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Summary

� B chromosomes (Bs) are supernumerary, dispensable parts of the nuclear genome, which

appear in many different species of eukaryote. So far, Bs have been considered to be geneti-

cally inert elements without any functional genes.
� Our comparative transcriptome analysis and the detection of active RNA polymerase II

(RNAPII) in the proximity of B chromatin demonstrate that the Bs of rye (Secale cereale) con-

tribute to the transcriptome. In total, 1954 and 1218 B-derived transcripts with an open read-

ing frame were expressed in generative and vegetative tissues, respectively. In addition to B-

derived transposable element transcripts, a high percentage of short transcripts without

detectable similarity to known proteins and gene fragments from A chromosomes (As) were

found, suggesting an ongoing gene erosion process.
� In vitro analysis of the A- and B-encoded AGO4B protein variants demonstrated that both

possess RNA slicer activity. These data demonstrate unambiguously the presence of a func-

tional AGO4B gene on Bs and that these Bs carry both functional protein coding genes and

pseudogene copies.
� Thus, B-encoded genes may provide an additional level of gene control and complexity in

combination with their related A-located genes. Hence, physiological effects, associated with

the presence of Bs, may partly be explained by the activity of B-located (pseudo)genes.

Introduction

In addition to the standard set of A chromosomes (As), in
many eukaryotes, so-called supernumerary B chromosomes
(Bs) have been found causing a numerical chromosome varia-
tion. Bs occur in a wide range of taxa from fungi to plants
and animals. However, the maximum number of Bs tolerated
by individuals varies among different species. Despite the
diversity of Bs, they share some common features. They are
dispensable and not essential for growth and development of
the organisms; they do not pair or recombine with standard
As at meiosis and do not follow Mendelian inheritance (Jones
& Rees, 1982). Generally, it is assumed that Bs are derived
from standard and/or sex chromosomes, either from the same
or related species. The available experimental data support
both scenarios, suggesting that the way in which Bs form dif-
fers between different species and B types (Jones & Houben,

2003). Although unbalanced numbers of As, as in the case of
aneuploidy, often cause severely distorted phenotypes (Siegel
& Amon, 2012), in many species, the presence of Bs is associ-
ated with only mild or non-obvious phenotypes if their num-
ber is low. This suggests that Bs are depleted of functional
genes. Conversely, excessive numbers of Bs can cause pheno-
typic effects and may reduce the fertility and fitness of the
host. The contributions of single Bs to these phenotypes are
usually cumulative, with the severity of effects increasing with
the number of Bs (reviewed in Jones & Rees, 1982; Jones,
1995; Bougourd & Jones, 1997; Carlson, 2009). In rye, a
large number of Bs depress both viability and fertility (re-
viewed in Jones & Puertas, 1993). For example, the seed set-
ting is decreased (M€untzing, 1963), heading time is delayed,
plant height is reduced (Kishikawa, 1965) and germination is
delayed in the presence of Bs (Moss, 1966). In cichlids, Bs
may play a role in sex determination (Yoshida et al., 2011)
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and, in the fungus Nectria haematococca, they may be responsi-
ble for antibiotic resistance and pathogenicity (Coleman et al.,
2009).

Regardless of the conceivable intra- or interspecies origin of
Bs, A- or sex chromosome-derived sequences (including genic
sequences) are potential components of any B, for example, the
inactive ribosomal RNA (rRNA) genes of the daisy Brachycome
dichromosomatica (Donald et al., 1997), the Chinese raccoon dog
Nyctereutes procyonoides (Szczerbal & Switonski, 2003) and the
African cichlid fish Haplochromis obliquidens (Poletto et al.,
2010). Active B-derived rRNA has been demonstrated in Crepis
capillaris (Leach et al., 2005) and the grasshopper Eyprepocnemis
plorans (Ruiz-Est�evez et al., 2012, 2014).

More recently, sequencing of flow-sorted (Martis et al., 2012)
or microdissected (Silva et al., 2014; Valente et al., 2014) Bs has
allowed the identification of thousands of B-located genic
sequences. In the cichlid Astatotilapia latifasciata, the majority of
identified B genes are fragmented. However, some genes on Bs
are largely intact and the expression of three has been confirmed
in silico (Valente et al., 2014). Because Bs are dispensable, it is
expected that they are prone to the accumulation of mutations
and, consequently, they undergo pseudogenization (Green, 1990;
Makunin et al., 2014; Banaei-Moghaddam et al., 2015). In rye,
at least 11 subregions of 15 B-located pseudogene-like fragments
are transcriptionally active. Some have the ability to modulate
the expression of their counterparts on As in a tissue- and geno-
type-dependent manner (Banaei-Moghaddam et al., 2013). A
comparable in trans regulation of A-located genes by B-encoded
genic sequences has been demonstrated for maize (Huang et al.,
2016). However, a detailed comparative analysis of A- and
B-located genes, with regard to their completeness and function-
ality, is still missing.

Here, we describe the first functional protein coding gene
originating from B. The identification of active RNA poly-
merase II (RNAPII) in the proximity of B interphase chro-
matin, and comparative transcriptome analysis, revealed that
rye Bs contribute to the transcriptome. We compared the rye
B-derived ScKIF4A, ScSHOC1 and ScAGO4B genes with their
ancestral A-located counterparts and confirmed an
A-chromosomal origin and subsequent pseudogenization of
B-located genes. The in vitro analysis of A- and B-encoded
ScAGO4B proteins showed similar RNA-mediated slicing
activity for both variants. Thus, rye Bs carry functional protein
coding genes.

