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Abstract
The dojo loach Misgurnus anguillicaudatus is an important economic species in Asia because of its nutritional value and broad
environmental adaptability. Despite its economic importance, genomic data from M. anguillicaudatus was unavailable. In the
present study, we conducted a genome survey of M. anguillicaudatus using next-generation sequencing technology. Its genome
size was estimated to be 1105.97 Mb by using K-mer analysis, and its heterozygosity ratio, repeat sequence content, GC content
were 1.45%, 58.98%, and 38.03%, respectively. A total of 376,357 microsatellite motifs were identi�ed and mononucleotides, with a
frequency of 42.57%, were the most frequently repeated motifs, followed by 40.83% dinucleotide, 7.49% trinucleotide, 8.09%
tetranucleotide, and 0.91% pentanucleotide motifs. The AC/GT, AAT/ATT, and ACAG/CTGT repeats were the most abundant motifs
among dinucleotide, trinucleotide, and tetranucleotide motifs, respectively. Besides, a complete mitochondrial genome was
sequenced. Based on the maximum likelihood and Bayesian inference analyses, M. anguillicaudatus in this study was the
“introgressed” mitochondrial type. Furthermore, a total of 376,357 SSR motifs were detected from the genome survey assembly.
Seventy microsatellite loci were randomly selected from these SSR loci to test polymorphic, of which, twenty microsatellite loci
were assessed in 30 individuals from a wild population. The number of alleles (Na), observed heterozygosity (Ho), and expected
heterozygosity (He) per locus ranged from 7 to 19, 0.400 to 0.933, and 0.752 to 0.938, respectively. All twenty loci were highly
informative (PIC > 0.700). Eight loci deviated from Hardy–Weinberg equilibrium after Bonferroni correction (P < 0.05). This is the
�rst report of a genome survey in M. anguillicaudatus, and genome information, mitochondrial genome, and microsatellite markers
will be valuable for further studies on population genetic analysis, natural resource conservation, and molecular marker-assisted
selective breeding.

Introduction
Next-generation, high-throughput sequencing (NGS) is a cost-e�cient strategy for generating genomic resources. Genome survey
sequencing via NGS provides information on the genome structure of a species, such as the genome size, heterozygosity, and
repeat contents. Genome survey sequencing has been widely used to accurately predict the whole genome characteristics of
aquaculture species and played an important role in evolutionary biology and adaptation survey [1–5]. In addition to genome
information, genome survey sequencing can also generate a large amount of sequence data for the development of molecular
markers, such as microsatellites and SNP. Microsatellites (SSRs) are valuable and powerful molecular tools in studies on genetic
diversity, determination of parent-offspring relationships, genetic linkage maps, and the identi�cation of quantitative trait loci due
to their advantages, such as codominant inheritance patterns, high polymorphism, and random distribution within the genome [6–
8]. Recently, based on genome survey sequencing, many high-quality SSR markers have been developed in aquaculture species
such as Charybdis feriatus [9], Sillago sihama [10], Marsupenaeus japonicus [2], and Hemibagrus wyckioides [11].

The dojo loach Misgurnus anguillicaudatus, a member of the family Cobitidae, is an endemic freshwater species in Asia and
widely distributed along the eastern coasts of the Asian continent, from the River Amur in China to North Vietnam as well as along
the Korean Peninsula, Taiwan, and Japan. M. anguillicaudatus is an important scienti�c research object due to its unique
physiological characteristics. It is regarded as an ideal animal in which to explore the biological origin and evolutionary
signi�cance of polyploidization and unisexual reproduction due to its natural variability in ploidy level [12, 13]. In addition, M.
anguillicaudatus is also a potential model organism for studies of mechanisms of accessory air-breathing function [14]. Due to its
nutritional value and wide environmental adaptability, it has become an important economic species in Asia. Despite its economic
importance, dojo loaches for human consumption are mostly obtained through the exploitation of wild populations. Natural
populations have declined dramatically because of over exploitation and habitat destruction in recent years. The lack of genetic
and genomic resources in M. anguillicaudatus has limited the aquaculture production of this species. In the present study, we
describe:(1) genome information obtained by genome survey sequence, (2) microsatellite distribution patterns, (3) the complete
mitochondrial genome and phylogenetic analysis, (4) the development and validation of polymorphic SSR markers. These results
will provide support for natural resource conservation, genetic diversity detection, and molecular marker-assisted selective
breeding.

