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Supplemental Methods

Estimation of genome size and heterozygosity level

All Illumina reads from the male minifish were trimmed to remove adapter and poor quality
sequences. These trimmed reads were used to generate a k-mer copy number (KCN) profile using
the Jellyfish v2.2.6 program (56). We used several k-mer values ranging from 15 to 31. At a k-
mer value of 17, the k-mer frequency distribution showed two distinct peaks (fig. S8). Hence
genome size was estimated at k-mer=17 using the Lander-Waterman method (57) and was found
to be 420 Mb. The heterozygosity level was estimated using the KCN distribution at k-mer=17
and GenomeScope programme (58) and was found to be 0.5%.

Genome assembly

Whole-genome assembly was performed using DISCOVAR de novo v52488 (59). The male and
female minifish genome assemblies were generated using quality-filtered Illumina paired-end
reads totaling 69 Gb (164x genome coverage) and 87 Gb (208x genome coverage), respectively.
The genome assemblies generated contained several highly identical copies of contigs
representing two copies of the alleles. An in-house Perl script was developed for removing such
allelic duplicates whereby all contig sequences were compared against each other using the
MegaBLAST module (60) with the following threshold values: word size = 100, E-value =10,
coverage = 80% and identity = 90%. In the resulting non-redundant contig set, many contigs pairs
were found to overlap. Such overlapping contigs with more than 92% identity, minimum 20%
overhang with an overlap length of above 100 bp were joined using CAP3 programme (67).

Scaffolding using Chicago library. High molecular weight genomic DNA from male and female
minifish was used to prepare Dovetail Chicago” libraries (Dovetail Genomics, Santa Cruz, CA)
and approximately 142 million read pairs of length 101 bp were generated for each minifish. The
contig level assemblies were scaffolded using the Dovetail Chicago library reads with the HiRise
scaffolding programme (62).

Gap filling using super-reads
The trimmed Illumina paired-end reads from each minifish were assembled using MaSuRCA
v3.2.4 (63) to generate super-reads. This program generated ~7 million super-reads with N50



length of 870 bp and ~10 million super-reads with N50 length of 780 bp for the male and female
minifish, respectively. These super-reads were used to fill gaps in the scaffold-level assembly
using the PBJelly program from PBsuite v15.8.24 (64). The final genome assembly statistics for
male and female minifish are shown in Table S1.

RNA-seq

Total RNA was extracted from a male and a female minifish using the TRIzol reagent
(Invitrogen, Carlsbad, USA), treated with DNase I (TaKaRa Bio Inc, Shiga, Japan) followed by
purification using the RNeasy Mini Kit (QIAGEN, Hilden, Germany). An RNA-seq library was
constructed for each minifish using the Ribo-Zero Gold reagent and ScriptSeq v2 Library
Preparation Kit (Epicentre, Madison, USA). The library quality and quantity were analyzed on an
Agilent 2100 Bioanalyzer. Sequencing was performed on an Illumina NextSeq 500. A total of
167 and 169 million paired-end reads of 150 bp length were generated for the male and female
minifish, respectively. Sequences were quality filtered for low-quality bases and adapter content
using Trimmomatic v2.2.30 (65). The filtered reads were assembled de novo using Trinity v2-2-
26 (66), which generated approximately 0.8 and 1 million transcripts for the male and female
minifish, respectively. In order to reduce redundancy in the transcriptome assembly, transcripts
were clustered using CD-HIT v4.6.1 at 98% identity (67). The clustered transcripts were
subjected to BLASTX search against 25,638 zebrafish protein sequences obtained from the
Ensembl database (68) with an E-value cut-off of 10e-7. Those proteins showing at least 80% of
the query coverage were considered as full-length proteins. All transcripts as well as full-length
protein sequences (4,416 for male minifish and 4,325 for female minifish) were used for genome
annotation.

