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Abstract

The salmonid-specific fourth vertebrate whole-genome duplication (Ss4R) occurred ˜80 million years ago in the ancestor of all

salmonids and provides a unique opportunity to study the evolutionary history of the duplicated genome. Study of the genome

of Brachymystax lenok tsinlingensis might be particularly insightful given that this is the only Brachymystax species with a

published salmonid genome. Here, we present a high-quality chromosome-level genome assembly for B. l. tsinlingensis and

found that the salmonids have a unique GC content and codon usage, have undergone a whole-genome duplication event and

a burst of transposon-mediated repeat expansion, have a slower evolutionary rate, and possess specific expanded gene families

and unique positively selected genes. Generally, the B. l. tsinlingensis genome could provide a valuable reference for the study

of other salmonids as well as aid the conservation of this endangered species.
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. The salmonid-specific fourth vertebrate whole-genome duplication (Ss4R) occurred ˜80 million years ago in
the ancestor of all salmonids and provides a unique opportunity to study the evolutionary history of the
duplicated genome. Study of the genome ofBrachymystax lenok tsinlingensis might be particularly insightful
given that this is the only Brachymystax species with a published salmonid genome. Here, we present a
high-quality chromosome-level genome assembly forB. l. tsinlingensis and found that the salmonids have
a unique GC content and codon usage, have undergone a whole-genome duplication event and a burst of
transposon-mediated repeat expansion, have a slower evolutionary rate, and possess specific expanded gene
families and unique positively selected genes. Generally, the B. l. tsinlingensis genome could provide a
valuable reference for the study of other salmonids as well as aid the conservation of this endangered species.

Keywords

Chromosome-level genome, salmonids, salmonid-specific fourth vertebrate whole-genome duplication, evolu-
tionary rate, positively selected genes

Introduction

Whole-genome duplication (WGD) events have shaped the history of many evolutionary lineages; it is widely
accepted that three rounds of WGD have occurred during vertebrate evolution: 1R and 2R are shared by
the jawed vertebrates, and the third teleost-specific WGD (Ts3R) occurred at basally in the teleost radiation
˜320 million years ago (Mya) (Jaillon et al. 2004; Kasahara et al. 2007). However, the fourth salmonid-
specific WGD (Ss4R) occurred in the common ancestor of salmonids ˜80 Mya after their divergence from
Esociformes ˜125 Mya (Macqueen & Johnston 2014; Near et al. 2012). WGD events help species expand
their genome size and evolve new characters; thus, studying the evolutionary fate of duplicated genomes,
especially recently duplicated genomes, can provide valuable evolutionary insights.

Brachymystax lenoktsinlingensisis an endangered freshwater fish that is endemic to the middle part of the
Qinling Mountains, especially the Heihe, Shitouhe, Xushui, and Taibaihe Rivers (Froese & Pauly 2014).
Study of B. l. tsinlingensis could greatly aid our understanding of salmonid evolution given that it is the
outgroup species of all known salmonids. However, only mitochondrial genome data have been published
(Si et al. 2012; Yu & Kwak 2015); genome and transcriptome data of B. l. tsinlingensis are still lacking by
comparison. In this study, we conducted the first chromosome-level genome assembly of B. l. tsinlingensis by
combining Nanopore long reads, Hi-C data, and Illumina short reads. Comparative genomics analysis with
other related species revealed that the salmonids have a unique GC content and codon usage, have undergone
a common WGD event and a burst of transposon-mediated repeat expansion, have a slower evolution rate,
and possess specific expanded genes and unique positively selected genes. Overall, these findings provide
new insight into the evolutionary history of salmonids and will aid future studies of salmonid evolution.

