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Abstract 
The surfperches (family Embiotocidae) are a unique group of mostly marine fishes whose phylogenetic position within the Ovalentaria clade 
(Percomorpha) is still unresolved. As a result of their viviparity and lack of a dispersive larval stage, surfperches are an excellent model for the 
study of speciation, gene flow, and local adaptation in the ocean. They are also the target of an immensely popular recreational fishery. Very few 
high-quality molecular resources, however, are available for this group and only for a single species. Here, we describe a highly complete refer-
ence genome for the kelp surfperch, Brachyistius frenatus, assembled using a combination of short-read (Illumina, ~47× coverage) and long-read 
(Oxford Nanopore Technologies, ~27× coverage) sequencing. The 596 Mb assembly has a completeness level of 98.1% (BUSCO), a contig N50 
of 2.6 Mb (n = 56), and a contig N90 of 406.6 kb (n = 293). Comparative analysis revealed a high level of synteny between B. frenatus and its 
close relative, Embiotoca jacksoni. This assembly will serve as a valuable molecular resource upon which future evolutionary dynamics research 
will build, such as the investigation of local adaptation and the genomic potential for climate adaptation in wild populations.
Keywords: comparative genomics, de novo assembly, nanopore sequencing, Ovalentaria, Percomorpha, viviparous

Introduction
The surfperches (Embiotocidae) comprise a family of mostly 
marine, mostly Eastern Pacific fishes whose phylogenetic pos-
ition within the Ovalentaria clade (a percomorph group that 
also includes the damselfishes, cichlids, mullets, and others) 
is still unresolved (Longo and Bernardi 2015; Ghezelayagh 
et al. 2022). Among marine fishes, the family of 23 species 
exhibits unusual life history traits. Surfperches undergo in-
ternal fertilization and viviparous gestation, and lack the 
dispersive pelagic larval stage exhibited by most other ma-
rine groups (Leis 1991). Surfperches are also notable within 
the Ovalentaria because although they comprise relatively 
few species, they have invaded a large diversity of nearshore 
habitats, including sandy surf zones, rocky reefs, kelp forests, 
seagrass beds, estuaries, and even coastal freshwater habitats 
(Tarp 1952), and can make up a large proportion of the fish 
biomass within these habitats in the Eastern Pacific (Laur and 
Ebeling 1983). This unique ecology makes the surfperches an 
excellent group in which to study a range of ecological and 
evolutionary topics including speciation, adaptive radiation, 
life history evolution, and local adaptation.

The kelp surfperch, Brachyistius frenatus, is a smaller spe-
cies (max TL: 21.6 cm) within the Embiotocinae subfamily 
with a highly kelp-associated ecology (Love 2011). It is one 
of the widest ranging of the surfperches, occurring along the 

Pacific Coast of North America from at least Bahia Tortugas, 
Baja California Sur, MX to north of Sitka, Alaska, USA (per-
sonal observation; Love 2011). This makes it an ideal species 
in which to study local adaptation and gene flow in coastal 
marine environments. Here, we present a highly complete, 
highly contiguous de novo genome assembly for B. frenatus 
constructed with a combination of long-read nanopore and 
short-read shotgun sequencing data. In addition to its appli-
cation to forthcoming continent-scale population genomics 
studies, this genome will serve as an important resource for 
future studies of comparative genomics and evolutionary dy-
namics in the Eastern Pacific.

Materials and methods
DNA sampling and sequencing
We collected an adult male B. frenatus from Stillwater Cove 
in Pebble Beach, CA, USA (36.564821, −121.943556) on 
18 January 2021 (CDFW permit S-193170005-19318-001) 
via spear and kept it on ice during transport back to the UC 
Santa Cruz Coastal Science Campus (Santa Cruz, CA, USA). 
We sexed the specimen by dissection and sampled liver tissue 
for DNA extraction, after which the specimen was preserved 
in 95% ethanol. Genomic DNA was extracted from liver 
tissue using chloroform methods (adapted from Sambrook et 

© The American Genetic Association. 2023.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For 
commercial re-use, please contact journals.permissions@oup.com

mailto:jasonatoy@gmail.com?subject=
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


Journal of Heredity, 2023, Vol. 114, No. 4 405

al. 1989) and high molecular weight confirmed on a 0.7% 
agarose gel. Genomic DNA was then used to prepare libraries 
for both Nanopore long-read sequencing and Illumina short-
read sequencing.

We prepared 2 libraries for 2 separate Nanopore sequencing 
runs using the SQK-LSK109 chemistry kit and protocol. Prior 
to preparation of the second library, we spun genomic DNA 
through a Covaris g-TUBE shearing tube to increase sequencer 
output. Libraries were sequenced on a Nanopore MinION 
device using 2 R9.4.1 flow cells. In total, we obtained 20.05 
Gb of raw sequence data (6,782,325 raw reads).

