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Abstract

Background: B chromosomes are extra elements found in several eukaryote species. Usually, they do not express a
phenotype in the host. However, advances in bioinformatics over the last decades have allowed us to describe several
genes and molecular functions related to B chromosomes. These advances enable investigations of the relationship
between the B chromosome and the host to understand how this element has been preserved in genomes. How-
ever, considering that transposable elements (TEs) are highly abundant in this supernumerary chromosome, there is

a lack of knowledge concerning the dynamics of TE control in B-carrying cells. Thus, the present study characterized
PIWl-interacting RNA (piRNA) clusters and pathways responsible for silencing the mobilization of TEs in gonads of the
cichlid fish Astatotilapia latifasciata carrying the B chromosome.

Results: Through small RNA-seq and genome assembly, we predicted and annotated piRNA clusters in the A. latifas-
ciata genome for the first time. We observed that these clusters had biased expression related to sex and the pres-
ence of the B chromosome. Furthermore, three piRNA clusters, named curupira, were identified in the B chromosome.
Two of them were expressed exclusively in gonads of samples with the B chromosome. The composition of these
curupira sequences was derived from LTR, LINE, and DNA elements, representing old and recent transposition events
in the A. latifasciata genome and the B chromosome. The presence of the B chromosome also affected the expression
of piRNA pathway genes. The mitochondrial cardiolipin hydrolase-like (p/d6) gene is present in the B chromosome, as
previously reported, and an increase in its expression was detected in gonads with the B chromosome.

Conclusions: Due to the high abundance of TEs in the B chromosome, it was possible to investigate the origin of

PIRNA from these jumping genes. We hypothesize that the B chromosome has evolved its own genomic guardians
to prevent uncontrolled TE mobilization. Furthermore, we also detected an expression bias in the presence of the B
chromosome over A. latifasciata piRNA clusters and pathway genes.

Keywords: Arms race, African cichlid fish, Genome evolution, piRNAs, Small noncoding RNAs, Supernumerary
chromosome, Transposable elements

Background

B chromosomes are extra elements found in several spe-
cies, including fungi, plants, and animals [1]. They were
first described as supernumerary chromosomes in an
insect species more than a century ago [2]. The name “B”
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In general, intraspecific origins of B chromosomes arise
from a protochromosome derived from an abnormal
event during meiosis, such as chromosome breaks dur-
ing nondisjunction [4]. These proto-B chromosomes are
then invaded by A complement and/or organellar (mito-
chondrion and chloroplast) sequences, which increase
the diversity of their genomic content [5]. For this reason,
B chromosomes are often called “mosaic elements” and
have accumulated several types of sequences, such as sat-
ellite DNA [6], transposable elements (TEs) [7], pseudo-
genes [8], retrogenes [9], protein-coding genes [10-12],
long noncoding RNAs [13], and small noncoding RNAs
[14, 15].

The B chromosome is generally recognized as an inert
element without genetic activity based on its hetero-
chromatic characteristics [16]. However, recent advances
in molecular biology and bioinformatics have made it
possible to identify the expression of B chromosome
sequences [17], also known as “B genes” The B chromo-
some of a fungal species, for example, carries a gene that
confers antibiotic resistance against a host compound,
making the individuals more infectious [18]. Addition-
ally, in rye, RNA slicer activity for an Argonaute-like B
chromosome copy has been observed in vitro [10], and
some B chromosome peptides have been identified by
mass spectrometry [19]. Furthermore, several studies
have shown that B chromosomes can affect the expres-
sion of A complement sequences [14, 20] or affect vari-
ous biological processes in the cell [21].

Repetitive DNA is abundant in B chromosomes, espe-
cially in the large numbers of TEs [22]. The impact of
transposition on the host genome due to the presence of
the B chromosome is not well understood. Although TEs
are important for genome evolution, mobilization must
be controlled to maintain genome integrity to avoid del-
eterious mutations [23].

PIWI-interacting RNAs (piRNAs) are small noncod-
ing sequences that are responsible for targeting TEs and
promoting their silencing through the piRNA pathway in
animals [24]. The piRNAs originate from degenerated TE
regions, the TE “junkyards” [25], forming piRNA clusters
that are first transcribed as long RNAs and subsequently
processed in the cytoplasm via a Dicer-independent
pathway [26, 27]. In the cytoplasm, piRNA cluster tran-
scripts are processed into small RNAs (piRNAs) in two
ways: via primary piRNAs and the ping-pong cycle. In
primary or phased piRNA processing, the endonuclease
mitochondrial cardiolipin hydrolase (PLD6), a Zucchini
homolog in Drosophila, cleaves piRNA cluster tran-
scripts into mature piRNAs, allowing these sequences to
bind PIWI proteins and form an RNA-inducing silenc-
ing complex and halting the mobilization of target TEs.
Furthermore, PIWI proteins are able to process piRNA
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cluster transcripts into piRNA sequences through the
ping-pong cycle, which increases the variability of piR-
NAs [24]. Fish species carry two PIWI proteins encoded
by piwi-like genes (piwill and piwil2) [28-30]. In addi-
tion to the cytoplasm silencing pathway, the PIWI-
piRNA complex can be directed to the nucleus to silence
TE transcription, attracting methylation machinery to
the TE chromosome region [31, 32]. For this reason, piR-
NAs are commonly called “genome guardians,” as they
prevent the uncontrolled mobilization of TEs and thus
help maintain genome integrity [33, 34].

How the B chromosome and its excess TEs affect piR-
NAs or vice versa has not yet been investigated. Few
studies have examined the relationship between the B
chromosome and small RNAs, and most of them have
been related to microRNAs [14, 15, 20]. Thus, this study
was designed to investigate the relationship of piRNAs
and B chromosomes by examining the African cichlid
fish species Astatotilapia latifasciata as a model organ-
ism. Furthermore, this is the first characterization of
piRNA clusters in a cichlid species.

The B chromosome of A. latifasciata is a metacentric
chromosome similar in size to the first pair of A comple-
ment [35]. Heteromorphic sex chromosomes have not
been identified in this species, and the B chromosome
can be found in one-third of the population. Previous
studies have already characterized the B chromosome
and the A. latifasciata genome through molecular and
large-scale approaches, such as annotation of the coding
genes [36], TE content [22], epigenetic DNA modifica-
tions [37, 38], genome assembly [39], proteome and tran-
scriptome [40], IncRNAs [13], and miRNAs [20]. Among
the coding genes, pld6, which is important for primary
piRNA generation, is present in the B chromosome of A.
latifasciata [41].

Through RNA-seq and genomic data, the present study
reports how the accumulation of TEs through B chro-
mosome evolution could be followed by piRNA pathway
expression. We suggest that the B chromosome accu-
mulates TEs that are controlled by its own piRNAs. This
coevolution generates a cycle that allows B chromosome
maintenance, perpetuation, and accumulation in cells
and individuals.

Results

Characterization of piRNA clusters in A. latifasciata

The sRNA-seq libraries of gonads from FB— (female
without the B chromosome), FB+ (female with the
B chromosome), MB— (male without the B chromo-
some), and MB+ (male with the B chromosome) A.
latifasciata were filtered by size to characterize piRNAs
and compare them with miRNAs from A. latifasciata
[20], highlighting the two different length distributions
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in each type of small RNA dataset (Fig. la). MiR-
NAs showed a higher abundance of 21-22 nucleo-
tide sequences, while putative piRNAs showed more
instances of 28-29 nucleotide sequences, the most
common length for these two classes [27]. Addition-
ally, miRNAs showed more expression than piRNAs
in females, while the opposite was observed in males.
Nonetheless, since protection using periodate oxida-
tion was not performed to protect only piRNAs, this
dataset might have contained small degraded RNAs.
We reduced this bias through piRNA prediction to
detect patterns of these molecules for reliable charac-
terization, as presented below.

By prediction of piRNA clusters, which consists of find-
ing patterns among sRNA-seq data aligned to a refer-
ence genome (see the “Methods” section), we found 372
piRNA clusters in A. latifasciata. The shortest piRNA
cluster had 1006 base pairs (bp), while the longest piRNA
cluster had 19,333 bp. The numbers of transcribed piRNA
clusters in each group were 160 in FB—, 135 in FB+, 146
in MB—, and 184 in MB+ (Fig. 1b and Additional file 1).
Some clusters were specifically expressed in determinate
groups (either female/male, or groups with the presence/
absence of the B chromosome). This suggests that the B
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chromosome and sex influence piRNA cluster expres-
sion, as discussed below.

The clusters of each group were combined to standard-
ize the nomenclature for piRNA clusters of A. latifasciata
(for more information about the clusters, such as name,
genome localization, size, and expression, see Additional
file 1).

