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SUMMARY

In higher plants, the large-scale structure of monocentric chromosomes consists of distinguishable eu- and

heterochromatic regions, the proportions and organization of which depend on a species’ genome size. To

determine whether the same interplay is maintained for holocentric chromosomes, we investigated the distri-

bution of repetitive sequences and epigenetic marks in the woodrush Luzula elegans (3.81 Gbp/1C). Sixty-

one per cent of the L. elegans genome is characterized by highly repetitive DNA, with over 30 distinct

sequence families encoding an exceptionally high diversity of satellite repeats. Over 33% of the genome is

composed of the Angela clade of Ty1/copia LTR retrotransposons, which are uniformly dispersed along the

chromosomes, while the satellite repeats occur as bands whose distribution appears to be biased towards

the chromosome termini. No satellite showed an almost chromosome-wide distribution pattern as expected

for a holocentric chromosome and no typical centromere-associated LTR retrotransposons were found either.

No distinguishable large-scale patterns of eu- and heterochromatin-typical epigenetic marks or early/late

DNA replicating domains were found along mitotic chromosomes, although super-high-resolution light

microscopy revealed distinguishable interspersed units of various chromatin types. Our data suggest a corre-

lation between the centromere and overall genome organization in species with holocentric chromosomes.

Keywords: holocentric genome organization, holokinetic chromosome, centromere, histone marks, repeti-

tive DNA, Luzula elegans.

INTRODUCTION

Most studied organisms feature one single size-restricted

centromere per chromosome (monocentric chromosomes),

but in certain independent eukaryotic lineages, holocentric

chromosomes occur (Melters et al., 2012). These holocentric

chromosomes lack a primary constriction, and, in contrast

to monocentric chromosomes, they form holokinetic kinet-

ochores (also called diffuse or non-localized kinetochores)

that are distributed along almost the entire poleward sur-

face of the chromatids, to which the spindle fibers attach

(Guerra et al., 2010; Heckmann and Houben, 2012).

Centromere functions are highly conserved between

mono- and holocentric chromosome species, and similar

kinetochore components have been found in the active

centromeres of both types (Maddox et al., 2004; Nagaki

et al., 2005; d’Alencon et al., 2011). However, structural

analysis of mitotic chromosomes in the holocentric plant

genus Luzula challenged the notion of a ‘diffuse’ centro-

mere organization along holocentric chromosomes (Nagaki

et al., 2005; Heckmann et al., 2011). Instead, a longitudinal

centromere-like groove that was positive for CENH3

[a mark for active centromeres (Kalitsis and Choo, 2012)]

was found along each sister chromatid, discontinued at

each sub-terminal end. Consistently, entire mitotic chromo-

somes of Luzula (Gernand et al., 2003; Nagaki et al., 2005)

and Rhynchospora tenuis (Guerra et al., 2006) displayed a

cell cycle-dependent uniform histone H3S10/S28 phosphor-

ylation mark, illustrating a chromosome-wide ‘pericentro-

meric-like’ structure (Houben et al., 2007a).

The DNA of centromeres is highly variable, and, except

for budding yeast (Clarke and Carbon, 1985), the

sequences are neither necessary nor sufficient for centro-

mere formation. However, satellite DNA repeats and
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specific families of long terminal repeat (LTR) retrotranspo-

sons are usually associated with centromeres in monocen-

tric plant species (Houben and Schubert, 2003; Neumann

et al., 2011). In contrast, for holocentric species, centro-

mere-specific DNA sequences have not yet been reported

(Gassmann et al., 2012).

In addition to centromeres, heterochromatin-forming

repeats are typically found at telomeres, nucleolar organiz-

ing regions, sub-terminal and interstitial regions in mono-

centric species (Schmidt and Heslop-Harrison, 1998). The

genome organization is reflected by the distribution of

epigenetic marks, such as DNA methylation and post-trans-

lational histone modifications. Typically, methylation of

lysine residues 9 and 27 of histone H3 corresponds to hetero-

chromatin, while euchromatin is marked by methylation of

lysine residues 4 and 36 of histone H3 (Fuchs et al., 2006).

In most monocentric species with small genomes

(1C < 500 Mbp), e.g. Arabidopsis, strong dimethylation of

H3K9 is primarily limited to pericentromeric heterochromatin,

while larger genome species show a uniform H3K9me2 dis-

tribution. In contrast, dimethylation of H3K4 is exclusively

enriched at euchromatic regions along chromosome arms

in monocentric species, regardless of their genome size.

This observation suggests that genome size in monocentric

species is a factor that significantly influences the global

distribution of histone methylation marks at transcription-

ally less active regions (Houben et al., 2003; Fuchs et al.,

2006). However, studies on the chromosomal distribution of

typical euchromatin and heterochromatin histone marks

are lacking in holocentric plants.