Materials and Methods

Plant material and cultivation

Seeds of a rye (Secale cereale L.) self-fertile inbred line 7415 with
and without Bs (Jimenez et al., 1994), hexaploid wheat (Triticum
aestivum L.) ‘Lindstr€om’ with and without added standard rye Bs
(Lindstr€om, 1965) and rye JBK lines with truncated Bs (lacking
the terminal part of the long arm) (Ribeiro et al., 2004) were ger-
minated on wet filter papers. Plant cultivation conditions are
described in Supporting Information Methods S1.

Probe preparation, indirect immunostaining and
fluorescence in situ hybridization (FISH)

Cloned ScKIF4A, ScAGO4B-specific fragments derived from rye
0B DNA and the cloned ScSHOC1-specific fragment derived
from rye 0B anther cDNA were used as gene-specific probes
(Table S1). D1100 (Sandery et al., 1990), Sc55c1 (Martis et al.,
2012) and Revolver (Carchilan et al., 2009) were used as
B-specific probes. All probes were labeled by nick translation with
ChromaTide Texas Red-12-dUTP or Alexa Fluor 488-5-dUTP
(Molecular Probes; http://www.invitrogen.com). The following
primary and secondary antibodies were used: anti-RNA poly-
merase II CTD phospho (Ser2) (RNAPIISer2ph) with goat anti-
rat Alexa488 (1 : 200; Jackson ImmunoResearch, West Grove,
PA, USA). The non-phosphorylated RNAPII was detected with
mouse monoclonal antibody (1 : 300, ab817; Abcam Cambridge,
UK) and goat anti-mouse Cy5 (1 : 300; Jackson ImmunoResearch).

Fluorescence in situ hybridization and indirect immunostain-
ing were performed as described previously (Houben et al., 2007;
Ma et al., 2010). To achieve a lateral optical resolution of c.
120 nm (super-resolution, obtained with a 488-nm laser), we
applied structured illumination microscopy (SIM) using a C-Apo
639/1.2W Korr objective of an Elyra (Jena, Germany) PS.1
microscope system and the software ZEN (Carl Zeiss GmbH).
Images were captured separately for each fluorochrome using the
561-, 488- and 405-nm laser lines for excitation and appropriate
emission filters.

Rye B sequence identification

The DNA of sorted rye Bs, first described in Martis et al. (2012),
was further amplified by the Illustra GenomiPhi V2 DNA
Amplification Kit (http://www.gelifesciences.com), and 38 lg
DNA in total were obtained. A standard Illumina (San Diego,
CA, USA) TruSeq DNA library was prepared and sequenced
using the Illumina Hiseq2000 device (24-fold coverage). Further-
more, three Illumina Nextera Mate-Pair libraries (span sizes: 9, 7
and 5 kb; two-fold to six-fold coverage) were constructed and
sequenced (Illumina MiSeq) as described previously (Beier et al.,
2015). In addition, a low-coverage PACBIO reads library (0.3-
fold) was used. A first attempt to assemble the rye B genomic data
by SOAPDENOVO2 (Luo et al., 2012) led to a highly fragmented
assembly with a low L50 of 251 base pairs and very low sequence
amounts, which was not used further on. The insufficient assem-
bly metrics are probably caused by the overall high repetitivity of
B interspersed with only few and relatively short low copy genic
regions. To overcome the assembly difficulties, a template-guided
and gene-centric approach was developed. For that purpose,
gene-containing contigs of a novel whole genome sequencing
(WGS) rye genome assembly (early access provided by E. Bauer,
Technical University of Munich, Germany) were used as bait to
specifically extract genic reads from the paired end and mate pair
sets of the flow-sorted B sequences. The reads were aligned to the
rye WGS contigs via BWA (Li & Durbin, 2009), and only reads
with unambiguous matches were selected. Using SOAPDENOVO2,
new, gene-enriched B contigs were generated from the mapped
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reads and further scaffolded with the PACBIO reads by BAMBUS

(Pop et al., 2004). Gaps within scaffolds were closed with the
help of the paired end library and GAPFILLER (Nadalin et al.,
2012).

RNA-sequencing (RNA-seq) and in silico analysis of B tran-
scripts

Rye Illumina paired-end RNA-seq reads obtained from genera-
tive (anther) and vegetative (root and leaf) tissues with (4B) and
without (0B) Bs of several plants were assembled to transcripts
using the BOWTIE/TOPHAT (Trapnell et al., 2009) and CUFFLINKS

(Roberts et al., 2011) pipelines. As genomic reference, a subset
of the WGS rye genome assembly (contigs that contain genes)
and the template-guided, gene-focused rye B assembly were used
as a combined pool. Read alignments with > 1 mismatch and
multiple matches to the reference sequences were discarded. This
restrictive approach is necessary to unambiguously distinguish
between A- and B-derived transcripts. However, at the same
time, it also removes all genic sequences which are still identical
between the main A genome and Bs, so that the resulting num-
bers of B-derived transcripts should be seen as a lower boundary.

The assembled transcript abundances (FPKM, fragments per
kilobase of transcript per million mapped fragments) in the dif-
ferent tissues, as well as the confidence intervals for each FPKM,
were estimated using CUFFLINKS (Roberts et al., 2011). The
assembled CUFFLINKS transcripts were processed with CUFFDIFF to
measure the abundance of transcripts and to test for differential
transcript expression. The fold change (log2)-filtered differen-
tially expressed genes between 0B and 4B rye plants for both indi-
vidual tissues (vegetative and anthers) were visualized using R
v.3.0.2 (R Core Team, 2014) (volcano plots) with a 5% false
discovery rate (FDR). Furthermore, the obtained assembled
CUFFLINKS transcripts were scanned for coding regions by
TRANSDECODER (http://transdecoder.sourceforge.net), and fil-
tered for a minimum length open reading frame of 180 base pairs
(60 amino acids). In the case of splice variants, the longest tran-
script per gene locus was used as representative.

