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Abstract

Background: B chromosomes (Bs) are extra elements observed in diverse eukaryotes, including animals, plants and
fungi. Although Bs were first identified a century ago and have been studied in hundreds of species, their biology is
still enigmatic. Recent advances in omics and big data technologies are revolutionizing the B biology field. These
advances allow analyses of DNA, RNA, proteins and the construction of interactive networks for understanding the
B composition and behavior in the cell. Several genes have been detected on the B chromosomes, although the
interaction of B sequences and the normal genome remains poorly understood.

Results: We identified 727 miRNA precursors in the A. latifasciata genome, 66% which were novel predicted
sequences that had not been identified before. We were able to report the A. latifasciata-specific miRNAs and
common miRNAs identified in other fish species. For the samples carrying the B chromosome (B+), we identified
104 differentially expressed (DE) miRNAs that are down or upregulated compared to samples without B
chromosome (B−) (p < 0.05). These miRNAs share common targets in the brain, muscle and gonads. These targets
were used to construct a protein-protein-miRNA network showing the high interaction between the targets of
differentially expressed miRNAs in the B+ chromosome samples. Among the DE-miRNA targets there are protein-
coding genes reported for the B chromosome that are present in the protein-protein-miRNA network. Additionally,
Gene Ontology (GO) terms related to nuclear matrix organization and response to stimulus are exclusive to DE
miRNA targets of B+ samples.

Conclusions: This study is the first to report the connection of B chromosomes and miRNAs in a vertebrate species.
We observed that the B chromosome impacts the miRNAs expression in several tissues and these miRNAs target
several mRNAs involved with important biological processes.
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Background
B chromosomes (Bs) are extra and nonessential elements
found in approximately 10 to 15% of karyotyped organ-
isms, ranging from fungi to plants and animals, and do
not follow classical Mendelian inheritance patterns [1–
5]. The origin, evolution, genome content and morph-
ology of B chromosomes vary among organisms [6].

A proto-B chromosome can emerge from chromo-
somal rearrangements, partial duplication of A chromo-
somes (normal chromosomes of the karyotype) or
nonmeiotic disjunction [5]. This new element increases
its genomic content by insertion of A chromosome se-
quences copies, including various repetitive DNA classes
[7–9], protein-coding genes [2, 10–13], pseudogenes
[14], retrogenes [15], organellar DNA sequences [16]
and noncoding sequences [17–20]. Duplicated sequences
in B chromosomes have been proposed to facilitate its
permanence in the host genome. These sequences may
help the B chromosome drive during gametogenesis
avoiding B elimination [5, 11]. In this way, the
characterization of the B genomic content and its effects
using genomics and bioinformatics tools is a promising
approach to understand this extra element and its rela-
tion to the host genome [21, 22].

Regarding to noncoding RNAs, some few sequences
have already been reported either in the B chromosome
or impacting in the expression of autosomal sequences
in the B+ samples. Noncoding RNAs exert strong effects
on cell biological processes and are potentially related to
the presence of the B chromosome [18, 19, 23]. Among
noncoding RNAs, microRNAs (miRNAs) (~ 22 nucleo-
tides long) act in the translation control by promoting
the degradation or cleavage of mRNAs. That is why they
are responsible for the control of important processes,
such as development and differentiation, cell cycle regu-
lation, stress and aging, and some diseases such as can-
cer. Notably, miRNAs are one of the most abundant
regulators in the genome and several of them are highly
conserved among organisms [24–26].

The biogenesis of miRNAs starts in the nucleus with
the transcription of the primary miRNA (pri-miRNA)
that has a hairpin structure and is processed to form a
RNA duplex, named pre-miRNA. The pre-miRNA is
transported to the cytoplasm and processed by the
Dicer, that cleaves the RNA duplex into two single RNA
molecules, 5p and 3p arms. Only one arm will become
the mature sequence while the another one will be de-
graded [27]. When associated with the Argonaute pro-
tein, the mature miRNA interacts with its target based
on antisense Watson-Crick pairing that occurs mainly in
the 3′ untranslated regions (3’UTR) of mRNAs [28].

