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B chromosomes (Bs) are dispensable components of the genomes of numerous species. In contrast with the prevalent view that
Bs do not harbor genes, our recent sequence analysis revealed that Bs of rye (Secale cereale) are rich in gene-derived sequences.
We compared these gene-like fragments of the rye B with their ancestral A-located counterparts and confirmed an A
chromosomal origin and the pseudogenization of B-located gene-like fragments. About 15% of the pseudogene-like fragments
on Bs are transcribed in a tissue-type and genotype-specific manner. In addition, B-located sequences can cause in trans down-
or upregulation of A chromosome-encoded genic fragments. Phenotypes and effects associated with the presence of Bs might
be explained by the activity of B-located pseudogenes. We propose a model for the evolution of B-located pseudogenes.

INTRODUCTION

Supernumerary B chromosomes (Bs) are optional additions to
the basic set of standard A chromosomes (As) and occur in all
eukaryotic groups. They differ from the As in inheritance, and the
fact that Bs are not required for the normal growth and de-
velopment of the host organism. Due to the dispensable nature
of Bs, they can be present or absent among individuals of the
same population in a species (Jones and Rees, 1982; reviewed
in Camacho et al., 2000 and Houben et al., 2011).

Although Bs are not essential, some phenotypic effects have
been reported. These effects are usually cumulative, depending
upon the number and not the presence or absence of Bs. In low
numbers, Bs have little if any influence on the phenotype, but in
high numbers they often have a negative influence on fitness
and fertility of the carrier organism (Jones and Rees, 1982;
Carlson, 2009; reviewed in Jones, 1995 and Bougourd and
Jones, 1997). Bs are not necessarily inert, although their mod-
erate effects suggest a lack of major functional genes. For in-
stance, under drought stress conditions, seeds carrying Bs had
an advantage over seeds not carrying Bs in germination in Al-
lium schoenoprasum (Holmes and Bougourd, 1991); in cichlid
fishes, Bs play a role in sex determination (Yoshida et al., 2011);
and in the fungus Nectria hematococca, Bs account for anti-
biotic resistance and pathogenicity (Coleman et al., 2009).
Besides the activity of B-located ribosomal genes (Leach
et al., 2005), transcription of only few protein encoding genes
has so far been associated with Bs (reviewed in Houben et al.,
2013).

Recent sequence characterization of the rye (Secale cereale)
B (Martis et al., 2012) provides a unique opportunity for the

' Address correspondence to houben@ipk-gatersleben.de.

The author responsible for distribution of materials integral to the findings
presented in this article in accordance with the policy described in
the Instructions for Authors (www.plantcell.org) is: Andreas Houben
(houben@ipk-gatersleben.de).

WOnline version contains Web-only data.

OPENArticles can be viewed online without a subscription.
www.plantcell.org/cgi/doi/10.1105/tpc.113.111856

analysis of the evolution and biology of this enigmatic genome
component. In contrast with the prevalent view that Bs do not
harbor genic sequences, sequencing of sorted As and Bs
showed that rye Bs are rich in gene-derived sequences. This
allowed us to trace their origin from fragments of As with the
largest portions corresponding to rye As 3R and 7R, along with
genic sequences derived from all other As (Martis et al., 2012).
Around 4000 homologous nonredundant genes were identified
after comparison of rye B-derived sequences to Brachypodium
distachyon. However, this analysis did not allow conclusions re-
garding the transcription activity of B-located genic sequences.

Here, we compare selected gene-like fragments of B with their
ancestral A-located counterparts. The transcription behavior of
B-located gene-like fragments was analyzed in different tissues
as well as in different accessions of cultivated rye (S. cereale
subsp cereale) and of the subspecies S. cereale subsp afghan-
icum and subsp segetale. Our data demonstrate that B con-
tributes to the transcriptome and affects in trans the activity of
A-located genes. Finally, we propose a model for the evolution
of B-located pseudogenes.