Materials And Methods

2.1 Sampling and DNA Extraction



Page 3/17

All experimental procedures for M. anguillicaudatus handling were approved by the Animal Care and Ethics Committee of the Pearl
River Fisheries Research Institute, Chinese Academy of Fishery Sciences. Caudal �n samples of M. anguillicaudatus were
randomly collected from wild populations in Qingyuan City, Guangdong Province, China (24°35′1.31″N, 113°15′86.66″E). One male
adult M. anguillicaudatus was chosen as the material for genome survey sequencing. Thirty samples were used to test SSR
markers for polymorphisms.

Caudal �ns were stored in 95% ethanol. Total genomic DNA was extracted using the HiPure Mollusk DNA Mini Kit (Magen, China)
according to the manufacturer's instructions. The quality and quantity of genomic DNA were assessed by 1.2% agarose gel
electrophoresis, and the concentration was measured on a spectrophotometer (Tiangen, China). Based on the research of Feng et
al [15], �ve EST-SSR markers (Supplementary material Table S1) have been previously applied to identify the ploidy of M.
anguillicaudatus. The M. anguillicaudatus used for genome survey sequencing was diploid (Supplementary material Figure S1).

2.2 Whole-Genome Survey Sequencing
Quali�ed DNA samples were randomly broken into 350 bp fragments using an ultrasonicator (Covaris Inc.). The TruSeq DNA LT
Sample Prep Kit (Illumina, USA) was used to construct libraries. Electrophoresis was used to recover the DNA fragments of required
lengths before end repair, following which poly A-tails and sequencing adapters were added. The obtained fragments were puri�ed
before PCR ampli�cation for library preparation. The DNA library was sequenced using the Illumina Hiseq Xten platform following
the manufacturer's protocol. Library construction and sequencing were performed at the Qingdao OE Biotech Co., Ltd. (Qingdao,
China). To ensure the quality of the analysis, we �ltered reads that would interfere with subsequent information, reads with
adapters, reads with an N (unable to determine base information) ratio greater than 10%, and low-quality reads from the raw reads
to obtain clean reads.

2.3 Genome Size Estimation and Identi�cation of Heterozygosity and
Repeat Ratios
After removing low-quality reads, all clean data were used for K-mer analysis. Based on the results of the K-mer analysis,
information on the peak depth and the number of 17-mers was obtained and used to estimate the size of the genome, repetitive
sequences, and heterozygosity. Its relationship was expressed by using the following algorithm: Genome size = K-mer num/Peak
depth, where the K-mer num is the total number of K-mers, and the peak depth is the expected value of the K-mer depth [16].
Additionally, the heterozygosity ratio and repeat sequence ratio were estimated following the description in [16]based on K-mer
analysis. K-mer analyses were performed using GCE v1.0.0 software.

2.4 Genome Assembly and GC contents
The software SOAPdenovo (v2.04) [17] was used for de novo genome assembly. All clean reads were used in the assembly, with a
K-mer size of 41 selected as the default parameter to construct a de Bruijn graph. The clean reads were assembled into contigs,
and paired-end information was then used to join the unique contigs into scaffolds. The GC content along the assembled
sequence was calculated from the proportion of GC out of the total number of bases in the sequencing data.

2.5 SSR Identi�cation
The Perl script MIcroSAtellite (MISA, http://pgrc.ipk-gatersleben.de/misa/) was used to identify microsatellite motifs in the de novo
draft genome. The search parameters were set for the detection of mono-,di-, tri-, tetra-, penta-, and hexanucleotide microsatellite
motifs with a minimum of 10, 6, 5, 5, 5, and 5 repeats, respectively.

2.6 Mitochondrial genome assembly and phylogenetic analysis
The �ltered clean data were assembled and mapped to complete the mitogenome sequence using NOVOPlasty v3.7.2. with the
bait sequence downloaded from GenBank under accession number NC_011209.1.Based on genome sequencing data, only 845bp
mitochondrial genome sequences were identi�ed from genome data. Finally, the complete mitochondrial genome of M.
anguillicaudatus in this study was obtained by next-generation sequencing.