To verify the reliability of the prediction, we compared
the miRNA and piRNA distributions since it is known
that these molecules are present in different genomic
regions. While piRNAs are located in repetitive regions,
miRNAs are close to euchromatin in gene-rich regions,
and we expected to find piRNA clusters that were not
superposed on miRNAs. The contigs that carried the
expressed piRNAs predicted in each sample (FB—, FB+,
MB—, MB+) and the annotated miRNA genes [20] were
included in a Venn diagram, showing the number of con-
tigs that carried either piRNAs or miRNAs. The A. lati-
fasciata genome carried 941 contigs according to sSRNA
annotation (piRNA or miRNA); of these, 569 contigs
carried miRNA genes, while 372 carried piRNA clusters
(Fig. 1b). Only 16 contigs of the A. latifasciata genome
carried both miRNA and piRNA genes. Among them,
13 contigs contained pre-miRNA sequences (miRNA
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genes that transcribe the hairpin structure) located inside
piRNA clusters (Fig. 1b and Table 1).

We conclude that sSRNA-seq followed by different pre-
dictions makes it possible to distinguish piRNAs and
miRNAs in the A. latifasciata genome.

Based on the prediction of mature piRNAs in the clus-
ters, we analyzed their similarity with TEs, identifying
the types of TEs that could be silenced by the piRNAs
(Fig. 2). Most of the mature piRNAs in all groups (FB—,
FB+, MB—, and MB+) exhibited similarity to DNA
transposons, followed by LINE elements. SINEs and
LTRs were less well represented in the piRNA sequences.
This finding indicates that each type of piRNA is more
likely to silence certain TE families (discussed in more
detail below).

The A. latifasciata B chromosome carries piRNA clusters

Taking into account the similarity to the B chromosome
and the entire standard genome, it is not possible to
recover the assembled B chromosome based only on Illu-
mina data [39]. An alternative strategy to find B chromo-
some copies is through the coverage ratio approach [36].
This method consists of comparing the genomic read

Page 4 of 18

alignment of sequenced B— and B+ samples to the refer-
ence genome (A. latifasciata assembly). Via this compari-
son, it is possible to detect genomic regions with higher
coverage in B+ sequencing (B-blocks) [39]. Based on the
annotated piRNA clusters on the A. latifasciata reference
genome described in the previous section, we applied the
coverage ratio method to find piRNAs in the B chromo-
some by comparing the B— and B+ unassembled reads
to A. latifasciata contigs with piRNA cluster annotation.
When a contig that carried a piRNA cluster presented
more read coverage from B+ samples, we concluded that
the sequence was copied in the B chromosome (see the
“Methods” section).

Three piRNA clusters were located in contigs with
higher genomic read coverage in B+ sequencing (Fig. 3a—
c), suggesting that these piRNA clusters were present in
the B chromosome and were enriched in TEs (Fig. 3d—f).
All the clusters were composed mostly of piRNAs with
few alignment hits (genomic hits, green graph on top),
which indicates fewer biases in small RNA-seq align-
ment anywhere in the genome (Fig. 3d—f). Additionally,
RT-qPCR of precursor transcripts (the piRNA clus-
ter) containing regions without TE similarity to avoid

Table 1 Colocalization of miRNA and piRNA sequences in the A. latifasciata genome. S, strand; T:S; transcription and strand

Contig miRNA piRNA
miRNA start:end S miRNA ID piRNA cluster start:end  T:S piRNA cluster  Gonad expression
miRNAs and piRNAs not superposed
NODE_413592 23358:23437 + novel_27198 5015:11188 Mono:— 161 MB—, MB+
NODE_659880  5542: 5604 +  novel_40237 1:5034 Mono:— 297 FB+ FB—
NODE_530411 42958: 43045 + novel_33801 46001: 52942 Mono:+ 230 FB+ FB—
miRNAs and piRNAs superposed
NODE_540432  60460: 60520 — miR-17b-1 58002: 63335 Mono:+ 235 FB—, FB+, MB—, FB+
61062:61118 + novel-34307
61235:61302 + novel-34310
61365:61424 + novel-34311
61471:61530 + novel-34313
NODE_374673  36480: 36543 +  miR-146b 35407: 36661 Mono:+ 146 FB—, FB+, MB—
NODE_347176 36121:36181 + miR-21-1 35371:38453 Mono:— 134 FB—, FB+
NODE_34239 37421:37486 +  miR-30a-1 36149:39395 Mono:+ 133 FB—, MB+
37756:37816 + miR-30b
NODE_158712 303:365 + miR-10c 304:3733 Mono:+ 33 FB+
NODE_566122 1109: 1162 +  novel_35680 = 2:5452 248 FB+
NODE_749189 27328:27349 + miR-19a-5p 25083: 30798 Mono:+ 330 FB—, FB+, MB—, FB+
27674: 27696 + miR-19b-5p
NODE_319315 10039: 10120 + novel_21996 7:10614 Mono:+ 127 MB—, MB+
NODE_6163 99:153 + novel_675 10: 4241 Bit/ — 270 FB+ FB—
NODE_27951 2471:2536 +  novel_2628 6:3836 Mono:+ 107 FB+ FB—
NODE_960524 12443: 12504 + mir-21a 12344: 14456 Mono:— 368 FB+ FB—
NODE_581740  1963:2049 — novel_36349 1:4010 Mono:— 253 FB+ FB—
NODE_81238 848:916 novel_6616 9:2856 Mono:— 344 FB—
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Fig. 2. Similarity of piRNAs with TEs. Each group (FB—, FB+, MB—,
MB+) was analyzed separately. The total (100%) corresponds to the
number of piRNA molecules in a certain group. The percentages

indicate the relative number of sequences that present TE similarity in
each TE subclass

background interference showed that two piRNA clus-
ters had significant differential expression in the B+
samples (Fig. 3g—i). These three piRNA clusters found
in the B chromosome were named curupira (curu), fol-
lowed by the contig number derived from the cluster:
curupira-59920 (curu-59920), curupira-138667 (curu-
138667), and curupira-330285 (curu-330285). Curupira
is a famous character in Brazilian folklore who protects
forests against hunters; he is the guardian of the forest.
The curupira clusters are the guardians of the genome
from the B chromosome.

The first cluster, curupira-59920 (cluster 263 in
Additional file 1), was 1027 bp long and was predicted
to be in the contig NODE_59920. This contig had
approximately 300x coverage when considering the
B— genomic reads, while the B+ genomic read count
showed approximately 9000x coverage (Fig. 3a). The
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piRNA cluster corresponded to the entire contig of the
reference genome and showed similarity to BEL/PAO
retroelements (Fig. 3d). Regarding piRNA transcrip-
tion characteristics, this cluster was monodirectional,
wherein the processed piRNAs were derived from the
plus strand. This cluster was expressed only in B+ sam-
ples, including both males and females (Fig. 3g).

Curupira-138667 (cluster 19, Additional file 1) was
4986 bp in size, which is almost the complete ref-
erence contig size. The B— genome reads provided
approximately 60x coverage, and the B+ genome
reads provided approximately 400x coverage (Fig. 3b).
Additionally, this contig showed similarity to a small
portion of the retroelement DIRS (Fig. 3e). This clus-
ter was monodirectional, with expression on the minus
strand. There was no significant difference in expres-
sion between the groups (Fig. 3h).

The curupira-330285 cluster (cluster 131, Additional
file 1) was 8024 bp long and corresponded to 80% of the
contig size. Regarding coverage, the B— genome reads
provided 60x coverage, and the B+ genome reads pro-
vided 200x coverage (Fig. 3c). Both contigs and clusters
were enriched in several TEs and other simple repeats
(Fig. 3f). The elements #AT and LINE were represented
in this cluster, and the details are described in Fig. 4.
Furthermore, this cluster showed bidirectionality; in
other words, transcription occurred on both strands.
Expression was also observed in B+ samples, including
both males and females (Fig. 3i).

The coverage ratio is a qualitative indicator, and it is
not possible to determine how many copies of piRNA
clusters are present on the B chromosome. The very
large difference in coverage might be due to other TEs,
which are also present in the piRNA clusters. The evi-
dence that the piRNA cluster located in the B chromo-
some is the piRNAs from sSRNA came from B+ samples
and was validated with cluster expression analysis.

Table 2 shows a summary of the three piRNA clusters
found in the B chromosome. Finally, of the three piRNA
clusters, two were expressed in only the B+ samples
(Table 2). This suggests that the paralog sequences in
the A. latifasciata genome reference (NODE_59920
and NODE_330285) are neither piRNA clusters nor
expressed in autosomes.

(See figure on next page.)