RESULTS

Confirmation and Chromosomal Allocation of B-Located
Gene-Like Fragments

For in-depth analysis, we selected 15 putative rye B-located
gene-like fragments with high similarity to genes of B. distachyon
and with a length between 513 and 1654 bp (see Supplemental
Table 1 online). First, the in silico predicted sequences were
confirmed by PCR with genomic DNA of rye and wheat (Triticum
aestivum) with (+B) and without Bs (0OB) as well as with DNA of flow-
sorted rye Bs (sB). The primers used in this analysis anchored in the
outermost flanking regions of gene-like fragments to generate the
longest amplicons (hereafter called genomic DNA [gDNA]-primers)
(Figure 1A; see Supplemental Table 2 and Supplemental Figure 1
online). Gene-like fragments 1 to 5 were B specific as there was no
amplification in rye and wheat without Bs. Fragments 6 to 15 were
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Figure 1. Confirmation of B-Located Gene-Like Fragments.

PCR performed using gDNA of rye and wheat with and without Bs and
sorted rye B (A) and two wheat-rye B addition lines carrying either short-
or long-arm iso-B chromosomes (B). Quality and equal quantity of DNA
for different genotypes was shown by ampilification using Bilby (a rye-
specific sequence) and GAPDH (wheat and rye specific) primer pairs.
Lengths of the expected amplicons are indicated.

amplified from rye +B, 0B, and sorted Bs, indicating that these B
sequences have counterparts in the As. Fragments 6 and 7 pro-
duced extra amplicons in rye +B only, likely due to B-specific size
polymorphisms. Only fragment 13 displayed an amplicon of ex-
pected size in wheat 0B. Fragment 14 revealed two rye amplicons
in OB and only one in +B, likely due to the preferential amplification
of the smaller fragment in +B only.

Next, wheat lines carrying isochromosomes of either the short
or the long B arm (Endo et al., 2008) were used to assign the B
arm encoding the fragments (Figure 1B). Eight gene-like frag-
ments (1, 2, 3, 5, 7, 8, 9, and 12) were encoded by the long and
five (4, 6, 10, 11, and 15) by both B arms. The location of frag-
ments at both chromosome arms suggests multiple copies of
the gene-like fragments. Alternatively, these fragments are en-
coded in the proximity of the centromere and both types of
isochromosomes share the same centromeric region. High se-
quence similarity to wheat did not allow chromosome arm
mapping of fragments 13 and 14.
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A multiple A-chromosomal origin of the B was confirmed by
PCR with DNA of the wheat-rye chromosome addition lines 1R-
7R (see Supplemental Figure 2A and Supplemental Table 2
online). For the fragments 8 and 10, products of expected size
were detected for the rye A pairs 1 and 7, respectively. For
fragments 7, 13, and 14, amplicons from several rye chromo-
some pairs were found. It is likely that the corresponding primers
aligned with regions conserved in different members of a gene
family that are located in different As of rye. The failure of am-
plification of expected size could be due to sequence poly-
morphisms because different rye genotypes were used for
sequencing of the B and for generation of the employed wheat-
rye addition lines.

To investigate the flanking sequences of a B-located gene-like
fragment and its A-chromosomal counterpart, the sequences of
fragment 12 and its A-chromosomal counterpart were extended
by genome walking. Fragment 12 was selected as an example
because of its rye-specific position, which enabled unambiguous
extension of B-located sequences by genome walking.

The A and B sequences were extended to 3637 and 1906 bp,
respectively (accession numbers KC623498 and KC623499,
respectively). In addition to general sequence similarity (see
Supplemental Figure 3 online), polymorphisms were observed,
including single nucleotide polymorphisms (SNPs) and in-
sertions or deletions in regions of high similarity. The 3’ side of
B-located sequences completely differs from A-located se-
quences. Furthermore, amplification of the region at the 5’ side
from sorted B failed, likely due to sequence differences in the
restriction site of the enzymes used for genome walking. The
BLAST analysis of the extended sequences on A and B did not
show any similarity with known repetitive sequences. To confirm
the result of genome walking, fluorescence in situ hybridization
(FISH) was performed using as probe the A-derived 3.637-bp-
long fragment. Distinct hybridization signals were found on Bs
and on one A pair in rye mitotic metaphase (Figure 2A) and
pachytene cells (Figure 2B). In agreement with the PCR mapping
result, fragment 12 is located on the B long arm (Figure 1B). The
presence of multiple signals on Bs suggests a secondary am-
plification of fragment 12.

