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Abstract
The origin of supernumerary (B) chromosomes is clearly conditioned by their ancestry from the standard (A) chromosomes. 
Sequence similarity between A and B chromosomes is thus crucial to determine B chromosome origin. For this purpose, 
we compare here the DNA sequences from A and B chromosomes in the characid fish Characidium gomesi using two main 
approaches. First, we found 59 satellite DNA (satDNA) families constituting the satellitome of this species and performed 
FISH analysis for 18 of them. This showed the presence of six satDNAs on the B chromosome: one shared with sex chro-
mosomes and autosomes, two shared with sex chromosomes, one shared with autosomes and two being B-specific. This 
indicated that B chromosomes most likely arose from the sex chromosomes. Our second approach consisted of the analysis 
of five repetitive DNA families: 18S and 5S ribosomal DNA (rDNA), the H3 histone gene, U2 snDNA and the most abun-
dant satDNA (CgoSat01-184) on DNA obtained from microdissected B chromosomes and from B-lacking genomes. PCR 
and sequence analysis of these repetitive sequences was successful for three of them (5S rDNA, H3 histone gene and Cgo-
Sat01-184), and sequence comparison revealed that DNA sequences obtained from the B chromosomes displayed higher 
identity with C. gomesi genomic DNA than with those obtained from other Characidium species. Taken together, our results 
support the intraspecific origin of B chromosomes in C. gomesi and point to sex chromosomes as B chromosome ancestors, 
which raises interesting prospects for future joint research on the genetic content of sex and B chromosomes in this species.
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Introduction

Supernumerary (B) chromosomes are dispensable genomic 
elements found in many plants, animals and fungi (Jones 
and Rees 1982; Camacho et al. 2000; Burt and Trivers 2006; 
Ahmad and Martins 2019). These elements do not follow the 
Mendelian law of segregation resulting in mechanisms of 

accumulation, although, the molecular basis of these mecha-
nisms still not well known (Dhar et al. 2017; Houben 2017; 
Jones 2018; Dalla Benetta et al. 2019; Wu et al. 2019). B 
chromosomes are mostly composed of repetitive DNA (Zie-
gler et al. 2003; Carmello et al. 2017; Li et al. 2017; Ramos 
et al. 2017; Coan and Martins 2018; Hanlon et al. 2018; 
Milani et al. 2018), e.g., 95% of their DNA is repetitive in 
Locusta migratoria (Ruiz-Ruano et al. 2018), but they also 
contain protein-coding genes (Martis et al. 2012; Makunin 
et al. 2014, 2018; Valente et al. 2014; Huang et al. 2016; 
Utsunomia et al. 2016; Navarro-Domínguez et al. 2017a; 
Clark et al. 2018; Jehangir et al. 2019).

Interestingly, some of these B chromosome genes are 
actively transcribed (Banaei-Moghaddam et al. 2013; Miao 
et al. 1991; Ruiz-Estévez et al. 2013, 2014; Trifonov et al. 
2013; Valente et al. 2014; Navarro-Domínguez et al. 2017a, 
b; Dalla Benetta et al. 2019) and the B chromosome of rye 
encodes a functional Argonaute-like protein (Ma et al. 2017), 
thus dismissing the idea that B chromosomes are genetically 
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inert. This probably explains previously described effects of 
B chromosomes on sex determination (Yoshida et al. 2011) 
or antibiotic resistance (Miao et al. 1991). The additional 
finding of changes in the expression level of host genes, 
which are consistent with B chromosome effects, suggests 
a true transcriptomic arms race between A and B chromo-
somes (Navarro-Domínguez et al. 2019). Although these are 
interesting prospects for B chromosome research in the com-
ing years, B chromosome origin is one of the least-known 
aspects of these genomic elements.

It is widely accepted that they most likely arose from 
standard (A) chromosomes, either intra- or interspecifically, 
but the A chromosome from which the B chromosome arose 
has rarely been identified (Camacho 2005). For instance, 
based on DNA sequence similarity in A and B chromo-
somes, it was inferred that B chromosomes derived intraspe-
cifically from the W sex chromosome in the frog Leiopelma 
hochstetteri (Sharbel et al. 1998) or interspecifically in the 
wasp Nasonia vitripennis (McAllister and Werren 1997; 
Perfectti and Werren 2001) and in the bees of Partamona 
genus (Tosta et al. 2014). As they are dispensable, B chro-
mosome sequences can evolve quickly (Banaei-Moghaddam 
et al. 2013; Clark et al. 2016; Jehangir et al. 2019), and this 
usually hampers the identification of the specific A-chro-
mosome ancestor. Aimed at filling this gap, we analyze here 
the origin of B chromosomes in the characid fish Characid-
ium gomesi by using next-generation sequencing (NGS) in 
B-carrying and B-lacking genomes and subsequent analysis 
of the satellitome (i.e., the full catalogue of satellite DNA) 
to identify those satellite DNA (satDNA) families showing 
overabundance in B-carrying genomes, thus indicating their 
presence in the B chromosomes.

SatDNA is a sort of repetitive DNA consisting of a unit 
of a given sequence and length (from a few to 100 bp) that 
is repeated in tandem arrays. SatDNA is typically located in 
the heterochromatic pericentromeric regions, but it can also 
be found in euchromatic regions (Ruiz-Ruano et al. 2016; 
Rodrigues et al. 2019). The analysis of satDNA distribution 
on A and B chromosomes using fluorescence in situ hybridi-
zation (FISH) has been shown to be highly informative about 
the origin of B chromosomes in grasshoppers (Ruiz-Ruano 
et al. 2017, 2018) and fish (Silva et al. 2017) and sex chro-
mosomes in fish (Utsunomia et al. 2019).

