
Introduction

Constitutive chromatin occurs in chromosomes of
Secale species. It occupies subtelomeric,
pericentromeric, and interstitial regions (Gill and
Kimber 1974; Bennett et al. 1977; Rogalska
1978). Heterochromatin is made up of tandemly
repeated, highly methylated sequences, and it does
not undergo structural changes in the course of the
cell cycle (Bedbrook et al. 1980; Vershinin et al.
1995). The process of RNAi-mediated
heterochromatinization in plants (Almeida and
Allshire 2005) is dynamic and manifests itself
through the development of new heterochromatin
regions. This process is accompanied by switching
off the genetic activity of the euchromatin region
(transcriptional repression). Heterochromatin for-

mation is inherited epigenetically in specific chro-
mosome regions (Martienssen and Moazed 2006).
Constitutive chromatin may be rich in mobile ge-
netic elements, which may “steal” other sequences
during transposition and together with them get in-
serted into a different place in the genome, or they
may accumulate there as elements deprived of the
transposase gene (Adams et al. 2000; Turner 2001;
Rogalska et al. 2007). One of the examples of this
dynamic heterochromatinization is the additional
heterochromatin band observed in S. vavilovii
Grossh. lines (Rogalska and Apolinarska 1998;
Rogalska et al. 2001; Rogalska et al. 2002) as well
as in a local population of rye (S. cereale L.) in Ja-
pan (Nagaki et al. 1999).

Chromosomes of the cultivated rye S. cereale

are characterized by the presence of large bands of
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constitutive heterochromatin in their subtelomeric

regions, and smaller bands in the centromeric re-

gions and interstitial sections, which vary in num-

ber and size between chromosomes (Appels et al.

1978; Bedbrook et al. 1980). Subtelomeric and in-

terstitial heterochromatin regions are made of

many known families of repetitive sequences spe-

cific for rye (120-bp, 480-bp, 610-bp, 630-bp, and

350-bp repeats) (Bedbrook et al. 1980; Rogalska

1992). Studies of chromosomes from a S. vavilovii

line revealed the occurrence of an atypical

heterochromatin band only in some plants on

chromosomes 2R (Rogalska and Apolinarska

1998; Rogalska et al. 2001, 2002). According to

Nagaki et al. (1999), the extra band is made up of a

tandemly repeated motif, 1200 bp long, repeated

4000 times in the particular place and highly meth-

ylated. It turned out that heterochromatin of the

extra band was composed of the JNK repeat fam-

ily, whose sequences differed from the repeat fam-

ilies constituting the telomeric, centromeric, and

interstitial heterochromatin of rye (Nagaki et al.

1999). FISH analysis demonstrated that JNK1 se-

quences are dispersed on all rye chromosomes but

they were not recognized as heterochromatin

(Rogalska et al. 2007). The probe made up of the

JNK1 sequence hybridized prominently with the

band observed in chromosomes 2R of S. vavilovii

(Rogalska et al. 2001, 2002). It was obvious from

earlier observations of the S. vavilovii line that the

occurrence of bands on both 2R chromosomes was

accompanied by a decline in plant vigor and vital-

ity. That is why we attempted to investigate the

types of nucleotide sequences from which this

band was built. Mosaic-colored anthers and ker-

nels suggested that the additional band may appear

as a result of activity of mobile genetic elements.

First, by means of FISH with a fragment of

transposase gene as a probe, the presence of

transposons was investigated. Unfortunately,

these attempts failed and no hybridization signals

from the region of JNK1 heterochromatin in chro-

mosome 2R were obtained. However, poorly rec-

ognizable signals were observed in the

neighborhood of the band, while distinct signals

were recorded in regions of subtelomeric, intersti-

tial, and centromere heterochromatin (Achrem

et al. 2005). Here, we investigated the presence of

retrotransposons in the additional band. FISH

analysis was carried out employing the sequence

of reverse transcriptase for retrotransposons of

Ty1-copia and Ty3-gypsy families.

BLAST and CUSTAL W (1.82) programs

were used to analyze the similarity of the JNK1

motif to other sequences. Interestingly the JNK1

sequence showed high similarity to a fragment or

whole sequence of the Hordeum 5S rRNA gene.