Paralogous Gene-Like Fragments on As and Bs Show
Sequence Polymorphisms

To investigate the similarity between A- and B-located paralo-
gous sequences, sequence comparison was performed for the
fragments 6 to 15. Alignment between sequences derived from
rye 0B PCR fragments and the next-generation sequencing reads
of sorted Bs (accession numbers KC623167 to KC623536) re-
vealed for all fragments polymorphisms that were mainly due to
SNPs, insertions, and deletions. The similarity ranged from 81 to
99% (Figure 3A). In addition, the B-derived fragment 6 had a large
deletion of around 200 bp, and fragments 7 and 10 had large
insertions of 83 and 28 bp in length. Nevertheless, the general
exon-intron structure (see Supplemental Figure 1 online) remained
conserved between A and B sequences for fragments 7, 8, 13,
and 15. Hence, the B-located gene-like fragments could be
categorized as nonprocessed pseudogene-like fragments, since
an exon-intron structure and high sequence similarity still exists
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Figure 2. Chromosomal Locations of Gene-Like Fragment 12 by FISH.

Mitotic metaphase (A) and meiotic pachytene (B) cells of rye with Bs after single-copy FISH with labeled extended gene-like fragment 12 (in green).
FISH with the B-specific E3900 repeat (in blue) allowed the identification of Bs. Note multiple signals (arrow heads) of fragment 12 along the Bs in
pachytene chromosome. A-localized FISH signals are indicated by arrows. The inset shows further enlarged B. DAPI, 4',6-diamidino-2-phenylindole.

Bar = 10 pm.

between the duplicated genes and their corresponding parent
genes.

Pseudogene-Like Fragments on Bs from Different Rye
Accessions Are Largely Conserved

Due to the dispensable nature of B chromosomes, their se-
quences are less constrained by selection. Therefore, they are
prone to rapid sequence evolution via the Muller’s Ratchet
mechanism as proposed (Green, 1990). To address whether the
identified B-located pseudogene-like fragments diverged in Bs
of different geographical origins, we examined B-possessing
accessions of S. cereale subsp cereale collected from Turkey,
Iran, China, Korea, and Japan. In addition, we included two
accessions of the weedy rye with and without Bs (S. cereale
subsp afghanicum and subsp segetale from Afghanistan and
Pakistan, respectively). A monophyletic origin of Bs in the genus
Secale was previously suggested (Niwa and Sakamoto, 1995;
Marques et al., 2013).

The presence of the pseudogene-like fragments in different
rye accessions was tested by PCR with genomic DNA (Figure 4;
see Supplemental Table 2 and Supplemental Figure 1 online). All
B-specific fragments 1 to 5, identified in reference line 7415,
were found only in +B plants of most accessions. In addition,
a B-specific pattern was found in some accessions for frag-
ments 6, 7, 8, 12, and 15. Fragments 9, 10, 11, 13, and 14
occurred in +B and OB accessions, similar to the reference
genotype. A B-specific extra band was found in almost all ac-
cessions for fragments 6 and 7. For fragments 4 and 15 in few
accessions no amplification was found, likely due to sequence
differences within the primer region.

Assuming a weak selection pressure on Bs, gene erosion
could differ between Bs of different populations. To address
whether the pseudogene-like fragments on Bs from accessions
of different geographical regions diverged, we analyzed the
B-located sequences of fragments 2, 4, and 8 of different ac-
cessions (see Supplemental Figure 4 online). A- and B-located
sequences of fragment 8 formed chromosome-type-specific

clades. The A-located sequences showed an accession specific
pattern, while all B-located fragments displayed a random pat-
tern. Hence, the rye B-located fragments of different accessions
did not diverge into clear accession-specific clusters after
geographical spreading.