Preparation of an Illumina sequencing library was done 
by Novogene Corporation Inc. (Sacramento, CA, USA) 
using fragmentation by sonication and the NEBNext Ultra 
DNA Library Prep Kit for Illumina. Library size distribu-
tion was evaluated on an Agilent 2100 Bioanalyzer (Agilent 
Technologies, CA, USA) and real-time PCR was used for quan-
tification. Short-read data were obtained in 2 sequencing runs 
on an Illumina NovaSeq 6000 (2 × 150 bp reads). In total, we 
obtained 28.7 Gb of raw sequence data (191,338,318 raw 
reads).

Read processing and genome assembly
Software versions used in the assembly are listed in Table 
1. Base calling of Nanopore reads was done using Oxford 
Nanopore Technologies’ Guppy base caller software 
(v5.0.15) and the dna_r9.4.1_450bps_sup (super accurate) 
model with default quality filtering parameters, resulting in 
only reads with >Q7 quality scores (nearly all reads >Q10). 
Sequencing adapters were then trimmed using Porechop 
(v2.4; https://github.com/rrwick/Porechop) and trimmed 
reads quality checked with FastQC (v0.11.7; Andrews 2010). 
Finally, reads less than 500  bp were removed. This filtered 
and trimmed dataset contained 4,966,516 reads with a mean 
length of 3,268.7  bp and an N50 of 4,886  bp. Additional 
Nanopore sequencing stats are listed in (Supplementary Table 
S1). Illumina reads were trimmed with Trimmomatic (v0.39; 
parameters: LEADING:2 TRAILING:2 MINLEN:25, Bolger 
et al. 2014) and quality checked with FastQC.

The trimmed and filtered Nanopore reads were aligned into 
large contigs using the fuzzy-Bruijn graph-based assembler, 
wtdbg2 (v0.0, Ruan and Li 2020), and twice-polished with 
the same reads using minimap2 (v2.17-r941, Li 2018) for 
alignment and Racon (v1.4.13, Vaser et al. 2017) for con-
sensus generation. The resulting assembly was then twice-
polished with the trimmed Illumina short-read data using 
BWA (v0.7.17-r1188; Li and Durbin 2009) for alignment and 
Pilon (v1.23; Walker et al. 2014) for consensus generation. 
A blastn (v2.12.0) search of the polished assembly was then 
run against the nt database (NCBI) for use in contaminant 
detection via Blobtools2 (v3.0.0; Challis et al. 2020). In total, 
only 5 small contigs (less than 7,200  bp each; 27,511  bp 
total) were identified as contaminants (Proteobacteria) and 
removed from the assembly.

Following contamination removal, the mitochondrial ge-
nome was assembled and then mapped to the nuclear as-
sembly to remove mitochondrial sequences. First, long and 
short reads were mapped to a reference mitogenome from 
the black surfperch, Embiotoca jacksoni (GenBank acces-
sion JAKOON010000230.1; Bernardi et al. 2022) using 
minimap2. The reads that successfully mapped were then 
imported into Geneious Prime (v2022.1.1, http://www.
geneious.com/) for mitogenome assembly. In Geneious 

Prime, the long reads were mapped to the E. jacksoni refer-
ence mitogenome using the “Map to Reference” function and 
the default Geneious iterative mapper (Medium Sensitivity/
Fast, default parameters). The generated consensus sequence 
was then used as a scaffold on which to map the paired 
short-read data for polishing, again using the Geneious 
mapper. This consensus sequence was then annotated using 
E. jacksoni reference annotations from GenBank accession 
NC_029362.1 (Longo et al. 2016) to identify potential spu-
rious frameshift mutations and stop codons introduced by 
sequencing and/or assembly errors. We identified a total 
of 3 stop codons, one each in the coding sequences of the 
ND2, COI, and ND4 genes, which were all caused by incor-
rect calling of the length of mononucleotide repeats. After 
manual inspection of read data at each of these sites, an ad-
ditional nucleotide was added to each repeat, which in each 
case resulted in the elimination of the stop codon through 
the re-shifting of the reading frame. A similar process was 
also used to change the only “N” in the sequence to an addi-
tional “C” at the end of a multi-C repeat (see Supplementary 
Methods). The final, corrected mitogenome assembly was 
then annotated using the MitoAnnotator pipeline (v3.74; 
Iwasaki et al. 2013).

