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Abstract B chromosomes (Bs) are dispensable compo-
nents of the genomes of numerous species. To test whether
the transcriptome of a host is influenced by Bs, we looked
for differences in expression in response to additional Bs.
Comparative complementary DNA amplified fragment
length polymorphism experiments resulted in the identifi-
cation of 16 putative B-chromosome-associated transcripts.
This comprises 0.7% of the total transcript number and
indicates a low activity of Bs. We also provide evidence
that B chromosome influences in trans the transcription of
A chromosome sequences. The B-specific transcribed
sequences B1334, B8149, and B2465 belong to high-copy
families with similarity to mobile elements. For all analyzed
B-chromosome-derived transcripts, similar A chromosome-
encoded sequences were found which supports an
A-derived origin of rye B chromosomes.

Introduction

B chromosomes (Bs) are dispensable components of the
genomes of numerous plant and animal species. They do

not pair with any of the standard A chromosomes (As) at
meiosis and have irregular modes of inheritance. As they
are dispensable for normal growth, Bs were considered
nonfunctional and without any essential genes (reviewed in
Jones and Rees 1982; Camacho et al. 2000; Jones and
Houben 2003; Jones et al. 2008b). In low numbers, Bs
show little or no impact on the hosts. However, increased
numbers of Bs might cause phenotypic differences and
reduced fertility (reviewed in Jones 1995; Jenkins and
Jones 2004; Jones et al. 2008a).

Although the transcriptional activity of Bs has long
been of interest, only a few detailed studies have been
conducted on this property. Experiments on the tran-
scription behavior of animal Bs support the idea that Bs
are genetically inert or weakly active. Autoradiographic
studies of tritiated uridine incorporated into spermato-
cytes of the mouse Apodemus peninsulae (Ishak et al.
1991) and the grasshoppers Myrmeleotettix maculatus and
Chorthippus parallelus (Fox et al. 1974) indicated very
little or no transcription of Bs. Indirect evidence for some
transcription of Bs in the frog Leiopelma hochstetteri
(Green 1988) and the fly Simulium juxtacrenobium
(Brockhouse et al. 1989) is based on the observation that
meiotic Bs form lampbrush structures. More recently,
differential display reverse-transcription polymerase chain
reactions (RT-PCR) were performed to compare gene
expression profiles of mice (Apodemus flavicollis) with
and without Bs (Tanic et al. 2005). Three complementary
DNA (cDNA) fragments were additionally expressed in
mice with Bs compared with animals without Bs,
suggesting that the activity of some genes can be directly
or indirectly associated with Bs. In canids, the proto-
oncogene C-KIT has been mapped to B chromosomes
(Graphodatsky et al. 2005), raising the question about its
functional significance and activity.
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Indirect evidence for transcriptional activity of plant Bs
results from comparative analysis of esterase isozyme
activity in organisms with and without Bs, for example in
Scilla autumnalis (Ruiz-Rejon et al. 1980) and rye (Bang
and Choi 1990). In B-positive plants, additional bands were
detected by protein electrophoresis. However, in both cases,
it is unclear whether the additional bands were caused by a
B chromosome gene or whether Bs influenced the
transcription behavior of an A-located gene. For grass-
hoppers, for instance, evidence exists that Bs can alter the
expression activity of A-located ribosomal DNA (rDNA)
genes (Cabrero et al. 1987; Teruel et al. 2007).

Except for the B-located 45S ribosomal RNA (rRNA)
gene of Crepis capillaris, in which one of two B-specific
members of the rRNA gene family were weakly tran-
scribed (Leach et al. 2005), there was no direct molecular
evidence for transcription of B chromosome genes in
plants until the transcriptional activity of B-specific
repetitive sequences has been demonstrated. In maize, a
retrotransposon-derived high-copy element (Lamb et al.
2007) and, in rye, two repeat families, clustered at the long
B chromosome arm, are transcriptionally active in a
tissue-specific manner (Carchilan et al. 2007). The
function of these B transcripts and the mechanism of
transcription of B repeats are unknown at present. It has
been hypothesized that these transcripts could have a
structural function in the organization and regulation of Bs
(Carchilan et al. 2007; Han et al. 2007).