B-Located Pseudogene-Like Fragments Are Transcribed in
a Tissue- and Accession-Specific Manner

To evaluate the transcription activity of B-located pseudogene-
like fragments we designed primers (see Supplemental Table 3
online) for RT-PCR (hereafter cDNA-primers) with cDNA pre-
pared from different tissues of rye and wheat with and without B
chromosomes. As none of the genomic DNA (gDNA)-primers
were suitable for transcription analysis (see Supplemental Figure
2B online), cDNA-primers were designed based on the predicted
intron/exon structures. Therefore, the genomic sequences of
all fragments were BLASTed against the rye EST database
(Haseneyer et al., 2011) and analyzed using FGENESH software
(http://linux1.softberry.com/berry.phtml) (see Supplemental
Figure 1 online). Although all fragments revealed regions with
similarity to ESTs, a gene structure prediction was possible
only for the fragments 1, 2, 7, 8, 9, 13, and 15. The species
specificity of the cDNA-primers was tested with OB and +B
genomic DNA of both species. Due to the sequence similarity
of wheat and rye transcripts (Haseneyer et al., 2011), rye-
specific amplification was only found for the (sub)fragments
6, 9-3, and 12-3 (see Supplemental Figure 5 online). Gene
(sub)fragments 1-2, 1-3, 1-6, 2, and 15-3 were B specific as
no amplification was detected for OB rye and OB wheat.
Transcription activity of all pseudogene-like fragments was
found in a species- and tissue-dependent manner. The highest
activity was found in anthers with Bs (23 of 26 primer pairs
tested) (see Supplemental Figure 5 online). The results are
summarized in Figure 5 based on presence or absence of gene
(sub)fragments on gDNA and their expression pattern. While the
(sub)fragment 1-5 was expressed in all tested tissue types and
species, all other 25 (sub)fragment showed tissue- and/or
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Figure 3. Pseudogenization of B-Located Gene Fragments.

(A) Schemata represent the sequence comparison between rye B-located pseudogene-like fragments (6 to 15) and their A-located parental coun-
terparts. Percentage of similarity, transcribing region, and position of sequence polymorphisms are indicated.

(B) Model for the evolution of B-located pseudogenes. The B of rye descended from As after a spontaneous whole or partial genome duplication.
Meiotic recombination of proto-B with donor As became restricted. Proto- B still shows sequence similarity to the parental As. The increased gene
dosage may affect gene expression and proto-B-located genes might have been suppressed by, for example, dosage compensation. Finally, B-located
gene sequences became pseudogenized by mutations and accumulation of mobile and satellite DNA.

species-specific activity. Regardless of the B specificity at the
genomic level, 77% of all (sub)fragments (20 out of 26) revealed
transcription activity only in B-containing samples in a species-
and tissue-type-specific manner. Importantly, four of these
[15% of all (sub)fragments; i.e., 1-2, 1-3, 2, and 15-3] are en-
coded by Bs as no amplification was found in genomic 0B DNA.
The B-derived transcription was sequence confirmed for (sub)
fragments 1-2 and 2 (see Supplemental Figures 6A and 6B
online). Six (sub)fragments (i.e., 1-4, 9-1, 9-3, 12-1, 13, and 15-2)
were only found in +B rye in a tissue-specific manner even
though ampilification was found also in 0B genomic DNA. Similar
was found for four (sub)fragments in +B wheat [i.e., the (sub)
fragments 1-1, 3, 10, 12-3, and 15-1].

Sequencing of 12-1 and 15-2 transcripts revealed their A- and
B-derived origin, respectively (see Supplemental Figures 6C and
6D online). Hence, upregulation of 12-1 is triggered in trans by
the presence of Bs. The B-located pseudogene-like (sub)frag-
ment 12-3 of rye downregulated in root and anthers in trans the
expression of its corresponding A-located sequence. The A
origin of the identified transcripts was sequence confirmed. In
addition, a low level of unspliced B-derived transcripts was only
found in anthers (see Supplemental Figure 6E online). Se-
quencing was performed for the gene fragments 1-2, 2, and
12-3 and splicing of A- and B-derived transcripts was confirmed.
Subfragments 1-2, 2, and 12-3 revealed splicing of A- and
B-derived transcripts because smaller products compared with
gDNA PCR were found after RT-PCR and subsequent

sequencing (see Supplemental Figures 6A, 6B, and 6E online). In
silico translation of transcripts for (sub)fragments 1-2, 12-1, and
12-3 revealed, regardless of their chromosome origin and splicing
patterns, several premature stop codons. No stop codon was
predicted for the (sub)fragments 2 and 15-2.

