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Abstract

DNA methylation is an essential epigenetic feature for the
regulation and maintenance of heterochromatin. Satellite
DNA is a repetitive sequence component that often occurs
in large arrays in heterochromatin of subtelomeric, interca-
lary and centromeric regions. Knowledge about the meth-
ylation status of satellite DNA isimportant for understanding
the role of repetitive DNA in heterochromatization. In this
study, we investigated the cytosine methylation of the an-
cient satellite family pEV in the wild beet Beta procumbens.
The pEV satellite is widespread in species-specific pEV sub-
families in the genus Beta and most likely originated before
the radiation of the Betoideae and Chenopodioideae. In B.
procumbens, the pEV subfamily occurs abundantly and spans
intercalary and centromeric regions. To uncover its cytosine
methylation, we performed chromosome-wide immuno-
staining and bisulfite sequencing of pEV satellite repeats. We
found that CG and CHG sites are highly methylated while
CHH sites show only low levels of methylation. As a conse-
quence of the low frequency of CG and CHG sites and the

preferential occurrence of most cytosines in the CHH motif
in pEV monomers, this satellite family displays only low lev-
els of total cytosine methylation. ©2014'S. Karger AG, Basel

Plant genomes contain large proportions of repetitive
DNA with a high amount of satellite DNA [Schmidt and
Heslop-Harrison, 1998]. Satellites consist of homologous
sequence motifs (monomers) which vary in size from
150-180 bp and multiples thereof and are organized tan-
demly. These tandem repeats predominantly occur in
large, megabase-sized homogenous arrays in centromeric
heterochromatin, intercalary or subtelomeric regions,
while smaller arrays may be dispersed along chromo-
somes [Hemleben et al., 2007; Palomeque and Lorite,
2008; Plohl et al., 2008]. Satellite DNAs are important se-
quence elements in heterochromatin formation and
maintenance and hence are involved in the stability of
chromatin structures [Martienssen, 2003; Ugarkovic,
2005; Lisch, 2009; Teixeira and Colot, 2010].

The genus Beta is a member of the Amaranthaceae
family within the order Caryophyllales. The Amarantha-
ceae subfamilies Betoideae and the closely related Cheno-
podioideae [Miiller and Borsch, 2005; Stevens, 2013] in-
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clude economically important crops, namely sugar beet
(Beta vulgaris) and quinoa (Chenopodium quinoa). The
widely used taxonomic system of Ford-Lloyd [2005] of
the genus Beta considers the 4 sections Beta, Corollinae,
Procumbentes, and Nanae. The section Beta consists of
sugar beet with all cultivars and the wild species B. patula,
which occurs only on a small island near Madeira. B. lo-
matogona belongs to the section Corollinae. The section
Nanae contains only B. nana occurring at high altitudes
in Greece. The wild species B. procumbens, section Pro-
cumbentes, grows at the northwest coasts of Africa and on
the Canary Islands. B. procumbens has mostly submeta-
centric or acrocentric chromosomes (2n = 18). Similar to
sugar beet, a large proportion of repetitive DNA includ-
ing satellite DNAs has been characterized in B. procum-
bens [Schmidt and Heslop-Harrison, 1996; Dechyeva et
al., 2003; Weber and Schmidt, 2009]. A prominent satel-
liteis pEV which was first described in sugar beet [Schmidt
and Metzlaff, 1991]. pEV is widespread in the genus and
highlyabundantinsugarbeetand B. procumbens [Schmidt
and Metzlaft, 1991; Zakrzewski et al., 2010] making it a
suitable object for comparative investigation of satellite
DNA diversity across species.

Repetitive sequences in plants are epigenetically inac-
tivated by cytosine methylation [Lisch, 2009; Teixeira and
Colot, 2010]. First genome-wide analyses of cytosine
methylation using bisulfite sequencing were performed
in Arabidopsis and maize [Cokus et al., 2008; Lister et al.,
2008; Gent et al., 2013]. High levels of DNA methylation
were detected in pericentromeric and intercalary regions
with repetitive DNAs as main targets. However, knowl-
edge of the cytosine methylation of satellite DNA is still
limited because of the collapsing of tandem arrays in as-
semblies of next-generation sequencing (NGS) data. Cy-
tosine methylation is established de novo by domains re-
arranged methyltransferases DRM1 and DRM2. Cytosine
methylation at CG sites is maintained by methyltransfer-
ase 1 (MET1) after DNA replication. Additionally, cyto-
sines are methylated in CHGssites (H= A, C, T) and asym-
metric CHH sites by chromomethylase 3 (CMT3) or
DRM1 and DRM2 [Henderson and Jacobsen, 2007].

