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Abstract

In this study, we present a de novo genome assembly of Gymnocypris przewalski using long-read PacBio sequencing technology

with Genome-wide high throughput chromosome conformation capture correction. The assembly resulted in a high sequence

contiguity and accuracy with 23 chromosomes and a genome size of 945 Mb. This work is the first chromosome-level genome

study of Schizothoracine fishes from the Qinghai-tibet plateau (QTP). Phylogenetic analysis showed that the species differen-

tiation events between G. przewalskii and Cyprinus carpio occurred at 24.06 Mya ago, which reveals geographic isolation of

Schizothoracine fishes in QTP lift; the unique gene analysis found that most of these genes enriched in membrane transport

and immune defensive pathways such as ABC transporters, bile secretion and cell adhesion molecules. Moreover, this genome

resource is a key to understanding evolutionary adaptation to high altitudes, disentangling complex evolutionary histories, and

will be useful for research on species diversity and resource conservation of Schizothoracine fishes on the QTP.

Introduction

Qinghai-Tibet Plateau (QTP), formed by the collision of the Indian Plate with the Eurasian Plate beginning
in Eocene ˜50 million years ago (Mya), is often deemed as the Roof of the world or the Third Pole due to its
average altitude of over 4, 000 meters and massive glaciers (Harrison, et al. 1992; Molnar, et al. 1993; Yin
and Harrison 2000; Tapponnier, et al. 2001; Molnar, et al. 2010). High absolute elevation, high radiation,
severe cold, and hypoxia are the main characteristics of extreme environmental conditions on QTP, which
greatly threaten the survival of the local creatures, especially the wild plateau fish (Li 1991). Originated from
a common ancestor Barbinae, Schizothoracine fishes (Teleostei: Cyprinidae), which distributed extensively
in the high-altitude streams, rivers and lakes scattered throughout QTP (Zan, et al. 1985; Yue 2000; Li,
et al. 2013), evolve gradually and become highly adapted to life in high-altitude environmental stress, are
spectacularly diverse in ploidy, physiological plasticity, and morphological innovations, such as numbers of
scales, pharyngeal teeth and barbels (Zhou, et al. 2020). Polyploidy can also be commonly observed in
Schizothoracine fishes and is regarded as a successful evolutionary transition of organisms to these extreme
environments (Zan, et al. 1985; Leggatt and Iwama 2003; Wang, et al. 2016).

Gymnocypris przewalskii (Kessler 1876, NCBI: txid 369649, Fishbase ID: 55381, Figure 1), otherwise known
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as the Przewalski’s naked carp or scale-less carp is an endemic tetraploid Schizothoracine fish to Qinghai
Lake (3196 m above sea level, a.s.l.) in the northeast margin of QTP (Wood, et al. 2007; Xiong, et al. 2010;
Tian, et al. 2019). Relative to organisms at higher altitudes, G. przewalskii is an important link in the
evolution of biological plateau adaptation. Qinghai Lake is the largest closed-basin lake in China with no
surface water outflows, owning to blocking the channel from Qinghai Lake to Yellow River around the end of
the Middle Pleistocene (An, et al. 2006). The lake not only has high-altitude environmental characteristics,
such as a low concentration of dissolved oxygen (4.16-6.08 mg/L) and unyielding cold (average annual air
temperature ˜ -0.1), but also has its own unique characteristics of strong alkalinity (carbonate alkalinity
approximately 29 mM, pH 9.1-9.5) and a high salinity level (approximately 13 ppt) (Wang, et al. 2003; Xu,
et al. 2010; Zhang, et al. 2010; Fu, et al. 2013; Cui, et al. 2016). Due to high evaporative water loss,
decreasing water supplies, and extensive water diversion for agricultural use, the salinity and the alkalinity
levels are increasing by 7% and 0.5% per year, respectively (Yao, et al. 2016) . Unlike most stenohaline
cyprinids, G. przewalskii undergoes an annual spawning migration between the saline-alkaline Qinghai Lake
and the freshwater tributary rivers. From March to July, fish migrate to freshwater rivers to spawn and,
upon completion of reproduction, return to the lake for the rest of the year (Walker, et al. 1995). This
transition from river water to lake water causes profound changes for G. przewalskii , which include an
acid-base disturbance, a rapid rise in osmolality, and a rise in the concentrations of all measured plasma ions
(Wood, et al. 2007; Yao, et al. 2016). Although historically abundant, the naked carp is facing collapse
due to overfishing and destruction of spawning habitat through dam building for irrigation, and has been
listed as a national class II endangered species and assessed as being vulnerable (VU) in the new Red List
of China’s Vertebrates (Wang and Xie 2009; Jiang, et al. 2016).

