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Abstract Supernumerary chromosomes have been studied
in many species of eukaryotes, including the cichlid fish,
Astatotilapia latifasciata. However, there are many unan-
swered questions about the maintenance, inheritance, and
functional aspects of supernumerary chromosomes. The
cichlid family has been highlighted as a model for evolution-
ary studies, including those that focus onmechanisms of chro-
mosome evolution. Individuals of A. latifasciata are known to
carry up to two B heterochromatic isochromosomes that are
enriched in repetitive DNA and contain few intact gene se-
quences. We isolated and characterized a transcriptionally ac-
tive repeated DNA, called B chromosome noncoding DNA
(BncDNA), highly represented across all B chromosomes of
A. latifasciata. BncDNA transcripts are differentially proc-
essed among six different tissues, including the production
of smaller transcripts, indicating transcriptional variation
may be linked to B chromosome presence and sexual

phenotype. The transcript lengths and lack of similarity with
known protein/gene sequences indicate BncRNA might rep-
resent a novel long noncoding RNA family (lncRNA). The
potential for interaction between BncRNA and known
miRNAs were computationally predicted, resulting in the
identification of possible binding of this sequence in upregu-
lated miRNAs related to the presence of B chromosomes. In
conclusion, Bnc is a transcriptionally active repetitive DNA
enriched in B chromosomes with potential action over B chro-
mosome maintenance in somatic cells and meiotic drive in
gametic cells.
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Introduction

B chromosomes (Bs) are extra, or supernumerary, chromo-
somes that have been described in 10–15 % of karyotyped
species of all major eukaryote groups (Camacho 2005),
including cichlid fishes. Cichlids are an established model
for evolutionary studies due to their fast adaptive radiation
in East Africa (Kocher 2004) and have also become a mod-
el for the study of B chromosomes. Notably, Bs have been
identified in 7 South American (Feldberg and Bertollo
1984; Martins-Santos et al. 1995; Feldberg et al. 2004) and
14 African (Poletto et al. 2010a, b; Yoshida et al. 2011;
Kuroiwa et al. 2014) species of cichlids. Astatotilapia
latifasciata is an African cichlid fish found in Lake
Nawampasa (satellite lake of Lake Kyoga, part of Lake
Victoria system) and is a widely distributed species in the
aquarium hobbyist trade (Skelton 2001). Previous studies
identified the presence of either 1 or 2B chromosomes in both
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sexes of A. latifasciata aquarium populations and revealed
that these chromosomes are heterochromatic and contain
highly repeated sequences. Sequences such as ribosomal
DNA and diverse repetitive elements were cytogenetically
characterized on the B chromosomes (Poletto et al. 2010a, b;
Fantinatti et al. 2011). A high-throughput sequencing ap-
proach was applied to investigate the B chromosomes of
A. latifasciata, showing that B is a genomic mosaic composed
of thousands of degenerate sequences, including genes and
transposable elements, derived from most of the A
(autosomal) chromosomes. Among the genes and
pseudogenes detected, few of them are intact (Valente et al.
2014).

B chromosomes do not follow the Mendelian laws of in-
heritance and are considered Bdispensable^ chromosomes be-
cause they are not responsible for essential life processes
(White 1973; Jones 1991; Camacho et al. 2000; Palestis
et al. 2004; Jones et al. 2008). The Bselfish DNA theory^
has been proposed as one possible explanation for the main-
tenance of B chromosomes in host genomes (Burt and Trivers
2006). Bs can be found in different numbers among and
within individuals of a population. In high number, extra chro-
mosomes lead to deleterious effects due to unbalanced gene
dosage (Jones and Rees 1982; Bougourd and Jones 1997;
Carlson 2009) and can contribute to phenotypic variation
(for review, Houben et al. 2013). It has been proposed that
proto-B chromosomes are derived from events of duplication
and translocation from the subregions of the A chromosomes
and subsequently become further enriched in A chromosome
and organelle DNA sequences through transposition events
(Houben et al. 2013; Valente et al. 2014). As a consequence,
they have accumulated large blocks of repetitive DNA se-
quences (Bueno et al. 2013), organelle sequences (Martis
et al. 2012), a few genes (Miao et al. 1991; Graphodatsky et
al. 2005; Valente et al. 2014; Rajicic et al. 2015), and
pseudogenes (Banaei-Moghaddam et al. 2013). Additionally,
functional studies have demonstrated gene and pseudogene
expression from B chromosomes (Leach et al. 2005; Ruiz-
Estévez et al. 2012; Banaei-Moghaddam et al. 2013;
Trifonov et al. 2013; Lin et al. 2014), some of which carry
direct effects over transcriptional activity of autosomal genes
(Carchilan et al. 2009).