Materials and Methods

Genome data generation

The muscle, heart, kidney, liver, and spleen were obtained from one adult, and all samples were stored in -80
for DNA and RNA extraction. Genomic DNA was extracted using a Qiagen DNeasy Blood & Tissue Kit.
The quality of the extracted DNA was determined using an Agilent 2100 bioanalyzer (Agilent Technologies).
The RNA of these tissues/organs was extracted using Trizol, and the quality of the extracted RNA was
also assessed by an Agilent 2100 bioanalyzer (Agilent Technologies) and evaluated on a 1.5% agarose gel
stained. Both DNA and RNA were used for the construction of different libraries and further sequencing.
Genomic DNA was sequenced on a NovaSeq platform (Illumina) with a short-insert pair-end mode and
Oxford Nanopore platform, respectively. RNA sequencing and Hi-C sequencing were both conducted on the
NovaSeq platform (Illumina).

Quality control of raw sequencing reads

Because the sequencing data included Illumina short reads and Nanopore long reads, two different strategies
were used to filter the reads. For Illumina data, all low-quality reads, adaptor sequences, and duplicated
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. reads produced by PCR were removed. For Nanopore reads, all reads with an average quality [?] 7 were
retained for genome raw assembly.

Estimation of genome size

The genome size of B. l. tsinlingensis was estimated using the K-mer method with all filtered Illumina
genome reads. The K-mer number was set to 17; the genome size was estimated using the total number
of 17-mers divided by the peak 17-mer frequency. Thus, the genome size was estimated using the formula:
Genome size = total 17-mer number / peak frequency (Liu et al. 2013).

De novo genome assembly and Hi-C scaffolding

All of the filtered Nanopore reads were used for the draft genome assembly in Nextdenovo software (v2.3.1;
https://github.com/Nextomics/NextDenovo) with default parameters. The assembled genome was corrected
using the filtered Illumina genome reads. BWA software (BWA-MEM module) (Li & Durbin 2009) was used
to map short reads to the genome, and Pilon software (Walker et al. 2014) was used for error correction of
the sequenced bases. To obtain the chromosome-level genome, the Hi-C reads were aligned to the assembled
genome using Juicer software. The software 3D-DNA (Dudchenko et al. 2017) was used to cluster scaffolds
into different clusters; in each group, the order of scaffolds was determined by the strength of interactions.
Finally, all the possibilities of scaffold orientation and generated finely orientated scaffolds using a weighted
directed acyclic graph.

Genome quality evaluation

After the genome assembly process, several genome quality evaluation methods were used. We used BUSCO
(v2.0) software (Simao et al. 2015) to estimate the percentage of conserved orthologs in the assembled
genome. The conserved gene sets of Eukaryota and Metazoa were used as a database and the complete
BUSCO genes, fragment genes, and missing genes were detected. BWA (Li& Durbin 2009) and BLAT (Kent
2002) were used for the mapping ratio of NGS data and de novo assembled transcripts, respectively.

Repeats and transposable elements annotation

For repetitive sequence annotation, tandem repeats were annotated using Tandem Repeat Finder (TRF)
(http://tandem.bu.edu/trf/trf.html, v4.10) (Benson 1999) with default parameters. For transposable ele-
ments (TEs) annotation, both RepeatProteinMask (RM-BLASTX) and RepeatMasker (open-4.0.7) (Bedell
et al. 2000) were used. RepeatProteinMask software was used to search TEs in its protein database, and
RepeatMasker software was used for de novolibraries and the Repbase library (zebrafish). The de novo
repeat libraries were analyzed by RepeatModeler software with default parameters. The insertion time of
each TE was calculated usingK /2r (Bowen & McDonald 2001; SanMiguel et al. 1998).K represents the
kimura value, which was extracted from the RepeatMasker analysis, and r represents the evolutionary rate
acquired from the r8s analysis (Sanderson 2003).