Evaluation of assembly completeness

The Benchmarking Universal Single-Copy Orthologs (BUSCO) version 3.0 (69) and 4,584
Actinopterygii gene set from OrthoDB v9 were used to evaluate the completeness of the male and
female genome assemblies. BUSCO results for the two assemblies are shown in Table S1. These
results show that approximately 5.5% of BUSCO genes are missing from these assemblies.

Repeat content prediction

Repeat sequences were predicted de novo in the male minifish genome assembly using
RepeatModeller v1.0.10 (ref. (70). Approximately 1,370 specific repeat families were identified
including some unknown repeat classes. These classes were further annotated using TEclass
v2.1.3 program (71). This de novo repeat library was combined with a known repeat library for
‘Cypriniformes’ which was obtained from RepBase.v.22 (72). These repeats were screened
against zebrafish proteins using Blastx (E-value 10e-20) to identify and remove any potential
protein-coding sequences. The final set of repeat sequences contained 2,868 repeat elements. This
repeat library and RepeatMasker v4.0.7 (73) program were used to mask both genome assemblies
and the results are reported in Table S2. The overall repeat content in the male and female
minifish genome assemblies is approximately 27%.

Genome annotation



For both genomes, evidence-based gene prediction was performed followed by ab initio gene
prediction using the MAKER pipeline v2.31.963 (74). For the evidence-based annotation step, we
used a protein dataset containing proteins from Lepisosteus oculatus, Ictalurus punctatus,
Oreochromis niloticus, Xiphophorus maculatus, Danio rerio and Oryzias latipes that were
downloaded from NCBI. This dataset was filtered for proteins with keywords ‘low quality
proteins’ and ‘partial’ in their descriptions. The final dataset contained around 124,000 proteins.
We also used CD-HIT clustered transcripts and full-length protein datasets prepared for both the
genomes during this step. The gene models obtained from the MAKER run were used to train
AUGUSTUS v3.2.3 program (75). The hint files generated during evidence-based maker
annotation were used as input to facilitate the gene prediction process and to calculate the
Annotation Edit Distance (AED) score. Predicted protein sequences that had an AED score <0.6
or had no similarity to any protein in the NCBI-NR protein database (BLASTP; E-value: 10e-7)
or had similarity to “low-complexity” proteins were removed from the final set. We predicted
20,013 and 18,003 protein-coding genes in the male and female minifish genome assemblies,
respectively.

Identification of immune gene elements

Homology searches were carried out using the BLAST suite of algorithms
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) using nucleotide and protein sequences of three gene
families (immunoglobulin, T cell receptor, and MHC) of zebrafish, a closely related cyprinid
species; the positions of individual elements on the two genome assemblies were recorded.
Additional elements were identified using the sequences of minifish transcripts for these three
gene families and incorporated into the final dictionaries of V, D, and J elements. Homologs of
other immune-related genes were identified in transcriptomes and genome assemblies using the
zebrafish sequences as baits. The deduced protein sequences of these genes are listed below.

>tdt
MFQALRKRRQAEGTPTRVGSEVKFSHVTLYLVERKMGTSRRNFLSDLARSKGFYVDNTLSGRVTHVVSEGNSDLELWKW
LEDKGFREKLGQKVLDINWFTESMSAGRPVNVETRHLIRNPCGETKPCMLSSKPNPEPFVSPYACKRTTPLONHNKNLT
DALEVLAQNSEFIGNTGPCLAFLRAVSVLKSLPTALSRLEDAQYLPCLGKHSNAITEEIFKFGASSKVEEILNDERYLT
LKLEFNSVFGVGPKTAESWYCQGLRTFEHVLTEPRVKLNRMOMAGFMFYDDITEPVSRTEAGVVQMMVEEAVGQINSTAT
VAITGGFRRGKDCGHDVDFLIKTLOAGQEDGLLPAIIQTFKRONILLYSDYQPSTLGGKQLPSRRFEAMDHFHKCFLIV
KVKRVWTSPEGSDGAANRDWKAIRVDLVAPPLECFAYALLGWTGSTMFDRDLRRFARLERGKLLDNHALYDKATNSFIP
ALTEEDIFNHLGLEFIEPWQRNA