In Geneious Prime, we ran a megablast search (NCBI, 
Altschul et al. 1990) with the completed mitogenome as 
query and the nuclear assembly as the database to identify re-
gions of the nuclear assembly where mitochondrial sequence 
was incorrectly included. We filtered the list of contigs with 

Table 1. Software names and versions used in the de novo genome 
assembly.

Assembly step Software Version 

Nanopore base calling Guppy 5.0.15

Nanopore adaptor trimming Porechop 2.4

Illumina read trimming Trimmomatic 0.39

De novo long-read contig as-
sembly

Wtdgb2 0.0

Long-read contig polishing 
mapping

Minimap2 2.17-r941

Long-read contig polishing con-
sensus generation

Racon 1.4.13

Short-read contig polishing 
mapping

BWA 0.7.17-r1188

Short-read contig polishing con-
sensus generation

Pilon 1.23

Contaminant detection Blobtools2 3.0.0

Completeness evaluation BUSCO 5.2.2

QV score and k-mer complete-
ness

Merqury 1.3

De novo repeat element identi-
fication

RepeatModeler 2.0.3

Repeat content analysis RepeatMasker 4.1.2-p1

Filtering of mitochondrial reads Minimap2 2.17-r941

Alignment of mitochondrial 
reads to reference

Geneious Prime 2022.1.1

Mitochondrial sequence consen-
sus generation

Geneious Prime 2022.1.1

Mitochondrial genome anno-
tation

MitoAnnotator 3.74

https://github.com/rrwick/Porechop
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
http://www.geneious.com/
http://www.geneious.com/
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
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BLAST hits by considering for removal only those contigs 
where BLAST hits to mitochondrial sequence made up >20% 
of the contig length. All other hits were assumed to be po-
tential NUMTs (nuclear DNA segments of mitochondrial or-
igin). We removed mitochondrial sequence from a total of 4 
small contigs (largest: 11,036 bp). In each case, the validity 
of the remaining contig fragments was assessed by mapping 
long-read data to each fragment. Fragments or portions of 
fragments with clear support from long-read data were kept 
as new contigs. In total, this process led to the complete re-
moval of 2 contigs from the nuclear assembly, the splitting of 
1 contig into 2, and the trimming of another. For details, see 
Supplementary Methods.

We identified repeat elements de novo by run-
ning RepeatModeler (v2.0.3; Flynn et al. 2020) on the 
assembled genome sequence using the -LTRStruct option. 

Using RepeatMasker (v4.1.2-p1; Smit et al. 2013), we then 
determined the repeat content of the genome by running a 
slow search (-s parameter) using the custom repeat library 
created with RepeatModeler (-lib parameter). We also used 
Merqury (v1.3; Rhie et al. 2020) to estimate the QV score 
and k-mer completeness of the assembly using a k-mer size 
of 21.

Synteny analysis
To compare the genome structure of B. frenatus to that 
of a close relative, an initial version of the assembly was 
aligned to an existing high-quality assembly for the ge-
nome of a close relative, the black surfperch, E. jacksoni 
(GCA_022577435.1; Bernardi et al. 2022), using minimap2 
(Li 2018) via the D-GENIES application (Cabanettes and 
Klopp 2018). This mapping led to the identification of an 

Fig. 1. Dot plot produced using D-GENIES of the alignment of the B. frenatus genome (vertical axis) to a reference E. jacksoni genome (horizontal 
axis; accession GCA_022577435.1). Dotted gridlines represent scaffold/contig boundaries. Darker/greener colors indicate greater sequence similarity 
between the query and reference sequences. E. jacksoni scaffolds are ordered numerically in ascending order from left to right.

http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
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apparent “translocation,” which upon further investigation, 
had little read support and was therefore determined to be 
a misassembly of 2 separate contigs. This contig was there-
fore split at a clear break in read support (see Supplementary 
Methods for details). The new assembly was again mapped to 
the E. jacksoni reference using D-GENIES (Fig. 1).

An alternate version of the assembly was also created by 
further scaffolding the draft B. frenatus assembly with RagTag 
(v2.1.0; Alonge et al. 2022), using the E. jacksoni assembly as 
a reference. This scaffolding reduces the number of contigs 
from 1,004 to 355. This scaffolding resulted in the successful 
alignment of 594,362,913 bp of the B. frenatus assembly to 
the E. jacksoni reference (99.7% alignment rate).

