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Abstract
While plant rRNA gene organization and expression have been studied for several
decades, the repetitive nature and high sequence identity between the tandemly-repeated
units has prevented precise studies to determine which units are active and elucidate
mechanisms of spatial and temporal transcriptional control. We have detected four variants
among rRNA genes of Arabidopsis thaliana by analysis of the 3' external spacer region.
Surprisingly, the most abundant variant, representing ~50% of the genes, is not expressed
in wild-type plants but is transcribed in lines mutated in one of the two nucleolin genes.
Analysis of Arabidopsis ecotypes indicated considerable variability in numbers and
presence/absence of variants, although more closely-related ecotypes show similar
profiles. Sequence analysis showed that one of the variants is not only unexpectedly
located within a 5S RNA gene cluster in the pericentromeric region of chromosome 3 but is
also potentially highly expressed in wild-type plants. We present a model to explain how
transcription of this this unusual variant, maintained in an active state by nucleolin binding,
could be involved in control of expression of the major variant, while absence of nucleolin
leads to silencing of the minor variant and consequent expression of the major variant.
Introduction
18S, 5.8S and 25/28S rRNA genes (45S rDNA) are organized in tandem arrays
(NORs) in copy numbers varying from hundreds in man to thousands in plants 1. Each 45S
rDNA unit is separated by intergenic spacer (IGS) regions containing gene promoter (GP),
spacer promoter (SP) and multiple repeat sequence elements (Figure 1A) that might
control different feature of rDNA chromatin dynamics. Sequences of mature rRNAs are
flanked by external transcribed spacers (ETS) and are separated by internal transcribed
spacers (ITS). Permissive or transcriptionally-active rRNA genes (euchromatin) are located
in the nucleolus whereas repressive or transcriptionally-inactive rRNA (heterochromatin)
genes remain in the nucleoplasm, and are merely associated with the nucleolus. Thus,
part of the 45S rDNA genes is structured as a knob of condensed chromatin, whereas the
rest forms extended loops 2,3 .
Active or repressed rRNA genes are mostly associated with specific DNA and
histone modification marks 4,5. Furthermore, other factors and activities play a major role
in silencing and/or activation of rDNA chromatin, including binding of transcriptional and
remodeling factors to the 5' and 3' end of each rDNA 6-8, the assembly of histone variants
and sequence dependent nucleosome position 9-11 (reviewed in 12).
A few years ago we reported the characterization of a Brassica oleracea U3snoRNP
complex containing a nucleolin-like protein that binds 5’ETS rDNA and cleaves pre-rRNA
specifically at the primary cleavage site in vitro, indicating that transcription and early
events of 45S pre-RNA processing are coordinated 13,14. More recently we demonstrated
that disruption of a nucleolin-like protein gene in Arabidopsis thaliana (AtNUC-L1) induces
rDNA chromatin decondensation and affects expression of specific 45S rRNA gene
variants 15,16. Here we present additional characterization of these rDNA gene variants
and discuss their possible impact on rDNA chromatin organization and gene expression.
Specific organization of repeat elements in the 3'ETS of rDNA gene variants
In the model plant Arabidopsis thaliana, the 45S rDNA gene clusters (NORs) are
located at the tips of the short arms of chromosomes 2 and 4 (NOR2 and NOR4) with

approximately 375 rDNA genes near each telomere 17,18. In our group, recent analysis of
rDNA and rRNA sequences revealed the existence of four classes of 45S rDNA genes in
A. thaliana (Col0). These can be distinguished from each other by length differences in the
3’ETS, due to the presence of insertions/deletions just downstream from the predicted
RNAseIII cleavage site 19. Based on the number of cloned rDNA and rRNA sequences,
we determined that the most abundant rDNA gene variant (VAR1) is not expressed in WT
plants. In contrast, the least abundant variant (VAR4) is relatively highly expressed in WT
plants. In fact, we only identified rDNA VAR4 in the genomic sequence after cloning prerRNA products 15 (Figure 1B).