Finally, we investigated whether the transcriptional activity of
B pseudogene-like fragments in leaf tissue is conserved across
different rye accessions. Again, first the presence of the corre-
sponding sequences was confirmed by PCR with cDNA-primers
and genomic DNA (see Supplemental Table 3 and Supplemental
Figure 7 online). Except for (sub)fragment 15-3, which showed
no amplification, all other analyzed pseudogene-like fragments
had amplification patterns similar to reference rye in all ac-
cessions (see Supplemental Figure 7 online). Nevertheless, the
sporadic absence of a gene (sub)fragment in some accessions
was observed. The expression pattern of the confirmed (sub)
fragments in different accessions could be classified in four
classes (Figure 6; see Supplemental Figure 8 online). In the first
class, (sub)fragments (2, 8, and 15-2) were preferentially ex-
pressed in +B plants, although for (sub)fragments 8 and 15-2
(see Supplemental Figure 7 online), sequences were present on
As, too. In the second class, (sub)fragments were not tran-
scribed in OB and +B rye (1-1, 1-2, 1-3, 1-6, 9-3, 13, and 15-3).
The (sub)fragments of the third class were transcriptionally ac-
tive in OB and +B plants of all accessions [(sub)fragments 1-5, 3,
4,7,11, and 15-1]. Class Il and Il were not informative because
B originated transcripts were either absent or could not be
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Figure 4. Pseudogene-Like Fragments Are Conserved on the Bs from
Different Rye Accessions.

PCR performed with genomic DNA from rye (S. cereale subsp cereale
from Turkey, Iran, China, Korea, and Japan, S. cereale subsp afghanicum
from Afghanistan, and S. cereale subsp segetale from Pakistan) with and
without Bs to determine the presence of the identified pseudogene-like
fragments. B-specific repeat E3900 primers were used to demonstrate
the presence of Bs. GAPDH-specific primers were used to show equal
amounts of genomic DNA. Lengths of the expected amplicons are
indicated.

discriminated from A-originated transcripts. Class IV showed
a complex pattern. In some accessions, no transcription was
found either in OB and +B background (1-4, 5, 9-1, 9-2, 12-3,
and 14), in 0B (1-4, 6, 10, 12-2, 12-3, and 14) or in +B plants
(5, 12-2, and 12-3). The absence of transcription in +B material
indicates a trans-modulation of A-located gene expression by B
transcripts. Hence, our results indicate that some B-located
pseudogene-like fragments are transcriptionally active and are
able to modulate the expression level of A-located genes in
trans. These features are conserved among Bs of different rye
accessions.

DISCUSSION

B-Located Pseudogene-Like Fragments Descended from
Different As

The presence and transcriptional activity of 15 rye B chromosome-
located pseudogene-like fragments were tested in different
accessions of S. cereale subsp cereale, S. cereale subsp
afghanicum and subsp segetale, as well as in wheat with and

without Bs from different geographical origins. The identifi-
cation of A-located sequences with high similarity to the
B-located pseudogene-like fragments 6 to 15 confirms the A
chromosome origin of the rye B. No A-derived counterparts for
the B-specific fragments 1 to 5 were found, likely due to mu-
tations in the primer recognition sites. Amplification of the
fragments 8 and 10 from wheat-rye addition lines harboring 1R
and 7R supports the hypothesis that rye B-located pseudogene-
like fragments originated from different A chromosomes.