In recent years, functional studies have focused on noncod-
ing sequences, or Bnoncoding^ DNA (ncDNA), which com-
prise the largest proportion of eukaryotic genomes (Ahnert
et al. 2008). Noncoding RNA sequences are now known to
play a role in gene regulation and genomic organization dy-
namics (Sandelin et al. 2004; Tian et al. 2015). Included in this
class are the ribosomal RNAs (rRNAs), transporter RNAs
(tRNAs), small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs), small interfering RNAs (siRNAs),
microRNAs (miRNAs), and long noncoding RNAs
(lncRNAs) (Eddy 2001; Mattick and Makunin 2006). One

of the most intriguing classes of ncRNA is the lncRNAs,
which has been conventionally described as a group of se-
quences that transcribes ncRNAs longer than 200 bp in length
(Kapranov et al. 2007; Wilusz et al. 2009; Wang and Chang
2011). Indeed, new subclassifications have been proposed for
lncRNAs considering RNA function and association with sub-
cellular structures and other features (Laurent et al. 2015).
Many studies have demonstrated the involvement of
lncRNAs in processes such as cancer metastasis (Gupta
et al. 2010), apoptosis in breast cancer cells (Pickard and
Williams 2014), X chromosome silencing (Brockdorff et al.
1992; Brown et al. 1992; McHugh et al. 2015), adaptive im-
munity in mammals (Pang et al. 2009), development
(Standaert et al. 2014), and heart hypertrophy protection
(Han et al. 2014). In fact, lncRNAs are traditionally consid-
ered poorly conserved (Pang et al. 2006), but recent studies
have shown the presence of mammalian lncRNA homologs in
fish species, indicating a possible conservation of these ele-
ments in different groups (Basu et al. 2013). Furthermore, a
lack of identifiable sequence conservation as a consequence of
rapid sequence evolution does not necessarily indicate a lack
of functional conservation in vertebrates (Ulitsky et al. 2011).

We have identified a transcriptionally active repetitive ele-
ment called B chromosome noncoding DNA element
(BncDNA) enriched over the entirety of the B chromosome
in the cichlid A. latifasciata. This element is expressed in at
least six tissues (hearth, brain, muscle, liver and eye) of
A. latifasciata, producing different transcript sizes (varying
from ∼200 to ∼500 bp). BncRNA transcriptional levels vary
among tissues and are affected by B chromosome presence
and sexual phenotype. Thus, Bnc represents a candidate
lncRNA with potential contribution to B chromosome main-
tenance and drive mechanisms.

Materials and methods

Animal samples and genotyping

Specimens (total of 95) of A. latifasciatawere obtained from a
stock establishment from the trade and maintained in the fish
facility of the Integrative Genomics Laboratory at Sao Paulo
State University (Botucatu, Brazil). Tissue samples and chro-
mosome preparations were obtained for animals without (0B),
carrying one (1B), and carrying two (2B) B chromosomes,
including individuals of each sex. DNA and RNA were ob-
tained from these specimens according to the protocol of
Sambrook and Russel (2001). All procedures are in accor-
dance with ethical principles of the Brazilian College of
Animal Experimentation and were approved by Institute of
Biosciences/São Paulo State University (UNESP) ethics com-
mittee on use of animals (Protocol no. 486–2013).
Genotyping for the B chromosome presence/absence was
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conducted using a polymerase chain reaction (PCR) marker
previously developed (Fantinatti et al., in preparation) that
amplifies DNA fragments carrying B-specific mutations.
The number of B chromosomes (one or two B chromosomes)
in each animal was determined previously using classical cy-
togenetic metaphase chromosome procedures and a Giemsa
stain. In the case of RNA samples used for reverse transcrip-
tion real-time polymerase chain reaction (RT-qPCR) and
Northern blot assays, we were not able to perform cytogenetic
metaphase analyses without impacting RNA expression pro-
files. In these cases, we referred to the absence of B chromo-
some as BB−^ and the presence of B as BB+^ as determined
below without delineating the B copy number.