A detailed analysis of the 3’ETS sequences revealed the presence of 3 (VAR2), 4
(VAR1 and VAR3) or 5 (VAR4) 47bp repeat sequence elements in the rDNA gene variants
(Figure 1B). Interestingly, variants containing the same number of repeat elements have
different organizations (see VAR1 and VAR3). Moreover, when the repeat elements from
each variant are compared, we observe multiple nucleotide changes. These differences
generate at least two classes (a and b) of R1, R2, R3 and R4 repeats. VAR1 is the only
one with an R5 element, which has the greatest number of polymorphisms, while VAR4
contains more repeat elements. This analysis also revealed that all elements contain a 13
bp sequence homologous to the hinge structure from A. thaliana U3snoRNA 20,21. In
yeast and animals, U3 hinge sequences base pair with sequences in the 5'ETS and direct
specific pre-rRNA cleavage 23-25. However, the 5'ETS RNA sequences from cruciferous
plants do not contain any sequence with significant complementarity to the U3 hinge
region 13. Moreover, excluding the hinge sequence in the 3'ETS, no other U3 snoRNArelated sequences were identified either in the IGS or the transcribed sequence from 45S
rDNA gene units (at least in VAR1 and Chr3-VAR4, see below). We do not yet know the
biological meaning of this U3 hinge sequence in the 3’ETS, but it it tempting to speculate
that it might direct binding of U3 related ribonucleoprotein complexes via RNA::DNA
sequence interaction through nucleolin (Figure 1A).
rDNA gene variants in Arabidopsis ecotypes
Using genomic DNA and primers amplifying 3'ETS sequences, we checked whether
45S rDNA gene variants can be detected in other A. thaliana ecotypes. This analysis
highlighted surprising variability between ecotypes, the genomes of A. thaliana Ler, WS,
Zu, RDL1 and Nossen also containing at least two rDNA variants (Figure 2). We cannot
exclude the possibility that A. thaliana Cvi0, C24 and Shahdara, with a single amplification
band, might contain additional 45S rDNA variants which are not amplified by our primers.
While there is no complete phylogenetic study including all these ecotypes, our
observations are in agreement with available data, with Cvi0, C24 and Shahdara being
grouped closely, as are Ws and Ler 26. In support of our conclusion, a previous study using
two dimensional RFLP analysis reported four distinct rRNA gene variants in the Ler
ecotype. Interestingly, one and three intergenic spacer lengths were found for rRNA genes
at NOR2 and NOR4, respectively 18. We do not yet know how the four classes of rDNA
genes variants are distributed in the four NORs of A. thaliana Col0. However, our studies
on A. thaliana plants with a disrupted nucleolin protein gene (AtNUC-L1) clearly show that
only two of the four NORs form nucleoli and are consequently transcriptionally active15.
Whether or not rDNA VAR1 is present in transcriptionally inactive NORs or located in the
knob outside the nucleolus formed from active NORs remains to be determined.

Identification of a VAR4 rDNA gene on chromosome 3
Blast analysis of the 3’ETS sequence variants surprisingly showed that the only
sequence identical to VAR4 in the published A. thaliana genome is located in the
centromeric heterochromatic region of chromosome 3, within clustered 5S rDNA genes
(Figure 3A). We initially identified a complete 45S rDNA gene unit, hereafter referred to as
Chr3-VAR4 to distinguish it from 45S rDNA units located on chromosome 2 and/or 4.
Analysis of the surrounding region indicated the presence of additional units. It is not clear
whether these are partial or complete, as the genomic sequence is not continuous in this
region. To better characterize the structure of the complete 45S unit on Chr3, we carried
out dot plot analysis of rDNA VAR1 [17-19] against ~13kbp surrounding Chr3-VAR4 using
the Dotter program 27 (Figure 3B). This revealed only one spacer promoter (SP) and
longer (but much less conserved) Sal I repeat elements compared to two SP (SP1 and
SP2) and three Sal I repeats in VAR1 rDNA. The 25S, Sal I, SP and incomplete 25S
sequences located upstream and/or downstream from the entire rDNA VAR4 unit suggest
the presence of other 45S units. Interestingly, the repeat sequence element A123B,
required for nucleolin U3 snoRNP binding to rDNA in the 5'ETS 13,14 is conserved in the
Chr3-VAR4 sequence. Analysis of the 3'ETS sequence located at the 5' end of the partial
25S sequence indicated that the expected 45S might also correspond to class VAR4. We
did not observe any other major changes in promoter regions (from -520 to +1), 5’ETS
regions and/or structural rRNA. On the other hand, it is worth mentioning that the recently
reported 18S rRNA variant 28 does not correspond to the 18S sequences from VAR1 or
Chr3-VAR4 and is therefore probably encoded by VAR2 and/or VAR3.