Comparison of the fragments 6 to 15 shared by As and Bs
revealed polymorphisms typical for pseudogenization, such as
SNPs and large insertions or deletions, indicating a reduced
selection pressure for B-located genic sequences. A higher
mutation rate is also known for transcribed genes ectopically
duplicated in the rice genome (Wang et al., 2009). Beside these
mutations, amplification of B-located sequences occurred as
shown for fragment 12. After FISH, Bs displayed multiple hy-
bridization signals, while only one signal was observed on an
A chromosome pair.

Comparison of the A-located parental genes with their
B-located pseudogenes showed that the rate of mutation is not
the same among analyzed fragments (Figure 3). A high degree of
polymorphism may indicate a B location of genic fragments al-
ready at the onset of B evolution. Alternatively, these sequences
belonged to genes whose activity interfered with that of their A
counterparts. Therefore, rapid inactivation occurred after gene
duplication by B chromosome formation (or later insertion into
the already existing B) in accordance with the gene balance
hypothesis (Birchler et al., 2005).

More recent integration of A-derived genes after proto-B
formation might explain fragments characterized by fewer
polymorphisms. Movement of genes is shown to be frequent in
grass genomes, resulting from transposition of mobile elements
and/or DNA double-strand break repair (Wicker et al., 2010,
2011). However, different A-chromosomal regions also evolve at
different rates (Matassi et al., 1999). Furthermore, different mu-
tation rates are suggested to correlate negatively with the level
of transcription (Sharp et al., 1989).

Depending on the analyzed species, the half-life of an active
duplicated gene to become mutated or lost was estimated to
be two to seven million years (Lynch and Conery, 2000). As-
suming that Bs are prone to accumulate mutations, one could
expect distinct patterns of pseudogenization for the Bs of differ-
ent populations. However, the comparison of pseudogene-like
fragments revealed no accession-specific mutation patterns in
contrast with their A-located parental genes. The absence of
accession-specific B types can be explained by the very re-
cent spreading of rye across geographic regions by human
agricultural activity and the reduced selection pressure. Rye is
a young cultivated plant; the earliest remains of wild rye are
11,000 to 12,000 years old (Hillman et al., 2001; Willcox et al.,
2009). Evidence for S. cereale grown as crop in its own right
was found in c. 6600 BC old records from Turkey (Hillmann,
1978; Fairbairn et al., 2002). From East Turkey the crop spread
into other countries, including the countries used for our
comparison of Bs. Thus, the separation of the different geno-
types used for our analyses evolved rather recently in evolu-
tionary terms.
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RT-PCR performed with cDNA derived from roots, leaves, and anthers of
rye and of root and leaves of wheat with and without B chromosomes.
Representative (sub)fragments are shown. PCR with genomic DNA was
used as control. The presence of equal amounts of cDNA was tested by
primers specific to GAPDH. Lengths of the expected amplicons from
gDNA are indicated.

B-Located Pseudogene-Like Fragments Contribute to
the Transcriptome

In contrast with the prevalent notation that B chromosomes are
silent, we demonstrate that 15% of the pseudogene-like frag-
ments on Bs are transcribed in a tissue-type and genotype-
specific manner. Therefore, our previous estimation of a 20-fold
lower transcriptional activity of Bs compared with As (Carchilan
et al., 2009) was an underestimate due to a different approach.
The first study was based on amplified fragment length poly-
morphism, and only differences in PCR fragment size and
restriction site sequence allowed the detection of B-specific
transcripts. Because of the high sequence similarity of A- and
B-derived transcripts, this method likely resulted in an un-
derestimation of B-derived transcripts. In the case of high A and
B sequence similarity, our approach also could not distinguish
between A- and B-derived transcripts. Furthermore, the total
activity of identical A and B sequences does not necessarily
increase if dosage compensation occurs as observed for extra
copies of an A (reviewed in Birchler, 2010; Prestel et al., 2010).

