energy of
the secondary structure was calculated for different window
sizes, as in Zuker (46).

Energy minimization was performed using the dynamic
programming method and Afold algorithm for evaluation
of internal loops (47). Local free energy was estimated for
pairs of highly similar sequences, extracted from pairwise
alignments with length windows of 100, 350 and 500 nu-
cleotides (48). Structural index (Dist) was defined as the Eu-
clidean base pairing distance.

The RNAalifold program was used to predict RNA con-
sensus structures based on multiple sequence alignments
(49) (Vienna package–– http://rna.tbi.univie.ac.at). z-scores
and empirical P-values were also estimated based on a base-
pair distance measure. Base-pair distance was computed as
the average distance of two single sequences and a consen-
sus sequence derived by RNAalifold. Two hundred random
samples were used to estimate empirical P-values. RNAsnp
software (50) was applied to SNVs to detect local RNA sec-
ondary structure changes.

The free-energy penalty associated with breaking (open-
ing) of local secondary structure (target structure opening,
�G kcal/mol) was estimated considering local disruption
of secondary structure in windows of different length. Free-
energy changes were approximated with nearest-neighbor
free-energy parameters using the Afold program (47) and
the OligoWalk program (51). Local structure was consid-
ered for a set of suboptimal structures.

Monte Carlo simulation and analysis of randomized se-
quences (52,53) was used to estimate significant differences
between target structure opening (ΔG) or structural index

http://rna.tbi.univie.ac.at
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(Dist) of allelic variants. The free-energy penalty associated
with local secondary structure opening (�G kcal/mol) or
structural index (Dist) for all random sequences was calcu-
lated for local disruption of secondary structure in the given
window. P-values for randomizations and for difference be-
tween variant alleles were determined by the MWW test.

RESULTS

TAR Isolation of rDNA sequences specific for NOR on hu-
man chromosome 21

Individual rDNA units were isolated using TAR cloning,
which permits selective targeted isolation of genomic re-
gions from complex genomes (26,54). This method has
been successfully applied to close several gaps in the hu-
man genome sequence (55). To avoid cross-contamination
with rDNA derived from other acrocentric chromosomes,
we used genomic DNA from the mouse-human hybrid cell
line A9 (21–16), which contains a single human chromo-
some 21 in a mouse cell background (56). The presence of
a single human chromosome 21 was confirmed by fluores-
cence in situ hybridization (FISH) (Supplementary Figure
S4). DNA fiber analysis revealed that human rDNA units in
this cell line form a single cluster on human chromosome 21
with no detectable insertions of non-rDNA sequences (Sup-
plementary Figure S6). Approximately 50 copies of human
rDNA are present based on qPCR analysis of the human-
specific IGS (Supplementary Figure S6).

For the selective isolation of rDNA units from the hybrid
cells, five TAR cloning vectors were designed (#2, #6, #11,
#16 and #22 in Figure 1). Each vector contains a pair of
targeting sequences (hooks) derived from the 5′ ETS ∼1.4
kb upstream 18S rRNA gene. The chosen region of ETS
has no homology to rodent ETS in order to exclude target-
ing mouse rDNA units during TAR cloning. In three vec-
tors, #6, #11 and #16, both hooks have the same orienta-
tion corresponding to that in the reference rDNA (Figure
1B). Therefore, it is expected that with these vectors in vivo
recombination in yeast will rescue rDNA regions organized
as tandem repeats. In two other vectors, #2 and #22, one
of the hooks is inverted. Vectors with such hook orienta-
tion cannot target tandem rDNA repeats, but are suitable
for isolation of rDNA sequences in palindromic orientation
(Figure 1C), which have previously been inferred to exist in
human DNA (19). The inclusion of an F-factor origin in the
TAR vector (Supplementary Figure S1) permits transfer of
the yeast artificial chromosomes (YACs) into E. coli cells, in
which they can propagate as BACs, facilitating purification
of the clones for sequencing.