In terms of the inter-relationship between centromere

organization and chromosome structure, we wished to

determine whether the higher-order composition of a holo-

centric chromosome displays the same characteristics as a

monocentric one, and to address this question, we

selected the woodrush Luzula elegans Lowe (formerly

L. purpurea) as a model species, due to the low number

and large size of its holocentric chromosomes (Heckmann

et al., 2011). Illumina sequencing, combined with bioinfor-

matic and cytogenetic approaches, revealed a unique

genome organization. In addition, an interspersed arrange-

ment of eu- and heterochromatin marks, and of early and

late replicating DNA, was found on the large scale. Our

findings suggest interplay between the centromere and

large-scale genome organization, and will therefore assist

in the understanding of holocentric genome organization

and its implications for genome evolution and centromere

biology.

RESULTS

The repetitive DNA fraction of the L. elegans genome

The DNA content of nuclei was determined to be

7.80 pg per 2C using flow cytometry, corresponding to a

1C genome size of 3.81 Gbp, which is in close agreement

with the measurements of Barlow and Nevin (1976). To

obtain insight into sequence composition of repetitive

sequences in this relatively large genome, high-throughput

shotgun sequencing was performed on the Illumina GAIIx

platform. The original Illumina sequencing data are avail-

able under study accession number ERP001569 (http://

www.ebi.ac.uk/ena/data/view/ERP001569) at the Sequence

Read Archive (http://www.ebi.ac.uk/ena/). A randomly

sampled proportion (1.5 million) of generated reads was

then subjected to bioinformatic analysis, implemented

within the clustering-based repeat identification pipeline

(Novak et al., 2010). This analysis resulted in thousands of

clusters, or groups of reads, with overlapping sequences,

each representing a single repeated element or part of it.

Following repeat classification within major clusters, the

global repeat composition of the genome was determined

by taking into account the sizes (number of reads) of indi-

vidual clusters, which are proportional to the genomic

abundance of corresponding repeats. The L. elegans gen-

ome was found to be rich in repeated sequences, with

highly and moderately repeated elements represented by

clusters with genome proportions of at least 0.01% and

collectively making up 61% of the genome. The majority of

these sequences were classified into established groups

of repetitive elements, revealing the Angela clade of

Ty1/copia LTR retrotransposons to be a dominant repeat

representing over 33% of the genome (Table 1). Except for

the satellite repeats, the proportions of all other repeat

types, including various groups of LTR retrotransposons,

did not exceed a few per cent of the genome. Some

repeats were completely absent, including the CRM clade

of Ty3/gypsy retrotransposons that are known to be specif-

ically associated with plant centromeres (Neumann et al.,

2011). The observed proportion of plastid DNA reads

(3.4%) most likely originated from contamination of

nuclear DNA preparations by the chloroplast genome,

because no signals were detectable on chromosomes by

fluorescence in situ hybridization (FISH) using plastid DNA

as a probe (data not shown), although we cannot rule out

the possibility of low-copy insertions of plastid DNA into

the nuclear genome.

Table 1 Repetitive DNA composition of the L. elegans genome

Type of repeat
Proportion of the
genome (%)

Ty1/copia, Angela clade 33.4
Ty1/copia, Maximus clade 0.9
Ty3/gypsy 1.1
LTR unclassified 2.0
Long interspersed elements (LINEs) 0.3
DNA transposons 1.1
rDNA 0.3
Satellites 9.9
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Although the overall genome proportion of satellite DNA

was not exceptional compared to other plant species, there

was an extraordinary sequence diversity of tandem repeats

found in the L. elegans genome. Thirty-seven families of

putative satellite repeats differing in their monomer

lengths and sequence composition were identified among

291 major repeat clusters (genome proportions of at least

0.01%). The characteristics of the 20 largest satellite DNA

clusters are provided in Table 2, and their dot-plot

sequence comparison is shown in Figure S1 (assembled

contigs representative for each cluster are listed in Data

S1). Although some of the identified families had mono-

mer sizes in the range of hundreds of nucleotides, which is

typical for the majority of known plant satellites (Macas

et al., 2002), 12 of the 20 families had shorter monomer

sequences, ranging from 90 bp down to the size of micro-

satellite repeats (Table 2). The tandem genomic organiza-

tion of some of the identified satellite repeats was verified

by Southern hybridization to partially digested genomic

DNA, revealing typical ladder-like hybridization patterns

as demonstrated for LeSAT4, LeSAT11 and LeSAT9 + 21

(Figure S2).

Satellite repeats tend to localize at chromosome termini

Fluorescence in situ hybridization probes (Table S1)

derived from conserved regions of the 20 selected satellite

repeats (Table 2) were used to investigate their distribution

on mitotic chromosomes. All of them provided signal

patterns consisting of multiple discrete bands, or spots,

that are typical of satellite repeats organized in long mono-

mer arrays. Most satellites were detected on all three pairs

of chromosomes; although chromosome-specific families

were also observed labeling two chromosome pairs

(LeSAT23, 25, 27, 28, 36 and 99), or one chromosome pair

only (LeSAT43 and 63). There were also families that

labeled particular chromosome regions, i.e. LeSAT7, 11

and 109, which labeled the terminal regions, and LeSAT4,

which clustered on each chromosome at almost symmetri-

cal distal positions. As all chromosomes are equally sized,

and are not distinguishable by their morphology, two

probes, LeSAT28 and LeSAT63, were combined to provide

a hybridization pattern facilitating their discrimination.