Conclusion and future directions
It has long been known that genes encoding ribosomal RNAs (45S rRNA genes) are
found in multiple, highly-conserved, tandemly-arrayed copies. However, the highlyconserved, repetitive nature of these genes, coupled with the existence of the
homogenizing process of gene conversion, has hampered structural and functional studies
and left many questions unanswered.
The identification of variations in the 3’ETS15,29 reveals that there is sequence
heterogeneity not only in the IGS but also in the transcribed 45 rDNA gene sequences in
A. thaliana plants. We do not yet know the impact of these variations in rDNA gene
regulation, but in analogy to animal cells 9,10 we can speculate that the specific
organization of repeat elements observed in 3’EST from VAR1, 2, 3 or 4 could participate
in rDNA chromatin organization by defining sequence-dependent nucleosome positioning.
Alternatively, the presence of a conserved U3 hinge sequence in each repeat element
could provide binding sites for U3 related RNP complexes that may bring the beginning
and the end of active rRNA genes into close contact, thus coordinating transcription and
primary processing events in the 5’ETS and 3’ETS.
Normal positions of 45S rDNA genes are in NOR2 and NOR4 and it is therefore
surprising to find a complete, potentially transcribed rDNA unit in the centromeric region of
chromosome 3. It is possible that the 45S rDNA unit sequences found in Chr 3 resulted
from a double breakage in NOR2 or NOR4 and were then re-organized (before or after)
insertion into Chr 3. This may occur in response to stress conditions 30 or in dysfunctional
telomeres that could lead to gains and losses of genetic material 31,32. Another possible
origin of the pericentromeric rDNA copy(ies) is suggested by the model of Murat et al. 33,
who proposed that plant genomes have evolved through nested chromosome fusions, with
insertion of a complete chromosome after centromeric breaks and subsequent divergence

of one centromere and the internal telomeric sequences. As both Arabidopsis NORs are
located in subtelomeric regions and the ancestral karyotype is n=8 34,34, this could
explain the presence of Chr3 -VAR4 in the pericentromeric region of chr3. Now the
obvious question is determining whether or not the Chr3 -VAR4 is an active rDNA gene?
So far our results do not allow us to distinguish whether VAR4 pre-RNAs originate from
chr3-VAR4 or from any other VAR4 unit located in NORs from Chr2 and/or Chr4. However,
the relative amplification levels of VAR1 and VAR4 (Figure 1B) suggest that there are
probably only one or a few copies of VAR4 in the genome, while there are already two
3'ETS amplification targets in the available chr3 sequence (Figure 3A).
In the nucleolus, AtNUC-L1 binds transcriptionally active rDNA genes in WT plants
but also VAR1 in HDA6 mutant plants 15,29. If binding of AtNU-L1 maintains a
transcriptionally competent methylation status of rDNA chromatin, how could the absence
of this protein repress expression of VAR4 when most of the rDNA chromatin appears
decondensed and repressed genes are reactivated in Atnuc-L1 mutants? One possibility is
that, in Atnuc-L1 plants, NOR-associated VAR4 genes become hypermethylated and
converted to a heterochomatic or silent state. In this case, hypermethylation and
heterochomatin condensation of VAR4 would be undetectable because the low number of
rDNA copies compared with VAR1, 2 and 3. An alternative is that VAR4 transcripts come
from the rDNA copy on Chr3 and not from the NORs. Interestingly, the 5S rDNA gene
clusters in Chr3 are transcriptionally inactive (reviewed in 35,36) and, in this context, we
propose that nucleolin binding might block the spread of heterochromatin from silent 5S
rDNA and preserve the “ON” state of Chr3-VAR4 gene. Accordingly, in the absence of
AtNUC-L1, “insulator” activity is lost and VAR4 rDNA expression repressed (Figure 4).