In this study, we investigated the diversity of the satel-
lite pEV in the genus Beta as well as in C. quinoa in silico
by analyzing NGS datasets. The characterization of this
satellite family included comparative Southern blot and
fluorescence in situ hybridization (FISH) on sugar beet
and B. procumbens chromosomes. For the investigation
of the cytosine methylation of pEV, we performed immu-
nostaining of B. procumbens chromosomes and bisulfite
sequencing of the B. procumbens-specific pEV subfamily.
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We found that pEV arrays display only low levels of cyto-
sine methylation. This is due to the occurrence of many
cytosines at CHH sites which are mostly not methylated.
CG and CHQG sites are highly methylated, but their fre-
quency in pEV monomers is low.

Materials and Methods

Plant Materials and Isolation of Genomic DNA

B. vulgaris ssp. vulgaris (genotype KWS2320), B. patula, B. pro-
cumbens, B. lomatogona, B. nana, and C. quinoa were grown under
greenhouse conditions. Isolation of genomic DNA was performed
from young leaves using the CTAB (cetyltrimethyl/ammonium
bromide) standard protocol [Murray and Thompson, 1980].

Selection of pEV Monomers from Plant Sequence Databases

Reference sequences of B. vulgaris ssp. vulgaris (genotype
KWS2320) [Dohm et al.,, 2014], B. patula, B. procumbens, B. lo-
matogona, B. nana, and C. quinoa [H. Himmelbauer, pers. com-
mun.] were screened for pEV monomers using localFASTA, blastn
with default parameters and assembly algorithms (gaps: 10%, size:
16, overlap: 100, identity: 40%, word length: 12, index: 12, maxi-
mum mismatches: 60%, ambiguity: 4) integrated in the Geneious
software version 6.1.6 (http://www.geneious.com). The majority
consensus sequence of previously published pEV monomers from
B. vulgaris was adopted from Zakrzewski et al. [2011]. For the de-
tection of pEV sequences in all NGS datasets, NGS reads were
mapped against an artificial pEV dimer, and positive hits were se-
lected. pEV sequences and full-length monomers were extracted,
and sequence alignments were generated using MUSCLE [Edgar,
2004] and MAFFT [Katoh et al., 2005] (online suppl. files 1-7; see
www.karger.com/doi/10.1159/000363485 for all online suppl. ma-
terial). The start and end positions of the pEV monomer were ad-
opted from Zakrzewski et al. [2011]. Majority consensus sequenc-
es, monomer length, monomer number and pairwise identities of
species-specific pEV monomers were deducted using Geneious
software version 6.1.6.

Southern Blot Hybridization

Three micrograms of genomic DNA of B. vulgaris ssp. vulgaris
(genotype KWS2320), B. patula, B. procumbens, B. lomatogona, B.
nana, and C. quinoa were digested with EcoRI (Thermo-Fischer
Scientific) and AIwNI (New England Biolabs), separated ona 1.2%
agarose gel (online suppl. fig. 2) and transferred onto Hybond-XL
nylon membrane (GE Healthcare) using alkaline transfer. South-
ern hybridization using *P-labeled probes was performed accord-
ing to standard protocols [Sambrook et al., 1989]. A representative
pEV probe originating from B. procumbens was used. Filters were
hybridized at 60°C and washed in 2x SSC/0.1% SDS for 80 min at
60°C. Signals were detected by autoradiography.

FISH and Immunofluorescence

Meristem tissues of young leaves were used for the preparation
of mitotic chromosomes. The maceration of plant material was
performed in an enzyme mixture consisting of 0.3% (w/v) cytohe-
licase (Sigma), 1.8% (w/v) cellulose from Aspergillus niger (Sigma),
0.2% (w/v) cellulase Onozuka-R10 (Serva), and 20% (v/v) pectin-
ase from A. niger, followed by spreading of the nuclei on slides.
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Species-specific probes of pEV were labeled with biotin-16-dUTP
(Roche) by PCR. Hybridization and detection were performed ac-
cording to Schmidt et al. [1994]. Chromosome preparations were
counterstained with DAPI (4',6-diamidino-2-phenylindole) and
mounted in antifade solution (CitiFluor). Examination of slides
was carried out with a Zeiss Axioplan2 Imaging fluorescent micro-
scope. Images were acquired with the Applied Spectral Imaging
v.3.3 software coupled with the CCD camera ASI BV300-20A. The
images were optimized by Adobe Photoshop software using only
functions affecting the whole image equally.