LeSAT28-specific signals occurred distally on chromosome

1, opposite the 45S rDNA locus, and (sub)terminally on

chromosome 2 (Figure 1a). LeSAT63 localized interstitially

on chromosome 2, being slightly more distal towards

the LeSAT28-bearing chromosome region (Figure 1a).

Although the minor LeSAT28 signal on chromosome 2 was

not always detectable, the combination of LeSAT28 and 63

allowed discrimination of all chromosomes. The resulting

karyogram based on these probes is shown in Figure 1(b).

None of the tested satellite repeats displayed a distribu-

tion pattern expected for the almost chromosome-wide

distribution of the centromere in Luzula (Figure 1 and Fig-

ure S3). Instead, we noticed a tendency for distal satellite

clustering, especially at the centromere-free chromosome

termini. To confirm this observation, distinct FISH signals

of all satellites were classified into centromeric and

Table 2 Characteristics of the most abundant satellite repeats in the L. elegans genome

Satellite Cluster
Cluster
size (reads)

Genome
proportion (%)

Monomer
(bp) Notes

LeSAT4 4 33.681 2.25 190/220/360 Several closely related sequence variants differing in monomer length
LeSAT7 7 17.900 1.19 75
LeSAT9 + 21 9 + 21 21.068 1.40 43 LeSAT9 and LeSAT21 contain two highly similar sub-families of

the same satellite
LeSAT11 11 13.038 0.87 56
LeSAT16 16 7495 0.50 178/195/… Heterogeneous repeat, contains several sub-families differing in

monomer size
LeSAT17 17 7210 0.48 161
LeSAT18 18 6156 0.41 Variable Non-homogenized tandem repeat, contains tandem sub-repeats of

various lengths (tens of bp)
LeSAT22 22 5262 0.35 51/167
LeSAT23 23 4721 0.31 57
LeSAT25 25 4084 0.27 6 Simple sequence repeat (CATAAA)n
LeSAT27 27 3946 0.26 42
LeSAT28 28 3815 0.25 ~390/~730
LeSAT36 36 3031 0.20 6 Simple sequence repeat (CATAAC)n
LeSAT38 38 2846 0.19 137
LeSAT43 43 2494 0.17 190
LeSAT63 63 1433 0.10 90
LeSAT72 72 1192 0.08 4 Simple sequence repeat (CATA)n
LeSAT89 89 945 0.06 41
LeSAT99 99 816 0.05 180
LeSAT109 109 710 0.05 33 Partial similarity to LeSAT99
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non-centromeric clusters (Table 3). To ensure a clear

distinction between centromeric and non-centromeric

chromosome regions, only clusters within the terminal 5%

of chromosome ends were counted as non-centromeric

regions, i.e. both terminal regions correspond to approxi-

mately 10% of the total chromosome length. Note, the cen-

tromere discontinues at each sub-terminal chromosome

end and represents on average 75% of metaphase chromo-

some length as shown by CENH3-immunolabeling and

scanning electron microscopy, respectively (Figure S3;

Heckmann et al., 2011). Thus, the percentage of non-

centromeric clusters may be under-estimated. Of the 122

identified clusters of satellites, 39 (approximately 32%)

localized to terminal non-centromeric chromosome

(a)

(c)

(b)

Figure 1. Distribution of satellite DNA on L. elegans mitotic metaphase chromosomes studied by FISH.

(a) LeSAT28 and LeSAT63 (red) localized individually in relation to a 45S rDNA probe (green), and relative to each other (green, LeSAT28; blue, LeSAT63).

(b) Karyogram based on probes used in (a), allowing discrimination of the three equally sized chromosomes.

(c) FISH experiments with various LeSATs (pink) together with LeSAT28 (green) and LeSAT63 (blue), and the resulting schematic ideograms. DAPI-stained DNA

is shown in gray. The gray-shaded chromosome ends in schematic ideograms represent defined terminal (non-centromeric) chromosome regions accounting

for approximately 10% of the total chromosome size. Asterisks indicate FISH signals counted as terminal (non-centromeric) satellite clusters (see Table 3). Scale

bar = 10 lm.
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regions, while 83 (approximately 68%) localized to intersti-

tial centromeric regions (Table 3). The amount of non-cen-

tromeric clusters varied between chromosomes, i.e. from

approximately 27% on chromosome 2 to approximately

38% on chromosome 1 (Table 3). As the terminal non-cen-

tromeric regions represent only approximately 10% of the

total chromosome length, the abundance of satellite clus-

ters in these regions is on average 4.2-fold higher than in

interstitial centromeric regions.