The previously reported mitogenome sequence of 23 species Cobitidae and two outgroup species (Danio rerio and Cyprinus carpio)
were downloaded from the GenBank database and used for phylogenetic analyses. The phylogenetic analysis was performed
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based on 13 concatenated mitochondrial protein-coding genes by the Maximum Likelihood (ML) and Bayesian inference (BI)
methods, using IQ-TREE and MrBayes 3.1.2 [18], respectively.

2.7 Characterization of Polymorphic Microsatellite Loci

Seventy SSR loci containing dinucleotide to pentanucleotide repeats were randomly selected from our genome survey and primers
were designed using Primer 5 software to amplify microsatellites. Firstly, seventy SSR loci were tested using ten individuals for
polymorphism detection. Then primers of veri�ed polymorphic loci were estimated using a wild population with 30 individuals. The
microsatellite polymorphism analysis strategy in this study was performed according to the method described by Schuelke [19].
Brie�y, four different universal adapter sequences labeled with the �uorochromes (FAM, VIC, NED, or PET dyes) were added to the 5’
end of each forward primer. Universal adapter sequences were shown in Supplementary material Table S2.

PCR was carried out in a 10 µL volume that contained 1.0 µL of buffer, 0.8 µL of dNTP mixture (2.5 mM), 0.6 µL of Mg2+, 0.05 µL
of Ex-Taq DNA polymerase, 1 µL of DNA (100 ng/µL), 4.55 µL of ddH2O, 1 µL of forward/reverse primer mixture (F: R = 2:50,1.5µM),
and 1 µL of �uorescent-labeled primer (1.5 µM). PCR ampli�cation was performed in a thermal lab cycler (SensoQuest, Germany)
under the following conditions: initial denaturation at 94°C for 5 min; 25 cycles at 94°C for 30 s, appropriate annealing temperature
for 1 min, and extension at 72°C for 1 min; an additional 12 cycles at 94°C for 30 s, annealing at 53°C for 1 min, and extension at
72°C for 1 min; and a �nal extension at 72°C for 10 min. PCR products were subjected to capillary electrophoresis in a 3730
Genetic Analyzer (Applied Biosystems Inc., Foster City, CA, USA) using GeneScan™ 600 Liz® (Applied Biosystems) as the size
standard. The GeneMarker V2.2.0 (ABI) software was used to determine the genotypes.

2.8 Data analysis
The number of alleles (Na), observed heterozygosity (Ho), expected heterozygosity (HE), and polymorphism information content
(PIC) of polymorphic loci were calculated using Cervus 3.0.7 software. Tests for deviations from Hardy-Weinberg equilibrium
(HWE) were performed using Genepop 4.0. The frequency of null alleles (Fua) was calculated by software Micro-Checker v.2.2.3.

Results

3.1 Genome Sequencing and Sequence Quality Estimation
A total of 145.46 Gb of raw data were generated by sequencing the genome survey library with 350 bp inserts. After �ltering and
elimination, 135.22 Gb of high-quality clean sequences were obtained with Q30 scores assigned to 93.17%, which was
approximately 122.3× coverage. The effective rate and the error rate were 92.96% and 7%, respectively (Table 1).

Table 1
Sequencing data statistics and quality assessment

Library Insert Size
(bp)

Raw bases
(G)

Clean bases
(G)

Effective Rate
(%)

Error Rate
(%)

Q30
(%)

GC Content
(%)

M.
anguillicaudatus

350 145.46 135.22 92.96 7 95.34 38.69

Q30, percentage of bases with quality value ≥ 30

3.2 Genome Size Prediction and Sequence Assembly
A total of 135.22 Gb were used for K-mer analysis in M. anguillicaudatus. The 17-mer frequency distribution derived from the
sequencing reads was plotted in Figure.1A. The peak of the 17-mer distribution was 90, and the total K-mer count was
99,537,205,022; therefore, the genome size of M. anguillicaudatus was estimated to be 1105.97 Mb. The average GC content of the
M. anguillicaudatus genome was 38.03% (Figure.1B). The 17-mer analysis showed that the heterozygosity and repeat content of
the M. anguillicaudatus genome was 1.45% and 58.98%, respectively (Table 2).
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Table 2
Data statistics and analysis of K-mer = 17 bp

