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SUMMARY

Endogenous pararetroviral sequences are the most commonly found virus sequences integrated into angio-

sperm genomes. We describe an endogenous pararetrovirus (EPRV) repeat in Fritillaria imperialis, a species

that is under study as a result of its exceptionally large genome (1C = 42 096 Mbp, approximately 240 times

bigger than Arabidopsis thaliana). The repeat (FriEPRV) was identified from Illumina reads using the Repea-

tExplorer pipeline, and exists in a complex genomic organization at the centromere of most, or all, chromo-

somes. The repeat was reconstructed into three consensus sequences that formed three interconnected

loops, one of which carries sequence motifs expected of an EPRV (including the gag and pol domains).

FriEPRV shows sequence similarity to members of the Caulimoviridae pararetrovirus family, with phyloge-

netic analysis indicating a close relationship to Petuvirus. It is possible that no complete EPRV sequence

exists, although our data suggest an abundance that exceeds the genome size of Arabidopsis. Analysis of

single nucleotide polymorphisms revealed elevated levels of C?T and G?A transitions, consistent with

deamination of methylated cytosine. Bisulphite sequencing revealed high levels of methylation at CG and

CHG motifs (up to 100%), and 15–20% methylation, on average, at CHH motifs. FriEPRV’s centromeric loca-

tion may suggest targeted insertion, perhaps associated with meiotic drive. We observed an abundance of

24 nt small RNAs that specifically target FriEPRV, potentially providing a signature of RNA-dependent DNA

methylation. Such signatures of epigenetic regulation suggest that the huge genome of F. imperialis has

not arisen as a consequence of a catastrophic breakdown in the regulation of repeat amplification.

Keywords: pararetrovirus, Fritillaria imperialis, centromere, RNA interference, cytosine methylation, RdDM,

giant genome.

INTRODUCTION

Viral sequences from two virus families, the Caulimoviri-

dae (pararetroviruses) and the Geminiviridae, are known

to have integrated into the nuclear genomes of angio-

sperms. These endogenous viral sequences are typically

present in a few hundred or thousand copies, contribut-

ing to the repetitive genome content. They show varying

levels of degradation and rearrangements, and, in most

cases, are functionally defective. Nevertheless, there are a

few examples of endogenous pararetroviral sequences

(EPRVs) belonging to Caulimoviridae for which complete

copies exist, or for which recombination may generate

complete copies. Under certain circumstances (e.g. stress,

hybridization), these EPRVs may become circularized

and released from the genome and become infective

(Teycheney and Geering, 2011; Chabannes and Iskra-

Caruana, 2013).

Repetitive DNA amplification processes and the effi-

ciency of repeat removal are generally accepted to account

for genome size differences in angiosperms of the same

ploidy, for example in cotton (Gossypium hirsutum; Haw-

kins et al., 2009), Arabidopsis lyrata (Hu et al., 2011) and

Nicotiana tabacum (Renny-Byfield et al., 2011). In recent

years, it has become increasingly clear that much of the

repetitive DNA in the genome is epigenetically regulated

via pathways that are mediated by small interfering RNAs

(siRNAs), leading to DNA methylation, histone modifica-

tion and chromatin remodelling (Simon and Meyers, 2011;

Kim and Zilberman, 2014; Matzke and Mosher, 2014). Our
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understanding of these pathways is primarily derived from

studies on species with small genome sizes (e.g. Arabidop-

sis thaliana, 1C = 157 Mbp) (Bennett et al., 2003), in which

epigenetic regulation silences transposable elements and

thus hampers their proliferation. However, angiosperms

have an exceptionally large (2400-fold) range in genome

size (Leitch and Leitch, 2012, 2013), and the question arises

as to whether epigenetic pathways also operate in species

with such large genomes, as failure of epigenetic regula-

tion may potentially lead to genome enlargement (Kelly

and Leitch, 2011).

With the advent of high-throughput next-generation

sequencing approaches, species with larger genomes

have recently become amenable to study, and are now

the focus of research into the origin and evolution of

genome obesity (Kelly and Leitch, 2011; Kelly et al., 2012;

Nystedt et al., 2013). Even using low-coverage sequenc-

ing data, it is possible to reliably analyse the repetitive

content of large genomes as shown for pea (Pisum sati-

vum) by Macas et al. (2007). Here we use low-coverage

genomic DNA sequence data from Illumina’s next-gener-

ation sequencing platform to characterize an EPRV in

Fritillaria imperialis (FriEPRV), a species with an excep-

tionally large genome (1C = 42 096 Mbp or more, if B

chromosomes are present) (Leitch et al., 2007). In addi-

tion, we also characterize the small RNA (smRNA) and

cytosine methylation status of the F. imperialis genome,

to obtain insights into the regulation of FriEPRV and its

evolution.

RESULTS

Characterization of a pararetrovirus-like sequence in

F. imperialis

We used RepeatExplorer to characterize the repetitive DNA

content of the genome of F. imperialis (see Experimental

procedures, Nov�ak et al., 2010, 2013). The EPRVs identi-

fied, hereafter called FriEPRV, were in the 15th largest

repeat cluster in terms of the number of reads it contains.

