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Summary

� B chromosomes (Bs) are supernumerary dispensable components of the standard genome

(A chromosomes, As) that have been found in many eukaryotes. So far, it is unkown whether

the B-derived transcripts translate to proteins or if the host proteome is changed due to the

presence of Bs.
� Comparative mass spectrometry was performed using the protein samples isolated from

shoots of rye plants with and without Bs. We aimed to identify B-associated peptides and ana-

lyzed the effects of Bs on the total proteome.
� Our comparative proteome analysis demonstrates that the presence of rye Bs affects the

total proteome including different biological function processes. We found 319 of 16 776

quantified features in at least three out of five +B plants but not in 0B plants; 31 of 319 fea-

tures were identified as B-associated peptide features. According to our data mining, one B-

specific protein fragment showed similarity to a glycine-rich RNA binding protein which dif-

fered from its A-paralogue by two amino acid insertions.
� Our result represents a milestone in B chromosome research, because this is the first report

to demonstrate the existence of Bs changing the proteome of the host.

Introduction

B chromosomes (Bs) are supernumerary dispensable compo-
nents of the standard genome (A chromosomes, As) that have
been found in many eukaryotes, ranging from fungi to plants
and animals including mammals (Camacho et al., 2000; Jones
et al., 2008; Douglas & Birchler, 2017; Martins & Ahmad,
2019). They may vary in size, structure and chromatin prop-
erties among different species. Despite the diversity of Bs,
they share some common features. They are not essential and
are dispensable, they do not pair or recombine with As at
meiosis, and they often show chromosome drive (Jones &
Rees, 1982).

The presence of Bs leads to only mild or slight phenotypic
changes if their number is low. Conversely, excessive numbers of
Bs can cause phenotypic effects and may reduce the fertility and
fitness of the host. The contributions of single Bs to these pheno-
types are usually cumulative, with the severity of the effects

increasing with the number of Bs (reviewed in Jones & Rees,
1982; Jones, 1995; Bougourd & Jones, 1997; Carlson, 2009).
For example, the viability and fertility of rye plants are impaired
when the number of Bs is high (reviewed in Jones & Puertas,
1993).

Although Bs are not essential, they are not necessarily inert.
Bs were found to cause antibiotic resistance and pathogenicity
in the fungus Nectria haematococca (Coleman et al., 2009). It
has been proposed that Bs accumulate mutations and struc-
tural rearrangements more rapidly over time than A chromo-
somes, and, as a result, carry genes relevant to host–pathogen
interactions (reviewed in Bertazzoni et al., 2018). In cichlids,
Bs may play a role in the sex determination mechanism
(Yoshida et al., 2011). With the development of high through-
put sequencing technologies, the rapid growth of genomic
sequence data provides new insights into the organization of
Bs and confirms that they carry genic sequences in a number
of different species (reviewed in Banaei-Moghaddam et al.,
2015; Ruban et al., 2017; Dalla et al., 2019). In the cichlid
Astatotilapia latifasciata, whilst the majority of the identified
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B-genes are fragmented, some B-located genes were largely
intact and three of them have been confirmed in silico (Valente
et al., 2014). The B-located CAP-G gene has been found in
two Spanish populations of grasshoppers (Navarro-Dominguez
et al., 2017). In rye, it has been demonstrated that Bs contain
c. 5000 putative B-located genic sequences (Martis et al.,
2012), three of the B-located genes have been confirmed intact
and resembled the A-located paralogues experimentally (Ma
et al., 2017). With the emergence of next generation sequenc-
ing (NGS) technology, B chromosome-located genic sequences
have been identified in many species. However, the number of
intact genes remains low, as, due to the high fraction of repet-
itive elements of Bs, the de novo assembly from the short reads
generated by NGS is very challenging.

Numerous B-located protein coding genes were discovered
to contribute to the host transcriptome. In rye, thousands of
B-derived transcripts with a reading frame were identified
(Banaei-Moghaddam et al., 2013; Ma et al., 2017). The pres-
ence of B chromosome genes can alter the expression of A-lo-
cated paralogue genes. For example, the presence of B
chromosomes in the plants Scillaautumnalis (Rej�on et al.,
1980; Oliver et al., 1982) and Allium schoennoprasum (Plow-
man & Bougourd, 1994) have been shown to influence the
expression of A-located genes for esterase and endosperm pro-
tein, respectively. Likewise, the presence of Bs can impact the
expression of nuclear organizer regions (NORs) and the A
chromosomes in the grasshopper E. plorans (Cabrero et al.,
1999). The Bs of Crepis capillaris encode transcriptionally
active 45S rDNA variants (Leach et al., 2005). In rye (Carchi-
lan et al., 2009; Banaei-Moghaddam et al., 2013; Ma et al.,
2017), grasshopper (Navarro-Dominguez et al., 2019) and
maize (Huang et al., 2016), pseudogene-like fragments on Bs
were found to affect the transcription of A chromosome-lo-
cated genes in a dosage-dependent manner. In addition, chro-
mosome regions harbouring loci affecting B chromosome
behaviour and transmission to progeny were identified (Carl-
son, 2007; Han et al., 2007; Endo et al., 2008). However,
whether the B-derived transcripts finally translate to proteins
in vivo, as well as the role they may play in the total pro-
teome, are unknown.