G. przewalskii is an important and unique animal model for studying aquatic biological development, ge-
netics, evolution and physiology in highland aquatic areas. This unique environmental adaptability is very
important for the study of low-oxygen, high saline-alkaline and low-temperature tolerance of high-altitude
fish and the long-term evolution mechanism of aquatic organism with tetraploid genome structure in this ex-
treme environment. We therefore chose to sequence, assemble and annotate the genome and transcriptome of
G. przewalskii as an example to reveal geographic isolation of Schizothoracine fishes in Qinghai-tibet plateau
lift and understand evolutionary adaptation of G. przewalskii to high altitudes, stressful saline-alkaline water
environment.

Materials and Sequencing

The experimental animals in this project were collected from the spawning field of G. przewalskii (Figure
1C) in Quanji river, a tributary of Qinghai Lake, with an altitude of 3,194 meters (Figure 1A and B). Muscle
was used for DNA extraction and then high quality DNA was constructed libraries and sequenced on Pacbio
Sequel and Illumnia X-ten Platform for genome de novo assembly. DNA from blood was extracted and used
for constructing Hi-C libraries. For genome annotation, we sequenced RNA by Illumnia X-ten and Pacbio
sequel for RNA-seq and Iso-seq data. All the RNA was extracted from brain and gill.

Genome size estimation

Genome size of G. przewalski was estimated by using the K-mer method (Liu, et al. 2013) based on the
Illumina X-ten next-generation sequencing data. As for the method, 17-mer was selected to do this analysis
and the information of total k-mer and average k-mer depth was obtained from the quality-filtered reads.
Finally, the genome size was obtained by calculation based on the formula: genome size = total k-mer
number / average k-mer depth.

Genome assembly and assessment

As for the genome assembly, all of the subreads was corrected by Falcon v1.8.7,
(https://github.com/falconry/falcon/releases) with specific parameters (length cutoff = 18,000; length cut-
off pr = 19,000) to generate the preads. And the initial genome was assembled with smartdenovo (wtpre -J
3000, wtzmo -k 21 -z 10 -Z 19 -U -1 -m 0.1 -A 1000, https://github.com/ruanjue/smartdenovo) by using
the corrected preads. In order to produce more precise genome sequence, initial genome was polished by
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Arrow with all of subreads based on default parameters. All high-quality NGS data was used to polish
the Arrow-correct genome by nextpolish with specific parameters (task=12121212) to obtain the polished
genome (Walker, et al. 2014; Hu, et al. 2020). Finally, to acquire non-redundant haploid genome, some
short and redundant sequences were removed from the polished genome by using redundans (Pryszcz and
Gabaldon 2016) with some parameters (identity=0.824; coverage=0.8).

To assess the precise and non-redundant of genome, we carried out four methods as follows: (1) RNA-seq
data were mapped to G. przewalskigenome by using hisat2 (Pertea, et al. 2016) with default parameters for
the accuracy of gene regions (2) the genome of subreads data and NGS data were mapped to genome with
minimap2 (-x pb) and bwa based on default parameters, respectively for the accuracy of assembly sequences
(Li and Durbin 2009; Li 2018) . (3) the NGS mapping file was utilized to analysis the genome single-base
accuracy by calling SNPs and Indels. (4) BUSCO database (https://busco.ezlab.org/) was employed to
assess the completeness of genome with default parameters.