Genomic approach

The presence of ribosomal DNA (rDNA) sequences in the B
chromosome of A. latifasciata (Poletto et al. 2010a; Fantinatti
et al. 2011) motivated the design of several sets of primers to
further define the organization of rRNA genes in the 0B, 1B,
and 2B genomic content. PCR fragments were cloned into
pGEM-T plasmid vectors (Promega) and the recombinants
obtained were subjected to Sanger sequencing. The sequences
obtained (accession numbers KX226399-KX226404) were
subject to basic searches for any similarity using NCBI
(http://blast.ncbi.nlm.nih.gov/Blast.cgi, Altschul et al. 1990)
and Bouilabase (http://www.bouillabase.org) BLAST tools,
as well as repeat masker (http://repeatmasker.org; Smit et al.
2013) in Repbase (www.girinst.org/repbase; Jurka et al.
2005). Among all characterized rRNA gene sequences, one
set of primers, RAND_1 (Supplementary Table 1), amplified a
non-rDNA sequence (probably by unspecific annealing of
primers during the PCR reaction), which was further charac-
terized (BncDNA).

The BncDNA sequence was subject to analysis using
BLAST against cichlid fish genomes (Bouillabase) and the
A. latifasciata first draft reference genome (Jehangir et al., in
preparation). The BncDNA regions identified in the
A. latifasciata genome were isolated and aligned against the
short-read datasets of 0B and 2B individuals with sequenced
genomes from the species avai lable at Sacibase
(sacibase.ibb.unesp.br) using Bowtie2 (http://bowtie-bio.
sourceforge.net/bowtie2/index.shtml; Langmead and
Salzberg 2012) implementing fast parameter options; from
these alignments, B-specific nucleotide polymorphisms were
assessed. The minimum depth of coverage to consider point
mutations in the polymorphism analysis was 30, based on the
mean coverage of the genome. Furthermore, Southern blot
analyses were performed using the full BncDNA sequence
probed against digested genomic DNA using the restriction
enzymes EcoRI, BccI, HphI, and HaeIII to compare the
banding pattern obtained and infer differences in genomic
organization of BncDNA among B+ and B− samples.

Digestions were conducted with EcoRI alone and a mix of
BccI, HphI, and HaeIII in the same reaction.

In an attempt to compare the relative copy number of
BncDNA sequence among tissues and B groups (B− and B+
individuals), we performed quantitative PCR (qPCR) using
the StepOnePlus™ Real-Time PCR System (Applied
Biosystems, USA) and SYBR Green PCR master mix kit
(Applied Biosystems, USA) in biological triplicates of each
group (B−/+, male/female) and technical duplicates. Several
sets of primers were designed in four regions that span the
entire BncDNA sequence: Bnc_1, Bnc_2, Bnc_3, and
Bnc_4 (Supplementary Table 1 and Supplementary Fig. 1).
The data was normalized to a reference gene, hypoxanthine-
guanine phosphoribosyltransferase (HPRT), using Q-Gene
software (Muller et al. 2002; Simon 2003). All qPCR results
of this work were analyzed using the statistical approach of a
generalized linear model (GLM) with the averages adjusted
by asymmetric distribution Gamma to all variables imple-
mented in SAS version 9.3, procedure GENMOD. The
analyzed variables were sex, B chromosome presence, or
both. The significant results were selected based on maxi-
mum p value of 0.05.

BncDNA was also characterized by fluorescence in situ
hybridization (FISH) mapping to chromosome spreads in all
groups according to Pinkel et al. (1986) with modifications
(Cabral-de-Mello et al. 2012). We colocalized BncDNA, la-
beled with digoxigenin-11-dUTP and detected using an anti-
digoxigenin-rhodamine antibody (Roche), with 18S rDNA,
labeled with biotin-14-dATP and detected by an avidin–fluo-
rescein isothiocyanate (FITC) conjugate (Sigma-Aldrich), as
the latter is a marker sequence for B chromosome identifica-
tion (Poletto et al. 2010a).

Functional approach

Blastn searches against cichlid fish transcriptomes (http://
www.bouillabase.org), microRNAs (www.mirbase.org;
Griffiths-Jones 2004), RNA families (http://rfam.xfam.org/;
Nawrocki et al. 2014), and long ncRNA (http://www.
lncrnadb.org/; Quek et al. 2014) databases were performed
for the BncDNA sequence. BncDNA was further analyzed
for open reading frames (ORFs) using Geneious Pro 4.8.5
software (http://www.geneious.com; Kearse et al. 2012) and
submitted to HMMER (hiddenMarkovmodels, www.hmmer.
janelia.org; Finn et al. 2011), pfam (www.pfam.xfam.org;
Finn et al. 2014) and UniProt (http://www.uniprot.org/blast/;
The UniProt Consortium 2015); in addition, gene predictions
were performed using FGENESH at softberry (http://www.
softberry.com; Solovyev et al. 2006).