Gene structure annotation and functional annotation

All of the TEs in the genome were masked and used for gene structure annotation. In this step, three
different strategies, including de novo prediction, homolog-based prediction, and transcript-based predic-
tion, were used. For de novo prediction, Augustus software (v3.3.3) (Stanke& Waack 2003) was used with
default parameters. For homolog-based annotation, proteins of 10 species, including Esox lucius (GCF -
011004845.1) (Ishiguro et al. 2003),Lepisosteus oculatus (GCF 000242695.1) (Inoue et al. 2003), Danio
rerio (GCF 000002035.6) (Howe et al. 2013), Oncorhynchus tshawytscha (GCF 002872995.1) (Christensen
et al. 2018),Oncorhynchus keta (GCF 012931545.1), Salmo salar(GCF 000233375.1) (Davidson et al.2010),
Salmo trutta (GCF 901001165.1), Oncorhynchus nerka (GCF 006149115.1), Oncorhynchus mykiss(GCF -
013265735.2), and Oncorhynchus kisutch (GCF 002021735.2), were downloaded from the NCBI database
and aligned to the repeat-masked genome by tblastn (Altschul et al.1990) with an e-value of 10e-5. We then
used Genewise software (Birney et al. 2004) to select the longest coding regions and/or the highest score at
each gene locus. For transcript-based annotation, the RNA-seq reads were assembled into transcripts using
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. Bridger software (Changet al. 2015), and the transcripts were mapped to the genome by BLAT software
(v34) (more than 90% identity and coverage) (Kent 2002); PASA (Haas et al. 2003) was then used to link
spliced alignments. Finally, EvidenceModeler (v1.1.1) (Haas et al. 2008) was used to integrate these results
into the final gene set.

All of the predicted genes were used for functional annotation using the public protein database. InterProScan
(v4.8) (Zdobnov& Apweiler 2001) was used to screen proteins against five databases (Pfam, release 24.057;
ProDom, 2006.1; MART, release 6.059; PROSITE, release 20.52; PRINT, release 40.058). The Kyoto
Encyclopedia of Genes and Genomes (KEGG), SwissProt (Release 2011.6), non-redundant database (NR),
and TrEMBL (Release 2011.6) databases were all used in the function annotation in BLAST software (v2.3.0)
(Altschul et al.1990) with the e-value of 10e-5.

Genome synteny

Using the B. l. tsinlingensis genome as a reference assembly, 6 other salmonids (O. mykiss , O. tshawytscha
, S. trutta , O. kisutch , O. nerka , and O. keta ) were aligned to the B. l. tsinlingensis genome using LAST
(“lastal” command in LAST with -P 5 -m100 -E 0.05; v802) (Kielbasa et al. 2011). The one-to-one aligned
sequences were then selected and used for plotting with Circos (v0.69-6) (Krzywinski et al. 2009).

Phylogenetic inference

Reciprocal BLAST (Altschul et al.1990) and OrthoMCL software (Li& L. 2003) were used to determine the
homology relationships among the protein sequences of 11 species (B. l. tsinlingensis , D. rerio , O. mykiss ,
O. tshawytscha , S. trutta ,O. kisutch , O. nerka , S. salar , O. keta ,E. lucius , and L. oculatus ). After the
orthologous genes were obtained, all of these genes in these species were connected into one super sequences
in each species. MUSCLE (v3.8.31) (Edgar 2004a, b) was then used to align these sequences. Lastly, RAxML
(v8.2.9) (Stamatakis& A. 2014) was used to reconstruct the phylogenetic relationships using different models
(Protgammaauto/Gtrgamma) with 100 bootstrap replicates; L. oculatus was used as the outgroup species.

Molecular clock analysis

To estimate the divergence time among these 11 species, all of the 4d sites were extracted from the super
sequences using in-house Perl scripts. The divergence times were analyzed by Markov chain Monte Carlo
sampling with samples drawn every 2,000 steps and 100,000 samples, and the results were calibrated by the
fossil records downloaded from the TIMEtree database (http://www.timetree.org).