Chromosome assembly

Adapter sequences of Hi-C raw reads were trimmed, and low-quality paired-end reads were removed for
clean data by using fastp v0.12.6 with default parameters (Chen, et al. 2018). Then clean reads were
aligned to contig sequences using Bowtie2 (2.3.2, -end-to-end –very-sensitive -L 30) (Langmead and Salzberg
2012). Valid interaction paired reads were identified and retained by HiC-Pro v2.8.1 from unique mapped
paired-end reads for further analysis (Burton, et al. 2013). Invalid read pairs, including dangling-end, self-
cycle, re-ligation, and dumped products were filtered by HiC-Pro v2.8.1 (https://github.com/nservant/HiC-
Pro). And then, the congtis were clustered, ordered, and oriented onto chromosomes by LACHESIS
(https://github.com/shendurelab/LACHESIS), with parameters CLUSTER MIN RE SITES=100, CLUS-
TER MAX LINK DENSITY=2.5, CLUSTER NONINFORMATIVE RATIO = 1.4, ORDER MIN N RES
IN TRUNK=60, ORDER MIN N RES IN SHREDS=60. Finally, placement and orientation errors exhibiting
obvious discrete chromatin interaction patterns were manually adjusted.

Repeat analysis

There are different repeats types in genome sequences. So repeat sequences analysis was performed with
different methods to find different repeat types. Firstly, simple sequence repeats (SSRs) were identified using
the MIcroSAtellite Identification Tool (MISA) (Beier, et al. 2017). MISA can distinguish and locate both
simple and compound microsatellites. Next, a combination of de novo -based and homology-based strategy
was utilized to search other repeat sequences. RepeatModeler (v1.0.8) was applied in detecting repeat se-
quences as the de novo -based method and then, repeat sequences, which were found by RepeatModeler, were
classified by TEclass (Abrusan, et al. 2009). These classified sequences were merged with Repbase sequences
to construct a custom TE library (Jurka, et al. 2005). Finally, G. przewalskii genome took advantage of the
custom TE library to annotate repeat sequences with RepeatMasker (http://repeatmasker.org).

Gene prediction and functional annotation

As for gene prediction, three methods were used in prediction, which are ab initio prediction, homolog
protein mapping, transcripts annotation, respectively. About ab initio prediction, AUGUSTUS was selected
to predict G. przewalskii’ s gene and the training set was produced by transcriptome (Stanke, et al. 2008; Hoff
and Stanke 2019). As for homolog protein mapping, six relative species (Carassius auratus ,Cyprinus carpio ,
Oryzias latipes , Takifugu rubripes , Gasterosteus aculeatus , Danio rerio ) data were download from National
Center for Biotechnology Information (NCBI) and Ensembl to construct homolog-protein database (Table
S1), which was utilized by GeMoMa to annotate gene (Keilwagen, et al. 2016). Next, Pacbio sequel transcript
data was corrected to produce transcriptome by IsoSeq2 (https://github.com/PacificBiosciences/IsoSeq) and
illumina X-ten RNA-seq data were mapped to G. przewalskii’ s genome to assembly transcriptome by hisat2
and stringtie (Pertea, et al. 2016). And then RNA-seq and Iso-seq data was used to predict gene by PASA
(–ALIGNERS gmap -f ) (Haas, et al. 2003). Then, EVidenceModeler (Haas, et al. 2008) was employed
in integrating above-mentioned prediction gene to obtain a raw gene set. Finally, we used the PSI database
to search annotated gene and removed the hit gene from raw gene set to obtain the precise final gene set

3
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(Altschul, et al. 1997).

In order to know gene function, all of predicted gene was searched against five databases, which are KEGG,
KOG, NR, Swissprot, GO (Ashburner, et al. 2000; Kanehisa and Goto 2000). About the first four databases,
gene sequence, which would translate to protein sequence, was mapped to different database by using BASTP
(e-value 0.00001) (Altschul 1990). As for GO database, InterProScan was applied for annotation (Hunter,
et al. 2009).