The cluster comprises 7727 reads (0.386%) of the 2 000 842

analysed, the latter representing a genome coverage of

0.475% in F. imperialis. The 7727 reads were assembled

into 109 contigs, 14 of which comprised more than 30

reads (Table 1). These 14 contigs are AT-rich and in total

contain 7119 reads, corresponding to 92.1% of all reads in

the cluster. All contigs of FriEPRV are contained in Sup-

porting Data file S1. The cluster graph of FriEPRV consists

of three distinct loops (loops 1–3, Figure 1a), each of which

comprises a set of overlapping or similar sequence reads.

The region at which the loops connect occurs because

there are similar sequences in the three loops. In addition,

multiple Illumina read pairs (insert size 300–500 bp) span

the loops, providing evidence that the loops are physically

connected (Figure 1b).

The 14 contigs reconstructed in FriEPRV (Table 1) were

further assembled using Geneious (http://geneious.com/)

to generate consensus sequences for loops 1–3 (Figure 2

and Table 1). Read depth analysis across each consen-

sus sequence revealed a read depth of approximately

70–130-fold for loop 1, approximately 20–40-fold for loop 2

and approximately 40–60-fold for loop 3 (Figure 2). Thus

loop 1 of FriEPRV has approximately twice the read depth

of the other loops. Dot-plot analyses of the consensus

sequences revealed a minisatellite at the 50 and 30 ends of

each consensus (Figure S1), probably causing Repeat-

Explorer to link reads into three loops (Figure 1). Before

downstream analysis, this satellite was removed from all

consensus sequences except the 50 end of loop 1. Use of

Tandem Repeats Finder (Benson, 1999) showed that the

minisatellite has a 30 bp consensus motif (AAGGGGG

TTTTGATGCTCTAATACCACTCG)n.

For the consensus sequences of loops 2 and 3,

BLASTn and BLASTx analysis revealed no significant

matches against National Center for Biotechnology Infor-

mation databases (using an e–value threshold of <10�5).

In contrast, BLASTx analysis of the consensus sequence

of loop 1 revealed a match against a predicted polypro-

tein domain in Cicer arietinum. There were also matches

against a Citrus endogenous pararetrovirus, a hypotheti-

cal protein in Eutrema salsugineum, petunia vein clear-

ing virus (PVCV) and a predicted protein from Populus

trichocarpa. BLASTx also detected conserved domains

characteristic of retrovirus-like sequences. All domains

identified are illustrated in Figure 2. The consensus

sequence of loop 1 also contains a large open reading

frame (ORF) of 5361 bp, which is terminated at the 30

end by a double stop codon (TAATAA). FriEPRV’s gen-

Table 1 Characterization of contigs and reads obtained in
FriEPRV: contigs in bold were not included in the loop consensus
sequences

Consensus
sequence
(length in bp)

Contig
name

Number
of reads

Contig
length
in bp

Read
depth

GC
content
in %

Loop 1 (5939) 8 90 250 36.00 42.1
18 2035 2072 98.21 34.9
29 1110 1174 94.55 37.6
39 269 424 63.44 34.0
80 1690 1948 86.76 35.7
90 63 253 24.90 34.4

92 79 210 37.62 38.1
94 629 877 71.72 40.6

Loop 2 (1322) 7 44 286 15.38 43.4
38 311 969 32.09 41.7
78 195 647 30.14 41.4

Loop 3 (1216) 11 203 543 37.38 46.2
102 34 248 13.71 44.4

105 367 932 39.38 42.6
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ome proportion of 0.386% equates to 162 Mbp (see

Appendix S1 for details of the confidence interval of this

estimate). As repeat clustering of 0.475% of the genome

of F. imperialis results in an approximately 100-fold cov-

erage for loop 1 (gag/pol loop, 5939 bp), we assume the

presence of approximately 21 000 copy equivalents of

loop 1 of FriEPRV. Appendix S2 provides a more

detailed explanation of how the copy number estimates

were derived.

Previously, Llorens et al. (2009) analysed the phyloge-

netic relationships between members of the pararetrovi-

rus family Caulimoviridae. Given the sequence

similarities that we found, we aligned the consensus

sequence of FriEPRV loop 1 to representative Caulimoviri-

dae sequences from Llorens et al. (2009). Phylogenetic

analysis of amino acid sequences from Caulimoviridae

revealed a strongly supported relationship between FriE-

PRV and PVCV (Figure S2). Dot-plot analysis of amino

acid sequences of FriEPRV loop 1 against PVCV also

revealed high levels of conservation in regions with

sequence similarity to the gag and pol polyprotein genes,

which also occur in LTR retrotransposons and related ele-

ments, as in other members of the Caulimoviridae (Fig-

ure 3). pol usually encodes protease, reverse

transcriptase and ribonuclease. In transposable elements,

it also encodes integrase (Llorens et al., 2009). Further

sequence similarities were found between the N–terminal

regions of PVCV and FriEPRV (movement protein, Fig-

ure 3), although the DNA sequences diverge between the

gag/pol and N–terminal regions (corresponding to amino

acids 300–800 in Figure 3), even when considering poten-

tial frame shifts.