In order to test whether the transcriptome of a host is
influenced by Bs, we looked for differences in expression
resulting from additional Bs and searched for transcriptionally
active rye Bs sequences. Comparative cDNA-amplified
fragment length polymorphism (AFLP) identified rare B-
derived transcripts. Sequence similarity between A and B
chromosome-derived transcripts supports the hypothesis that
the rye Bs originated from As of the same species. Our
analysis also provides evidence that Bs might influence the
transcription of A-located sequences.

Material and methods

Plant material and plant cultivation

Plants with and without Bs from three different inbred lines
of rye (Secale cereale L.), 7415, P12, and 2677 (Jimenez et
al. 1994; Ortiz et al. 1996), and from hexaploid wheat cv.
Lindström with and without introgressed rye Bs (Lindström
1965) were grown at the same temperature, humidity, and
light conditions (16-h light, 22ºC day/16ºC night). The Bs
of each line are from the same origin (Jimenez et al. 1994).
Each plant was checked by chromosome counting, South-
ern hybridization using a B-specific probe, and PCR using

primers specific for the B-specific repeat E3900 (Sandery
et al. 1990).

DNA and RNA isolation

DNA was extracted according to Souza (2006) and total
RNA was isolated from roots, leaves, and anthers using
the Trizol method (Chomczynski and Sacchi 1987).
Contaminating genomic DNA was digested with DNase
(Roche). Absence of genomic DNA contamination was
tested by PCR using E3900-specific primers (supplemen-
tary Table 1) on DNAse-treated RNA without reverse-
transcription reaction.

cDNA-AFLP analysis and DNA cloning

The cDNA-AFLP method was performed according to
Bachem et al. (1996, 1998) starting with PstI- and MseI-
digested cDNA (see supplementary “Material and methods”
for details). Briefly, the cDNA was synthesized starting
with 1 µg of total RNA using the Super SMART cDNA
synthesis kit (Clontech). For each genotype, RNA was
pooled from at least eight plants. The restricted cDNA
fragments were ligated with PstI and MseI adapters
(supplementary Table 2). The ligated fragments were used
for PCR preamplification with primers MseI 00 and PstI 03
(supplementary Table 3). Diluted preamplified DNA was
used for final selective PCR amplification according to Vos
et al. (1995). MseI and PstI primers containing three
selective nucleotides at the 3′ end were used (supplemen-
tary Table 3). PCR products were separated in 5%
acrylamide gels using a sequencing gel electrophoresis
apparatus. Silver staining, performed according to Sangui-
netti et al. (1994) with slight modifications, was used to
visualize DNA fragments. Fragments of interest were
excised from the gel and DNAwas eluted and subsequently
reamplified using the same PCR conditions and primer
combinations as those used for selective amplification. PCR
products were checked by 1.2% Tris–acetate–ethylenedia-
minetetraacetic acid (EDTA) agarose gel electrophoresis,
cloned into pGEM-T Easy vector (Promega), and se-
quenced (for details, see supplementary “Material and
methods”).

Sequence analysis

DNA sequences were processed using the software
“Editseq” and aligned using “MegAlign” (Lasergene 6).
The following databases were used for sequence compar-
isons, Basic Local Alignment Search Tool (NCBI, http://
www.ncbi.nlm.nih.gov/BLAST/), TIGR (http://www.tigr.
org/tdb/e2k1/plant.repeats/), and GrainGene (http://wheat.
pw.usda.gov/GG2/blast.shtml).
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Reverse transcriptase PCR and Northern blot hybridization

Seventy-five nanograms of cDNA from leaves was used for
each RT-PCR reaction. Primers were designed specifically
for the candidate sequences (supplementary Table 1). The
PCR conditions were: 3 min 95ºC; 30 cycles: 30 s 95ºC, 30-s
annealing (temperatures are indicated in supplementary
Table 1), 2 min 72ºC. The products were separated on 1.2%
Tris–acetate–ethylenediaminetetraacetic acid agarose gels.

For Northern hybridization, 20-μg RNA from roots,
leaves, and anthers were blotted onto a Hybond-N+

membrane (GE Healthcare). Prehybridization and hybrid-
ization were done in Church buffer (7% sodium dodecyl
sulfate (SDS), 10 mM EDTA, 0.5 M phosphate buffer, pH
7.2) at 64°C. Equal loading of RNA samples after
spectrophotometric measurement was monitored by gel
electrophoresis and ethidium bromide staining. The probes
were labeled using HexaLabel™ DNA Labeling Kit
(Fermentas). After overnight hybridization, the mem-
branes were washed twice in 40 mM phosphate buffer
(pH 7.0) containing 1% SDS and 2 mM EDTA at 65°C.
Radioactivity was visualized using either X-ray films or a
phosphoimager (Fuji).