The connection between B chromosome and miRNAs
has only been investigated in two organisms, an inverte-
brate and a plant species. The wasp Nasonia vitripennis

carries a selfish supernumerary chromosome called PSR
(Paternal Sex Ratio) that transcribes several small RNAs
sequences, such as microRNAs, small interference RNAs
and PIWI-Interacting RNAs [18]. In maize, B-derived
miRNAs were found to affect A chromosome miRNA
expression [23]. However, to the best of our knowledge,
these reports are the only two describing small noncod-
ing RNA sequences in the context of B chromosomes.
Thus, the impact of B chromosome duplications in the
small noncoding RNAs expression is poorly understood.

Among vertebrates, B chromosomes have already been
described in approximately 100 fish species [4], corre-
sponding to 16.28% of karyotyped species [29]. Teleost
fishes are important for evolutionary studies, especially
in the Cichlidae family, due to their rapid adaptive radi-
ation in East African great lakes [30–32]. B chromo-
somes were detected in several cichlid species [30, 33,
34]. Among them, the African cichlid Astatotilapia lati-
fasciata, which carries one or two B chromosomes in
both sexes, has been extensively investigated through
classical cytogenetics [33, 35], molecular biology [9, 36]
and, more recently, genomic approaches [11, 15, 19, 37].
Repetitive elements [9], coding genes [11] and a long
noncoding RNA [19] have already been identified in the
B chromosome of A. latifasciata. Some of these se-
quences revealed a differential expression in the B+ sam-
ples suggesting transcription activity and involvement of
this extra element into several biological pathways [19,
20, 38].

The A. latifasciata B chromosome content has been
investigated by comparing sequencing from B− and B+

DNA and RNA samples. The B chromosome gene con-
tent was first reported through genomic coverage rate
analysis based on Illumina high coverage sequencing and
454 Life Sciences sequencing of a microdissected B
chromosome [11]. In this work, the microdissected B
chromosome sequences were compared to Metriaclima
zebra reference genome, and the first B-genes of A. lati-
fasciata were reported. Later, the A. latifasciata draft
genome was constructed using Illumina high scale data
and identified several duplicated contigs in the B
chromosome [37]. The coverage ratio compares cover-
age of sequenced among B− and B+ samples aligned
against a reference assembled genome, which allows to
identify higher coverage regions on the B+ sequencing
dataset, that represent duplicated regions in the B
chromosome [11, 39].

In this study, large-scale small RNA sequences (sRNA-
seq) were generated from the brain, muscle and gonads
of B− and B+ individuals of both sexes of A. latifasciata.
Using bioinformatics approaches, the A. latifasciata
miRNA profile was described, and compared with other
teleost miRNAs, mainly cichlid species. This allowed the
identification of conserved and specific novel miRNAs.
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In this work, we introduce the application of several bio-
informatics tools to investigate miRNA sequences in the
context of B chromosomes based on coverage ratio ana-
lysis and the generated “B-blocks” as previously reported
[11]. B-blocks are putative genomic regions observed on B
chromosomes and detected via coverage ratio analysis as a
result of NGS read coverage comparison between the two
sequenced genomic datasets (B+ and B−). We described
104 miRNAs that were differentially expressed (DE), either
up or downregulated in the presence of the B chromo-
some compared to samples without B chromosome (the
control). These miRNAs have common mRNA targets in
the brain, muscle and gonads. Additionally, we found pro-
tein coding genes already described in the B chromosome
(the B genes) as targets of DE miRNAs. Moreover, a net-
work based on human protein-protein interactions of the
DE miRNAs targets highlights the great potential of DE
miRNAs in the influence of B chromosomes over several
biological processes.

By combining the sRNAseq with the availability of A.
latifasciata genomic and mRNA transcriptomic data we
described the miRNome of this cichlid species. Further,
this is the first study that relates the miRNA expression
and the B chromosome presence in a vertebrate species.
This is also the first report of coding and noncoding in-
teractions related to B chromosome presence.