Small RNAs

The smRNA reads were mapped to the consensus

sequences of the three FriEPRV loops (Figure 2, black

bars). Of 4609 mapped smRNA reads, the majority (67%)

were found to belong to the 24 nt size category (Figure

S3). Peaks of high smRNA read abundance (>100 reads)

were found at particular positions along the three consen-

sus sequences. Six peaks were observed on loop 1, one of

which was in the pol domain. One of the highest peaks

corresponds to the 30 bp minisatellite (Figure 2, asterisk).

None of the smRNA reads that mapped to FriEPRV

mapped to any other repeat cluster identified by RepeatEx-

plorer in the full F. imperialis dataset of 2 000 842 reads.

Cytosine methylation

After mapping Illumina reads from sodium bisulfite-treated

genomic DNA to each of the three consensus sequences of

FriEPRV, we calculated the proportion of cytosines at each

location that were methylated in the genomic DNA (see

Experimental procedures). We observed that, in the con-

text of CG and CHG (where H represents A, T or C), most

cytosine residues were methylated, with medians of

approximately 86 and 90% of cytosines at any particular

position (Figure 4a). In contrast, cytosines in the context of

CHH were significantly less methylated, with methylation

being found at only approximately 11% of cytosines at any

particular position in the consensus sequences. Neverthe-

less, some cytosines in the CHH context were methylated

in most mapped reads (up to 88%) (see Figure 4a). We

compared the distribution of methylated cytosines in the

context of CHH (1641 sites) against their map position in

(a) (b)

Figure 1. Graphical 2D projection of the structure of FriEPRV generated using RepeatExplorer (Nov�ak et al., 2010).

(a) Each node (dot) represents one of the 7727 Illumina sequence reads. The placement of the nodes reflects sequence similarity, with sequences that are most

alike being placed closest together. The sequences have been shaded according to their presence in one of three loops: large loop 1 (red) and minor loops 2

and 3 (blue and green). Black dots represent reads that are not incorporated in the contigs mentioned in Table 1. The protein-coding domains were annotated in

RepeatExplorer with reference to RepeatMasker and Repbase (Jurka et al., 2005) and the conserved domain database (Marchler-Bauer et al., 2011), and by

MEGABLAST and BLASTx analysis. The labelled arrows indicate the position of primers used for PCR (see Table S1 for details).

(b) Illumina read pairs are connected by lines, indicating physical connection of the loops.

© 2014 The Authors
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FriEPRV sequences (210 bp windows). Forty cytosines in

the context of CHH were predominantly methylated

(>70%), these cytosines were scattered apparently at ran-

dom across loops 1–3. Loop 1 showed comparatively little

methylation in the CHH context at its 50 end (Figure 4b).

An analysis of single nucleotide polymorphisms (SNPs)

revealed that C?T and G?A transitions were most abun-

dant (Figure S4), a pattern consistent with deamination of

methylated cytosines.

Fluorescence in situ and Southern hybridization

PCR primers were designed to amplify the region contain-

ing the pol domain of loop 1 and the majority of loop 3

(Figure 1a and Table S1). Gel electrophoresis revealed a

range of product sizes in each case, probably reflecting

heterogeneity amongst natural FriEPRV sequences (shown

for loop 1 in Figure 5a). Thus the loop 1 and 3 probes used

for fluorescent in situ hybridization (FISH) each contained a

range of size fragments.

The karyotype of F. imperialis comprises 2 n = 24 chro-

mosomes, 20 of which are acrocentric, two of which are

sub-metacentric and two of which are metacentric (see

asterisks in Figure 6a). The F. imperialis individual

depicted in Figure 6 also contained one additional B chro-

mosome in each metaphase (see arrow in Figure 6a). The

Texas Red-labelled loop 1 probe (carrying the gag/pol

domain) hybridized strongly to the centromeric region of

the 20 acrocentric chromosomes and the two sub-metacen-

tric chromosomes. In addition, weak labelling was some-

times observed at the centromere of one metacentric

chromosome (but is not visible in Figure 6a), although its

homologue always appeared unlabelled, even when the

image was contrast-enhanced (result not shown). The

B chromosome showed a very small and weak hybridiza-

tion signal in the telomeric region.

The Texas Red-labelled loop 1 probe (red signal) and

the Alexa Fluor 488-labelled loop 3 probe (green signal)

co-localized at metaphase, giving rise to a yellow hybrid-

ization signal (results not shown), a pattern that was also

observed for the majority of signals at interphase (Fig-

ure 6b). At interphase, some FriEPRV sequences were

more decondensed than others, and, some had stronger

loop 1 than loop 3 signals, resulting in red rather than yel-

low florescence (see arrows in Figure 6b).

Southern hybridization, using the probe for loop 1 on

BstNI-restricted genomic DNA from a range of Fritillaria

species (selected to reflect the phylogenetic diversity of

the genus) showed only a weak hybridization signal in

the lane for F. imperialis (Figure 5b). The long exposure

times required to reveal the signal reflect the relatively

low genome proportion (approximately 0.4%) of FriEPRV.

There was one prominent hybridization band at

approximately 3 kb, and a number of indistinct minor

bands, potentially reflecting multiple copies of similar

sequence. None of the other species (listed in Table S2)

showed any signal even though the same membrane

probed for 18S rDNA revealed signal in all lanes

(Figure 5c).