Here, we report the comparative proteome analysis of rye
plants with and without B chromosomes. We demonstrate
that the presence of rye Bs affects the total proteome, includ-
ing various biological function processes. We found 319 of
16 776 quantified peptide features in at least three of five +B
plants but not in 0B plants; 31 of 319 peptide features were
identified with confidence as B-associated peptide features (P-
value < 0.05). According to our data mining, one B-specific
protein fragment showed similarity to a glycine-rich RNA
binding protein which differed from its presumed A-paralogue
by two amino acid insertions. These data demonstrate that B
chromosomes are able to contribute and influence the host
proteome and likely translate their own transcripts to pep-
tides. Hence, physiological effects, associated with the pres-
ence of Bs, may be explained partly by the presence of B-
associated proteins.

Materials and Methods

Plant material and cultivation

Seeds of a rye (Secale cereale L.) self-fertile inbred line 7415
with (+) and without (0) B chromosomes (Bs) (Jimenez et al.,
1994), were germinated on wet filter papers. After germina-
tion, the seedlings were transferred to soil and cultivated for
20 d under long-day conditions (16 h : 8 h, light (22°C) : dark
(16°C). Shoots of 0B and +B plants were harvested and stored
at � 80°C for proteome analysis, each with five biological
replicates.

Genotyping

To identify +B and 0B plant chromosomes, genomic DNA was
extracted from rye leaves by a DNAeasy plant mini kit (Qiagen).
Forward primer 50-AGGAGGATCTTTTGTCCGCA-30 and
reverse primer 50-ATCGTCAACCAGCACCAACT-30 were
used to amplify A- and B-derived ScSHOC1 fragments (Ma et al.,
2017) in order to distinguish 0B and +B plants because of the
single polymorphic sites. Twenty-five microlitres of PCR reaction
mixture contained: 100 ng genomic DNA, 10 lM of each for-
ward and reverse primers, 5 mM of each deoxynucleotide
triphosphates, 2.5 ll 109 PCR reaction buffer and 1 unit of Taq
polymerase (Qiagen). The cycling protocol was: 94°C for 3 min;
35 cycles at 94°C for 40 s, 57°C for 40 s, 2 min elongation at
72°C, and 72°C final elongation for 10 min. Then, the PCR
products were checked for nonspecific amplification on a 1%
agarose gel. The NsiI enzyme for ScSHOC1 was used for geno-
typing 0B and +B plants (Ma et al., 2017). Twenty microlitres of
the restriction enzyme digestion reaction included: 10 ll PCR
mixture, 2 ll 109 buffer and 10 units of 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.

