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Abstract In all eukaryotes, the highly repeated 35S ribosom-

al DNA (rDNA) sequences encoding 18S-5.8S-26S ribosomal

RNA (rRNA) typically show high levels of intragenomic uni-

formity due to homogenisation processes, leading to concert-

ed evolution of 35S rDNA repeats. Here, we compared 35S

rDNA divergence in several seed plants using next generation

sequencing and a range of molecular and cytogenetic ap-

proaches. Most species showed similar 35S rDNA homoge-

neity indicating concerted evolution. However, Cycas

revoluta exhibits an extraordinary diversity of rDNA repeats

(nucleotide sequence divergence of different copies averaging

12 %), influencing both the coding and non-coding rDNA

regions nearly equally. In contrast, its rRNA transcriptome

was highly homogeneous suggesting that only a minority of

genes (<20 %) encode functional rRNA. The most common

SNPs were C > T substitutions located in symmetrical CG

and CHG contexts which were also highly methylated. Both

functional genes and pseudogenes appear to cluster on chro-

mosomes. The extraordinary high levels of 35S rDNA diver-

sity in C. revoluta, and probably other species of cycads,

indicate that the frequency of repeat homogenisation has been

much lower in this lineage, compared with all other land plant

lineages studied. This has led to the accumulation of

methylation-driven mutations and pseudogenisation.

Potentially, the reduced homology between paralogs

prevented their elimination by homologous recombination,

resulting in long-term retention of rDNA pseudogenes in the

genome.
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Introduction

In eukaryotes, rDNA encodes four types of ribosomal RNAs

(rRNA), i.e. 18S, 5.8S, 26S and 5S rRNA. The 18S, 5.8S and

26S genes (referred to as 35S rDNA in plants) are transcribed

as a single operon and are separated by internal transcribed

spacers (ITS) and intergenic spacers (IGS). Cytogenetically,

35S rDNA are clustered forming distinct chromosomal do-

mains called nucleolar organizer regions (NORs) or dispersed

(Neves et al. 2005). Despite high copy number (hundreds to

thousands of units in plants), the genes are nearly identical

which are explained by their concerted evolution. Under such

an evolutionary process, if the entire 35S rDNA unit is equally

affected by concerted evolution, then we expect to observe (i)

little or no differences in the degree of intragenomic homoge-

neity between coding and non-coding regions and (ii) that

non-coding regions (i.e. the internal transcribed spacers

(ITS1 and ITS2) and the intergenic spacer (IGS)) have lower

selection constraints than the coding regions, with the latter

evolving under strong purifying selection (Eickbush and

Eickbush 2007). However, available data show there can be

considerable intragenomic heterogeneity of ITS (Harpke and
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Peterson 2006; Kovarik et al. 2008; Zheng et al. 2008; Fehrer

et al. 2009) and IGS (Matyasek et al. 2012; Galián et al. 2014)

sequences, suggesting incomplete unit homogenisation.

Detection of intragenomic rDNA sequence diversity using

conventional methods is particularly challenging given the

large size of the rDNA unit (several kbs) and their repetitive

nature. However, with the advent of next generation sequenc-

ing (NGS), it is now possible to quantify variations in the large

repeat arrays, including rDNA (Buggs et al. 2012; Straub et al.

2012). Another potential advantage of NGS is the ability to

obtain similar sequence coverage for regions with low and

high sequence identity, avoiding potential ascertainment bias

generated by classical PCR and cloning methods. NGS has

already been used to determine intergenomic rDNA variation

in the insect Drosophila (Stage and Eickbush 2007) and sev-

eral fungi (Ganley and Kobayashi 2011; West et al. 2014).

These studies found little or no variation in either the coding

or non-coding regions, confirming classical studies and

supporting concerted evolution models. In contrast, a few

highly polymorphic sites within the coding regions were de-

tected in angiosperm taxa (Zozomova-Lihova et al. 2014;

Weitemier et al. 2015) suggesting that rDNA may be more

polymorphic in some plants than in other species.

Nevertheless, the frequency of highly polymorphic sites was

low generally and not exceeding a few polymorphic sites per

~5 kb of the 18S-5.8S-26S operon.

Despite the ecological and economic importance of gym-

nosperms, their genomes have not been investigated compre-

hensively, especially in species outside of the conifers

(Pinales) (Leitch and Leitch 2012). Recently, whole genome

sequencing (WGS) was carried out in two conifers, Picea

abies (Nystedt et al. 2013) and Pinus taeda (Neale et al.

2014). The genomes of both species showed similar organisa-

tion and were highly enriched in transposons and divergent

repeated elements of unknown structure and function.

However, unlike many repeats in angiosperms, they showed

evidence of relatively slow evolutionary divergence. Other

studies have shown that rDNA in gymnosperms is also unusu-

al compared with many angiosperms. For example, (i) gym-

nosperms tend to have more 35S rDNA loci (Hizume et al.

1992a; Hizume et al. 1992b; Kondo et al. 1996; Lubaretz et al.

1996; Murray et al. 2002; Siljak-Yakovlev et al. 2002; Cai

et al. 2006; Islam-Faridi et al. 2007 and reviewed in Roa and

Guerra (2012)); (ii) the ITS1 region is longer, with consider-

able length heterogeneity between species (Maggini and

Baldassini 1995; Liston et al. 1996; Won and Renner 2005).

(iii) the size of the gymnosperm 35S rDNA unit is longer

(exceeding 25 kb) than in studied angiosperms (Bobola et al.

1992; Ribeiro et al. 2008). but similar in length to those of

early diverged land plants, such as Funaria hygrometrica

(moss, Bryopsida) (Capesius 1997) and Marchantia

polymorpha (liverwort, Marchantiopsida) (Sone et al. 1999).

(iv) the 5S rRNA gene is frequently found embedded in the

IGS (Garcia and Kovařík 2013) which is rarely observed in

angiosperms (Garcia et al. 2009). (v) intragenomic ITS

paralogs are often heterogeneous in Pinales (Wei et al. 2003;

Campbell et al. 2005). Gnetales (Won and Renner 2005) and

Cycadales (Bogler and Francisco-Ortega 2004; Xiao et al.

2010; Feng et al. 2014; Xiao and Moller 2015), a variability

thought to be due to incomplete ITS concerted evolution

linked to the high number of NORs in Cycas genomes and

incomplete lineage sorting due to recent species divergence

(Xiao et al. 2010).

Given these observations, we have applied NGS ap-

proaches to examine the genomic variation, unit structure

and levels of sequence heterogeneity across both coding and

non-coding regions of the 35S rDNA loci, in representatives

of the major gymnosperm groups, focusing on key species,

namely (i) Abies sibirica Ledeb. from Pinales, (ii) Ginkgo

biloba L. from Ginkgoales, (iii) Cycas revoluta Thunb. from

Cycadales and (iv) Gnetum gnemon L. from Gnetales.