Sample K-
mer

K-mer
Depth

K-mer
Number

Genome
Size(M)

Revised Genome
Size(M)

Heterozygous
Rate (%)

Repeat
Rate (%)

M.
anguillicaudatus

17 90 99537205022 1105.97 1099.67 1.45 58.98

The assembly statistics of the genome survey sequencing data were summarized in Table 3. A total of 4,120,965 contigs were
assembled from the genome survey sequencing data with an N50 of 378 bp. Based on the contigs, the genome assembly
contained 3,488,543 scaffolds, with an N50 of 551 bp.

Table 3
Statistics of the assembled contigs and scaffolds in M.

anguillicaudatus
Description Contigs Data Scaffold Data

Total length (bp) 1,110,202,680 1,176,790,755

Number of sequences 4,120,965 3,488,543

N50 length (bp) 378 551

N60 length (bp) 289 389

N70 length (bp) 200 279

N80 length (bp) 147 172

N90 length (bp) 118 128

Number of N50 712341 484,744

Number of N60 1048358 739,119

Number of N70 1508194 109,574

Number of N80 2170190 164,087

Number of N90 3018783 244,573

3.3 Identi�cation and Characteristics of Microsatellite Motifs in Genome
Surveys
Based on the assembled draft genome sequences, a total of 376,357 microsatellite motifs (SSRs) were identi�ed from the genome,
therefore, the microsatellite distribution frequency in the genome was estimated to be approximately 340.3 microsatellites per Mb.
Among SSRs, mononucleotide repeats (42.57%) were the most frequent repeat motifs, followed by dinucleotides (40.83%),
trinucleotides (7.49%), tetranucleotides (8.09%), pentanucleotides (0.91%), and hexanucleotides (0.10%) (Table 4). Short repetitive
motifs were the dominant motifs, especially mono- and di-repeats, which accounted for 80.40%.
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Table 4
Microsatellites characteristics in the genome of M.

anguillicaudatus.
SSR mining Total Percent (%)

Total number of identi�ed SSRs 376357  

Mono-nucleotides repeat 160226 42.57%

Di-nucleotides repeat 153665 40.83%

Tri-nucleotides repeat 28191 7.49%

Tetra-nucleotides repeat 30445 8.09%

Penta-nucleotides repeat 3438 0.91%

Hexa-nucleotides repeat 392 0.10%

The number of penta- and hexanucleotide motif types was greater than 83, while that of tri- and tetranucleotides was less than 32
(Figure.2A). The penta- and hexanucleotide SSR loci contained more motif types, each in a relatively small percentage. The
frequency distribution range of microsatellite repeats ranged from 5 to 10 repeats for trinucleotides, mostly from 5 to 9 repeats for
tetranucleotides, from 5 to 8 repeats for pentanucleotides, and from 5 to 7 repeats for hexanucleotides (Figure.2B). Of tri-, tetra-,
penta-, and hexanucleotide repeats, the most common repeat numbers (5–6) accounted for more than 50% of the total repeats,
and the repeat numbers 5–7 accounted for more than 78% of the total repeats. The motif types increased with increasing repeat
length, and the frequency of repeats decreased because mutation rates were higher in longer repeats.

In dinucleotide SSR loci, AC/GT (46.52%) was the most abundant repeat motif, and CG/CG was the least abundant (0.32%) in
Figure.3A. Of the trinucleotide repeats, AAT/ATT was the most abundant trinucleotide motif, accounting for 64.01%, followed by
ATC/ATG (10.27%) and AAC/GTT (9.53%), as shown in Figure.3B. Of the tetranucleotide repeats, ACAG/CTGT was the most
abundant motif (34.02%), followed by AGAT/ATCT (12.83%) and AAAT/ATTT (10.64%) (Supplementary material Table S3).

