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[bookmark: _Toc139296721]Supplementary Methods 
[bookmark: _Toc139296722]Sample collection
In the first phase of Fish10K, we expect to collect and sequence more than 500 fish species genomes, covering most of the existing fish orders. Here, we collected a total of 533 fish genomes covered 71 orders, including eight fish orders that were not previously sequenced. According to Fish of the world 5th 1, 11 deep-sea fish orders remain uncovered, samples of which are difficult to obtain (Supplementary Table 1). For these 533 genomes, 115 are newly assembled genomes. 
[bookmark: _Toc139296723]DNA sample preparation and library construction
[bookmark: OLE_LINK51][bookmark: OLE_LINK52]In order to obtain high-quality assembly results, single tube Long Fragment Read (stLFR) sequencing technique was used for library construction. High quality DNA was extracted using a modified DNA extraction for vertebrate tissues protocol from muscle tissue 2. Then, extracted DNA was fragmented and screened by pulse electrophoresis. DNA fragments with molecular weight greater than 40Kb were collected to construct stLFR libraries of about 300 bp size, following the stLFR protocol 3. In the process of library construction, libraries derived from the same DNA fragment are attached to the same type barcode. By sequencing the library, the barcode sequences in the original sequencing data can be used to identify whether the raw data was sequenced from the same DNA fragment.
[bookmark: _Toc139296724]Genome sequencing and assembly
Constructed fish genome libraries were sequenced at BGI using the BGISEQ-500 platform. To assemble the newly sequenced genome, about 150 Gb (~100X) sequence raw data was generated using the BGI-SEQ 500 platform for each species. Then, Data filtering was then carried out using SOAPnuke software (version 1.5) 4 with the default parameters according to the following 4 conditions: 
a) Removing reads with more than 10% of N bases; 
b) Removing reads with more than 40% low quality bases (Phred score ≤ 7); 
c) Removing reads with undersize insert size; 
d) Filtering out the PCR duplicates (if read1 and read2 of the same paired-end reads were identical).
After filtration, modified the data format of the ~150× ‘clean data’ of each species from stLFR to similar format of 10X Genomics, thus we were able to use Supernova (version 2.1) 5 for genome assembly with default parameters. After that, we used Gapcloser software to fill the gaps within the assembly with default parameters using paired-end information from stLFR-based sequencing data. Specifically, we searched for paired-end reads of which was mapped to a unique contig and the other was in the gap region. Thus, the gaps could be closed by a local assembly for these collected reads. To test the usability of recently newly developed gap filling software using long reads, TGS-GapCloser (version 1.0) 6 was used to close gaps in assemblies with ~10× raw Nanopore data on 26 fish genomes.
[bookmark: _Toc139296725]Assembly continuity assessment
Assembly continuity for the 115 newly sequenced fish genomes was assessed by contig N50 and scaffold N50 (Supplementary Table 2). We compared the scaffold/contig N50 values of our newly assemblies and the published fish genomes and found most of our newly assembled bony fish have longer scaffold N50 than published bony fish genomes (Extended Data Fig. 1c). 
[bookmark: _Toc139296726]Assembly integrity assessment
The integrity was measured with Benchmarking Universal Single-Copy Orthologs (BUSCO) (v. 3.0.2) 7 using actinopterygii_odb9 (for Actinopterygii fishes) and vertebrate_odb9 (for Cartilaginous fish and Sarcopterygii fish) as the reference gene set for total 533 fishes (including 115 our newly sequenced genomes and 418 published genomes). We measured two standard categories of BUSCO results, and obtained the following metrics. 
1) Genome integrity based on complete Single-copy (S) and Duplicated (D) BUSCOs. 
2) Genome integrity based on Fragmented (F) and Missing (M) BUSCOs. 
We then combined complete gene set (S+D) against BUSCO genes to assess the integrity degree of the genome (Supplementary Table 2). For the integrity of genome assembly, we compared the genome integrity BUSCO values between our newly assembled genomes and the published fish genomes, respectively. The BUSCO values of bony fish newly assemblies are similar with those of the published (BUSCO of published genomes range with average 89.39%, and our newly assembled bony fish genomes with average 86.00%) (Extended Data Fig. 1b). 