Here, we extend this kind of analysis to C. gomesi (Cre-
nuchidae, Characidiinae), a species where previous analysis 
using chromosome painting suggested that B chromosomes 
in this species arose from sex chromosomes (Pansonato-
Alves et al. 2014). For this purpose, we obtained Illumina 
libraries from B-carrying and B-lacking genomes, and this 
led to the identification of 59 satDNA families using the 
satMiner toolkit (Ruiz-Ruano et al. 2016). We then per-
formed FISH analysis of 18 of these families, and a thorough 
comparison between satDNA location on A (distinguishing 

between sex chromosomes and autosomes) and B chromo-
somes clearly showed higher similarity between B and sex 
chromosomes, in clear support of the hypothesis of Pan-
sonato-Alves et al. (2014). We also analyzed the presence 
of five other repetitive DNA families in A and B chromo-
somes using chromosome microdissection, PCR amplifica-
tion, cloning, Sanger sequencing and FISH, which provided 
additional support for the intraspecific origin hypothesis.

Materials and methods

Origin of samples, karyotypic analyses and DNA 
extraction

We analyzed 16 females and 8 males of C. gomesi cap-
tured at Véu da Noiva waterfall stream, Paranapanema 
River Basin, Botucatu city, São Paulo state (S22°59′25″ 
W48°25′40″). The specimens were identified and deposited 
at the fish collection of the Laboratório de Biologia e Gené-
tica de Peixes, Botucatu, São Paulo, Brazil, under voucher 
LBP16910.

For cytogenetic analyses, the animals were anesthetized, 
dissected, and mitotic chromosome preparations were 
obtained following the protocol proposed by Foresti et al. 
(1981). C-banding was performed according to the protocol 
described by Sumner (1972), and chromosome morphology 
was determined according to the arms ratio (Levan et al. 
1964).

Genomic DNA (gDNA) was obtained from samples 
deposited in our DNA collection for C. gomesi, C. zebra, 
C. pterostictum, C. oiticicai, and C. lauroi using the Wizard 
Genomic DNA Purification Kit (Promega), following the 
manufacturer’s instructions.

Chromosome microdissection

Chromosome microdissection was performed on an Eppen-
dorf TransferMan NK2 micromanipulator coupled to a Zeiss 
Axiovert 100 microscope. Ten acrocentric B chromosomes 
were microdissected and placed in a tube containing 9 μL 
of ultra-pure DNase-free water; subsequently, they were 
amplified using the GenomePlex Single Cell Whole Genome 
Amplification Kit (wga4-Sigma) (Gribble et al. 2004).

Total genome sequencing and identification 
of satellite DNA

To search for repetitive DNA sequences located on the 
B chromosomes of C. gomesi, the genomic DNA of two 
female individuals, one without B chromosomes (0B) and 
another with 0–4 mitotic unstable B chromosomes (+ B), 
was sequenced on the Illumina HiSeq 2500 platform, with 
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2 × 101 nt of paired-end reads, resulting in approximately 
0.8 Gb and 0.7 Gb for the 0B sample and + B sample, 
respectively, representing 0.7 × and 0.6 × of genome cover-
age for the 0B and + B samples, respectively. Given that 
females carry the Z and W chromosomes, DNA of all chro-
mosomes of this species was included in the libraries.

To characterize repetitive elements, a custom data-
base of repetitive sequences was built using the program 
RepeatModeler (Smit and Hubley 2015) from data in the 
full genome sequencing of Astyanax mexicanus (GenBank 
accession number APWO00000000.1) as a complement to 
annotate the repetitive DNA sequences in conjunction with 
the RepBase database (Bao et al. 2015). It consisted of 1.243 
DNA sequences comprising 589.736 bp with N50 = 613 nt.

After quality filtering of the Illumina reads with the Trim-
momatic software (Bolger et al. 2014), in which reads show-
ing 90% or less of bases with quality lower to Q20 were 
removed, we applied the satMiner protocol for characteriza-
tion of satDNA sequences (Ruiz-Ruano et al. 2016). Then, 
we selected 400,000 pairs of reads (200,000 pairs of reads 
from each individual) for the clustering step with the Repeat-
Explorer software with default options (Novák et al. 2013).

After the clustering stage, we searched for clusters of 
satDNA families. Subsequently, the assembled contigs were 
extracted and processed manually using the Geneious Pro 
program v8.04 (http://www.genei​ous.com/) to visualize the 
dotplot graphs to detect tandem repetitions. The monomers 
present in each cluster were then extracted and aligned to 
obtain the consensus sequence of each satDNA. From these 
sequences, we designed primers using the Geneious Pro 
v8.04 program for PCR amplification of satDNA sequences 
with primers anchored in opposite directions (Table S1).

The monomers found were classified into variant, fam-
ily or superfamily categories when sequence identity was 
higher than 95%, 80% or 50%, respectively. The abundance 
and divergence for each variant of satDNA, for the 5S 
rDNA and histone H3 genes, and for the 5S NTS spacer 
were determined by RepeatMasker (Smit et al. 2010) with 
the Cross_match search engine using 5.8 million reads for 
each genome (0B and + B). Sequences were deposited in 
GenBank under accession numbers MG764442–MG764499. 
We analyzed the satDNAs possibly present on the B chromo-
somes through the ratio between the abundance of satDNA 
in the + B and 0B genomes, as it represents an abundance 
fold change (FC) due to the presence of B chromosomes. 
In case of a satDNA being putatively B-specific (e.g., Cgo-
Sat59-103), we carried out further analysis to ascertain 
whether it is actually absent from the B-lacking genome. 
For this purpose, we searched for read pairs in each library 
showing homology with the satDNA using BLAT (Kent 
2002) through the protocol implemented in a custom script 
(https​://githu​b.com/fjrui​zruan​o/ngs-proto​cols/blob/maste​r/
mappi​ng_blat_gs.py).