>cd4 1
MDRTRMFWIVAFLAFQVVKAEDPTVIYAQVGGTVILPRVTKLVEKNLYVNWKSNTSKLEISRNPQSDNIKKEHASHTSN
FSLOQLSPVKESDFGKWVCEMHILNTKYKEEYILRRVTVPSDSAVMVGNSVTLKCDVEKSSVSAVTVKWXPPVNSHCSDX
NLNTDAGKLEXKSVSRCHSGEWTCEVKYSQRKAEAKTTVSVIDLSPNPQDPMYVSESSPLVTIPCSLTSKTPWSVLLEH
GLQGGSWSFTPFTDQPDQKAVTLLSLALGPAVSWNVSAGADADVQGKLLKDQDLSMERAPSRKIRGTYTCSLTFTSKTL
SSLVNVEVLHVSSSSNRVQEGVNLTCSLGRPLPADVQLKWKCPSCSSSEAKPTGVKTIDLPTVHDNGKWTCELWKNEEM
LTSAYLQINIGKPPVNVGLWWSVGIGCGSVVIVLLVVIXVMVIRRRKOQMMMYRRHKTKFCCCENSQQKKGFYKT

>cd4 2
MLAVKLLVFLLAVCVIPGESTVLYVQAGADASLVCNVPENSDMEWRFNNVLIFKVNGKTGTKIKGTSRLSNIEKSKLAG
STLKIFKVNKDDSGEYSCTRTNDKMILRVVSVFVKPHNPVLKSSDAELHCEISGDPEAKVEWLKPPNGIKQSTTNQVLH
LKSVRAEDQGLWSCKVNDLTMTIQLTLIDLTTKNATVPLGGDIQLPCSLTGSSHRVIGGKWSAHHNSAIAFPTLDDTGG
LRWKGQSSSKVAFSSEQLNTDFSITLKNVQKQDAGIYVCSVEFDTVVLKAEMNLKVLRSSSSDYNEQSTIAGTTKTPVVW
SNFFKDYSRNTLGLPLWAWVALGVGSVVLMVLTGLILVILRRNRRVKVRGRRTMRKPLTDQDYCQCHKY>

>cd8a



MPHFFSFFFLLFCAACVTFSLGSARVRAGGEASVRCDPSLSSSVFWFRITRAGPEYLLTVRPGKDPVPSDQONIQFISG
EKSVKILGFRADTDAGVYSCFSINNNQLKFGEATEVHAEAEPSSAPVTQKKTTSLPPTTTPCQCKTQKAALLKCESWIF
YSLVSGCLFLFLLLIFTIITCNRLRTRRCPHHYQRRRPEKLPDGRF

>cd8b
<CEGVVQDIYPGINSTHTLTCDCSDSTCQDVFWFRLLPHSQSLQFLAFANSGGRVQRAEVATRFNTSSAGVRLTSFSLH
LMRLQEEDSALYACFLRASHALYGFRVSVGGQRSIARTGRGCGCRPGVGVVGCEPRVLWWGGGAVLALTLVLLATLFYF
SRLPRKCRHQFLKTNQLR

>cd79%a
MWTEQTSACENVSSGRKTEIILKADQPFRRVAVFREVTIRCCYECPAKPRVTWIVNTITSNGTTQLELVPLSDELEASE
ITQGDSVCSQLVFKSVRLWHMGLYRCFLNHTQYVSTISHGTFLQVYEPLEKTLNLSENVKNSIITAEAVLLLLCLLFPG
TVLLCKSKRLNELQKRKEREEENIYEGLNLDDCNSAYHPIRRSNMQGTYQDVASCGERIQLEKP

>cd79b
MLHLLMRCSVLALLHLSAGVQLYQKPRFVGVRPGRSVTIYCVWQKSLPAYVEWSKARTNTDQKQTLLINPRMTLLNKIT
NASITIRRVIMEDSGIYFCRMNGTEGPGTELQVSRHSDPQSVLKRSRVKDVIIVFQGILLILCLVVPLVRFKSLDKKEE
IVYEEPEDDHTYEGLNVDQCGCDLYEDISAFAMSPDQACEVEYPNQE