In contrast to the satellite repeats, the probes derived

from mobile elements showed uniformly dispersed chro-

mosome patterns (Figure 2). The probes were either pre-

pared from shotgun-cloned L. elegans genomic fragments,

corresponding to partial sequences of the Ty1/copia ele-

ment Angela (Table S2), or from PCR products using prim-

ers based on the contig CL8c28 (assembled contigs are

listed in Data S1) corresponding to LTR and gag–pol

regions of elements from the chromovirus clade of

Ty3/gypsy retrotransposons (Table S1). A clone containing

an abundant microsatellite motif [(TA)n] generated a simi-

lar pattern (Table S2).

Uniformly mixed genome organization of Luzula on a

large scale, with defined subunits at a lower chromatin

organization level

To examine whether the genome of L. elegans is organized

on a large scale into eu- and heterochromatin-enriched

sub-regions, we used antibodies against typical euchroma-

tin- and heterochromatin-specific histone marks. In con-

trast to previous reports for monocentric species (Houben

et al., 2003), immunostaining with a euchromatin-specific

antibody such as H3K4me2 revealed uniform labeling of

the entire chromosome and interphase nuclei (Figure 3).

Table 3 Satellites are proportionally more frequent in non-centromeric than in centromeric chromosomal regions

Chromosome 1 Chromosome 2 Chromosome 3 All chromosomes

Number of clusters 42 37 43 122
Number of centromeric clusters (%) 26 (61.9) 27 (73) 30 (69.8) 83 (68)
Number of non-centromeric cluster (%) 16 (38.1) 10 (27) 13 (30.2) 39 (32)
Ratio of relative cluster abundance in non-centromeric
versus centromeric regionsa

5.5:1 3.3:1 3.9:1 4.2:1

FISH signals of all studied satellites are classified into centromeric and non-centromeric clusters (see Figure 1). Their abundance per chro-
mosome is given. Defined centromeric and non-centromeric chromosome parts represent approximately 90% and 10% of the total chromo-
some length, respectively (see Figure 1).
aThe relative cluster abundance is calculated based on the absolute values of satellite clusters in non-centromeric and centromeric regions
given their different lengths.

Figure 2. Distribution of LTR retrotransposons on L. elegans mitotic chro-

mosomes.

Probes were derived from sequences of Angela-like elements and chromovi-

ruses, representing the most abundant clades of Ty1/copia and Ty3/gypsy

elements in the L. elegans genome, respectively. Note some interstitial

centromere-atypical clustering of Ty3/gypsy elements indicated by arrows.

Two Ty3/gypsy-specific probes representing either the gag–pol (CL8c28_1)
or LTR (CL8c28_2) regions showed similar patterns. CL8c28_1 (see Table S1)

and clone 5 (see Table S2) are shown as Ty3/gypsy- and Angela-specific

probes, respectively. In the merged image, DAPI-stained DNA is shown in

blue and LTR retrotransposons appear red. Scale bar = 10 lm.

Figure 3. Distribution of histone H3K4me2, H3K9me2 and H3K27me3 in

L. elegans.

Double immunolabeling with H3K4me2 and H3K27me3, as well as with

H3K9me2 and H3K27me3, for interphase nuclei and mitotic chromosomes.

High-resolution imaging by structured illumination microscopy (SIM, centre

and right) compared to normal fluorescence wide-field microscopy (WFM,

left). Enlargements of the regions delimited by the white boxes are shown.

DNA appears blue and histonemarks appear red and green. Scale bar = 1 lm.
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A comparable distribution was found for the heterochro-

matin marks H3K9me2 and H3K27me3 (Figure 3), as well

as for methylated DNA (Figure S4).

Next, immunolabeled cells were analyzed by structured

illumination microscopy (SIM) to obtain a higher optical res-

olution of eu- and heterochromatin-specific immunosignals

at approximately 100 nm. Various sub-domains were

detected: hetero- or euchromatin-containing domains and

intermingled eu- and heterochromatin domains (Figure 3).

The two heterochromatin marks H3K9me2 and H3K27me3

also revealed a subunit organization into chromatin units

that shared both marks, or were free of one or the other or

both marks (Figure 3). Interphase nuclei showed either

uniform chromatin or DAPI-enriched ‘chromocenters’, most

likely based on the cell cycle or cell type. However, at the

chromosomal level, chromatin is mostly uniformly shuffled

on a global view. Thus, L. elegans appears to represent an

interspersed arrangement of euchromatic and heterochro-

matic domains on a large scale, while a distinct chromatin

sub-organization into chromatin subunits is detectable

using super-high-resolution light microscopy.

The DNA replication behavior was studied to test

whether early- and late-replicating chromosome regions

occupy distinct chromosomal regions, as in most mono-

centric species (Costas et al., 2011). Luzula seedlings were

therefore treated with 5–ethynyl-2′–deoxyuridine (EdU) for

5–135 min, and then seedlings were incubated in the

absence of EdU so that the cells in S phase progressed to

mitosis. The approximate time from S phase until entry

into mitosis was estimated to be between 7.5 and 9 h, sim-

ilar to other studies (Bernardini and Lima-de-Faria, 1967).