[bookmark: _Toc139296727]Genome source of Fish10K in Phase I
The genomic characteristics of newly assembled genomes are presented in Supplementary Table 2, labeled as "Newly sequenced". The genome sizes of all newly sequenced bony fish ranged from 0.18 Gb to 1.87 Gb, with an average size of approximately 0.80 Gb. In contrast, the genome sizes of newly sequenced fish in Chondrichthyes (cartilaginous fish) were significantly larger than those of bony fish, ranging from 1.15 Gb to 3.74 Gb, with an average size of 2.76 Gb. When comparing these newly sequenced genomes to previously published genomes, both in terms of size range and average size, they show consistency. Moreover, we compared the continuity and completeness of the newly assembled genomes with published data. The evaluated metrics for the newly assembled bony fish genomes surpassed those of most currently published genomes. We also observed the assessment of quality using BUSCO and scaffold N50 value revealed that most of the low-quality genomes among the newly assembled ones belonged to cartilaginous fish (Extended Data Fig. 1a). Based on the comparison between genome size, continuity, and completeness, we speculate that the lower completeness in cartilaginous fish may be attributed to their larger genomes. However, it is worth noting that since only a limited number of cartilaginous fish genomes have been published to date, these newly assembled cartilaginous fish genomes provide a substantial amount of genetic data for future research.
[bookmark: _Toc139296728]Protein-coding gene annotation
[bookmark: _Toc139296729]Construction of a reference protein sequence set
Protein-coding gene were then annotated by homology-based annotation using protein sequences of four homologous species (Danio rerio, Lepisosteus oculatus, Takifugu rubripes and Rhincodon typus) (Supplementary Table 11)  8-11.
We consider that the quality of homologous gene set is critical in homolog annotation, so we choose the commonly used species in previous studies of fish genome annotation 11-13. We also consider that the genomes need to be annotated contain different taxa classifications. Therefore, we choose zebrafish and puffer fish as the reference species of modern fish, sport gar as the reference species of ancestral ray-finned fish and whale shark as the reference species of cartilaginous fish. Protein-coding sequences of these reference species were downloaded from Ensemble (zebrafish, puffer fish and spotted gar) and NCBI database (whale shark), containing all predicted gene models. These downloaded gene models with the length lager than 50 bp are grouped into different gene clusters by hierarchical clustering strategy 14. Gene model with the longest length and completely gene structure in each gene cluster was retained and was translated into protein sequence.
[bookmark: _Toc139296730]Identification of candidate gene locations
These reference proteins were firstly aligned against genomes using BLAT software (version 0.36) 15 with parameters “-q=prot -t=dnax -noHead” to obtain the gene loci hints of the reference protein sequence on the genome. Then we filtered out loci hints with homologous block length shorter than 30% of length of query protein and those of that similarity was less than 80%. After filter out these “substandard” hints, top five best hints for each protein were used to hint joining and filtration of redundant hints according to overlap threshold of 0.2.
[bookmark: _Toc139296731]Precise gene structure identification
The genomic sequences of nonredundant hints with an upstream and downstream extension of 1,500 bp (candidate regions for gene loci) were extracted and GeneWise software (version 2.4.1) 16 was used for precise gene structure identification. Then the final protein-coding gene set for each species was obtained by filtration of redundant genes. First, these genes are clustered into different gene clusters depending on whether the coordinates overlapped. Then gene with the longest length in each gene cluster (or have the highest degree of similarity, compared with reference proteins) was retained as the final gene set. The statistics of annotated gene set among 320 fish representative genomes were listed in Supplementary Table 12.
[bookmark: _Toc139296732]Coverage of sequenced orders in phylogenetic trees
In order to visually display the orders in fish phylogenetic tree which have been sequenced, we downloaded a fish phylogenetic tree from TimeTree website 23 containing all existed fish orders to date and highlighted the first sequenced orders in Fish10K with green color and the orders with orange indicates non-sequenced yet (Fig. 1). This tree was used only to show the sequenced coverage, and the evolutionarily significant fish phylogenetic tree was constructed from the genome-wide data in our subsequent analysis.