For detection of 5-methylcytosine (5mC) and pEV satellite ar-
rays along pachytene chromosomes, preparations were made ac-
cording to Zakrzewski et al. [2011]. Slides were fixed with 4% para-
formaldehyde in 1x PBS. After washing 3 times with 1x PBS, slides
were incubated in 70% formamide at 80°C for 3 min followed by
a dehydration series in 70% and 100% ethanol. After incubation in
200 pl blocking solution, slides were incubated with 50 pl of pri-
mary antibody against 5mC (anti-5mC, Calbiochem, No. 162 33
D3; diluted 1:250) at 4°C overnight. Detection of the 5mC anti-
body was carried out with 50 pl secondary antibody in antibody
solution (antimouse-Alexa Fluor 488, Invitrogen, No. A-11001;
diluted 1:250) at 37°C for 1 h. For the subsequent FISH, slides were
washed 3 times with 2x SSC for 10 min before fixing in 4% para-
formaldehyde and 3.5% sucrose. The FISH procedure followed af-
ter washing the slides 3 times in 2x SSC for 10 min and dehydrat-
ing in 70 and then 100% ethanol. The examination of slides was
carried out as described above.

Bisulfite Sequencing of Satellite Monomers

Genomic DNA (1 pg) from young sugar beet leaves was bisul-
fite-converted using the Epimark Bisulfite Conversion Kit (NEB)
according to the manufacturer’s instructions.

As control for conversion efficiency, previously amplified PCR
products of pEV were bisulfite-converted in parallel. The bisulfite-
converted genomic DNA and the bisulfite-converted PCR prod-
ucts of pEV were used as template for the amplification of pEV
satellite sequences. Two primer pairs for forward and reverse DNA
strand, respectively, were used to amplify fragments of the entire
length of 1 pEV monomer and to cover the diversity of pEV vari-
ants. The primers contain wobble bases at positions where a cyto-
sine occurs allowing equally binding to methylated cytosine or
uracil (converted unmethylated cytosine). The amplification
products were ligated into pGEM-T vector and transformed into
XL1-Blue E. coli cells. The plasmid library was grown in 96-well
plates and Sanger sequenced. Sequence alignments of the bisulfite-
sequenced satellite monomers were generated using MAFFT with
default parameters (online suppl. files 8 and 9). Conserved cyto-
sine positions were analyzed for conversion events (online suppl.
tables 2 and 3). Used primers are listed in online supplementary
table 4.

Results

The pEV Satellite Is Differentially Amplified in the

Genus Beta

To investigate the abundance and sequence diversity
of pEV, we performed a large-scale identification and

DNA Methylation in Beta procumbens

characterization of pEV sequences in sugar beet, B. patu-
la, B. procumbens, B. lomatogona, and B. nana as well as
in C. quinoa. The full-length monomers of pEV were de-
termined in the reference sequence of each genome. Fur-
thermore, because satellite DNA is often collapsed in ge-
nome assemblies, we used Illumina reads of each species
for an estimation of the total amount of pEV in each ge-
nome and to draw conclusions about the homogenization
of pEV monomers in the reference sequences. The ge-
nome proportion and the number of analyzed full-length
monomers, the diversity and pairwise identity in the in-
vestigated genomes are summarized in table 1.

In sugar beet, 2,309 full-length monomers were iso-
lated from the reference sequence. Furthermore, 409,000
Illumina reads containing pEV sequences were detected
allowing estimation of a total genome proportion of 41
Mb. In the draft of B. patula, which is closely related to
sugar beet and a species of the section Beta, 2,733 pEV
full-length monomers were detected showing high iden-
tity to sugar beet pEV monomers. In B. patula, pEV makes
up 31 Mb and is represented by 306,000 Illumina reads.
These results confirm the high abundance of the satellite
pEV in the section Beta. In the B. procumbens reference
sequence, 5,019 full-length monomers were detected
making up the highest amount of full-length pEV mono-
mers identifiable in Beta genome sequences. In the Illu-
mina dataset, 61,000 pEV sequences were detected repre-
senting 6 Mb of the genome. Furthermore, 38 and 28 full-
length pEV monomers occur in the reference sequences
of B. lomatogona and B. nana, respectively. In C. quinoa,
7 pEV full-length monomers were detected. In each of
these 3 genomes, approximately 1,000 Illumina sequenc-
es contain pEV sequences.