Independently of the length of the EdU pulse, almost

uniformly labeled chromosomes and nuclei were found

(Figure 4 and Figure S5). Previous reports in L. elegans

also described more or less randomly distributed DNA

(late-) replicating sites along chromosomes (Bernardini

and Lima-de-Faria, 1967; Ray and Venketeswaran, 1979).

However, in the case of nuclei, a sub-fraction of 192 EdU-

positive nuclei after a 5 min EdU pulse were found to be

labeled with spots. A variable spotted pattern occurred in

29.8% of counted nuclei, while the remaining ones showed

uniform labeling (Figure 4). Thus, it seems likely that repli-

cation clusters may occur, depending on the stage of the

cell cycle or the cell type, as also indicated by the ‘chromo-

centers’ observed by SIM (Figure 3). However, a mostly

dispersed and equally distributed replication pattern was

observed for all chromosome pairs, and, on the large

scale, the chromosomes of L. elegans are not compart-

mentalized into clearly distinguishable early- and late-repli-

cating sub-regions. It is likely that early-and late-replicating

sequences are equally distributed along the chromosomes.

This result probably reflects the uniformly mixed genome

organization, as also indicated by eu- and heterochroma-

tin-specific marks.

DISCUSSION

Do terminal satellites play a role in holocentric

chromosome structure and function?

We performed a comprehensive characterization of the

repetitive fraction of a holocentric plant genome. The con-

tent of highly repetitive DNA in L. elegans (61% of the 3.81

Gbp/1C-sized haploid genome) is in the same range as in

monocentric plants with a comparable genome size that

were analyzed with the same method [i.e. Silene latifolia

males (2.93 Gbp/1C), 61.4%; females (2.87 Gbp/1C), 63.3%

(Macas et al., 2011), and Pisum sativum (4.3 Gbp/1C),

35-48% (Macas et al., 2007)]. Holocentric species with smal-

ler genomes contain less repetitive DNA, such as nema-

todes [i.e. Caenorhabditis briggsae (104 Mbp), 22.4%;

C. elegans (100.3 Mbp), 16.5% (C. elegans Sequencing

Consortium, 1998; Stein et al., 2003)] and Bombyx mori

[432 Mbp, 43.6% (Xia et al., 2008)]. Thus, in holocentric

species, the content of highly repetitive DNA is also greater

in species with larger genomes.

Transposable elements largely account for genome size

differences in plants (Hawkins et al., 2006; Tenaillon et al.,

2011). In L. elegans, Ty1/copia elements are much more

abundant than Ty3/gypsy elements, with the Angela clade

elements the most abundant Ty1/copia element and consti-

tuting by far the most abundant repetitive fraction in the

genome. L. elegans contains a rather large and hetero-

geneous fraction of satellites compared to plants with a

Figure 4. DNA replication behavior of L. elegans. Replication pattern of

mitotic metaphase chromosomes and interphase nuclei after a 5 min EdU

pulse followed by a 8.5 h H2O incubation step.

Note, in the case of nuclei, two replication patterns were observed, with

either uniform or spotted labeling, while chromosomes were uniformly

labeled. In the merged image, DNA appears blue and EdU appears red.

Scale bar = 5 lm.
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comparable genome size. In S. latifolia, only four families

of satellite DNA were identified using the same in silico

method (Macas et al., 2011). It is likely that L. elegans-spe-

cific amplification of Ty1/copia elements from the Angela

clade and of satellite repeats is the driving force behind

the exceptionally large genome size of the genus Luzula.

Other members of the genus are characterized by smaller

genomes, ranging from 0.26 to 1.99 Gbp/1C (Bennett and

Leitch, 2010).

The distal chromosome regions of L. elegans tend to be

enriched in satellite DNA. Although some central blocks

are found, the preferential localization of repetitive DNA

and of heterochromatin in (sub)terminal regions seems to

be a common feature of holocentric plants (Sheikh and

Kondo, 1995; Vanzela and Guerra, 2000; Guerra and Garcia,

2004), and also of holocentric autosomes in animals

(C. elegans Sequencing Consortium, 1998; Spence et al.,

1998; Tartarotti and de Azeredo-Oliveira, 1999; Mola and

Papeschi, 2006; Hill et al., 2009). In contrast, in many

monocentric organisms, high-copy repeats and hetero-

chromatin typically cluster at centromeres and various

other sites (Schmidt and Heslop-Harrison, 1998; Mola and

Papeschi, 2006; Lamb et al., 2007). Surprisingly, in

L. elegans, no correlation between enriched terminal satel-

lites and epigenetic chromatin modifications was found,

similar to C. elegans, in which heterochromatin is cytolo-

gically absent (Albertson et al., 1997). It seems likely that,

in these situations, enriched repressive domains are inter-

spersed with active chromatin, and therefore no enrich-

ment of heterochromatin-typical marks was detectable.