[bookmark: _Toc139296733]Phylogenetic tree construction
[bookmark: _Toc139296734]Annotation of whole-genome derived genes
[bookmark: OLE_LINK2]4,584 Actinopterygii and 2,586 Vertebrata core single-copy genes (Benchmarking Universal Single-Copy Orthologs) were used as the candidate genes (Supplementary Table 15 and Supplementary Table 16) caused these single-copy genes are evolutionarily sound 24. We predicted these genes for each genome using the program run_BUSCO.py available from BUSCO's website 25  with 1e-3 as E-value’s cutoff and ‘genome mode’. Then the “complete” BUSCO genes predicted from all the genomes were extracted and only single-copy genes were retained in the result of annotation. According to each ID of BUSCO genes, genes with the same ID in the annotation results of all 533 genomes were regarded as an individual gene family. The protein sequences for each of 4,584 BUSCO gene families were aligned using MAFFT software (v7.130b) 26 with “auto mode” parameters. The resulting 4,584 sequence alignments were each filtered by Gblock software (version 0.91b) 27 to eliminates poorly aligned positions and divergent regions with parameters “-t=p -b4=5 -b5=h -e=-gb”. Finally, individual unconstrained ML gene trees were constructed using RAxML software (version 8.2.4) 28 based on maximum likelihood method with parameters “-m PROTGAMMAAUTO -p 12345 -print-identical-sequences”. 
[bookmark: _Toc139296735]Filtration of paralogous genes
(1)  Preliminary filtration
Based on BUSCO gene annotation, 4,584 gene families were finally obtained and each gene family has a different number of single-copy genes (Supplementary Table 15).  In order to reduce the influence of invalid locus comparison on the results in the process of multiple sequence alignment, we first filtered the gene sets according to length. The genes with average length greater than 150 bp and less than 1,000 bp were retained, and the minimum and maximum gene lengths were not more than 50 bp and 8,000 bp, respectively. To ensure that most species could provide effective sequence information of genes, we further filtered out genes that contained less than 240 species. After filtration, 829 gene families were filtered out, leaving 3,755 gene families for further analysis (Supplementary Table 17).
(2)  Filter out paralogous genes derived from TGD event in teleost.
[bookmark: OLE_LINK7][bookmark: OLE_LINK4][bookmark: OLE_LINK6]Retained gene families from the previous steps need to further examination to filter out the influence of the potential paralogous genes derived from whole-genome duplication event in teleost fish (TGD) (Extended Data Fig. 2c). According to previous studies, Ostariophysi as the monophyletic group has been proved in many studies  29-31. Here, monophyletic Ostariophysi containing fish species of 5 orders (Gonorynchiformes, Characiformes, Cypriniformes, Siluriformes and Gymnotiformes) was used for potentially paralogous genes testing. In addition to forced Ostariophysi as a monophyletic group, Euteleostei was also used as another monophyletic group for the testing. Then two topological constrained species trees were constructed (constrained species tree that Ostariophysi is a monophyletic group and constrained species tree with Euteleostei as a monophyletic group), containing outgroup species (spotted gar) and teleost. It makes all the sequences of one monophyletic group concentrated on one branch, which is consistent with the inference that teleost is a monophyletic group. Here, we only verify whether teleost in the gene tree we checked is a monophyletic group, so we do not consider the evolutionary relationships of species in teleost fishes in our constrained tree. An example of the constrained tree is shown in Extended Data Fig. 2b. This constrained tree was used to perform topology test of paralogous genes derived from TGD event in teleost by comparing the constrained tree with each individual unconstrained ML gene tree.  Though the AU test 32, 1,009 gene trees for which the constrained topology is significantly better than the unconstrained scenario (P < 0.05) were deemed as candidate genes for phylogenetic tree construction (Supplementary Table 3). In order to ensure the accuracy of fish classification, the taxonomic information for the species we used was consistent with the Fish of the world 1.
[bookmark: _Toc139296736]Re-constructed phylogenetic tree of fish in species level
After the above filtration of potential paralogous genes, we finally screened out 1,009  unconstrainted ML gene trees to construct phylogenetic species tree of teleost using ASTRAL-Pro (A-Pro) (version 1.1.2) 33. 