3.4 Mitochondrial genome assembly and phylogenetic analysis
The M. anguillicaudatus mitochondrial genome formed a closed circular molecule with a total length of 16,646 bp in size. It
consisted of 13 protein coding genes, 22 tRNA genes, 2 rRNA genes, and a non-coding hypervariable control region showing the
typical teleosts mitogenomic arrangement (Figure.4). The mitochondrial genome was AT-biased (58.05%) with the lowest
frequency for G among the four bases and an A + T rich pattern, which was in accordance with the characteristics of the
mitochondrial genomes of vertebrates. Except for one protein coding gene (ND6) and eight tRNAs (tRNA-Ala, tRNA-Asn, tRNA-Cys,
tRNA-Tyr, tRNA-Ser, tRNA-Glu, tRNA-Pro, tRNA-Gln) encoded on the light strand, all other genes were encoded on the heavy strand. In
the complete mitogenome, eleven intergenic spacers were observed: of these, nine intergenic spacers were small intergenic spacers
ranging from 1 to 13 bp with a total length of 32 bp. The largest two intergenic spacers were found in tRNA-Asn/tRNA-Cys (30 bp)
occurring in the light strand and COX2/tRNA-Lys (27 bp) occurring in the heavy strand. A total of six overlapping regions were
identi�ed in a total of 26 bp in length. Gene overlaps were observed at 11 gene junctions (tRNA-Ile/tRNA-Gln, ATP8/ATP6,
ATP6/COX3, Nd4L/ND4, ND5/ND6, tRNA-Thr/tRNA-Pro), with overlaps ranging from 1 to 10 bp. Regarding start and stop codons,
except for COX1 starting with GTG, the remaining 11 protein coding genes start with ATG. It is important to note that some of the
protein coding genes (2 of 13 genes) are inferred to terminate with an incomplete stop codon (COX3, CYTB), with four (ND2, ND3,
ND4, ND5) using TAG as a stop codon, and other seven genes (ND1, COX1, COX2, ATP8, ATP6, ND4L, ND6) sharing TAA,
respectively (Supplementary material S4).

To determine the taxonomic status of M. anguillicaudatus, we performed the phylogenetic relationship of this M. anguillicaudatus
with other Cobitidae species as inferred by the entire mitogenome. The phylogenetic analyses trees constructed by ML and BI
methods provided identical phylogenetic topologies (Figure. 5). All nodes in the ML and BI tree were strongly supported. With
Cyprinus carpio and Danio rerio as outgroups, the species from Cobitinae, Nemacheilinae, and Botiinae were monophyletic groups,
then form one clade. However, within the Cobitinae, the genus Misgurnus was not in a monophyletic group but divided into two
divergent clades. One clade included the M. anguillicaudatus (NC_011209.1) and M. anguillicaudatus (DQ026434.1), and this
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clade clustered with other genus Misgurnus species (M. nikolskyi and M. mohoity). While in the other clade, the M.
anguillicaudatus obtained in this study, the M. anguillicaudatus (MF579257.1), and M. anguillicaudatus (HM856629.1) were
clustered together, then this clade was closely related to genus Cobitis species, such as Cobits lutheri, C. macrostigma, C. sinensis,
and C. striata.

3.5 Polymorphism of Microsatellite Loci
Out of 70 microsatellite loci, a total of 20 loci showed polymorphism in a wild M. anguillicaudatus population of 30 individuals
(Table 5). A total of 237 alleles were detected for the 20 SSR markers in the 30 individuals, and the number of alleles (Na) per locus
ranged from 7 (MA-SSR-19, MA-SSR-48) to 19 (MA-SSR-17), with an average of 11.85 alleles per locus. The observed
heterozygosity (Ho) ranged from 0.400 to 0.933, and the average Ho was 0.638. The Ho value of MA-SSR-17 (0.933) was highest
among all loci, indicating high heterozygosity of this locus, while the Ho value of MA-SSR-70 (0.400) was lowest in the detected
loci. The average expected heterozygosity (He) was 0.877, ranging from 0.752 to 0.938, indicating a high degree of genetic
variation for these individuals.
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Table 5
Characterization of 20 polymorphic microsatellite loci in M. anguillicaudatus.