The species-specific alignments (online suppl. files
1-7) of pEV monomers extracted from the reference se-
quences were used for the generation of consensus mono-
mer sequences from each individual species (fig. 1A). Al-
though these consensus sequences contain some wobble
positions, they can be used to analyze the diversity and to
estimate the level of homogenization of pEV in each ge-
nome. The higher the differences in nucleotide diversity,
the more variable are the positions in the consensus se-
quence. The sugar beet and B. patula pEV consensus se-
quences contain only very few wobble nucleotides and are
highly similar to each other (98.1%) indicating a high de-
gree of homogenization of pEV in both species (fig. 1B).
In B. procumbens, the consensus sequence shows only a
minor number of wobble nucleotides which also indi-
cates a homogenization of pEV in this species. The B. pro-
cumbens pEV consensus is diverged by point mutations
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Table 1. Distribution, abundance and diversity of the pEV satellite in the genus Beta and in C. quinoa

Section Species Assembled genome Illumina reads
database full-length  monomer GC con- pairwise database reads coverage  hits hits/1.0x
(size) monomers  size, nt tent, % identity, % (size) coverage®
Beta B. vulgaris RefBeet 1.0 2,309 158 43.6 77.4 46,132,887 7.8% 3,204,040 409,000
(sugar beet) (596 Mb) (4,659 Mb) (41 Mb)
B. patula Ref 0.1 2,733 158, 159 43.5 76.8 98,621,695 16.2x 4,968,609 306,000
(607 Mb) (9,861 Mb) (31 Mb)
Corollinae B. lomatogona  Ref 0.1 38 157,158, 39.1 65.6 159,198,401 20.5x 18,724 <1,000
(775 Mb) 159 (15,920 Mb) (91 kb)
Procumbentes  B. procumbens  Ref 0.1 5,019 152,157 444 62.8 344,501,043 49.0x 2,989,585 61,000
(695 Mb) (34,019 Mb) (6 Mb)
Nanae B. nana Ref 0.1 28 154, 158 36.8 59.2 170,224,864 33.1x 44,081 >1,000
(513 Mb) (17,022 Mb) (133 kb)
Chenopodium  C. quinoa Ref 0.1 7 156 37.6 54.3 106,333,666  7.4x 8,976 >1,000
(1.4 Gb) (10,633 Mb) (121 kb)

2 Rounded to the nearest thousand.

and indels from pEV of sugar beet and B. patula, suggest-
ing the evolution of a species-specific pEV subfamily in
B. procumbens. The B. lomatogona and B. nana consensus
sequences are more similar (88%) to each other than to
the consensus sequence of the remaining species (61-
66%) and are characterized by many wobbles indicating
alow degree of homogenization. The consensus sequence
of pEV in C. quinoa shows a high number of point muta-
tions and hence is highly diverged from members of the
genus Beta (fig. 1A).

Potential scenarios of relationships can be estimated
by comparison of the pEV consensus sequences of all in-
vestigated species using a neighbor-joining dendrogram
(fig. 1C). The pEV consensus of sugar beet and B. patula
groups both species close to each other suggesting the
generation of a pEV subfamily that is restricted to the sec-
tion Beta. The B. procumbens-specific pEV consensus is
separated from the section Beta demonstrating that a sub-
family of pEV specific for B. procumbens evolved. Simi-
larly, subfamilies of pEV occur in the genomes of B. nana
and B. lomatogona. They might be more related to each
other because of their close grouping. The pEV consensus
of C. quinoa is diverged from members in the genus Beta
and is placed in a separate position in the dendrogram.

The Genomic Organization of the pEV Satellite in the

Genus Beta and Its Localization on Sugar Beet and

B. procumbens Chromosomes

The highest numbers of pEV reads in NGS data are
detectable for sugar beet, B. patula and B. procumbens. To
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analyze the large-scale genomic organization of pEV in
these species, comparative Southern blot hybridization
was performed. Moreover, B. lomatogona, B. nana and C.
quinoa were analyzed in parallel to compare the estimat-
ed abundance and separation into species-specific pEV
subfamilies.