DNA amplification, cloning and sequencing

We designed primers for PCR amplification of 48 satDNA 
families on gDNA of C. gomesi (Tables 1 and S1) and tried 
to PCR-amplify several repetitive DNA families (18S and 5S 
rDNA, U2 snDNA, H3 histone genes and the CgoSat01-184) 
using primers described here and previously (Pendas et al. 
1995; Colgan et al. 1998; Utsunomia et al. 2016) on the 
DNA obtained from microdissected B chromosomes of C. 
gomesi as a template. We then used genomic DNA from 0B 
individuals of C. gomesi, C. zebra, C. pterostictum, C. oit-
icicai, and C. lauroi as templates to obtain DNA sequences 
for 5S rDNA, H3 histone genes and CgoSat01-184 families 
from the A chromosomes. The reactions were carried out 
with 1X PCR buffer, 1.5 mM MgCl2, 200 μM of each dNTP 
(dATP, dCTP, dGTP, dTTP), 0.5 U of Taq polymerase (Inv-
itrogen), 0.1 μM of each primer and 50 ng of gDNA. The 
basic cycle to amplify these regions consisted of DNA dena-
turation at 94 °C for 5 min, followed by 30 cycles at 94 °C 
for 30 s, 52 °C for 30 s, 72 °C for 30 s and a final extension 
of 10 min at 72 °C. PCR products were visualized on a 1% 
agarose gel. The fragments obtained from each sample were 
extracted from the gel and cloned into the pGEM®-T Easy 
Vector System (Promega). DNA sequencing was performed 
using the Big Dye™ Terminator v3.1 Cycle Sequencing 
Ready Reaction Kit (Applied Biosystems), following the 
manufacturer’s instructions.

Fluorescence in situ hybridization (FISH)

Probes for 18S and 5S rDNA, U2 snDNA, H3 histone gene 
and 18 satDNAs were obtained by PCR from the genome 
of C. gomesi with the same reaction parameters described 
above. The probes were labeled with digoxigenin-11-dUTP 
or biotin-16-dUTP (Roche Applied Science) during PCR.

For chromosome painting, a probe labeled with digox-
igenin-11-dUTP was generated from the microdissected 
DNA of the B chromosome of C. gomesi (CgB) using the 
GenomePlex Whole Genome Amplification Reamplification 
Kit (wga3-Sigma), following the manufacturer’s protocol.

For FISH experiments, the chromosomes were treated 
according to procedures described by Pinkel et al. (1986) 
under conditions of high stringency. Probe detection was 
performed with avidin–FITC (Sigma) or anti-digoxi-
genin–rhodamine (Roche), and chromosomes were coun-
terstained with DAPI (4′,6-diamidino-2-phenylindole, Vec-
tor Laboratories). The images were digitally captured using 
Image Pro plus 6.0 (Media Cybernetics) software using suit-
able filters from the epifluorescence microscope (Olympus 
BX61) equipped with an Olympus DP70 camera. The final 
composition of the images was performed using the Adobe 
Photoshop CS6 image editor software.

http://www.geneious.com/
https://github.com/fjruizruano/ngs-protocols/blob/master/mapping_blat_gs.py
https://github.com/fjruizruano/ngs-protocols/blob/master/mapping_blat_gs.py
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Table 1   Main characteristics of 
the 59 satDNA families found 
in the genome of C. gomesi by 
RepeatExplorer, satMiner and 
FISH analyses

SF SatDNA family RUL A + T V Divergence Abundance FISH signal

0B + B 0B + B gFC B Z W A

CgoSat01-184 184 62 1 11.71 11.34 0.42342 0.58797 1.4 Yes Yes Yes No
CgoSat02-52 52 71 1 7.53 7.52 0.30719 0.32513 1.1
CgoSat03-19 19 68 1 6.42 6.42 0.20133 0.21686 1.1

1 CgoSat04-236 236 64 1 11.51 11.23 0.19645 0.19116 1.0 No No No Yes
CgoSat05-43 43 72 1 2.11 2.07 0.14637 0.14807 1.0
CgoSat06-60 60 53 1 6.71 6.54 0.13877 0.15143 1.1
CgoSat07-67 67 64 2 4.58 4.56 0.11776 0.12620 1.1 Yes Yes Yes Yes
CgoSat08-236 236 66 1 12.73 12.38 0.11029 0.11516 1.0
CgoSat09-236 236 53 1 2.75 2.8 0.10543 0.10015 0.9
CgoSat10-42 42 52 2 13.53 13.13 0.10053 0.10762 1.1
CgoSat11-171 171 70 1 12.84 12.65 0.09350 0.09793 1.0
CgoSat12-6-tel 6 50 1 15.62 17.48 0.08692 0.07921 0.9
CgoSat13-61 61 54 1 4.41 4.34 0.08053 0.08556 1.1 No Yes No No
CgoSat14-46 46 74 1 4.61 5.06 0.07919 0.06846 0.9
CgoSat15-176 176 65 1 10.44 10.81 0.07688 0.06499 0.8
CgoSat16-43 43 56 1 21.22 21.56 0.07602 0.07631 1.0
CgoSat17-39 39 77 1 2.59 2.67 0.06996 0.07127 1.0
CgoSat18-25 25 72 1 3.82 3.7 0.06548 0.06511 1.0