Considerable heterogeneity of C. revoluta rDNA contrasts

with high homogeneity of its rRNA transcriptome. We also

determined the number of rDNA loci in Gnetum gnemon for

the first time. In addition, because many gymnosperms also

have large genome sizes compared with most angiosperms

(Leitch and Leitch 2012). we studied 35S rDNA heterogeneity

in an angiosperm, Fritillaria imperialis L., with one of the

largest genome sizes among seed plants (for the phylogenetic

relationships between the genera, see Supplementary Fig. 1).

Material and methods

Plant material

Fresh leaf fragments from C. revoluta (accession number:

1990-0350/1) were obtained from Chelsea Physic Garden,

London, UK. Cycas circinalis L. andDioon edule Lindl. were

obtained from Brno Botanical Garden, Czech Republic.

Fresh leaves of G. biloba (accession number: 1969–

13276), G. gnemon (accession number: 1998–514), F.

imperialis (accession number: s.n.) were collected from the

Royal Botanic Gardens, Kew, UK. Nicotiana tabacum var.

SR-1 was from a local collection of the Institute of

Biophysics, Brno, CZ.

Genomic DNA extraction

Fresh leaf fragments were dried in silica gel for later use.

Genomic DNAwas extracted using the modified CTABmeth-

od (Kovarik et al. 1997). The quality and quantity of total

genomic DNA were evaluated by NanoDrop (Thermo

Scientific, USA) and a Qubit 2.0 fluorometer (Life

Technologies, USA).
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Illumina HiSeq sequencing

Total genomic DNAs from C. revoluta, G. biloba and

G. gnemon were sent to BGI (Shenzhen, China) for

paired-end sequencing (170-bp library insert size,

Illumina HiSeq 2000 platform) to obtain NGS reads

equivalent to 10 % of the genome size. Paired-end se-

quencing of F. imperialis (300–500 bp insert size) was

carried out at the Centre for Genomic Research at the

University of Liverpool on an Illumina HiSeq 2000

platform. Fastq format paired-end sequencing reads were

supplied with the adaptor sequences removed. Reads

with a phred score of <20 for >10 % of their bases

were also removed. Genomic Illumina sequence reads

of A. sibirica (run accession number: ERR268415) were

downloaded from the Sequence Read Archive (SRA).

The left-handed genomic reads of all the above species

were imported into RepeatExplorer (Novak et al. 2013)

for further analysis. Transcriptomic Illumina reads of C.

revoluta were downloaded from EBI sequence archive

(SRR1525778).

RNA extraction, genomic PCR and RT-PCR analysis

Fresh leaf tissues of C. revoluta, C. circinalis, G. gnemon, G.

biloba and P. abies were collected and stored in RNAlater

(Life Technologies, USA) at −20 °C until use. Total RNA

was isolated using a RNeasy Plant Mini kit (Qiagen,

Germany) following manufacturer’s instructions. RNA was

measured using a spectrophotometer and quality checked by

gel electrophoresis. DNA contamination was removed using

DNase (Turbo DNA free, Ambion, Austin, TX). The reverse

transcription mixture (20 μl) typically contained 1 μg RNA,

2 pmol of random nonamer primers, 10 nmol of each dNTP

and 200 U of the Superscript reverse transcriptase II (Life

Technologies, USA). The complementary DNA (cDNA) and

gDNAwere amplified with a low error-proneKAPATaqDNA

polymerase (Kapabiosystems, USA) using primers specific

for rDNA. The 26S gene was amplified with primers derived

f r om th e t o b a c co s equen c e : 26S_2901_ f , 5 ′ -

GAATTCACCAAGTGTTGGAT-3′ and 26S_3121_r, 5′-

AGAGGCGTTCAGTCATAATC-3′. The PCR conditions

were as described in Lim et al. (2000). The ~220 bp product

was gel purified, extracted (PCR purification kit, Macherey

Nagel, Germany) and ligated into the pDrive vector (Qiagen,

Germany). Ligation was carried out overnight at 4 °C. A

1.0-μl aliquot was used to transform Escherichia coli

competent cells (EZ strain, Qiagen, Germany). The in-

serts were sequenced by Sanger technology using the

SP6 and T7 primers. Sequences were aligned in a

BioEdit sequence editor. One clone of C. revoluta was

used as a 26S rDNA probe in Southern blo t

hybridisation.

Clustering genomic reads

RepeatExplorer (Novak et al. 2013). implemented in the

Galaxy web-based server, is a pipeline employed to analyse

repetitive elements based on sequencing reads fromNGS plat-

forms (e.g., Illumina HiSeq). Using RepeatExplorer, all the

left-handed single reads of A. sibirica, C. revoluta, G. biloba,

G. gnemon and F. imperialis were compared in pairwise

BLAST comparisons and grouped into clusters that share at

least 90 % similarity over 55 bp (61 %) of their sequence

length. Read length for running clustering was 90 bp. Reads

in each cluster are then displayed graphically using a

Fruchterman-Reingold algorithm as described in Novak et

al. (2010). Individual reads are represented as nodes (dots)

on the graph, and the nodes are connected by Bedges^ (lines),

the length of which increases with decreasing sequence simi-

larity. In addition, reads within the clusters are assembled into

one or multiple contigs based on their sequence similarities

and can be compared with known repeat databases to identify

the repeats (e.g. rRNA genes). Nucleotide composition of

reads was determined using FastQC program implemented

within the Galaxy Server (Goecks et al. 2010).

rDNA sequence assembly

Regions (18S, ITS, 26S and partial of IGS) of 35S rDNA of A.

sibirica, C. revoluta, G. biloba, G. gnemon and F. imperialis

were assembled into contigs by RepeatExplorer.

For those species whose 35S rDNA clusters did not cover

all coding regions (i.e. the ITS2-26S region of G. biloba),

missing sequences were downloaded through GenBank (G.

biloba accession numbers: Y16892, AY095475). Different

regions of 35S rDNA sequences (contigs) were ultimately

assembled into one single consensus sequence for each spe-

cies using Geneious 5.5 (Biomatters Limited, NZ) via default

settings. The 35S rDNA sequence of Arabidopsis thaliana

(accession number: X52322) was used as a reference to aid

assembly. The boundaries of each region were determined by

aligning all five studied species plus the 35S rDNA sequence

of A. thaliana.