Primers Sequences 5’-3’ Motifs Allele
size
(bp)

Na Ho He PIC PHWE F(Null)

MA-
SSR-04

F:GAGTCCACGATACACACACAGA (ATAG)24 248–
292

11 0.500 0.881 0.839 0.070 0.218

R:AACATGTTAACTTACCCTGTCT                

MA-
SSR-09

F:TGAAGACCAGGTGTGACTATGT (GA)57 186–
300

12 0.579 0.912 0.878 0.001** 0.212

R:TTCCTACCAGCAGATCCAATAC                

MA-
SSR-10

F:TGCCCTATTACTTTGTTACAGT (CTAT)23 170–
262

13 0.524 0.925 0.894 0.000*** 0.2668

R:GTTTCCCATGCAAAACGAG                

MA-
SSR-11

F:GCAAGAGACGCACAGACTTACT (TAGA)29 256–
328

11 0.571 0.847 0.814 0.000*** 0.1717

R:AAGCTTACAGGGTAGGGAATGA                

MA-
SSR-17

F:ACACAGCCTCTTCTTGGTAATA (GAATT)8 185–
290

19 0.933 0.938 0.917 0.093 0.0055

R:TCTCTTTGGCAGAATTGTACCT                

MA-
SSR-19

F:AAATTAACCGAACAAGCCAACT (ATTCA)10 206–
251

7 0.600 0.752 0.700 0.297 0.0681

R:TGCGCTTTCACTCCTTCTATTA                

MA-
SSR-31

F:GGTTCGTGAAAATGAATCGG (AGACC)8 195–
330

10 0.478 0.753 0.702 0.113 0.2016

R:CCTCACCTGACCTTCTCTCG                

MA-
SSR-34

F:TGTAGATCCACTGATCAAACTGA (TATC)9 296–
372

15 0.724 0.897 0.871 0.050 0.1015

R:TGAGCTCAATGAACCCATCA                

MA-
SSR-35

F:CGTCATCATTGATCTGCGAC (GATA)13 218–
290

15 0.680 0.920 0.894 0.000*** 0.1401

R:GTCGGGGTACCCTTTAATGC                

MA-
SSR-38

F:GGGTACTATCCCATTGACAGC (GAAT)9 345–
393

10 0.435 0.894 0.862 0.001** 0.335

R:TTCTGCACAACCTCATGACC                

MA-
SSR-39

F:TGCCAGGACACCATTTATGA (GATA)9 226–
282

14 0.625 0.911 0.883 0.425 0.1775

R:GGGAGAACCGAATCCCTCTA                
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Table 5
Continued

Primers Sequences 5’-3’ Motifs Allele
size
(bp)

Na Ho He PIC PHWE F(Null)

MA-
SSR-40

F:ATCACATGCTTCCTCTGGCT (TGTC)9 266 
− 
238

11 0.882 0.870 0.831 0.877 -0.018

R:AAAGCACAAACCCTTAAAGACTG                

MA-
SSR-43

F:CATTTCTCAATGGGACTGGC (TCTA)9 237–
369

12 0.667 0.899 0.850 0.016* 0.1417

R:GGCCACAAACATCTTTGACA                

MA-
SSR-48

F:GCTTTCTGTGGAGCGAACTC (ATT)12 255–
276

7 0.818 0.848 0.784 0.137 0.0109

R:AGCCCTGCATTTGTTAGAGG                

MA-
SSR–
51

F:AACGTGGCGTAACAAAGTGT (TAACA)8 210–
290

11 0.529 0.904 0.865 0.000*** 0.2468

R:TGCCATGTTACGTTGTTATGTT                

MA-
SSR-58

F:CAAACAGACACCCACACACA (ACAG)11 210–
390

17 0.714 0.919 0.895 0.005** 0.1186

R:CGTCTTCCTCCTCCTCACAG                

MA-
SSR-67

F:TTAGTGAAGGGAGGGTGTGG (TATTC)7 226–
291

10 0.714 0.858 0.819 0.150 0.0845

R:TGCATGATGGACCTTTTGAA                

MA-
SSR-68

F:GCCATGTAGTGTTTGGTCCAT (AAATA)7 195–
375

8 0.583 0.859 0.801 0.323 0.1718

R:GTTACGTTTTGCAGGTCCGT                

MA-
SSR-69

F:CGTCACCTGTAACTCTGGGTC (ACAG)10 223–
287

16 0.800 0.909 0.881 0.705 0.0505

R:CAAACAGAATATTGAGGCCG                

MA-
SSR-70

F:TAGGGATAAGCACCGACCTG (CTAT)14 152–
280

8 0.400 0.846 0.795 0.089 0.3467

R:AACCTTTTTGGCACGTTCAC                

Mean       11.85 0.638 0.877 0.839    

Primers for each locus including a forward primer (F), a reverse primer (R), Na number of alleles, Ho observed heterozygosity,
He expected heterozygosity, PIC polymorphism information content, PHWE P-values for Hardy–Weinberg equilibrium corrected
for multiple comparisons using the false discovery rate, F(Null) frequency of null alleles.