To TAR clone human rDNA, each vector and genomic
DNA isolated from the A9 (16–21) hybrid cells were mixed
with yeast spheroplasts. In some experiments, genomic
DNA was pre-treated with CRISPR-Cas9 nucleases to gen-
erate double-strand breaks near the targeted genomic re-
gion (Supplementary Figure S2). This provided a 3-fold in-
crease in rDNA-positive colonies (26, Supplementary Fig-
ure S3B). To identify YACs containing human rDNA,
∼3400 yeast clones were tested by PCR for the presence of
sequences corresponding to the 30 kb IGS. Among the an-
alyzed yeast transformants, 13 had sequences of a human

rDNA unit (Supplementary Figure S3). The YACs contain-
ing human rDNA were transferred into E. coli cells by elec-
troporation and propagated as BACs. To check the fidelity
of YACs after transfection into bacterial cells, BAC DNA
was isolated from two to three independent E. coli trans-
formants and analyzed by CHEF gel electrophoresis. For
most TAR isolates, circular molecules of uniform identical
size were observed, suggesting that there were no obvious
rearrangements of circular YAC/BACs during electropo-
ration (data not shown). In total, 12 independent rDNA-
containing clones with inserts of 44–89 kb were chosen for
further analysis (Supplementary Table S2).

Assembly of rDNA clones isolated from human chromosome
21

Eight of the newly isolated and sequenced BACs contained
at least one full-length rDNA unit (Figure 2). Those con-
taining only a single rDNA unit included JH5, JH8 and
JH12 (isolated with TAR vector #6); and JH15 and JH18
(vector #16). Longer BACs included JH11 (vector #6),
which contained two tandem rDNA units; JH4 (vector #2),
which contained one rDNA unit preceded by a truncated
IGS; and JH14 (vector #11), which contained a truncated
rDNA unit followed by three IGS fragments. The four re-
maining BACs contained only head-to-head oriented IGS
fragments, including JH2 and JH3 (vector #2); and JH6 and
JH10 (vector #6).

In addition to these new BACs, we also sequenced and
assembled a previously annotated BAC, CH507-528H12.
The new version sequenced using PacBio long reads is la-
beled here as JH1. This BAC had been isolated from an-
other mono-chromosomal hybrid cell line carrying chro-
mosome 21, also using a TAR cloning vector (57). It in-
cludes two tandem rDNA repeats along with 74 469 kb
of sequence upstream of the rDNA repeats with homol-
ogy to the distal junction of the chromosome 21 rDNA
locus (20). Our new long-read assembly is 942 bp longer
than the published version (FP236383.15), and a pairwise
alignment showed that the two versions differ by 1324 gaps
and 144 mismatches, with most of these differences falling
within the repeated rDNA regions. Because our new as-
sembly was constructed using very high-coverage of long,
single-molecule reads (452-fold coverage in reads >20 kb),
the differences are likely caused by incomplete separation
of the two rDNA copies in the original Sanger-based as-
sembly. To test this hypothesis, we aligned the newly gener-
ated JH1 PacBio reads to both the old and the new assem-
bly, and measured agreement between the aligned reads and
the assemblies at the positions of single-nucleotide differ-
ences between the assemblies. Consistent with the PacBio
sequencing error rate, we found that 86% of aligned read
alleles matched our PacBio assembly at the evaluated po-
sitions; by contrast, the match rate for the previously pub-
lished Sanger assembly was only 34%, indicating likely as-
sembly error at the evaluated positions. Based on this eval-
uation, the PacBio version (JH1) was selected as the repre-
sentative assembly. These results demonstrate the ability of
long reads to correctly resolve complex rDNA array struc-
tures.