It is an obvious question whether a functional inter-rela-

tionship exists between terminally enriched satellite DNA

and holocentricity. First, mutual exclusion of heterochro-

matin and centromere function may account for repetitive

DNA accumulation in non-centromeric chromosome ends,

as speculated for the nucleolar organizing region (Heckmann

et al., 2011). Secondly, in holocentric species, terminal het-

erochromatin may be involved in the physical end-to-end

association of homologous chromosomes (rod bivalents)

during meiotic divisions (Nordenskiold, 1962; Dernburg,

2001; Bongiorni et al., 2004; Guerra et al., 2010; Heckmann

and Houben, 2012).

Are there centromere-specific sequences in holocentric

species?

The low abundance of Ty3/gypsy repeats and the absence

of typical centromere-associated Ty3/gypsy retrotranspo-

sons of the CRM clade in L. elegans were surprising. Even

an in-depth screen for low-copy chromodomain sequences

of all available 21.4 million sequence reads revealed no

significant hits for CRM elements, which typically colonize

centromeric regions in monocentric plants (Neumann

et al., 2011). Moreover, none of the identified satellite

repeats gave rise to a distribution pattern that was

expected for the almost chromosome-wide centromere dis-

tribution.

In Luzula nivea, a 178 bp tandem repeat sequence

(LCS1; also present in nine other Luzula species) (Haizel

et al., 2005) sharing similarity with the centromeric tan-

dem repeat RCS2 of rice (Dong et al., 1998; Nonomura

and Kurata, 2001) has been described. LCS1 clusters into

tandem arrays of at least 50 kb at heterochromatic

regions along each of the L. nivea chromosomes (Haizel

et al., 2005). Whether LCS1 plays a centromeric role is

uncertain. Interestingly, no LCS1-related sequences were

found in a BLAST similarity search of all available 21.4

milion L. elegans sequence reads in this study.

Given the sequence-independent incorporation of CENH3

in C. elegans (Gassmann et al., 2012), the sequence-

independent formation of centromeres in nematodes (Howe

et al., 2001), and the absence of centromeric sequences

even in thegenome-sequencedholocentric animalsC. elegans

(C. elegans Sequencing Consortium, 1998; Gassmann et al.,

2012) and B. mori (Xia et al., 2008; d’Alencon et al., 2010),

it is also likely that no typical centromeric sequences exist

in L. elegans. More likely, a centromere-specific chromatin

status exists that preferentially associates with CENH3 in

L. elegans. Even in monocentric plants and animals, the

occurrence of neocentromeres demonstrates that the

centromeric DNA sequence itself is neither necessary nor

sufficient to determine centromere function, and centro-

meres are determined epigenetically (Guerra et al., 2010;

Kalitsis and Choo, 2012).

Holocentric chromosomes: multiple sequence-

independent centromeric subunits along chromosomes

A centromeric subunit organization as originally proposed

by Zinkowski et al. (1991) for monocentric eukaryotes

probably also applies for holocentric species, as C. elegans

shows a centromeric subunit organization along holocen-

tric chromosomes (Gassmann et al., 2012) as well as L. ele-

gans, as indicated by the mixed genome organization at

the large scale, and the chromatin subunit organization at

a higher resolution. A dispersed CENH3 distribution (dot-

like foci) during interphase and prophase is found in Luzula

(Nagaki et al., 2005; Heckmann et al., 2011) and C. elegans

(Buchwitz et al., 1999), indicating multiple centromeric

subunits that fuse during metaphase to one functional

kinetochore unit. Thus, holocentric chromosomes appear

to be composed of multiple centromere units interspersed

by non-centromeric chromatin all along their length (Fig-

ure 5).

Neumann et al. (2012) showed that the tandem organiza-

tion of multiple satellites, but not their primary sequence,

determines the presence of remarkably large functional

centromeres in pea that are ‘intermediate between mono-

centric and polycentric’. Unlike most other monocentric

species (Hall et al., 2004), the centromeric DNA sequence
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composition is highly variable in pea. Thirteen of 19

distinct satellite families, and one family of Ty3/gypsy ret-

rotransposons of the CRM clade, are centromere-associ-

ated (Neumann et al., 2012). Thus, pea is the most similar

studied organism so far with respect to the number and

diversity of satellites. It is tempting to speculate that the

larger a centromere gets, the more important the centro-

mere-specific chromatin status or organization becomes,

and the less important the primary DNA sequence is. Even

in holocentric organisms, there are apparently multiple

sequence-independent centromeric subunits along the

chromosomes (Gassmann et al., 2012). However, dicentric

chromosomes break during anaphase when they reach a

critical distance between both active centromeres, thus not

forming one functional kinetochore during metaphase

(Higgins et al., 2005; Zhang et al., 2010). The distance

between individual kinetochore subunits in holocentrics

must therefore be restricted. However, it is not known

what the minimal distance between individual kinetochore

subunits is for formation of a composite linear-like

kinetochore.

Is there interplay between centromere and large-scale

genome organization?