The genes and gene-like sequences of the four transcript set
a-0B, a-4B, v-0B and v-4B thus identified were functionally
characterized by the AHRD pipeline (Tomato Genome Con-
sortium, 2012), which combines search results against protein
databases with PFAM and Interpro scans into human readable
description and gene ontology (GO) annotations. To obtain a
better overview of relevant functions, the gene candidates were
classified by an elaborated keyword search of their description
line, together with associated Pfam and Interpro descriptions,
into the following four categories: transposons (e.g. reverse
transcriptase, transposase); potential transposons (e.g. zinc fin-
ger, aspartic protease); unknown; and canonical genes, with
specified functions.

The B-located gene candidates classified as canonical genes
were tested for specific GO term associations via the GOSTATS

package (v.2.32.0) (Falcon & Gentleman, 2007) against a univer-
sal gene set containing all rye A and rye B genic sequences. To
judge whether or not the observed differences between the subset

of rye B canonical genes and the reference set are significant, a
Fisher’s exact test was performed. The identified over-represented
GO terms of B gene candidates in both anthers and root/leaf tis-
sues were visualized using the R package.

Genomic DNA and RNA extraction, PCR and reverse
transcription-polymerase chain reaction (RT-PCR)

Genomic DNA was extracted from leaves by a DNAeasy plant
mini kit (Qiagen). Total RNA was isolated from anthers by the
TRIzol method (Life Technologies Inc., Gathersburg, MD,
USA). RNA samples were treated with DNA-free DNase
(Ambion TURBO DNase; Invitrogen) before cDNA synthesis.
The absence of DNA was confirmed by PCR with Bilby-specific
primers (Table S1). All cDNAs (20 ll) were generated from 1 lg
DNase I-treated RNA, using the Reverse Aid H Minus First
Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA).
Details of the PCR, quantitative PCR and RT-PCR experiments
are described in Methods S1 and Table S1.

Sequence analysis

PCR products were purified using an Invisorb Spin DNA Extrac-
tion Kit (Stratec Molecular, Berlin, Germany) and subsequently
cloned with the help of the StrataClone PCR cloning kit
(Stratagene, La Jolla, CA, USA). Recombinant colonies were iden-
tified by colony PCR using an M13 primer pair (Table S1). DNA
fragments were sequenced by the facility of the IPK (Gatersleben,
Germany). Sequences were analyzed by SEQUENCHER 5.2.4 (Gene
Codes Corp., Ann Arbor, MI, USA.), assembled using SEQMAN

PRO 12.0.0 (Dnastar Inc., Madison, WI, USA) and processed by
EDITSEQ andMEGALIGN LASERGENE 8 (Dnastar).

Molecular phylogenetic analyses

Reference IDs for the phylogenetic analysis of kinesins (KIFs),
shortage in chiasmata 1 (SHOC1) and Argonaute (AGO)
sequences used in this study are given in Table S2. After aligning
the sequences with CLUSTALW, phylogenetic trees were calculated
using the boot-strapped neighbor-joining algorithm in MEGA

6.06 (http://www.megasoftware.net/) with 1000 trials.

Genotyping of ScKIF4A and ScSHOC1 fragments by
cleaved amplified polymorphic sequences (CAPS)

Primers K7F and K6R (Table S1) were used to amplify A- and
B-derived ScKIF4A fragments. Primers S2F and S1R (Table S1)
were used to amplify A- and B-derived ScSHOC1 fragments.
Then, the PCR products were checked for non-specific amplifica-
tion on a 1% agarose gel. The BamHI enzyme for ScKIF4A and
the NsiI enzyme for ScSHOC1 were used for genotyping; 20 ll
of the restriction enzyme digestion reaction included: 10 ll PCR
mixture, 2 ll 109 buffer and 10 units of BamHI or NsiI
(Thermo Fischer Scientific, Waltham, MA, USA). The reaction
was incubated for 5 h at 37°C. The digestion products were
checked after 2% agarose gel electrophoresis.
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Target cleavage in vitro assay

Details of the target cleavage assay, including in vitro transcrip-
tion, generation of small interfering RNAs (siRNAs), and the cell
culture and preparation of cytoplasmic BY-2 cell extract are
described in Methods S1.

Accession numbers

RNA-seq and B sequence reads are deposited in EMBL/ENA
(accession no. PRJEB12520). The GenBank accession numbers
for each sequence of ScKIF4A, ScSHOC1 and ScAGO4B are
listed in Table S3.

Results

Active RNAPII enzymes are closely associated with rye B
chromatin

Most eukaryotic genes are transcribed by RNAPII. Therefore, the
co-localization of transcripts and RNAPII is a sensitive prove for
active transcription (Komarnitsky et al., 2000; Sims et al., 2004).
We combined immunostaining with FISH to test the potential
transcriptional activities of rye Bs. Immunolabeling visualized
active RNAPII enzymes phosphorylated at serine 2
(RNAPIISer2ph) in interphase nuclei of rye and wheat contain-
ing two Bs. To identify the Bs in both species, a subsequent FISH
was performed, applying the sub-terminal B-specific repeat
D1100 (Sandery et al., 1990) and the rye-specific repeat Revolver
(Carchilan et al., 2009) as markers, respectively. By super-
resolution microscopy (SIM), the close association of active
RNAPII and B chromatin was proven in both species, and its dis-
tribution did not differ between A and B chromatin. Although
heterochromatic regions (strongly stained by 40,6-diamidino-
2-phenylindole (DAPI)) of rye were devoid of active RNAPII,
the D1100 repeats and Revolver-positive chromatin were inter-
mingled by RNAPIISer2ph-specific immunosignals (Fig. 1a,b).
It is obvious that the distribution of active RNAPII enzymes indi-
cating transcriptional activity is similar at A and B euchromatin
in interphase nuclei.