For phylogenetic species tree of cartilaginous fish, 2,586 core vertebrate genes extracted from BUSCO gene annotation were used to re-constructed cartilaginous fish tree. By filtering out the trees that did not contain cartilaginous fish and the number of species less than 3, a total of 2,501 unconstrainted ML gene trees were used to construct species tree of cartilaginous fish using the same software and parameters described above (Supplementary Table 4). 
[bookmark: _Toc139296737]Gene Genealogy Interrogation test (GGI-test)
Gene trees are very useful in reconstructing species trees, as opposed to constructing a species tree from concatenated nucleotide or protein sequences. This method can solve the problem of wrong species tree reconstruction caused by insufficient effective loci information and fewer shared genes in large-scale species (e.g., constructing a species tree containing hundreds of species). However, due to the short sequence and insufficient effective loci information in gene tree, it is still possible to construct incorrect gene trees and then inferred the wrong species trees. Therefore, Gene Genealogy Interrogation (GGI) 34 was used to detect the long-controversial areas of fish phylogenetic tree in previous studies 29,35,36, as shown in Supplementary Data 1a, b.
According to the gene tree set used in the construction of species tree, different topologies were summarized for the controversial areas, and the number of gene trees corresponding to each topological structure was calculated. The top summarized topological structures (topological structures in Supplementary Data 1a, b) were selected as candidate trees in the two controversial regions of early basal Teleostei (including Clupeocephala, Osteoglossomorpha and Elopomorpha [Supplementary Data 1a]) and Otophysa (including Cypriniformes, Characiformes, Siluriformes and Gymnotiformes [Supplementary Data 1b]), respectively. GGI-test was used to assessed which candidate tree was supported with highest probability by each gene.
For controversial areas of basal Teleostei, GGI-test was performed on 1,009 genes that could contain species in the controversial regions of basal teleost (i.e., Clupeocephala, osteglossomorpha and Elopomorpha) from candidate topologies (Supplementary Table 18). Site likelihood score and approximately unbiased (AU) test of each candidate topologies were calculated according to method described above. GGI results showed that H01 and H03 (topological structures in Supplementary Data 1a) were both supported by used genes than other hypothesis (e.g., H02), and p-value was significant by AU-test (Supplementary Data 1a and Supplementary Table 19).
Regarding the phylogenetic relationship of Otophysa, the GGI-supported tree in Supplementary Data 1b (topology shown as H01) is consistent in topology with previous studies 37 and our multiple maximum likelihood gene trees coalescent analyses. This GGI-supported tree had the highest probability of support among all possible hypothetical trees we considered, details can be found in Supplementary Table 20 and Supplementary Table 21.
[bookmark: _Toc139296738]Cactus whole-genome alignment
We generated a phylogenetic hypothesis to use as a guide tree for Cactus by extracting 1,009 Actinopterygii BUSCO genes from each of the 314 fish genomes (Supplementary Table 8). Then, based on the BUSCO-genes phylogenetic tree, we used Cactus software 38 to generate genome-wide alignments for 314 species, which included all the species of Otophysa and their sister group of Clupeiformes and Gonorynchiformes, as well as ancestral teleost species (e.g., Osteoglossomorpha and Elopomorpha). Additionally, these 314 genomes dataset also included 192 high-quality marine teleost genomes for whole-genome alignment, with the spotted gar, bichir, and coelacanth serving as outgroup species representing non-teleost fish. A MAF format file was derived from this alignment using a parallelised version of the command hal2maf --onlyOrthologs --refGenome Danio rerio. 
[bookmark: _Toc139296739]Ancestor sequence reconstruction
[bookmark: bookmark=id.z337ya]We run the HalExtract tool in the Cactus package to reconstruct the ancestral sequence of teleost, We detected 119.05 Mb sequences shared by teleost fishes, which are notably less than that of 605 amniote (179.56 Mb) 38, 363 avian (1.13Gb) 50 and 241 mammalian species (1.74Gb) 51 (Supplementary Data 2 and Supplementary Table 22). 
[bookmark: _Toc139296740]Lineage-specific sequences based on whole-genome alignments
Based on the Cactus genome comparison, we estimated the lineage-specific gene sequences for each order of teleost. We found that siluriformes have a low proportion of lineage-specific sequences. In addition, our results suggest that lineage-specific sequences constitute 13.19% (Otophysa) to 60.89% (Euteleostei) of the reconstructed most-recent common ancestor of different teleost taxonomic clades (Supplementary Table 23), which are much higher than in birds (from 0.2% to 5.5%) 50. The result indicates that the degree of genetic divergence among teleost fishes is much higher than tetrapods. 