Figure 2. Read depth analysis (per base pair)

using Illumina reads of genomic DNA (grey

line) and small RNAs (black bars) against the

consensus sequences for loops 1–3.
The box under loop 1 indicates the largest open

reading frame (ORF); vertical bars represent in-

frame start codons. Protein domains were

annotated as described by Llorens et al. (2009)

and BLASTx results. Note that the read depth

from genomic DNA for loops 2 and 3 is approxi-

mately half that observed in loop 1. Note the

multiple peaks of small RNA reads, one of

which corresponds to a 30 bp mini-satellite

(indicated by an asterisk).
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DISCUSSION

FriEPRV: an endogenous pararetroviral sequence

Our data are indicative of the relatively recent insertion

and amplification of an endogenous pararetroviral

sequence in Fritillaria that we have called FriEPRV. Evi-

dence for this includes the findings that (i) a Southern

hybridization signal was detected only in F. imperialis, (ii)

there is conservation of coding sequences in a dot-plot

analysis with PVCV, and (iii) there is an absence of stop

codons in the ORF of FriEPRV. The consensus sequence of

FriEPRV loop 1 reveals domains with similarity to the gag

and pol domains of retroviruses and LTR retrotransposons

(Figure 2). BLAST analysis, sequence reconstruction and

phylogenetic analysis all indicate that FriEPRV loop 1 is an

EPRV sequence, which, in our analysis (Figure S2), is most

closely related to PVCV, which belongs to the genus Petu-

virus within the Caulimoviridae. Like PVCV, FriEPRV exhib-

its one large polyprotein ORF containing gag and pol

domains (Noreen et al., 2007). Dot-plot analysis comparing

the ORF of FriEPRV loop 1 with that of PVCV (Figure 3)

revealed considerable sequence similarity at the amino

acid level, with the exception of the region between amino

acids 300 and 800. In LTR retrotransposons, which are

closely related to pararetroviruses, this region contains an

integrase domain that is not functional in pararetroviruses

(Chabannes et al., 2013).

Plant pararetroviruses are the most abundant viral

sequences integrated into plant genomes, and have previ-

ously been reported in species belonging to Asteraceae,

Asparagaceae, Bromeliaceae, Musaceae, Poaceae, Rosa-

ceae, Rutaceae, Salicaceae, Solanaceae and Vitaceae

Figure 3. Dot-plot analysis of the translated consensus sequence of FriEPRV

loop 1 and petunia vein clearing virus (PVCV).

Note the similarity in the protein-coding domains, particularly in the pol

domain. Domains are annotated as shown in Figure 2. Note the less con-

served region between amino acids 300 and 800.

(a) (b)

Figure 4. Analysis of the frequency and distribution of methylated cytosines in the consensus sequences of loops 1–3 of FriEPRV.

(a) The numbers (n) of CG, CHG and CHH motifs in the consensus sequences of loops 1–3 are shown at the bottom. For each cytosine in the consensus, the pro-

portion of reads that are modified (and hence unmethylated) or unaltered (and hence methylated) by sodium bisulfite treatment was recorded and is indicated

as the methylation proportion at each cytosine. Only cytosines with more than ninefold bisulfite read coverage were considered. The plot shows the range of

methylation ratios in the context of CG, CHG and CHH motifs. For each box plot, the lower, middle and upper horizontal lines represent the first, second and

third quartiles, respectively. The maximum whisker length is 1.5 times the interquartile range. Results for cytosines outside this range are indicated as circles.

(b) The mean level of methylation along the sequences of loops 1–3 is shown in windows of 210 bp for all cytosine contexts (CG, CHG and CHH). In loop 1, there

are some regions without cytosine in CG context, hence the missing bars. Per-base coverage of smRNA mapped to the loop consensus sequences is shown at

the bottom for comparison.

© 2014 The Authors
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(Teycheney and Geering, 2011; Chabannes and Iskra-Caru-

ana, 2013). We are unaware of other reports of an endoge-

nous pararetrovirus in a species belonging to Liliaceae, or

indeed in the whole of the monocot order Liliales compris-

ing approximately 1300 species.

Organization of the pararetrovirus sequence FriEPRV

Functional EPRVs may occur as complete elements (which

occur in tandem arrays in Petunia hybrida) or as incom-

plete, fragmented and rearranged sequences either at a

single locus, as in Musa balbisiana, or at several genomic

loci, as in Nicotiana 9 edwardsonii (Chabannes and Iskra-

Caruana, 2013). Despite such differences in genome orga-

nization, inter-specific hybridization, stress or wounding

may result in release of full-length circularized infectious

viral genomes, potentially involving complex patterns of

recombination (Chabannes and Iskra-Caruana, 2013). In the

present study, RepeatExplorer reconstructed FriEPRV as a

complete viral genome (loop 1). Although our analysis uti-

lizes short reads and covers only a fraction of the F. imperi-

alis genome, there is evidence indicating the genome

organization of FriEPRV: (i) loop 1 is approximately twice

as long as the two other loops, (ii) all three loops share

similar terminal sequences, and (iii) the loops are physi-

cally connected as evidenced by the presence of Illumina

read pairs with mates in two loops (see Figure 1b). These

results agree with a fundamental organization of the type

(loop 1, 2, 1, 3)n. Potentially loops 2 and 3 provide spacer

sequences between FriEPRV copies, or contain promoter

domains for their transcription. At present, we do not know

(a) (b) (c)
Figure 5. Occurrence of FriEPRV.