In addition, in the same experiment, we applied antibodies
against inactive RNAPII which is not phosphorylated. Interest-
ingly, this enzyme modification is similarly distributed within the
interphase nuclei around the rye and wheat B chromatins, as
found for the active RNAPII (Fig. 1a,b). In rye with 2Bs, even an
accumulation of inactive RNAPII at B chromatin was proven
(Fig. 1a). Obviously, RNAPII molecules seem to be present per-
manently within euchromatin, where they can become activated
when transcription is required.

Comparative in silico identification reveals a high number
of B-associated transcripts

To determine to what extent Bs influence transcription levels and
to obtain an overview of the amounts and types of B-located
gene-like sequences which are still transcribed, we compared

RNA-seq data from rye plants with and without Bs, additionally
separated into anthers and vegetative tissues (roots and leaves).
The four sets of transcript reads (a-0B, a-4B, v-0B, v-4B) were
mapped with high stringency to a genomic sequence pool, con-
sisting of rye A WGS contigs and B-specific assemblies. The
resulting annotations of A- and B-located gene models were then
used for further comparative analyses with respect to transcrip-
tional differences and functional biases.

For the identification of significantly differentially expressed
genes, only transcripts that exhibited an FPKM change of two-fold
or more and P < 0.05 were considered (Fig. 2a). Using this thresh-
old, 916 genes showed significant expression differences between
0B and 4B plants in vegetative and 1569 in generative tissues. The
observed expression changes can either be attributed to a direct
contribution from B-located genic sequences to the transcript pop-
ulation or to a modulation of A-located genes as a consequence of
B presence. The latter seems to be more frequent as, for both tis-
sues, the most prominent effect of Bs was the down-regulation of
genes with a proportion of 92%. Less than 10% of the differen-
tially expressed genes are upregulated under the influence of Bs.

For the functional annotation, only assembled transcripts with
an open reading frame of ≥ 180 bp were considered. In total,
1954 and 1218 B-located and expressed genic sequences could be
clearly identified in the respective generative and vegetative 4B
tissues (Tables S4–S6). The largest part of the B gene-like
sequences belongs to uncharacterized, often short, gene frag-
ments, without detectable similarity to functionally annotated
proteins; in anthers, they add up to 54% and, in vegetative tis-
sues, up to 41% of all transcripts, suggesting an ongoing gene
erosion process of B-located genic sequences, as postulated by
Banaei-Moghaddam et al. (2013). The second largest part of B
transcripts stems from active transposable elements. With a pro-
portion of 43%, anthers of B-possessing plants showed an ele-
vated transposon expression compared with the 25% detected in
vegetative tissues. This finding is in line with the known increase
in transposon transcription in the germ line of plants (Martinez
& Slotkin, 2012). Nevertheless, 16% (308) of the B-located
anther and 20% (247) of the vegetative tissue transcripts showed
similarities to canonical protein coding genes which carry a
proper functional annotation. A GO enrichment analysis for
these genes revealed 28 over-represented categories (Fig. 2b).

The strongest enrichments were found for photosynthetic and
respiratory processes, which confirms the proposed ongoing flow
of plastid DNA fragments from chloroplasts and mitochondria
into Bs (Martis et al., 2012; Ruban et al., 2014). The over-
represented ‘negative’ regulatory functions, such as ‘gene silenc-
ing by RNA’, ‘negative regulation of gene expression’ and ‘nega-
tive regulation of metabolic process’, provide good hints of the
possible causes of the detrimental effects of too many Bs and fit
with the above-described high proportion of reduced transcrip-
tion under the influence of Bs. Very interesting enriched GO
terms with respect to B propagation and drive are ‘microtubule-
based movement’, ‘mitosis’ and ‘cell division’. Overall, it is
intriguing that the ‘junkyard’ Bs produce at least 300 active tran-
scripts from different functional domains. The following main
parts of this article describe three key player genes, chosen from
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the active B-located gene candidates, in more detail and with
additional experimental proof for function.

The B-located genes ScKIF4A, ScSHOC1 and ScAGO4B are
transcribed

Based on our RNA-seq dataset, three putative chromatin or epi-
genetically related rye B-derived genic sequences were selected
from the generative transcript data for further analysis. A phylo-
genetic analysis revealed their high similarity to the kinesin family
member 4 gene (KIF4A), shortage in chiasmata gene (SHOC1)
and Argonaute family member 4 gene (AGO4B) (Fig. S1a–c).
KIF4 kinesins are key players in several crucial cellular processes,
including chromatid motility, chromosome condensation (Zhu
& Jiang, 2005) and intracellular transport (Sekine et al., 1994).

SHOC1 is required for the promotion or stabilization of single-
strand invasion and the formation of class I cross-overs during
meiotic recombination processes (Macaisne et al., 2008). AGO4
is involved in the regulation of gene expression (see the
Discussion section). As a general property, this protein has a ‘slicer
activity’, that is, it is capable of catalyzing sRNA-directed endonucle-
olytic degradation of targeted RNA transcripts (Zilberman et al.,
2003; Qi et al., 2006).