Conserved recognition sites for the restriction endo-
nucleases EcoRI and AlwNIin pEV monomers were iden-
tified in silico in sugar beet, B. patula and B. procumbens,
and these endonucleases were used for restriction of ge-
nomic DNA. Strong hybridization signals using a repre-
sentative pEV probe from B. procumbens were detected
in the closely related species sugar beet and B. patula
(fig. 2), confirming high abundance in these species. In B.
procumbens, similarly strong signals were detectable
which demonstrates the high copy number of pEV in the
section Procumbentes. The typical ladder-like banding
pattern of satellite DNA is clearly observable for sugar
beet, B. patula and B. procumbens demonstrating the or-
ganization of pEV in large tandem arrays. Moreover, the
recognition site of EcoRI is largely conserved in sugar beet
and B. patula indicating homogenization of pEV in the
section Beta (fig. 2). The weaker hybridization signals to
mono- and multimers and strong hybridization of larger
pEV fragments show low conservation of AlwNI recogni-
tion sites in the section Beta. Recognition sites of EcoRI
and AIwNI are not largely conserved in B. procumbens
which leads to the lower number of mono- and multimers
after digestion with both enzymes. In B. lomatogona, only
large DNA fragments showing weak signals are observ-
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Fig. 1. Diversity of the pEV satellite in the
genus Beta and in C. quinoa. A Consensus
sequences of species-specific pEV mono-
mers of the genus Beta and of C. quinoa.
The consensus sequences were generated
using pEV alignment of all monomers iso-
lated from species-specific reference ge-
nome sequences. The following wobble nu-
cleotides are shown: B = C, G or T;
D=A,GorT;H=A,CorT; K=GorT;
M = A or G; N = any nucleotide; R = A or
GS=GorGY=CorT;V=A,CorG;
W = A or T. B Identity matrix of species-
specific pEV consensus sequences. Light
grey shaded boxes indicate identity values
<80%, grey boxes show identity values of
80-90% and black boxes display identity
values >90%. C Cladogram of species-spe-
cific pEV monomer consensus sequences
using neighbor-joining algorithm.
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able. The low number of pEV copies detected is most like-
ly caused by the divergence of the B. lomatogona pEV
subfamily. In B. nana, a signal smear representing large
DNA fragments hybridizing with the pEV probe con-
firms the moderately abundant character of pEV. The
ladder-like banding pattern is observable after digestion
with EcoRI but not with AIwNI, revealing conservation of
the EcoRI recognition site in a subset of pEV monomers
and organization in tandem arrays. Faint but clear signals
of large DNA fragments hybridizing with pEV are detect-
able in C. quinoa. The organization of pEV monomers in

DNA Methylation in Beta procumbens

arrays is confirmed by PCR using species-specific primers
in all analyzed species (online suppl. fig. 1).

In order to detect the chromosomal localization of the
PEV satellite in sugar beet and B. procumbens, FISH ex-
periments were performed on sugar beet and B. procum-
bens mitotic metaphase chromosomes. In sugar beet,
PEV is localized in large arrays in intercalary hetero-
chromatic regions on both arms of all metacentric chro-
mosomes (fig. 3A). In contrast, in B. procumbens pEV
arrays are amplified in the brightly DAPI-stained cen-
tromeric and/or intercalary regions of many chromo-
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Fig. 2. Southern blot hybridization show- - H@ -1.0
ing the distribution of the pEV satellite in o 5
the genus Beta and in C. quinoa. Equal : 05
amounts of genomic DNA of B. vulgaris, B. ; ’
patula, B. procumbens, B. lomatogona, B. : - @ v
nana, and C. quinoa were digested with - |-
EcoRI (1) and AIwNI (2), separated on a : 01
1.2% agarose gel, blotted on a nylon mem-
brane, and hybridized with a representative
probe of pEV from B. procumbens.

somes (fig. 3C). Ten chromosomes are characterized by
the localization of pEV arrays in centromeric hetero-
chromatin, and 4 of these chromosomes show addition-
al signals in intercalary regions. In the remaining 8 chro-
mosomes, pEV is localized only in the intercalary het-
erochromatin.

Cytosine Methylation of pEV in B. procumbens

In order to detect the cytosine methylation of pEV ar-
rays in all B. procumbens chromosomes simultaneously,
we performed immunostaining using an antibody against
5mC combined with FISH. Pachytene chromosomes
were used for immunostaining to achieve higher resolu-
tion enabling the detection of the long-range distribution
of DNA methylation with respect to pEV arrays. The cen-
tromeric heterochromatin can be identified as brightly
DAPI-stained region in each chromosome (fig. 3B, D).
The centromeres of selected chromosomes are exemplar-
ily indicated by arrows in figure 3B-D. Notably, the B.
procumbens centromeres show little staining with 5mC
antibody compared to adjacent chromosomal regions,
demonstrating that the centromeres are characterized by
only low levels of cytosine methylation (blue fluorescence
in fig. 3F). The intercalary heterochromatin is identifiable
by bright DAPI staining (of smaller size than centromer-
ic heterochromatin) and slightly increased levels of cyto-
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sine methylation compared to the centromeric hetero-
chromatin (fig. 3D, F).