Protein extraction and data acquisition through mass
spectrometry

Ground shoot samples were subjected to protein extraction
according to the phenol extraction/ammonium acetate precipita-
tion (Carpentier et al., 2005) and adapted for gel free proteomics
(Buts et al., 2014). After protein quantification (2-D Quant Kit;
GE Healthcare Europe, Freiburg, Germany), 20 lg of proteins
were briefly digested with trypsin (Trypsin Protease, MS grade,
Thermo Scientific, Merelbeke, Belgium) followed by purification
with Pierce C18 Spin Columns (Thermo Scientific). The
digested samples (0.5 lg/5 ll) were separated in an Ultimate
3000 UPLC system (Thermo Scientific) and injected in a Q
Exactive Orbitrap mass spectrometer (Thermo Scientific) as
described (van Wesemael et al., 2018). The Q Exactive Orbitrap
mass spectrometer (Thermo Scientific) was operated in positive
ion mode with a nanospray voltage of 1.5 kV and a source tem-
perature of 250°C. ProteoMass LTQ/FT-Hybrid ESI Pos. Mode
Cal Mix (MS CAL5-1EA SUPELCO, Sigma-Aldrich) was used
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as an external calibrant. The instrument was operated in data-de-
pendent acquisition (DDA) mode with a survey MS scan at a res-
olution of 70 000 (fw hm at m/z 200) for the mass range of m/z
400–1600 for precursor ions, followed by MS/MS scans of the
top 10 most intense peaks with +2, +3, +4, and +5 charged ions
above a threshold ion count of 16 000 at 17 500 resolution using
normalized collision energy of 25 eV with an isolation window of
3.0m/z and dynamic exclusion of 10 s. All data was acquired with
XCALIBUR 3.0.63 software (Thermo Scientific). For protein iden-
tification, we used MASCOT v.2.2.06 (Matrix Science) against rye
0B and +B genomic and RNA seq dataset (Martis et al., 2012;
Ma et al., 2017), and the usual contaminants for MS (76 220
accessions). The parameters used for the identification were: par-
ent mass tolerance of 10 ppm, fragment tolerance of 0.02 Da,
oxidation of M as variable modification, carbamidomethyl C as
fixed modification and up to one missed cleavage was allowed for
trypsin. For identification and alignment, all raw data were con-
verted into mgf-files using PROGENESIS (v.4.1; Nonlinear Dynam-
ics, Newcastle, UK). To calculate the false discovery rate (FDR)
in the identification and judge the protein inference, the sample-
specific mgf files were loaded into SCAFFOLD 3.6.5. The proteins
were quantified in PROGENESIS based on all matching features.
Statistical values indicated in Supporting Information Table S4
were calculated by PROGENESIS. Protein quantifications were
exported from PROGENESIS and subjected to additional statistical
analysis (STATISTICA 13; Tibco Software Inc., Palo Alto, CA,
USA). Protein abundances were investigated in relation to the
genotype via the PLS-DA NIPALS algorithm and t-test (STATIS-
TICA 13).

Gene ontology term assignment

Sequences identified as being significantly different in 0B and +B
plants were further characterized using gene ontology (GO) terms
(Ashburner et al., 2000) (Table S1). For the purpose of this
assignment INTERPROSCAN5 (Jones et al., 2014) (v.5.26-65.0)
was applied to the dataset. FASTA files were split before the
analysis into chunks of 250 sequences each with shell commands.
Sequences were then scanned by INTERPROSCAN5 in parallel with
GNU parallel (Tange, 2018) against these applications: TIGRFAM

(Haft et al., 2012), PIRSF (Wu et al., 2004), PRODOM (Bru et al.,
2005), SMART (Letunic et al., 2012), PROSITE PROFILES (Sigrist et
al., 2012), PROSITE PATTERNS (Sigrist et al., 2012), PFAMA
(Bateman et al., 2002), PRINTS (Attwood et al., 2012),
SUPERFAMILY (de Lima Morais et al., 2010). GO term assignments
were extracted and consolidated between these applications with
shell commands.

Results and Discussion

Presence of B chromosomes influences the host proteome

In order to evaluate whether the presence of B chromosomes
influences the host proteome, a comparative MS analysis was
performed using the protein samples isolated from shoots of five
individual rye plants, with and without Bs, at the same

developmental stage (20 d after germination). A total of 16 776
peptide features were generated from the quantitative pro-
teomics analysis from rye 0B and +B plants (Table S2). Accord-
ing to the partial least squares (PLS) analysis, the proteome was
significantly correlated to the presence/absence of Bs (Fig. 1a;
Table S3), indicating the effect of B chromosome-associated
peptide features for the shoot proteome. To further determine
which biological processes were affected by the presence of Bs,
we analyzed the differentially abundant proteins in 0B and +B
plants. Protein sequences were scanned with INTERPROSCAN5 to
detect conserved domains. Also, the GO terms were extracted
(Table S1). Proteins with shared ontologies were visualized in
CYTOSCAPE. Manual searching of interaction maps for the pro-
teins revealed nine interesting biological processes, which are
illustrated in Fig. 1(b–j).

The annotation of differential proteins (Fig. 1b–j) is in agree-
ment with our previous GO enrichment analysis for B chromo-
some-enriched transcripts (Ma et al., 2017). The identified
proteins involved in photosynthetic, glycolytic and oxidation
processes, also are in line with our previous observation that tran-
scriptionally active B chromosomes contain DNA fragments that
were derived from chloroplasts and mitochondria (Martis et al.,
2012; Ruban et al., 2014; Ma et al., 2017). One example we
identified in this study was a ‘negative’ regulator of metabolic
processes (carbon fixation), from the protein encoded by
LN626639, indicating the possible causes of detrimental effects
of too many Bs and fitting with the reduced transcription in +B
plants observed previously (Ma et al., 2017). The upregulated
nucleosome assembly proteins observed in +B plants point
towards a role of Bs in chromatin assembly. In short, Bs have an
influence on the proteome and are involved in different biological
function processes, such as photosynthesis, glycolysis, oxidation,
and metabolic, ribosomal and nucleosome assembly.