[bookmark: _Toc139296741]Teleost divergence time estimation using genome data
In our collected data, we selected 122 species which provide providing a wide range of species covering the entire evolutionary time of fish. We first extracted the phylogenetic tree of these 122 species from the previously constructed coalescent-based phylogenies of 533 species tree, and estimated divergence time with three outgroup species (coelacanth, bichir, and gar) (Supplementary Table 5).  We used MCMCtree 52 with a relaxed log normal clock model under the birth-death process to estimate the divergence time of above-mentioned species which we have a high level of concern. The timescale for all these taxa radiation by constraining ages for the root (~440 Mya) and 12 internal nodes spanning divergences across the tree based on recorded pairwise divergence time assignments used for calibration (Supplementary Table 6). We ran MCMCtree with two times using different random initial SeedUsed values and 11.6 Mb nucleotide sequence from the whole genome alignments (WGA). 
[bookmark: _Toc139296742]Estimated ancestral distribution of teleost
To investigate the relationship between teleost distribution and the division of Laurasia and Gondwana during the Mesozoic Pangaea breakup, we used BioGeoBEARS (v1.1.1) 53 in R v.3.6.3 to estimate the ancestral distribution of teleost fishes based on the dated subtree composed of those 122 fish species and there occupied areas following FishBase website (Fig. 2a and Supplementary Table 5). We implemented 6 models (The dispersal-extinction cladogenesis (DEC), the dispersal vicariance analysis (DIVA-LIKE); Bayesian inference of historical biogeography for discrete areas (BAYAREA-like) and their +J models (long-distance or “jump” dispersal, founder effect)) and undertook standard model-testing (Likelihood Ratio Test and Akaike information criterion (AIC)). The P-value of the Likelihood Ratio Test in Supplementary Table 24 demonstrated that we can reject the models without “+J”. AIC and AICc model weights show the relative probability of each pair. In the third pair, the BAYAREA-like +J model was the best fitting model for our data with a lowest AIC value (Supplementary Table 25). In addition, we combine the fossil records of ray-finned fish from different periods to analyze the origin and radiation of teleost fishes (Supplementary Table 7).
[bookmark: _Toc139296743]Identification of lineage-specific highly conserved elements.
[bookmark: bookmark=id.2jxsxqh][bookmark: _Hlk135122013]To analyze highly conserved elements (HCEs) in fish covered all sequenced orders in our study, we identified HCEs in representative species selected from 533 species, including cartilaginous fish, lobe-finned fish, teleosts, and non-teleost ray-fined fish.
1) We randomly select 10 teleosts alignment files from the Cactus alignment data, go through chain, net, and finally generate alignment sequences (Supplementary Table 13). We filter out sequences with a length of less than 50 bp and less than half the number of species for subsequent comparison. The Roast program in MultiZ (version 11.2)  54 was then used to construct whole genome alignments.
[bookmark: OLE_LINK10]2) In order to verify the specificity of HCEs in all teleost fish, we compared the HCEs obtained in the previous step with 533 genomes. To verify the distribution of conserved elements, we performed sequence conservativeness comparison of all 533 fishes using BLASTN (Version 2.2.31)'s subroutine ‘dc-megablast’ (--query --task dc-megablast --use_index true --db --outfmt --out). The matched sequences were more than half the length of the reference sequences, similarity greater than 70% and more of the species in the target lineage was retained. We finally identified 8,352 teleost-specific highly conserved elements (TSHCEs) (Supplementary Table 9).
3) We searched the ZFIN database (https://www.zfin.org/) 55 for genes associated with pectoral fin and swim bladder. Finally, we obtained 37 TSHCEs associated with pectoral fin development and 41 TSHCEs related with swim bladder. The position and conservativeness of these TSHCEs were plotted against the above genes using Vista software (v1.4.26) 56 and our pipelines. Information about H3K4me3 was collected from the UCSC browser (https://genome.ucsc.edu/).