Early reports in L. elegans described more or less evenly

distributed heterochromatin, by C–banding, with a slight

tendency for interstitial and terminal heterochromatin

clusters and multiple randomly distributed DNA (late-)

replicating sites (Bernardini and Lima-de-Faria, 1967; Ray

and Venketeswaran, 1978, 1979). We found an overlap of

eu- and heterochromatin-specific histone marks, homo-

genously dispersed DNA methylation and mobile elements

along chromosomes on a global view, as well as equally

distributed early- and late-replicating sequences all along

L. elegans chromosomes. Other Luzula species are also

characterized by dispersed heterochromatin and repetitive

DNA along chromosomes (Collet and Westerman, 1984,

1987). Studies in Luzula flaccida (Collet and Westerman,

1984) and holocentric animals (Albertson et al., 1997;

d’Alencon et al., 2010; Liu et al., 2011) also indicate an

interspersed arrangement of eu- and heterochromatic

domains along chromosomes.

The almost chromosome-wide distribution of the centro-

mere into multiple centromeric subunits is the most likely

reason why holocentric species are characterized by an

inter-mixed arrangement and homogenization of chroma-

tin states throughout their genomes. Thus, it is plausible to

speculate that the large-scale genome organization differs

between monocentric and holocentric species (Figure 5),

although further studies in holocentric species are required

to verify this hypothesis.

EXPERIMENTAL PROCEDURES

Plant material and culture conditions

Luzula elegans (2n = 6) plants (Vouchers at the Herbarium
Gatersleben; GAT 7852-7856) were germinated in Petri dishes on
wet filter papers under long-day conditions (16 h light/8 h dark, 20°
C/18°C), transferred to soil, cultivated for 6–8 weeks under short-
day conditions (8 h light/16 h dark, 20°C/18°C), transferred to ver-
nalizing conditions (10 h light/14 h dark, 4°C), and finally returned
to long-day conditions (13 h light/11 h dark, 20°C/16°C).

Genomic DNA isolation, Southern and dot-blot

hybridization

Genomic DNA was isolated using a DNeasy plant maxi kit (Qiagen,
http://www.qiagen.com), according to the manufacturer’s instruc-
tions, and, if required, digested using BamHI, EcoRI, HpaII or MspI,
electrophoresed in a 0.8% w/v agarose gel and transferred by alka-
line transfer to Hybond N+ membranes. Southern and dot-blot
hybridization were performed as described by Houben et al. (1996).
The membranes were probed with 32P-labeled DNA probes.

Illumina sequencing

The genomic DNA was fragmented by nebulization, and a paired-
end library with fragment lengths of approximately 500 bp was
prepared according to the manufacturer’s instructions (Illumina,
http://www.illumina.com). Sequencing was performed on one lane

Figure 5. Schematic model of the distribution of eu- and heterochromatin

as well as of the centromere in holocentric versus monocentric chromo-

somes, according to genome size.

In monocentric species, chromosomes are sub-structured into distinguishable

eu- and heterochromatic regions according to genome size. Typically, mono-

centric centromeres are colonized by satellite DNA repeats and specific LTR

retrotransposons (Ty3/gypsy of the CRM clade). In small genome species

(1C < 500 Mbp), H3K9me2 is concentrated within cytologically defined hetero-

chromatin, while large-genome (1C > 500 Mbp) species show a uniform distri-

bution of H3K9me2. However, dimethylated H3K4 is enriched within the

euchromatin of all monocentric species, regardless of genome size. In con-

trast, in holocentric chromosomes, an inter-mixed arrangement of eu- and het-

erochromatin exists. DNA sequence-independent centromere units are

interspersed by non-centromeric chromatin all along their length. Centromeric

units fuse during metaphase to one functional kinetochore unit, leading to for-

mation of a centromeric groove in holocentric species such as L. elegans. Only

chromosome termini tend to be enriched in heterochromatin.
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of an Illumina Genome Analyzer IIx system using Illumina’s
paired-end cluster generation and cycle sequencing kits.

Repeat identification and characterization

Identification of repetitive sequences was achieved using similar-
ity-based clustering analysis of sequence reads as described by
Novak et al. (2010). The analysis was performed using a set of
1.5 million reads randomly selected from a total of 21.4 million
high-quality Illumina forward sequence reads. A similarity cut-off
of 90% over at least 80% of the read length was used for the clus-
tering, and the reads within individual clusters were assembled
and further investigated using a set of custom-written BioPerl and
R scripts to determine which type and family of repeats they rep-
resent (Macas et al., 2007; Novak et al., 2010). Clusters containing
satellite repeats were identified based on the presence of tandem
sub-repeats within their read or assembled contig sequences.
These satellite repeats were characterized using oligomer
frequency analysis of the reads within their clusters as described
previously (Macas et al., 2010).

Plasmid library construction and dot blotting

Genomic DNA was fragmented by sonication. Jagged ends were
removed using BAL–31 exonuclease (New England BioLabs, http://
www.neb.com). DNA was purified and electrophoresed in a 1%
w/v agarose gel. A 150–600 bp fraction was excised, and the ends
were repaired by T4 DNA polymerase and Klenow fragment activ-
ity. Repaired fragments were A-tailed by Taq polymerase treat-
ment and cloned into the pCR®2.1 vector (Invitrogen, http://www.
invitrogen.com). Dot blotting was performed as described by
Houben et al. (1996). Plasmid DNA (2 lg) was dot-blotted onto
membranes by the alkaline method and hybridized to 32P-labeled
genomic DNA.

