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Abstract

The bluntnose knifefish Brachyhypopomus occidentalis is a primary freshwater fish from north-western South America and Lower
Central America. Like other Gymnotiformes, it has an electric organ that generates electric discharges used for both communication
and electrolocation. We assembled a high-quality reference genome sequence of B. occidentalis by combining Oxford Nanopore and
10X Genomics linked-reads technologies. We also describe its demographic history in the context of the rise of the Isthmus of
Panama. The size of the assembled genome is 540.3 Mb with an N50 scaffold length of 5.4 Mb, which includes 93.8% complete,
0.7% fragmented, and 5.5% of missing vertebrate/Actinoterigie Benchmarking Universal Single-Copy Orthologs. Repetitive ele-
ments account for 11.04% of the genome, and 34,347 protein-coding genes were predicted, of which 23,935 have been func-
tionally annotated. Demographic analysis suggests a rapid effective population expansion between 3 and 5 Myr, corresponding to
the final closure of the Isthmus of Panama (2.8-3.5 Myr). This event was followed by a sudden and constant population decline
during the last 1 Myr, likely associated with strong shifts in both precipitation and sea level during the Pleistocene glacial-interglacial
cycles. The de novo genome assembly of B. occidentalis will provide novel insights into the molecular basis of both electric signal
productions and detection and will be fundamental for understanding the processes that have shaped the diversity of Neotropical
freshwater environments.

Key words: Gymnotiformes, hybrid genome assembly, electric organ discharges (EODs), demographic history, ONT
Nanopore, 10X Genomics linked-reads technologies.

Significance

Gymnotiformes are a renowned group of Neotropical freshwater fish due to their ability to produce and detect electric
organ discharges used for communication and electrolocation. Electric organs are believed to be associated with the
diversification of the nearly 250 species of electric fishes of South America and Central America. Unfortunately, despite
this extreme diversity, limited genomic resources are currently available for the group. Here, we present the genome of
Brachyhypopomus occidentalis and describe its demographic history in the context of the rise of the Isthmus of
Panama. Our high-quality genome assembly and annotation will provide new insights into the genes involved in
electric signal production and detection. This genome assembly will facilitate future genome-wide studies to under-
stand the patterns and processes driving diversification in Neotropical freshwater environments.

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Introduction

Neotropical electric fishes (Teleostei, Gymnotiformes) are a
highly diverse group of nocturnal, primarily freshwater fishes
with close to 250 recognized species that originated in South
America (Crampton 2019). A prominent feature of
Gymnotiformes is their ability to produce and detect electric
organ discharges (EODs), which are used for communication
and electrolocation (Hopkins 2009). The evolutionary history of
EODs is particularly interesting because the electric organs that
produce these discharges have evolved multiple times in inde-
pendent fish lineages (Gallant et al. 2014). Moreover, within
Gymnotiformes, there is species-specific variation in the type of
electric signal, which depends on the shape and regularity of
the discharge (Fugére and Krahe 2010). Despite the high diver-
sity of Neotropical electric fishes, limited genomic resources are
currently available for the group. In fact, to date, the only se-
guence of a Gymnotiform genome available is that of the elec-
tric eel (Electrophorus electricus; Gallant et al. 2014). Electric eels
are unigue among Gymnotiformes because they have evolved
three distinct electric organs and can emit distinct high, middle,
and low voltage discharges (Albert and Crampton 2006; Xu et
al. 2021). Despite the historical interest in the electric eels,
mainly because of their extremely high electric discharges,
they represent a species-poor clade with only three species cur-
rently known to science (de Santana et al. 2019). Thus, gener-
ating genomic resources for more diverse Gymnotiformes with
contrasting evolutionary and life histories, as well as different
types of EODs is crucial to improving our understanding of the
evolution of this hyperdiverse group of freshwater fishes.
Here, we assembled the genome of the Neotropical
bluntnose knifefish Brachyhypopomus occidentalis (fig. 1A;
Hypopomidae, Gymnotiformes; Regan, 1914) de novo.
Brachyhypopomus occidentalis generates a low voltage, sexu-
ally dimorphic, biphasic pulse-type EOD (Hagedorn 1995) and is
found in slow-flowing streams from north-western South
America to the Sixaola River of Costa Rica (fig. 14; Bussing
1976). This weakly electric fish is one of the few species of
Gymnotiformes that have successfully colonized Lower
Central America (LCA, Picq et al. 2014), representing an excel-
lent study system to infer the processes (e.g., drift, gene flow,
natural selection) shaping genome evolution during coloniza-
tion of new habitats. Here, the generation of new genomic
resources will provide a deeper insight into the population his-
tory of this range expansion, including testing for the role of
selection and drift in the context of the formation of the Central
American land bridge and also the processes that have shaped
diversification in Neotropical freshwater environments.