6718 Nucleic Acids Research, 2018, Vol. 46, No. 13

Figure 2. Schematic structural organization of rDNA-containing BAC clones isolated by TAR from the human chromosome 21. Structures of the indi-
vidual isolated BACs are illustrated, highlighting rDNA coding and IGS regions. The bracket spans the new reference rDNA sequence derived from JH1,
starting from the 5′ETS, deposited as GenBank Accession KY962518. Clones JH2 and JH3, isolated with TAR vector #2 (in which one of the hooks is
inverted; see Figure 1C) contain two IGS sequences in a head-to-head configuration consistent with the presence of palindromic structure in rDNA arrays.
Another clone with palindromic rDNA sequences, clone JH14, was isolated with TAR vector #11, with the hooks in the same orientation. As illustrated,
this clone contains a double palindromic structure that resulted in a final ‘correct’ orientation of the targeted sequences in rDNA array. Notably, this highly
rearranged region contains the pseudogene CDC27 (green bar). Vertical red lines indicate inversion break points. Exact coordinates of break points and
inversions are listed in Supplementary Table S3. Carats indicate an IGS truncation by deletions. Annotated BAC sequences can be downloaded from Gen-
Bank under the Project Accession# PRJNA38015. TR: Tandem repeat; LR1 and LR2: Long repeats; SSR3 and SSR4: Simple sequence repeats; pCDC27:
CDC27 pseudogene. SSR1 and SSR2 are nested within LR1 and LR2 and are omitted here for clarity (see Figure 3).

In total, 13 rDNA clones were assembled and analyzed,
including 11 full copies of the 45S transcribed region and
6 non-canonical IGS structures. The schematic structure
of these clones is presented in Figure 2 and Supplemen-
tary Figure S7A, and the annotated assemblies are available
from GenBank (Supplementary Table S2).

Validation of clone assembly by Oxford Nanopore sequencing

To ensure the integrity of the PacBio assembly process in
the presence of complex repeat structures, we selected four

BACs for validation: three BACs containing palindromic
IGS fragments (JH2, JH10, JH14), and one BAC with
two distinct rDNA units (JH11). Using a custom Oxford
Nanopore protocol capable of producing single-molecule
reads spanning an entire BAC sequence, we successfully val-
idated the structure of the three inversion-containing as-
semblies (NCBI BioProject; PRJNA380105). Low sequenc-
ing coverage, combined with the large size of the BAC, pre-
vented nanopore validation of JH11, but the deletion ob-
served in the second rDNA copy of this BAC was success-
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fully validated using long-read population data from whole
genomes (see below).

A modified human rDNA reference sequence

For a detailed characterization of rDNA variation with re-
spect to known sequences, we compared our new assemblies
to U13369.1, the GenBank sequence that has served as an
rDNA reference. All but one of our BACs shared an ∼2 kb
insertion in the IGS relative to U13369.1 between positions
22703 and 22714, indicative of population polymorphism or
a possible error in the U13369.1 sequence (Supplementary
Figure S8). The inserted sequence transforms a degenerate
repeat sequence in the spacer region into a near-perfect tan-
dem repeat (Supplementary Figure S7B). The presence of
this extra 2 kb sequence, as well as better validation results
for the 45S region (see below), identified the first rDNA
copy of JH1 as a suitable reference replacement (Figure 2,
GenBank accession KY962518).

Validation using short-read whole-genome data con-
firmed all bases in the 45S region for our new reference se-
quence (100% of 45S bases in KY962518; Supplementary
Table S4), while an analogous analysis for U13369.1 yielded
a lower validation rate of 99.77%. Furthermore, long reads
from a high-quality whole-genome sample, CHM1 (39),
also agreed better with the new reference, especially across
the new 2 kb insertion (Supplementary Figure S7C).

The current human reference genome GRCh38 (58) also
contains three rDNA units assigned to chromosome 21. The
most similar is nearly identical to our revised reference with
the exception of 621 and 19 bp deletions toward the end of
the IGS; a single C/G SNP in ITS-2; and tens of single base
insertion or deletions.

Figure 3 shows all repeats in the new JH1-based 44 838
bp reference sequence along with the locations of struc-
tural breakpoints in the clones. We also provide a pairwise
sequence alignment between the new reference sequence
KY962518 and U13369.1 (Supplementary Data S1). Com-
parison of the rDNA promoter sequence of U13369.1 and
the new reference sequence showed significant differences
(16 SNPs and INDELs), and in all cases the whole-genome
validation datasets confirmed the new reference. These re-
sults are also in agreement with previously published rDNA
promoter sequences (59,60).