Fig. 3. Description of piRNA clusters in the B chromosome (named curupira). a-¢ Depth coverage graphs of piRNA clusters comparing B— (blue)
and B+ (red) genomic reads. d—f piRNA cluster characterization. The genomic hits on the top indicate how many times each small RNA was aligned
over the genome. Green hits indicate exclusive matches to that genome region. The graphs show the piRNA sequences from the small RNA-seq
dataset aligned to piRNA clusters (mapped reads); blue and red regions indicate plus and minus strands, respectively. GS, gene set from genome
annotation; RM, RepeatMasker identity. g—i piRNA cluster expression in gonads. The Y axis shows the expression based on the AACq method, and
the X axis shows the samples. Green asterisks represent significant differential expression (p < 0.0001)
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curupira-330285 TE similarit;l/ 8024 bp
L.
TE Class/family (%)

1 hAT-6 DNA/hAT-Ac 125

2 AlRepA-4 DNA/hAT-Charlie 27.7

3 AlRepA-4 DNA/hAT-Charlie 38.8

4 AlRepC-1433 DNA/hAT-Charlie 3.5

5 AlRepC-743 LINE/L2 20.3

6 AlRepC-1433 DNA/hAT-Charlie 7.3

7 AlRepC-743 LINE/L2 21.8

8 AlRepC-1433 DNA/hAT-Charlie 8.4

9 AlRepB-392 DNA/hAT-Charlie 1.7

10 AlRepB-392 DNA/hAT-Charlie 11.3

11 AlRepB-392 DNA/hAT-Charlie 14.6

12 Chap3a_Cis DNA/hAT-Charlie 13.3
Fig. 4. RepeatMasker similarity of cluster 131 (curupira-330285). Details for the TEs and other repeats of the curupira-330285 cluster are shown at
the top of the figure. TE matches are colored blue for the plus strand and red for the minus strand. The list describes each TE match, including the
percentage of similarity between the piRNA cluster and the TE fragment match

Table 2 Description of piRNA clusters in the B chromosome

pPiRNA cluster name piRNA Size (bp) Reference genome TE enrichment T:S RT-PCR of gonads
cluster ID localization

curupira-59920 263 1027 NODE_59920 Retroelement (LTR/PAQ) Mono:+ B+ samples

curupira-138667 19 4986 NODE_138667 Retroelement (LTR/DIRS) Mono:+ Upregulated in B+ females

curupira-330285 131 8024 NODE_330285 Transposon and retrotranspo-  Di:4/— B+ samples

son (DNA/hAT, LINE/L2)

Transposable elements and piRNA clusters in the A.
latifasciata genome

The curupira clusters are composed of TEs that have
already been identified in the B chromosome [22]. There-
fore, we ran RepeatMasker to analyze the landscape
of specific TE families by comparing the B— and B+
genome assemblies.

Landscape analysis revealed differences between B—
and B+ TE insertion events in duplicated sequences.
Extracting the Kimura values from the landscape of
specific TE families from B— and B+ allowed us to
infer the time at which TEs from B chromosomes
could have emerged and differentiated from the A TE
sequences (Fig. 5a—e). The BEL/PAO, L2, and AT fami-
lies are present in the B chromosome and make up the
piRNA clusters in the B chromosome. The Gypsy family
is not present in curupira clusters but is present in the
B chromosome [22]. These duplicated families in the B
chromosome carried B-specific events in the Kimura
landscape (Fig. 5a—e). We hypothesize that these

degeneration events could have contributed to the ori-
gin of the curupira cluster.

The representative major classes of TEs composing
the three curupira sequences were LTR retrotrans-
posons (PAO and DIRS), non-LTR retrotransposons
(LINE/L2), and the ZAT DNA transposon (Table 2).
Compared to all the selected TEs, the LTR/PAO pre-
sent in curupira-59920 was representative of an older
process of genome invasion. Although the LTR/DIRS
sequences were acquired during newer waves of inva-
sion, one was older, and the other was as recent as the
new hAT element dispersion. The LINE/L2 element was
indicative of constant invasion without initiation of
genomic degeneration (Fig. 5d).

Comparisons of the B— and B+ TE levels revealed
different copy numbers among the assemblies, and
these differences suggest a curupira-59920 origin. This
piRNA cluster was not expressed in B— samples, indi-
cating that the original copy was simply a TE region.
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However, in the B+ genome, this process enabled the
piRNA cluster to originate in the B chromosome.

Presence of the B chromosome and transposition domain
expression

To determine whether the presence of the B chromo-
some affects the expression of transposition domains, we
performed reverse transcriptase (RVT) and transposase
(DDE) RT-qPCR (Fig. 5f-g). The sequences annotated
in the A. latifasciata transcriptome that corresponded to
RVT and DDE (regardless of the TE family) were aligned
to obtain the consensus sequences, which were used to
design RT-qPCR primers for common regions of each
gene (Additional file 2). The RVT domain was highly
expressed in males compared to females, while the pres-
ence of the B chromosome was correlated with reduced
expression of RVT in testes (p value < 0.003) (Fig. 5f). In
turn, for DDE, no significant differences were observed
between the sexes. In contrast, the presence of the B
chromosome was correlated with reduced expression in
the testes (p value <0.04) (Fig. 5g).

piRNA pathway in A. latifasciata and the B chromosome
We evaluated the expression levels of genes related to
the piRNA pathway (pld6, piwill, and piwi2) in the testes
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and ovaries of B— and B+ samples (Fig. 6a). Among these
genes, the pld6 gene has been previously reported to be
present in the B chromosome using Illumina sequencing
[36].

The expression levels of pld6 in both male and female
B samples were significantly higher (p = 0.0017), indicat-
ing that the pld6 B-copy could be active and contribute
to increased expression in B samples (Fig. 6a). There was
no significant difference in the expression levels of piwill
and piwil2 in the presence of the B chromosome (p <0.09
and p < 0.08, respectively). Conversely, there was a differ-
ence in expression among males and females for the three
analyzed genes (p <0.0001). While pld6 and piwill were
highly expressed in males, piwil2 was more expressed in
females.

We confirmed that these piRNA pathway genes were
expressed in the gonad and found evidence for the tran-
scription of these genes in somatic samples, such as brain,
muscle, and gill samples (Fig. 6b). The pld6 gene was also
expressed in the brain in both males and females, with
or without the B chromosome. Expression in muscle
and gills was observed only in B— and B+ males, respec-
tively. The expression of piwill was detected in the brain
and gills in all samples, and the expression of piwill in
muscle was not detected in B— females. It was possible
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Fig. 6. Expression of piRNA pathway genes in A. latifasciata. apld6, piwil1, and piwil2 gene expression in gonads. The Y axis shows the expression
based on the AACq method, and the X axis shows the samples. Green asterisks represent significant differential expression between the groups (p
<0.001). b PCR of piRNA pathway genes expressed in the gonad, brain, muscle, and gills
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to observe some variations in the detected amplicons in
muscle and gills, suggesting the existence of differences
in mRNA processing in these tissues. We also detected
piwil2 expression in the brain, which was clear in the
B— male and background samples, suggesting truly low
expression in other samples. Additionally, there was no
evidence of piwil2 expression in the muscle and gills.
These data suggested that sex and the presence of the B
chromosome could affect the expression of piRNA path-
way genes in somatic tissues.

In addition to analyzing pld6 expression, we conducted
genome investigations to detect the B chromosome
copy. Due to fragmentation of the draft genome, it was
not possible to recover the complete pld6 sequence from
the A. latifasciata assembly; thus, the Metriaclima zebra
assembly was used as a reference genome. The pld6 gene
was present in scaffold_135 of the M. zebra genome, and
the A. latifasciata B— and B+ sequencing read align-
ments in this region revealed a difference in coverage in
the B+ data compared with the B— data. The reads of
the B+ genome had approximately 200x coverage, while
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those of the B— genome had approximately 60x coverage
(Fig. 7a). Gene dose ratio (GDR) analyses indicated the
occurrence of more copies in the B+ samples, confirming
the existence of copies of this gene in the B chromosome
(Fig. 7b). It was possible to observe several polymor-
phisms in the A. latifasciata reads compared to the M.
zebra reads. In addition to the difference in coverage,
several B-specific mutations located in the pld6 introns
were identified, indicating that only the B+ reads carried
that SNP (Additional file 3). One of them was used to
construct a primer to amplify the B-specific copy of pld6
(Fig. 7c and Additional file 3).

We performed a standalone blastx in A. latifasciata
to assemble the transcriptome (available in [40]) to find
the M. zebra pld6 sequence (XM_004567832). This
search identified two transcripts corresponding to A.
latifasciata pld6. When we compared the nonassem-
bled B— and B+ mRNA-seq results, it was not possible
to distinguish whether one of the transcripts was specific
to the B+ samples. The presence of B-specific muta-
tions located in introns could explain the absence of such
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Fig. 7. pld6 B-copy characterization. a Coverage chart of the B— (blue) and B+ (red) reads aligned against M. zebra pldé. b pld6 gene dosage ratio
(GDR) from B— (blue) and B+ (red) DNA samples (p <0.0001). The Y axis shows the GDR based on the AACq method. ¢ B-specific copy amplification.
Wild is a nonmutated primer, and mut is a primer with a B-specific sequence that was found in the B4 genome sequenced reads. FB—, female
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mutations among mRNA transcripts. These sequences
were used to construct a phylogenetic tree based on the
CDS, including other species, as described below.

Some studies have revealed the rapid evolution of
piRNA pathway genes in teleosts [28, 30]. On the basis
of this evidence, we investigated the pld6-selective
pressure in different ways. We manually identified the
CDS regions of pld6 sequences from 41 species: Dros-
ophila melanogaster, seven mammals, four Chondrich-
thyes, 27 teleosts, and two A. latifasciata sequences
recovered from the transcriptome. These sequences
were used to construct a phylogenetic tree and per-
form evolutionary analysis. The A. latifasciata pld6
sequences are well located in the cichlid clade (Fig. 8a).
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The BUSTED test provided evidence (p <0.03) of gene-
wide episodic diversifying selection in the selected test
branches in the phylogeny. This means that at least one
tested branch had undergone diversifying selection.
For this reason, we performed the aBSREL test, which
identified those branches that were under diversifying
selection. After correction, three nodes in the tree were
determined to be under selection, including mammals,
Cypriformes, and cichlids (Fig. 8a).

