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Tandemly repeated ribosomal DNA (rDNA) arrays are among the

most evolutionary dynamic loci of eukaryotic genomes. The loci

code for essential cellular components, yet exhibit extensive copy

number (CN) variation within and between species. CN might be

partly determined by the requirement of dosage balance between

the 5S and 45S rDNA arrays. The arrays are nonhomologous,

physically unlinked in mammals, and encode functionally interde-

pendent RNA components of the ribosome. Here we show that the

5S and 45S rDNA arrays exhibit concerted CN variation (cCNV).

Despite 5S and 45S rDNA elements residing on different chromo-

somes and lacking sequence similarity, cCNV between these loci is

strong, evolutionarily conserved in humans and mice, and man-

ifested across individual genotypes in natural populations and

pedigrees. Finally, we observe that bisphenol A induces rapid and

parallel modulation of 5S and 45S rDNA CN. Our observations

reveal a novel mode of genome variation, indicate that natural

selection contributed to the evolution and conservation of cCNV,

and support the hypothesis that 5S CN is partly determined by the

requirement of dosage balance with the 45S rDNA array. We sug-

gest that human disease variation might be traced to disrupted

rDNA dosage balance in the genome.
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Repeated gene arrays have provided unique challenges to
genetic and genome analyses, and have remained among

the most elusive components of eukaryotic genomes (1, 2).
Tandemly repeated loci of high copy number (CN) are labile,
evolutionary dynamic, often subjected to concerted evolution
of DNA sequences, and display abundant CN variation that
emerges from high rates of repeat expansion and contraction (1).
Moreover, natural selection contributes to the determination of
gene CN, shaping rapid gene amplification in cancer, balanced
gene loss after whole genome duplication, and optimal gene CN
in locally adapted populations (3–5). For example, higher CN of
the amylase gene is present in populations with starch-rich diets
across organisms as diverse as humans, dogs, and fungi (3, 6, 7).
Remarkably, gene CN may also be developmentally amplified in
specific tissues to ensure rates of transcription in genes with high
transcriptional demands (8, 9). This is the case, for instance, of
the chorion genes in Drosophila, which are amplified up to 80
fold in ovarian cells (10).
The ribosomal DNA (rDNA) arrays display substantial CN

variation within and between species (2, 11–16). The variation is
functionally relevant with rDNA CN polymorphism modifying
chromatin states and gene expression across the genome in
humans and flies (17–19). In mammals, the rDNA arrays are
dispersed across several chromosomes, and encode the four
rRNAs that account for more than 60% of all transcription in the
cell (20, 21). Transcription of rDNA loci varies with cell and
tissue type and is epigenetically regulated with allelic specificity
(22, 23). The four rRNAs are indispensable structural and cat-
alytic components of the ribosome. Three of the rRNAs (18S,
5.8S, and 28S) are spliced from a single precursor RNA (45S
rRNA) that is encoded by a tandemly repeated locus (hereafter

referred to as the 45S rDNA locus) residing on several chro-
mosomes in humans and mice (Fig. 1 A and B). The 45S rDNA
arrays display concerted evolution of DNA sequences that
increases sequence uniformity among 45S rDNA units within
and between arrays (2, 11, 24–27). The fourth rRNA molecule
(5S rRNA) is also encoded by a repeated locus that is physically
unlinked from the 45S rDNA loci (Fig. 1 A and B) in humans and
mice. The 5S and 45S elements do not share segments of ho-
mology and are, indeed, transcribed by a different RNA poly-
merase [the 45S arrays are transcribed by polymerase I (Pol I)
whereas the 5S array is transcribed by Pol III]. The 45S arrays
give rise to the nucleolus, a nuclear organelle that is the site of
ribosome biogenesis (28–31).
Here we investigate the relationship between CN variation in

the 5S array and the 45S arrays. CN variation in the 5S and 45S
DNA elements was ascertained with short-read whole-genome
sequence data (19). We applied the methodology to samples
from 78 and 90 individuals with African (YRI) and European
(CEU) ancestry, respectively (32), and 17 inbred laboratory
strains of mice and 10 wild Mus musculus castaneus isolates (33,
34). Human genomic DNA (gDNA) samples originated from
whole blood and B cell-derived lymphoblastoid cell lines (LCLs);
mouse gDNA was isolated from liver samples. The data revealed
a positive association between CN in the 5S and 45S loci and
a novel mode of genome variation, which we refer to as con-
certed CN variation (cCNV). To validate our observations, we
experimentally ascertained cCNV across human genotypes with
DNA samples isolated from LCL lines and whole blood. The
outcome of cCNV is the homogenization of CN between loci on
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different chromosomes. It operates in the absence of sequence
homology and is likely driven by functional requirements to
maintain rRNA dosage balance.