(a) Gel electrophoresis analysis of PCR products

using primer pair 1 (see Table S1) against

loop 1 of FriEPRV for Fritillaria imperialis. Note

the smear indicating a range of sizes of prod-

ucts.

(b) The products in (a) were used as a probe for

Southern hybridization of BstNI-digested geno-

mic DNA from a range of Fritillaria species.

Only F. imperialis shows three hybridization

bands in addition to a smear.

(c) Re-hybridization of the same membrane

using the 18S probe. In each species, the probe

hybridized to bands of variable size, reflecting

length polymorphisms in the intergenic spacer.

(a) (b)

Figure 6. FISH analysis in root tip cells of F. imperialis. DNA was stained with 40,6–diamidino-2–phenylindole (white) to detect the EPRV sequence FriEPRV.

(a) Metaphase chromosomes probed with 18S rDNA (green fluorescence) and loop 1 probe (red fluorescence). Note the centromeric location of the FriEPRV

sequences, as indicated by the occurrence of a constriction in many of the signals, on acrocentric and sub-metacentric chromosomes. There are small signals

on the B chromosome (arrow), and an absence of signal on the two metacentric chromosomes (asterisks).

(b) Interphase nucleus probed with loop 3 probe (green fluorescence) and loop 1 probe (red). Note that, in most cases, the signals are co-localized (giving a yel-

low fluorescence signal), although there are a few signals that carry only loop 1 label (arrows). Note also the variable condensation state of FriEPRV at inter-

phase. Scale bars = 10 lm.
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whether a complete copy of FriEPRV exists in the genome.

Nevertheless, the large range of fragment sizes generated

by PCR using primer pair 1 to amplify loop 1 FriEPRV

sequences (Figure 5a), and the range of restriction frag-

ment sizes that hybridized with the loop 1 probe following

Southern hybridization (Figure 5b), suggest either a com-

plex organization of FriEPRV in the F. imperialis genome,

including truncated variants, and/or much sequence diver-

gence between the repeats. Nevertheless, given that it

takes only one complete EPRV element, or recombination

of fragmented elements, to generate active viral genomes

(Chabannes and Iskra-Caruana, 2013; Chabannes et al.,

2013), it is possible that the FriEPRV in F. imperialis may

have the potential to be infectious, even if all individual

copies are rearranged.

We predict that the equivalent of approximately 21 000

copies of FriEPRV are present in the genome of F. imperi-

alis (see Appendix S2). While abundant ERPVs have been

reported for Nicotiana tabacum (Jakowitsch et al., 1999),

Solanum lycopersicum (Staginnus et al., 2007) and Capsi-

cum annuum (Kim et al., 2014), F. imperialis exhibits the

highest copy number reported for an ERPV to date.

Together, FriEPRV sequences are estimated to account for

approximately 162 Mbp of the F. imperialis genome, which

is comparable to the genome size of Arabidopsis thaliana

(Bennett et al., 2003). However in the context of F. imperi-

alis, this copy number represents a genome proportion of

only approximately 0.4%.

Chromosomal distribution of FriEPRV

Fluorescent in situ hybridization (FISH) revealed that

sequences corresponding to loops 1 and 3 of FriEPRV were

predominantly located at the morphological centromeres

of the A chromosomes. Additional but very weak signals

were also seen on B chromosomes (Figure 6a). Although

EPRV sequences at centromeric/pericentromeric sites have

been reported previously in Solanum lycopersicum

(tomato), Solanum habrochaites (Staginnus et al., 2007)

and Solanum tuberosum (potato, Hansen et al., 2005), they

are not restricted to such regions in these species. The

only other example in which EPRV sequences were found

to be restricted to the centromeres was for PVCV in Petunia

hybrida (Richert-P€oggeler et al., 2003), and it is perhaps

notable that PVCV is phylogenetically the closest known

EPRV sequence to FriEPRV (Figure S2).

What explains FriEPRV’s localization at the centromeres?

It is unlikely there is selection against widespread integra-

tion of the sequence, except perhaps in genic domains,

given the enormous genome size of F. imperialis

(1C = 42 096 Mbp). Previously, Richert-P€oggeler and Shep-

herd (1997) annotated the region between the movement

protein and the RNA-binding domain in PVCV as integrase.

This region has diverged between FriEPRV and PVCV (Fig-

ure 3), and other pararetroviruses neither possess func-

tional integrases nor do they require integration for

replication (Chabannes et al., 2013). However, the centro-

meric location of both PVCV and FriEPRV reveals accumu-

lation of the repeats at the centromeres, perhaps even

targeted integration, as reported for other transposable

elements (Neumann et al., 2011).

Malik and Henikoff (2009) suggested a model for centro-

meric repeat proliferation involving meiotic drive: the non-

Mendelian segregation of chromosomes bearing certain

sequences during meiosis leading to their preferential

inheritance (Kanizay and Dawe, 2009; Kanizay et al., 2013).