Intragenomic variation estimation

CLC Genomics Workbench 6.5.1 (CLCbio, Germany) was

used to estimate intragenomic variation among 35S rDNA

units in A. sibirica, C. revoluta, G. biloba, G. gnemon and

F. imperialis. Illumina reads used for clustering were first

mapped to their corresponding 35S rDNA consensus se-

quences with the mapping settings: mismatch cost value 2,

insertion cost value 3, deletion cost value 3, with both the

length fraction value and the similarity fraction value set at

0.8. Variations were then detected via the Probabilistic Variant

Detection function tool in CLCbio, using default settings.
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Single nucleotide variants (SNVs), also called single nucleo-

tide polymorphisms (SNPs), were filtered as follows: count

(the number of countable reads supporting the allele) ≥10,

frequency (the ratio of Bthe number of ‘countable’ reads

supporting the allele^ to Bthe number of 'countable' reads cov-

ering the position of the variant^) ≥20 %. Other variation

types, i.e. deletion, insertion and multiple nucleotide variant

(MNV), were produced by default settings.

Pi diversity values evaluation

The Pi diversity values (expressed as the number of substitu-

tions per 100 bp of DNA sequence) were calculated for

aligned reads using the DNASp software (Rozas et al.

2003). Data sets were obtained from the following whole ge-

nome shotgun archives using BLAST searches: A. thaliana

(ERR171440_1), Oryza sativa (ERR605264), G. gnemon 2

(454 GS FLX, ERR268419), G. gnemon 1 (Illumina,

ERR845260), Glycine max (SRR273385), A. sibirica

(ERR268414), Taxus baccata (ERR26824), P. taeda

(SRR1049544), C. revoluta (ERR845258), G. biloba

(ERR845259), P. abies (ERP002565), Pinus sylvestris

(ERP002572), F. imperialis (ERR845263),Cardamine amara

(Zozomova-Lihova et al. 2014), Drosophila lowei

(SRR330415), Bubalus bubalis (SRR032564) and

Ornithorhynchus anatinus (SRR287787). As queries, we se-

lected short 42–52-bp-long sequences derived from conserved

subregions (Supplementary Table 1 and green bars in

Supplementary Fig. 2). The phylogenetic trees were construct-

ed from aligned 18S (region between V3 and V4 domains)

and 26S (close to 3´end) reads using Neighbour Joining meth-

od (Jukes-Cantor model) with 1000 replications. Because of

the lack of NGS data for C. circinalis and D. edule, we se-

quenced ~20 Sanger clones containing the 18S subregion (see

blue bar in Supplementary Fig. 2a) from each species.

Bisulfite sequencing

Modification of C. revoluta genomic DNAwith bisulfite was

carried out with an EpiTect Bisulfite kit (Qiagen, Germany)

using 1.3 μg of genomic DNA from leaves. The primers am-

plified a coding strand of the conserved part of the 18S gene

(see blue bar in Supplementary Fig. 2a), and they did not

discriminate between methylated and non-methylated tem-

plates. The sequences of primers were as follows: 18SBIS

forward: 5′-TATGAGTYTGGTAATTGGAATG-3′; 18SBIS

reverse: 5′-TTTAARCACTCTAATTTCTTCAAA-3′. PCR

(25 μl) amplification used 1.0 μl of bisulfite-converted DNA

as the template, 4 nmol of each dNTP, 8 pmol of each primer

and 0.8 U of KAPATaq DNA polymerase (Kapabiosystems,

USA). Cycling conditions were as follows: initial denaturation

(94 °C/3 min); 35 cycles of (94 °C/20 s; 55 °C/20 s; 72 °C/

20 s) and a final extension (72 °C/10 min). The resulting

~300 bp products were separated by gel electrophoresis, puri-

fied and cloned into a TAvector (pDrive, Qiagen). After trim-

ming of primers, the 241-bp-long sequences were aligned and

statistically evaluated using a CyMATE software (Hetzl et al.

2007). One clone obtained from native DNAwas used as the

18S probe in Southern blot hybridisation.

Southern blot hybridisation

Purified genomic DNA (~4 μg/sample) of G. biloba, C.

revoluta, C. circinalis, D. edule, G. gnemon, N. tabacum and

F. imperialis was digested with BstNI and TaqI restriction en-

zymes and hybridized with the 26S and 18S rDNA probe,

respectively, (for the probe positions see black lines in

Supplementary Fig. 2). In addition,C. revoluta and N. tabacum

DNAs were digested with a further three methylation-sensitive

restriction enzymesMspI,HpaII and ScrFI and hybridised with

18S rDNA probe. After the digestion, genomic DNA of those

species was separated by gel electrophoresis on a 0.9 % (w/v)

agarose gel. The gels were then alkali blotted onto Hybond-XL

membranes (GE Healthcare, Little Chalfont, UK) and

hybridised with a 32P-labelled DNA probe (DekaLabel kit,

MBI, Fermentas, Vilnius, Lithuania) for the 26S and 18S

rRNA gene, according to protocols described in Kovarik et al.

(1997). After washing (2 × 5 min with 2x SSC, 0.1 % SDS at

room temperature followed by 2 × 15 min with 0.6 × SSC,

0.1 % SDS, 65 °C), the hybridisation bands were visualised

Table 1 The volume of Illumina HiSeq reads analysed with RepeatExplorer

Species 1C Genome size (Gb)a Number of reads

analysed

Genome proportion

of analysed reads (%)

Genome proportion

of 35S rDNAb (%)

Abies sibirica 15.452 8,212,026 4.8 0.235

Cycas revoluta 13.399 6,927,500 4.7 1.095

Ginkgo biloba 11.492 5,402,020 4.2 0.468

Gnetum gnemon 3.785 2,102,778 5.0 0.845

Fritillaria imperialis 42.005 9,200,000 2.0 0.116

aThe values are from Plant DNA C-values database (Bennett and Leitch 2012)
bCoding region plus internal transcribed spacers (i.e. 18S-ITS1-5.8S-ITS2-26S)
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with a PhosphorImager (Typhoon 9410, GE Healthcare, PA,

USA) and the data quantified by ImageQuant software (GE

Healthcare, PA, USA).

Fluorescent in situ hybridisation (FISH)

and immunostaining staining

To accumulate metaphases, fresh root tips from adult plants of

C. revoluta, G. gnemon and F. imperialis were collected and

immersed into 2 % 8-hydroxyquinoline for 4–6 h at room

temperature. All root tips were subsequently fixed in 3:1 (v/

v) ethanol:glacial acetic acid overnight or 24 h at room tem-

perature. Finally, roots were transferred to 70 % ethanol and

stored at −20 °C until use. Fixed root tips were digested for

90–120 min at 37 °C in a mixture of 1 % (v/v) pectinase and

2 % (v/v) cellulase in citrate buffer and spread on a slide in 3:1

(v/v) acetic acid:methanol.