Results

First, we developed a computational approach to determine
rDNA CN across human and mouse genomes by using whole-
genome DNA sequencing (DNA-seq) data (19). By using this
method, our CN estimates for a panel of CN variable genes are
in close agreement with a previous study (19, 35). We observed
more than 10-fold variation in rDNA CN within humans and
mice, with remarkable congruence in the lower and upper bounds
of variation in 5S (human, minimum 16 and maximum 210; mouse,
minimum 32 and maximum 224) and 45S elements (human,
minimum 14 and maximum 410; mouse, minimum 31 and maxi-
mum 289; Fig. S1). These estimates are within the range expected
from experimental analyses (12, 36, 37) and indicate that the
rDNA loci are among the most CN variable coding segments of
the genome. The 5S and 45S components do not share segments of
homology or stretches of sequence similarity; as expected, reads
mapped exclusively to one of these components but never to both.

rDNA 5S and 45S Genes Display cCNV Across Genotypes. Concerted
evolution maintains DNA sequence similarity between repeat
units of the 45S rDNA array (2, 11, 24–27). The mechanism leads
to a uniformity of sequences within a species, but it is not known
to influence CN of rDNA arrays. Classical studies have docu-
mented rapid rates of expansion and contraction in the 45S
rDNA arrays (11). Here, we hypothesize that rDNA loci undergo
cCNV across mammalian chromosomes and display a positive
correlation in CN among rDNA arrays. To address the issue, we
focus on the 5S rDNA locus, which is readily distinguishable and
physically unlinked from the 45S rDNA loci in the human (38,
39) and mouse (40–42) genomes (Fig. 1 A and B). In agreement
with our hypothesis, we find that CN in the 5S locus is signifi-
cantly correlated with CN in the 45S rDNA loci in both humans
(Spearman correlation ρ = 0.74; P = 1 × 10−30) and in mice (ρ =

0.77; P = 2.4 × 10−6). We have extensively evaluated sources that
could potentially confound CN estimates. First, we estimated

rDNA CN based on the average read depth across the entire
locus, as well as the average read depth across selected segments
displaying lowest variances in per-site read depth (Fig. S2). Both
analyses revealed robust associations between 45S and 5S rDNA
CN. Second, we examined the robustness of the association with
the data stratified by population and sex (Table S1). Third,
correcting the estimates of CN to mitigate confounding factors
caused by pseudogenes had a minor effect on individual esti-
mates (Materials and Methods) (19) (Fig. S3) and did not change
our estimates of the strength of cCNV. Finally, we used quan-
titative PCR (qPCR) to experimentally validate cCNV with hu-
man DNA samples obtained from LCLs and whole blood. These
analyses confirm the association between CN of the 5S and 45S
elements across individual genotypes in these populations (ρ =

0.71, P = 4.58 × 10−9, n = 54 for all individuals; ρ = 0.53, P =

0.006, n = 26 individuals from population with DNA isolated
from LCLs; ρ = 0.47, P = 0.013, n = 28 individuals from pop-
ulation with DNA isolated from blood; Fig. S4). The data reveal
cCNV between 5S and 45S elements that is manifested across
chromosomes and in the absence of sequence homology.

CN of the 5S rDNA Is More Tightly Correlated with Functionally Linked

45S rDNA Segments. Balanced expression has been unequivocally
demonstrated between members of macromolecular complexes
(4, 43). Similarly, cCNV between functionally related loci might
emerge if balanced gene dosage between the loci is important for
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Fig. 1. cCNV between 5S and 45S rDNA loci residing in different chromo-

somes. Genomic location of the 5S and 45S rDNA arrays in human (A) and

mouse (B). Gray bars represent chromosomes, and black rectangles represent

the approximate chromosomal location of the 5S and 45S rDNA loci. 5S

(y axis) and 45S (x axis) rDNA CN is highly correlated in human (C) and mouse

(D). Gray and black points represent CEU and YRI human populations, and

laboratory/inbred and wild mouse isolates, respectively. Spearman correla-

tions reflecting combined populations are reported. The 45S rDNA CN is the

average CN of selected segments across the 18S, 5.8S, and 28S components.