5S rRNA genes from the genus Secale are orga-

nized in tandem sets with a repeat unit 460 and 480

bp long, located in chromosomes 1R and 5R. In

the region separating these units, polymorphism

occurs as a result of deletions and insertions,

which can also affect gene control regions (Reddy

and Appels 1989). In order to confirm that rRNA

genes are the components of the band, we per-

formed FISH with the Secale 5S rDNA sequence

as a probe.

Materials and methods

Plant material

The 5S rDNA gene and the reverse transcriptase

(RT) sequence for Ty1-copia and Ty3-gypsy

retrotransposons were localized in chromosomes

of inbred S. vavilovii lines 225¿.cz, 225cz. and 52,

originating from self-pollination of the plants in

which mosaic-colored anthers and kernels were

observed. The experiments were conducted on the

7th generation (F7) of inbred lines.

Chromosome preparations

Mitotic chromosomes were prepared from root

tips of germinated seeds. Roots were treated with

0.5% colchicine (Sigma) for 3 h and then fixed in

ethanol:acetic acid (3:1, 4°C) for 24 h, and stored

at 4°C in 70% ethanol. For chromosome prepara-

tions, fixed roots were rinsed in deionized water,

and root tips were next excised. They were soft-

ened in a water solution of 2% pectinase (from

Aspergillus niger, Sigma) for 2 h at 32°C, and then

rinsed in water. The slides were made from root

tips in a drop of 45% acetic acid. The cover slips

were removed on dry ice, and the specimen was

air-dried overnight.

DNA probes

The DNA probes were designed for the 5S rRNA

gene and for RT of Ty1-copia and Ty3-gypsy

retrotransposons. The probe for the 5S rRNA gene

of S. cereale was synthesized and labeled with bio-

tin at the Institute of Biochemistry and Biophysics

in Warsaw: 5’-biotin-GGA TCC GGT GCT TTA

GTG CTG GTA TGA TCG CAT CC-3’. Probes

for RT Ty1-copia and Ty3-gypsy were labeled

with biotin by PCR with primers: RT Ty1-copia
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5’-ACN GCN TTY YTN CAY GG-3’ and

5’-ARC ATR TCR TCN ACR TA-3’ (Flavell et

al. 1992), and Ty3-gypsy: 5’-MRN ATG TGY

GTN GAY TAY MG-3’ and 5’RCA YTT NSW

NAR YTT NGC G-3’ (Friesen et al. 2001).

DNA was isolated from S. cereale according to

the protocol described by Murray and Thompson

(1980). The reaction profile was as follows: pre-

liminary denaturation at 95oC for 5 min, 30 cycles

of denaturation at 94oC for 1 min, annealing at

39oC for 50 s, elongation at 72oC for 90 s, and final

elongation at 72oC for 7 min. The reaction volume

of 25 �L was composed of DNA (25 ng),

primer 1 (1 �M), primer 2 (1 �M), dATP

(0.2 mM), dGTP (0.2 mM), dCTP (0.2 mM),

dTTP (0.13 mM) (Fermentas), biotin-11-dUTP

(0.02 mM) (Fermentas), 1 × PCR buffer, and poly-

merase Taq Allegro (2U) (Novazym). The probes

were cleaned with GENE MATRIX PCR/DNA

Clean-Up kit (EURx). PCR reaction products

were separated in 2% agarose in TBE buffer. An

about 270-bp fragment was amplified with

Ty1-copia primers and an about 420-bp fragment

was amplified with Ty3-gypsy primers.

