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Introduction

Flathead grey mullet Mugil cephalus (FishBase ID: 785, NCBI Taxonomy ID: 48193)
is a highly commercial fish and has been farmed as an important aquaculture resource in
many countries for decades. Mugil cephalus possesses strong salinity adaptability, which
enables this fish to spread worldwide in fresh water, salty fresh water, and salty water
environments (frequently found coastally in estuaries and freshwater environments)
(Gorski et al,, 2015). Adult mullets have been found in waters ranging from zero salinity
to 75%o (Li et al., 2017). Mugil cephalus can also be employed as an excellent biomonitor
for its adaptability towards hypoxia and pollutants, such as heavy metals and chlorpyrifos
(Waltham et al., 2013). The large demands of M. cephalus and its roe are reminding us of
the increasing genetic risks of this species (Dor et al., 2020; Cossu et al., 2021). The in-
depth research of this species, nevertheless, was restricted due to a lack of genomic data.
Some studies on the transcriptome of M. cephalus were based on de novo sequencing and
homologous annotation using the genome of Nile tilapia (Oreochromis niloticus) as a
reference (Byadgi et al., 2016; Dor et al., 2020), which is limited and inefficient to some
extent. Under this background, in this study, we successfully assembled a genome of
flathead grey mullet M. cephalus for the first time using single-tube long fragment read
(stLFR) technology, providing a necessary reference for further research to achieve the
long-term persistence of Mugil cephalus.

Currently, most genome projects rely on long-read sequencing technologies such
as PacBio or Oxford Nanopore. In the meantime, the data of whole genome shotgun
(WGS) sequencing, which are sequenced on second-generation platform (BGISEQ or
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Ilumina) are used only in the process of k-mer analysis or the
polishing of the genome during assembly. This is mainly due
to the phenomenon that regular WGS data could not support
a satisfying genome assembly result, but the high cost of long-
read sequencing technologies limited many genome projects,
especially those that aimed to fill the blank of genome
resources on large-scale species surveys. Here, we employed
stLFR technology, which enables the access of long DNA
fragments based on an economical second-generation
sequencing platform (Wang et al., 2019). The principle of
stLFR was that it could create millions of miniaturized
barcoding reactions in a single tube, and these fragments
marked with the same barcode belonged to the same
molecule, making it possible to obtain a more consecutive
assembly. The stLFR technology could offer a relatively high-
quality genome at an economical cost, making it possible to
conduct zoological research.

Value of the data

In the present study, we assembled the flathead grey mullet
(Mugil cephalus) genome. We also conducted a comparative
genomic analysis and inferred the phylogeny of M. cephalus with
eight other teleosts and analyzed the gene family expansion and
contraction, aiming to give a clue to the evolution of the specific
characteristics of this fish species.

Method and results
Genome sequencing

The genomic DNA of M. cephalus was extracted using the
muscle of a single fish (Figure 1A) obtained from the Bohai
Sea by the Tianjin Fisheries Research Institute, China. A
stLFR sequencing library was established based on high-
quality purified and complete DNA (A260/A280 = ~1.8,
A260/A230 = 2.0-2.2), and all experimental protocols were
the same as the technology manuscript suggested (Wang
et al., 2019). After sequencing, barcode sequences were
extracted using a custom program (GitHub https://github.
com/stLFR/stLFR_read_demux) that was provided by the
stLFR technology pipeline. All demultiplexed read data
were then used in genome analysis. All sequenced reads
were edited to trim stLFR barcodes and filtered by
SOAPnuke, and the final clean paired-end data were 128.67
Gb with a Q30 value of 90.24%. Jellyfish v2.2.6 was used to
obtain the frequency distribution of 17-mers when all
duplications in clean data were removed, suggesting a
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genome size of over 600 Mb with 0.73% heterozygosity by
GenomeScope v1.0.0 (Figure 1B).

De novo genome assembly

De novo assembly was conducted with the pipeline
developed and published by BGI-Qingdao (GitHub https://
github.com/BGI-Qingdao/stlfr2supernova_pipeline). This
pipeline could de novo assemble the stLFR raw reads using
Supernova Assembler, which refers to the de novo software from
10X Genomics. The output assembly of this pipeline was then
used in further scaffolding and gap closing procedures with
GapCloser 1.12 in order to improve assembly quality. The final
genome size was 661.32 Mb with Scaffold N50 of 6.38 Mb, and
the detailed assembly indicator is shown in Table 1.