Trans-modulation of A-derived transcripts by Bs [i.e.(sub)
fragment 12-1 and 12-3] was found to occur in a tissue-type-
specific manner. A similar effect of an almost gene deficient
chromosome has been shown for Drosophila melanogaster
(Lemos et al., 2008). The Y chromosome of D. melanogaster
regulates the activity of hundreds of genes located on other
chromosomes. B-caused downregulation of A-located genes is
likely mediated by mechanisms that have been postulated for
pseudogenes of other species. A growing body of evidence
strongly suggests a role for pseudogenes in regulating parental
gene expression by serving as a source of endogenous siRNA
and antisense transcripts as competitive inhibitors of translation
of wild-type transcripts and of sequestering microRNAs
(reviewed in Poliseno, 2012). Another possibility for how Bs
could exert control on As is their effect on the spatial interphase
organization of the genome itself. It is suggested that spatial
positioning of genes and chromosomes can influence gene
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expression (Misteli, 2007). Due to the lack of complete sequence
coverage, the potential translation of B-derived transcripts could
not be determined.

Thus, B-derived transcripts provide additional complexity of
gene expression by themselves and in combination with their
related A-located wild-type genes. Phenotypes and effects as-
sociated with the presence of Bs (Jimenez et al., 1994; Bougourd
and Jones, 1997) might become explainable by the activity of
B-located pseudogenes. Transcriptionally active pseudogene
(s) embedded in the B nondisjunction control region could, in
addition to the previously identified noncoding transcripts of re-
peats (Carchilan et al., 2007), be candidates contributing to non-
Mendelian accumulation of the rye B.

A Model for B-Located Pseudogene Evolution

We conclude that in analogy to sex chromosome evolution, rye
B evolution is characterized by erosion of its gene content and
by accumulation of repetitive DNA (Klemme et al., 2013). How-
ever, in contrast with sex chromosomes, the rye B is non-
essential for the host and therefore requires an accumulation
mechanism to counteract purifying selection. The sequence of
events leading to degeneration of its gene content is not yet
known, but it seems that each B has its own evolutionary
pathway. We propose a multistep model for the fate of B-located
pseudogenes (Figure 3B). Initially, a proto-B was formed by
segmental or during whole-genome duplication, followed by
unbalanced segregation of this chromosome, which was likely
small. Meiotic recombination with donor As became restricted,
probably due to multiple rearrangements involving different As.
However, this B-chromosome-to-be would still show sequence
similarity to the parental As. Because an increased gene dosage
may affect gene expression, the expression of paralogs on the
B might have been reprogrammed early during the evolution of
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Figure 6. Transcription Activity of B Pseudogene-Like Fragments across
Different Rye Accessions.

RT-PCR with cDNA of leaves from different rye accessions (S. cereale
subsp cereale from Turkey, Iran, China, Korea, and Japan, S. cereale
subsp afghanicum from Afghanistan, and S. cereale subsp segetale from
Pakistan) with and without Bs. The transcription patterns were classified
into four classes (I to IV). Class (I) (sub)fragments are expressed in +B
plants only. Class (Il) are not transcribed in 0B and +B plants. Class (lll)
are transcribed in all OB and +B plants. Class (IV) shows complex ex-
pression patterns. Representative (sub)fragments for each group are
shown. Lengths of the expected amplicons from gDNA are indicated.
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the Bs. Thus, proto-B genes might have been suppressed by
silencing mechanisms and have degenerated by accumulating
mutations. Additional gene fragments might have been inserted
from A-chromosomal regions and organellar genomes into Bs
via transposition events and/or error-prone double-strand break
repair. Exceptions are those coding and/or noncoding sequences
responsible for the drive as an advantage for the maintenance
of Bs.

In summary, we provide evidence that B-located pseudo-
gene-like fragments contribute to the transcriptional landscape
of the host genome. Some of these nonprocessed pseudogenes
have the potential to regulate the expression of A-located genes.
Considering the coexistence of almost sequence-identical
A- and B-derived transcripts, it is likely that transcript regulation via
dosage compensation occurs in rye, resulting in a constant
transcript number regardless of the gene copy number.