Correlations are consistent when stratified by population and sex (Table S1).
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Fig. 2. cCNV of rDNA loci is stronger between functionally linked compo-

nents of the ribosome. (A) Schematic diagram of the ribosome. The large 60S

subunit is shown in red, and the small 40S subunit is shown in blue. (B) The

5S, 5.8S, and 28S rRNA molecules assemble with the large subunit, and the

18S rRNA assembles with the small subunit of the ribosome. 5S rDNA CN is

more strongly associated with rRNA molecules that comprise the large ri-

bosomal subunit in human (C) and mouse (D). 5S rDNA CN is shown on the y

axis, and 18S, 5.8S, and 28S rDNA CNs are depicted on the x axis. Spearman

correlations of combined populations are reported.
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cellular fitness. Indeed, the evolutionary conserved associations
between CN in the 5S locus and 45S loci suggest that natural
selection contributes to the maintenance of balanced CN. The
model predicts that stoichiometric demands should be stronger
among the 5S, 5.8S, and 28S rRNAs that constitute the RNA
portion of the large 60S ribosomal subunit compared with the
18S rRNA, which assembles with the small 40S ribosomal sub-
unit (Fig. 2 A and B). Hence, we examined CN associations
between the 5S locus and each of the rRNA coding regions of
the 45S rDNA locus (18S, 5.8S, and 28S). In agreement with our
predictions, the 5S locus was significantly more highly correlated
with the 5.8S and 28S rDNA components than with the 18S rDNA
component (P < 0.001 for the equality of correlation coefficients;
Fig. 2 C and D). Collectively, our observations are consistent with
the expectation that cCNV might have evolved to mitigate gene
dosage imbalances between rRNA components of the ribosome.

cCNV Is Manifested Within the Offspring of Human Pedigrees. We
observe cCNV across genotypes in human and mouse pop-
ulations. However, cCNV might also operate within sufficiently
short time scales and be manifested across individuals in the
progeny of a single parental pair. Indeed, rapid amplification and
contraction in the 45S rDNA array have been reported in human
parent/offspring trios (12) and somatically in Drosophila (17).
The 5S locus on human chromosome 1 is unlinked to the 45S
arrays and is, therefore, expected to segregate and vary in-
dependently in the progeny of a parental pair. On the contrary,
our hypothesis of cCNV predicts covariation between the 5S and
45S loci. We experimentally genotyped 5S and 45S CN in three
CEU human pedigrees whose terminal branches consist of
seven or eight full siblings (Fig. 3). In agreement with our
expectations, we observed rDNA expansion and contraction
across siblings and the statistically significant association be-
tween 5S and 45S elements within pedigrees despite the narrow
range of variation (ρ = 0.54, P = 0.002, n = 29 across all data; ρ =
0.50, P = 0.2, n = 9, family 1459; ρ = 0.54, P = 0.1, n = 10, family
1447; ρ = 0.77, P = 0.01, n = 10, family 1456; Fig. 3). The
manifestation of cCNV within families suggests that CN of the
rDNA loci is not only varying in concert across loci but that CN
in 5S and 45S loci is expanding and contracting sufficiently rapid
to be manifested across siblings.

CN of the 5S rDNA Is Unlinked with Nearby SNP Variation in the 1q42

Segment. Rapid amplification and contractions in the rDNA loci
between generations and the manifestation of cCNV across
siblings suggest that rDNA CN evolves rapidly and reversibly. To
further address the issue we analyzed SNPs in the HapMap
individuals in our sample. Rapid and reversible 5S copy expan-

sions and contractions lead to the expectation that the 5S array
will not be statistically associated with proximal SNP variation in
the 1q42 segment in which it resides. In agreement with our
expectation, we observed that 5S CN variation is unlinked with
SNP variation in the 1q42 region. Moreover, estimates of the VST

statistic for the 5S rDNA element are close to zero (5S VST =

0.001) and reflects the absence of population differentiation in
rDNA CN between CEU and YRI populations (mean 5S CN is
75.2 in YRI vs. 74.3 in CEU populations). On the other hand, we
observe that the CEU and YRI populations display substantial
population differentiation, with moderately high FST values for
SNPs across the whole genome (FST = 0.087) and in the 1q42
segment (FST = 0.091). Principal component analysis of SNP
variation in the 1q42 segment shows unequivocal population
differentiation. Hence, cCNV results in rapid and reversible
expansions and contractions of the 5S rDNA array that uncou-
ples its CN variation from variation in nearby SNPs. The process
results in a lack of linkage between CN variation in the 5S ele-
ment and proximal SNP variation in the neighboring chromo-
somal segments upstream and downstream of the 5S locus.