2 CgoSat19-237 237 66 1 10.48 10.41 0.06432 0.04809 0.7 No No No Yes
CgoSat20-62 62 81 1 3.15 3.17 0.06300 0.06045 1.0
CgoSat21-117 117 61 2 19.6 19.5 0.06225 0.06128 1.0
CgoSat22-178 178 61 1 5.66 5.29 0.06106 0.05061 0.8

1 CgoSat23-247 247 65 2 3.21 3.2 0.04909 0.03927 0.8
1 CgoSat24-230 230 61 1 8.74 7.98 0.04853 0.03484 0.7 No No No Yes

CgoSat25-281 281 64 1 9.43 9.01 0.04850 0.04350 0.9 Yes Yes Yes No
CgoSat26-29 29 48 1 15.27 14.99 0.04815 0.05143 1.1
CgoSat27-32 32 59 1 1.88 1.8 0.03915 0.03887 1.0

1 CgoSat28-245 245 66 1 7.45 7.02 0.03840 0.03930 1.0
1 CgoSat29-245 245 66 2 5.16 4.99 0.03767 0.03837 1.0 No No No Yes

CgoSat30-34 34 71 1 4.09 4.16 0.03501 0.03636 1.0
CgoSat31-103 103 55 1 12.02 11.82 0.03271 0.03292 1.0
CgoSat32-21 21 76 1 14.96 15.24 0.03195 0.03095 1.0
CgoSat33-84 84 55 1 19.82 19.6 0.03167 0.03329 1.1
CgoSat34-43 43 51 1 6.31 6.5 0.03115 0.03824 1.2 No Yes Yes Yes

2 CgoSat35-677 677 71 2 4.3 3.49 0.03087 0.02941 1.0
CgoSat36-114 114 47 4 6.28 6.88 0.02566 0.03255 1.3

1 CgoSat37-247 247 68 1 7.44 8.86 0.02539 0.04365 1.7 No No No Yes
CgoSat38-71 71 76 1 3.74 3.67 0.02537 0.02489 1.0
CgoSat39-177 177 64 1 6.13 6.3 0.02470 0.02451 1.0
CgoSat40-21 21 62 1 10.33 10.29 0.02399 0.02810 1.2
CgoSat41-146 146 69 1 10.34 10.4 0.02392 0.02100 0.9
CgoSat42-67 67 67 1 7.15 7.05 0.02291 0.02473 1.1
CgoSat43-48 48 79 1 3.34 3.5 0.02238 0.02116 0.9
CgoSat44-177 177 72 1 12.36 11.92 0.02175 0.02584 1.2 Yes No No Yes

1 CgoSat45-437 437 67 1 5.9 5.6 0.02158 0.02018 0.9
CgoSat46-48 48 85 1 4.64 4.99 0.02126 0.02065 1.0
CgoSat47-115 115 44 1 5.21 5.85 0.02016 0.02353 1.2
CgoSat48-76 76 80 1 0.65 0.63 0.01528 0.01699 1.1
CgoSat49-57 57 70 1 4.99 4.27 0.01514 0.01284 0.8
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Extraction of satDNA Cgom01‑184 from Illumina 
reads

To obtain a more reliable and detailed score on the haplo-
typic abundance of CgomSat01-184 DNA in the genomic 
libraries of C. gomesi, several monomers were extracted 
directly from the Illumina reads. Since the size of reads is 
smaller than that of the monomers, the paired-end reads 
were joined using the fastq-join program (https​://code.
googl​e.com/p/ea-utils​/wiki/Fastq​Join) with a minimum of 
6-nt sequence overlap. Then, the satDNA reads were aligned 
against their respective dimer with the RepeatMasker soft-
ware (Smit et al. 2010), and a Python script was used (https​
://githu​b.com/fjrui​zruan​o/ngs-proto​cols/blob/maste​r/rm_
getse​q.py) to extract only the aligned region. Subsequently, 
these sequences were mapped using the Geneious Pro v8.04 
program against the satDNA dimer, and the central region 
of the alignment was extracted. However, in cases where 
it was not possible to extract at least 100 complete mono-
mer sequences in the central region of the alignment, the 
sequences were edited to obtain more complete monomers 
in this region using a Python script (https​://githu​b.com/fjrui​
zruan​o/ngs-proto​cols/blob/maste​r/sat_cutte​r.py).

Nucleotide sequences analysis

All DNA sequences were initially analyzed with the 
Geneious Pro 4.8.5 software, and an alignment was per-
formed using the Muscle algorithm (Edgar 2004) under 
predefined parameters. Analysis of nucleotide diversity and 
haplotypes was performed with DnaSP software (Librado 
and Rozas 2009). Minimum-spanning trees (MST) were 

built with Arlequin v3.5 software (Excoffier and Lischer 
2010) considering only those haplotypes including more 
than one sequence. The sequences were used as queries 
for BLAST search (Altschul et al. 1990) against the NCBI 
nucleotide collection (http://www.ncbi.nlm.nih.gov/blast​) 
to confirm their identity. Comparisons of synonymous sub-
stitutions per synonymous site (dS) and nonsynonymous 
substitutions per nonsynonymous site (dN) for the H3 his-
tone gene of each Illumina library of C. gomesi (+ B and 
0B) were performed with the DnaSP software (Librado and 
Rozas 2009). Statistical analyses were performed by means 
of Student’s t test.