Based on the identification of transcripts of BncDNA in
cichlid transcriptomes, tissues (gonads, brain, eye, muscle,
heart, and liver) from B− and B+ male/female of
A. latifasciata were selected to assess BncDNA transcript
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lengths and transcription levels using Northern blot and RT-
qPCR, respectively. Total RNA extraction of tissue samples
was performed using Trizol Reagent (Invitrogen Ambion,
USA), and RNA concentration and quality was determined
with NanoVue Plus Spectrophotometer (GE Healthcare,
USA) and 2100 Bioanalyzer (Agilent, EUA). RNA extrac-
tions were performed from animals collected at the same pe-
riod of the day from individuals of the same parental cross to
limit RNA expression variation due to environmental factors
or population variations. All RNA samples were treated using
DNAse (Thermo Fisher Scientific, USA) to exclude DNA
contamination. To verify BncDNA transcript presence, we
designed two sets of primers called BncRT1 and BncRT2
(Supplementary Table 1) based in the sequence regions with
more hits against transcripts in blastn analysis in the
Bouillabase transcriptomes of cichlids. To trace the tissues
that express BncDNA transcripts and to define the complete
size of transcripts produced, we developed Northern blot as-
says for large RNAs (>200 bp) and small RNAs (<200 bp)
separately as per (Carone et al. 2009). The probe and the
hybridization were the same described for the Southern blot
analysis.

Moreover, we performed blastn searches of BncDNA in
A. latifasciata transcriptomes (Marques et al., in preparation)
in order to identify BncDNA transcripts and isoforms.
Additionally, the transcriptome reads were aligned against
the A. latifasciata assembled genome implementing very fast
parameter options and a search for B-specific nucleotide poly-
morphisms was conducted based on the nucleotide polymor-
phisms genome dataset reference. Relative BncDNA tran-
scriptional levels were determined via reverse transcription
quantitative PCR (RT-qPCR) in biological triplicates of each
group and technical duplicates, as above, using the same sets
of primers that span the BncDNA sequence (Bnc_1, Bnc_2,
Bnc_3 and Bnc_4) (Supplementary Table 1 and
Supplementary Fig. 1) and normalizing expression values to
the housekeeping gene ubiquitin-conjugating enzyme (UBCE)
using Q-Gene software. UBCE was selected as a reference
from comparison of expression levels among various sets of
genes using RefFinder software (http://www.leonxie.com/
referencegene.php).

To determine if BncDNA transcripts (assembled transcripts
of A. latifasciata transcriptomes) were capable of forming
secondary structures, we applied single-stranded nucleic acid
secondary structure prediction using RNAfold (http://rna.tbi.
univie.ac.at/cgi-bin/RNAfold.cgi; Lorenz et al. 2011) and
Genebee (http://www.geneBee.msu.su/services/rna2_
reduced.html; Brodsky et al. 1995). Additionally, we
predicted interactions of BncRNA with differentially
expressed microRNAs of B+ samples of A. latifasciata
microRNomes obtained from brain, muscle, and gonads
(Fantinatti et al., in preparation) using PITA (http://genie.
weizmann.ac.il/pubs/mir07/mir07_data.html; Kertesz et al.

2007) and miRanda (http://www.microrna.org/microrna/
getGeneForm.do; Enright et al. 2003) software. The
predicted interaction results were filtered using a maximum
of −20 kcal free energy (for miRanda) and −10 kcal free
energy (for PITA).

Results

Genomic features

In the present study, we obtained PCR products from
RAND_1 primers that showed a different banding pattern be-
tween B− and B+ samples, with a specific B+ fragment of
approximately 700 bp (Fig. 1a) named BncDNA.
Considering our interest in B chromosomes, this B+-specific
band was cloned, sequenced and its nucleotide sequence (ac-
cession number KX196446) submitted to searches against the
NCBI nonredundant nucleotide database, Repeat Masker,
pfam, and UniProt databases. However, these searches failed
to find significant sequence similarity with any previously
characterized sequence.