Results and Discussion

Genome Assembly, Heterozygosity, and Size

We generated a total of ~4.7 million ONT reads, which con-
stituted ~48 Gb of sequencing data with an average read

length of ~5.3kb. The longest read was 136.08kb, and
N50 was 7.05kb. In addition, we generated a total of
~651.6 million paired-end 10X reads, which produced
~120 Gb of sequencing data, with an average cleaned read
length of 148.5bp (supplementary table S1, Supplementary
Material online). These data sets represent an approximate
genome coverage of 46x and 160x, respectively, based on
our final genome assembly. GenomeScope estimated a ge-
nome size of 647.8 Mbp with ~69.7% of unique content and
a heterozygosity level of 0.32% (supplementary fig. ST,
Supplementary Material online). Genome evaluated with
Kraken2 resulted in the removal of 3.9% of the assembled
scaffolds. Our final assembled genome was contained in
1,435 scaffolds with a total length of 540.3 Mb, a GC content
of 44.6%, and contig and scaffold N50 of 5.4 and 5.1 Mb,
respectively (fig. 1B; supplementary table S2, Supplementary
Material online). Out of 3,640 Actinopterygii orthologs
screened, we retrieved 3,414 complete (93.8%) and 27 frag-
mented (0.7%) Benchmarking Universal Single-Copy
Orthologs (BUSCOs). A total of 99 BUSCOs (5.5%) were miss-
ing (fig. 1B).

Genome Annotation

RepeatMasker estimated that 11.23% of the genome consisted
of repetitive sequences, primarily LINEs (2.2%), LTR elements
(1.585%), DNA transposons (3.08%), and simple repeats
(3.6%; supplementary table S3, Supplementary Material online).
Repeat content was nearly identical to the electric eel (E. elec-
tricus), both in terms of total repeat content and the proportion
of each type of repeat (supplementary table S3, Supplementary
Material online). MAKER identified 25,023 gene models and
170,711 exons. Blast2GO assigned putative functional predic-
tions to 80.4% (20,120) of the predicted protein-coding genes.
In contrast, GeMoMa identified 34,347 gene models and
369,936 exons, where 69.7% (23,935) of the gene models
had a functional annotation (supplementary table 54,
Supplementary Material online). The number of coding sequen-
ces identified for B. occidentalis was similar to those of the elec-
tric eel (E. electricus) and within the range of those found in
other fish species (supplementary table S4, Supplementary
Material online). Furthermore, we explored if known physiolog-
ical, developmental, and anatomical candidate genes involve in
the evolution of EODs were present in our genome assembly. In
particular, Gallant et al. (2014) and Wang and Yang (2021),
using transcriptome data from three independent lineages of
electric fish (Gymnotiformes, Siluriformes, Mormyroidea), iden-
tified 31 candidate genes associate with a variety of functions in
EODs (supplementary table S5, Supplementary Material online).
Our pipeline successfully annotated all 31 candidate genes (sup-
plementary table S5, Supplementary Material online), suggest-
ing that the genes involved in EODs production are highly
conserved across electric fishes. However, variation also exists.
An interesting case is the voltage-gated sodium channel gene
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Fic. 1.—Distribution, and genome assembly statistics of the bluntnose knifefish. (4) Distribution (dark green) and georeferenced records (red dots; data
download from gbif.org 2021) for Brachyhypopomus occidentalis (Hypopomidae, Gymnotiformes; Regan, 1914). (B) Assembly statistic visualization (using
script from https:/github.com/rjchallis/assembly-stats) (Challis 202 1) showing the genome scaffold N50 (dark orange), N90 (light orange), base composition
(percentage of GC in dark blue, AT in light blue, and N in light grey), and completeness and quality of the genome implemented with BUSCO (in shades of

green).