If the presence of FriEPRV sequences at centromeres

causes (or at some point during its evolution has caused)

meiotic drive, it is likely that FriEPRV will spread (or have

spread), as chromosomes with more centromeric FriEPRV

sequences will be preferentially inherited. This has been

reported for heterochromatin in maize (Zea mays) and cen-

tromeric repeats in other grasses (Kanizay and Dawe, 2009;

Kanizay et al., 2013). It also agrees with the theory of

‘boom–burst’ cycles in the evolution of centromere

sequences (Zhang et al., 2014).

Epigenetic silencing in the context of a giant genome

Our knowledge about epigenetic silencing and its implica-

tions for genome composition is mainly based on the

analysis of species with small genomes. For example, in

Arabidopsis, epigenetic silencing of repetitive DNA is regu-

lated by two pathways: (i) the self-reinforcing maintenance

methylation pathway involving the KRYPTONITE (KYP)

family of histone methyl transferases and chromomethy-

lases, and (ii) the sRNA-directed DNA methylation path-

way. KRYPTONITE/chromomethylase maintenance

methylation pathways are chiefly active in the centres of

long transposable elements (TEs) with compact chromatin

structures, in which KRYPTONITE proteins dimethylate

lysine 9 of histone 3 (H3K9me2) in the presence of DNA

methylation at CHG and CHH motifs. Chromomethylase

proteins in turn recognize H3K9me2 sites and methylate

DNA, keeping the central parts of TEs silenced indepen-

dent of their actual sequence. In contrast, the sequences at

the edges of TEs are mainly silenced by sRNA-directed

DNA methylation, which is sequence-specific and does not

depend on H3K9me2 and chromatin compaction. Here,

sequence specificity matters, because sequences neigh-

bouring silenced TEs may need to be transcriptionally

active and hence retain a more open euchromatin confor-

mation (Kim and Zilberman, 2014).

For TEs surrounded by euchromatic areas in Arabidop-

sis, the sRNA-directed DNA methylation pathway often

causes characteristic peaks of CHH methylation and

smRNA abundance at the edges of TEs, while CHG methyl-

ation tends to be lower at the edges of TEs and to increase

and then plateau towards the centres (Zemach et al., 2013).

Our results for FriEPRV show that it is methylated almost
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equally throughout its sequence (Figure 4b), while smRNA

mapping shows several peaks across both coding and

non-coding domains (Figures 2 and 4b). This pattern

resembles the epigenetic landscape observed for Gypsy

elements in Arabidopsis, which are mainly located in het-

erochromatic areas (Zemach et al., 2013). However, we

were unable to find any association between smRNA peaks

and patterns of cytosine methylation.

The presence of SNPs (Figure S4) suggests that the FriE-

PRV sequences have not evolved in a concerted manner

(as some arrays of repetitive sequences do) but have

diverged. This is consistent with its comparatively high

level of cytosine methylation in the CHG context, which is

probably connected to condensed chromatin and hence a

reduced frequency of the recombination required for

homogenization processes (Peng and Karpen, 2008).

Recombination-based processes are not only the basis for

concerted evolution (Nei and Rooney, 2005) but also

removal of repetitive sequences and hence genome down-

sizing (Grover and Wendel, 2010). The fact that most of the

SNPs are C?T transitions probably reflects the deamina-

tion of methylated cytosine, which is indicative of long-

term methylation of FriEPRV since its amplification in this

species.

Overall, our analysis of the structure, methylation status

and epigenetic regulation of FriEPRV clearly indicates that,

at least for this genomic sequence in F. imperialis, epige-

netic regulation is operational. These data thus provide

direct evidence that the huge genomes of F. imperialis are

not caused by a catastrophic breakdown in the epigenetic

regulation of repeats leading to their runaway amplification.

EXPERIMENTAL PROCEDURES

Plant material and root preparations

The plant species studied are listed in Table S2. All species were
grown at the Royal Botanic Gardens, Kew, UK, in pots on open
ground, or were obtained from the personal collection of Laurence
Hill (www.fritillariaicones.com). Root tips were collected and
placed in a saturated solution of a–bromonaphtalene for 24 h on
ice to accumulate cells at metaphase. The roots were then fixed in
3:1 v/v ethanol/glacial acetic acid, and incubated for 3 h at room
temperature (approximately 20°C). Finally, roots were transferred
to 100% ethanol and stored at �20°C.

DNA/RNA extraction

Total genomic DNA was extracted from silica-dried leaf tissue
using a cetyl trimethylammonium bromide method as described
by Kovar�ık et al. (2000). DNA samples were resuspended in 19 TE
buffer, treated with RNase A and purified using NucleoSpin�

Extract II columns (Macherey-Nagel, http://www.mn-net.com/).

Total RNA, including the small RNA fraction (smRNA, <200 nt),
was extracted from mature leaf tissue that had been stored in
RNAlater� (Qiagen, http://www.qiagen.com/) at �80°C. Extractions
were performed using a mirVanaTM miRNA isolation kit (Life Tech-
nologies, https://www.lifetechnologies.com) according to the man-
ufacturer’s instructions.

Illumina sequencing

Paired-end sequencing (29 100 bp, 300–500 bp insert size) of total
genomic DNA, sodium bisulfite-treated genomic DNA (unmethy-
lated cytosine converted to uracil), and the smRNA fraction was
performed by the Centre for Genomic Research at the University
of Liverpool on the Illumina (http://www.illumina.com/) HiSeq�

platform. smRNA libraries were size-selected to retain fragments
with inserts of 6–66 bp. Sequencing data were supplied in FASTQ
format with adaptors already trimmed.