Bisphenol A Induces Parallel CN Loss of 5S and 45S rDNA Units. To
further address the time scale in which coupling between 5S and
45S elements emerges, we investigated the hypothesis that en-
vironmental triggers might rapidly induce concerted CN expan-
sions and contractions in the rDNA loci. In particular, it has
recently been suggested that bisphenol A (BPA) disrupts the
expression of the genes coding for proteins of the small and large
ribosome, and could cause nucleolar stress (44). Disruption in
the expression of nucleolar components might cause rDNA in-
stability and trigger concerted modulation of rDNA CN across
the 5S and 45S loci. Hence, we treated a human LCL with BPA-
containing media (200 μM) for 24 h. We found that components
of the rDNA locus were significantly reduced in the BPA
treatment relative to the control (Student t test, n = 3, 18S, P =

0.031; 5.8S, P = 0.056; 28S, P = 0.021; Fig. 4 A–C). Furthermore,
in agreement with the hypothesis of cCNV, we observed parallel
modulation in the 5S rDNA array (5S; P = 0.003; Fig. 4D),
whereas the CN of two tandemly repeated CN variable genes
NBPF and TCEB3 located on chromosome 1 remained stable
between control and BPA treatments (Student t test, n = 3; for
both genes, P > 0.62; Fig. 4 E–G). These observations reinforce
the hypothesis of cCNV between rDNA loci and indicate that
environmental triggers can induce specific, rapid, and parallel
rDNA loss in 5S and 45S arrays.

Discussion

Here we develop and address the hypothesis of cCNV in the
genetically unlinked, nonhomologous, but functionally related 5S
and 45S rDNA elements. We observe tight coupling between the
CN of the rRNA encoding 5S rDNA and 45S rDNA loci in
humans and mice populations as well as human pedigrees. Gene
dosage balance (43, 45) is a suitable model that fits well with our
hypothesis of cCNV. Moreover, cCNV might act together with
classical concerted variation in DNA sequences to enhance array
uniformity and integrity, thus lessening the contribution from
truncated rDNA copies (46), many of which are expected to be
transcriptionally active. If balanced rDNA dosage is important to
ensure proper ribosome assembly and function, cCNV of the 45S
and 5S rDNA loci might emerge and be evolutionarily con-
served, despite their transcription through distinct RNA poly-
merases and absence of sequence homology. This is because the
four rRNA molecules are interdependent, contribute to ribo-
some structure, and make up the catalytic portion of the ribo-
some. The stoichiometric requirements of the ribosome may be
disrupted if 5S and 45S gene dosage were uncoupled. In this
model, independent expansion or contraction of 45S or 5S rDNA
CN may be detrimental and cause lowered fitness.

A B C

Fig. 3. cCNV between 5S and 45S loci is manifested in human pedigrees.

The pedigree and association between the 5S (y axis) and 5.8S (x axis) is

reported for each family (A–C). Estimates of CN were divided by the value of

the individual with the smallest CN array within each family and component

(relative CN). Generalized linear models indicate significant associations

between 5S and 5.8S elements (P < 0.01; n = 29). The gray shaded area

represents the 95% CI for the linear coefficients within each family.
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Long range interchromosomal associations between loci can
emerge through population bottlenecks but also through strong
positive selection. In the malaria parasite Plasmodium falciparum,
higher CN of the gch1 gene is strongly correlated with a variant of
the dhfr gene, which together result in higher resistance to anti-
folate drugs (47). These genes are located on different chro-
mosomes but participate in the folate biosynthesis pathway.
Interchromosomal correlations in gene loci can also emerge from
nonrandom gene loss and pseudogene formation following whole-
genome duplication. The process is mediated by natural selection
to maintain balance in the ribosome and mitigate the fitness costs
of imbalance. Accordingly, observations in Arabidopsis indicate
that ribosomal protein paralogs are preferentially retained for
long periods after the tetraploidization event (48–51). The in-
terpretation is that natural selection disfavored pseudogene for-
mation in ribosomal proteins to maintain balanced dosage among
protein members of the ribosome. Indeed, components of highly
expressed macromolecular complexes are among the loci that
are most sensitive to dosage imbalance (43). Following poly-
ploidization, balanced gene loss operates to maintain equitable
dosage among functionally related loci participating in protein
complexes. Similarly, studies in yeast have revealed that dosage-
sensitive genes are more likely to encode subunits of protein
complexes (4, 52), further indicating the strong selective pressure
to maintain the stoichiometric interdependence of multiple
gene products that form a single functioning macromolecule
(43). In humans, dosage imbalance of interacting proteins has
been hypothesized to predispose to disease (53).
Cellular mechanisms of CN control and evolutionary pro-