Structural analysis and validation of IGS

In addition to the 2 kb insertion relative to U13369.1, we
identified seven additional structural variants (six inversion
events and one deletion; Supplementary Table S3 and Fig-
ure S7A). We anticipated that some inversion/palindromic
regions might be recovered, both because they had been
inferred to be present in uncloned DNA in a previous
report (19), and because we observed apparent head-to-
head cloning of rDNA regions in fiber-FISH DNA analyses
(Supplementary Figure S6). Indeed, clones JH2 and JH3
were recovered with vector #2, which specifically targeted
palindromic segments using inverted hooks for cloning.
Two other clones (JH6 and JH10) also contained palin-
dromic segments but were recovered with normally oriented
hooks (vector #6 with a truncated rH4 hook). Isolation of

such clones may be explained by homologous recombina-
tion of one hook and non-homologous DNA end-joining
or non-homologous recombination of another hook during
TAR cloning (54). A fifth clone, JH14, was recovered with
vector #11, and contained both a repeat unit and a diver-
gent palindromic IGS segment.

Most of the inverted segments map to the large tandem
repeat central to the IGS. Closer examination of the junc-
tion sequences between the IGS repeats in clones JH2, JH3,
JH6, JH10 and JH14 reveals that each deletion did indeed
occur between homologous repetitive elements, with differ-
ent pairs of repeats in each clone (Figure 3; Supplementary
Figure S9 and Table S3). This suggests that they are inde-
pendent events, and that the cloned sequences in the dif-
ferent YAC/BACs are from different sites across the chro-
mosome 21 rDNA locus. However, the nature of these non-
canonical regions (palindromic sequences with high repeat
content) prevented PCR validation in the cell line, and so
the possibility that they arose artefactually during or after
cloning cannot be fully ruled out (see ‘Discussion’ section).

To assess the extent to which these non-canonical struc-
tures are present in population genomes, we used high-
quality, long-read sequencing data. Specifically, we mapped
PacBio long reads from four whole-genome samples (one
Korean; one Chinese; two Caucasian) to a reference genome
supplemented with our assembled BAC sequences, and ex-
tracted read alignments spanning the breakpoints and an
additional 2.5 kb on either side. All identified breakpoints
and their mapped PacBio read support are detailed in Sup-
plementary Table S3. The IGS insertion found in the BACs
compared to U13369.1, as well as the IGS deletion event
in JH11, were robustly covered by high-identity read align-
ments and inferred to be present in human populations.
However, support for palindromic structures was weak in
the whole-genome data, with no supporting reads found for
the JH6.A and JH14.A inversions, and only a few support-
ing reads found for inversions JH2.A, JH3.A, JH10.A and
JH14.B. This analysis is complicated by the fact that both
PacBio and Nanopore sequencing produce a small fraction
of palindromic reads at random, and so it is difficult to sepa-
rate signal from noise with low coverage. Thus, the inference
of palindromic structures remains qualified, and again the
possibility of cloning artifacts cannot be excluded.

Small sequence variants in 45S and intergenic spacer region

For a combined analysis of 45S variants, we examined the
11 new 45S sequences presented here and identified 101
variant alleles between them (full list: Supplementary Ta-
ble S5; summary: Supplementary Table S6). Of these 101
variants, 25 are SNVs and 76 are INDELs (short insertions
or deletions). Our call set comprises both private variants
(called in only 1 or 2 45S sequences; n = 56) and ubiquitous
variants (called in 9 or 10 45S sequences; n = 10) (Supple-
mentary Table S7). An analysis of the spatial distribution of
variants showed broadly comparable variant frequencies in
the ETS and ITS spacer regions; no variants in 5.8S; only
a few in 18S; and peak frequencies in the distal half of 28S
(Figure 4A). For each subregion, the numbers of variants
observed, the numbers of variants/kb, and the types of vari-
ants seen are summarized in Table 1.
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Figure 3. Schematic diagram illustrating structure and sequence features of the new rDNA reference sequence. High-resolution (k = 15) self-similarity dot
plot of the new reference sequence used for structural variant analysis. Purple dots indicate forward-strand matches, blue dots indicate reverse-complement
matches. Red circles on the diagonal and labels show the positions of the identified structural variant breakpoints (clustered if distance ≤500 bp; see
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Long repeats; SSR1-4: Simple sequence repeats; pCDC27: Pseudogene CDC27. Note that LR1 and LR2 are highly homologous, and that SSR1-4 are
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Table 1. Numbers and types of sequence variants observed in TAR-cloned rDNA loci