Results

Basic chromosome analysis

The individuals of Characidium gomesi analyzed here 
showed a standard (A) chromosome set consisting of 2n = 50 
chromosomes (32 metacentric and 18 submetacentric) and 
a heteromorphic ZW sex chromosome system (Fig. 1). In 
addition, 21 out of the 24 individuals analyzed showed 1–5 
mitotically unstable acrocentric B chromosomes (Ba). One 
of these individuals carried, in addition to 0–4 Ba chro-
mosomes, 0–2 submetacentric Bs (Bsm), which were also 
mitotically unstable (Fig. 1e, f). The C-banding technique 
showed the presence of faint C-bands on pericentromeric 
regions of all autosomes and a large pericentromeric C-band 
on the Z chromosome, whereas the W and B chromosomes 
were darkly C-banded across their whole length (Fig. 1b, 
d, f).

gFC is the genomic fold change in abundance due to the presence of B chromosomes and is calculated as 
log2 (+ B/0B)
In each family, length and A + T content are given for the most abundant variant. Divergence per family is 
expressed as percentage of Kimura divergence
SF superfamily, RUL repeat unit length, V number of variants

Table 1   (continued) SF SatDNA family RUL A + T V Divergence Abundance FISH signal

0B + B 0B + B gFC B Z W A

2 CgoSat50-227 227 66 2 7.05 7.5 0.01431 0.01987 1.4 No No No Yes
CgoSat51-32 32 72 1 2.37 2.25 0.01400 0.01486 1.1
CgoSat52-143 143 73 1 9.35 4.58 0.01356 0.08590 6.3 Yes No No No

1 CgoSat53-236 236 65 1 17.86 13.17 0.01287 0.01752 1.4 No No No Yes
CgoSat54-103 103 37 4 3.86 5.18 0.01238 0.02129 1.7 No No No Yes
CgoSat55-47 47 47 1 7.52 7.62 0.01087 0.01612 1.5
CgoSat56-109 109 39 1 4.97 4.42 0.00946 0.01568 1.7 No No No Yes
CgoSat57-153 153 44 1 9.77 9.69 0.00896 0.01358 1.5 No No No Yes
CgoSat58-43 43 54 1 5.59 5.73 0.00414 0.00519 1.3
CgoSat59-103 103 64 1 12.94 6.17 0.00047 0.05124 109.0 Yes No No No
Total 3.64004 3.98764

https://code.google.com/p/ea-utils/wiki/FastqJoin
https://code.google.com/p/ea-utils/wiki/FastqJoin
https://github.com/fjruizruano/ngs-protocols/blob/master/rm_getseq.py
https://github.com/fjruizruano/ngs-protocols/blob/master/rm_getseq.py
https://github.com/fjruizruano/ngs-protocols/blob/master/rm_getseq.py
https://github.com/fjruizruano/ngs-protocols/blob/master/sat_cutter.py
https://github.com/fjruizruano/ngs-protocols/blob/master/sat_cutter.py
http://www.ncbi.nlm.nih.gov/blast
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SatDNA content points to B chromosome origin 
from the W sex chromosome

As a first step to uncover the B chromosome content of 
C. gomesi, we performed a high-throughput search for 

satellite DNA sequences on the 0B and + B Illumina librar-
ies using RepeatExplorer (RE) (Novák et al. 2013) and sat-
Miner (Ruiz-Ruano et al. 2016) by performing four runs of 
RE + filtering on 0B and + B reads. In each filtering step, 
previously found satDNAs were filtered out, thus increasing 

Fig. 1   Metaphases of C. gomesi 
after FISH with satDNAs (a, 
c, e) and C-banding (b, d, f). 
Bar = 10 µm
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the likelihood of finding out other satDNAs showing lower 
abundance in the genomes analyzed (Ruiz-Ruano et  al. 
2016). We finally obtained 72 satDNA sequences that were 
then classified into 58 satDNA families based on their 
degree of identity (> 95% same variant, 80–95% same fam-
ily). None of the clusters yielded by RE included the telo-
meric repeat, for which reason we searched for the highly 
conserved telomeric sequence in vertebrates (TTA​GGG​)n 
and included it for abundance and divergence comparison. 
The 59 families were then numbered in order of decreasing 
abundance, following Ruiz-Ruano et al. (2016), from Cgo-
Sat01-184 to CgoSat59-103, with the last number indicating 
repeat unit length (RUL) (Table 1). The telomeric repeat 
was the 12th family in abundance (CgoSat12-6-tel). We 
designed primers for PCR amplification of 48 satDNA fami-
lies (Tables 1 and S1), all of which were successfully ampli-
fied, and 18 of them showed a ladder pattern in the agarose 
gel typical of satellite DNA (Fig. S1), for which reason they 
were chosen for FISH analysis. The lack of a ladder pattern 
for the 30 remaining satDNAs is probably a consequence of 
PCR itself because they all should be arranged in tandem, 
as indicated by the bioinformatic analysis. Nevertheless, the 
18 satDNAs showing PCR ladders are representative of the 
whole satDNA abundance range (see Table 1).

To search for satDNA families being abundant in the B 
chromosomes, for each satDNA we calculated the genomic 
fold change (gFC) due to B chromosome presence as log2 of 
the quotient between + B and 0B abundances, with gFC > 1 
values indicating twofold or more higher satDNA amount in 
the B-carrying genome (Table 1). To test whether the satD-
NAs showing gFC > 1 form arrays large enough to be visual-
ized on B chromosomes, we performed FISH analysis of 18 
satDNA families representing the whole abundance range 
and found that six of them showed conspicuous FISH signals 
on B chromosomes (Figs. 1 and S2), whereas the remaining 
12 did not (see examples in Fig. S3). Table 1 shows that the 
two satDNAs with the highest gFC values, CgoSat52-143 
and CgoSat59-103 (6.3 and 109, respectively), revealed con-
spicuous FISH signals on the B chromosome (Fig. 1c, e). 
The remaining 16 satDNAs, however, showed gFC values 
from 0.7 to 1.7, but only four of them (CgoSat01-184, Cgo-
Sat07-67, CgoSat25-281 and CgoSat44-177) showed FISH 
signals on the B chromosome (Table 1 and Fig. S2). This 
indicates that only extremely high gFC values are indicative 
of satDNAs showing conspicuous signals by FISH.