Restriction digestion, gel electrophoresis of genomic DNA,
and Southern hybridization

Southern hybridization was performed according to
(Sambrook et al. 1989). Ten micrograms of genomic DNA
was restricted with the restriction enzymes: EcoRI, PstI,
DraI, or XbaI (Fermentas). The digested DNA was size-

fractionated by gel electrophoresis and Southern blotted.
Prehybridization, probe labeling, and hybridization were
performed as described for Northern hybridization.

Fluorescence in situ hybridization

The probes were labeled with biotin-16-dUTP or
digoxigenin-11-dUTP by nick translation. Preparation of
the chromosomes and subsequent in situ hybridization
were performed according to Houben et al. (2006). The
fluorescent signals were recorded by a cooled sensitive
charge-coupled device camera and pseudocolored using
Adobe Photoshop software.

Results

B chromosomes influence the transcription of rye weakly

To determine the general transcription activity of rye Bs,
comparative cDNA-AFLP analyses were done on three
different near isogenic rye 0B/+B lines namely: 7415, P 12,
and 2677, denoted 1, 2, and 3, respectively. These lines
were generated and described by Jimenez et al. (1994) and
Ortiz et al. (1996). Extraneous sources of transcription
variation were minimized by using pooled cDNA samples
of at least eight plants and identical growth conditions. The
size of amplified cDNA fragments ranged from 80 to 1,200
base pairs. Transcription profiles were compared between
plants with 2 Bs and without Bs for each individual line and
across the three different rye lines.

Table 1 Characterization of B-specific candidate transcripts

Name
of clones

Primer combination Similarity to published sequences Length of transcripts
and GenBank
numbers

B1334 S13 M34 and P81 M34
amplified the same sequence

Secale cereale Revolver cDNA mRNA for transposase, complete cds.
AB124645 (93.5%)

272 bp FJ796228

B8149 P81 M49 Triticum LINE element (55%), nonLTR retrotransposon, Triticum
aestivum cDNA CK215639, DR739424 (85%) cold treatment

571 bp FJ796229

B1553 S15 M53 Triticum aestivum, zeaxanthin epoxidase AF384103 (89.5%), Triticum
aestivum after different stress BG909303, CJ639347, BG905687,
CJ664007 (91%)

291 bp FJ796230

B1559 S15 M59 Triticum aestivum cDNA DY761155 (96%) abiotic stress, unknown
function

286 bp FJ796231

B2448 S24 M48 Triticum aestivum cDNA CD884985 (91%) unknown function 261 bp FJ796232

B2452 S24 M52 Triticum aestivum Mal-like protein mRNA AF538039 (87.8%) 280 bp FJ796233

B2453 S24 M53 Triticum aestivum cDNA DN829487 (97%) water logging-stressed
seedlings, BI750881 (96%) Fusarium graminearum sprayed,
Hordeum vulgare subsp. spontaneum cDNA AV938960 (97%)

630 bp FJ796234

B2465 S24 M65 Secale cereale clone L155-119.1 pSc119.1-1 repeat sequence.
EF165546 (95.8%)

1,444 bp FJ796235

Triticum monococcum gypsy-like retrotransposon AF326781 (89.5%)

B2565 S25 M65 Zea mays transposon-like sequence (59%) AF546187.1 242 bp FJ796236
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The uniform profile of the main transcripts among the
three different rye lines demonstrated that the cDNA
samples used for the AFLP analysis were comparable. As
shown in Fig. 1, the variability of transcripts due to the
presence or absence of Bs was lower than the variability
among the three inbred lines. For quantification, only
clearly visible DNA fragments were considered. For
example, 43 bands were counted for the primer combina-
tion 1334 (Fig. 1). PCR bands in all three inbred lines were
screened and additional bands present in +B or 0B material
were counted (supplementary Table 5). PCR products of
similar size to that of the negative control were omitted.