Our results suggest that specific genetic innovations during vertebrate evolution may have influenced the generation of key environmental adaptations. A series of genetic innovations in teleost fishes further facilitated their occupation of aquatic environments and expanded the distribution of their populations.
[bookmark: _Toc139296744]Fluorescence in situ hybridization (FISH)
We sampled the swim bladder from zebrafish and fixated them with 4% paraformaldehyde (PFA) at 4°C for 2-12 hours. The tissues were next dehydrated in gradient ethanol, dipped in paraffin and finally embedded in paraffin wax. Then the paraffin block sectioned (5 μm), and mounted on slides. After the sample preparation, the tissue slides firstly pass sequentially in xylene, ethanol and DEPC water, and then were boiled in repairing liquid for 5 minutes and cooled naturally. Subsequently, the samples on the slides were circled by the Pap Pen and then digested with 20μg/ml proteinase K at 37°C for 20 min. After a brief wash with purified water, the slides were washed in PBS 3 times for 5 min each. To block the endogenous peroxidase, 30% methanol-H2O2 was added to the sample and incubated for 15 min at room temperature in the dark and then washed in PBS 3 times for 5 min each. Then, samples were prehybridized in a prehybridization solution at 37°C for 1 h and then hybridized in a hybridization solution containing a digoxigenin (DIG)-labelled RNA probe at 37 °C for 12-16 h. The hybridized samples were then washed in a solution of 2 × SSC at 37 °C for 10 min, 1 × SSC at 37 °C for 5 min twice, and 0.5 × SSC at room temperature for 10 min, respectively. After blocking in BSA for 30 min at room temperature, the slides were incubated with anti-DIG-AP antibody (Jackson) at 37 °C for 50 min and then washed in PBS 3 times for 5 min each. The FISH hybridization signal was stained by the anti-DIG antibody-conjugated peroxidase and tyramine signal amplification (FITC-TSA)/ (DAPI). The images were acquired on a fluorescence microscope (NIKON Eclipse ci, JAPAN).
[bookmark: _Toc139296745]Knockout experiments of related TSHCEs by CRISPR/Cas9
All the zebrafish used in this study were TU lineage. The embryos were staged according to morphology, as previously described 61,62. These TSHCESs were targeted and mutated by CRISPR/Cas9-mediated mutagenesis 63. The target sites were designed using an online tool (http://www.crisprscan.org/). The gRNA target sequence and PCR primers were listed in Supplementary Table 14. The template plasmid (pT3TS-nls-zCas9-nls) was linearized by XbaI (NEB), and capped mRNA was synthesized using Ambion mMESSAGE mMACHINE mRNA transcription synthesis kits (Ambion). For making gRNA, the template DNA was amplified from gRNA plasmid (pMD19T-gRNA). gRNA was generated by in vitro transcription using TranscriptAid T7 High Yield Transcription Kit (Thermo). After in vitro transcription, the gRNA was purified using sigma post-reaction clean-up kit (sigma). The mix of Cas9 mRNA (500 ng/μl) and gRNA (50 ng/μl) was injected directly into 1-cell-stage wild-type TU embryos. To make the largest change of targeted sequence, multiple gRNA might be injected at the same time. The injected embryos were incubated at 28.5°C. Examination of phenotypes was performed at 120 hpf. Photographs were taken using a Zeiss Axio Zoom.V16 microscope. Then the embryos were collected for making genomic DNA for genotyping at 120 hpf. The PCR products were subjected to the Sanger sequencing to evaluate the efficiency of mutagenesis or to identify the genotypes of the mutants.
[bookmark: _Toc139296746]Supplementary Tables
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[bookmark: _Toc139296747]Supplementary Data
Supplementary Data 1. GGI validation results for the hypotheses on the topology of basal teleost fish and Otophysa.
Supplementary Data 2. Statistics of a 314-way reference-free whole-genome alignment dataset generated by Progressive Cactus aligner. (a) Based on the reference-free alignment dataset, the ancestral genomes of each evolutionary node of 314 fish species were extracted. In total, 119.05 Mb sequences were common in 311 teleost fishes, which is notably less than that of 605 amniote (179.56 Mb), 363 avian (1.13 Gb), and 241 mammalian (1.74 Gb) species. (b) Lineage-specific sequence lengths in different fish clades.
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