The corresponding A- and B-located genomic sequences of
each of the transcripts were identified by BLAST analysis of a
database containing rye genomic 0B and sequences of flow-sorted
Bs described in the European Nucleotide Archive (accession nos.
ERP001061, PRJEB12520). The gene structure with putative
intronic and exonic regions was predicted by FGENESH (http://lin-
ux1.softberry.com/berry.phtml) based on the A-located genes

(a) (b)

Fig. 1 The distribution of active and inactive
RNA polymerase II (RNAPII) in rye and
wheat nuclei with two B chromosomes (Bs)
was identified by structured illumination
microscopy (SIM). Immunostaining of
RNAPIISer2ph (active) and fluorescence
in situ hybridization (FISH) with the B-
specific repeat D1100 or Revolver to identify
rye B chromatin show the presence of active
RNAPII at rye B chromatin (Merge 1).
Inactive RNAPII also co-localizes with B
chromatin and, in rye, it is even amplified
(Merge 2). The right panels show the regions
of interest (rectangle) magnified. (a)
Interphase nuclei of rye possessing two Bs.
(b) Interphase nuclei of a wheat–rye two B
addition line.
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(Fig. S2). All GenBank accession numbers corresponding to the
different nucleotide sequences are available in Table S3. Primers
were designed for both A- and B-located sequences in the puta-
tive exonic regions based on the gene models (Fig. S2; Table S1).
Next, the in silico-identified sequences were sequence confirmed
after PCR and RT-PCR using genomic DNA, anther cDNA of
rye and wheat with (+B) as well as without (0B) Bs as templates.
Full-length transcripts of ScSHOC1 and ScAGO4B derived from
As or Bs were obtained by RT-PCR using the primer pairs S6F/
S5R and A5F/A5R, respectively.

To distinguish between A- and B-derived sequences, the fol-
lowing criteria were used (Fig. S3): the same amplicon size exists,
but B-specific single-nucleotide polymorphisms (SNPs) are
detectable after sequencing; additional differently sized amplicons

are formed in wheat and rye with Bs; and amplicons are only
formed in wheat carrying Bs with the same size as the additional
differently sized amplicons which are formed in rye with Bs.

Different states of pseudogenization were observed after com-
parison between A- and B-located genomic contig sequences
(Fig. S2). The A- and B-located ScKIF4A sequences revealed an
overall 78.5% similarity over the entire length of 10 kb
(Fig. S2a). However, a 1.1-kb-long subregion of ScKIF4A
showed only 53.6% similarity, and a 224-bp deletion and a 201-
bp-long insertion, as well as some SNPs, were observed exclu-
sively in the B-located sequence (Fig. S4). Notably, at least two
variants of the B-located ScKIF4A were found, which are charac-
terized by a few polymorphic sites (Figs S3, S4). The c. 13-kb-
long A-located ScSHOC1 sequence exhibited 98.6% (Fig. S2b)

(a)

(b)

Fig. 2 Differential expression between 0B and 4B rye plants and gene ontology (GO) enrichment of B-located transcripts. (a) The volcano plots reveal
differences in gene expression between rye 0B and 4B in the vegetative (root and leaves) and generative (anther) samples. The statistical evidence as
negative log10 of the P value is plotted on the y-axis against the log2 fold change of expression on the x-axis. In each graph, every point represents an
individual transcript. Transcripts with low P values (< 0.05) and high fold change appear towards the top of the plot far to either the left- or the right-hand
side (red dots/triangles) and are highly significantly differentially expressed. Upregulated genes are displayed by dots and/or triangles with positive
x-values (right-hand side), whereas downregulated genes are shown by negative x-values (left-hand side). Black dots represent genes that were not found
to differ significantly between 0B and 4B generative samples. In the vegetative tissues, 916 genes were found to display a significant differential expression
between 0B and 4B; < 10% were upregulated under the influence of 4Bs. For 1569 genes, the amount was almost doubled in anthers, but still maintained
a nearly identical downregulated proportion of 92% (1450 cases). (b) The bar chart highlights significantly enriched GO categories of the still transcribed
portion of B-located gene candidates identified in anthers (orange) and root/leaves (green) in comparison with a combined reference set of all rye A and B
genes for the respective tissues. To determine whether the observed differences are significant, Fisher’s exact test was performed using the GOstats
software package with a P value cut-off of 0.05.
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and the c. 8-kb-long A-located ScAGO4B sequence exhibited
93% similarity to the corresponding B-located sequences at the
genomic level (Fig. S2c). Hence, we conclude that the B-located
genic sequences undergo pseudogenization.

To test whether the B-originating transcripts are potentially
functional, in silico translation (http://web.expasy.org/translate/)
was performed based on the B-derived mRNAs, which were iden-
tified by searching the RNA-seq reads and B-located genomic con-
tigs or by sequencing of RT-PCR products. The predicted amino
acid sequences were analyzed to identify potential stop codons.
One of the nucleotide changes (C > T) was found in the B-located
ScKIF4A genomic contig cV (position 872), which resulted in
a premature stop codon (Fig. S2a). B-encoded ScSHOC1 and
ScAGO4B genes did not reveal any premature stop codon.

Amplification increases the copy number of the B-located
genic sequences

To verify the A and B localization of the candidate genes, FISH
was performed on rye mitotic and meiotic metaphase cells con-
taining Bs. After FISH with a ScKIF4A-specific probe, all mitotic
Bs displayed a strong hybridization signal at the long chromo-
some arm near the D1100-positive region, but outside the non-
disjunction controlling region. By contrast, two pairs of As
showed only weak ScKIF4A hybridization signals (Figs 3a, S5).
Similarly, ScSHOC1 gave strong hybridization signals on all Bs,
but only faint signals were observed on two A pairs at metaphase
I of meiosis (Fig. 3b). ScAGO4B also displayed a comparable sit-
uation, that is, the meiotic Bs showed very intense ScAGO4B sig-
nals at an interstitial position, whereas a single A pair displayed a
rather weak hybridization signal (Fig. 3c). The stronger
hybridization signals on Bs suggest the amplification of the
B-encoded ScKIF4A, ScSHOC1 and ScAGO4B sequences.