Relative evolutionary rates

The evolutionary rate of these 11 species was calculated using the coding sequences (CDS) of all single-copy
genes. Initially, all of these single-copy genes were connected into one super sequence and aligned using
MUSCLE (v3.8.31) (Edgar 2004a, b). L. oculatus was used as the outgroup species; both LINTRE software
(Takezaki et al. 1995) and MEGA (Tajima’s relative rate test) (Kumaret al. 2016) were used for this analysis.
In Tajima’s test, the higher number of lineage-specific substitutions corresponds to a faster evolutionary rate.
In the LINTRE method, the evolutionary rate of each species was checked using Z-statistics and the tpcv
module.

Expansion and contraction of gene family

The expansion and contraction of gene family were determined by CAFE (-p 0.01, -r 1000, -s; v3.1) (De
Bie et al. 2006) using the random birth-and-death (λ) model, and the probability of each gene family with
observed sizes was calculated using 10,000 Monte Carlo simulations. Three results, including the phylogenetic
relationships, divergence time, and fossil records, were used in this analysis. Both expanded gene families in
B. l. tsinlingensis and the salmonid lineage were calculated, and these genes were used in Gene Ontology
(GO)/ KEGG enrichment analysis (Beissbarth & Speed 2004; Huang da et al. 2009).

Positive selection
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. All sequences of these single-copy genes were aligned using MUSCLE software (Edgar 2004a, b) with default
parameters. To estimate the lineage-specific evolutionary rate of each branch, the free model (“model = 1,
NSsites = 0”) in codeml was used. After we obtained a general evolutionary pattern of selective pressure
along the lineages, the branch-site model was used. We used the likelihood ratio test and Chi-square test to
calculate the P-value , and any positively selected genes with P-values less than 0.05 were retained.

WGD assessment

The distribution of synonymous substitutions per site (Ks) within paralogs was used to examine the most
recent WGD event in salmonids. The protein sequences of all 11 species were aligned with BLAST v2.9.0
(e-value 1e-10) (Altschul et al.1990). When one gene and another gene were mutual best hits (excluding
hits to themselves), they were identified as a paralog genes. Ks was calculated using the KaKs calculator
v2.0 (Wang et al. 2010) for each paralog. For comparison, we also plotted the Ks distribution betweenB. l.
tsinlingensis and other species.

Hox gene cluster identification

Sequences of the known Hox genes were downloaded from the SwissProt database and used for Hox gene
annotation in other species. Specifically, the downloaded sequences were aligned to the genome assembly
using BLAST software (tblastn, v2.6.0) (Altschul et al. 1990) with an e-value of 1e-10. The lowest e-value
of the annotation result was selected for the final annotation of each gene.

Results

Genome sequencing and chromosome-level genome assembly

We obtained a total of 714,523,240 sequence reads from the Illumina PE library, yielding a total sequence
length of 100,539,703,234 bp (Table S1 ). K-mer analysis (K = 17) indicated that the genome size is 2.30 Gb
with slightly repeats ratio (Figure S1 ). We also generated 100.54 Gb raw data using the Nanopore platform
(111.95× coverage) for genome assembly: a data set of 13,970,063 reads with an N50 of 22,905 bp (Table S2
). To construct the chromosome-level genome, 373.43 Gb Hi-C data were generated for scaffolding (Table
S3 ). The final assembled B. l. tsinlingensisgenome is summarized in Table S4-S5 . In this assembly, 414
scaffolds/chromosomes (>100 bp) were included, with a total length of 2,031,709,341 bp. The N50 was 50.15
Mb, and the chromosome mounting ratio was 99.58% (Figure 1A ). Although the published genomes of
salmonids are mostly at the chromosome level, our genome is still comparable to other salmonids (Table S6
). We also used different strategies to evaluate the quality of this genome assembly, including the assembled
transcript mapping ratio from the RNA-seq data of 5 different tissues/organs (Table S7-S9 ), BUSCO
results based on the Metazoan model sets and the Eukaryota model set (Table S10 ), Illumina short reads
mapping ratio (Table S11 ), and the genomic synteny between B. l. tsinlingensis and 6 other salmonids
(Figure S2-S7 ). All of these results indicated that this genome has a high level of accuracy, continuity,
and connectivity.