Gene family and phylogenetic analysis

To identify gene families in the G. przewalskii genome, we selected genomes of 14 other fish data and these
data was downloaded from the open-source database (Table S2). We performed the OrthoMCL (v2.0.9)
pipeline to identify gene families between genomes of these species (Li, et al. 2003). All-to-all BASTP
with an E-value threshold of 1e-5 was applied to determine the similarities between protein sequences of the
longest transcript of each gene for these species, and genes were classified into orthologues, paralogues and
single copy orthologues (only one gene in each species), respectively.

Molecular phylogenetic analysis was performed using single copy orthologous genes, and each gene family
for multiple sequence alignment used Mafft and curated the alignments with Gblocks v0.91b (Castresana
2000; Katoh and Standley 2013). We constructed the phylogenetic tree based on the GTRGAMMA model
and a bootstrap of 100 by RAxML (v 8.2.11) (Stamatakis 2006). MCMCTREE in PAML v4.9e was used to
estimate the divergence times (Yang 1997). Three fossil calibration times were obtained from the TimeTree
database (http://www.timet ree.org/).

Unique Gene Analysis

The protein sequences of each gene between the 15 species were used to identify orthologous genes by using
all-to-all BASTP with an E-value threshold of 1e-5. All of genes were classified to five groups, which are
single, multiple, other, unique and uncluster. As for G. przewalskii, the gene of unique and uncluster group
is peculiar, which was carried out to do enrichment analysis about KEGG by clusterProfiler (v3.10.0) with
p-value < 0.05.

Results

Genome and Transcriptome sequencing

We adopted different sequence platforms to get different omic’s data. As for the genome data, pacbio
sequel data, Illumina X-ten data, Hi-C data were sequenced 148,752,476,139 bp, 90,421,902,000 bp and
221,620,204,800 bp, respectively. As for the transcriptome data, the brain and gill of RNAseq was obtained
13,482,126,600 bp and 10,463,033,100 bp, respectively. The Isoseq sequenc data was sequenced 22,037,012,283
bp. All of those omic’s data was employed at this paper (Table S3).

Genome Size Estimation

87,165,732,691 bp Illumina clean reads were used to estimateG. przewalskii genome size. The K-mer analysis
result showed that three peaks arised in the depth distribution curve of 17-mers are 20, 40, 80, respectively.
The different depth peak is representative of different genome size. Because G. przewalskii is autotetraploid,
the peak is representative of tetraploid, diploid, haploid genome size, respectively. So 949,878,192 bp is
haploid genome size of G. przewalskii genome size (Figure S1 and Table S4).

Genome Assembly and Evaluation

The 148.75 Gb subreads data were obtained from Pacbio sequel sequencing technology to apply in genome
assembly. The initial genome is 1,217,613,942 bp and then polished genome is 1,223,597,352 bp, which were
larger than the 17-mer estimating size (949,878,192 bp). As for the autotetraploid, there were some redundant
sequences product during assembly. So 278,014,088 bp redundant sequences were removed from the polished
genome. Finally, ultimate genome is the non-redundant haploid genome and the size is 945,583,264 bp and
N50 is 1,645,408 bp, including 967 contigs (Table 1).
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For the quality of ultimate genome, some information can indicate that the genome is very precise. As for the
precision of genome,the coverage of TGS and NGS is nearly 100% and the accuracy of genome is more than
99.99%. As for the completeness of genome, BUSCO database searched the genome and 96.06% complete
genes were detected in the genome (Table 1).

Chromosome assembly by Hi-C Data

The 215,637,539,004 bp clean data yielded from Hi-C library were used to anchore ultimate genome sequences
(945,583,264 bp, including 967 contigs) to 23 chromosomes (Figure 2 and Figure S2). Finally, G. przewalskii
genome had been successfully reconstructed the first chromosomal-level assembly. The chromosomal-level
genome size is 945,068,080 bp (Table S5).