18S rDNA probe was labelled with Alexa Fluor 488 (green

fluorescence) and used in the hybridisation mix as described in

Becher et al. (2014). Fluorescence in situ hybridisation was car-

ried out as follows: Briefly, chromosome spreads were post-fixed

in 4 % (v/v) formaldehyde in 2 × SSC (0.3 M sodium chloride

and 0.03 M tri-sodium citrate) for 10 min, washed again in 2 ×

SSC, before dehydration through an ethanol series (70, 95 and

100 % ethanol). The slides and hybridization mix were

denaturated together at 80 °C for 2 min using a DyadTM DNA

engine carrying a PRINS block (Bio-Rad Laboratories, Inc.,

USA). After denaturation, the slides were incubated overnight

at 37 °C in a well-sealed plastic box. Coverslips were removed in

2 × SSC at room temperature and the slides were incubated at

60 °C in 2 × SSC for 20min and at room temperature for 10min,

dehydrated again in the ethanol series mentioned above and air-

dried in the dark. Slides were mounted in Vector Shield TM

mounting medium containing DAPI (4,6-diamidino-2-

phenylindole) (Vector Laboratories, USA). Slides were

visualised with a DM RA2 fluorescence microscope (Leica

Microsystems GmbH, Germany) equipped with an Orca

ERTM monochrome camera (Hamamatsu, Japan). Images were

edited using OpenLabTM (Improvision, UK).

For detection of global DNA methylation, we followed the

procedures described in Jasencakova et al. (2003). Briefly, nuclei

were post−fixed and denatured as described for FISH and then

incubated with a mouse antibody against 5-methylcytosine

(5mC) (Eurogentec, cat-No.MMS-900P-A), followed by an

Alexa 488-conjugated antimouse (1:100) antibody.

Results

Identifying 35S rDNA in Illumina HiSeq data

Illumina HiSeq data, amounting to approximately 5 % of the

genome size of four gymnosperm species (A. sibirica, C.

revoluta, G. gnemon and G. biloba) and 2 % of the genome

of the angiosperm F. imperialis (Table 1) was analysed using

RepeatExplorer (Novak et al. 2013). Those clusters containing

reads from 18S rDNA are displayed graphically (Fig. 1a). The

reads in clusters from A. sibirica,G. biloba,G. gnemon and F.

imperialis form smooth lines in graphical displays because

there is little sequence variation between the multiple 35S

rDNA reads analysed. In contrast, the graphs reconstructed

fromC. revoluta reads are much fuzzier, indicating high levels

of variation between reads from different 35S rDNA units.

Assembly of 35S rDNA sequence

To assemble the 18S-5.8S-26S coding regions, we used

RepeatExplorer to identify clusters containing rDNA sequences

(as for the 18S gene domains, Fig. 1a). Based on the contigs

generated by RepeatExplorer, we generated a single 35S rDNA

consensus sequence for each species (Fig. 1b). The correct order

of domains was confirmed by Southern blot hybridisation (not

shown) and alignment of the 35S rDNA consensus sequences of

all the studied species and A. thaliana. The total length of the

recovered 18S-5.8S-26S regions (including ITS sequences) var-

ied from 5844 bp in F. imperialis to 6854 bp in A. sibirica (Table

2). The length variation was mostly accounted for by differences

in length of ITS1 (Supplementary Fig. 3), as the length of ITS2

did not differ substantially between species, in line with previous

reports (Maggini and Baldassini 1995). The ITS1 of A. siberica

and G. biloba contained short tandem duplications

(Supplementary Fig. 4).Wewere unable to reconstruct the whole

35S rDNA unit from any of the species analysed because the

repetitive IGS region cannot be assembled from short reads. The

genome proportion that each 35S rDNA cluster comprised was

calculated from the number of reads in each 35S rDNA cluster

compared with the total number of reads analysed by

RepeatExplorer. From the genome proportion, the copy numbers

of 35S rDNA sequences were estimated using the formula: (ge-

nome size × genome proportion of 35S rDNA clusters (Table 1))

/ (35S rDNA sequence length (Table 2)). Copy number ranged

from c. 3300 in G. gnemon to c. 17,000 copies in C. revoluta

distributed over two (G. biloba and F. imperialis) to twelve loci

(C. revoluta). Because of the known underestimation of repeated

families among NGS libraries (Emadzade et al. 2014). we vali-

dated in silico results experimentally by Southern blot

hybridisation (Table 2 and Supplementary Fig. 5d). In general,

the values calculated from NGS were in a good agreement with

those experimentally assessed.

Distribution of single nucleotide polymorphisms

The distribution of SNPs across the 35S rDNA sequences was

determined using CLCbio software, with a threshold of at

least two SNPs and ten reads. For A. sibirica, G. biloba, G.

gnemon and F. imperialis, SNPs were found predominantly in
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the non-coding sequences of 35S rDNA as expected (Fig. 1b

and Supplementary Fig. 6). However, in C. revoluta, there

was an astonishing density of SNPs across both coding and

non-coding regions with the highest SNPs/kb values out of all

species analysed. In this species, the distribution of mutations

was almost uniform, without significant differences between

individual 35S rDNA subregions. We also determined the

nature of the SNPs. The vast majority of SNPs were C > T

and G >A transitions (Fig. 2a) located almost exclusively in

symmetrical CG and CHG contexts (Fig. 2b). These muta-

tions apparently influenced overall nucleotide composition

of rDNA since C. revoluta 18S genes had significantly lower

G + C content compared to other species (Supplementary

Fig. 7a). Indels were far less abundant than substitutions

(Supplementary Fig. 7b).

Southern blot hybridisation

As noted above, the complete IGS region could not be recon-

structed in any species from our NGS data due to its long

length and highly repetitive structure (Supplementary

Fig. 4). To estimate the number of IGS length variants, we

carried out Southern blot hybridisation to BstNI-restricted

DNA using a 26S rDNA probe (Supplementary Fig. 5a).

Digestion of genomic DNAs with this enzyme yielded 1–3

strong hybridisation bands in all species analysed, indicating

a similar number of amplified variants.

To confirm the data obtained by SNP analysis (see above),

we examined the degree of conservation of restriction sites

within the 18S genes. For this, we selected TaqI, an enzyme

that digests the TCGA motif, and which is methylation-

insensitive and has six target sites in the 18S gene. The C >

T/G >A mutations would result in the loss of the restriction

site and result in larger hybridisation fragments than expected.

The 18S probe hybridised predominantly to a single band in

G. gnemon and N. tabacum (Supplementary Fig. 5b) (and

other species, data not shown) indicating conservation of re-

striction sites. However, in C. revoluta, the probe hybridised

to multiple bands in a smeared high molecular weight region

indicating extensive site polymorphisms.