Compared with other related species, the GC content of the genome and CDS of B. l. tsinlingensis were
assessed. The genome GC content of all salmonids was similar and ranged from 43.03% to 43.55%, which
is slightly higher compared with outgroup species such as D. rerio (36.60%), E. lucius (42.22%), and L.
oculatus(39.59%) (Figure S8 ). The GC content of CDS of salmonids was also similar and ranged from
54.19% to 55.21%, which is slightly higher compared with outgroup species, such as D. rerio(49.85%), E.
lucius (54.64%), and L. oculatus (53.25%) (Figure S9 ). These findings may be explained by the WGD
event in the salmonids (salmonid-specific fourth vertebrate WGD, Ss4R) and suggest that other characters
in salmonids, such as gene structure, TEs,Hox gene clusters, and others, may also be similar among salmonid
fishes.

Genome annotation

From the assembled genome, the repeat sequences were identified in the genome of B. l. tsinlingensis .
Repeat sequences accounted for 64.48% of the genome, and the DNA transposons (20.78%) were the most
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. abundant repeat type (Table S12-S13 ). For genome annotation, a total of 55,706 genes were predicted
using different annotation methods, and the gene structure was similar to other published genomes of related
species (Figure S10 ). The functional annotation results revealed that among these 55,706 protein-coding
genes, homologous genes could be found in public databases for 90.14% (50,214) of the genes, which indicated
that the gene structure annotation was robust (Table S14 ). The gene density, all types of repeat sequences,
and GC density of the assembly are shown in Figure 1B . Owing to the Ss4R event, codon usage in salmonids
was uniform (Figure 1C ). In addition, the third position of the synonymous codon of salmonids was more
likely to be G or C, which differs from other fishes (Figure 1D ).

Salmonid-specific fourth vertebrate WGD

The last WGD for most teleosts occurred approximately 320 Mya (Jaillon et al. 2004; Kasahara et al. 2007);
because of its basal occurrence in the teleost radiation, little is known about this WGD event. However,
the salmonid-specific fourth vertebrate WGD (Ss4R) took place in the common ancestor of salmonids ap-
proximately 80 Mya (Macqueen& Johnston 2014; Near et al. 2012), which is the most recent WGD event
in vertebrates. In addition, B. l. tsinlingensis is the most ancient species among known salmonids and thus
particularly valuable for the study of salmonid evolution. To elucidate the history of Ss4R, we screened the
paralogs of all species by McScan (Tang et al. 2008) and calculated the distribution of the rate of transver-
sions on fourfold degenerate synonymous sites (4DTv). The peaks of all salmonids were concentrated near
values of 4DTv at 0.2–0.3, which is the Ss4R event that occurred ˜80 Mya in all salmonids (Macqueen &
Johnston 2014; Near et al. 2012). We also screened the orthologs with syntenic blocks between B. l. tsinlin-
gensis and all other species separately. Furthermore, we calculated the 4DTv of the homologs in the other
species, which showed that peaks of the 4DTv of the salmonids were around 0.7–0.9 (Figure 2A ). Taken
together, Ss4R occurred before the divergence of salmonids from Esociformes, and all salmonids shared the
Ss4R event.

Because of the Ss4R event, the genome size of all salmonids (which ranges from 1.85 Gb to 2.97 Gb) is much
larger than that of other related species (which ranges from 1.19 Gb to 1.68 Gb). The TEs in salmonids
are much more abundant compared with other species, especially the tandem repeats, DNA elements, and
LINE elements (Figure 2B ). These three types of TEs may play important roles in WGD and contribute
to the larger genome size of salmonids. In addition, the peaks of the TEs insertion time of salmonids were all
around 40–80 Mya, which is earlier than Ss4R (Figure 2C ). This indicates that the WGD and TE insertion
events occurred in the common ancestor of salmonid fishes.