However, after digital enlargement, it becomes obvi-
ous that the pEV arrays in centromeric and intercalary
heterochromatin show similar levels of methylation
(fig. 3G-M). In the centromeric pEV clusters (arrows in
tig. 31), the red pEV signals can be clearly distinguished
from green 5mC signals, hence demonstrating little cyto-
sine methylation. Overlapping signals would be visible as
yellow areas showing strong cytosine methylation. Like-
wise, in intercalary arrays (arrowheads in fig. 3I), the
sparsely overlapping signals of pEV (red) and 5mC
(green) indicate low cytosine methylation of the corre-
sponding satellite arrays.

Despite the advantages of immunostaining in the
chromosome-wide investigation of the cytosine methyla-
tion of pEV arrays, this technique does not allow the iden-
tification and characterization of methylation levels at a
resolution of single nucleotides. Therefore, we performed
bisulfite sequencing of pEV sequences for strand-specific
analysis of the cytosine methylation level at CG, CHG
(H = A, C, T) and CHH sites. The efficiency of bisulfite
conversion was controlled and accounts for 99.5%, hence
validating experimental conditions (online suppl. ta-
ble 2). The pEV satellite displays high levels of methyla-
tion at symmetric CG sites on both DNA strands (fig. 4).
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Fig. 3. FISH and immunostaining on mitotic prophase (A-C) and
meiotic pachytene chromosomes (D-M) of sugar beet (A) and B.
procumbens (B-M). Chromosomes are stained with DAPI (blue).
Heterochromatic regions are visible as strong DAPI signals (e.g. B,
D, H). Hybridization with representative probes of the pEV satellite
(red) originating from sugar beet (A) and B. procumbens (C-M)
visualizes pEV arrays in heterochromatin of intercalary regions of
sugar beet (A), and in centromeric and intercalary regions of B.
procumbens (C). C Two centromeric pEV arrays are indicated by
arrows. D-G The same pachytene chromosomes of B. procumbens
after DAPI staining (D), FISH with pEV satellite probe (E), immu-
nolocalization of 5mC (F) and superposition of FISH and immu-
nostaining pictures (G). D Exemplarily, 3 centromeres are indi-

The level of CG methylation varies between 46 and 100%.
Similarly strong methylation is detectable for the CHG
site, which varies between 43 and 79%. Remarkably low
is the asymmetric CHH methylation varying between 0
and 35% (fig. 4). On average, 75% of cytosines are meth-
ylated at CG sites and 61% at CHG sites. In contrast, only
9% of cytosines are methylated at the CHH sites. Taking

DNA Methylation in Beta procumbens

cated by arrows. E pEV arrays (red) are localized in centromeric
and intercalary regions. F The large heterochromatic blocks show
less methylation signals and hence appear blue. G pEV arrays show
low levels of cytosine methylation. H-M Digital enlargement of the
region framed in G. H The 2 centromeres are visible as brightly
DAPI-stained regions. | pEV arrays are localized in the 2 centro-
meres (arrows) and in 2 intercalary regions (arrowheads). J Only
pEV arrays are shown. K The 2 centromeres show low levels of
5mC. L pEV signals are distributed in low-methylated chromo-
somal regions visible as reduced overlapping of green and red sig-
nals. M The reduced number of green signals demonstrates low
methylation of centromeric regions. Bars = 5 pm.

into account that a cytosine mostly occurs in the CHH
motif, followed by CG and CHG, the overall methylation
of pEV islow. In total, 36% of all cytosines are methylated
inapEV monomer of B. procumbens (fig. 4). We observed
no differences in the methylation at CG, CHG and CHH
sites between both DNA strands.
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Fig. 4. Illustration of cytosine sites and their average methylation in the pEV monomer in B. procumbens. The
x-axis indicates conserved cytosine positions, the corresponding cytosine sites (CG, CHG, CHH) and the bisulfite
sequence depth. The y-axis shows the frequency of methylated cytosines.
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Fig. 5. Dependence of global cytosine methylation of satellite DNA on frequency of CG, CHG and CHH sites.
A The frequency of CG, CHG and CHH and all cytosine sites scaled on a 100-bp window is displayed for the
B. procumbens pEV subfamily (pEV-Bp), the sugar beet pEV subfamily (pEV-Bv) and the sugar beet pBV satel-
lite (pBV-Bv). B The level of methylation at CG, CHG, CHH and all cytosines sites is indicated for each of the 3
satellites.
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Discussion