To search for sites under selection, the FUBAR and
FEL tests revealed 2 sites that were subjected to diver-
sifying positive selection. In contrast, 121 sites were
under negative selection (p <0.1) (Additional file 4).
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We also compared alignments of the A. latifasciata
pldé sequence to M. zebra and Astatotilapia caliptera.
The mismatches in the alignment represent (1) the speci-
ficity of the Astatotilapia genus, where Astatotilapia
species and M. zebra showed differences, and (2) A. lat-
ifasciata-specific nucleotides, where this species differs
from M. zebra and A. caliptera (Fig. 8b).

Discussion

Based on sRNA-seq, we identified the genomic loci of
piRNA clusters expressed in the gonads of A. latifasciata,
which is a cichlid fish. There are no available data on the
piRNA sequences of any African cichlid, and the species
most closely related to A. latifasciata with piRNA anno-
tation deposited in the piRBase is Danio rerio [42—44].
We also tested the M. zebra genome as a reference to pre-
dict the piRNA clusters using A. latifasciata sSRNA-seq
with no success (data not shown). Probability, because
in contrast to miRNAs, piRNA sequences are poorly
conserved and are considered species-specific [27, 45].
miRNAs and piRNAs also differ in length and genomic
distribution [27]. piRNAs are longer than miRNAs and
are frequently found in heterochromatic regions [46],
while miRNAs are more common in intergenic regions
[47]. Based on this knowledge, our characterization was
efficient in differentiating the two small RNA classes
from the same sRNA-seq data, and most miRNAs were
not superposed on or colocalized to piRNAs (Fig. 1).

In addition to piRNA cluster annotation, we identi-
fied miRNA genes that were colocalized with piRNA
sequences. For piRNA and miRNA predictions, we used
the same sRNA-seq libraries, which is why the analysis
considered several specific characteristics of each mol-
ecule. In the case of miRNA, the steps adopted were as
described in [20], and in addition to the putative miRNAs
from the sRNA-seq alignment to the reference genome,
the secondary structures of the miRNA genes (hairpins)
were considered. Here, as detailed in the results, the
putative piRNAs from sRNA-seq were filtered based on
several piRNA characteristics done in cluster predic-
tion. Consequently, the few colocalized sequences raised
some questions. We questioned whether the piRNA
cluster evolved after the miRNA or whether the miRNA
evolved from the piRNA cluster. As a third possibility,
piRNA clusters carry small RNA sequences, potentially
with miRNA secondary structures, thus serving as miR-
NAs from piRNA clusters. PIRNA sequences were first
described a few years ago [48], and with ongoing assess-
ments of the piRNA pathway, new related proteins, path-
ways, and functions have been identified. Recently, new
functions have been presented for piRNA targeting, and
a weak pairing similar to miRNA:mRNA interactions
has been detected [49]. Thus, we suggest that the A.
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latifasciata piRNA clusters carry miRNA-like sequences,
and these sequences together facilitate TE silencing
(Fig. 1).

Furthermore, in comparisons of the miRNAs and piR-
NAs of A. latifasciata, the miRNAs were more highly
expressed than the piRNAs in the female gonad, while the
expression of piRNAs was higher in the testis (Fig. 1a).
There are two explanations for these findings, which con-
cern the different activities of the piRNA pathway and
TEs in the ovary and testes [26, 28], both of which will
be further discussed. These phenomena are also reflected
in the expression of the clusters shown in Fig. 1b. Differ-
ences are observed between samples; in addition to sex
bias [26, 50, 51], we suggest a B chromosome bias for
piRNA cluster activity.

Upon analyzing the similarity of piRNAs with TEs, we
found that the most mature sequences coincided with
DNA transposons (Fig. 2). This information is consistent
with the TE landscape of A. latifasciata, which is mostly
composed of DNA transposons, mainly the ZAT family,
members of which are younger and functionally active
elements [22]. This finding indicates that more piRNAs
are derived from highly expressed elements originating
from either piRNA cluster processing or TE silencing in
the ping-pong cycle [52, 53]. However, we detected fewer
piRNAs matching LTR elements, which are the oldest
and least highly expressed in the A. latifasciata genome
[22]. Therefore, we did not identify any significant sex or
B chromosome bias under this aspect.

In addition to the B chromosome bias for piRNA activ-
ity identified in the gonads, three piRNA clusters, called
curupira-59920, curupira-138667, and curupira-33028S5,
were identified in this extra chromosome (Fig. 3). The
piRNA description in the B chromosome was determined
only in the wasp B chromosome by identifying the puta-
tive piRNA length range using SRNA-seq [15]. Here, we
performed the first detailed characterization of piRNA
clusters encoded by the B chromosome.

Additionally, our findings revealed a connection
among the A. latifasciata B chromosome TEs. The three
curupira clusters were enriched in B chromosome TEs
that were identified using in situ techniques [22]. Fur-
thermore, the BEL/PAO family was present in the B chro-
mosome, but its expression was not detected [22]. This
family is representative of the curupira-59920 cluster,
which was exclusively expressed in B chromosome sam-
ples. Therefore, we hypothesize that curupira-59920 is
a B piRNA cluster exclusively and is able to control LTR
elements, such as the BEL/PAO family members (Fig. 3).

The hAT and other transposons represent the most
recent invasions in the A. latifasciata genome [22], and
this type of TE-derived piRNA could be more active in
silencing young transposons. Conversely, as shown in
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Fig. 5a, LTR elements are the oldest TEs in the A. lati-
fasciata genome [22]. Consistent with this finding, LINE
elements have exhibited mobilization over time, starting
with LTRs and continuing to date (Fig. 5d, [22]). In con-
trast, TEs that spread in the second burst followed by the
third newest wave were composed of ZAT elements [22].
Thus, the piRNAs and TEs constantly evolved together
[23, 54, 55]. We found piRNA clusters in the B chromo-
some composed of both old and new insertions (Figs. 3
and 5).

These results reinforce our hypothesis that old and
new TE insertions could have originated piRNA clus-
ters [54] in the B chromosome. Thus, we hypothesize
that curupira-59920 represents the first piRNA cluster to
arise in the B chromosome due to early LTR/PAO inva-
sion followed by sudden degeneration (Fig. 5¢c). Moreo-
ver, curupira-330285 could represent a younger piRNA
in the B chromosome, as there is evidence for newer #1AT
and constant LINE insertions. Additionally, we hypoth-
esize that the original paralog copy in the A. latifasciata
genome is merely a TE region, while in the B chromo-
some, these copied regions evolved in piRNA clusters.
Therefore, we observed the expression of curupira-59920
and curupira-330285 only in the B+ samples (Fig. 2).

In addition to the impact of the B chromosome, we
reported sex-related effects on TE expression (Fig. 5f, g).
Considering the differences between ovaries and testes,
it was possible to detect differences in TE expression in
each tissue and in the meiosis phase [56]. This observa-
tion indicates why the RVT and DDE domains have dif-
ferent expression levels between the sexes (Fig. 5f, g [22]).

TE loci are a “trap” to generate new piRNAs and pro-
mote their silencing [23, 57]. Due to heterochromatic and
TE enrichment, nonrecombined chromosomes evolve
piRNA clusters that carry biased expression [50, 51, 58].
We hypothesize that the B chromosome is a harbor for
the evolution of new piRNAs and orchestrates its own
TE silencing to guarantee the maintenance of Bs in the
host genome [23, 31]. Another idea that could support
the origin of new piRNAs in the B chromosome is that
proposed by Kofler [57]. Using Drosophila as a model
and following dozens of simulations, Kofler found a mini-
mum piRNA size (proportion of piRNA clusters) in the
genome that was needed to control TE mobilization and
avoid extinction. In this way, the origin of piRNA clusters
in the B chromosome could help to maintain host fitness
and prevent the elimination of the population carrying
the B chromosome and its extra TEs.

We also investigated the influence of the presence of
the B chromosome on piRNA pathway genes. We con-
firmed the presence of pld6 in the B chromosome and
verified that the gene was more highly expressed in
gonads carrying the B chromosome (Figs. 6 and 7). The
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coding region of the pld6 B chromosome copy was com-
plete [36], and based on this evidence and our results,
we conclude that the pld6 B chromosome copy contrib-
utes to the piRNA pathway. This evidence suggests why
the pld6 B-copy had no significant mutations in its CDS
region. The rapid adaptive evolution observed in piRNAs
of teleost genes and the high variability of TEs found in
these genomes [28-30] could prevent degeneration of
the pld6 B-copy [8] due to selective pressure on this gene
(Fig. 8).