Southern blot analysis confirmed our initial PCR results,
showing discordant banding patterns between B+ and B− in-
dividuals (Fig. 1b and Supplementary Fig. 2a) and validating
the presence of this novel sequence in this cichlid species.
EcoRI digestions of genomic DNA generated bands between
3000 and 4000 bp for B− samples and slightly larger bands for
B+ samples (both 1B and 2B). Using a mix of the enzymes
BccI, HphI, and HaeIII in the same digestion that cut inside
BncDNA sequence, we observe two bands under 500 bp for
B+ individuals and only one band for B− individuals, of ap-
proximately the same size (Fig. 1b, bottom panel and
Supplementary Fig. 2a). Moreover, a band ∼1000 bp is ob-
served in all groups, except in the 1Bmale. Additional hybrid-
izing bands above 1000 bp and under 1500 bp were observed
in males, but are absent in females. These additional bands are
smaller (1000 bp) in 0B individuals than in 1 or 2B individuals
(1500 bp).

FISH mapping confirmed the presence of abundant
BncDNA copies in the B chromosome of males and females
(Fig. 1c), with the element occupying almost the entire extent
of this chromosome, with the exception of centromeres and
telomeres. In contrast, the A chromosome set did not present
any visible FISH signal. The results of qPCR of the four
BncDNA regions (Fig. 1d) showed that the B+ group carries
more copies of the entire BncDNA sequence when compared
to the B− group, corroborating the Southern blot and FISH
results.

In a BLASTsearch against other cichlid genomes, we iden-
tified genomic regions that shared partial identity with
BncDNA among Metriaclima zebra, Astatotilapia burtoni,
and Pundamilia nyererei genomes (Supplementary Fig. 1),
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indicating the presence of this element in all cichlid fish spe-
cies with available genome sequences. Furthermore, we have
identified BncDNA in different regions of the A. latifasciata
genome assembly, indicating Bnc is spread across the genome
but remains fragmented (Supplementary Fig. 1). The search
for genomic point nucleotide variation (Supplementary
Table 2) in BncDNA regions of the A. latifasciata assembled
genome revealed two categories of variation: nucleotide poly-
morphisms found exclusively in B+ samples and polymor-
phisms enriched in B+ samples (found with at least double
the frequency over B− samples). The genomic regions

containing BncDNA in M. zebra, A. burtoni, P. nyererei,
and A. latifasciata were aligned (Supplementary Fig. 3), indi-
cating variable organization of BncDNA regions among these
species.

BncRNA transcript features

Database searches failed to find similarity of BncDNA to any
well-characterized DNA sequence, gene, protein, or RNA se-
quence. WU-Blasts against transcriptomes of P. nyererei,
A. burtoni, M. zebra, and A. latifasciata (Supplementary

Fig. 1 Genomic features of
BncDNA. a B+ specimens are
distinguished from B− specimens
by the presence of an additional
amplicon at ∼700 bp in PCR
analysis. bSouthern blot of DNA
probed with Bnc sequence (bands
pasted due to sample organization
and missing data for some groups,
see original image in
Supplementary Fig. 1). c
Fluorescence in situ hybridization
on metaphase chromosomes of a
1B individual (grayDAPI) shows
that BncDNA (red) is juxtaposed
to the 18S rDNA (green) on the B
chromosome, white arrow
indicates B chromosome. d
Genomic quantification by qPCR
analysis showing the relative
abundance of BncDNA among
B+ samples, y-axis shows relative
gene dose ratio (GDR), x-axis
indicates the different Bnc primer
sets. L, molecular weight marker;
B−, specimens without B
chromosome; B+, specimens
with B chromosome; 0B,
specimens without B
chromosome; 1B, specimens
carrying one B chromosome; 2B,
specimens carrying two B
chromosomes
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Fig. 1) showed transcripts from different tissues (embryo, go-
nads, heart, brain, among others) with high identity to different
regions of BncDNA transcripts. From this analysis, two longer
and four smaller regions are predominantly represented in
these transcriptomes. To validate these transcripts, we per-
formed RT-PCR using primers designed for BncDNA
(Supplementary Table 1). RT-PCR showed variable patterns
of bands across different tissues of A. latifasciata
(Supplementary Fig. 4). Sanger sequencing did not show any
nucleotide differences among the fragments obtained for B+
and B− samples (accession numbers KX226408-KX226412).