Fluorescence in situ hybridization

Preparations were incubated in DNase-free RNase

(10 µg mL–1) (Sigma) in 2 × SSC (0.03 M sodium

citrate, 0.3 M NaCl) for 1 h at 37°C. Then the

slides were washed twice in 2 × SSC for 5 min, in-

cubated in 0.006% pepsin (Sigma) for 15 min,

washed twice in 2 × SSC for 5 min, and dehy-

drated in a graded ethanol series (70%, 90%, and

99.8%). The probes were mixed separately to a fi-

nal concentration of 1 ng µL–1 with a hybridization

mixture composed of 50% formamide (Sigma),

10% dextran sulfate (Sigma), 0.1% sodium

dodecyl sulfate, 2 × SSC, and 0.3 g L–1 salmon

sperm DNA. The preparations and probe where

denatured at 83oC for 5 min, and hybridization was

carried out overnight at 37°C. Next, the chromo-

some preparations were subjected to a series of

washes. Posthybridization washes were done at

43°C for 5 min, and consisted of 3 washes in 30%

formamide in 1 × SSC, 3 washes in 2 × SSC, and a

wash in 4 × SSC with 0.2% Tween 20. For signal

detection, slides were treated with 5% BSA

(Sigma) for 30 min, incubated with avidin-FITC

(5 µg mL–1) (Sigma) and anti-avidin antibody

(5 µg mL–1) (Vector). Chromosomes were

counterstained with DAPI (1 µg mL–1) (Sigma) for

15 min. All slides were mounted in antifade solu-

tion (20 mM Tris HCl pH8.0, Sigma; 90% glyc-

erol, Sigma; 2.3% DABCO, Sigma). Slides were

analyzed in the epifluorescence microscope

ECLIPSE E600 (NIKON) using the Genus pro-

gram (Applied Imaging Int.). Hybridization sig-

nals were observed in about 20 metaphase plates

for each line.

BLASTN 2.2.18+ (obtained from NCBI, USA)

(Altschul et al. 1997) and CLUSTAL W (1.82)

multiple sequence alignment (Thompson et al.

1994) algorithms were used to compare the se-

quences.

Results

As a result of in situ hybridization with a probe

containing RT of Ty1-copia, we observed dis-

persed signals along all chromosomes, with the

exception of areas in which telomere

heterochromatin usually occurs or the region oc-

cupied by the additional heterochromatin band on

the long arm of chromosomes 2R (Figure 1). DAPI

staining was used to visualize the additional band,

and it was distinctly visible in chromosomes 2R

(Figure 2). After hybridization with the RT

Ty3-gypsy probe, the signals were observed in

centromeric and pericentromeric regions of all

chromosomes, but were not noticed in the addi-

tional heterochromatin (Figure 3). The hybridiza-

tion with the 5S rDNA probe revealed

hybridization signals both in the area of the addi-

tional band (Figure 4) and in chromosomes 1RS

and 5RS.
The analysis of the JNK1 sequence by means

of BLAST and CUSTAL W programs, revealed
that JNK1 shows a high level of sequence similar-
ity with a fragment or the entire 5S rDNA se-
quence of 17 species of the genus Hordeum.
Depending on species, the similarity ranged from
68% to 97%. The greatest similarity was found
when the JNK1 fragment was compared to the 5S
rDNA sequence from H. chilense (88%) (Table 1
and Figure 5) and to a part of the 5S rDNA se-
quence from H. marinum (97%). JNK1 also shares
considerable similarity with a fragment of Angela
retrotransposon (92%), SNAC 426K20-1
transposon of Triticum monococcum (89%), as
well as with a fragment of pericentromeric se-
quences of Zingeria biebersteiniana (78%) (Ta-
ble 1).

Discussion

The performed BLAST analysis of the JNK1 se-

quence making up the heterochromatin band in
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chromosomes 2RL in S. vavilovii showed that

JNK1 shares high sequence similarity with the

fragment of the 5S rRNA gene sequence, Angela

retrotransposon and SNAC mobile elements of

Triticum monococcum, and pericentromeric se-

quences of Zingeria biebersteiniana.
Numerous literature data indicate that

heterochromatin is made up of many mobile ele-
ments and other types of DNA nucleotide se-

quences repeats (Dimitri and Junacovic 1999; Ad-
ams et al. 2000; Bennetzen 2000), as exemplified
by A. thaliana, in which different types of
heterochromatin were made up of long tandem re-
peats sets broken up by inserts of mobile elements.
Pericentric heterochromatin is particularly rich in
transposons (Bennetzen 2000). It appears that the
structure of heterochromatin in the additional
JNK1 band can be similar to the heterochromatin
structure in Arabidopsis. In Arabidopsis, certain
sequence motifs contain a defective 5S rRNA
gene, which was methylated and underwent
heterochromatinization (Tessadori et al. 2007).
Similarly to other eukaryotes, in rye the 5S rRNA
genes occur in hundreds and thousands copies of
tandem repeats, which form sets (Rogers and
Bendich 1987). Each coding unit is made up of a
120-bp highly conservative gene region and an
untranscribed intergene region. The length of this
region varies from species to species. Moreover,
transcriptionally inactive pseudogenes also occur
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Figure 1. Hybridization with the RT Ty1-copia probe on

chromosomes of Secale vavilovii (line 52). The signals

appear at intervals along the arms except telomeric

heterochromatin and an extra heterochromatin band

marked with an arrow.