Comparison of 35S rDNA intragenomic homogeneity

between species

To determine whether gymnosperms have particularly diverse

35S rDNA sequences, we calculated the number of substitu-

tions per nucleotide (Pi) in a 42-bp subregion of the 18S rRNA

gene (Fig. 3). The subregion comprises a core region occur-

ring between the V3 and V4 domains (see green bar in

Supplementary Fig. 2a), which is thought to be highly con-

served between plants and animals. The data analysed includ-

ed the Illumina data generated here, together with data from a

further four gymnosperm species, four angiosperm species,

one insect (D. lowei) and two mammals (the water buffalo,

Fig. 1 Intragenomic variation of

35S rDNA NGS Illumina reads in

five species. a Graphical outputs

from RepeatExplorer showing

repeat clusters containing 18S

rDNA sequences. Smooth line

graphs indicate little sequence

variation between reads (the

pattern in most species), the more

diffuse graph for C. revoluta

indicates considerable

heterogeneity between read

sequences. b Distribution of

SNPs across the 35S rDNA

sequences. Each vertical black bar

represents a single highly

confident SNP
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B. bubalis, and the duck-billed platypus, O. anatinus) which

are available in public databases. Average Pi diversity values

of the 18S rDNA subregion ranged from zero in the two

mammals to almost 12 % in C. revoluta and C. circinalis.

Most angiosperms and animals displayed lower intragenomic

variation than most gymnosperms. The exceptions were A.

sibirica and G. biloba which had a low Pi values compared

with other gymnosperms.

To compare the level of intragenomic sequence divergence

within the 35S rDNA between species, we analysed the diver-

gence of individual sequence reads for a selection of six

gymnosperms, two angiosperms and one insect (Fig. 4).

Each phylogram comprised 50–350 aligned 18S reads. It is

evident that in A. thaliana and D. lowei, the majority of se-

quences grouped at the base of the tree indicating their homo-

geneity. The few reads emanating from the base comprise

haplotypes differing in a single mutation and most likely rep-

resent sequencing artefacts. However, in C. revoluta, the ho-

mogeneous population of unresolved reads comprised a rela-

tively minor fraction of the reads analysed, most formed high-

ly divergent branches. The most divergent sequences differed

from the homogeneous inner cluster by more than 20 % of

Table 2 Chromosomal distribution, length and number of rDNA gene domains and spacer sequences in the analysed species

Species Number of chromosomes (2n) Number of 18S rDNA

loci (sites at metaphase)

Length of 35S rDNA

including ITS sequences (bp)

35S rDNA copy numberd(1C)

NGS S.blot hyb.

Abies sibirica 24a – 6854 c. 4300 n.d.

Cycas revoluta 22 12 (24) 6306 c. 17,000 c. 18,300

Ginkgo biloba 24b 2 (4) 6448 c. 6300 c. 5800

Gnetum gnemon 48c 5 (10) 6707 c. 3300 c. 3400

Fritillaria imperialis 24 2 (4) 5844 c. 6200 c. 4000

a Sedelnikova and Pimenov (2005)
bGalián et al. (2012)
cThe estimated chromosome number (2n = 48) is consistent with Pearson (1908) while it differs from the other report (2n = 44, (Fagerlind 1941)). The

same number was obtained from counting of >20 G. gnemon metaphases
dCopies calculated from the genome representation (NGS) and a Southern blot experiment (Supplementary Fig. 4d). Genome sizes are given in Table 1.

Fig. 2 Characterization of SNPs and methylation analysis in C. revoluta

35S rDNA. a Occurrence and distribution of SNPs across the 35S rDNA

sequence obtained from Illumina reads. b Frequency of mutations in

different dinucleotide and trinucleotide motifs in a 300 bp subregion of

18S genes (Supplementary Fig. 2a). c Frequency of methylation in the

same region as (b) analysed by bisulfite sequencing of 23 Sanger-

sequenced clones
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nucleotides. In addition,G. gnemon, P. taeda and F. imperialis

contained a small fraction of units separating into diverging

groups. In contrast,C. revoluta (andC. circinalis, from Sanger

sequencing of clones) had a large fraction of highly divergent

units. Trees constructed from 26S reads showed essentially

similar topologies as the 18S trees (Supplementary Fig. 8).

Expression of 35S rDNA

To examine whether the diversity of 35S rDNA sequences

observed in the genomic DNAwas expressed in C. revoluta,

we analysed the homogeneity of genomic and transcriptomic

(SRR1525778) reads across the rDNA unit (Fig. 5a and

Supplementary Table S1). It is evident that the diversity (Pi,

expressed as the number of substitutions per 100 bp) of geno-

mic rDNA reads was at least 10-fold higher than that of

transcriptomic rDNA reads. To validate these results, we se-

quenced 28 Sanger clones from each cDNA and

genomic (gDNA) amplicons of 26S rDNA (for the position,

see Supplementary Fig. 2b) for seven gymnosperm species.

The Pi values were highly congruent with the NGS analysis

(not shown). Sequences of the cDNA clones from C. revoluta

were not identical, and several mutation hot spots were iden-

tified. Of these, the most prominent one was at position 2922

(with respect to the first 26S nucleotide): 19 (68 %)

cDNA clones had a T, 6 (21 %) had an A and 3 had

a G (11 %). The same position was polymorphic in the

closely related C. circinalis but not in the distantly re-

lated cycad D. edule (not shown). The phylogram

constructed from the cDNA and genomic 26S sequences

is shown in Fig. 6a. There were two branches

supporting two distinct groups of sequences: group (i)

containing highly divergent genomic clones and group

(ii) containing cDNA and genomic clones with little

sequence divergence. The latter group also clustered

with sequences obtained from the cDNA clones of the

other gymnosperms analysed (Fig. 6b).

The highly diverse and heavily mutated genomic clones

were not found amongst the cDNA clones indicating they

are pseudogenes. To determine the proportion of functional

genes to pseudogenes in individual genomes, we BLASTed

the NGS rDNA genomic reads ofC. revoluta, C. circinalis,G.

gnemon and G. biloba against their consensus sequences of

26S rRNA (for the position, see Supplementary Fig. 2b) ob-

tained from >20 cDNA Sanger clones. The cDNA consensus

for C. revoluta and Picea abies was obtained from the NGS

transcriptome libraries (SRR1525778 and ERR260407, re-

spectively). The recovered sequences were filtered and sepa-

rated into two groups according to their similarities. The Bhigh

(>98 %) identity^ group was considered to originate from

mostly functional genes while the Blow (≤98 %) identity^

group was likely to have been derived from pseudogenes. In

contrast to the two Cycas species analyzed (C. revoluta and C.

circinalis) had high proportions of Blow identity^ sequences,

the other gymnosperm genomes analyzed contained only a

low proportion of these types of sequences (Fig. 5b). In both

Cycadales, the G + C content of functional genes and

pseudogene fraction was 50 and 41 %, respectively.

