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Abstract Ribosomal DNA, the topic of this special
issue, has long fascinated biologists. The RNA products
of the ribosomal DNA are the ribosomal RNAs that are
part of the ribosome. In this special issue, we focus on
the sequence, molecular organization, repair, stability,
copy number, and peculiar genetics of this region of the
genome. The locus can impact not only the translational
capability of cells, but also genome organization, stabil-
ity and integrity, providing a link between translation
and chromosome biology.

Abbreviation
UVA Ultraviolet A
piRNA piwi-interacting RNA

Ribosomal RNA is the major non-protein catalytic mol-
ecule in the cell. A hypothetical early stage in the

evolutionary history of life on Earth termed BRNA
world^ has been postulated, in which self-replicating
RNA molecules proliferated before the evolution of
DNA and proteins. According to this hypothesis, RNA
stored genetic information and simultaneously catalyzed
chemical reactions. Different RNAs diverged in primi-
tive cells to become specialized as either heredity car-
riers or catalytic molecules. Only later in evolutionary
time did DNA take over as the genetic material and
proteins become the major catalyst and structural com-
ponent of the cell. A molecular fossil of the ribozyme
activity of archetypal ribonucleoproteins is the ribo-
some, a protein-synthesizing protein-RNAmachine that
can be found in almost every cell. Ribosomes, first
observed with an electron microscope as dense particles
or granules in 1955 by George Palade (Palade 1955), a
future Nobel laureate, are megaDalton-sized cytoplas-
mic ribonucleoprotein complexes. Their function is
translation of the genetic code written in DNA to the
amino acid sequence of proteins, the diversity and mul-
tiplicity of which determines the development, morphol-
ogy, and physiology of every living organism.

Eukaryotic ribosomes consist of large and small sub-
units with sedimentation coefficients of 60S and 40S,
respectively. Ribosomes are composed of the major
ribosomal RNAs (28S, 18S, 5.8S, and 5S) and a com-
plex of approximately 80 ribosomal proteins, with ~ 50
proteins in the large subunit, and ~ 30 proteins in the
small subunit (de la Cruz et al. 2015). Genes coding for
ribosomal RNA are found together in repeat clusters in
eukaryotic genomes. Each repeated unit consists of a
transcribed region with a gene encoding 18S, 28S, and
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5.8S rRNAs, and a non-transcribed spacer region. In
many genomes, including the human genome, the gene
repeat cluster encoding the 5S rRNA is located in a
separate locus or loci.

Ribosomal RNA accounts for up to 60–80% of the
total cellular RNA. While these RNAs have been
widely assumed to be identical, recent work suggests
that there may be more heterogeneity at the DNA (Kim
et al. 2018; Xu et al. 2017) and RNA level (Kim et al.
2018; Parks et al. 2018) in the human genome than
previously suspected (reviewed by Matthew Parks and
colleagues). This has interesting implications for ribo-
somes, since ribosomes with different versions of the
ribosomal RNAs have the potential to have different
translational properties.

The eukaryotic cell contains 1.5 to 3 million ribo-
somes. During one cell cycle, up to 10 million ribosomes
are synthesized de novo. For this reason, the cell needs
many copies of ribosomal genes in order to meet the
demand for ribosomal RNA in making ribosomes. The
ribosomal repeats are abundant in every eukaryotic ge-
nome and in most prokaryotic genomes. Ribosomal
repeats range from 1 to 13 in bacteria and up to several
thousand in some plants, amphibians, and fishes. In most
large warm-blooded animals and humans, the number of
ribosomal repeats varies between 150 and 220 copies per
haploid genome (Long and Dawid 1980).

The full nucleotide sequence of the human 45S ribo-
somal repeat (GeneBank: U13369) was determined pri-
or to sequencing most other human genes (Wellauer and
Dawid 1979). However, due to the size and number of
repeats, the ribosomal DNA regions of the human acro-
centric chromosomes remain unassembled at the end of
2018, despite the completion of the human genome in
2003. New long read technologies may help to resolve
this Bhole^ in the human reference genome. Further-
more, specialized computational methods are being de-
veloped to analyze this locus in sequencing data
(Agrawal and Ganley 2016; Gibbons et al. 2014).