* Signifcantly deviated from Hardy-Weinberg equilibrium (P < 0.05), ** Signifcantly deviated from Hardy-Weinberg equilibrium
(P < 0.01), *** Signifcantly deviated from Hardy-Weinberg equilibrium (P < 0.001).

Based on the classi�cation of Botstein et al [20], the average value of the polymorphic information content (PIC) was 0.839,
ranging from 0.700 (MA-SSR-19) to 0.917 (MA-SSR-17), indicating that 20 loci were all highly informative (PIC > 0.500). These
results indicated that there was a relatively high level of genetic diversity in these loci. Hardy–Weinberg equilibrium (HWE) analysis
showed that eight loci (MA-SSR-09, MA-SSR-10, MA-SSR-11, MA-SSR-35, MA-SSR-38, MA-SSR-43, MA-SSR-51, and MA-SSR-58)
signi�cantly deviated from HWE (P < 0.05), and the remaining twelve loci were in accordance with HWE. These HWE deviations
may be caused by natural selection, gene mutation, genetic drift, and the presence of null alleles.
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Discussion
With the application of NGS technology, genomics has developed rapidly in recent years, which provides an economical way to
solve a wide range of questions. Especially, the K-mer method based on genome survey sequencing has been successfully applied
for the estimation of genome size and genome structural information without prior knowledge of the non-model species. The
genome size is closely associated with ploidy. As the increase in ploidy and chromosome numbers, genome size generally
increases. Therefore, for polyploid organisms, the ploidy must be determined before detecting its genome information. M.
anguillicaudatus has complex ploidy composition in the natural environment [21–23], such as diploid (2N = 50), triploid (3N = 75),
tetraploid (4N = 100), pentaploid (5N = 125), and hexaploid (6N = 150). A previous study in natural populations of M.
anguillicaudatus indicated that among Chinese M. anguillicaudatus populations, most individuals were diploid with 2N = 50
chromosomes [12]. In this study, M. anguillicaudatus used for 2b-RAD sequence was diploid, which was identi�ed by microsatellite
markers. According to the reported genome data, except for few �sh species [24–26], the genome size of most �sh was generally
less than 1Gb. The estimated genome size of diploid M. anguillicaudatus(1105.97 Mb)was larger than that in most �shes, such as
Oryzias latipes (700.4 Mb) [27], Acanthogobius ommaturus (928.01 Mb) [28], and Hemibagrus wyckioides (728 Mb) [11], which
was related to a higher number of repetitive sequences.

In addition to ploidy, many other factors including heterozygosity ratio, repeat content, whole genome duplication also affect the
quality of a genome assembly. For genome assembly, if the heterozygosity rate is higher than 0.5%, it is di�cult to assemble, and
if it is higher than 1%, it is even more di�cult [29]. The heterozygosity rate of M. anguillicaudatus was approximately 1.45%,
indicating a complex genome with the highest heterozygosity rate. Accordingly, we supposed that the low quality of assembled
genome sequences with short scaffolds might be due to the high heterozygosity ratio of M. anguillicaudatus. Previous studies
concluded sex determination type according to the differences in heterozygosity ratio between females and males [30, 31]. In
XX/XY sex chromosome system (male heterogamety), heterozygosity ratio in males was larger than that in females, therefore,
female individuals used for 2b-rad sequencing may be more reasonable to ensure high-quality genome sequences. Besides
heterozygosity rate, the GC content is one of the factors that directly affect sequence bias [32]. A high (> 65%) or low (< 25%) GC
content may cause sequence bias on the Illumina sequencing platform and further seriously affect genome assembly quality [33].
The average GC content of the M. anguillicaudatus genome was 38.03%, which was in the acceptable range and did not have an
effect on genome sequence quality. This is the �rst genome survey report of M. anguillicaudatus and the assembled genome
sequences give a preliminary understanding of the genomic characteristics before large-scale genome sequencing. However, high-
quality genome sequences of M. anguillicaudatus should be generated by using PacBio and Hi-C techniques.