Hox genes of salmonids

Hox cluster organization provides a valuable marker for studying the effects of WGD in salmonids. For most
teleosts with three rounds of WGD, the Hox gene clusters should number 7 or 8 (McArthur et al. 2003; Stell-
wag 1999). However, we found that the number of Hox gene clusters in salmonids was 13, includingΗοξΑαα
, ΗοξΑαβ , ΗοξΑβα , ΗοξΒαα ,ΗοξΒαβ , ΗοξΒβα , ΗοξΒββ , Ηοξἃα ,Ηοξἃβ , Ηοξ῝βα , Ηοξ῝ββ , ΗοξΔαα ,

andΗοξΔαβ (Figure 3 ). HoxAbβ appears to have been lost in the common ancestor of all salmonids because
the most ancient salmonid species (B. l. tsinlingensis ) does not possess the ΗοξΑββHox cluster. With the
exception of the assembly quality of salmonids, the 13 Hox clusters in salmonids were highly similar, which
indicates that the Hox clusters were likely derived from a single common ancestor.

Comparative analysis with other species

Using the annotated genomes, we constructed orthologous gene clusters ofB. l. tsinlingensis, with other
salmonid fishes and other outgroup fishes. There were 31,296 gene families identified in these 11 species, and
B. l. tsinlingensis contained 19,145 gene families. Because salmonid fishes have almost twice the number of
genes compared with other species, the number of gene families is also twice that of other species (Figure
4A ). In these 31,296 gene families, 11,343 gene families were salmonid-specific. Salmonids shared 16,840
(53.81%) gene families with Esox lucius , 14,783 (47.24%) withDanio rerio , and 13,491 (43.11%) with
Lepisosteus oculatus (Figure 4B ). A total of 1,216 1:1 single-copy orthologous genes were identified and
used to construct phylogenetic trees, including a 4DTv tree, CDS tree, and protein tree. All of these trees
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. recovered the same phylogenetic topology with high confidence (Figure S11-S13 ). B. l. tsinlingensis and
8 other salmonid fishes formed a Salmonidae cluster, and B. l. tsinlingensis was the most ancient salmonid
lineage. The divergence time between E. lucius and salmonid fishes was 132.9 Mya, and the divergence time
between B. l. tsinlingensis and other salmonid fishes was 41.4 Mya (Figure 4C ). Because of the Ss4R event
in salmonids, we assessed the expanded gene families in salmonid lines andB. l. tsinlingensis , respectively.
GO and KEGG enrichment analysis of salmonid expanded gene families indicated that most genes were
related to protein binding, kinase activity, transferase activity, Toll signaling pathway, receptor activity,
Glycolysis / Gluconeogenesis, citrate cycle, Pentose phosphate pathway, and Fatty acid biosynthesis, which
indicates that metabolic processes in salmonids may differ from those in other fishes after the Ss4R event;
the larger body size of salmonids might reflect differences in metabolic processes (Table S15-S16 ). The
GO and KEGG enrichment analysis of B. l. tsinlingensis expanded gene families revealed that most genes
were related to the regulation of apoptotic process, cell death, insulin receptor binding, lysozyme activity,
biological regulation, ascorbate and aldarate metabolism, lipopolysaccharide biosynthesis, and mismatch
repair, which indicates that the immune system of B. l. tsinlingensis might differ from that of other fishes
(Table S17-S18 ). These unique expanded gene families can help us better understand the biology B. l.
tsinlingensis and aid its conservation.

Evolutionary rate of salmonids

Studies of mutation frequencies over time have shown that species vary in their evolutionary rates. Thus,
the evolutionary rate of B. l. tsinlingensis and other salmonids may be quite different from other fishes. The
evolutionary rate of salmonids was quite similar and much slower compared with other outgroup species.
However, the evolutionary rate of B. l. tsinlingensis was the fastest of all previously published evolutionary
rates for salmonids (Figure 4D; Table S19-S20 ). These results indicate shown that after Ss4R, all of
the salmonids occupied a stable environment and thus had a much slower evolutionary rate; however,B. l.
tsinlingensis is still threatened and requires protection.