>aicda
MISKLDSVLMTQKKFIFHYKNMRWARGRHETYLCFVVKRRTGPDSLSFDFGHLRNRTGCHVELLFLRYLGVLCPGLLGS
SDGERLCYSVTWFCSWSPCFKCAQHLARFLEDTTNLRLRIFVSRLYFCDDEDSVEREGLRHLKSAGVTITVMAYKDYFY
CWKTFVARRQRSFKAWEGLQENSVRLGRKLNQILQASETEDLGESFALLGL

>foxp3_version_a
<PTLKEEPDSSSLESSSEVVVEWFNTFALQLGRPASDSLSSRHRLLHLVLQESGAGQFRPSVLRSTALRLDAKDSRSST
INRKDKGHNRQIPGONDGINQSRKPFPNIPSHNPVQFEGQSCLCVNGQCCWPGCDKLIEGQQODFSSHLNRDHSPNDRTI
AQCRLORDLVRHMESQLSQEKQRLSAMQLHLOLFHHLASHAGASASCCRPLALNMPLWEEPDGRAGRAREALAPHKHGH
MPRPQLMPDLISSVEYYKHSNVRPPYTYAFLIRWSILDSPEKQQTLNDIYNWFTLMFYYFRHSTPTWKNAVRHNLSLHK
CFVRVDGRTGAVWTVDEEEFQKRKGQKINRDFTFKWMTPVAPSPFHMTSNESVKSDDSH

>foxp3_version_b
<RARTEMDKAQTRVPQLRPSVLRKGNQPFPQDAQTDQTGIVQLSSDQHKDHFVTHAAASCHKQSNLEQTEKHQYGVPGL
LCVEGQCRWPGCPKSKEVFREYIQFLRHLVTDHCHGDRSLAQLKMQRDKVQYLEFQLMVERQKFKAMQLHLTSIKPNTE
PAYCMEEPEHLKDIVPPAAFQKSRDAHDSEKVTADALAQRNWHISTSPVIPGIIPSFEYYKYTNIRPPFTYASMIRWAT
LESTEKQLTLNEIYHWFAHMFFYFRHNTATWKNAVRHNLSLHKCFVRVEGKKGSVWTVDEEEYHKRKGQKFQRDQGIGW
MTPFHVFPFALQGETLQOM

>foxnl
MSSEVAGLAFLSLSSGRSSTPSPEQPGICCFKMPESKCQRMLVGEALAPCSQKESIVGEKSGVCERFRRHSVDGSLGKQ
DFSLPESSHYHPYRRQYSEGSIPEVEPFSCVTTAEGVEEQSPWTPLCTNRETSSFMGSQQPYDELETESEEASGYTTFN
HOTYNSPLQQOQLFSSRGINNVSHYFNQSLSSQTSPDSSAQTLYPKPVYSYSILIFLALRNSKTGSLPVSEIYSFMTEHF
PYFKTAPDGWKNSVRHNLSLNKCFEKIENKNGSSSRKGCLWALNPAKVEKMQEELHKWRRKDPLTVRRSMARPEELERL
LGERPEKVKSFGAHFSLSSSHNHSQSSRIGLHPIYGQQSVQDTSVQHQKPLFNCLPSQONVLQPPPYSDPSAFSYYSPIS
QLPCTGHPSSPGPACLDSPLPAHTPPNYSSTLQAGHGTAGSIQLLMEGEISNDIDALNPSLTDLQLNGNLWEALRNDSL
TPDSLVVLEMPPAPPPQLGLGVYSLSAGEMETDDGVQGSMSEMYLTGPRTHMFSNVDNLASLLSSSGNTPIPLL