In contrast, we did not observe any influence of the
presence of the B chromosome on piwill and piwil2
gonad expression. TE insertion does not affect the
expression of genes involved in piRNA biogenesis [59],
which could explain why we were unable to identify a
clear expression pattern between the piwill and piwil2
genes when comparing samples with or without the B
chromosome. In teleosts, piwill and piwil2 are usually
more highly expressed in the testes [26, 28, 29]; here,
we observed this pattern for only the piwill gene, while
piwil2 was upregulated in females compared with males
(Fig. 7a).

However, we detected the expression of these genes in
other tissues (Fig. 7b). In Nile tilapia, the expression of
the piwill and piwil2 genes has been detected in muscle
[29]; here, only piwill was expressed in the brain, mus-
cle, and gills. In contrast, this pattern is not observed in
teleosts, as no expression was detected in the soma tis-
sue of Cyprinus carpio and Scophthalmus maximus [60,
61]. The faster evolution of the piRNA pathway genes in
the cichlid appears to be orchestrated by the diversity of
TEs compared to the other groups, contributing to adap-
tive processes in the TE silencing pathway (Fig. 8, [30,
62]). We also observed the expression of piRNA pathway
genes in tissues other than gonads of cichlid species, sug-
gesting that these genes could have functions other than
TE silencing; however, further investigation is required
[29, 30].

Conclusions

Although the B chromosome is currently recognized as
an inert element enriched in TEs, the A. latifasciata B
genome has accumulated new TE insertions involved in a
piRNA arms-race pathway. The existence of piRNA clus-
ters in the B chromosome could contribute to the ratio
of genome size versus piRNA size to prevent the elimina-
tion of the B chromosome in the species. Furthermore,
the pld6 gene copied with 100% integrity in the B chro-
mosome provides additional evidence for the impact of
the B chromosome on the piRNA pathway. These data
provide several molecular evolutionary lines of evidence
for novel features that ensure B chromosome survival
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in the host genome. The B chromosome carries its own
guardians.

Methods

Sample collection and small RNA sequencing

DNA and RNA samples were obtained from the A. lati-
fasciata fish population maintained at the aquarium
facility at the Integrative Genomics Laboratory of Sao
Paulo State University, Botucatu (SP), Brazil (Protocol
no. 769-2015). All the fish were genotyped for the pres-
ence/absence of B chromosomes using the marker for B
chromosomes [63] in extracted caudal fin DNA [64] and
were maintained in different aquariums until use. These
materials were also used for quantitative PCR (qPCR),
as described below. The fish were euthanized by immer-
sion in 1% eugenol for 3 min. Total gonadal RNA was
extracted from three females and three males with B
chromosomes (B+) and without B chromosomes (B—),
totaling 12 samples, following the manufacturer’s proto-
col for TRIzol™. A. latifasciata is a continuous breeder
(data not shown), and the same has been reported for its
sister species A. burtoni, which means that collection of
gonads did not interfere with the reproductive period
[65]. These samples were shipped for large-scale small
RNA sequencing by Illumina HiSeq (Sequencing Service
at LC Sciences - Houston, TX, USA). This sequencing is
a single-end, small-fragment method to identify ncRNA.

Library filtering and piRNA characterization

The raw data from sRNA-seq were filtered using the
FastX Toolkit [66], trimming the sequences, removing
the adapters, and selecting reads ranging from 24 to 35
nucleotides in length to obtain mature piRNA transcripts
[67] (Additional file 5, Table SO1). This small RNA data-
set is available at the NCBI database, accession number
PRJNA675585 [20, 68].

The filtered and selected reads of each library (female
without B, FB—; female with B, FB+; male without B,
MB—; and male with B, MB+) were collapsed using the
script TBr2_collapse.pl [67] and aligned against the A.
latifasciata reference genome (40) with RNAmapper.
pl [69]. These steps are mandatory for piRNA predic-
tion. The A. latifasciata genome was assembled using
lumina reads and is available at Bioproject accession
PRJNA369442 [39, 70]; it has been visualized in [71].

A. latifasciata piRNA cluster prediction was performed
using proTRAC [67] based on the following aspects: (1)
the A. latifasciata genome [39], (2) small RNA-seq map-
ping of the genome (from the RNAmapper.pl step), and
(3) RepeatMasker annotation [67]. Based on these data,
proTRAC filtered the putative clusters by considering
some characteristics: minimum fraction of sRNA hits
with 1T(U) or 10A (0.75), minimum fraction of sSRNAs
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with typical piRNA length (0.75 with 24-35 nt), and
minimum size of piRNA cluster (1000 bp). All these fil-
tered characteristics showed confidence in the predicted
piRNA cluster [67]. Finally, piRNA predictions were
returned as output information for the length of piRNA
clusters, the expression of piRNAs in the piRNA clusters,
and the piRNA activity (mono- or bidirectional). The pre-
dicted piRNA clusters are shown in Additional file 1.

To analyze miRNA and piRNA distributions over the
A. latifasciata genome, the genomic localization (A. lati-
fasciata contigs) of piRNAs (this study) and miRNAs [20]
was compared in a Venn diagram [72].

Identification of piRNA clusters on the B chromosome

The genomic location of the predicted piRNA clusters
was proposed to validate the presence of piRNAs in the
B chromosome through the “coverage ratio” [36]. This
strategy consists of aligning the B— and B+ genomic
reads against the reference genome (the genomic con-
tigs with piRNA clusters from the A. latifasciata assem-
bly). Due to the duplicated sequence composition of the
B chromosome, higher coverage of B+ genomic reads
(at least twice) than B— genomic reads was expected
in alignments. Read alignments were performed using
the default parameters in Bowtie [73] for the A. lati-
fasciata assembled genome and its B— and B+ unas-
sembled filtered genomic read samples (available at
Bioproject accession no. PRJN369442 [39] and visual-
ized in [71]). The contigs with a B4+/B— coverage ratio
>2 were selected as putative sequences belonging to the
B chromosome. To visualize the depth of coverage, the
nonassembled reads (B— and B+) from the selected con-
tigs containing piRNA clusters that presented higher cov-
erage in the B+ alignments were extracted and subjected
to bedcov analysis using Bedtools v2.29.2 [74]. The depth
of coverage of the selected B contigs was visualized using
the R package Sushi [75].

Validation of the pld6 genomic copy in the B chromosome
The mitochondrial cardiolipin hydrolase-like (pld6)
gene was detected in the M. zebra genome [76], and this
genomic location was used to check for the presence of
pld6 in A. latifasciata based on an alignment of B— and
B+ samples against the M. zebra genome available in
SaciBase [71]. The presence of B+ was detected by “cov-
erage ratio analysis” as previously described.

To validate the pld6 duplication in the B chromosome,
we determined the gene dose ratio (GDR) through qPCR
using B— and B+ DNA samples as follows: 95 °C for 20
s; 34 cycles of 95 °C for 3 s, and 60 °C for 30 s; melting
curve generation at 95 °C for 15 s, 60 °C for 1 min, and
95 °C for 15 s. qPCR was carried out using SYBR Green
qPCR Master Mix (High ROX) Ampligon (HY-K0521),
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and the results were analyzed by the AACq [77] based on
the hypoxanthine phosphoribosyl transferase 1 (hprtI)
single-copy gene as a reference, calculated by Q-Gene
software [78].

The B-specific mutations in the pld6 copy were investi-
gated by manually checking the polymorphisms present
in only the B+ genomic reads aligned to the M. zebra
genome (Additional file 3). The polymorphisms present
in all the read samples (B— and B+) were considered A.
latifasciata SNPs and were not considered in this anal-
ysis. The SNP described in Additional file 3 was cho-
sen to construct primers for the B-specific mutation as
described below. Conventional PCR was performed using
primers for the pld6 gene and the pld6 B-specific copy
amplified from genomic DNA of B— and B+ genotyped
individuals. Conventional genomic PCR was performed
using recombinant Taq DNA polymerase (Invitro-
gen-10342-053) as follows: 94 °C for 5 min; 35 cycles of
94 °C for 1 min, 50 to 60 °C for 45 s, and 72 °C for 10 min;
and 72 °C for 10 min. The results were verified by agarose
gel electrophoresis (1%). The primers used are described
in Additional file 5.

Molecular evolution analysis

To construct a phylogenetic tree for the molecular evolu-
tion analysis, the p/d6 mRNA sequences of 40 vertebrate
species and a fly species were downloaded from the NCBI
database. The sequences covered the following groups: an
insect species, 7 mammalian species, 4 Chondrichthyes
species, 27 teleost species (including 5 cichlids), and the
two pld6 sequences from the A. latifasciata transcrip-
tome. The A. latifasciata pld6 sequences were obtained
through a standalone Blast 2.2.31 [79] of the M. zebra
mRNA against the assembled A. latifasciata transcrip-
tome [40]. D. melanogaster was included due to the good
description of piRNA biogenesis, which is a good param-
eter to compare with the available data. We also included
Chondrichthyes because there has been no study on pld6
in this group. We included all available cichlid sequences
due to our interest in A. latifasciata pld6 characteriza-
tion. The accession IDs of all sequences and the A. lati-
fasciata sequence are described in Additional file 6 and
Additional file 7.