Genome evaluation

The integrity and accuracy of the assembly were evaluated
by mapping all duplication-removed reads back to the genome
using BWA and Samtools (Li and Durbin, 2009a; Li et al,
2009b). In total, 98.57% of reads could be aligned to the
genome, covering 99.98% of the genome. According to the
alignment result, we also counted and visualized the
distribution of GC content, and the result showed a
centralized distribution in both content value and sequencing
depth, indicating a pure and reliable assembly (Figure 1C;
Table 1). BUSCO was also used to evaluate the integrity of the
genome with the actinopterygii_odb9 dataset, and the
benchmark reached 95.4% (single-copy 92.6% and
duplication 2.8%) (Simao et al, 2015). The relationship
between M. cephalus and Planiliza haematocheila was closest,
and the genome of P. haematocheila (Zhao et al., 2021) was
newly published, offering the opportunity to validate our
assembly. We chose the top 30 longest scaffolds of M.
cephalus and mapped them to the chromosomes of P.
haematocheila (Zhao et al.,, 2021) in order to observe their
relationship to collinearity. The circos map showed these
scaffolds could consistently map to P. haematocheila
chromosomes comparatively well (Figure 1D).

Genome annotation and comparative
genomics analysis

The information on repetitive elements in the genome assembly

was essential before genome annotation and subsequent analysis.
RepeatMasker (http://repeatmasker.org/RMDownload.html),
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FIGURE 1

Statistics and data analysis of the genome assembly of the flathead grey mullet, Mugil cephalus. (A) The flathead grey mullet (Mugil cephalus).
(B) Genome synteny analysis between the top 30 scaffolds of M. cephalus and the 24 chromosomes of the previously published P.
haematocheila genome. (C) K-mer survey of the M. cephalus genome. (D) Distribution of GC content and sequencing depth of the M. cephalus
genome. (E) Statistics of exon number and length of different gene structures in M. cephalus and several reference species. Different species are
represented with different colors. (F) Gene family cluster results of M. cephalus and the other reference species. The abscissa represents
species, and the ordinate represents a number of genes. (G) Phylogenetic tree based on sequence identity is indicated at each node. The
estimated number of orthologous gene groups in the most recent common ancestral (MRCA) species is shown at the root. The numbers of
gene families expanded or contracted in each lineage are shown on the corresponding branch; +, expansion; —, contraction. (H) GO
enrichment analysis of significantly expanded gene families. (I) KEGG pathway enrichment analysis of significantly expanded gene families.

RepeatProteinMask, RepeatModeler (http://repeatmasker.org/
RepeatModeler/), LTR_FINDER, and TRF tool were all employed
to identify all kinds of repetitive elements using homolog alignment
based on RepBase (http://www.girinst.org/repbase) and de novo
prediction, separately. A total of 152.03 Mb genome sequences were

TABLE 1 Summary of information related to the genome assembly.

Statistics Scaffold Contig
Total number 19,699 30,057
Total length (bp) 661,325,019 633,697,310
Gap N (bp) 27,627,709 0
Average length (bp) 33,571.50 21,083.19
N50 length (bp) 6,381,037 104,286
N90 length (bp) 25,803 10,512
Maximum length (bp) 28,934,552 743,257
Minimum length (bp) 875 48

GC content (%) 41.88
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identified as repeats, accounting for 22.99% of the whole assembly.
The prediction of protein-coding genes was also conducted through
both de novo and homolog-based methods. Augustus, Genscan, and
GlimmerHMM were used to carry out de novo prediction, and
several representative fishes were used to finish homolog prediction.
The coding genes were mapped to the M. cephalus genome by Blast,
and the predicted gene was identified by Genewise (Birney et al,
2004). The gene sets occupied during alignment were several
teleosts which frequently appeared in fish research, including
Cynoglossus semilaevis, Danio rerio, Gadus morhua, Gasterosteus
aculeatus, Oreochromis niloticus, Oryzias latipes, Seriola lalandi, and
Takifugu rubripes. GLEAN was employed to integrate all predicted
gene models into a single GFF result, and we manually filtered some
unreliable predicted genes due to insufficient evidence number. For
example, a predicted gene would be discarded if only one de novo
evidence supports its presence but lacks evidence from the
homolog-based method. In total, 23,987 genes were annotated,
and the BUSCO benchmark of predicted protein sets was 91.6%
(Figure 1E). We also compared the statistical characteristics of the
gene sets, such as the distribution of CDS length and exon number,
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with the references mentioned above, which were used during
BLAT, and the chart showed a consistent trend among those gene
sets including our result (Figure 1F).