Bioinformatics

RepeatExplorer. The RepeatExplorer pipeline (http://repeatex
plorer.umbr.cas.cz/) clusters next-generation sequencing reads
into groups of similar reads, and assembles contigs from these
reads. The output may also be presented in graphical form by
application of a Fruchterman–Reingold algorithm, which positions
reads that are most similar closest together (Nov�ak et al., 2010).
RepeatExplorer also annotates cluster regions using RepeatMas-
ker and Repbase (Jurka et al., 2005) and the conserved domain
database (Marchler-Bauer et al., 2011).

After removing reads with a Phred score of less than 20 for
more than 10% of their bases, 2 000 842 Illumina paired-end reads
of genomic DNA from F. imperialis (corresponding to 0.475% of
the genome) were clustered into repeat families using RepeatEx-
plorer (Nov�ak et al., 2010, 2013), as described previously (Renny-
Byfield et al., 2013).

Consensus sequences. To generate consensus sequences for
the three looped domains of cluster FriEPRV (see Results), contigs
containing ≥30 reads generated by RepeatExplorer (see Table 1)
were further assembled manually through similarities in overlap-
ping domains using Geneious� version 5.5.6 (http://www.
geneious.com/). Contigs had low coverage at their ends. These
low-coverage regions were removed if they showed ambiguities
compared to high-coverage regions. Contigs 90 and 102, which
contained divergent sequences at low coverage, were removed
completely. The remainder were assembled into three consensus
sequences corresponding to the three domains of FriEPRV: loop 1,
loop 2 and loop 3. To further characterize these consensus
sequences, MEGABLAST and BLASTx searches were performed
using the National Center for Biotechnology Information online
BLAST facility (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with an
e-value threshold of 10�5.

Annotation of SNPs. We used the CLC Genomics Work-
bench 6.5.1 (CLCbio, http://www.clcbio.com/) to map all 2 000 842
genomic reads against the loop consensus sequences, and subse-
quently detected SNPs using CLC’s function ‘Probabilistic Variant
Detection’ with default settings.

Methylation analysis. The distribution of cytosine methylation
in FriEPRV was analysed through comparison of sequences from
sodium bisulfite-treated genomic DNA with consensus sequences
from untreated DNA using Bismark (Krueger and Andrews, 2011),
which comprises a set of Perl scripts that align bisulfite-modified
FASTQ reads from Illumina data to reference sequences using the
Bowtie short read aligner (Langmead et al., 2009). Of 39 287 390
reads, approximately 0.1% could be mapped to the loop consen-
sus sequences. For each cytosine in the consensus sequence, we
recorded the number of bisulfite-treated reads with a cytosine or
thymine at each cytosine position in the consensus, with thymine
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arising as a consequence of bisulfite treatment of unmethylated
cytosine. In order to avoid artefacts arising from low coverage, we
considered only cytosine residues that were more than ninefold
covered with reads derived from bisulfite-treated DNA. We
excluded cytosine residues involved in SNPs (see Appendix S3).
For each remaining cytosine in the consensus, we calculated the
percentage of times that it was methylated in genomic DNA.
These percentages indicate how many individual copies of FriE-
PRV are methylated at any particular cytosine.

Phylogenetic analysis. A 5361 nt open reading frame within
FriEPRV loop 1 (see Results for details) was identified, translated
and added to sequences from the GAGCOATPOL_caulimoviridae
dataset (http://gydb.org/index.php/Collection_alignments), which
contains genic domain sequences of the Caulimoviridae family.
The amino acid sequences were aligned using T–Coffee (Notre-
dame et al., 2000), using the program’s default parameters at the
T–Coffee server (www.tcoffee.org/) (Di Tommaso et al., 2011).
Phylogenetic reconstruction using maximum parsimony and
bootstrap analysis were performed using PAUP* version 4.0 b10
(Swofford, 2003), as described by Kelly et al. (2013); only posi-
tions scored as ‘good’ in the T–Coffee alignment were included
in the phylogenetic analyses. Details of alignment scoring are
given at www.tcoffee.org/Documentation/t_coffee/t_coffee_tuto-
rial.htm.

RNA mapping. smRNA reads were quality-filtered using Biopy-
thon (http://biopython.org/, only Phred scores >30 allowed), and
converted to FASTA format. smRNA reads were mapped to the
three loop consensus sequences of FriEPRV using Bowtie (Lang-
mead et al., 2009), allowing only perfect matches over the whole
read sequence.

PCR

The primer pairs, designed using PerlPrimer version .1.21 with
default settings (downloaded from http://perlprimer.source-
forge.net/download.html), and the PCR conditions are shown in
Table S1, and their positions are shown in Figure 1. PCR was per-
formed in 20 ll volumes containing 1 unit of NEB� Taq polymer-
ase (NEB, https://www.neb.com/), 19 NEB� Taq buffer, 200 lM of
each nucleotide and approximately 20 ng F. imperialis DNA, with
the addition of 0.8 ll formamide for 18S PCR.