A. Variants in rDNA

Validated by deep sequencing

Features
Total variants
(variants/kb) All Any Any RNA-seq

5′ ETS 19 (5.2) 9 12 7
18S 4 (2.1) 0 0 0
ITS-1 14 (13.1) 5 11 3
5.8S 0 (0) 0 0 0
ITS-2 13 (11.1) 5 5 4
28S 43 (8.5) 18 27 7
3′ ETS 8 (22.2) 1 5 1
45S (total) 101 (7.6) 38 60 22
IGS (total) 235 (7.5) 108 148 3

B. Variant breakdown into types

Deletions Insertions

Features SNPs Single nucleotide Multiple nucleotide Single nucleotide Multiple nucleotide

5′ ETS 8 5 2 3 1
18S 0 4 0 0 0
ITS-1 3 6 0 3 2
5.8S 0 0 0 0 0
ITS-2 2 9 0 2 0
28S 9 16 2 6 10
3′ ETS 3 0 2 2 1
45S (total) 25 40 6 16 14
IGS (total) 88 14 59 8 66

(A) A summary of distribution of variants in the 45S pre-rDNA and IGS regions and their frequencies per kilobases are shown. The number of variants
validated in all deep sequenced individuals versus any deep-sequenced individuals are also listed. The last column lists variants validated in deep-sequenced
RNA samples. (B) Variants categorized as SNPs, insertions and deletions are listed for transcribed rDNA and IGS regions.
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In contrast to the non-canonical structural variants, the
smaller SNVs could be confidently validated using whole-
genome data. Both to validate the existence of identified
variants in uncloned human DNA and to assess the extent
to which the identified variants may be present in human
populations, we examined high-coverage, high-quality Illu-
mina sequencing data from the same four whole-genome
sequencing (WGS) samples used for structural validation.
In total, we recovered 59% (60/101) of the variants we had
called, requiring at least 20 supporting reads; the recov-
ery rate for SNVs and insertions (92 and 87%, respectively)
was much higher than the recovery rate for deletions (24%;
Supplementary Table S6). Consistent with the Japanese ori-
gin of our DNA source for TAR cloning, the highest per-
sample combined recovery rate (55%) was observed for the
Korean sample AK1 (Supplementary Table S6 and ‘Discus-
sion’ section).

Outside of the 45S transcript unit, 235 variants were de-
tected in the IGS, including a larger number of deletion and
insertion structural variants (Supplementary Table S8). For
convenience, a multiple alignment of the BAC sequences, in-
cluding the IGS, is provided and can be displayed in JalView
to visualize all variants (61) (Supplementary Data Files S2
and 3).

Expression analysis of 45S variants

To assess the extent to which the identified 45S variants
are expressed, we examined RNA-seq data. Specifically, we
assessed allele recovery rate in three available RNA-seq
datasets, including one from the AK1 cell line and two ear-
lier nucleolar datasets, enriched for pre-rRNA, from the
K562 cell line. Consistent with results reported by Zent-
ner et al. (42), we find that millions of RNA reads align to
the 45S region of our new reference sequence. With con-
servative thresholds for allele recovery (>100-fold coverage
and >10% supporting reads), we validated 22/79 (22%) of
callable alleles from the three RNA-seq datasets, combined
(Supplementary Table S6).

We extended the analysis of expression further in AK1,
because it offered both high quality sequencing data for
both RNA and DNA. Focusing on the 56 variant alleles
validated in AK1 WGS genomic DNA, we could assess ex-
pression for 37 variants in AK1 RNA-seq data. Of these, 18
(49%) showed evidence for expression. Conversely, of the
45 variant alleles not recovered from AK1 DNA sequenc-
ing data, none showed evidence for expression in the AK1
RNA-seq data. In other words, variants are consistent in
the DNA and RNA sequences from the same individual (see
‘Discussion’ section).