Sixty-three primer combinations (listed in supplementary
Tables 3 and 4) amplified around 2,286 clearly visible
bands per rye line. A total of 112 extra bands (4.9% of the
average number of bands per rye line) were found in +B
material from either 1, 2, or all 3 rye lines. However, only
16 of these bands (0.7% of the average number of bands
per rye line) of different intensity and size were consistently
found in all three lines. These 16 bands were considered as
putative B-derived transcript candidates. The extra bands
associated with Bs, which were detected in one or two rye
lines only, were not analyzed further. Since Bs might also
influence the transcription of the A chromosome comple-
ment, the number of additional bands in 0B material was
also determined. A total of 132 extra bands (5.8%) were
found in material without B chromosomes of 1, 2, or all 3
rye lines. However, only four 0B extra bands (0.18% of
average number of bands per rye line) were consistently

found in all three lines. Thus, our cDNA-AFLP data
suggest that B chromosomes are capable of weakly
influencing the transcription activity of the genome.

Some B transcripts are encoded by members of mobile
element families

Nine out of 16 +B extra bands, which were present in the +B
material of all three inbred rye lines were isolated and
sequenced (listed in Table 1). Four of the cloned B-
associated transcripts (B1334, B8149, B2465, and B2565)
were similar to different types of mobile elements. Frag-
ments B1553 and B2442 displayed high similarity with
zeaxanthin epoxidase and the Mal-like protein of Triticum
aestivum, respectively. The remaining B extra bands (B1559,
B2448, and B2453) were very similar to T. aestivum cDNA
sequences of unknown function.

We then analyzed the genomic organization, chromo-
somal position, and transcription of the mobile element-like
B-associated sequences (B1334, B8149, and B2465). As
the sequences of rye A and B chromosomes are highly
similar (Timmis et al. 1975), wheat–rye B chromosome
addition lines (Lindström 1965) with and without Bs were
included in this study.

Southern hybridization indicated that B1334 (suppl.
Fig. 1), B2465 (Fig. 2, suppl. Fig. 2) and B8149 (Fig. 3,
suppl. Fig. 3) sequences are members of high-copy
sequence families with multiple locations in the rye

Fig. 1 cDNA-AFLP fingerprint
obtained after separation of PCR
products amplified by primer
combination 1334. 1, 2, and 3
correspond to the different rye
inbred lines used without (0B) or
with Bs (+B). Positions of bands
unique to Bs are arrowed. Note
that adaptors and primers present
in the amplification reaction can
result in a number of unspecific
PCR products. Therefore, for
each restriction ligation and am-
plification step, negative controls
without template DNA were
included (lane k)

Fig. 2 Southern hybridization of rye probe B2465 with EcoRI-,
BamHI-, XbaI-, and DraI-digested genomic rye and wheat DNA from
plants with (+B) and without Bs (0B). 1, 2, and 3 are three different
rye inbred lines. W—Lindström wheat with (+B) and without Bs (0B).
Note identical hybridization patterns of 0B and +B rye and additional
bands in wheat plants with B chromosomes (arrowed)
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genome. The hybridization patterns of B1334 and B2465
with DNA of rye with and without Bs were similar. No
cross-hybridization of rye B1334 was detected with
genomic DNA of wheat. However, DNA of wheat plants
with additional rye Bs displayed hybridization patterns
resembling those of rye, although of lower hybridization
intensity (suppl. Fig. 1). Southern hybridization of B2465
revealed also cross-hybridization with 0B wheat and a few
extra bands were detected in DNA of wheat with Bs
restricted with BamHI (Fig. 2, arrowed). The hybridization
patterns of B8149 differed among the rye and wheat lines
regardless of the presence or absence of Bs (Fig. 3, suppl.
Fig. 3). Furthermore, a few additional bands were consis-
tently found in rye and wheat with Bs. The polymorphic
hybridization pattern suggests transcriptional activity of
B8149-like sequences in rye and wheat genomes.

Fluorescence in situ hybridization (FISH) analysis
revealed an almost uniform distribution of every candidate
sequence along all rye A and B chromosomes (Fig. 4).
Simultaneous in situ hybridization with the differentially
labeled B-specific high-copy probe D1100 (Blunden et al.
1993) confirmed the identification of Bs. Reduced cross-
hybridization of B1334 and B8149 was found in the
terminal heterochromatic regions of As and Bs. The
enhanced B1334-specific hybridization signals along Bs
suggest an accumulation of this mobile element-like
sequence in Bs. Hence, our Southern hybridization and
FISH data indicate that the B-derived transcripts B1334,

B2465, and B8149 are encoded by members of high-copy
families with similar sequence organization on rye A and B
chromosomes.