The number of Bs affects the gene expression pattern

The total transcriptional activity of A- and B-encoded genes was
tested in anthers of rye carrying different numbers of Bs. This
was performed by quantitative RT-PCR using primers which did
not discriminate between A- and B-derived transcripts. To fur-
ther determine the relative contribution of A- and B-derived
mRNAs in rye anthers carrying different numbers of Bs, the A or
B origin of the transcript was identified.

An increased expression of total ScKIF4A was found in 2B
plants, whereas reduced and more similar expression patterns
were revealed in plants with 0B, 1B, 3Bs or 4Bs (Fig. 4a). To
determine the relative contribution of A- and B-derived ScKIF4A
transcripts, cDNAs of rye anthers with different number of Bs
were used to perform RT-PCR with the primers K7F and K6R.
A CAPS analysis was performed after PCR of the cloned RT-
PCR products using the primer pair K7F/K6R (Fig. S6a,b).
Interestingly, in plants carrying more than 2Bs, all ScKIF4A tran-
scripts derived exclusively from Bs (Figs 4b, S6a).

ScSHOC1 revealed a similar dynamic expression pattern. An
increased expression was found in 2B and 4B plants (Fig. 4c). To
determine the relative contribution of B-derived ScSHOC1

transcripts, cDNAs of rye anthers with different numbers of Bs
were used to perform RT-PCR with the primer pair S2F/S2R. A
CAPS analysis of the cloned RT-PCR products was subsequently
performed to determine the relative contribution of A- and
B-derived ScSHOC1 using the primer pair S2F/S1R (Fig. S7).
The analysis revealed that the amounts of B-derived ScSHOC1
transcripts increased almost linearly from 1B to 3B, but were
reduced in plants with 4Bs (Fig. 4d). In 3B plants, 86% of
ScSHOC1 transcripts were encoded by Bs.

(a)

(b)

(c)

Fig. 3 Chromosomal locations of ScKIF4A, ScSHOC1 and ScAGO4B by
fluorescence in situ hybridization (FISH). Mitotic metaphase or meiotic
metaphase I cells of rye with B chromosomes (Bs) after FISH with labeled
ScKIF4A (a), ScSHOC1 (b) and ScAGO4B (c) (in red). FISH with the B-
specific D1100 repeat (in green) allowed the identification of Bs.
Chromosomes are stained by 40,6-diamidino-2-phenylindole (DAPI) (in blue).
Arrowheads, signals from Bs; arrows, A-localized FISH signals. The inset
shows the signals on further enlarged A and B chromosomes. Bars, 5 lm.
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The expression of ScAGO4B varied in the presence of different
numbers of Bs in a zig-zag-like pattern (Fig. 4e). The full-length
ScAGO4B transcripts were cloned using the primer pair A5F/
A5R. To distinguish between A- and B-originating transcripts, a
subsequent nested PCR flanking the polymorphic region between
A and B transcripts was performed (Figs S2, S8). The PCR results
revealed that, with an increasing number of Bs, the amount of B-
derived transcripts increased (Fig. 4f). Interestingly, in plants
with four additional Bs, 99% of transcripts derived from Bs.

Altogether, we conclude that the total transcriptional activity
of ScKIF4A, ScSHOC1 and ScAGO4B varies with the presence
of different B numbers, whereas the B-derived transcript por-
tion increases gradually and, in general, with increasing numbers
of Bs.

A- and B-encoded ScAGO4B-like proteins show similar
in vitro RNA slicer activities

The protein sequences deduced from the identified A- and
B-located ScAGO4B transcripts showed significant homologies

to the Arabidopsis thaliana (At) AGO4 gene (Fig. S1c). The A-
and B-derived ScAGO4B transcripts revealed a similarity of
93.2% over the entire length. Three deletions (78, 27 and
21 bp in length) and 61 SNPs were observed in the B-derived
transcripts (Fig. S8a). This caused a 42-amino-acid deletion
(Fig. S9), 38 silent and 23 missense mutations. To test whether
these mutations in the B-derived ScAGO4B lead to protein
changes, we predicted the conserved domains of the ScAGO4B
protein using the National Center for Biotechnology Informa-
tion (NCBI) protein annotation resource Conserved Domain
Database online tool (CDD) (http://www.ncbi.nlm.nih.gov/
Structure/cdd/cdd.shtml). We found that all mutations were
located outside of the conserved domains known to be impor-
tant for the slicer activity of AtAGO4 (Irvine et al., 2006) and
were concentrated in the N-terminal, non-conserved region of
the protein (Fig. S9).

AGO4 has an endonuclease activity (‘slicer’ activity), which is
directed by a bound, single-stranded sRNA guide strand. The
slicer activity accordingly cleaves target RNA molecules that are
complementary to the sRNA guide strand (Qi et al., 2006;