Remarkably, the two satDNAs showing extreme gFC val-
ues (CgoSat52-143 and CgoSat59-103) were the only satD-
NAs apparently absent from the A genome, as indicated by 
the absence of FISH signals on the Z and W sex chromo-
somes and the autosomes (Fig. 1c, e). We thoroughly tested 
this possibility for CgoSat59-103 by searching for read pairs 
showing sequence homology with it in the B-carrying and 
B-lacking libraries and found 4100 read pairs in the former 

but only nine in the latter, thus suggesting the extreme scar-
city (or absence) of this satDNA in the 0B individuals.

The scarce amount of cytogenetic material obtained from 
the individual harboring the Bsm chromosome only allowed 
FISH for CgoSat59-103 (Fig. 1e) and CgoSat07-67 (Fig. 
S2a), and it showed that these two satDNAs are also present 
on this B chromosome, suggesting that both B variants share 
common descent.

Additional evidence for the intraspecific origin of B 
chromosomes

We performed a second approach to investigate B chromo-
some origin in this species. For this purpose, we performed 
PCR on five repetitive DNA families on the DNA obtained 
from B chromosomes by microdissection (μB-DNA): 18S 
and 5S rDNA, U2 snDNA, the H3 histone gene and Cgo-
Sat01-184. FISH analysis showed that only the two latter 
DNA probes yielded signals on the B chromosome (Fig. 
S4). PCR amplification on μB-DNA was successful for these 
two DNAs and, unexpectedly, for 5S rDNA despite not hav-
ing been visualized on the B chromosome by FISH. It is 
thus conceivable that the B chromosome actually contains 
some 5S rDNA copies in arrays shorter than the minimum 
detected by FISH, i.e., approximately 1 kb (Schwarzacher 
and Heslop-Harrison 2000). We also amplified these three 
repetitive DNAs on genomic DNA from B-lacking C. gomesi 
individuals and from several other Characidium species. All 
PCR-amplified DNA fragments were cloned and sequenced 
by the Sanger method. In the case of CgoSat01-184, we also 
extracted 57 repetitive units of 176–194 nt from the Illumina 
read pairs. The DNA sequences were aligned (370 nt for H3, 
97–99 nt for 5S rDNA, and 176–194 nt for CgoSat01-184), 
primer sequences were cut from the alignment, and single-
tons were not considered for further analyses.

Among the 20 clones sequenced for the H3 histone gene, 
those obtained from the μB-DNA showed about similar 
nucleotide diversity than those obtained from the 0B genome 
(Table 2), and the rate of synonymous substitution (dS) was 
higher than the nonsynonymous (dN) rate in both types of 
chromosomes, but this result was based on very low number 
of sequences and Student’s t tests did not find significant 
these differences (Table 3). In fact, the predicted amino acid 
sequence was identical for the gene copies from the A and 
B chromosomes, which would be consistent with recent 
B chromosome origin. An MST built with H3 sequences 
showed that those coming from the B chromosome showed 
high similarity with those coming from the A chromosomes 
in the same species (C. gomesi), but they showed lower 
similarity with those from three other Characidium species 
(Fig. 2). This is also consistent with the intraspecific ori-
gin of these B chromosomes. Estimates of abundance and 
sequence divergence for reads showing homology with the 
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H3 gene in the Illumina libraries showed that the B-carry-
ing genome harbored higher abundance than the B-lacking 
genome (0.00265% and 0.00205%, respectively) but lower 
divergence (2.69 and 3.07, respectively) (Table 4).

A total of 38 clones were sequenced for the 5S rDNA 
coding region, 14 from B-carrying and B-lacking genomes 

of C. gomesi and 24 from B-lacking genomes of four other 
Characidium species. An MST showed that the C. gomesi 
sequences obtained from the 0B genome were placed in 
two different branches separated by many mutational steps, 
suggesting the possible existence of pseudogenes in the 0B 
genome (Fig. 3). In another way, all haplotypes coming from 

Table 2   Nucleotide diversity 
(π) observed in the H3 
histone gene, 5S rDNA and 
CgoSat01-186, obtained 
by microdissection of the 
B chromosome and PCR 
amplification (μB PCR), 
by PCR on genomic DNA 
from B-lacking individuals 
(0B PCR), and by monomer 
extraction from the Illumina 
reads in C. gomesi 

N number of sequences, S number of polymorphic sites, Hap number of haplotypes, Hd haplotypic diversity

Gene Sample N Length S π Hap Hd

H3 0B PCR 8 369 3 0.00436 7 0.964
μB PCR 12 364 4 0.00504 6 0.894

5S 0B PCR 11 86 4 0.01903 4 0.8
μB PCR 3 97 3 0.02062 2 0.667

CgoSat01-184 0B PCR 21 169 32 0.02666 10 0.848
μB PCR 33 169 7 0.01172 6 0.492
0B Illumina reads 23 169 44 0.11348 12 0.949
+ B Illumina reads 34 169 48 0.10502 17 0.961

Table 3   Rate of synonymous 
(dS) and non-synonymous (dN) 
substitutions observed in the H3 
histone gene sequences obtained 
from A and B chromosomes of 
C. gomesi 

DNA sequences were obtained by PCR amplification of genomic DNA of B-lacking individuals and by 
microdissection of B chromosomes and PCR amplification on the DNA obtained, respectively
N number of sequences analyzed