Fig. 3 Intragenomic variation within the 18S gene in selected plant and

animal species. The sequences were extracted from NGS data either

obtained in the present work or downloaded from public databases,

aligned and pairwise distance calculated as number of substitutions per

100 bp (Pi). A 42-bp core region (green bar in Supplementary Fig. 2a)

was used for alignments. The data for C. circinalis and D. edule were

obtained by conventional cloning of PCR products amplified from the

corresponding 18S subregion (green bar in Supplementary Fig. 2a). ANG

angiosperms, GYM gymnosperms, INS insects, MAM mammals
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Comparison of methylation levels between pseudogenes

and functional copies of 35S rRNA genes

To study the occurrence of cytosine methylation in genomic

DNA, we carried out bisulfite sequencing and restriction en-

zyme analysis of 18S rDNA in C. revoluta.

The target region for bisulfite analysis is shown in

Supplementary Fig. 2a (see blue bar), and it includes the V3

domain (part), core and part of the V4 domain. Cytosines at

symmetrical CG and CHG motifs were shown to be highly

methylated (>50 % of cytosines) in this region, while low (c.

7 %) methylation was found at non-symmetrical (CHH) sites

(Fig. 2c). Since many C. revoluta genomic clones must have

originated from mutated copies, we compared the methylation

levels of pseudogenes with functional genes separately. In prin-

ciple, bisulfite sequencing cannot discriminate C >T mutations

from non-methylated Cs. To distinguish between these two pos-

sibilities, we took advantage of the fact that bisulfite clones al-

ways originate from one DNA strand only. Thus, every G>A

substitution represents a truemutation in native DNA. Therefore,

cloneswith noG>A transitions likely represent functional genes

while clones with G>A transitions represent pseudogenes. The

proportion of methylated Cs in each fraction is shown in

Supplementary Fig. 9. It is evident that pseudogenes have less

methylation (25%) compared with functional genes (53%). The

difference is explained by a reduced number of symmetrical

methylatable sites in pseudogenised copies.

Because bisulfite sequencing analysis of several clones

may not be representative for the whole cluster comprising

thousands of units, we carried out global analysis of cytosines

at restriction sites using the methylation-sensitive restriction

enzymes MspI, HpaII and ScrFI and hybridisation of restrict-

ed DNAs with the 18S probe (Supplementary Fig. 5c). We

used the MspI/HpaII isoschizomers that cut at CCGG and

are sensitive to CHG and CG methylation, respectively.

BstNI and ScrFI are nearly isoschizomeric pairs cutting at

CCWGG and CCNGG, respectively. BstNI is methylation-

insensitive, ScrFI is sensitive to methylation of the inner C.

There are more than five target restriction sites in each 18S

gene. The probe hybridised to high molecular weight bands

produced by digestion with methylation-sensitive MspI,

HpaII and ScrFI enzymes. In contrast, the probe hybridised

to low-molecular weight BstNI fragments. As a control, we

used N. tabacum (tobacco) DNAwhich has one of the highest

Fig. 4 Phylograms showing the

contrasting levels of intragenomic

sequence diversity in the 18S

rDNA subregion (green bar in

Supplementary Fig. 2a) for a

selection of six gymnosperms,

two angiosperms and one insect

species. Phylogenetic

relationships between the

individual 18S reads were

constructed from aligned

sequences using a NJ method.

Note the large scale bar for

C. revoluta and C. circinalis

indicating high divergence

between sequences in these

species. Because the data sets

from D. lowei, A. thaliana and P.

taeda were too large to compare

with others, we reduced the

number of sequence reads

analysed to 350. Note, there is no

correlation between the number

of reads and degree of branching

of the trees (N = number of reads

analysed)
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levels of rDNA methylation among angiosperms (Kovarik

et al. 1997). The extent of tobacco rDNA digestion with meth-

ylation sensitive enzymes was comparable or even higher

(MspI, HpaII) than that of C. revoluta indicating heavy

methylation of C. revoluta genes.

Fluorescence in situ hybridisation (FISH)

and immunostaining of chromatin

FISH using an 18S rDNA probe was conducted to determine

the distribution of the 35S rDNA loci on metaphase

Fig. 5 a Bar charts showing intragenomic diversity of genomic (gDNA)

and transcriptomic (cDNA) reads in Cycas revoluta. The Pi values were

calculated from aligned reads. The alignments comprised >150 reads for

each subregion. b Bar charts showing the proportion of functional genes

(light grey > 98 % sequence identity to consensus cDNA sequence) to

pseudogenes (dark grey ≤ 98 % sequence identity) in the genomes of five

gymnosperm species

Fig. 6 a Sequence homogeneity at the rRNA expression level contrasts

with sequence heterogeneity at the genomic DNA level in C. revoluta.

The phylogram was constructed from the genomic DNA (number) and

cDNA (c + number) clones of 26S rDNA subregion (see blue double-

headed arrow in Supplementary Fig. 2b). Bootstrap support of

branching (>60) are indicated. (b) Phylogram constructed from cDNA

(red oval) sequences from G. biloba, C. revoluta, C. circinalis, G.

gnemon and Picea abies and randomly selected pseudogene (blue oval)

clones from C. revoluta
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chromosomes of C. revoluta, G. gnemon and F. imperialis

(Fig. 7, Table 2). Metaphases of C. revoluta had 24 signals

on 16 out of the 22 chromosomes. Of these, eight chromo-

somes had a strong terminal and a more defuse sub-terminal

signal, whereas the other eight chromosomes carried only one

terminal signal (Fig. 7a, d). This observation is inconsistent

with a previous report (Hizume et al. 1992a) where only 16

terminally located 35S rDNA sites were detected. FISH to

G. gnemon (Fig. 7b) was sub-optimal as high quality meta-

phases proved difficult to obtain. However, it represents the

first attempt to cytogenetically analyse rDNA in this species.

There were ten sub-terminal 18S rDNA signals of variable

intensity and condensation. The probe hybridised to four

strong sub-terminal sites in F. imperialis (Fig. 7c).

Compared to C. revoluta and G. gnemon, all sites were highly

condensed in F. imperialis.