Location of variants within higher order RNA structure

Of the variants located in the 45S pre-RNA region, includ-
ing 47 in mature 18S and 28S rDNA sequences, few were
predicted to alter RNA structure (‘riboSNitches’). Rather,
most variants are structurally synonymous and located in
expansion segments (ESs), which are defined as sequence-
variable regions across different species (62,63). The relative
paucity of variants mapped to 18S rRNA (Table 1 and Fig-
ure 4A) is in agreement with the greater evolutionary con-
servation of 18S compared to 28S rRNA (64,65,66,67). In

the 28S, 42 variants map within the ESs (Figure 4B), with
the highest densities in ES27L and several predicted to be
riboSNitches (Supplementary Figure S10A).

Consensus RNA folding of the ES27L infers highly stable
conserved hairpin structures with nucleotides under strong
selection for pairing (Supplementary Figure S10B). Two hot
spots of variation are located on the opposite strands of a
stem-loop structure, and INDELs jointly occur frequently
in both spots. The inserted segments are neighbors in RNA
folding despite their separation by ∼175 nucleotides in pri-
mary sequence (Supplementary Figure S10B). These results
are in agreement with recent evidence for concerted confor-
mational dynamics of ES27L and ES31L that enables com-
munication between the mRNA exit site on the 40S subunit
and the tunnel exit site on the 60S subunit (62).

ES7L and ES15L also have variants in a region where
the evolutionary insertion of helix ES15L-A creates an en-
larged internal loop in human ribosomes, leading to new
contacts with ribosomal proteins L6e and L30 as well as
with ES7L, ES9L and ES10L (62) (Supplementary Figure
S11). Whether any of these variants are neutral or modu-
late ribosome function in human remains to be tested (see
‘Discussion’ section).

Notably, sequence variants in the 5′ ETS lie near process-
ing sites (e.g. sites 01 and 1 in 5′ETS and between sites 3
and E in ITS1; Supplementary Figure S12) and might affect
pre-rRNA processing through modification of RNA fold-
ing (59). In addition, in the pre-rRNA promoter region, sev-
eral variants modify CpG sites that show differential methy-
lation status in some tumor samples (60) (Supplementary
Figure S12). The rDNA promoter region shows some dif-
ferences between U13369.1 and new reference sequence, but
in the sequenced clones we observe less variation in the core
promoter than in ES regions (Supplementary Data S2).

DISCUSSION

Candidate rDNA variants and their validation

Early studies suggested the presence of rDNA sequence
variants (14,15,16,17,18), but their frequency within indi-
viduals or populations has been unknown. In our pilot ef-
fort, we identified and analyzed variants in a number of
rDNA units isolated by TAR cloning from a single NOR.
Our initial attempts to assemble these units using paired-
end Illumina data failed, due to the complex repeat struc-
tures. This block was overcome by the use of long, PacBio
reads for assembly, combined with ultra-long Nanopore
reads for validation of the most complex structures.

Analyses of 13 clones isolated from human chromosome
21 revealed multiple candidate variants among the rDNA
units. Most variants were SNVs, short INDELs or vari-
able lengths of short repeat motifs. A majority of the small
variants discovered were also recovered from independent,
WGS data, indicating that they are true variants, and not
the result of sequencing error or cloning artifacts. In partic-
ular, 60/101 of the 45S variants identified were confirmed
to be present in at least one of the four uncloned whole-
genome DNA samples. Some of the remaining variants, a
vast majority of which were deletions (35/41), could repre-
sent sequencing artifacts (Supplementary Table S6). Many
of these appear in the context of homopolymer runs, which
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are a known weakness of PacBio sequencing. Alternatively,
a proportion of these variants may be restricted to certain
populations or individuals.

Several isolated rDNA clones also contained palindromic
structures, and fiber-FISH analyses of the uncloned chro-
mosome 21 DNA (from which the clones were derived)
showed similar non-canonical structures (Supplementary
Figure S6). It is plausible that such structures could arise
from recombination between IGS repeats (Supplementary
Figure S9). However, palindromic sequences were not con-
fidently recovered from long-read WGS data, and so their
prevalence in uncloned DNA may not be as high as previ-
ously suggested (62).