Results
The A. latifasciatamiRNome
A nonredundant dataset was constructed based on miR-
Base fish miRNAs to create a miRNA reference list (see
the Materials and Methods). The procedure resulted in
1456 precursors and 1234 mature sequences. This fish
miRNA reference list was used to identify the miRNAs
in the sRNA-seq data and annotate them in the A. lati-
fasciata genome. We identified 727 miRNA precursors
(pre-miRNAs) throughout the A. latifasciata genome
(see Additional File 1). Among them, 246 (33.84%) pre-
miRNAs have similarity with described miRNAs in miR-
Base, and they are called known miRNAs. On the other
hand, sequences that were not similar to existing miR-
NAs are called novel. Additionally, novel miRNAs could
only present seed similarity to existing miRNAs, indicat-
ing new miRNAs probably belonging to an existent
miRNA family [40]. The novel A. latifasciata pre-
miRNAs represent 481 (66.16%) precursor sequences,
and 29.31% of them exhibit miRBase seed similarity (nu-
cleotides 2–8 from the 5′ end of the mature miRNA).

Clustered miRNAs can be arranged in a 5 kilobase
genomic region long and generally are related to the
same transcription factors [39]. Here, we considered
clustered miRNAs when the sequences were found in
the same genomic contig and not exceeded 5 kilobases
distance. The clustered miRNAs (pre-miRNAs on the same

genome contig) accounted for 232 (31.91%) sequences; the
longest cluster contained 9 pre-miRNAs. Also, 495 (36.31%)
precursor sequences are single miRNAs in a genomic contig.
Usually, one arm (5p or 3p) is highly expressed in the cell,
while the other arm can be degraded [27]. Thus, comparing
the expression of the arms in the sRNAseq, 55% of pre-
miRNAs displayed higher expression in the 5p arm mature se-
quence. Transcription was identified on the minus strand for
368 (50.62%) pre-miRNAs and on the plus strand for 359
(49.38%) pre-miRNAs. All the results mentioned above are de-
scribed in the Fig. 1a and b.

The last miRBase release added seven new fish species
and 2050 new sequences, summing up 3687 miRNAs se-
quences (Additional File 11 – Table S3). From these
new species in the last release, five are cichlids and con-
tribute to 1300 miRNAs sequences. The miRNA seed se-
quences from A. latifasciata have similarity with 15 fish
species (representatives of nine teleost families) in miR-
Base, corresponding to 246 pre-miRNAs (Add-
itional File 1). The species were verified according to the
three first letters of the miRNA ID, which corresponds
to the species ID in the animal miRNA nomenclature
pattern, as indicated next in the species name. Thirty-
five percent of known miRNA seed sequences share
similarity with cichlids (Astatotilapia burtoni – abu,
Metriaclima zebra – mze, Neolamprologus brichardi -
nbr, Oreochromis niloticus – oni, and Pundamilia nyer-
erei – pny); 65% show similarity with other teleost fam-
ilies (one species of Adrianichthyidae, Oryzias latipes –
ola; two species of the Cyprinidae family, Cyprinus car-
pio – ccr, and Danio rerio, − dre; one species of Gadidae,
Gadus morhua – gmo; one species of Ictaluridae, Icta-
lurus punctatus – ipu; one species of Pleuronectidae,
Hippoglossus hippoglossus – hhi; one species of Salmoni-
dae, Salmo salar – ssa; and two species of Tetraodonti-
dae, Fugu rubripes – fru, and Tetraodon nigroviridis –
tni) (Fig. 1b and c). Even not being the most representa-
tive reference species Danio rerio seeds are well repre-
sented among the known miRNAs, probably indicating
the presence of highly conserved miRNAs in the A. lati-
fasciata miRNome (Additional File 9 – Table S3).

Approximately 70% of novel miRNAs are not similar to
any seed from miRBase, indicating their potential as either
new specific or nondescribed miRNAs (Fig. 1b and c).
When considering only the novel miRNAs that present
seed similarity from miRBase, 60% are similar to seed se-
quences from A. burtoni, M. zebra and O. niloticus, which
probably represent exclusive conserved miRNAs families
among cichlids (absent or not conserved in other groups).

Searching for miRNA genes on the B chromosome
We performed three different strategies in order to in-
vestigate the miRNA presence in the B chromosome. All
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