Clones from N dN dS dN/dS t df P

Mean SE Mean SE

A chromosomes 8 0 0 0.0529 0.036 0 1.47 7 0.185
B chromosomes 12 0.0038 0.0038 0.0444 0.0284 0.086 1.42 11 0.184
Student’s t test 1 0.19
df 18 18
P 0.331 0.855

Fig. 2   Minimum-spanning 
tree showing the relationships 
between the different haplotypes 
of H3 histone sequences from 
the gDNA of Characidium 
species and from the DNA of 
a microdissected B chromo-
some of C. gomesi (µB-DNA). 
The diameter of the circles is 
logarithmically proportional 
to their abundance and the 
numbers represent the number 
of mutational steps
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B chromosome microdissection were placed in the same 
branch but showed 1–9 nucleotide differences between them, 
consistent with the higher nucleotide diversity of B-derived 
sequences (see Table 2). However, the abundance and diver-
gence of 5S rDNA sequences in the Illumina reads were sim-
ilar in the 0B and + B genomes (Table 4). The most remark-
able finding was that all B chromosome haplotypes shared 
a common branch with two relatively abundant haplotypes 
in 0B C. gomesi, as well as with one C. zebra haplotype 
showing residual abundance in this species (Fig. 3). This 
also supports the intraspecific origin of B chromosomes in 
C. gomesi.

Finally, we sequenced 54 clones for CgoSat01-184 
and extracted 57 monomer sequences from the Illumina 
paired-reads obtained from 0B and + B genomes (Table 2). 
The nucleotide diversity observed in the DNA sequences 
obtained by B chromosome microdissection (thus coming 
from the B chromosomes) was only 44% of that observed 
in the 0B genome (thus coming from the A chromosomes) 
(Table 2). This might be due to amplification of this satellite 
in the B chromosome yielding many repeat units with identi-
cal sequences. In contrast, + B Illumina reads only showed a 
slight decrease in nucleotide diversity (8%) compared with 
0B reads (Table 2), which is logical since this library con-
tains sequences from both A and B chromosomes. An MST 
built with the haplotypes found in all former sequences in 
C. gomesi and those obtained by PCR amplification in C. 

zebra (Fig. 4) showed a clear separation of the sequences 
coming from both species (excepting a single shared hap-
lotype showing low abundance in both species). Again, this 
result points to the intraspecific origin of B chromosomes 
in C. gomesi.

Discussion

The analysis of the molecular content of B chromosomes 
has been suggested to be a very informative tool to inves-
tigate their origin in several kinds of organisms (Teruel 
et al. 2010; Martis et al. 2012; Valente et al. 2014; Silva 
et al. 2014, 2017; Utsunomia et al. 2016; Ruiz-Ruano 
et al. 2017, 2018). In C. gomesi, chromosome painting 
suggested that B chromosomes are most likely derived 
from sex chromosomes (Pansonato-Alves et al. 2014). 
However, the anonymity of the repetitive DNA sequences 
presumably included in the painting probes weakened 
this conclusion. To shed new light on this subject, we fol-
lowed two different strategies to investigate B chromosome 
origin in C. gomesi. The PCR amplification of repetitive 
DNA sequences on DNA obtained by microdissection of B 
chromosomes (following Teruel et al. 2010) was attempted 
for five different families of repetitive sequences but was 
successful only for three of them: the H3 histone genes, 
5S rDNA and CgoSat01-184 satDNA. MSTs showed, in 
all three cases, remarkable haplotype sharing between the 
sequences located on chromosomes A and B in C. gomesi 
and lower similarity of B-sequences with those in other 
Characidium species. This gives strong support to the 
intraspecific origin of B chromosomes in this species. 
Our second strategy consisted of the thorough analysis of 
the satellitome in C. gomesi (following Ruiz-Ruano et al. 
2016, 2017) and the FISH analysis of the 18 satDNA fami-
lies, which yielded a ladder pattern in gel electrophoresis 
of the PCR products. We thus found six satDNA families 
showing conspicuous FISH signals on the B chromosome, 
two of which failed to show signals on A chromosomes and 

Table 4   Comparison of abundance and divergence for rDNA 5S and 
H3 histone gene between the 0B and + B Illumina libraries of C. 
gomesi 

Divergence per gene is expressed as percentage of Kimura divergence

Abundance Divergence

+ B 0B Log2 (+ B/0B) + B 0B

H3 histone 0.0026502 0.0020523 1.3 2.69 3.07
5S rDNA 0.0300345 0.0318703 0.9 1.71 1.77
5S NTS 0.0112635 0.0107626 1.0 1.04 1.05

Fig. 3   Minimum-spanning 
showing the relationships 
between the different haplotypes 
of 5S rDNA sequences from 
the gDNA of Characidium 
species and from the DNA of 
a microdissected B chromo-
some of C. gomesi (µB-DNA). 
The diameter of the circles is 
logarithmically proportional 
to their abundance and the 
numbers represent the number 
of mutational steps
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thus were B-specific (CgoSat52-143 and CgoSat59-103). 
One of the four remaining satDNAs (CgoSat07-67) was 
also found on Z and W chromosomes and on autosomes; 
two other (CgoSat01-184 and CgoSat25-281) were also 
found on Z and W chromosomes but not on the autosomes, 
and the latter (CgoSat44-177) was shared with the auto-
somes but not with sex chromosomes. We interpret these 
results as evidence for B chromosome derivation from sex 
chromosomes in C. gomesi, as it shares more satDNAs 
with sex chromosomes than with any of the 24 autosome 
pairs. The exclusive presence of SF1 and SF2 satDNA 
superfamilies on autosomes, and their consequent absence 
on Z, W and B chromosomes (see Table 1), reinforces this 
conclusion.