To confirm transcription activity and B specificity of the
candidate transcripts, RT-PCR and Northern analysis were
conducted. RT-PCR was done on rye and wheat plants with
2Bs and without Bs using primers that are complementary
to regions with the lowest level of similarity between
B1334, B8149, B2465, and the corresponding published
database sequences with high similarity (listed in supple-
mentary Table 1). RT-PCR using B8149- and B1334-
specific primers yielded in products of the expected size
from cDNA template obtained only from pooled material
with Bs of all three rye inbred lines (Fig. 5). The almost
equal amounts of PCR products suggest similar levels of B
chromosome transcription irrespective of the A chromo-
some genotype. Conversely, B1334 activity of Bs added to
wheat was significantly reduced compared with B8149.
Decreasing the PCR stringency resulted in the amplification
of 0B products as was the case in +B material. The
sequences of RT-PCR products resulting from 0B cDNA
closely resembled the PCR products of +B cDNA (98–
99%) but with some SNPs (Fig. 6, supplementary Fig. 4a,
b). Therefore, B1334- and B8149-like sequences located on
A chromosomes are transcriptionally active too.

PCR on genomic DNA was then done to test whether
B8149 and B1334 transcripts are encoded by Bs. B-specific
amplification was found for B8149 (Fig. 7), but, for B1334,
PCR products were observed in both 0B and +B material
(data not shown). This confirms that B1334-like sequences
are located on both types of chromosomes.

A rye genotype-dependent transcription behavior was
found for B2465. PCR products of expected size were
observed for +B cDNA of rye lines 1 and 3 as well as
Lindström wheat. However, PCR products were observed
in 0B material of rye line 1. Most notably, B2465 in rye line
2 was much more transcribed in 0B material than in +B
material. To verify the apparent downregulation of B2465
due to the presence of Bs, RT-PCR experiments were
conducted on leaf RNA isolated from single 0B and +B
plants of the same line. Results shown in Fig. 8 confirm
downregulation of B2465 transcripts in the presence of Bs.
Hence, at the transcript level, a crosstalk might exist in
trans between A and B chromosomes.

To further characterize the transcribed sequences, Northern
hybridization experiments were conducted on total RNA
isolated from roots, leaves, and anthers of 0B and +B plants of
rye line 1. The hybridization patterns of all three probes did
not differ between RNA isolated from plants with and without
Bs, suggesting that sequences similar to those isolated from
Bs are also transcribed from A chromosomes (Fig. 9). Probe
B1334 detected a continuum of transcripts ranging in size
from more than 6 kb to less than 0.2 kb in all types of

Fig. 3 Southern hybridization of probe B8149 with EcoRI- and
BamHI-digested genomic rye and wheat DNA from plants with (+B)
and without Bs (0B). 1, 2, and 3 are three different rye inbred lines.
W—Lindström wheat with (+B) and without Bs (0B). Note the
highly polymorphic pattern. Additional B-specific restriction bands
are arrowed
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tissues, although of highest intensity in anther tissue. B8149-
and B2465-like sequences showed highest transcriptional
activity in leaf tissue and almost no or weak activity in root
and anther tissue.

Discussion

In this study, the general transcription activity of Bs was
analyzed by comparative cDNA-AFLP of plants with and
without Bs from three isogenic rye lines. Rye is an
outbreeder and additional polymorphic transcripts coming
from genetically diverse As could be expected. Therefore,
three lines were employed to distinguish transcripts

associated with B chromosomes from those derived from
A chromosome polymorphism. Since rye Bs are mainly
composed of DNA sequences in common with those of the
As (Rimpau and Flavell 1975; Timmis et al. 1975) apart
from the terminal part of the long arm (Tsujimoto and Niwa
1992; Wilkes et al. 1995; Houben et al. 1996), the most
widely accepted view is that they are derived from the As.
The processes that gave rise to rye Bs during evolution
remain unclear. If rye Bs were derived from A chromo-
somes, a high degree of sequence similarity might also exist
between A- and B-encoded transcripts. Therefore, the
cDNA-AFLP method (Bachem et al. 1996), which allows
the discrimination of even single-nucleotide polymor-
phisms, was employed to characterize the transcriptome in