Figure 2. Chromosomes of Secale vavilovii (line 52),

DAPI stained; an extra heterochromatin band marked with

an arrow.

Figure 3. Mitosis in Secale vavilovii (line 225z.cz.), FISH

with RT Ty3-gypsy probe; an extra heterochromatin band

marked with an arrow.

Figure 4. Chromosome 2R of Secale vavilovii

(line 225z.cz.), FISH with 5S rRNA probe; hybridization

signals located in an extra heterochromatin band



in this gene family (Reddy and Appels 1989;
Shang et al. 2007). In A. thaliana and the African
clawed frog Xenopus laevis, only some of the 5S
rRNA genes are expressed. In X. laevis, there is a
developmental control of 5S rRNA expression,
and only one of 2 gene families is active in
oogenesis. In all organisms, epigenetic mecha-
nisms (e.g. chromatin structure modification) reg-
ulate the activity of 5S rRNA genes. In
Arabidopsis, 2 pathways of 5S rRNA gene silenc-
ing have been reported; the first one depends on
RNAi methylation, while the second one is
methylation-independent (Douet and Tourmente
2007). In the case of the band made up of JNK se-
quences, it can be presumed that its development
can be the result of activity of the former pathway,
additionally influencing the change in chromatin
structure. In plants, non-autonomous retro-
transposons called Cassandra were described,
which contain conservative 5S rRNA sequences
(Kalendar et al. 2008). However, the comparison
of the JNK1 sequence with Cassandra
retrotransposon sequences did not show similari-

ties. Moreover, no hybridization signals were ob-
served after hybridization with probes containing
RT of Ty1-copia and Ty3-gypsy retrotransposons
in the region of the heterochromatin band, al-
though numerous literature data indicate
heterochromatin as a site rich in retrotransposons
and transposons (Heslop-Harrison et al. 1997;
Fukui et al. 2001).

The BLAST analysis of JNK1 revealed some
similarity of this sequence to the fragment of
SNAC transposon from Triticum monococcum.
The SNAC transposon (small non-autonomous
CACTA) belongs to the CACTA family, which
can be found in many species, e.g. in A. thaliana as
CAC1 (Miura et al. 2001), in petunia as PsI
(Snowden and Napoli 1998), in carrot as Tdc1
(Ozeki et al. 1997), in Antirrhinum majus as
Tam-1 (Nacken et al. 1991), and in sorghum as
Candystripe 1 (Chopra et al. 1999). All CACTA
elements are characterized by short, terminal in-
verted repeats (TIRs), 10-28 bp long, ending with
the CACTA motif recognized by a transposase
(Lewin 1997; Lee et al. 2005). Many subfamilies
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Table 1. Comparison of the JNK1 sequence from Secale vavilovii with other DNA nucleotide sequences of plants

(accession numbers from the GenBank, NCBI)

Accession
number

Description Common region Total
score

Query
coverage
(%)

Max. identity
(%)

JNK1 subject

AY485644 Triticum monococcum, Angela
retrotransposons

+
861–1089

+
123591–123818

30.1 2 92

AY146588 T. monococcum, SNAC 426K20-1 transposon +
861–1091

–
46881–46652

295 19 89

AF027595.1 Hordeum marinum, clone HMAR003, 5S
rRNA gene, partial sequence

+
858–1091

–
118–351

300 19 97

AY544251.1
H. chilense, clone HCHI016, 5S rRNA gene,
complete sequence

+
858–1091

–
89–322

295 19 88

AJ304458.1
Zingeria biebersteiniana clone Zb23, satellite
DNA, centromere-specific tandem repeat