The CDS region of each pld6 gene was extracted using
Geneious 7.1.3 [80]. The CDSs were submitted to a codon
alignment, also in Geneious, and used to construct a
neighbor-joining tree based on the Tamura-Nei genetic
distance model. The pld6 codon alignment and the tree
were used to perform several tests for molecular evolu-
tion analysis by hypothesis testing using the HyPhy v2.5
program [81]. Based on the BUSTED method, it was
possible to determine whether the pld6 gene had experi-
enced episodic selection events [82]. From these results,
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the aBSREL method was employed to determine which
branch in the tree was under positive selection [83]. In
addition to the previous branch site models, we also
employed FEL and FUBAR to determine which sites in
the CDS could be under pervasive selection, either posi-
tive or purifying selection [84, 85].

Reverse transcriptase (RVT) and transposase (DDE)
consensus domain alignment

The identification of DDE (transposase) and RVT (reverse
transcriptase) domains in the A. latifasciata transcrip-
tome [40] was performed using the standalone version
of the Hidden Markov model, HMMER 3.3 [86], with the
PFAM 34.0 protein database [87]. Sequences correspond-
ing to the DDE and RVT domains (E-value <0.01 and acc
>0.8) were selected to perform nucleotide alignments in
Geneious 7.1.3 [80]. Based on these alignments, for each
DDE and RVT domain, a consensus sequence was gener-
ated and used for primer design in Primer3Plus [88] to
perform RT-PCR. The primers and the domain align-
ments are shown in Additional files 2 and 5, respectively.

Transposon element landscape by family

Repetitive sequences of B— and B+ A. latifasciata
assemblies were identified using RepeatMasker 4.1.0
[89]. A custom library based on RepeatModeler [90] and
merged with Repbase Update 20181026 [91] was used to
run RepeatMasker with -s, -1, and -a parameters.

The repeat landscape and Kimura divergence values
were generated using calcdivergencefromalign.pl and
repeatlandscape.pl, both RepeatMasker pipelines that
use repetitive annotation as input. TEs that are present in
curupira clusters and validated in the B chromosome [22]
were selected to generate a comparative Kimura chart of
B— and B+ assemblies.

Functional validation (RT-PCR and RT-qPCR)

Total RNA from the gonads, brain, gills, and mus-
cle of four males and females genotyped as B— and
B+ was extracted using TRIzol (see the “Sample col-
lection and small RNA sequencing”), resulting in 16
samples for each tissue, followed by cDNA synthesis
using an Applied Biosystems™ High-Capacity cDNA
Reverse Transcription Kit (10400745). RT-qPCR was
performed using SYBR Green qPCR Master Mix (High
ROX) Ampliqon (HY-K0521) with the following cycles:
95 °C for 20 s; 34 cycles of 95 °C for 3 s and 60° for 30
s; melting curve generation at 95 °C for 15 s, 60 °C for
1 min, and 95 °C for 15 s. The expression based on the
AACq method was analyzed using the ubiquitin-con-
jugating enzyme (ubce) as a reference through Q-Gene
software [78]. Statistical analyses were performed using
generalized linear models considering the gamma
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distribution, due to its flexibility for continuous vari-
ables, among the asymmetric distributions. The pres-
ence or absence of the B chromosome was coded as a
binary variable, for example, 1 or 0, respectively. Like-
wise, sex was categorized as 1 or O for males or females,
respectively. The models adjusted for gene expression
allowed us to assess whether the effects of the B chro-
mosome and sex were statistically significant (p <0.05).
All statistical analyses were performed using the statis-
tical software SAS (Statistical Analysis Systems, version
9.3; SAS Institute Inc., Cary, North Carolina, USA). The
primers are listed in Additional file 5.

Abbreviations

B—: Samples without B chromosomes; B+: Samples with B chromosomes;
GDR: Gene dose ratio; miRNA: MicroRNA; PCR: Polymerase chain reaction;
piRNA: PIWI-interacting RNA; gPCR: Quantitative real-time PCR; RT-gPCR:
Reverse transcription-qPCR; sRNA-seq: Small RNA sequencing; TE: Transpos-
able element.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512915-022-01403-2.

Additional file 1. Zipped folder with fasta and interactive html piRNA
cluster information for the A. latifasciata genome. The nomenclature is
as follows: number-pirna-cluster_sex_B-presence (f, female; m, male; Ob,
without B chromosome; 1b, with B chromosome).

Additional file 2. PDF file containing reverse transcriptase and trans-
posase alignment information.

Additional file 3. PDF file containing the pld6 B-mutation alignment.
Additional file 4. Spreadsheet of FEL and FUBAR selection site analysis.

Additional file 5. PDF file containing Table SO1 Small RNA sequencing
Table S02 Primer sequences.

Additional file 6. PDF file containing Table S03P/d6 NCBI ID accession
numbers.

Additional file 7. Fasta file containing A. latifasciata pld6 sequences from
the transcriptome.

Acknowledgements
Not applicable.

Authors’ contributions

JO and CM designed the study. JO and ALC collaborated to perform the
wet-lab experiments. JO and IRW performed the bioinformatics analysis. RO
designed a statistical method for this study based on the data distribution and
B chromosome information. The paper was written with contributions and
approval from all authors. The authors read and approved the final manuscript.

Authors’ information
Jordana Oliveira (@jordana_olive), Adauto Lima Cardoso, Ivan Rodrigo Wolf (@
IvanrWolf) & Cesar Martins (@CesarMartins_CM)

Funding

This research was financially supported by grants from the Sdo Paulo Research
Foundation (FAPESP)—grant numbers 2015/16661-1, 2016/09320-6, and
2017/25193-7—and the National Council of Technological and Scientific
Development (CNPg)—grant number 304111/2020-1.

Page 16 of 18

Availability of data and materials

The A. latifasciata assembly is available under Bioproject accession
PRINA369442 [39, 70] and can be visualized at SACI base [71]. The A. latifas-
ciata piRNA sequences are shown in the additional files. The small RNA-seq
libraries were deposited in the NCBI database (Bioproject PRINA675585 [68]).

Declarations

Ethics approval and consent to participate

All experiments involving animals were performed according to the ethics
agreement established by the Brazilian College of Animal Experimentation
and the ARRIVE (Animal Research: Reporting In vivo Experiments) guidelines,
and the use of all specimens in the experiments was approved by the ethics
committee of the Institute of Biosciences/Unesp (Protocol no. 769-2015).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Structural and Functional Biology, Institute of Bioscience

at Botucatu, Sdo Paulo State University (UNESP), Botucatu, SP 18618-689, Brazil.
’Department of Biostatistics, Plant Biology, Parasitology and Zoology, Institute
of Bioscience at Botucatu, Sdo Paulo State University (UNESP), Botucatu, SP,
Brazil.

Received: 16 May 2022 Accepted: 6 September 2022
Published online: 21 September 2022

References

1. D'ambrosio U, Alonso-Lifante MP, Barros K, Kovaffrilk A, de Xaxars GM,
Garcia S. B-chrom: a database on B-chromosomes of plants, animals and
fungi. New Phytol. 2017;216(3):635-42.

2. Wilson EB. Note on the chromosome-groups of Metapodius and Banasa.
Biol Bull. 1907;X1(5):303-13.

3. Randolph LF. Genetic characteristics of the B chromosomes in maize.
Genetics. 1941;26(6):608-31.

4. Houben A. B chromosomes — a matter of chromosome drive. Front Plant
Sci. 2017;8:1-6.

5. Martis MM, Klemme S, Banaei-Moghaddam AM, Blattner FR, Macas J,
SchmutzerT, et al. Selfish supernumerary chromosome reveals its origin
as a mosaic of host genome and organellar sequences. Proc Natl Acad Sci
USA 2012;109(33):13343-6.

6. Ruiz-Ruano FJ, Cabrero J, Lépez-Ledn MD, Camacho JPM. Satellite DNA
content illuminates the ancestry of a supernumerary (B) chromosome.
Chromosoma. 2017;126(4):487-500.

7. Lamb JC, Riddle NC, Cheng YM, Theuri J, Birchler JA. Localization and
transcription of a retrotransposon-derived element on the maize B chro-
mosome. Chromosom Res. 2007;15(3):383-98.

8. Banaei-Moghaddam AM, Meier K, Karimi-Ashtiyani R, Houben A. Forma-
tion and expression of pseudogenes on the B chromosome of rye. Plant
Cell. 2013;25(7):2536-44.

9. Carmello BO, Coan RLB, Cardoso AL, Ramos E, Fantinatti BEA, Marques
DF, et al. The hnRNP Q-like gene is retroinserted into the B chromo-
somes of the cichlid fish Astatotilapia latifasciata. Chromosom Res.
2017,25(3-4):277-90.

10. Ma W, Gabriel TS, Martis MM, Gursinsky T, Schubert V, Vréna J, et al.

Rye B chromosomes encode a functional Argonaute-like protein with
in vitro slicer activities similar to its A chromosome paralog. New Phytol.
2017,213(2):916-28.