Localization of variants in promoter or mature rRNA se-
quences

Secondary structure modeling of the rRNA 5′-leader se-
quence (59) suggest that some of the observed SNVs and
INDELs might modulate local configurations. Thus, vari-
ants near the transcription start site of the 45S pre-rRNA
are candidates for further study of the effect on expres-
sion (68,69). As for transcribed sequences, RNA-seq data
indicate that at least one-fifth of the identified 45S vari-
ants mapped to mature rRNA are transcribed. In the ac-
cepted secondary structure of mature rRNA, most of the
observed variants are located in 28S ESs. Those regions
vary in sequence across species, and recent high resolu-
tion cryo-electron-microscopy density maps of human and
Drosophila ribosomes inferred dynamic behavior of ESs
and co-evolution of ribosomal RNA with ribosomal pro-
teins (62). The quality of the cryo-EM map allows localiza-
tion and construction of models for all 30 rRNA ESs in the
human 80S ribosome, facilitating prioritization of variants
for functional study (62).

A new reference sequence for rDNA repeat units

We have suggested a new canonical rDNA reference se-
quence, based on the criteria reviewed in ‘Results’ sec-
tion. Our approach of TAR cloning combined with long-
read single-molecule sequencing effectively controls the se-
quence assembly process and false-positive rate of rDNA
variant discovery. Legacy assemblies, by contrast, may not
faithfully represent the structure of rDNA repeat units, and
appear to have higher per-base error rates. For example,
the current U13369.1 reference sequence contains an addi-
tional 108 variants compared to our clones, but only 8 of
these are validated by the whole-genome data. This 7% val-
idation rate is well below the 67% validation rate observed
for the variants identified by our method. Similarly, our
approach enabled us to improve the assembly of the exist-
ing CH507-528H12 (JH1) clone and accurately resolve both
rDNA units present on that BAC.

Importantly, in work in progress, we have seen the
same overall structure and largely identical sequence in
five rDNA units from chromosome 22; and another ref-
erence sequence candidate has been suggested in the the-
sis of Saumya Agrawal (http://hdl.handle.net/10179/5971),
analyzing a deposited but previously unannotated BAC
sequence isolated from another chromosome 22 (RP11-
164K15, GB Acc# AL353644.34). An analysis of its main

45S unit shows the presence of 12 additional variants, 8 of
which validate in WGS; and an overall validation rate very
similar to that of the BACs analyzed here (13327 of 13331
45S positions). A pairwise sequence alignment between the
complete rDNA unit of AL353644.34 and our new refer-
ence sequence furthermore shows the presence of similar,
but not identical, structures in the spacer region. It is reas-
suring that all these sequences contain comparable versions
of the 2 kb segment missing in the current standard refer-
ence. Furthermore, because sequences from different chro-
mosomes in different individuals are very similar, a new ref-
erence will be useful for the full range of rDNA across the
acrocentric chromosomes.

There are also indications that the similarity of overall
structure seen in rDNA repeat units from different chro-
mosomes extends to sequence variants. Supporting such
a possibility, a length variation polymorphism was previ-
ously found to be shared among ribosomal genes on non-
homologous human chromosomes (70,71). In our analyses,
we found many of the same variants in both transcribed and
intergenic rDNA regions of individuals from several ethnic
groups (Supplementary Figure S13 and Table S8). Nineteen
variants were found at frequencies >30% both in our pilot
sample and in total DNA from four deep-sequenced indi-
viduals (Supplementary Table S7). At such high frequen-
cies, alleles are likely present in rDNA copies on more than
one chromosome across human populations. As has been
demonstrated in Drosophila (72) and suggested for human
(73), crossovers between rDNA repeats on different chro-
mosomes might homogenize rDNA variation across acro-
centric chromosomes.

How many variants occur in rDNA remains to be seen,
but it is interesting that thus far we find an average rate of
roughly 7.5 variants per kb, which is comparable to typ-
ical estimates of variation across the genome. In the fu-
ture, ‘ultra-long’ nanopore sequencing (39,61) may enable
the complete assembly of human acrocentric chromosomes
and cataloging of rDNA variation across chromosomes and
populations.
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