>foxn4
MIESGITSRMSGIQENPGQTQHGSALDYRLLTTDPSQLKDDLPGDLQSLSWLTSVDVPRLOQOMRAGQSDFSSSAQTSLM
ERQTGPMNNMAAVAGAASSLHLQSEMQHSPLAISSMPQFSPGFPCAASMFQTTPQOVLTFTQTNQQCSQSGLYGNYTSP
NLFPQPRLTAHNQELQPKTFPKPIYSYSCLIAMALKNSKSGSLPVSEIYSFMKEHFPYFKTAPDGWKNSVRHNLSLNKC
FEKVENKMSGSSRKGCLWALNPAKIDKMEEEMQKWKRKDLPAIRRSMANPDELDKLITDRPESCRQKAADVVDISRLSS
CPAPQMQPVVTLSLQCLPMHQHLOMOIQSQSRPAPVSPAAAQTPPLHSALHHPAKQHGPDFYAMHSEAHSEVDALDPSI
MDFSWQGNLWEDMKDDSFNLEALGTLSNSPLRLSDCDLDTGSAASVPGAYPDLYSSYAAVEALTHPYISTQGGTKPIIL
L

>tlxl1
MDLMGAHLHQONHADTISFGIDQILSNAEQGSCMISNPRMODLDYGLGCIVSTAYNTMTGNYNVNNSTGYNGNSCNVATL
GGSYNMNVGTNVNGNCLNSSGVIRVPAHRPLSNVHSSIPTNSATVPGMGSMGTINNLTGLTFPWMESNRRYTKDRFTVA
LSPFTVTRRIGHPYQNRTPPKKKKPRTSFTRLOQICELEKRFHRQKYLASAERAALAKALKMTDAQVKTWFQNRRTKWRR
QTAEEREAERQQANRILMQLOQEAFQKSMNQPVTPDPICLHNSSLFALONLQPWTENTAKISSVPNTD
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Supplementary Fig. 1. Diversity and usage of Va/d elements. (A) Phylogenetic tree of variable
gene elements at the nucleotide level of zebrafish (37) and minifish. V genes of zebrafish and
minifish cluster together, indicating that — when compared to zebrafish — all V families are
affected by gene loss in minifish. (B) Usage of individual Va/d elements in fcra and tcrd
assemblies. The color code represents the categorization indicated by the key.
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Supplementary Fig. 2. Structural characteristics of igm assemblies. (A) Examples of partial
nucleotide sequences of CDR3 regions with individual elements indicated by font color; the
sequences of the genomic precursors of the assemblies are shown at the top, with heptamer
sequences of their corresponding recombination signal sequences are underlined. N nucleotides
are highlighted with yellow shading, P-nucleotides in blue shading. (B) Length (L, in nucleotide)
distribution of CDR3 regions; clonotypes (top panel) and adjusted for frequency (bottom panel).
The CDR3 region is operationally defined as the sequences occurring between and including the
characteristic C-terminal cysteine of V elements and the characteristic tryptophan residue in J
region sequences. (C) Clonal distributions of clonotypes from a single individual (fish #5)
represented in quintiles. Note that the skewed representation of clonotypes in the repertoire may
be influenced by the presence of plasma cells, which are known to produce large quantities of
mRNA.