11. Navarro-Dominguez B, Ruiz-Ruano FJ, Cabrero J, Corral JM, Lépez-Ledn
MD, Sharbel TF, et al. Protein-coding genes in B chromosomes of the
grasshopper Eyprepocnemis plorans. Sci Rep. 2017;7:1-12.


https://doi.org/10.1186/s12915-022-01403-2
https://doi.org/10.1186/s12915-022-01403-2

Oliveira et al. BMC Biology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33

34

35.

36.

(2022) 20:204

Trifonov VA, Dementyeva PV, Larkin DM, O'Brien PCM, Perelman PL, Yang
F, et al. Transcription of a protein-coding gene on B chromosomes of the
Siberian roe deer (Capreolus pygargus). BMC Biol. 2013;11(1):1.

Ramos E, Cardoso AL, Brown J, Marques DF, Fantinatti BEA, Cabral-de-
Mello DC, et al. The repetitive DNA element BncDNA, enriched in the B
chromosome of the cichlid fish Astatotilapia latifasciata, transcribes a
potentially noncoding RNA. Chromosoma. 2017;126(2):313-23.

Huang YH, Peng SF, Lin YP, Cheng YM. The maize B chromosome is capa-
ble of expressing microRNAs and altering the expression of microRNAs
derived from A chromosomes. Chromosom Res. 2020;28(2):129-38.

Li'Y, Jing XA, Aldrich JC, Clifford C, Chen J, Akbari OS, et al. Unique
sequence organization and small RNA expression of a “selfish”B chromo-
some. Chromosoma. 2017;126(6):753-68.

Camacho JPM, Sharbel TF, Beukeboom LW. B-chromosome evolution.
PhilTrans R Soc Lond. 2000;355:163-78.

Ruban A, Schmutzer T, Scholz U, Houben A. How next-generation
sequencing has aided our understanding of the sequence composition
and origin of B chromosomes. Genes (Basel). 2017,8(11):1-14.

Miao VP, Covert SF, Vanetten HD. A fungal gene for antibiotic resistance
on a dispensable (“B") chromosome. Science. 1991,254(5039):1773-6.
Ma W, Liu ZJ, Beier S, Houben A, Carpentier S. Identification of rye B
chromosome-associated peptides by mass spectrometry. New Phytol.
2021,230(6):2179-85.

Nascimento-Oliveira JI, Fantinatti BEA, Wolf IR, Cardoso AL, Ramos E,
Rieder N, et al. Differential expression of miRNAs in the presence of B
chromosome in the cichlid fish Astatotilapia latifasciata. BMC Genomics.
2021,22(1):1-16.

Valente GT, Nakajima RT, Fantinatti BEA, Marques DF, Almeida RO, Simdes
RP, et al. B chromosomes: from cytogenetics to systems biology. Chromo-
soma. 2017;126(1):73-81.

Coan RLB, Martins C. Landscape of transposable elements focusing on
the B chromosome of the cichlid fish Astatotilapia latifasciata. Genes.
2018,9(6):269.

Kofler R. Dynamics of transposable element invasions with piRNA clus-
ters. Mol Biol Evol. 2019;36(7):1457-72.

Gainetdinov |, Colpan C, Arif A, Cecchini K, Zamore PD. A single mecha-
nism of biogenesis, initiated and directed by PIWI proteins, explains
PIRNA production in most animals. Mol Cell. 2018;71(5):775-790.e5.

Han BW, Wang W, Li C, Weng Z, Zamore PD. PIRNA-guided transposon
cleavage initiates Zucchini-dependent, phased piRNA production. Sci-
ence. 2015;348(6236):817-21.

Houwing S, Kamminga LM, Berezikov E, Cronembold D, Girard A, van
den Elst H, et al. A role for Piwi and piRNAs in germ cell maintenance and
transposon silencing in zebrafish. Cell. 2007;129(1):69-82.

Moazed D. Small RNAs in transcriptional gene silencing and genome
defence. Nature. 2009;457(7228):413-20.

Song H, Xing C, Lu W, Liu Z, Wang X, Cheng J, et al. Rapid evolution of
piRNA pathway and its transposon targets in Japanese flounder (Parali-
chthys olivaceus). Comp Biochem Physiol - Part D Genomics Proteomics.
2019;31:100609.

Tao W, Sun L, Chen J, Shi H, Wang D. Genomic identification, rapid
evolution, and expression of Argonaute genes in the tilapia, Oreochromis
niloticus. Dev Genes Evol. 2016;226(5):339-48.

Yi M, Chen F, Luo M, Cheng Y, Zhao H, Cheng H, et al. Rapid evolution

of piIRNA pathway in the teleost fish: implication for an adaptation to
transposon diversity. Genome Biol Evol. 2014,6(6):1393-407.

Czech B, Munafo M, Ciabrelli F, Eastwood EL, Fabry MH, Kneuss E, et al.
PiRNA-guided genome defense: from biogenesis to silencing. Annu Rev
Genet. 2018;52:131-57.

Iwasaki YW, Siomi MC, Siomi H. PIWI-interacting RNA: its biogenesis and
functions. Annu Rev Biochem. 2015;84:405-33.

Malone CD, Hannon GJ. Small RNAs as guardians of the genome. Cell.
2009;136(4):656-68.

Ishizu H, Siomi H, Siomi MC. Biology of Piwi-interacting RNAs: new
insights into biogenesis and function inside and outside of germlines.
Genes Dev. 2012;26(21):2361-73.

Poletto AB, Ferreira IA, Martins C. The B chromosomes of the African
cichlid fish Haplochromis obliquidens harbour 18S rRNA gene copies. BMC
Genet. 2010;11(1):1.

Valente GT, Conte MA, Fantinatti BEA, Cabral-De-Mello DC, Carvalho RF,
Vicari MR, et al. Origin and evolution of B chromosomes in the cichlid fish

37.

38.

39.

40.

41.

42.

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 17 of 18

Astatotilapia latifasciata based on integrated genomic analyses. Mol Biol
Evol. 2014;31(8):2061-72.

Cardoso AL, De Almeida Fantinatti BE, Venturelli NB, De Oliveira CB, De
Oliveira RA, Martins C. Epigenetic DNA modifications are correlated with
B chromosomes and sex in the cichlid Astatotilapia latifasciata. Front
Genet. 2019;10:1-14.

Cardoso AL, Venturelli NB, da Cruz |, de Sa Patroni FM, de Moraes D,

de Oliveira RA, et al. Meiotic behavior, transmission and active genes

of B chromosomes in the cichlid Astatotilapia latifasciata: new clues
about nature, evolution and maintenance of accessory elements.

Mol Gen Genomics. 2022;297(4):1151-67. https://doi.org/10.1007/
500438-022-01911-4.

Jehangir M, Ahmad SF, Cardoso AL, Ramos E, Valente GT, Martins C. De
novo genome assembly of the cichlid fish Astatotilapia latifasciata reveals
a higher level of genomic polymorphism and genes related to B chromo-
somes. Chromosoma. 2019;128:81-96.

Nakajima RT. Andlises em larga escala de proteinas e construgdo de redes
bioldgicas com foco em estudos de cromossomos B; 2019. p. 1-20.
Valente GT, Mazzuchelli J, Ferreira IA, Poletto AB, Fantinatti BEA, Martins C.
Cytogenetic mapping of the retroelements Rex1, Rex3 and Rex6 among
cichlid fish: new insights on the chromosomal distribution of transpos-
able elements. Cytogenet Genome Res. 2011;133(1):34-42.

Zhang P, Si X, Skogerbe G, Wang J, Cui D, Li Y, et al. PiRBase: a Web
resource assisting piRNA functional study. Database. 2014;2014:1-7.
Wang J, Zhang P, Lu Y, Li Y, Zheng Y, Kan Y, et al. PiRBase: a comprehensive
database of piRNA sequences. Nucleic Acids Res. 2019;47(D1):D175-80.
Wang J, ShiY, Zhou H, Zhang P, Song T, Ying Z, et al. PiRBase: integrating
pIiRNA annotation in all aspects. Nucleic Acids Res. 2022;50(D1):D265-72.
Bartel DP. Metazoan microRNAs. Cell. 2018;173(1):20-51.

Siomi MC, Sato K, Pezic D, Aravin AA. PIWI-interacting small RNAs: the
vanguard of genome defence. Nat Rev Mol Cell Biol. 2011;12(4):246-58.
Bizuayehu TT, Babiak I. MicroRNA in teleost fish. Genome Biol Evol.
2014,6(8):1911-37.

Hartig JV, Tomari Y, Forstemann K. piRNAs - the ancient hunters of
genome invaders. Genes Dev. 2007;21(14):1707-13.

Ramat A, Simonelig M. Functions of PIWI proteins in gene regulation: new
arrows added to the piRNA quiver. Trends Genet. 2021;37(2):188-200.
Kawaoka S, Kadota K, Arai Y, Suzuki Y, Fujii T, Abe H, et al. The silk-

worm W chromosome is a source of female-enriched piRNAs. RNA.
2011;17(12):2144-51.