Results
A highly complete B. frenatus reference genome 
assembly
After contamination screening and mitogenome assembly, 
the final genome assembly has a size of 595,951,806 bp dis-
tributed across 1,004 contigs (including the mitogenome). 
This indicates an average long-read coverage of ~27× and 
an average short-read coverage of ~47×. The largest contig 
is 12.3 Mb in length, and 50% of the genome is contained 
in 56 contigs that are ~2.6 Mb or greater in length (contig 
N50, Table 2). Ninety percent of the genome is contained 
in 293 contigs of length 406.6 kb or greater (contig N90). 
The inner circle of Fig. 2 shows the size distribution of all 
contigs in the genome. BUSCO analysis of the genome re-
vealed a high level of completeness, with 98.1% of orthologs 

identified as present and complete. Evaluation of the assembly 
with Merqury resulted in a k-mer completeness of 93.83% 
and a QV score of 38.75 (corresponding to an error rate of 
0.000133466). See Table 2 for additional assembly statistics 
and Supplementary Fig. S1 for the copy number spectrum 
plot from the Merqury k-mer analysis.

The final mitochondrial assembly is 16,545 bp in length, 
30 bp longer than the E. jacksoni reference used for assembly. 
Pairwise alignment of the B. frenatus mitogenome and refer-
ence sequence revealed a 90.2% pairwise identity between the 
2 species. The base composition of the B. frenatus mitogenome 
assembly is A = 28.0%, C = 27.6%, G = 16.3%, and T = 
28.1%. Annotation by MitoAnnotator identified 22 tRNAs, 
the 12S and 16S rRNAs, and 13 protein-coding genes.

In total, RepeatMasker identified 125,790,847 bp of repeat 
sequence representing 21.11% of the genome. Retroelements 
accounted for 3.54% of the genome and DNA transposons 
4.75%. Simple repeats made up 4.29% of the genome, while 
low complexity regions and small RNA (rRNA and tRNA) 
accounted for 0.38% and 0.14%, respectively (Supplementary 
Table S2).

Discussion
In this study, we present the second complete refer-
ence genome for the family Embiotocidae, providing new 
opportunities for comparative genomic and phylogenetic 
analyses within and outside of this group of uncertain place-
ment. The assembly is of high quality, contiguity (contig 
N50 = 2.6  Mb), and completeness (98.1%) as a result of 
our combination of high accuracy shotgun and long-read 
nanopore sequencing. With 90% of the genome contained 
within only 293 contiguous sequences of length 406.6  kb 
or greater (N90), this assembly will serve as a reliable re-
source for comparative genomic studies and the estimation 
of population genomic parameters using whole-genome 
resequencing data.

Overall, we found that the genome of B. frenatus is very 
similar to that of its close relative, E. jacksoni. The dot plot 
created with D-GENIES reveals a high level of synteny and 
sequence similarity between the 2 species (Fig. 1), indicating 
speciation between the 2 occurred without a major structural 
rearrangement. The genome assemblies are also similar in 
size (596 vs. 635 Mb) and GC content (41.9% vs 41.6%), 
as would be expected for closely related species (Bernardi et 
al. 2022). Moving forward, this molecular resource will serve 
as the critical foundation for resequencing studies focusing 
on the characterization of genomic diversity and gene flow, 
as well as the evaluation of past and potential future climate 
adaptation, in reef fishes along the Pacific Coast. This work 
will ultimately inform management and conservation efforts, 
such as the classification of fisheries stocks and the evaluation 
of MPA efficacy.

Supplementary material
Supplementary material is available at Journal of Heredity 
online.

Supplementary Table S1. Summary table of MinION 
sequencing reads after quality filtering, adapter trimming, 
and length filtering (>500  bp). Produced using NanoStat 
(v1.5.0).

Table 2. Assembly statistics and BUSCO completeness assessment for 
the B. frenatus genome.

Assembly statistics  

Assembly Nuclear + mitochondrial genome

Size (bp) 595,951,806

n scaffolds 1,004

Average scaffold length 593,577.50

Largest scaffold 12,326,090

N50 (bp, n) 2,589,815 (56)

N60 1,896,895 (83)

N70 1,185,759 (123)

N80 758,445 (185)

N90 406,612 (293)

N100 597 (1,004)

N count 0

Gaps 0

BUSCO results  

Complete 98.1% (3,572)

Complete and single copy 97.4% (3,547)

Complete and duplicated 0.7% (25)

Fragmented 0.5% (20)

Missing 1.4% (48)

Total BUSCOS searched 3,640

All “N” statistics refer to contigs and are presented in the format, “length 
(number of contigs of that length or greater).”

http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
http://academic.oup.com/jhered/article-lookup/doi/10.1093/jhered/esad009#supplementary-data
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Supplementary Table S2. Summary of identified repeat 
elements. Elements were identified using RepeatModeler and 
repeat content summarized with RepeatMasker.

Supplementary Fig. S1. Copy number spectrum plot 
produced with Merqury.
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