In this study, we investigated the diversity and cytosine
methylation of the satellite family pEV. By analyzing ge-
nome assemblies and large-scale NGS datasets of repre-
sentative species of the genus Beta, we found that pEV is
present in all investigated species, which suggests its ori-
gin before the radiation of species in the genus Beta. This
is also demonstrated by the occurrence of pEV as a mod-
erately repetitive and highly diverged repeat in C. quinoa.
Because the split of the Betoideae and Chenopodioideae
was estimated 52.7 MYA [Kadereit et al., 2012], we spec-
ulate that the pEV satellite might be older than 50-60 mil-
lion years, characterizing pEV as an ancient satellite fam-
ily that occurs in species of Betoideae and Chenopodioi-
deae. In Anemone blanda, the age of a satellite DNA
family was estimated to be 27 million years [Hagemann
et al., 1993] suggesting that satellite families in plant ge-
nomes are already present for millions of years.

The large abundance of pEV in the sections Beta and
Procumbentes indicates a massive amplification of pEV.
Most likely, pEV has occurred as low abundant or even
unique precursor sequence in the ancestors of the Betoi-
deae and Chenopodioideae, and amplification took place
to a large extent during the evolution of the genus Beta.
Subsequently, pEV copies might have been vastly re-
moved by recombination events in species of the sections
Nanae and Corollinae, while highly abundant pEV sub-
families evolved in the sections Procumbentes and Beta.
However, it is more likely that in the sections Beta and
Procumbentes a massive amplification of pEV occurred
independently from each other after the radiation of each
section.

The pEV satellite occurs as diverged subfamilies in
species of the genus Beta and in C. quinoa, which is con-
sistent with the observed turnover of satellite families and
the formation of species-specific subfamilies in closely re-
lated species. This might be explained when taking into
account the different copy numbers of pEV in the ana-
lyzed genomes. The lower the copy number of a satellite,
the less homogenization takes place which inhibits the
formation of a species-specific satellite family [Hemleben
et al.,, 2007] as can be seen in B. lomatogona, B. nana and
C. quinoa. However, when the copy number strongly in-
creases, fast homogenization might occur, and a species-
specific and homogenized satellite family may evolve
[Koukalova et al., 2010]. Because pEV is highly abundant
in species of the sections Beta and Procumbentes, the spe-
cies-specific pEV subfamilies contain highly similar and
homogenized pEV copies which might have been gener-
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ated by rolling circle amplification [Cohen et al., 2008,
2010; Navratilovd et al., 2008; Cohen and Segal, 2009].

The B. procumbens-specific pEV subfamily is distrib-
uted in the centromeric regions of 10 chromosomes. For
centromeres, it was shown that satellite DNA is a se-
quence platform for the binding of CENH3, the centro-
meric variant of histone H3 which is essential for the es-
tablishment of the kinetochore. Moreover, modification
of satellite DNAs on the level of DNA sequence and chro-
matin contributes to the epigenetic identity of the centro-
mere [Nagaki et al., 2003, 2004; Lamb et al., 2007; Plohl et
al., 2008]. This might point to the importance of the cy-
tosine methylation of the B. procumbens centromeric
pEV arrays in the epigenetic characterization of the cen-
tromere. Together with the centromeric satellites pTS4
and pTS5 [Schmidt and Heslop-Harrison, 1996], and the
centromeric gypsy-like retrotransposons Beetlel and Bee-
tle2 [Weber and Schmidt, 2009], the pEV satellite might
be involved in the recruitment of CENH3.

In addition to the centromeric pEV clusters, the inter-
calary pEV arrays might participate in the regulation of
heterochromatin by cytosine methylation [Pikaard et al.,
2013]. In sugar beet, the cytosine methylation of pEV and
of the centromeric pBV satellite has been investigated us-
ing immunostaining experiments [Zakrzewski et al.,
2011], and for both satellites low levels of cytosine meth-
ylation compared to adjacent regions were detected.
However, pBV arrays show lower levels than pEV dem-
onstrating hypomethylation of sugar beet centromeres.
Similarly, the B. procumbens centromere is characterized
by reduced levels of cytosine methylation as it has also
been observed in Arabidopsis and jute [Lister et al., 2008;
Zhang et al., 2008; Begum et al., 2013], which might indi-
cate that low levels of cytosine methylation are typical for
plant centromeres. The intercalary pEV arrays are simi-
larly low-methylated as centromeric pEV arrays in B. pro-
cumbens. A low methylation of satellites has been also
detected for individual satellite families in Arabidopsis,
rice, maize, sugar beet, Pennisetum glaucum and jute by
immunostaining [Kamm et al., 1994; Zhang et al., 2008;
Yan et al.,, 2010; Zakrzewski et al., 2011; Begum et al,,
2013], demonstrating that satellite DNAs are not neces-
sarily heavily methylated in plant genomes.