Satellitome analysis has thus proven to be a useful tool 
for unveiling B chromosome origin in C. gomesi, as previ-
ously shown in other species. For instance, in the characid 
fish genus Astyanax, 12 out of 18 satDNA families ana-
lyzed in three species showed FISH signals on the B chro-
mosomes of at least two species, thus suggesting the com-
mon origin of these B chromosomes (Silva et al. 2017). 
Likewise, satellitome analysis in the grasshopper Eumigus 
monticola pointed out the origin of the B chromosome 
from the S8 autosome, as it is the only A chromosome 
bearing all six satDNA families found on the B chromo-
some (Ruiz-Ruano et al. 2017). Finally, in the migratory 
locust, the S9 autosome is the only A chromosome carry-
ing all five satDNA families found on the B chromosome, 

presumably because this autosome was involved in B ori-
gin (Ruiz-Ruano et al. 2018).

At first glance, the presence of H3 histone genes (visu-
alized on the B chromosome by FISH) and 5S rDNA (not 
visualized by FISH but inferred from PCR amplification of 
microdissected Bs) in the B chromosome might cast some 
doubt on B derivation from sex chromosomes, as both DNA 
sequences were not observed on the sex chromosomes by 
FISH. However, it is conceivable that one of the sex chro-
mosomes might harbor these sequences in arrays below the 
FISH detection level. Alternatively, it is also conceivable 
that the B chromosome might have received a few copies 
of these sequences after its origin. The presence of virtu-
ally all B-sequences in a single branch for the three markers 
(H3, 5S and CgoSat01-184) would support the possibility 
that B chromosomes started with only a few copies of these 
three markers, and two of them (H3 and CgoSat01-184) 
were subsequently amplified on the B chromosome so that 
they are detectable by FISH. This is also supported by 
the higher abundance and lower divergence for these two 
repetitive DNAs in the Illumina libraries obtained from the 
B-carrying genome compared with the sequences obtained 
from the B-lacking one. Finally, the high dynamism of 
satDNA sequences, indicated by the two B-specific fami-
lies presumably arose in the B chromosome after its origin 
(CgoSat52-143 and CgoSat59-103), in addition to the usual 
enrichment of B chromosome content in repetitive DNA (see 
Ruiz-Ruano et al. 2018), make the amplification of several 

Fig. 4   Minimum-spanning tree showing the relationships between 
the different haplotypes of CgoSat01-184 sequences from the gDNA 
of Characidium species, DNA of a microdissected B chromosome of 
C. gomesi (µB-DNA) and sequences extracted from Illumina reads of 

gDNA with (+ B) and without (0B) B chromosome. The diameter of 
the circles is logarithmically proportional to their abundance and the 
numbers represent the number of mutational steps
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repetitive DNA families highly likely in the C. gomesi B 
chromosome.

Additional evidence was provided by CgoSat01-184, as 
its nucleotide diversity was one order of magnitude higher 
in the monomers extracted from the Illumina reads than in 
those obtained by PCR and cloning (see Table 2). This is 
likely due to a logical PCR bias resulting from amplification 
using a single primer pair, compared with Illumina sequenc-
ing where PCR is performed on sequence adaptors presum-
ably distributed at random across the genome. This predicts 
that samples obtained by Illumina sequencing represent a 
higher range of sequence variation than those obtained by 
PCR and cloning, as previously noted by Utsunomia et al. 
(2016, 2017), although recent research has revealed that 
conventional Illumina sequencing is not free from PCR bias 
(Wei et al. 2018). Our additional observation that nucleo-
tide diversity in the DNA sequences obtained by PCR on 
DNA obtained from microdissected B chromosomes was 
only 44% that observed in the sequences obtained from Illu-
mina sequencing of a 0B genome (thus coming from the 
A chromosomes) is also consistent with the amplification 
of this satDNA in the B chromosome, although the PCR 
bias mentioned above cannot be ruled out. The nucleotide 
diversity observed in + B and 0B Illumina reads also sup-
port the amplification of this satDNA in the B chromosome, 
as it is 8% lower in the former (see Table 2). We thus con-
clude that Illumina reads provide more reliable information 
on intragenomic sequence diversity for satDNA than PCR 
and cloning.

In summary, our present research has provided strong 
support for the hypothesis of B chromosome origin from 
the sex chromosomes in C. gomesi, and the large collection 
of satDNA families, reported here, provides new markers 
that may further future research in the field of B and sex 
chromosome evolution. For instance, B-specific satDNAs 
will make it easy to identify B chromosomes in any kind of 
cell, albeit in interphase, mitosis or meiosis, which may be 
useful in future analyses of B chromosome transmission or 
any other research pursuing sex chromosome monitoring 
during development. Our present results can also serve as 
a foundation for future analysis of genic content on these 
B chromosomes, as recent research has revealed the pres-
ence of protein-coding genes on B chromosomes from rye 
(Martis et al. 2012), mammals (Makunin et al. 2014), fish 
(Valente et al. 2014; Utsunomia et al. 2016) and grass-
hoppers (Navarro-Domínguez et al. 2017a). Derivation 
from sex chromosomes predicts high similarity in gene 
content between B and sex chromosomes, which would 
make a joint analysis of gene content in both kinds of 
chromosomes highly logical. Finally, the possible activity 
of some of these genes might be crucial to determine the 
biological role of B chromosomes, and this is one of the 
main prospects remaining for future research in C. gomesi 

B chromosomes. In addition, the presence of H3 histone 
genes suggests the possibility that these genes might be 
active in the B chromosomes, an interesting possibility 
demanding future genomic and transcriptomic studies.
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