Fig. 4 Quantitative analysis of ScKIF4A,
ScAGO4B and ScSHOC1 transcripts in the
presence and absence of B chromosomes
(Bs). The total transcription of ScKIF4A (a),
ScSHOC1 (c) and ScAGO4B (e) was
measured by quantitative reverse
transcription-polymerase chain reaction (RT-
PCR) in rye anther cDNA containing different
numbers of Bs. The number of biological
replicates is indicated above the bars. Error
bars, � SD. The contribution of B-derived
ScKIF4A (b), ScSHOC1 (d) and ScAGO4B (f)
transcripts from rye anther cDNA with
different numbers of Bs was measured by
colony PCR, followed by cleaved amplified
polymorphic sequences (CAPS) analysis or
nested PCR.
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Carbonell & Carrington, 2015). To evaluate the functionality of
the proteins that are encoded by the A- and B-derived
ScAGO4B-like genes, respectively, each was tested for its slicer
activity. For this, we applied a cell-free extract (BYL) of tobacco
(Nicotiana tabacum) BY-2 protoplasts, which enables the recon-
stitution of functional AGO-containing RNA-induced silencing
complexes (AGO/RISC) in vitro (Iki et al., 2010; Schuck et al.,
2013). That is, the A- and B-derived cDNAs of the ScAGO4B
genes were transcribed in vitro to generate the corresponding
mRNAs. The mRNAs were then translated in vitro in BYL to
yield the respective AGO4 protein variants and, by the addition
of an siRNA to the translation reaction, the respective AGO4
variants were loaded (‘programmed’) in statu nascendi with this
RNA. As AtAGO4 is known to associate preferentially with 24-
nucleotide-long siRNAs containing a 50-terminal adenosine
nucleotide (Qi et al., 2006; Mi et al., 2008), we applied this type
of siRNA. Most importantly, the guide strand of the chosen
siRNA was complementary to the mRNA of the green fluores-
cent protein (GFP). Thus, programmed, functional AGO4/RISC
was accordingly expected to show an endonucleolytic activity on
this RNA. Indeed, on addition of a 32P-labeled GFP target RNA
to in vitro BYL reactions, which contained the respective in vitro-
translated AGO4 variants, specific cleavage of this RNA was
observed (Fig. 5). Importantly, all reactions, irrespective of
whether they used the two rye AGO4B-like proteins or AtAGO4,
showed the same pattern of cleavage products, that is, a larger 50

product, which was clearly visible, and a 30 product (c. 100
nucleotides), which was less easy to detect. Additional fragments
with sizes of just above 100 nucleotides were suspected to result
from further processing of the 50 cleavage product. Specific cleav-
age products were not detected when the reactions were per-
formed in the absence of the GFP-specific siRNA or when AGO4
mRNA translation was omitted. Hence, we conclude that the
AGO4B-like proteins, regardless of whether they are encoded by
the As or Bs of rye, are able to form active RISC. Thus, each pro-
tein shows a slicer activity that is comparable and homologous to
the activity of the AtAGO4-containing RISC.

Discussion

Bs of rye are transcriptionally active

The detection of active RNAPII in the proximity of B chromatin,
the RNA-seq analysis-based identification of B transcripts in dif-
ferent tissues of rye and the characterization of B-located genes
undergoing pseudogenization are in accordance with previous
data on the transcription of B-located coding and non-coding
sequences (Carchilan et al., 2007, 2009; Banaei-Moghaddam
et al., 2013, 2015).

With increasing numbers of Bs, the amount of ScKIF4A,
ScSHOC1 and ScAGO4B transcripts encoded by As and Bs
changed. ScKIF4A transcripts decreased with increasing numbers
of Bs, with the exception that a significant increase was observed
in the presence of 2Bs. For ScAGO4B, the presence of 1B greatly
increased the activity, which then decreased to 4B in a zig-zag-
like pattern. This pattern could reflect the already described odd–

even effect of B-containing organisms. Strong effects associated
with odd numbers of Bs have been shown previously in different
species (Jones & Rees, 1982). In the case of ScSHOC1, the pres-
ence of Bs did not change the expression level significantly. A cer-
tain higher expression appeared in the presence of 2Bs, but the
increase was less pronounced than that found for the other two
genes analyzed.

In general, the quantitative analyses of the relative contribution
of A- and B-originating transcripts showed that the amount of B-
originating transcripts increased with increasing B number,
whereas the amount of A-originating transcripts decreased. How-
ever, there were two exceptions. The B-derived ScSHOC1 tran-
scripts decreased in 4Bs after increasing from 1B to 3Bs and, in
comparison with 0B, the total expression of ScAGO4B increased
six-fold in the presence of one deficient B. As 54% of transcripts
originate from A, this indirectly implies that there should also be
an increase in A-originating expression. Similarly, expression
changes caused by aneuploidy often have genome-wide impacts,
and the spectrum of expression changes is often complex (Birchler,
2014). In maize, the compensation for the majority of genes on
aneuploid chromosomes occurs at the RNA level (Guo et al.,
1996). In plants, de novo-formed genes show a high epigenetic
variation among different individuals, which is reflected in their
expression patterns. It seems that newly formed genes are
especially prone to epigenetic variation (Silveira et al., 2013).
However, it is not yet known whether this is also true for
B-located coding sequences. Another possibility is that the
promoter regions of B-located sequences may have a higher affin-
ity to transcription factors or RNAPII, causing the suppression of
A-located genes in competition for regulatory factors.

Rye Bs undergo pseudogenization

Our comparison of A-located genes with their B-located counter-
parts showed that the mutation rate was different among the ana-
lyzed candidates. A high degree of polymorphisms may indicate
the location of such genic fragments on Bs at the onset of B evo-
lution. Alternatively, according to the gene balance hypothesis
(Birchler, 2014), the activity of such genes may interfere with
their A counterparts. As a result, rapid inactivation of the B genes
after gene duplication and B insertion may have occurred. A sub-
sequent integration of duplicated genes after proto-B formation
might explain the presence of fragments with fewer polymor-
phisms.

The B-derived ScKIF4A gene shows the best evidence of
pseudogenization, as a premature stop codon was found for
one B-encoded copy. However, the existence of functional active
B-located ScKIF4A variants cannot be excluded as different
B-located ScKIF4A variants were found. In addition to being
derived from ancestral founder As, B-located genic sequences
could also originate from hitchhiking of genomic fragments from
As via transposable elements, as demonstrated for non-collinear
Triticeae genes (Wicker et al., 2011).