Flow cytometric genome size measurement

Genome size was estimated as described previously (Fuchs et al.,
2008) using Pisum sativum cv. ‘Viktoria, Kifejt€o Bors�o’ (Genebank
Gatersleben accession number PIS 630; 2C = 9.09 pg) (Dole�zel
et al., 1998), as an internal reference standard. In total, 21 individ-
uals were measured, divided into three independent experiments
performed on different days.

Indirect immunolabeling

Apical meristems of young plants were fixed for 45 min in ice-cold
4% w/v paraformaldehyde in PBS. After washing 3 times for 10 min
in ice-cold PBS, chromosome spreads were prepared by squashing.
Immunolabeling was performed as previously described (Houben
et al., 2007b). The following dilutions of primary antibodies were
used: 1:200 for a rabbit anti-H3K4me2 antibody (Millipore, http://
www.millipore.com), 1:200 for a rabbit anti-H3K9me2 antibody
(Active Motif, http://www.activemotif.com), 1:50 for a mouse anti-
H3K27me3 antibody (Abcam, http://www.abcam.com) and 1:100
for a rabbit anti-LnCENH3 antibody (Nagaki et al., 2005). Immuno-
detection using 5–methylcytosine (1:300 dilution) (Eurogentec,
http://www.eurogentec.com) was performed as described by Mar-
ques et al. (2011). A Cy3-conjugated anti-rabbit IgG (Dianova,
http://www.dianova.com) and a fluorescein isothiocyanate-conju-
gated anti-mouse Alexa 488 antibody (Molecular Probes, http://
www.invitrogen.com), each at 1:400 dilution, were used as second-
ary antibodies. Fluorescence images were recorded using an
Olympus BX61 microscope (Olympus, http://www.olympus.com)
equipped with an ORCA-ER CCD camera (Hamamatsu, http://www.
hamamatsu.com). 3D deconvolution microscopy was used to

reduce out-of-focus information for globular structures. Image
stacks of 10–11 slices per specimen were acquired, and the maxi-
mum-intensity projections were processed using the program
AnalySIS (Soft Imaging System, http://www.soft-imaging.net).
Grey-scale images were pseudocolored using Adobe Photoshop
(http://www.adobe.com). To achieve an optical resolution of
approximately 100 nm, structured illumination microscopy (SIM)
was applied using a C–Apo 639/1.2 W Korr objective with an Elyra
microscope system (Zeiss, http://www.zeiss.com).

Probe preparation and fluorescence in situ hybridization

FISH probes were obtained as 5′-Cy3, 5′-Cy5- or 5′-Alexa
488-labeled oligonucleotides (Eurofins MWG Operon, http://www.
eurofinsdna.com), or were PCR-amplified. The sequences of all
oligonucleotides are listed in Table S1. Nuclear ribosomal 45S
rDNA was probed using the clone pTa71 (Gerlach and Bed-
brook, 1979), and plastid DNA was probed using the clone
HVVMRXALLhC0205G01 (Schulte et al., 2011), respectively. All
DNA probes, except oligonucleotides, were labeled with Texas
Red-, Cy5- or Alexa 488-dUTP by nick translation as described
by Kato et al. (2006).

Chromosome spreads were prepared from apical meristems
fixed using 3:1 v/v ethanol/acetic acid. Specimens were dehy-
drated in an ethanol series, air-dried, and cross-linked using an
UV-light illuminator (0.12 J cm�2) (Biometra, http://www.biometra.
com). Probe(s) were then mixed with the hybridization mixture
(50% formamide and 20% dextran sulfate in 29 SSC), dropped
onto slides, covered with a cover slip, and sealed using ‘fixogum’
(Marabu, http://marabou-kreativ.de). After denaturation on a
heating plate at 80°C for 3 min, slides were hybridized at 37°C
overnight. Post-hybridization washing was performed in 29 SSC
for 20 min at 58°C. After dehydration in an ethanol series, 4′,6–
diamidino-2–phenylindole (DAPI) in Vectashield (Vector Laborato-
ries, http://www.vectorlabs.com) was applied. Fluorescence
images were obtained as described above.

DNA replication analysis

Eighteen-day-old seedlings were incubated in 20 lM 5–ethynyl-
2′–deoxyuridine (EdU) in H2O for varying times, followed by multi-
ple washing steps in H2O allowing EdU-incorporated cells to enter
mitosis, and then fixed in 3:1 v/v ethanol/acetic acid overnight.
Slides were prepared as described above for apical meristems.
EdU incorporation was detected by the click reaction, using the
Click.iT EdU Imaging Kit (Invitrogen). After washing in 29 SSC,
DAPI in Vectashield (Vector Laboratories) was applied. Fluores-
cence images were obtained as described above.
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