(SCN4aa), which is thought to have played a key role in the
evolution of electric signal communication (Arnegard et al.
2010).  Protein  alignments between  Gymnotiformes,
Mormyroidea, other teleosts, and humans showed that the C-
terminal domain of the SCN4aa gene is highly variable among
species (Traeger et al. 2017). Overall, our assembled and anno-
tated genome of B. occidentalis will facilitate functional compar-
ative analyses, as well as the application of gene-editing
techniques in electric fishes.

Ancestral Demographic Reconstructions

Pairwise Sequentially Markovian Coalescent (PSMC) estimates
showed an increase in the effective population size for B.

occidentalis starting around 3-5 Myr. This population increase
peaked between 1 and 2 Myr with a maximum of ~230,000
individuals. Afterward, there was a sudden population de-
crease during the last 0.5-1 Myr reaching a minimum of
~30,000 individuals. This event was followed by a slight in-
crease in population size between 0.5 and 0.1 Myr, after
which it has been declining slowly (fig. 2). Previous studies
based on mtDNA time reconstructions have suggested that B.
occidentalis colonization of the LCA occurred in two major
waves. The first event likely happened during the late
Miocene (8-12 Myr), whereas the second took place during
the early Pliocene (3-7 Myr; Picq et al. 2014). The former
event was supported by an early divergence of a population
B. occidentalis from Bocas del Toro (Panama), which is likely a
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Fic. 2—Genome-wide demographic history in Brachyhypopomus occidentalis using PSMC. PSMC reconstruction of effective population size over time,
estimated using a generation time of 1year (g= 1) and a mutation rate of =3 x 1077, is shown as a solid red line. Red-shaded lines correspond to 100
bootstrap runs. The solid black line represents the global sea-level model for the last 5 Myr (de Boer et al. 2014), vertical brown line represents the beginning
of the Pleistocene (2.6 Myr), vertical dark blue line denotes the last glacial maximum (LGM, 22 ky), vertical light blue line denotes the beginning of the
Holocene (11 ky), and the orange horizontal line shows current sea level as 0 m.

remnant population of this first colonization episode. The lat-
ter event was supported by a clade composed of central
Panama, western Panama, and Colombian populations. This
clade contains short internodes, perhaps indicating a rapid
expansion (Picq et al. 2014). Our genome assembly and de-
mographic model comes from an individual collected in the
Chagres drainage (Central Panama). Thus, our PSMC analysis
may reflect the demographic history of the second coloniza-
tion event. Similar to Picq et al. (2014), our PSMC results
support a rapid population expansion in B. occidentalis, fol-
lowing the final closure of the Isthmus of Panama between
2.8 and 3.5 Myr (O'Dea et al. 2016)—a pattern that coincides
with the colonization of LCA by many other freshwater fish
(Reeves and Bermingham 2006; Aguilar et al. 2019).

The drastic geologic changes in LCA during the Pleistocene
(11 ky to 2.6 Myr) have been accompanied by both pro-
nounced climate and sea-level fluctuations, which can alter
freshwater habitats, as well as species distribution. For in-
stance, sea-level fluctuations can connect and disconnect
drainages, facilitating dispersal, isolation, and new coloniza-
tions. In fact, during periods of low sea level during the
Pleistocene, large portions of the eastern Pacific Ocean floor
were exposed (Redwood 2020), likely facilitating the ex-
change of freshwater fishes between different watersheds.
In contrast, during periods of high sea level, seawater intru-
sions likely isolated freshwater fish populations (Mondin et al.
2018). Consistent with these patterns, our data show an ev-
ident decline in population size during the last 1 Myr, suggest-
ing that fluctuations associated with glacial-interglacial cycles