The results from A. latifasciata reference transcriptome
blastn allowed the identification of three isoforms, 322, 414,
and 680 bp in length (Supplementary Fig. 5, accession numbers
KX226405-KX226407). When submitted to BLASTN against
known sequence databases, we could find identity to
transcribed and non-characterized sequences in other cichlid
fishes. The B-type genomic nucleotide polymorphisms
(Supplementary Table 2) were not detected within the transcript
reads, showing that those regions carrying mutations, enriched
or exclusive of the B chromosome, are likely not transcribed.

Six tissues (brain, gonads, heart, muscle, liver, and eye)
were subjected to Northern blot analysis to determine the size
of Bnc transcripts (Fig. 2a and Supplementary Fig. 2b). The
results confirmed BncDNA is transcribed in all analyzed
tissues and revealed the approximate transcript sizes com-
mon to all groups (B+ and B− male and female samples) of
200 and 500 bp. For large RNAs, some samples failed to

show hybridizing bands, likely due to technical limitations
in the quantity or quality of RNA used. Furthermore, small
transcripts were detected via small RNA Northern blot
with a discrete fragment of <100 bp in B− female (liver,
gonads, and eye), B− male (muscle), and B+ female (liver
and gonads).

The transcriptional levels of BncDNAwere investigated in
different tissues using comparative RT-qPCR across four
BncDNA subregions (Fig. 2b and Supplementary Table 3).
We verified statistically significant differences in the analyzed
tissues and regions and correlated these data to B chromosome
presence and phenotypic sex. Significant differences were
found in all tissues, wherein BncDNA region 2 was upregu-
lated in all B+ individuals. Moreover, brain tissue showed
downregulation of region 3 in B+ samples. When analyzing
both characteristics (sex and B presence) together, we have
identified heart (regions 1 and 3), brain (regions 2 and 3), and
gonad (region 2) as showing differences in expression levels
somewhat related to these two features. Muscle (region 3) and
gonad (regions 1 and 3) samples frommales were upregulated
without any correlation to B chromosome presence. Region 4
did not present any differential expression, showing that it
may be a canonical transcript without impact by B chromo-
some presence; in other words, region 4 may represent an A
chromosome transcript.

Although BLASTX, BLASTN, and FGENESH searches
did not reveal any similarity to known or predicted proteins,
the BncDNA sequence ORF prediction showed six ORFs of

Fig. 2 BncDNA functional
features. a Large and small RNA
Northern blots in different tissues
and specimens indicating the
transcripts length of BncRNA
(bands pasted due to sample
organization and missing data to
some groups, see original image
in Supplementary Fig. 1). b Heat
map of relative RNA expression
levels from RT-qPCR analysis
using different set of primers
(Bnc_1, Bnc_2, Bnc_3 and Bnc_
4) showing the up and
downregulation of BncRNA
regions in different tissues and
regions correlated to B
chromosome presence and sexual
phenotype; B−, specimens
without B chromosome; B+,
specimens with B chromosome;
Go, gonads; Br, brain; He, heart;
Mu, muscle; Li, liver; Ey, eye;
white squares in heat map means
missing data
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167, 63, 42, 41, 34, and 34 amino acids (aa). These amino acid
sequences were submitted to BLASTX and BLASTN at pfam
and rfam databases, respectively, and did not show any iden-
tity to known protein family domains nor RNA families.
Secondary structure of the full BncRNA sequence was pre-
dicted and it generated five different kinds of secondary struc-
tures (Supplementary Fig. 6), pointing to a possible fold of the
longest transcript and further interaction with other molecules.
From this point, we predicted possible binding sites in
BncDNA transcripts using differentially expressed (up
and downregulated) microRNAs in B+ A. latifasciata
microRNomes. We identified six binding sites in BncRNA
isoforms to three different miRNAs: miR-129-3p, miR-9-5p,
and miR-153a-5p (Supplementary Table 4). All miRNAs
were upregulated in female B+ muscle tissue.

Discussion

Genomic organization of BncDNA element

EcoR1 digested genomic DNA assessed by Southern blot in-
dicates a unique banding pattern likely represent the entire
BncDNA cluster of copies. These bands, however, differ in
size between B+ and B− samples, suggesting that the
BncDNA array has a large number of copies on B chromo-
somes. The absence of multimeric units in Southern blot anal-
yses suggests BncDNA is not tandemly arrayed in the genome
(neither B− nor B+). Southern band patterns obtained under
BccI, HphI, and HaeIII combinatorial digestions corroborate
that BncDNA is present on both A and B chromosomes and
indicates that BncDNA copies are differently organized in the
B+ genomes. Although there are clear differences in the band
intensity among B+ and B−-delineated samples and individual
sex, this Southern hybridization analysis was not quantitative
and thus could not be used to infer copy number of BncDNA.
Rather, the quantification of BncDNA copies was obtained by
qPCR, a more precise and reliable method of quantification.