cesses can explain the emergence of concerted modulation in CN
between functionally related loci. An important consideration is
that rDNA CN may be remarkably labile, and we expect that
random and directed processes could contribute to rDNA CN
modulation. In this regard, unusually high rates of rDNA repeat
expansion and contraction could facilitate the emergence of

cCNV. Mutation rates for CN variation (10−4 to 10−2) (54) are
estimated to be four to six orders of magnitude higher than the
mutation rate for single nucleotides (10−8) (55). In this model,
natural selection at the cellular level could also contribute to the
manifestation of cCNV if cells with balanced gene dosage have
higher fitness. On the other hand, active mechanisms of de-
velopmental and tissue-specific gene amplification and con-
traction can provided targeted, controlled, and synchronous
modulation of rDNA CN (8, 56) as well as impact nucleolar
activity in specific developmental stages and tissues (22, 56). In
this case, cCNV might emerge through autonomous molecular
mechanisms of coordinated gene dosage modulation (56–58).
Interestingly, the 45S rDNA repeats make up the core structures
of the nucleolus and are transcribed from RNA polymerase I,
whereas 5S elements are localized in the periphery of the or-
ganelle and are transcribed from RNA polymerase III (59–61).
We hypothesize that 45S CN modulation in the nucleolus will
drive CN variation in 5S elements at the boundary of the or-
ganelle. Evolutionarily, spatial localization of 5S elements in the
periphery of the nucleolus might have been driven in part by
requirements to coordinate 5S and 45S expression to maintain
optimal dosage balance. It is intriguing that, in yeast, the 5S and
45S elements are physically linked and reside in a single rDNA
array on chromosome XII despite their transcription from dif-
ferent RNA polymerases (62). All in all, we predict that auton-
omous cellular mechanisms as well as natural selection in cell
populations could contribute to the manifestation of cCNV at
the scale of a few cell divisions as well as across individual
genotypes in natural populations.
Environmental factors and chemical stressors can drive CN

variation (63), including CN of the rDNA locus (14). Indeed, soil
bacteria with a greater number of rDNA arrays dominate isolates
with fewer rDNA arrays when exposed to herbicide (64). Similarly,
numerous studies in plants reveal that rDNA CN is responsive to
environmental pressures, such as temperature, humidity, and fire-
related stress (65–68). Our data indicate that BPA can induce rapid
and parallel 5S and 45S rDNA CN loss in a human cell population.
The observation is consistent with evidence that BPA can induce
nucleolar stress and affect gene expression of ribosomal genes in
Drosophila (44), as well as reports that BPA affects chromosome
structure and induce DNA damage (69, 70). Rapid modulation of
rDNA CN raises the prospect that miscoordination of rDNA CN in
environmentally triggered cCNV could be a new cellular mecha-
nism contributing to disease.
Concerted evolution of DNA sequences operates through

gene conversion and unequal recombination, and leads to se-
quence uniformity between 45S rDNA loci in different arrays (2,
11, 24–26). Importantly, concerted evolution of DNA sequences
is limited by the requisite of substantial homology between the
sequences involved. On the other hand, cCNV occurs in the ab-
sence of sequence homology, between loci in different chromo-
somes, and is likely driven by functional demands for balanced
rDNA expression that emerges during evolution and development.
Our results uncover a novel mode of genome variation and raise the
question of how widespread cCNV might be across other func-
tionally related loci of high CN and undergoing rapid rates of
amplification and contraction. They raise the prospect that human
disease phenotypes might be traced to disrupted rDNA dosage
balance in the genome.

Materials and Methods
Reference Sequences. Consensus rDNA locus reference sequences for human

(71) and mouse (72) were obtained from GenBank (human, accession no.