Positively selected genes

Species often face various several environmental pressures, which may explain the presence of several rapidly
evolving, positively selected genes. Some specific gene loci may also undergo nucleotide substitutions. We
determined positively selected genes in B. l. tsinlingensis and in the salmonid linage with E. lucius as the
only outgroup species. B. l. tsinlingensis has the highest Ka/Ks value among these species, indicating that
B. l. tsinlingensispossessed much more rapidly evolving genes (Figure 4E ). This result is consistent with
the findings above indicating that B. l. tsinlingensis has the fastest evolutionary rate among salmonids.
There were 36 positively selected genes inB. l. tsinlingensis and 14 positively selected genes in salmonids.
Four positively selected genes in B. l. tsinlingensis were related to the immune response, includingc1qb ,cebpb
,tnfa , and psme1 (Table S21 ). c1qb is associated with the brain immune system and social behavior (Ma
et al. 2015), cebpb is a key immune-related gene that may be involved in sepsis (Xu et al. 2020),tnfaplays a
vital role in the immune response by regulating several pathways that produce an immediate inflammatory
reaction (Holbrook et al. 2019), andpsme1 may play an important role in the progression of Fanconi anemia
to acute myeloid leukemia (Hou et al.2020). For the salmonid line, two positively selected genes were related
to cell division and muscle development. btg3 may play an important role in tumor suppression and is a key
effector kinase in the cell cycle checkpoint response (Chenget al.2013).rapsn has been shown to be associated
with congenital myasthenic syndromes.cld10 can form paracellular channels with ion selectivity; its variant
causes anhidrosis and kidney damage (Joakimet al. 2017) (Table S22 ). Both muscle function and kidney
function are important for the migration of salmonids, as salmonids need to be able to inhabit freshwater
and seawater, which requires adaptation to both types of environments. The long-distance migration of
salmonids also requires strong muscles. Both of these genes were positively selected in the salmonid line,
which may be associated with the migratory habits of these species.

Discussion

B. l. tsinlingensis belongs to Brachymystax , which is the most ancient species of salmonid fish. Its genomic
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. resources not only provide new insights into its evolution but also supply basic data for future studies of
salmonid evolution. We presented the first chromosome-level genome assembly of B. l. tsinlingensis with an
N50 ˜50.15 Mb. Several different methods confirmed the high quality and accuracy of the assembled genome.
Comparison of the genome of B. l. tsinlingensis with that of other salmonids revealed that the basic genome
characters of salmonids were similar after the Ss4R event. Ss4R also caused an increase in TEs in salmonids
and the number of genes, and several positively selected genes were specific to salmonids. The evolutionary
rate of all salmonids was slower compared with other species. In addition, there is a pressing need to protect
these endangered species. Habitat conservation for B. l. tsinlingensis is particularly important for ensuring
the long-term survival and viability of B. l. tsinlingensis populations.
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Tables and Figures

Figure 1. The assembled B. l. tsinlingensis genome and its codon usage characteristics. A:
Heatmap of chromosome interactions in B. l. tsinlingensis . B: Circos graph of the genome characteristics.
Shown from the outer circle to the inner ring are the gene distribution, tandem repeats (TRP), long tandem
repeats (LTRs), short interspersed nuclear elements (SINEs), long interspersed nuclear elements (LINEs),
DNA elements (DNA), and genome GC content. C:Codon usage bias. Values of the codon bias index (CBI)
on the frequency of guanine + cytosine at the synonymous third position of codons (GC3s) were determined
using the nucleotide sequences of all predicted genes concatenated for individual species. D: The third
position of the synonymous codon of these species.