The low cytosine methylation might be the result of
deamination of 5mC which is the most common nucleo-
tide mutation and might lead to higher AT contents
[Hendrich et al., 1999]. Another explanation might be a
potential site-preference for cytosine methylation at sat-
ellite repeats. Using bisulfite sequencing, high levels of
methylation were detected for the rarely occurring sym-
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metric CG and CHG sites in the B. procumbens pEV sub-
family in contrast to low levels of methylation of cytosines
at frequent CHH sites. Therefore, methylation of cyto-
sines in satellites is established in dependence on the se-
quence context and hence strongly influences the total
methylation level of the corresponding arrays [Zakr-
zewski et al., 2014].

We compared the frequency of CG, CHG and CHH
sites (online suppl. table 1) and the level of the site-spe-
cific methylation between the sugar beet pEV subfamily,
the pBV satellite in sugar beet and the B. procumbens pEV
subfamily. Interestingly, we found that the site-specific
methylation levels increase the lower the total frequency
of cytosines is (fig. 5; see pBV-Bv), and the strongest effect
is observable for CHH sites. For example, the frequency
of CG and CHG sites in pBV is much lower than in the
pEV subfamilies while the CHH frequency is similar
(fig. 5A). A consequence might be that the CHH meth-
ylation is elevated in pBV and also CG and CHG meth-
ylation is slightly increased hence leading to similar levels
of methylation compared to the pEV arrays in B. procum-
bens (tig. 5B; see total cytosines of pEV-Bp and pBV-Bv).
Therefore, we assume that higher CHH methylation
might compensate reduced frequency of CG and CHG
sites as has been also discussed for dispersed satellite fam-
ilies in sugar beet [Zakrzewski et al., 2014]. However, the
intercalary pEV arrays in sugar beet show slightly elevat-
ed levels of methylation compared to pEV arrays in B.
procumbens while both subfamilies share similar fre-
quencies of CG, CHG and CHH sites. These differences
might depend on the chromosomal localization because
the sugar beet pEV subfamily is localized only in interca-
lary regions while the B. procumbens pEV also occurs in
centromeres of many chromosomes. In accordance with
the major satellites, smaller satellite families which are
dispersed on chromosomes in sugar beet are character-
ized by low CHH methylation and high levels of meth-
ylation at CG and CHG sites [Zakrzewski et al., 2014].

Asymmetric CHH sites are more frequent than CG
and CHG sites in the pEV subfamily of B. procumbens.
Nevertheless, the CG and CHG methylation might be suf-
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ficient for the maintenance of heterochromatin because
CHG methylation induces KRYPTONITE, a histone H3
methyltransferase, which methylates histone H3 at posi-
tion lysine 9 (H3K9me2). H3K9me?2 is a strong marker
for heterochromatin and, in turn, H3K9me2 stimulates
the CMT3 DNA methyltransferase to methylate cytosines
in the CHG motif, hence inducing the maintenance of
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involved in the maintenance of the intercalary and the
centromeric heterochromatin of B. procumbens by its CG
and CHG methylation. Furthermore, this most likely
demonstrates that even low frequencies of CG and CHG
sites in satellites are sufficient for heterochromatization.
It has been shown that methylation at CHH sites in re-
petitive loci, such as tandem repeats, participates in the
regulation of genes in Arabidopsis and maize [Henderson
and Jacobsen, 2008; Gent et al., 2013]. However, because
pEV forms large arrays in intercalary and centromeric
heterochromatin showing most likely a reduced density
of genes, it is unlikely that pEV is involved in the regula-
tion of genes by its low level of CHH methylation.
Taken together, our results indicate that satellite DNA
might fulfill an essential function in the regulation and
maintenance of heterochromatin via its site-specific cyto-
sine methylation. The DNA methylation of satellite-rich
heterochromatin depends strongly on the level and fre-
quency of CG and CHG methylation of the underlying
highly abundant and homogenized satellite repeats.
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