The question of repeat copy number is an interesting
one that can impinge on both genome function and
translational capacity. Changes to total copy number,
as well as to the number of active copies, may provide
a mechanism to vary the amount of ribosomal RNA
produced, and may further impact organismal health
and disease. These topics are addressed for the human
genome in a review by Lev Porokhovnik and Nataliya
Lyapunova. The role of repeat copy number in hetero-
chromatin and transgenerational inheritance, using

Drosophila as a model system, is reviewed by Farah
Bughio and Keith Maggert.

Ribosomal RNAs are transcribed by RNA polymer-
ase I with accompanying transcription factors and chro-
matin marks. While the RNA polymerase machinery is
unique to this locus, many of the chromatin marks and
genome organizing proteins function in other areas of
the genome too. The chromatin landscape is reviewed
by Thomas Moss and colleagues, while the effect of
UVA irradiation on interactions between chromatin pro-
teins is explored in an original article by Lenka Stixová
and colleagues.

The transcription of this region occurs at such an
extraordinarily high level, especially during rapid pro-
liferation or in stress conditions, it can interfere with
repair and make it vulnerable to single-strand and
double-strand breaks. Furthermore, the head to tail re-
peat structure may be a challenge for the replication and
repair systems in terms of copy number maintenance.
The rDNA has a unique potential to act as a Bcanary in
the coalmine,^ being particularly sensitive to genomic
stresses, and possessing the ability to adapt its copy
number. The repair, stability, and adaptability of the
ribosomal DNA is addressed by two reviews, one by
Daniel Warmerdam and Rob Wolthuis and one by
Devika Salim and Jennifer Gerton. Olga Zatsepina has
contributed an original article that explores the stability
of these regions in a mouse cell line using cytogenetics.

The ribosomal DNA clusters are organized into nu-
cleoli, the sites in the nucleus where RNA polymerase I
transcribes the ribosomal RNAs that are then processed,
modified, and partly assembled with ribosomal proteins.
However, the nucleolus is also multifunction, and par-
ticipates in the formation of signal recognition particles,
and in the response to stress. The nucleolus was one of
the first organelles recognized under the microscope due
to its prominence and density, first formally described
between 1835 and 1839 independently by Wagner and
Valentin. Barbara McClintock was the first person to
name a part of the chromosome as the nucleolar orga-
nizing region (McClintock 1934), which was later real-
ized to correspond with the ribosomal DNA. This orga-
nization certainly impacts ribosomal DNA repeats, but
also many other associated regions of the genome
(Nemeth and Langst 2011). A review article from
Tamara Potapova and Jennifer Gerton addresses the
proteins and models for organization of ribosomal
DNA into nucleoli. Helena Fulka and Alena Langerova
address how nucleoli might serve as a central structural
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platform for chromatin remodeling in embryos. Several
RNAs and proteins may shuttle in and out of the nucle-
olus, often for unknown reasons. An original article
contributed by Elena Mikhaleva and colleagues charac-
terizes the piRNA binding protein Piwi as a visitor to the
nucleolus in cultured ovarian somatic cells from Dro-
sophila, setting up an interesting model for the study of
Piwi and its role in silencing.

The next few years should provide significant ad-
vances in our understanding of the sequence and geno-
mic properties of the ribosomal DNA, given the rapid
advances in sequencing technology. The advent of
super-resolution microscopy will further aid in the study
of ribosomal DNA, nucleoli, and how nucleoli attain
their status as a non-membrane bound organelle. Fur-
thermore, advances in proteomics make it possible to
quantitatively analyze the composition of the nucleolar
proteome in low abundance cell types. These new tech-
nologies will help inform genetic, cell biological, and
biochemical studies that will no doubt be revealing
about this unusual and perpetually fascinating
locus. The locus can impact not only the translational
capability of cells, but also genome organization, stabil-
ity and integrity, providing a link between translation
and chromosome biology (Kobayashi 2011).

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.
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