All valid predicted proteins were then aligned to different
databases including the Kyoto Encyclopedia of Genes and
Genomes (KEGG), Swissprot, TTEMBL, InterPro, and Gene
Ontology (GO) using BLASTP with an E-value cutoff of 1E-5.
Finally, 22,844 genes could be mapped to known functional
genes among all 23,987 genes, accounting for 95.23% of the
whole gene set.

Noncoding RNAs (ncRNAs) have been thought to be an
important part of genome annotation since they are active in
transcriptional and translational regulation of gene expression as
well as in the modulation of protein function. Ribosomal RNA
(rRNA) was predicted according to vertebrate rRNA data using
BLASTn, and tRNAscan-SE v1.3.1 was applied with eukaryotic
parameters to find transfer RNA (tRNA). MicroRNA (miRNA)
and small nuclear RNA (snRNA) were discovered by mapping
our genome result to the Rfam database. In total, 254 miRNAs,
1,138 tRNAs, 378 rRNAs, and 665 snRNAs were identified, and
the total sequence length was 252.52 kb.

It was necessary to validate the phylogenetic position of M.
cephalus since we have obtained two Mugilidae genomes. Other
related species are referred to as C. semilaevis, D. rerio, G.
latipes, S. lalandi, T. rubripes, and P.
haematocheila. All involved CDS and protein sequences were

aculeatus, O.

aligned to find gene family clusters and single-copy genes among
all those species. The difference in single-copy gene sequences
was the base of the reconstruction of a phylogenetic tree. The
differences among gene coding sequences, protein sequences,
and fourfold degenerate synonymous site transversion rate
(4DTV) were all taken into consideration to draw the most
accurate and reasonable phylogenetic result with maximum-
likelihood and Bayes methods (Figure 1G).

Except for the common gene set features among different
genomes, such as single-copy gene families, the differences
hidden in them were the keys to answering the phenotypic
diversities. In our research, we employed Computational
Analysis of Gene Family Evolution (CAFE) to discover the
divergence of gene families among the species in this
phylogenetic analysis. Even though it was a common trend
that gene family contraction happened more than gene family
expansion, the gene families that were expanded were more
meaningful for phenotype or function research. A total of 712
gene families were found expanded in M. cephalus, and 243 of
them were changed significantly, among which 2,535 genes were
involved. GO and KEGG enrichment analyses were carried out
to clarify the possible biological function or pathways they
participated (Figure 1H, I).
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More than 100 genes were enriched in several immune-
related pathways, including immune system process, immune
response, and response to the bacterium (Figure 1H). In the
farming of fish, immunity occupies the top priority. Hitherto,
several studies have already focused on the anti-infection
immunity and stress response of M. cephalus (Waltham et al.,
2013; Byadgi et al,, 2016; Li et al., 2017), including the strategies
for different kinds of infection, hypoxia, extreme osmotic
pressure, heavy metals, and toxicants. The expansion of gene
families related to immune response and sodium channel
activity indicated that the source of environment adaptability
of M. cephalus could be used as potential candidates during
subsequent studies. Another obviously enriched pathway was
the heparan sulfate proteoglycan (HSPG) biosynthetic process.
HSPGs were involved in various biological processes such as
bacterial and viral infection and were mainly studied in
mammalian cells. The role of HSPGs in teleost is attracting
attention, and they have already been identified in several fishes,
including zebrafish (Filipek-Gorniok et al., 2021), Atlantic cod
(G. morhua), and spotted wolffish (Anarhichas minor) (Tingbo
et al., 2006). This would also be another interesting area for
subsequent research on M. cephalus.

Another potentially valuable comparative genomics analysis
was the identification of positively selected genes during
evolution. The functions of these genes may indicate the
environmental stress that the species have suffered. We
employed a CodeML module from PAML with model “branch
site” to find positively selected genes in M. cephalus, and a total
of 1,166 genes were recognized. The presence of interferon
regulatory factors (IRF1, IRF2) in the results indicated that the
immune process was an important developing pathway in this
species during evolution. Meanwhile, the presence of growth
hormone-regulated TBC and DNA repair protein RAD51
suggested that M. cephalus could survive in a stressful
environment and grow rapidly to mature in order to survive.
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