FISH results confirmed the enrichment of BncDNA in B
chromosomes and showed no localization of BncDNA in B−
individuals. This lack of signal on A chromosomes in these
individuals is likely due to the FISH technique resolution
employed herein, since BncDNA is present in a lower number
of clustered copies in 0B individuals as determined by other
methods. Notably, the relative copy number quantification
using qPCR corroborated the BncDNA enrichment in the
B+ samples. The wide standard deviation values obtained in
the qPCR analyses for the B+ samples are likely indicative of
the presence of both 1B and 2B animals in the same group
(defined simply as B− or B+) and/or an extensive variation in
copy number of BncDNA among individuals with the same
number of B chromosomes.

Searches in fish genomes, includingA. latifasciata, showed
BncDNA is present in different genomic regions of a variety
of cichlids in a fragmented arrangement. This fragmentation is
probably a consequence of the assembly bias expected for
repetitive DNA regions of eukaryotic genomes (Treangen
and Salzberg 2011). In addition, our polymorphism analysis
identified both exclusive and enriched B+ nucleotide varia-
tion, likely a consequence of the low selective pressure on B
chromosomes and the repetitive nature of BncDNA. We hy-
pothesize that BncDNA was among the founder sequences
that defined the proto-B chromosome, or migrated later to
the B, and underwent successive events of duplication and
amplification. The B chromosome of A. latifasciata contains
thousands of sequences duplicated from essentially every
chromosome within the karyotype, including transposable el-
ements and genes (Valente et al. 2014). BncDNA represents a
newly discovered repetitive element over represented in the B
chromosome genomic content.

Characterization of BncDNA transcripts

We detected BncRNA in all analyzed tissues, yet the observed
differing transcript sizes could be due to differential process-
ing or non-canonical transcription of BncDNA. Furthermore,
analyses via Northern blots detected final transcript sizes of
200–500 bp, without apparent differences between B−/B+
individuals. However, different patterns of hybridizing bands
were found for BncDNA transcripts in the small RNA pools,
but the resolution of these bands was not of sufficient quality
to delineate differences between B+ and B− individuals, nor
male vs female groups. Alternatively, RT-qPCR results indi-
cate BncDNA is transcribed differentially across tissues and
among individual groups. Considering that we found different
transcription levels between the BncRNA regions (1–4) in the
same tissue sample, as well as across different tissues, we infer
that its transcripts are highly processed. B chromosome pres-
ence affects BncDNA transcription in all analyzed tissues,
often correlated with phenotypic sex (muscle was an excep-
tion), although there is no evidence for transcription of
BncDNA that is exclusive to B chromosomes. One possible
explanation for the observed variation in expression levels
correlated with B presence could be that transcription of
BncDNA canonical copies occurs from both A and B chro-
mosomes. Alternatively, transcription of B chromosome cop-
ies indirectly influences the expression of A copies, as dem-
onstrated in rye (Carchilan et al. 2009).

BncRNA differential expression correlated with phenotyp-
ic sex, coupled with its association to B chromosomes, rein-
forces previous evidence supporting a role for B chromo-
somes in sex chromosome evolution in several organisms. B
chromosomes have contributed to the origin of theDrosophila
Y chromosome (Carvalho 2002; Nokkala et al. 2003) and
appear to be under some form of selection that has led to
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maintenance of B chromosomes within Drosophila
albomicans populations (He et al. 2000). Based on whole-
genome sequencing, it was observed that B chromosomes
originated from the standard chromosomes as a product of
the sex chromosome–autosome fusion in D. albomicans
(Zhou et al. 2012). Among fishes, the characid, Astyanax
scabripinnis, has B chromosomes found more frequently in
females (Vicente et al. 1996; Neo et al. 2000). In cichlids of
Lake Victoria (East Africa), the B chromosomes are female-
specific in Lithochromis rubripinnis and cross-breeding using
females with and without the B chromosomes demonstrated
that the presence of the B leads to a female-biased sex ratio
(Yoshida et al. 2011). In all of these examples, it is believed
that the difference in B-carrier sex ratio is a result of meiotic
drive of the B. Although B and sex chromosome association
has been described for various species, their relationship to
one another is still poorly understood and needs further inves-
tigation. The effect of B chromosomes over the cell cycle
seems the most influential mechanism that could favor the
mitotic stability and maintenance of B chromosomes in so-
matic tissues.