U13369; mouse, accession no. NR_046233.2). The 5S rDNA sequence was

identified in each genome and extracted along with flanking regions from

the University of California, Santa Cruz, Genome Browser (73) (human 5S,

chr1:228,766,135–228,766,255; mouse 5S, chr8:123,538,584-123,539,104). We

used a combination of RNAmmer v1.2 (74), manual sequence alignment

A B C

D E F G

Fig. 4. Rapid environmental induction of cCNV between the 5S and 45S

rDNA arrays. CN of rDNA loci in human cell culture after 24 h growth in

control and BPA-containing media. CN of each rDNA component was esti-

mated with qPCR (n = 3; biological replicates). CNs were normalized, with CN

of each component set to 1 in the control media (relative CN). Black bars in

each graph represent the SD. The CN of the 45S (A–C) and 5S (D) rDNA

contracted upon treatment with BPA. Chromosomal location of 5S rDNA

array and the TCEB3 and NBPF gene arrays (E). CN of TCEB3 and NBPF, which

are CN variable tandemly repeated arrays located on chromosome 1,

remained stable upon BPA treatment (F and G).
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between the human and mouse references, and BLAST (75) to annotate the

boundaries of each rDNA element, identify conserved segments, and rule

out the existence of stretches of sequence similarity between rDNA com-

ponents. For each species, the complete exon sets were downloaded from

the University of California, Santa Cruz browser. We developed a reference

single copy exon set as a proxy for background read depth (BRD). To retain

putative single copy exons, we applied several filtering metrics. First, exons

with significant BLAST hits (E-value < 1 × 10−6) to any other exons were

removed to reduce regions with homology to other sequences. Second,

exons from the sex chromosomes were removed. Third, we retained only the

largest exon of each gene. Finally, only exons ≥ 300 bp were retained.

Short-Read Genome Sequence Data and Read Mapping. We obtained raw

Illumina fastq whole-genome DNA sequence reads from CEU and YRI indi-

viduals from the 1000 Genomes Project FTP site (1000genomes.org) (32).

Illumina data from laboratory (34) and wild mouse (33) isolates were

attained from the National Center for Biotechnology Information sequence

read archive (SRA). SRA files were converted to fastq using the “fastq-dump”

function in the SRA toolkit v2.3.5–2. All fastq files were quality trimmed

by using Trim Galore (www.bioinformatics.babraham.ac.uk/projects/trim_galore/).

Residual adapter sequences were removed from reads, and reads were

trimmed such that they contained a minimum quality score of 20 at each

nucleotide position. Trimmed reads shorter than 50 nt were discarded.

Quality trimmed read sets for each sample were mapped against the ref-

erence 45S rDNA locus, 5S locus, and single copy exon set by using Bowtie2

v2.0.5 (76). Read mapping was performed unpaired using the “sensitive”

preset (command line parameters: –end-to-end -D 15 -R 2 -L 22 -i S,1,1.15).

Mapping output was converted to sorted bam format using the samtools

(v0.1.18) “view” and “sort” functions, respectively (77).

Estimation of BRD from Single-Copy Exon Panel. BRD, representing the depth of

sequences present in the genome at a single copy, was calculated for each sample

and was used as a normalized factor to estimate 45S and 5S rDNA CN. Average

per-base BRD was calculated from the sorted bam mapping output file by using

the samtools “depth” function (77). Because fewer reads will map to the be-

ginning and ends of reference sequences, we excluded the first and last 108 bp

of each exon when calculating BRD. Additionally, for each sample, we excluded

read depth values in the upper 5% of the distribution.

5S and 45S rDNA CN Estimation. We estimated 45S and 5S haploid CN in two

ways. First, average read depth of the 45S rDNA locus (ranging from the 18S

start site to the 28S stop site) and the 5S rDNA locus was normalized by the

BRD. CN is calculated as average read depth divided by BRD. This procedure is

detailed in a previous publication (19). Second, average read depth of se-

lected segments of the 45S locus and 5S locus were normalized by the BRD.