Fluorescent in situ hybridization

Cell spreads. Cell spreads were prepared from fixed root tips
as described by Lim et al. (2006). Briefly, root tips were lightly
digested using 1% v/v pectinase and 2% v/v cellulase in citrate
buffer, and spread under a coverslip in 60% v/v acetic acid. Cover-
slips were then removed after freezing in liquid nitrogen.

Probe labelling. PCR products (see above) were checked using
agarose gel electrophoresis, and then purified and eluted in water
using a QIAquick PCR purification kit (Qiagen). Purified PCR prod-
ucts were labelled by nick translation in 40 ll volumes containing
3 lg DNA, 0.01 M b–mercaptoethanol, 50 lM of each dATP, dGTP
and dCTP, 10 lM dTTP, 50 lM labelled dUTP (Texas Red for the
loop 1 probe; Alexa Fluor 488 for the18S and loop 3 probes),
50 mM Tris/HCl, 5 mM MgCl2, 0.005% w/v BSA, 20 units DNA poly-
merase I (Invitrogen, http://www.lifetechnologies.com/) and
0.2 units DNase I (Thermo Scientific, http://www.thermoscientif
ic.com/). Nick translation was performed at 15°C for 1 h. Products
were checked via agarose gel electrophoresis.

FISH. Fluorescent in situ hybridization (FISH) was performed
as described by Lim et al. (2006) with minor modifications.
Briefly, slides were rinsed twice for 5 min in 29 SSC (0.3 M
sodium chloride and 0.03 M tri-sodium citrate), fixed for 10 min
in 4% v/v formaldehyde in 29 SSC, rinsed four times for 3 min
in 29 SSC, dehydrated in ethanol of increasing concentrations
(70, 95 and 100%) for 2 min each, and finally air-dried. Then
20 ll of hybridization mix containing 50% w/v formamide, 0.3 M

sodium chloride, 0.03 M tri-sodium citrate, 10 mM Tris/HCl, 2 mM

EDTA, 2.8 lg salmon sperm DNA (for blocking) and 75–150 ng
probe were added to each slide. Slides were denatured at 80°C
using a DyadTM DNA engine carrying a PRINS block (Bio–Rad,
http://www.bio–rad.com/). After incubation in an airtight plastic
box at 37°C overnight, slides were quickly rinsed in 29 SSC at
room temperature to remove coverslips, incubated in 29 SSC at
55°C for 20 min, briefly rinsed in 29 SSC again, dehydrated in
ethanol as described above, and air-dried. Slides were mounted
in a drop of Vector ShieldTM mounting medium containing 40,6–
diamidino-2–phenylindole (Vector Laboratories, https://www.vec-
torlabs.com/), and stored for at least 1 h before microscope
analysis.

Images were taken using a DMRA2 epifluorescence microscope
(Leica, http://www.leica-microsystems.com/) equipped with an
Orca ERTM monochrome camera (Hamamatsu, http://www.hama
matsu.com/). Contrast and brightness enhancement as well as
merging of layers were performed using OpenLabTM imaging soft-
ware (Improvision, Cambridge, UK, http://www.perkinelmer.co.uk/
pages/020/cellularimaging/improvision/default.xhtml).

Southern hybridization. Southern hybridization was per-
formed as described previously (Koukalova et al., 2010). Extrac-
tions of total genomic DNA were sourced from the DNA bank at
the Royal Botanic Gardens, Kew, UK (see Table S2); species of
Fritillaria were selected to represent the phylogenetic diversity of
the genus (Day et al., 2014). DNA was digested with excess BstNI
(29 2 h), and subjected to electrophoresis in agarose gels, using
1–2 lg of DNA/lane. Gels were blotted onto Hybond N+ mem-
brane (GE Healthcare Life Sciences, http://www.gelifescienc-
es.com/). After transfer, Southern blot hybridization was performed
in 0.25 M sodium phosphate buffer, pH 7.0, supplemented with 7%
w/v SDS at 65°C for 16 h, using a–32P-dCTP-labelled PCR products
from primer pair 1 (>108 dpm lg�1 DNA, Dekaprime kit, Fermen-
tas, http://www.thermoscientificbio.com/fermentas/). The mem-
brane was washed with both 29 SSC, 0.1% w/v SDS (29 5 min)
and 0.29 SSC, 0.1% w/v SDS (15 min each). The membrane was
imaged using a Storm phosphorimager (Molecular Dynamics,
http://www.gelifesciences.com/). The membrane was subse-
quently reprobed using a–32P-dCTP-labelled PCR products from
primer pair 3 as above.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.
Figure S1. Dot plot of the consensus sequences of loops 1–3
before trimming.

Figure S2. Phylogenetic placement of FriEPRV.

Figure S3. Length distribution of small RNAs matching the FriE-
PRV consensus sequences.

Figure S4. Graph showing the number of SNPs observed relative
to the consensus sequence of loop 1.

Table S1. Primers and PCR conditions used.

Table S2. Plant material studied.

Data S1. Contigs and consensus sequences.

Appendix S1. Estimation of the FriEPRV genome proportion (GP).
Appendix S2. Copy number of FriEPRV.
Appendix S3. Cytosine methylation analysis: SNPs in genomic
reads.
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