In order to study the distribution of DNAmethylation in C.

revoluta chromatin, we immunostained nuclei with an anti-

body recognizing methylated cytosine residues (5mC)

(Supplementary Fig. 10). The nuclei were counterstained with

DAPI revealing several large and numerous small bright

DAPI-positive spots apparently representing highly con-

densed chromocenters. Subsequent immunodetection with

an antibody against 5mC resulted in diffuse signals relative-

ly evenly distributed across the nuclei preventing dis-

crimination between sparsely and heavily methylated lo-

ci. This may suggest that in C. revoluta (and perhaps

other large genomes) densely methylated heterochroma-

tin is not limited to classical heterochromatic sites

(mostly centromeres) as in Arabidopsis (Jasencakova

et al. 2003) and Citrus (Marques et al. 2011). but its

distribution is rather global.

Discussion

Inefficient homogenisation of 35S rRNA genes in Cycas

revoluta

In eukaryotes, genes encoding 18S-5.8S-26S rRNAs generally

display little or no intragenomic sequence variability (Dvorak

et al. 1987; Eickbush and Eickbush 2007; Nieto Feliner and

Rossello 2012). In contrast to these observations, our data for

C. revoluta are novel and striking, as evolution has converted

most of these genes into heavily mutated and non-functional

pseudogenes. Although some rRNA pseudogenes have been

reported in various plant and animal species, those described

here for C. revoluta show distinct features:

(1) Their abundance is extremely high. We estimate that the

pseudogenes account for c. 80 % of the rDNA (~14,000

copies) in C. revoluta. The number may actually be

higher since many of them might have escaped BLAST

searches due to reduced homology.

(2) In contrast to previous reports showing that rRNA

pseudogenes are frequently dispersed as orphan single

or low copy repeats outside the NORs (Mentewab et al.

2011). in C. revoluta, the pseudogenes appear to be clus-

tered on chromosomes (Fig. 7), although we do not

know whether they split into different functional and

non-functional loci. Given that up to 13 nucleoli were

reported in C. revoluta nuclei (Hizume et al. 1992a). and

provided that each locus forms its own nucleolus, it is

likely that some loci may contain both functional genes

and pseudogenes. Further work is needed, possibly

employing antibodies to chromatin epigenetic marks

Fig. 7 Fluorescent in situ hybridisation of 18S rDNA (green signal) in a

Cycas revoluta, b Fritillaria imperialis and c Gnetum gnemon.

Karyotype ideograms of Cycas revoluta (d) showing chromosomes

bearing 18S rDNA signals (dashed line boxed), rDNA locations

indicated by arrowheads. Scale bar = 1 μm
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(Neves et al. 2005; Marques et al. 2011). to determine

the higher order organisation of rRNA genes.

(3) The Cycas pseudogenes harbour extraordinary haplotypic

diversity indicating that almost all units are different. This

apparent absence of homogenisation is indicative of ex-

tremely high mutation rates and/or considerable periods of

time since the arrays last homogenised. Such variability

contrasts with the situation in some animals where

pseudogenes (transposon-inserted) seem to undergo at least

partial homogenisation (Eickbush et al. 1997; Glass et al.

2008; Martoni et al. 2015). The high homogeneity of 18S

reads inD. lowei (Fig. 4) is consistent with this hypothesis.

Interestingly, the high diversity of ITS pseudogenes has

recently been used as outgroup sequences in a

Cycadalean phylogeny (Xiao and Moller 2015).

Potentially, 26S rRNA pseudogenes may be used as

outgroup sequences in phylogenies of all four major gym-

nosperm groups (Cycadales, Ginkgoales, Gnetales and

Coniferales) (Fig. 6b).

(4) Point mutations occur at nearly the same frequency in

coding and non-coding regions and between the core

domains of 18S and 26S rRNAgenes. In other organisms

studied, it is more usual to observe higher SNP diversity

in non-coding regions (Eickbush and Eickbush 2007).

For example, heterogeneous ITS was reported in Laryx

potaninii (Pinales) (Wei et al. 2003) and Mammillaria

(Cactaceae) (Harpke and Peterson 2007). In the latter,

quantification of ITS pseudogenes revealed that as few

as 3 % of ITS repeats could be functional. It will be

interesting to determine if coding sequences are also

highly mutated in Mammillaria (as in C. revoluta) or if

higher frequencies of homogenisation influence coding

domains more than the non-coding domains as in most

eukaryotes (Stage and Eickbush 2007; Matyasek et al.

2012; West et al. 2014; Weitemier et al. 2015).

Efficient silencing of 35S rRNA pseudogenes in Cycas

revoluta

The rRNA pseudogenes of C. revoluta do not seem to be

expressed despite their high copy number. By contrast,

Podisma pedestris (a grasshopper), which also harbours a

large proportion of mutated rDNA copies, shows some

pseudogene expression (Keller et al. 2006). It is known that

silencing of pseudogenes and transposons involves epigenetic

factors, including cytosine methylation (Kim and Zilberman

2014). Perhaps, differences in levels of pseudogene expres-

sion between C. revoluta and P. pedestris reflect different

efficiencies of their epigenetic silencing systems. In C.

revoluta, 35S rDNA was highly methylated in symmetrical

CG and CHG sites and to a lesser extent in non-symmetrical

CHH sites. Such a pattern is similar to repeat sequence

methylation described in the monocot F. imperialis (Becher

et al. 2014) and other angiosperms (Kovarik et al. 1997) and

gymnosperms (Ma et al. 2015). Methylation of cytosine may

not be the only factor contributing to pseudogene silencing in

C. revoluta. For example, regulatory elements and promoters

not analysed in this study could be inactivated by mutations.

Probably the absence of transcription of rRNA pseudogenes is

likely to be explained by a combination of genetic and epige-

netic factors. Immunostaining with an antibody against 5mC

revealed strong signals across the nuclei (Supplementary

Fig. 10) indicating relatively even distribution of heavily

methylated loci in the C. revoluta genome.

Hypothetical model of 35S rRNA pseudogene evolution

It has been proposed that epigenetic mechanisms regulating

homologous recombination within transposable elements con-

tribute to genome size variation (Fedoroff 2012). Here, we

adopt this model to explain the formation and accumulation

of 35S rRNA pseudogenes in plant genomes (Fig. 8):

(1) Functional and transcriptionally active 35S rDNA units

typically show low levels of cytosine methylation and

epigenetic marks for heterochromatin. The copies of

these units are usually highly homogenous in sequence

through ill-defined processes that are likely to involve

recombination and gene conversion events.

(2) Some functional units may be inactive and carry epige-

netic modifications, including DNA methylation.

Potentially, methylation decreases the frequency of mei-

otic crossovers, as already reported in some other organ-

isms, including plants (Melamed-Bessudo and Levy

2012). There is also evidence that inactive 35S rDNA

units are less vulnerable to intragenomic homogenisation

(Lim et al. 2000). However, methylation is reversible and

could be reset following cell division. Hence, methylated

units may still retain the potential to recombine and ho-

mogenise, although perhaps at a lower frequency.