+
945–1044

+
88–186

78.8 8 78

Figure 5. Comparison of the JNK1sequence from Secale cereale and 5S rDNA of Hordeum chilense (plus/minus strand)



were identified in this family, such as: Caspar,
Mandrake, Isaac, Baldwin, Jorge, Enac, and Tat-1
(Lee et al. 2005). A majority of CACTA elements
are non-autonomous, because they carry the muta-
tion in the gene encoding the transposase protein.
A similar situation is in the case of the SNAC
426K20-1 transposon described in Triticum
monococcum (Feuillet et al. 2001), which shows
similarity to the fragment of the JNK1 sequence.
This explains the absence of hybridization signals
of the transposase probe in the region of the exam-
ined heterochromatin in our earlier studies on the
occurrence of transposons in S. cereale and
S. vavilovii (Achrem et al. 2005) chromosomes.
Some CACTA transposons, in the course of evolu-
tion, have contracted to TIR regions separated by a
small internal domain, as in the case with SNAC
transposons. In rice, the SNAC_AP003446-1
transposon was recognized, which is made up ex-
clusively of terminal inverted repeats (TIRs). It
was described as a “minimum transposon”
(Wicker et al. 2003). Another three SNAC ele-
ments from the Caspar family exhibited high sim-
ilarity (75–81%) to the fragment of the 5S rRNA
gene in T. monococcum. It is believed that in the
course of evolution, sequences of this gene were
acquired by the CACTA element, which resulted
in changes in the genome structure favorable to the
plant (Wicker et al. 2003).

Similarity of the JNK1 sequence to
pericentromeric sequences in Zingeria
biebersteiniana is surprising. Preferential accu-
mulation of the copia-type retrotransposons was
observed in this grass in pericentromeric regions
of heterochromatin in 4 chromosomes. In addi-
tion, the Zb30 sequence from this region exhibits
up to 87% similarity to the 5R rRNA sequence in
H. flexuosum (Saunders and Houben 2001). This
fact supports our results, in which sequences from
Zingeria exhibit similarity to the JNK1 sequence
(72%, Table 1). Therefore, it can be concluded
that similar sequential motifs can occur in
genomes of different species in the grass family
(Poaceae).

The origin of heterochromatin, especially the
non-transposon sequences, is poorly understood.
Short, simple repetitive sequence motifs are be-
lieved to compose the higher-order sequence ar-
rangement of typical heterochromatic DNA
(Hancock 1996). Therefore, heterochromatin orig-
inates from sequences that spread heterochromatic
behavior by expanding tandem duplications (Redi
et al. 2001). Replication slippage, unequal cross-
ing over, and rolling-circle amplification are
among the proposed mechanisms of tan-
dem-repeat amplification (Dover 1986; Flavell

1986; Strand et al. 1993). However, the
association of transposable elements with hetero-
chromatin has already been described in detail
(Csink and Henikoff 1998; Bennetzen 2000). It
can be assumed that in the region of the additional
heterochromatin band in chromosomes 2RL, de-
fective sequences of the 5R rRNA gene acquired
by transposons or retrotransposons can be accu-
mulated. Pack-MULEs are an example of
transposons that acquire genes. In the rice genome
there are over 3000 Pack-MULEs, which contain
motifs originating from about 1000 cell genes.
Pack-MULEs very often contain parts of chromo-
somal loci, which form new open reading frames
(ORFs). The comparison of cell genes with their
Pack-MULE counterparts indicates that parts of
the genomic DNA were acquired, rearranged, and
amplified during about a million years. The stud-
ies of sequences acquired by Pack-MULEs
showed that they are genes normally engaged in
metabolism, transcription, or cell defense. Con-
sidering the quantity of rice Pack-MULEs and
their widespread distribution in plant genomes, the
acquisition of gene fragments by Pack-MULEs
can represent a new, very important mechanism of
gene evolution in higher plants (Jiang et al. 2004;
Morgante et al. 2005). The JNK1 sequence is char-
acterized by DNA hypermethylation (Nagaki et al.
1999) and, as it is commonly known, DNA
methylation is, among others, a defense mecha-
nism of the genome against invasion of mobile ge-
netic elements causing their genetic inactivity.

Our results suggest that the additional band in

the chromosomes 2R of S. vavilovii is a collection

of defective genes and mobile genetic elements. It

is likely that, in this way, erroneously functioning

sequences or those harmful for the organism were

silenced. It is also possible that mutations pre-

cluded correct functioning of the 5S rDNA gene,

and these sequences were incorporated into the

JNK1 sequences. In addition, plants that had the

heterochromatin band made up of the JNK1 se-

quence were not very viable and fertile (Rogalska

et al. 2002, 2007). It is also conceivable that accu-

mulation of certain defective sequences and their

heterochromatization indicates “marking off” of

plants for their removal from the population.
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