The impact of the proteins only detected in +B plants

In order to identify proteins which were encoded only by the B
chromosome or induced by the presence of Bs, we searched for
peptides that were detected with confidence in +B plants only.
There are 30 peptide features that have been detected in all five
+B samples and never in 0B samples. This pattern is very signifi-
cant according to the Fisher’s exact test (P < 0.01 after the Bon-
ferroni correction for multiple testing) (Dunn, 1961). Three
hundred and nineteen peptide features were detected in at least
three of five +B plants and not detected in 0B plants; of these
319, 31 features returned a confident hit against our database
and had a P-value < 0.05 (Table S4). The number of identified
B-associated peptide features was very low for the following rea-
sons: (1) the sequence information about B-located genes is very
limited; (2) B-derived peptides could share the same sequences as
their A-derived paralogues; and (3) the gene annotation of the
rye genome is currently modest.

Our previous studies showed that A- and B-derived paralogous
transcripts show polymorphisms, including deletions, insertions
and single nucleotide polymorphisms (SNPs) (Banaei-Moghad-
dam et al., 2013; Ma et al., 2017). Therefore, we assumed that A-
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(a) (b) (c)

(d) (e) (f)

(g)

(h) (i) (j)

(k)

Fig. 1 Comparative proteome analysis for rye 0B and +B plants. (a) Partial least squares (PLS) analysis of proteome profiles of +B (red dot) and 0B (green
dot) plants. Five plants of each type were used. (b–j) t-test significant proteins were BLASTed and annotated to the gene ontology, and proteins with shared
ontologies were scanned with INTERPROSCAN 5 to assign gene ontology (GO) terms and proteins visualized in CYTOSCAPE. The up- and downregulated
proteins in the presence of Bs were indicated in red triangle and rectangle, respectively. (k) Alignment of the RNA recognition motif (RRM) superfamily in
Glycine max (soybean) with rye A- and B-specific peptides. Red asterisks mark the polymorphic sites between A- and B-specific peptides.

New Phytologist (2021) 230: 2179–2185
www.newphytologist.com

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

Research

New
Phytologist2182



and B-derived paralogous peptide features could be distinguished
by polymorphic sites. Among these 31 B-encoded peptide fea-
tures, one peptide with the sequence GGGGGYGGGGGYGGQ
GGGGGGYGGQGGGGYGGQGGGGYGGQR (BE587164|
BE587164.1_1; Table S4) showed homology to the peptide fea-
ture with sequence GGGGGGYGGGGGGYGGGGGG
YGGQR (BE586297|BE586297.1_7; Table S2) appearing in
both 0B and +B samples (Fig. 1k). Comparison of these two pep-
tides revealed two insertions (Fig. 1k). The functional annotation
of both peptide features is a glycine-rich RNA binding protein
(Fig. 1k). From our proteome analysis, we identified five addi-
tional proteins (BE494459, BE586297, BE587164, HX663568
and HX665852) with peptides having glycine-rich regions
(Table S2). Three of them are significantly more abundant in +B
plants (P < 0.1: BE587164, HX663568 and HX665852).

What are the functional consequences of an additional
glycine-rich RNA binding protein being expressed by the B
chromosome of rye? RNA-binding proteins with an RNA
recognition motif (RRM)-type domain play an important role
in developmental and environmental responses (Gomez-Porras
et al., 2011). Therefore, physiological effects associated with the
presence of Bs may be explained partially by the activity of B-
derived RNA binding proteins. Also, essential processes of gene
expression at the post-transcriptional level are regulated mainly
by proteins containing well-defined sequence motifs involved in
RNA binding. The RNA recognition domain is one of the most
widely spread motifs (Lorkovi�c & Barta, 2002). As with an
increasing number of Bs, the total transcripts encoded by rye As
and Bs do not change in a linear manner (Ma et al., 2017). We
hypothesize that an additional B chromosome-encoded RNA
recognition domain gene and a greater abundance of several
paralogues are involved in the regulation of gene expression in a
dosage-sensitive manner.

In summary, the most noteworthy result of our analysis is that
the existence of B chromosomes can alter the composition of the
rye proteome. Moreover, c. 1.9% (319 of 16 776) of the quanti-
fied features were found in at least three of five +B plants but not
in 0B plants; 31 of 319 features returned a hit against our
database and were considered as B-associated peptide features.
This is likely due to the translation of the B-derived transcripts or
due to the presence of Bs inducing the expression of A-par-
alogues. We speculate that B-specific proteins might have the
same function as their A-paralogues. It is likely that B-encoded
peptides behave like proteins derived from duplicated or pseudo-
genized genes. In the future, a sequence annotated rye B chromo-
some will help us to confirm more B chromosome-derived
proteins and to better understand the biological and evolutionary
implications of B chromosomes.
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