Finally, it is unlikely that Chr3-VAR4 transcripts are processed to mature and/or
specific rRNA. Considering that pre-rRNA processing and assembly with ribosomal
proteins are coupled in the nucleolus, we could speculate that Chr3-VAR4 transcripts
might generate small RNA to direct de novo methylation of repressed rDNA genes in the
nucleolus (Figure 4). The role of the siRNA pathway in controlling rDNA gene expression in
diploid A. thaliana plants has been clearly shown 37,38. Interestingly, a recent report
shows that RNA pol II transcription might control nucleolar rDNA gene expression through
the siRNA directed DNA methylation pathway 29. This observation raises the possibility
that sense or antisense transcripts from Chr3-VAR4 could be generated in the
nucleoplasm by RNA pol II (or RNA pol I) and then transferred to the DCL3/4 system, as
suggested by the model of Early et al., 29. Additional biochemical and functional studies
should provide more information on the mechanisms controlling expression of nucleolar
and non-nucleolar rDNA genes, allowing better understanding of the impact of rRNA gene
variants in the integrated mechanisms controlling chromatin organization and gene
expression.
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Figure legends
Figure 1: Functional and structural organization of 3'ETS rRNA gene variants in
Arabidopsis thaliana (Col0) A) The top section shows a 45S rDNA unit and binding of the
nucleolin-U3snoRNP complex to the 5'ETS and nucleolin alone to 3'ETS sequences.
Nucleolin-mediated binding of related U3snoRNP complex to the 3'ETS (suggested by the

question mark) might bring together the two ends of the rDNA gene unit and link
transcription initiation and termination. The lower section (left) shows PCR amplifications of
3'ETS rDNA and rRNA sequences from WT and Atnuc-L1 plants and the representation
(right) of sequence variants containing 3, 4 or 5 repeat (R1-R5) elements. B) Alignment of
repeat sequences identified in the four variants sequences. They are grouped in five major
classes, from R1 to R5 (a, b or c). The U3snoRNA hinge sequence identified in all rDNA
variants is underlined with an open bracket.
Figure 2: rDNA variants in A. thaliana ecotypes. PCR amplification of 3'ETS sequences
using primers p3 and p4 (described previously in Pontvianne et al., 15) and genomic DNA
from A. thaliana ecotypes: Columbia (Col0), Landsberg erecta (Ler), Cape Verde Islands
(Cvi0), C24, Wassilewskija (WS), Zurich (Zu), RDL1; Nossen (No) and Shahdara (Sha).
Figure 3: Structure of the Chr3-VAR4 rDNA gene. (A) Schematic presentation of the
Chr3-VAR4 region located in the pericentromeric region of the left arm of chromosome 3.
The zoom shows the organization of the complete and partial units, embedded in 5S gene
sequences. Chr3-VAR4 contains Sal I repeats (blue boxes), one spacer promoter (SP) and
one gene promoter (GP). The VAR4 rDNA unit is surrounded by truncated, Sal I, 25S and
3’ETS (upstream) and a spacer promoter present between two regions of Sal I
(downstream). 18S, 5.8S, 25S sequences and the A123B boxes are indicated. The dotted
line indicates undetermined sequences of BACF21A14. (B) Dot-plot comparison of Chr3VAR4 (horizontal) and VAR1 located in NOR2 and/or NOR4 (vertical). VAR1 and VAR4
sequences used to represent structures come from rDNA gene sequences reported in 3941 and from BACF21A14 respectively. Color codes and abbreviations are as in Figure 3A.
Figure 4: Model for the role of nucleolin proteins and rDNA variants in rRNA gene
regulation. In this model nucleolin proteins (blue spheres) bind active rRNA genes located
in NORs and in the pericentromeric region of chromosome 3 (Chr3). Binding of nucleolin to
Chr3-VAR4 rDNA genes could block heterochromatic spread of silent 5S rRNA genes. In
the absence of nucleolin, transcription of Chr3-VAR4 (or from the NORs) is repressed and
production of small RNA (red double lines) inhibited, with subsequent demethylation of
rDNA genes in the nucleolus, leading to expression of VAR1. IGS transcription 29 from
Chr3-VAR4 (or from NORs) might generate siRNA for RNA-directed de novo methylation.
Nucleolin binding to rDNA might also prevent heterochromatic spread from surrounding
regions. Basal IGS transcription from VAR1 may also generate siRNA and maintain
silencing of repressed rDNA units. The nucleosomes and CpG methylation are
represented as grey spheres and red bullets respectively.
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