Despite degeneration, a pseudogene can still be functional by
the regulation of its parental gene (Pennisi, 2012), for example,
via encoded endo-siRNAs (Johnsson et al., 2014). Probably, as
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B-specific transcripts would be aberrant as a result of less selective
pressure, they may serve as a substrate for RNA-directed RNA
polymerases producing double-stranded RNAs (dsRNAs). These
dsRNAs may then be processed to small regulatory RNAs. Alter-
natively, pseudogene transcripts may function as indirect post-
transcriptional regulators by acting as miRNA ‘sponges’. As a
result of the high similarity between parental and pseudogene
transcripts, both could compete for miRNA, leading to the
degradation of the parental gene transcripts (Muro et al., 2011).
Further, it has been shown that some pseudogene transcripts may
be translated and then produce short functional peptides or trun-
cated proteins (Johnsson et al., 2014). Comparative profiling of
small RNAs from individuals with and without Bs could address
the question of whether B-derived regulatory siRNAs acting as
regulators are indeed formed.

Could any duplicated gene be located on Bs? Dosage-
sensitive genes are less likely to be part of an evolving B, as
duplication of a B donor fragment containing such genes could
result in a detrimental phenotype. By contrast, dosage-
insensitive genes, such as structural genes, having no regulatory
roles for transcription or translation (Bellott et al., 2014), could
be B-hosted, lost or undergo pseudogenization. Duplicated
genes are often associated with detrimental effects and thus may
be removed by natural selection. As most of the mutations are
degenerative, it is more likely that a duplicated gene will
undergo inactivation rather than acquire new functions. Never-
theless, there is evidence for the beneficial role of duplicated
genes, especially under stress conditions (Tang & Amon, 2013).
Under certain circumstances, the selective retention of

duplicated genes may occur, that is, when their redundancy pro-
tects corresponding parental genes from immediate detrimental
mutations, or when over-dominance between their products
exists. In the second case, duplicated genes could convert to
new genes by achieving beneficial mutations (Katju & Bergth-
orsson, 2013). Thus, B-located duplicated genes may accelerate
the evolution of Bs. The potential function of the active gene
on rye Bs discovered here and the mechanism of its regulation,
especially in response to the presence of a different number of
Bs, remain to be answered.

In line with previous findings on the B-specific amplification
of coding sequences in Lake Victoria cichlid fishes (Yoshida et al.,
2011; Valente et al., 2014) and different Canidae species
(Graphodatsky et al., 2005; Becker et al., 2011; Trifonov et al.,
2013), the B-coding sequences of rye also displayed an increase
in copy number. In analogy with homogeneously stained regions
and double minute chromosomes, which exist in addition to the
normal chromosome complement in vertebrates, and chromo-
some aberrations that are characterized by the amplification of
sequences, in agreement with Makunin et al. (2014), we propose
that the mechanisms involved in the sequence amplification on
Bs may be common for these genomic elements.

The in vitro analysis of the A- and B-encoded ScAGO4B pro-
tein variants revealed that both operate a slicer activity, similar to
that observed for A. thaliana AGO4. These data demonstrated
unambiguously the presence of a functional ScAGO4B gene on
rye Bs and that these Bs carry both functional protein coding
genes as well as pseudogene copies. What may be the functional
consequences of an additional AGO4 gene being expressed via B

Fig. 5 Rye A- and B-derived AGO4B-like
proteins show similar slicer activity. The
mRNAs encoding the A- and B-derived
ScAGO4B-like proteins were translated in
Nicotiana tabacum BY-2 lysate (BYL) in the
absence or presence of an exogenous, 24-
nucleotide small interfering RNA (siRNA)
targeting the mRNA of green fluorescent
protein (GFP). Subsequently, a 32P-labeled
GFP mRNA fragment was added as an
AGO4/RNA-induced silencing complex
(RISC) target and cleavage products were
analyzed by denaturing polyacrylamide gel
electrophoresis (PAGE) and autoradiography.
As negative and positive controls, the
reactions were performed in the absence and
presence of additionally expressed (in vitro
translated) AGO and the mRNA encoding
the Arabidopsis thaliana AGO4, respectively.
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in rye? In concert with Pol IVA and Pol IVB, the RNA-
dependent RNA polymerases RDR2 and RDR5, the Dicer-like
protein DCL3 and DNA methyl transferases, AGO4 is indicated
to function in RNA-directed DNA methylation (RdDM), for
example, by controlling the maintenance of epigenetically silent
states at repeated loci, transposons and heterochromatin (re-
viewed in Vaucheret, 2008; Zhang et al., 2015). Transcripts of
Pol IV are copied into dsRNAs by RDR2, and these dsRNAs are
then processed by DCL3 into 24-nucleotide siRNAs, which are
preferentially bound by AGO4. The AGO4-bound siRNAs may
then guide the targeting of nascent scaffold transcripts from RNA
polymerase V by sequence complementarity and recruit DNA
methyltransferase activity to mediate de novo methylation (re-
viewed in Zhang et al., 2015). As its functional presence was
found to be important in the defense response of the plant cell
during bacterial and viral infections, AGO4 has also been pro-
posed to act as a linker of the transcriptional and post-
transcriptional silencing pathways (Agorio & Vera, 2007; Ye
et al., 2009; Hamera et al., 2012). Additional AGO4 pseudoge-
nes on Bs may thus be important to ensure the silencing of cer-
tain sequence elements, such as transposons.

In short, this study suggests that B-encoded (pseudo)genes
may provide an additional level of gene control and complexity
in combination with their related A-located genes. Hence, physi-
ological effects, associated with the presence of Bs, may be
explained by the activity of B-located (pseudo)genes.
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