have strongly impacted B. occidentalis populations (fig. 2). A
similar pattern was found in the electric fish Sternopygus
dariensis using complete mtDNA genomes. In this case, pop-
ulations from eastern and western Panama showed strong
divergence ~1.1 Myr and very low genetic variation, consis-
tent with a recent population decline (Aguilar et al. 2019).
Changes in precipitation have also likely played an important
role in the population fluctuations in B. occidentalis. Drier
conditions during Pleistocene may have affected habitat con-
ditions for B. occidentalis, resulting in low population sizes,
higher local extinction rates, and restricted possibilities for dis-
persal. Indeed, dry conditions prevailed in LCA during
Pleistocene (Gonzalez et al. 2006; Piperno 2006). Thus, the
combined effect of drier conditions and changes in sea level
are likely important drivers of demographic history in B. occi-
dentalis in LCA. Overall, our genome-wide demographic
model for B. occidentalis suggests a complex paleogeographic
history of colonization and extinctions in LCA. It also high-
lights the role of the rise of the Isthmus of Panama in shaping
genomic diversity and structure Neotropical freshwater fishes.

This genome offers a unique opportunity for investigating
the demographic history and the history of colonization and
diversification of B. occidentalis in LCA. The assembled ge-
nome will also improve our understanding of the evolution of
genes involve in both electric signal productions and detec-
tion in Neotropical electric fishes. Furthermore, B. occidentalis
gene models and sequences will facilitate the manipulation
of genes and gene products, enabling future research on the
role of variability in the production of electric signal diversity.
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Materials and Methods

Specimen, Library Construction, and Sequencing

A live field-caught individual of B. occidentalis was collected
from the Juan Grande River on Pipeline road (Panama) and
stored at —80 °C at the Smithsonian Tropical Research
Institute (STRI; fig. 1A). High molecular weight (HMW) DNA
was extracted from frozen muscle using a phenol: chloroform
method. Genomic DNA sequencing was performed by com-
bining two different sequencing technologies: Oxford
Nanopore (ONT, Oxford, United Kingdom) and 10X
Genomics linked-reads (10X Genomics Chromium platform;
Zheng et al. 2016). ONT libraries were prepared using the
ligation sequencing kit SQK-LSK109 (ONT). Sequencing was
performed on a MinlON-Mk1b (ONT) using SpotON flow cells
(FLO-MIN106; ONT) in 48-hour sequencing runs controlled by
the MinKNOW software (r.19.06.8, ONT). Base-calling was
performed using Guppy (v.3.3.0; ONT). Porechop v.0.2.3
(Wick 2018) and NanoFilt v.2.5 (De Coster et al. 2018) were
used to remove adapters and filter low-quality reads.

The same individual HMW DNA sample used for the ONT
libraries was also used for 10X reads library preparation. The
prepared library was sequenced on an lllumina Hiseq X Ten
platform (lllumina) to yield 2 x 150 bp paired-end sequen-
ces. Library preparation and sequencing were performed at
Génome Québec InnovationCentre (Canada). Raw 10X
reads were checked with FastQC v.0.11.8 (Andrews 2010)
and adapters trimmed with Trimmomatic v.0.36 (Bolger et
al. 2014). Genome size, heterozygosity, repeat, and dupli-
cation content were estimated on clean 10X reads. K-mer
counting was performed with Jellyfish v.2.2.6 (Marcais and
Kingsford 2011) by generating a k-mer frequency distribu-
tion of 21-mers. The resulting histogram was later proc-
essed by GenomeScope (Vurture et al. 2017).

Hybrid De Novo Genome Assembly

A hybrid genome assembly pipeline was used to combine
both Oxford Nanopore (ONT) and 10X reads technologies
(supplementary fig. S2, Supplementary Material online).
First, we assembled a draft genome from ONT long reads
by running Wtdbg2 v.2.2 (Ruan and Li 2020). ONT reads
were used to polish the contigs by mapping the reads with
Minimap2 (Li 2018) and by running the wtpoa-cns consensus
command from Witdbg2 v.2.2. This was followed by a round
of polishing with the 10X reads, which were mapped to the
assembly with BWA (Li and Durbin 2009). Similar to the pol-
ishing with ONT reads a consensus assembly was obtained
with the wtpoa-cns command from Wtdbg2 v.2.2. Medium-
range scaffolding was performed with 10X reads by using
Scaff10X v.4.2 (WTSI-HPAG 2020). A further round of polish-
ing was performed with both ONT data with Racon v.1.4.20
(Vaser et al. 2017) and 10X reads with Pilon v1.23 (Walker
et al. 2014). Finally, we used Kraken v.2 (Wood and Salzberg