Figure 2. Whole genome duplication events and the expanding genome. A: Ss4R event in B. l.
tsinlingensis and other species. Solid lines are values for the 4DTv of paralogous genes in these 11 species;
dotted lines are 4DTv of orthologs between B. l. tsinlingensis and other species. B: The genome composition
of these species, including coding exons, tandem repeats, DNA elements, LINEs, SINEs, LTR elements, and
others. C: The TE insertion times of these species.

Figure 3. Hox clusters in these species. Both Ts3R event and Ss4R event are shown in this figure.

Figure 4. Comparative genomics of B. l. tsinlingensis and other closely related species. A:
Statistics of all orthologous/paralogous gene numbers in these species. B: A Venn diagram displaying the
overlap in orthologous genes in salmonids and all 3 other fishes. C: The phylogenetic relationship and
divergence time in these species. L. oculatus was used as an outgroup species. The red dot indicates that
fossil record evidence was used here to adjust our divergence time results. D: The relative evolutionary rate
of these species; the reference species was B. l. tsinlingensis . E: The Ka/Ks distribution of these species
calculated by PAML.

Additional files

Table S1. The statistics of sequencing reads on Illumina platform.

Table S2. The statistics of sequencing reads on Nanopore platform.

Table S3. The statistics of Hi-C sequencing reads.

Table S4. The statistics of the polished genome and chromosome-level genome.

Table S5. Statistics of the assembled chromosome-level genome via 3D de novo assembly software.

Table S6. Comparison of all the released testudines genomes with our chromosome-level genome.

Table S7. The statistics of RNA sequencing reads on Illumina platform.

Table S8. The statistics of the assembled transcripts by Bridger of 5 organs/tissues.

Table S9. The statistics of the assembled transcripts mapping ratio on genome.

Table S10. The quality evaluation of assembled genome by BUSCO software.

Table S11. The statistics of the short reads mapping ratio on the assembled genome.

Table S12. The statistics of the annotated repeat sequences in our assembled genome.
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. Table S13. The statistics of the annotated repeat sequences in our assembled genome by de novo prediction.

Table S14. The functional annotation of the predicted protein-coding genes.

Table S15. GO enrichment of the expanded gene families in salmonids analyzed by CAFE.

Table S16. KEGG enrichment of the expanded gene families in salmonids analyzed by CAFE.

Table S17. GO enrichment of the expanded gene families in B. l. tsinlingensis genome analyzed by CAFE.

Table S18. KEGG enrichment of the expanded gene families in B. l. tsinlingensis genome analyzed by
CAFE.

Table S19. Relative evolution rate among these species by LINTRE software.

Table S20. Relative evolution rate among these species by MEGA software.

Table S21. Positively selected genes in B. l. tsinlingensis .

Table S22. Positively selected genes in salmonids.

Figure S1. 17-mer analysis of the B. l. tsinlingensis genome.

Figure S2. Genomic synteny between B. l. tsinlingensis andO. tshawytscha .

Figure S3. Genomic synteny between B. l. tsinlingensis andO. keta .

Figure S4. Genomic synteny between B. l. tsinlingensis andS. trutta .

Figure S5. Genomic synteny between B. l. tsinlingensis andO. nerka .

Figure S6. Genomic synteny between B. l. tsinlingensis andO. mykiss .

Figure S7. Genomic synteny between B. l. tsinlingensis andO. kisutch .

Figure S8. The genome GC content of these 11 species.

Figure S9. The CDS GC content of these 11 species.

Figure S10. The distribution of gene stat in these species.

Figure S11. Phylogenetic relationship among the 14 species inferred by the 4dTV data of the single-copy
genes.

Figure S12. Phylogenetic relationship among the 14 species inferred by the nucleotide acid sequences of the
single-copy genes.

Figure S13. Phylogenetic relationship among the 14 species inferred by the amino acid sequences of the
single-copy genes.

Hosted file

Figure 1.pdf available at https://authorea.com/users/414682/articles/522652-a-chromosome-

level-genome-assembly-of-brachymystax-lenok-tsinlingensis-provides-new-insights-into-

salmonids-evolution
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