Kiuchi T, Koga H, Kawamoto M, Shoji K, Sakai H, Arai Y, et al. A single
female-specific piRNA is the primary determiner of sex in the silkworm.
Nature. 2014;509:633-6.

Wang K, Liang C, Liu J, Xiao H, Huang S, Xu J, et al. Prediction of piRNAs
using transposon interaction and a support vector machine. BMC Bioin-
formatics. 2014;15(1):1-8.

Luo S, Zhang H, Duan'Y, Yao X, Clark AG, Lu J. The evolutionary arms race
between transposable elements and piRNAs in Drosophila melanogaster.
BMC Evol Biol. 2020;20(1):1-18.

Kofler R, Senti KA, Nolte V, Tobler R, Schlétterer C. Molecular dissection of
a natural transposable element invasion. Genome Res. 2018;28(6):824-35.
Kelleher ES, Azevedo RBR, Zheng Y. The evolution of small-RNA-mediated
silencing of an invading transposable element. Genome Biol Evol.
2018;10(11):3038-57.

Dechaud C, Volff JN, Schartl M, Naville M. Sex and the TEs: transposable
elements in sexual development and function in animals. Mob DNA.
2019;10(1):1-15.

Kofler R. PIRNA clusters need a minimum size to control transposable
element invasions. Genome Biol Evol. 2020;12(5):736-49.

Goriaux C, Desset S, Renaud Y, Vaury C, Brasset E. Transcriptional
properties and splicing of the flamenco piRNA cluster. EMBO Rep.
2014;15(4):411-8.

Luo S, Lu J. Silencing of transposable elements by piRNAs in Dros-

ophila: an evolutionary perspective. Genomics Proteomics Bioinforma.
2017;15(3):164-76.

ZhouY,Wang F, Liu S, Zhong H, Liu Z, Tao M, et al. Human chorionic
gonadotropin suppresses expression of Piwis in common carp (Cyprinus
carpio) ovaries. Gen Comp Endocrinol. 2012;176(2):126-31.

Wang H, Wang B, Liu J, Li A, Zhu H, Wang XB, et al. Piwil1 gene is regu-
lated by hypothalamic-pituitary-gonadal axis in turbot (Scophthalmus
maximus): a different effect in ovaries and testes. Gene. 2018;658:86-95.


https://doi.org/10.1007/s00438-022-01911-4
https://doi.org/10.1007/s00438-022-01911-4

Oliveira et al. BMC Biology (2022) 20:204

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

Shao F, Han M, Peng Z. Evolution and diversity of transposable elements
in fish genomes. Sci Rep. 2019;9(1):1-8.

Fantinatti BEA, Martins C. Development of chromosomal markers based
on next-generation sequencing: the B chromosome of the cichlid fish
Astatotilapia latifasciata as a model. BMC Genet. 2016;17(1):1-8.
Sambrook J, Russell DW. Purification of nucleic acids by extraction with
phenol:chloroform. Cold Spring Harb Protoc. 2006;2006(1):pdb.prot4455.
Kidd MR, O'Connell LA, Kidd CE, Chen CW, Fontenot MR, Williams SJ,

et al. Female preference for males depends on reproductive physiology
in the African cichlid fish Astatotilapia burtoni. Gen Comp Endocrinol.
2013;180(1):56-63.

Hannon G. FastX toolkit. 2010. http://hannonlab.cshl.edu/fastx_toolkit/
index.html. Accessed 22 Jul 2022.

Rosenkranz D, Zischler H. proTRAC - a software for probabilistic piRNA
cluster detection, visualization and analysis. BMC Bioinformatics.
2012;13(1):5.

Nascimento-Oliveira JI, Fantinatti BE de A, Martins C. Astatotilapia latifas-
ciata small RNA sequecing of brain, muscle and gonads, male and female,
B- (without B chromosome) and B+ (with B chromosome) samples. 2020.
https://www.ncbi.nlm.nih.gov/bioproject/PRINA675585

Rosenkranz D, Han CT, Roovers EF, Zischler H, Ketting RF. Piwi proteins
and piRNAs in mammalian oocytes and early embryos: from sample to
sequence. Genomics Data. 2015;5:309-13.

Valente GT, Kocher TD, Martins C. B chromosomes in the cichlid fish
Astatotilapia latifasciata. 2017. https://www.ncbi.nlm.nih.gov/bioproject/?
term=PRINA369442

Saci Base. 2017. https://sacibase.ibb.unesp.br/jbrowse/JBrowse-1.12.1/
Accessed 22 Jul 2022.

UGent. Bioinformatics & evolutionary genomics: Venn diagram. 2016.
https://bioinformatics.psb.ugent.be/webtools/Venn/. Accessed 03 Aug
2022.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9(4):357-9.

Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics. 2010;26(6):841-2.

Phanstiel DH, Boyle AP, Araya CL, Snyder MP. Sushi.R: flexible, quantitative
and integrative genomic visualizations for publication-quality multi-panel
figures. Bioinformatics. 2014;30(19):2808-10.

Conte MA, Kocher TD. An improved genome reference for the African
cichlid, Metriaclima zebra. BMC Genomics. 2015;16(1):1-13.

de Santis C, Smith-Keune C, Jerry DR. Normalizing RT-qPCR Data: are we
getting the right answers? An appraisal of normalization approaches and
internal reference genes from a case study in the finfish Lates calcarifer.
Mar Biotechnol. 2011;13(2):170-80.

Simon P. Q-Gene: processing quantitative real-time RT-PCR data. Bioinfor-
matics. 2003;19(11):1439-40.

Madden T. The BLAST Sequence Analysis Tool. The NCBI Handbook
[Internet]. 2nd edition. Bethesda: National Center for Biotechnology
Information (US); 2013;16:1-15.

Biomatters. Geneious R7 7.1.3. 2014. https://www.geneious.com/.
Accessed 03 Aug 2022.

Kosakovsky Pond SL, Frost SDW, Muse SV. HyPhy: hypothesis testing
using phylogenies. Bioinformatics. 2005;21(5):676-9.

Murrell B, Weaver S, Smith MD, Wertheim JO, Murrell S, Aylward A,

et al. Gene-wide identification of episodic selection. Mol Biol Evol.
2015;32(5):1365-71.

Smith MD, Wertheim JO, Weaver S, Murrell B, Scheffler K, Kosakovsky
Pond SL. Less is more: an adaptive branch-site random effects model

for efficient detection of episodic diversifying selection. Mol Biol Evol.
2015;32(5):1342-53.

Kosakovsky Pond SL, Frost SDW. Not so different after all: a comparison
of methods for detecting amino acid sites under selection. Mol Biol Evol.
2005;22(5):1208-22.

Murrell B, Moola S, Mabona A, Weighill T, Sheward D, Kosakovsky Pond SL,
et al. FUBAR: a fast, unconstrained Bayesian approximation for inferring
selection. Mol Biol Evol. 2013;30(5):1196-205.

Eddy SR. Hmmer 3.3.2. 2020. hmmer.org. Accessed 03 Aug 2022.
El-Gebali S, Mistry J, Bateman A, Eddy SR, Luciani A, Potter SC, et al.

The Pfam protein families database in 2019. Nucleic Acids Res.
2019;47(D1):D427-32.

Page 18 of 18

88. Koressaar T, Remm M. Enhancements and modifications of primer design
program Primer3. Bioinformatics. 2007;23(10):1289-91.

89. Smit A, Hubley R, Green P. RepeatMasker Open-4.0. 2015. http://www.
repeatmasker.org. Accessed 13 Jul 2022.

90. Smit A, Hubley R. RepeatModeler Open-1.0. 2015 http://www.repeatmask
erorg. Accessed 13 Jul 2022.

91. Schemberger MO, Nascimento VD, Coan R, Ramos E, Nogaroto V, Ziem-
niczak K, et al. DNA transposon invasion and microsatellite accumulation
guide W chromosome differentiation in a neotropical fish genome.
Chromosoma. 2019;128(4):547-60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://hannonlab.cshl.edu/fastx_toolkit/index.html
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA675585
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA369442
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA369442
https://sacibase.ibb.unesp.br/jbrowse/JBrowse-1.12.1/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://www.geneious.com/
http://hmmer.org
http://www.repeatmasker.org
http://www.repeatmasker.org
http://www.repeatmasker.org
http://www.repeatmasker.org

	First characterization of PIWI-interacting RNA clusters in a cichlid fish with a B chromosome
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Characterization of piRNA clusters in A. latifasciata
	The A. latifasciata B chromosome carries piRNA clusters
	Transposable elements and piRNA clusters in the A. latifasciata genome
	Presence of the B chromosome and transposition domain expression
	piRNA pathway in A. latifasciata and the B chromosome

	Discussion
	Conclusions
	Methods
	Sample collection and small RNA sequencing
	Library filtering and piRNA characterization
	Identification of piRNA clusters on the B chromosome
	Validation of the pld6 genomic copy in the B chromosome
	Molecular evolution analysis
	Reverse transcriptase (RVT) and transposase (DDE) consensus domain alignment
	Transposon element landscape by family
	Functional validation (RT–PCR and RT–qPCR)

	Acknowledgements
	References