2014) to eliminate bacterial, viral, and plasmid contamination.
Summary statistics for our genome assembly were generated
with Assembly_Stats v.0.14 (Trizna 2020). Genome complete-
ness was assessed through BUSCOs v.4.0.6 (Simao et al.
2015), by comparing 3,640 orthologs contained in the actino-
pterygii_odb10 database.

Genome Annotation

We used two different pipelines for genome annotation.
First, we used the MAKER v.2.31.9 (Holt and Yandell 2011)
pipeline to predict protein-coding genes and structural vari-
ation. MAKER was run in a total of three cycles; the initial
cycle was based on three types of hints: transcript evidence,
protein sequences, and repetitive elements. Transcript evi-
dence was obtained by aligning the closely related transcrip-
tome of Brachyhypopomus gauderio (supplementary table
S6, Supplementary Material online) to our genome assembly
using BLAT (Kent 2002). Protein evidence was obtained by
downloading known protein sequences for three fish spe-
cies: Ampbhiprion ocellaris, Oreochromis niloticus, and E. elec-
tricus (supplementary table S6, Supplementary Material
online). Repetitive elements were predicted by running
RepeatMasker open-4.0.6 (Smith et al. 2013) with the
Teleostei database to identify repetitive elements in the ge-
nome and soft-mask the assembly. RepeatMasker.out was
converted to GFF with RepeatMasker script rmOutToGFF3.pl.
The second and final cycles included gene models trained
with the first (and then second) cycle with ab initio gene
predictors SNAP (Korf 2004) and Augustus (Stanke et al.
2006). From the MAKER output, we extracted both the pro-
tein and nucleotide sequences of the gene models identified,
as well as the individual coding sequences, using the
AUGUSTUS script getAnnoFasta.pl. Furthermore, to infer
the putative function of these predicted proteins, we queried
them against the nonredundant protein database using Blast
v2.6.0 (Altschul et al. 1990). Finally, InterProScan v.5.26.65
(Jones et al. 2014) was used to examine protein domains and
motifs present in the predicted protein sequences. All the
results were processed and summarized in Blast2GO
v.5.2.5 (Gotz et al. 2008).

Second, we used the GeneModelMapper pipeline v.1.6.1
(GeMoMa) to further predict gene models (Keilwagen et al.
2019). GeMoMa is a homology-based gene prediction program
that takes advantage of known protein-coding genes models
in reference genomes to predict possible protein-coding genes
in a target genome (Keilwagen et al. 2019). Here, we ran
GeMoMa using annotations from three fish species as reference
genomes: A. ocellaris, O. niloticus, and E. electricus (supplemen-
tary table S6, Supplementary Material online), and transcript
evidence from the closely related taxa B. gauderio (supplemen-
tary table S6, Supplementary Material online). Transcripts
were mapped to our draft genome with Minimap2 (Li 2018)
and used as input for GeMoMa (Keilwagen et al. 2019).
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Demographic History

We estimated historical effective population size in B. occiden-
talis using the PSMC v.0.6.5 (Li and Durbin 2011). A consen-
sus sequence was generated using the vcfutils.pl script (with
the following parameters vcf2fq -d 10 -D 100). PSMC model
estimates were run with the options -N30 -t30 -r5 -p
"4430*2+4+6+ 10.” Bootstrapping was conducted by
randomly sampling with replacement 5-Mb sequence seg-
ments during 100 bootstrap replicates. The reconstructed
population history was plotted assuming a generation time
of 1year (Hagedorn 1988) and mutation rate of 3.5 x 10~°
substitutions per site per year following Malinsky et al. (2018;
calculated in the tropical freshwater cichlid radiation).

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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