Genome Repeat Analysis and Gene Prediction

Overall, repetitive sequences accounted for 66.32% of G. przewalskii genome. LTR elements consisted 53.22%
of the G. przewalskii genome as the most abundant repeat class (Table S6). Used the gene prediction method
and obtaining gene structure (Table 2). Finally, 27,224 protein-coding genes were identified in G. przewalskii
genome, with an average of 19,299.98 bp in length, 10.13 exons per gene (Table S7). The completeness of
the annotation was evaluated by BUSCO (v3.0.1)(Simao, et al. 2015). The result of BUSCO analysis proved
that our annotation covered 88% complete BUSCOs. The distribution of genes and repeats was show in the
circos (Figure 2).

Gene Family and Phylogenetic Analysis

To investigate the extent of genetic conservation among teleost fishes, fifteen vertebrate genomes was com-
pared in this study, includingG. przewalskii, Carassius auratus, Cyprinus carpio, Ctenopharyngodon idella,
Danio rerio, Ictalurus punctatus, Gadus morhua, Boleophthalmus pectinirostris, Oryzias latipes, Larim-
ichthys crocea, Tetraodon nigroviridis, Takifugu rubripes, Paralichthys olivaceus, Oncorhynchus mykiss and
Salmo salar. These 15 species data were preformed to indentify the gene family and the single copy gene
number is 241, the gene number of multiple groups is 9,832, the gene number of other groups is 16,273,
the gene number of unique groups is 593 and the unclustered gene is 1,400 (Table S8 and Figure 3). The
phylogenetic results showed that the 15 fish clustered into three groups, marine, freshwater and migratory
fish and revealed that G. przewalskiidiverged 24 Mya from its common ancestor with Carassius auratusand
Cyprinus carpio , closely relating to Cyprinidae family (Figure 3).

Unique Gene Analysis

The unique genes of G. przewalskii is 1,993 (unique groups gene: 593 and unclustered gene 1,400) and the
enrichment of KEGG indicates that the significant enrichment pathways are ATP-binding cassette (ABC)
transporters (map02010), Cell adhesion molecules (map04514) and Bile secretion (map04976) (Table S9 and
Figure S3).

Discussion

The species differentiation events between G. przewalskii andC. carpio occurred at 24.06 Mya ago based on
the phylogenetic analysis. This period coincides with the second tectonic uplift of the Qinghai-tibet plateau
(25˜17 Mya) affected by Himalayan orogeny, resulting in an average elevation of up to 2000m (Shi, et al.
1999; Wang, et al. 2014). In addition, the complex geography, such as the appearance of sedimentary basins
(Qaidam basins, 27Mya; Yumen basins, 25Mya; Linxia basins, 29Mya) surrounding the Qinghai lake, had
intensified the barriers to communication among species before the Early Yellow River formation (from late
Middle Pleistocene to Holocene) (Fang, et al. 2003; Han, et al. 2013; Ding, et al. 2014; Wang, et al. 2014).
We advanced a hypothesis that some primordial ancestor of Cyprinidae fish which were isolated from the
population and remained on the plateau side had evolved to Schizothoracine fish.

The unique gene analysis found that most of these genes enriched in pathways participating in membrane
transport and immune defense, such as bile secretion, ABC transporters, cell adhesion molecules. The migra-
tion between freshwater river and saline-alkaline lake requires G. przewalskii deal with profound physiology
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changes in acid–base balance and osmoregulation. For example, the bile secretion pathway plays an im-
portant role in bicarbonate secretion and proton uptake in the bile and liver, which may aid naked carp
in compensating for a respiratory alkalosis during saline-alkaine water adaptation (Yao, et al. 2016). With
respect to the immune response, the innate immune system provides a fundamental barrier to preventing
pathogen entry into the fish body (Whyte 2007). As one of the physical components of the innate immune
system, fish scales provide a protective barrier against viruses and bacteria in a variety of environments, effec-
tively preventing infection and fighting off disease (Ellis 2001; Magnadottir 2006, 2010). However, scaleless
fishes have lost this protective barrier, so they might have to enhance other biological functional pathways
such as cell adhesion molecules to replenish the protective deficiency associated with the loss of scales.
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