Our findings show that BncDNA produces transcripts
above 200 bp, a range classically defined as lncRNA
(Kapranov et al. 2007). Furthermore, lncRNAs can be origi-
nated from transposable element (TEs) exonic domains
(Kelley and Rinn 2012; Johnson and Guigó 2014).
Somehow, BncDNA is impacted by the presence of a B chro-
mosome. Based on the functional features of BncRNA iden-
tified herein, including in silico predictions, coupled with the
lack of similarity to known, protein-coding sequences, we
presume this sequence is an lncRNA. Previous studies have
described B-specific sequences that are transcribed (Carchilan
et al. 2009; Banaei-Moghaddam et al. 2013; Trifonov et al.
2013; Lin et al. 2014; Valente et al. 2014); however lncRNAs
in these systems were not identified from, nor affected by, B
chromosomes.

Long ncRNAs regulate cellular processes by different
mechanisms, including via a miRNA interaction that impacts
mRNA regulation (increase or decrease of expression levels)
(Yoon et al. 2014). For example, lncRNAs can act through
secondary structure interactions, as observed in the half-
STAU1-binding site RNAs (1/2-sbsRNAs) that interact and
regulate Staufen 1 (STAU1) mRNA in humans (Gong and
Maquat 2011). Our in silico predictions indicate the possible
formation of secondary structures and miRNA binding sites in
BncRNAs. We hypothesize that predicted miRNA binding
sites in the stem-loop secondary structure of BncDNA tran-
scripts may regulate mature miRNAs, capturing them and
acting as a Bsponge^ mechanism (Ebert et al. 2007).
Alternatively, BncRNA transcription itself could also be reg-
ulated by miRNAs through transcript degradation (Leucci
et al. 2013). Either mechanism could affect miRNA binding
activity over other nascent mRNA target sequences. The

activity of miRNAs upregulated in female B+ muscle cells
has been related to cilia assembly regulation and actin dynam-
ics (mir-129-3p) (Cao et al. 2012) and regulation of
neurogenesis and microglial inflammatory response media-
tion (mir-9-5p) (Coolen et al. 2013; Yao et al. 2014) in
vertebrates.

Assuming BncDNA is a long noncoding RNA, this mol-
ecule could cause changes in the cell environment favoring
B chromosome maintenance. Since BncDNA showed ex-
pression levels in gonad tissue correlated with B chromo-
some, we suggest it is involved in the meiotic drive of B
chromosomes in female oocytes, preferentially transmit-
ting B containing gametes to the next generation. The
maintenance of B chromosomes is possible due to their
transmission frequencies at a rate higher than Mendelian
frequencies through the action of a variety of possible
mechanisms, including segregation failure, by which B
chromosomes undergo transmission distortion, or meiotic
drive. While meiotic drive is the key to understanding B
chromosome function and evolution, the molecular mech-
anisms that lead to B chromosome meiotic drive is far from
clear (Houben et al. 2013). Meiotic accumulation has been
described in various species of plants and animals as a
consequence of the preferential migration of the B to the
secondary oocyte instead of the polar body (Camacho et al.
2000). The noncoding BncRNA could represent a new
player in the control mechanisms over meiotic drive and
subsequent maintenance of B chromosomes.

Conclusion

The repeated BncDNA is a transcriptionally active element in
the A. latifasciata genome, enriched on B chromosomes, and
is found in other cichlid genomes and transcriptomes. The B
enrichment of BncDNA leads to changes in BncRNA tran-
scription levels. The observed length of BncDNA transcripts,
coupled with an absence of identifiable coding sequences,
indicate that BncDNA is a candidate lncRNA. The BncDNA
transcripts are processed among different tissues with remark-
able variation among sex and B− and B+ samples. Thus, the
results obtained indicate BncDNA transcribes an lncRNA that
might have an important effect on cell function, favoring B
chromosome maintenance and segregation during cell divi-
sion. Finally, the link between Bnc transcription and pheno-
typic sex warrants a reevaluation of the relationship between
B chromosomes and sex chromosome origin and evolution.
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