METHODS

Plant Materials

Rye (Secale cereale subsp cereale) plants with and without Bs of the fertile
inbred line 7415 (Jimenez et al., 1994), of cultivated rye (S. cereale subsp
cereale) collected from Turkey, Iran, Korea, Japan (Niwa and Sakamoto,
1995), and China (No. 37; in Niwa and Sakamoto, 1996), and of weedy rye
collected from Pakistan (subsp segetale, No. 34; in Niwa and Sakamoto,
1996) and Afghanistan (subsp afghanicum; Niwa and Sakamoto, 1995)
were grown at the same temperature, humidity, and light conditions (16 h
light, 22°C day/16°C night). In addition, hexaploid wheat (Triticum aestivum)
cv Lindstrém with and without Bs (Lindstrém, 1965) and hexaploid wheat cv
Chinese Spring with B short-arm (line BS-2) or long-arm (line BS-3)
isochromosome (Endo et al., 2008) as well as wheat-rye addition lines (1R-7R;
wheat cv ‘Chinese spring’ with added chromosome pairs from rye cultivar
‘Imperial’) were cultivated under the same growth conditions.

gDNA and RNA Extraction, PCR, and RT-PCR

gDNA was extracted from leaf tissue using a DNeasy plant mini kit
(Qiagen). DNA of flow-sorted rye Bs (sB) was prepared as described by
Martis et al. (2012). Total RNA was isolated from roots, leaves, and anthers
(microscopically staged between meiosis and development of mature
pollen) using the Trizol method (Chomczynski and Sacchi, 1987). Absence
of DNA contamination was confirmed by PCR using primers (see
Supplemental Table 2 online) specific for Bilby (Francki, 2001) or CRW2
repeats (Liu et al., 2008). The cDNA was synthesized with DNase-treated
total RNA, using a RevertAid H Minus first-strand cDNA synthesis kit
(Fermentas). PCR reactions were performed in 25 pL reaction volume
containing 100 ng of gDNA or cDNA, 1 mM primers (see Supplemental
Tables 2 and 3 online), PCR buffer, deoxynucleotide triphosphates, and
1 unit of Taq polymerase (Qiagen). Thirty-five amplification cycles (45 s at
95°C, 1 min at corresponding annealing temperature [see Supplemental
Tables 2 and 3 online] and 1 min at 72°C) were run. Primers specific for the
constitutively expressed GAPDH gene (see Supplemental Table 2 online)
were used as control for equal amount of gDNA and cDNA.

Sequence Analysis

PCR and RT-PCR products were cloned with a StrataClone PCR cloning
kit (Agilent) according to manufacturer’s instructions and sequenced. The
quality of sequencing was checked using Sequencher 4.7, and sequences
were processed by Editseq and aligned using MegAlign (Lasergene 8).

Intron/exon structure prediction was performed using the FGENESH 2.6
program (Salamov and Solovyev, 2000). The in silico translation of se-
quences was performed using the in silico translation tool (http://web.
expasy.org/translatey/).

Phylogenetic Analysis

After aligning the sequences with ClustalW, phylogenetic trees were
calculated using the boot-strapped neighbor-joining algorithm in MEGA
5.05 (http://www.megasoftware.net/; see Supplemental Data Sets 1-3
online) with 1000 trials.

Genome Walking

To extend the flanking sequences of a selected gene-like fragment,
genome walking was performed using the GenomeWalker Universal Kit
(Clontech) according to manufacturer’s instructions. Briefly, a library was
made from gDNA of inbred line 7415 (Jimenez et al., 1994) with and
without B and hexaploid wheat cv Lindstrém with added standard rye Bs
(Lindstrdm 1965) using four different restriction enzymes. Nested primer
pairs were designed for the candidate gene-like fragment (see Supplemental
Table 4 online), and PCR products were cloned and sequenced.

FISH

FISH probes were labeled with ChromaTide Texas Red-12-dUTP, Alexa
Fluor 488-5-dUTP (Invitrogen), or Cy5-dUTP (GE Healthcare Life Sciences)
by nick translation. FISH was performed as described (Ma et al., 2010).
Imaging was performed using an Olympus BX61 microscope and an
ORCA-ER CCD camera (Hamamatsu). All images were collected in gray
scale and pseudocolored with Adobe Photoshop 6.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers KC623167 to KC623536.
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