Compared with conventional methods of microsatellite development, identifying the microsatellite from genome survey is not only
time- and cost-effective but also affords a way of isolating a large deal of microsatellite markers spread over the entire genome. In
this study, except for mononucleotide repeats, the dinucleotide repeat motifs were the most frequent motifs and CG/CG
dinucleotide microsatellites were the least abundant dinucleotide SSR loci, this result was in agreement with other microsatellite
repeats studies as described previously in Danio rerio, Oreochromis niloticus, and Oreochromis latipes [34]. This may be due to the
methylation of cytosine into thymidine [35].

Whole genome sequencing data not only consists of nuclear genome sequences but also involves mitochondrial genome
sequences [36]. In aquatic animals, Xu et al [31] have assembled the mitochondrial genomes based on the whole genome
sequencing data of Platycephalus sp.1. Although, we failed to isolate complete the mitochondrial genome from genetic data
because of the complex genome. We still suggested such a commercial method to acquire mitochondrial genome should be
extensively applied in future genome survey studies. Previous studies in the mitochondrial genome have found that the M.
anguillicaudatus was divided into two clades and considered a polyphyletic group. One clade and other genus Misgurnus species
got together into a monophyletic group [37], while the other clade was clustered with the species of the genus Cobitis [38–40]. With
respect that M. anguillicaudatus have two mtDNA lineages, Kitagawa et al [41] stated mtDNA introgression hypothesis: one
corresponds to the individuals carrying introgressed mtDNA from the genus Cobitis, while another one corresponds to the relic of
M. anguillicaudatus with non-introgressed mtDNA. In terms of the hypothesis, we supposed that the M. anguillicaudatus in this
study is the “introgressed” mitochondrial type.

Conclusion
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In conclusion, the �rst genome survey study of M. anguillicaudatus was performed based on whole-genome sequencing data, and
genomic information, including genome size, heterozygosity ratio, GC content, and repeat sequence ratio, was assessed. These
results indicated that the genome of M. anguillicaudatus was complex with high heterozygosity and repeated sequences. Genome-
wide microsatellite motifs and 20 polymorphic microsatellite loci in the 30 wild populations were identi�ed. Moreover, the
mitochondrial genome was described and phylogenetic analysis was presented to explore its taxonomic status. All of this genetic
information will be valuable for further studies on genome size evolution, natural resource conservation, population genetic
diversity, and molecular marker-assisted selective breeding in M. anguillicaudatus.
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Figures

Figure 1

Results of genome survey using NGS. (A) K-mer (K = 17) analysis for estimate genome size and heterozygote frequency of M.
anguillicaudatus. The x-axis is depth (X); the y-axis is the proportion that represents the frequency at that depth divided by the total
frequency of all depths. (B) Guanine plus cytosine (GC) content and depth correlation analysis of M. anguillicaudatus. The x-axis
represents the GC content and the y-axis is the sequencing depth. The distribution of sequence depth is on the right side, while the
distribution of GC content is at the top.  

Figure 2

The motif types and frequency distribution of M. anguillicaudatus SSRs. (A) The motif types for mononucleotide, dinucleotide,
tetranucleotide, pentanucleotide, and hexanucleotide. (B) Frequency distribution by the number of repeats for trinucleotide,
tetranucleotide, pentanucleotide, and hexanucleotide.
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Figure 3

Frequency of identi�ed microsatellite motif types in dinucleotide (A) and trinucleotide (B).
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Figure 4

Gene map of diploid M. anguillicaudatus mitochondrial genome.
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Figure 5

Phylogenetic analyses of diploid M. anguillicaudatus and other Cobitidae species. The species and their NCBI Accession NO. were
listed in Supplementary material Table S5. The phylogenetic analyses were conducted based on the concatenated 13
mitochondrial protein-coding genes with Bayesian inference (BI) methods and maximum likelihood (ML). Numbers on the nodes
represent support values inferred from BI (left) bootstrap and ML (right) probability analyses, respectively.
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