Fig. 4 Fluorescence in situ hy-
bridization of mitotic metaphase
cells of rye containing Bs
(arrowed) with the B-specific
repeat D1100 (in green) and
with the probes: B1334, B8149,
and B2465 (in red). The chro-
mosomes are counterstained
with DAPI (in blue). The insets
(in merge) show enlarged Bs
and the chromosomal position
of the D1100-positive region are
indicated by arrowheads. Note
very weak cross-hybridization
of B1334 and B8149 with the
D1100-positive region and
stronger hybridization signals of
B1334 along B chromosomes
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response to the additional B chromosomes and to determine
whether rye Bs have any transcriptionally active sequences.
The apparent conflict between the existence of B-specific
transcripts, which were identified by cDNA-AFLP, and the
cross-hybridization of these AFLP-derived sequences with
0B genomic DNA is because the hybridization methods did
not discriminate single-nucleotide differences between the
A- and B-derived sequences.

Using 63 primer combinations, 112 extra bands (4.9% of
the average number of bands per rye line) were found in
plants with Bs of either 1, 2, or all 3 rye lines. However,
only 16 B extra bands (0.7% of the average number of

bands per rye line) of different intensity were consistently
found in all three rye lines. Assuming that the transcriptome
of a 0B rye plant is equally derived from all seven A
chromosome pairs, each A chromosome type could encode
around 14% of the transcriptome. Not unexpectedly, this
number is much higher than the 0.7% of B-associated
transcripts and confirms a low transcription activity of B
chromosomes. However, due to the limited number of
primer combinations tested for AFLP and the likely high
sequence similarity of A- and B-derived transcripts, our
analysis might underestimate the number of B-encoded
transcripts. Furthermore, considering an A-derived origin of
rye Bs, the total activity of identical A- and B-located
sequences does not necessarily increase due to the presence
of extra Bs since many target loci on varied chromosomal
segments (like aneuploids) exhibit dosage compensation
(reviewed in Birchler et al. 2005).

The number of additional cDNA-AFLP bands in 0B
material was determined to test whether Bs can alter the
expression of A-localized sequences as previously sug-
gested (e.g., Ruiz-Rejon et al. 1980). A total of 132 extra
bands (5.8% of the average number of bands per rye line)
were found among plants without Bs, but only four of these
bands (0.18%) were common to all three of these lines. The

Fig. 7 Genomic PCR analysis of B8149 on DNA isolated from leaves
of the three rye inbred lines (1, 2, and 3) and Lindström wheat (W)
with (+B) and without Bs (0B)

Fig. 6 Alignment of a part of B1334-like sequences amplified from
cDNA of plants with (+B) and without (0B) B chromosomes. Single-
nucleotide polymorphisms are underlined. GenBank sequence

AF175285 shows the highest similarity. Sequences B1334-1–3 are
sequences obtained via cDNA-AFLP and sequences B1334-4–12 are
sequences obtained via RT-PCR

Fig. 5 RT-PCR analysis of B8149, B1334, and B2465 on RNA
isolated from leaves of the three rye inbred lines 1, 2, and 3 and
Lindström wheat (W) with (+B) and without Bs (0B). Note the faint
band in Lindström wheat with Bs (in B1334, arrowed). To confirm
that equal amounts of cDNA were present, RT-PCR was carried out
with primers specific for the elongation factor eEF1 alpha (EF alpha)
designed on a barley cDNA sequence with accession number Z50789
(Nielsen et al. 1997). Negative control using RNA of all samples
without an initial reverse-transcription step to demonstrate the absence
of genomic DNA contamination (no RT)
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retrotransposon-like element B2465 represents an example
in which transcription is downregulated in 0B plants in a
genotype-dependent manner. We suggest that Bs may result
in a variety of epigenetic effects, including the differential
regulation of A-localized transposable elements through
mechanisms such as homology-dependent RNA interfer-
ence pathways (Slotkin and Martienssen 2007). Since the
rye B most likely originated from the A chromosome
complement, it seems to be reasonable that the transcription
alterations of A-located sequences are caused by homology-
dependent mechanisms (Matzke et al. 2002), as has been
proposed for the remodeling of gene activity in newly
formed hybrids and allopolyploids (Comai 2005).