(3) Mutations arising from methylated cytosine (mC) deam-

ination (mC > T) results in mC to T transitions (Poole et

al. 2001). Strikingly, in rRNA pseudogenes, mutations

have occurred almost exclusively in CG and CHG mo-

tifs, which are also heavily methylated. Methylated cy-

tosine deamination is irreversible and increases sequence

divergence among rDNA units. Potentially, as a conse-

quence, rDNA may become non-functional forming

pseudogenes. These will have reduced homology

that could further restrict rDNA homogenisation

and the targeting of small RNAs, the latter causing

reduced cytos ine methyla t ion. Indeed , the

intragenomic homogeneity of C. revoluta rRNA

pseudogenes is low, the sequences divergent and

cytosine methylation levels reduced. In such a
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scenario, pseudogenes would no longer recombine

and would continue to accumulate mutations. A

low turnover of repetitive sequences in gymno-

sperms (Nystedt et al. 2013; Cafasso and Chinali

2014) is consistent with this hypothesis.

(4) Over time, with continued mC deamination, the se-

quences would also become ever more AT rich. This

may also decrease gene conversion events known

to be favoured by GC-rich rRNA genes (Escobar et

al. 2011). The retention of low complexity A/T-rich

genomic Bgraveyards^ may contribute to reduced

GC content observed in large plant genomes

(Smarda et al. 2014).

Why is Cycas so unusual?

Although all the genomes analysed here, and elsewhere, con-

tain some pseudogenised 35S rDNA copies, their abundance

in Cycas is extraordinary. The question arises as to why the

balance between mutation and mutation correction mecha-

nisms has been disrupted in this species:

(1) rDNAs may fulfil other functions in addition to ribosomal

biosynthesis. One can assume that they help to stabilise

these large chromosomes by binding heterochromatic pro-

teins (Kobayashi 2011). Their strict localisation at

subtelomeric positions of nearly all chromosomes may

Fig. 8 A hypothetical model of 35S rDNA pseudogene evolution. In this model, from the second to the third stage, we observe four types of variation:

(1) mC> T; (2) mC >C; (3) the originally unmethylated Cs; (4) mCs that keep their methylated status

Chromosoma (2016) 125:683–699 695



provide a protective role against degradation of chromo-

some ends. In this context, it is known that in some organ-

isms telomeres are formed by rDNA and transposons rath-

er than canonical simple repeats (Pich and Schubert 1998;

Fajkus et al. 2005).

(2) Large genomes could be associated with the accumulation

of repeats with high sequence diversity, including rDNA,

as observed in other animal and plants with large genomes

(Martin and Gordon 1995; Kelly et al. 2015). C. revoluta

certainly has a large genome (1C value = 13.40 Gb), com-

pared with most angiosperms measured (modal 1C =

0.59 Gb, mean 1C = 5.77 Gb) (Leitch and Leitch 2012).

However, many other gymnosperms also have similarly

large genomes (e.g., P. abies, 1C = 19.57 Gb, P. taeda

1C = 21.61 Gb) but without such an exceptional diversity

of SNPs in their rDNA. Furthermore, the angiosperm

F. imperialis (1C = 42.0 Gb) has a genome nearly four

times the size of C. revoluta, yet, its rDNA units do not

have such a high SNP diversity either (Fig. 1b) (1C-values

from Bennett and Leitch (2012)). Thus, there is no simple

relationship between genome size, SNP diversity and fre-

quency of rDNA unit homogenisation.

(3) It has been proposed that subtelomeric rDNA loci tend to

recombine more frequently than those at interstitial loca-

tions (Cronn et al. 1996; Pedrosa-Harand et al. 2006).

However, 18S rDNAs (both functional genes and

pseudogenes) are terminal in C. revoluta arguing against

a role for chromosome position in the failure of rDNA

sequences to homogenise.

(4) The number of pseudogenes is proportional to the number

of loci, which in C. revoluta is unusually high. Interlocus

homogenisation is considered to be less frequent than

intralocus homogenisation (Schlotterer et al. 1994). sug-

gesting that species with multiple loci should have more

diverged rDNA sequences than species with a single

rDNA locus. However, this is at odds with the observation

of relatively high rDNA homogeneity in P. taeda (Islam-

Faridi et al. 2007), which has even more loci (10 major

and up to 9 minor) than C. revoluta with 12 loci (8 major

and 4 minor). Thus, a large number of copies or loci alone

does not account for the exceptionally high abundance of

pseudogenised rDNA in C. revoluta.

(5) Cytosine methylation inhibits the homogenisation pro-

cesses. If so then the high levels of methylation observed

in C. revoluta are predicted to result in reduced or no

homogenisation of the rDNA, leading to the accumula-

tion of pseudogenes. In further support of such a link,

Drosophila has negligible amounts of cytosine methyl-

ation, yet efficiently homogenises rDNA arrays

(Stage and Eickbush 2007) while the methylated

genome of Podisma pedestris with CG dinucleotide

depletion has considerable rDNA sequence diversi-

ty (Keller et al. 2007).

Thus, C. revoluta may not be so different from other gym-

nosperm and angiosperm species in individual characteristics

suspected to influence homogenisation processes. However,

the large genome size, dense DNA methylation, frequent

methylated cytosine deamination and multiple rDNA loci

may act together to reduce the frequency of rDNA homoge-

nisation. Furthermore, C. revoluta is known to exhibit very

slow growth (2–3 inches a year) and a relatively long life span

(more than 1000 years). Perhaps, methylation-induced muta-

tions may accumulate during extended periods of vege-

tative growth (Dubrovina and Kiselev 2015). Potentially,

the meiotic correction system is failing because the re-

duced homology between repeats inhibits rDNA recom-

bination. Perhaps, some highly divergent rDNA paralogs

could be as old as the genus itself, which is considered

to be very ancient (>250 myr, (Chaw et al. 2000;

Condamine et al. 2015). A long retention time of

pseudogenes may not be happening, or only at low fre-

quency, in relatively short-lived organisms, with more

frequently occurring meiotic events, and lower levels

of cytosine methylation. Indeed, coding regions of

rRNA genes are highly homogeneous in Drosophila and

Arabidopsis, both with generation times of just a few weeks

and negligible (D. melanogaster) or low (A. thaliana) meth-

ylation levels. Thus, rDNA evolution in both these species is

fully congruent with a concerted evolution model while con-

certed evolution largely fails in C. revoluta. Despite its overall

paralog heterogeneity, a small subset of rRNA genes that are

expressed has remained similar, perhaps because they have

undergone homogenisation (via, e.g. unequal recombination)

or because these copies have been maintained by selection.
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