The first procedure revealed variation in per-base read depth, and non-

homogeneous CN estimates per sites across the 18S and 28S rDNA compo-

nents. Hence, in the second procedure, we calculated CN variance across sites

for nonoverlapping 150-bp windows. We chose a window of 150 bp because

it is a similarly sized region to the 5.8S and 5S rDNA loci, both of which show

lower variance in read depth and CN across sites. Individual 45S rDNA

component CN was calculated from the window with the lowest average

variance (Fig. 2 C and D), and a consensus 45S CN was estimated as the av-

erage across the three components (Fig. 1 C and D). For the 5.8S and 5S

components, the entire region was used as read depth and CN estimates

were similar across sites within each locus. Segments with homogeneous CN

estimates for each locus are as follows: 18S, 183–327; 5.8S, 1–157 (full se-

quence); 28S, 114–263; and 5S, 1–122 (full sequence; Fig. S2). Reads that

mapped to each coding component of the 5S and 45S rDNA arrays were

independently extracted for each sample and mapped against the human

reference genome, including all supercontigs that have not been assigned

a chromosomal location. As expected, the majority of 45S rDNA reads

mapped to the single supercontig that harbors the 45S rDNA locus

(GL000220.1; 93.4% mapped to 45S) (19), whereas 5S rDNA reads mapped to

chromosome 1q42, which harbors the 5s rDNA locus (90.2%; Fig. S3). For

each individual, we used the percentage of reads mapped to the expected

chromosomes (chromosome 1 for 5S) and contigs (GL000220.1 for 45S) as

a correction factor to obtain best estimates of 5S and 45S CN (19). The

correlation between 5S and 45S is robust and remains true and nearly

identical when CN of each element is estimated from (i) reads mapping

across the whole coding element or from (ii) reads mapping to selected

segments of each element, and (iii) regardless of whether the correction for

pseudogenes is implemented.

Experimental Validation of cCNV. Experimental validation of cCNV was per-

formed in a population sample that consists of DNA isolated from LCLs from

15 individuals from CEU origin and 12 individuals from the autism collection,

as well as DNA isolated from whole blood of 28 ethnically diverse individuals

from the Bioserve repository (Beltsville, MD; Table S2). In addition, validation

was also performed in three full pedigrees. DNA derived from B cell-derived

LCLs was obtained from the Coriell Cell Repository. Real-time qPCR analyses

were carried out with the KAPA SYBR FAST Universal PCR Master Mix (Kapa

Biosystems) using 7900HT Fast Real-Time PCR (Applied Biosystems). The re-

action was performed using 20 ng of gDNA from each individual and 125 nM

of each primer (Table S3). All samples were analyzed three times to check

the consistency of the results. The samples were submitted to 40 cycles of

10 s at 95 °C and 30 s at 60 °C. Unspecific amplification was assessed by the

dissociation curve, and the results of CN variation were normalized based on

delta Ct values from single copy genes.

Analysis of Population Differentiation. Although there is no evidence for

population stratification within CEU or YRI populations (78), these two

populations display substantial levels of differentiation from one another.

We used HapMap3 data to interrogate SNP variation across the whole ge-

nome and in the 1q42 segment of 79 individuals with Northern and Western

Europe ancestry (i.e., CEU) and 75 individuals with Western African ancestry

(i.e., YRI). The CEU and YRI data were merged into one dataset and analyzed

with PLINK software, version 1.07 (79). Multidimensional scaling and prin-

cipal components analyses displayed evidence of population differentiation

across the whole genome and in the 1q42 segment. We calculated FST and

VST (80) values to examine population differentiation in the 5S array and 1q42

segment between CEU and YRI (81). The fixation index (Fst) is widely used as

a descriptive statistic to measure population differentiation. Fst were calcu-

lated by using SNPstats R Bioconductor package (www.bioconductor.org). VST

was calculated as (VT − VS)/VT, where VT is the variance in log2 ratios among all

unrelated individuals and VS is the population size weighted average variance

within each population.

Cell Culture and BPA Treatment. We obtained an LCL from the Coriell Cell

Repository (NA12043). All cells are free from bacterial, fungal, or mycoplasma

contamination. Cell were cultivated in T25 flasks under standard conditions

with media containing RPMI 1640 enriched with 2 mM L-glutamine and 15%

(vol/vol) FBS at 37 °C. For the experimental procedure, cells were seeded at

2 × 105 viable cells per milliliter in 5 mL of medium. After 48 h, three bi-

ological replicas were treated with 200 μM of BPA added directly to the

culture. Cells were harvested 24 h after the treatment with BPA, and gDNA

was isolated using DNeasy Blood and Tissue kit following the method de-

scribed by the manufacturer (Qiagen). gDNA samples were treated with

RNase A, and concentration was estimated with NanoDrop (Thermo Scientific).
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