Another hypothesis for explaining how the Bs could be
exerting control on the rest of the genome is through their
effects on the spatial organization of the genome itself. Recent
work suggests that spatial positioning of genes and chromo-
somes can influence gene expression (Misteli 2007). Indeed,
Delgado and colleagues (1995, 2004) observed that in
interphase nuclei of rye, A chromosomal ribosomal DNA
displays a more compact distribution in cells with Bs
compared to cells without Bs. A more compact distribution
of rDNA sites suggests a lower level of rRNA gene activity.
A similar effect of an almost gene-deficient chromosome has
been demonstrated for Drosophila. Lemos et al. (2008)
demonstrated that the Y chromosome of Drosophila
melanogaster regulates the activity of hundreds of genes
located on other chromosomes.

Two out of nine candidates, B1553 and B2442, showed
DNA sequence similarity to known genes such as zeaxanthin
epoxidase and theMal-like protein (T. aestivum), respectively.
However, due to the very high level of sequence similarity of
A- and B-located sequences, we could not confirm B
specificity via Southern and Northern hybridization or RT-
PCR (data not shown).

The B-associated transcripts B1334, B8149, and B2465,
which revealed similarity with parts of mobile elements, are
present in high-copy numbers in the rye genome. However,
it is not known if transposition still occurs. For B2465 and
B8149, the transcript level was much lower and tissue-type
specific; probably, they are degenerated nonfunctional
mobile elements. Alternatively, transcription of B2465,
B1334, and B8149 could also be explained by a read
through of these sequences next to other active mobile
elements, as has been reported for the transcription of a
repeat family in Arabidopsis thaliana that is regulated by
a retrotransposon (May et al. 2005).

Fig. 9 Northern hybridization of probes a B1334, b B8149, and c B2465 with equal amounts of RNA isolated from roots (R), leaves (L), and
anthers (A) of rye with (+B) and without B chromosomes (0B)

Fig. 8 RT-PCR analysis of B2465 on leaf RNA isolated from single
plants of the rye inbred lines 2 with (+B) and without B chromosomes
(0B). As positive control, a RT-PCR was done with a B8149-specific
primer pair and with an EF1alpha-specific primer pair (EF alpha) to
demonstrate equal amounts of cDNA. Negative control using RNA of
all samples without an initial reverse-transcription step to demonstrate
the absence of genomic DNA contamination (no RT)
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The transcriptionally active sequence B1334 was similar to
the transposase region of the transposon-like gene “Revolver”
(Tomita et al. 2008). We confirmed the data of Tomita et al.
(2008) by identifying an unusually high transcription activity
of this element and high-copy number in rye with an almost
complete absence in 0B Lindström wheat. However, the
similarity of Southern hybridization patterns between 0B and
+B rye and wheat-carrying Bs suggests a similar organiza-
tion of B1334-like elements on As and Bs of rye. In contrast
to the data for B8149 and B2465, in situ hybridization
revealed an accumulation of B1334 signals on B chromo-
somes. Thus, an accumulation of “Revolver”-like elements
occurred on Bs. Indeed, a B-specific accumulation of mobile
elements has been reported previously for other organisms
such as Alburnus alburnus (Ziegler et al. 2003). The
accumulation of mobile elements on Bs can have functional
and evolutionary implications. Because Bs encode a low
number of genes, their accumulation does not interfere with the
normal life of the plant. Furthermore, a rapid accumulation of
repeats and transposons on a de novo formed B chromosome
could reduce its recombination ability with the A chromo-
some complement and, therefore, lead to a separate evolution
of the B chromosome (Camacho et al. 2000).

In summary, our data demonstrate that the B chromo-
somes in rye encode few transcriptional active sequences
and that the B chromosome also downregulates in trans the
activity of sequences located on A chromosomes in
genotype-dependent manner. Because all identified B tran-
scripts were similar to sequences located on A chromo-
somes, the Bs of rye should have originated from A
chromosomes of the same species as previously suggested
(Timmis et al. 1975, Tsujimoto and Niwa 1992; Wilkes et
al. 1995; Houben et al. 1996).
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