tcra tcrb

V: MF_Vas.5$Va561593 V: MF.Vb_782821

TGCGCTCTGAGGCCCACAGTG TGTGCTGCTTATTACCACGCCG

J: MF.J.a.ll Db

TAGTGTGTGACTACTACTGGATTCAATAAGATTATATTT CAGTGTGGGGACAGGGGGCCACGGTG
J: MF.J.b.793306

TGCGCTCTGAGGCCCACAGTG CAGTGTGAATAACTACAACCCTGCTTATTTT

TGCGCTCTGAGGCC gge GACTACTACTGGATTCAATAAGATTATATTT

TGCGCTCTG cagcc GACTACTACTGGATTCAATAAGATTATATTT
TGCGCTCTGAGGC CTACTACTGGATTCAATAAGATTATATTT TGTGCTGCTTATTACCACGCCG CAGTGTGAATAACTACAACCCTGCTTATTTT
TGCGCTC TGACTACTACTGGATTCAATAAGATTATATTT
TGCGCTCTGAGGC CTGGATTCAATAAGATTATATTT TGTGCTGCT GGACAGGGGGC TAACTACAACCCTGCTTATTTT
TGCGCTCTGAG GACTACTACTGGATTCAATAAGATTATATTT TGTGCTGCTTAT g GGGGGC ACTACAACCCTGCTTATTTT
TGCGCTCTGAGGCC GACTACTACTGGATTCAATAAGATTATATTT TGTGCTGCTT g ACAGGG tac CTACAACCCTGCTTATTTT
TGTGCTGCT aa GACAGGGG ACTACAACCCTGCTTATTTT
TAGTGTGTGACTACTACTGGATTCAATAAGATTATATTT TGTGCTGCTTATTA a GACAGGGGGC tg ACTACAACCCTGCTTATTTT
TGTGCTGCTTAT g AGGGGGC gag CTACAACCCTGCTTATTTT
TGTGCTGCTTA GACAGGG AACTACAACCCTGCTTATTTT
TGTGCTGCTTATTAC GGGGGC  tg CAACCCTGCTTATTTT
terg TGTGCTGCTTAT GACAGGG ACTACAACCCTGCTTATTTT
TGTGCTGCTTATTAC t GGACAGGG TACAACCCTGCTTATTTT
V: MF.Vg_1201219 TGTGCTGCTTA GGACAGGG ACTACAACCCTGCTTATTTT
TGCGCGATGTGGAGCGGAGACACACATTGT TGTGCTGCTTATTAC GGGACAGGGGGC g ACTACAACCCTGCTTATTTT
J: MF.J.g.1 TGTGCTGCTTATAAC a GGGA gtcg AACCCTGCTTATTTT
GACTGTGGTAGACAAGAAAGTCTTC TGTGCTGCTTATTAC gtc AGGGGGC ctt ACTACAACCCTGCTTATTTT

TGCGCGATGTGGAGCGGAGACACACATTG
CAGTGTGGGGACAGGGGGCCACGGTG

TGCGCGATGTGGAGCGG AGACAAGAAAGTCTTC
TGCGCGATGTGGAGCGGAGAC GTAGACAAGAAAGTCTTC
TGCGCGATGTGGAGCGGAGAC gg GAAAGTCTTC
TGCGCGATGTGGAGCGGAGA ttac GTAGACAAGAAAGTCTTC
TGCGCGATGTGGAGCGGAG tetac GTAGACAAGAAAGTCTTC
TGCGCGATGTGGAGCGGAGACA g GAAAGTCTTC
TGCGCGATGTGGAGCGGAGACA tgag GAAAGTCTTC
TGCGCGATGTGGAGCGGA GTAGACAAGAAAGTCTTC
TGCGCGATGTGGAGCGGAGACA t GAAAGTCTTC
TGCGCGATGTGGAGCGGAGACA TAGACAAGAAAGTCTTC
TGCGCGATGTGGAGCGGAGAC GAAAGTCTTC
TGCGCGATGTGGAGCGG ggt CAAGAAAGTCTTC

TGCGCGATGTGGAGCGGAGAC tg GAAAGTCTTC
TGCGCGATGTGGAGCGGAGAC g AGAAAGTCTTC
TGCGCGATGTGGAGCGGAGACA tagg CAAGAAAGTCTTC
TGCGCGATGTGGAGCGGAGAC gg AGACAAGAAAGTCTTC
TGCGCGATGTGGAGCGGAGAC GTAGACAAGAAACTCTTC

GACTGTGGTAGACAAGAAAGTCTTC
terd

V:MF_Vas.5$Va555641
TGCGCTCTAAGTTTTGCAGCACAGTG
Dd1
CGTTGTGGATTGGGGTACCACAGTG
Dd2
TCGTGTGGATACGTTATTACCACAGTG
J: MF.J.d.1l
TGAAGTGGAGTCACCCCTAATCTTC

TGCGCTCTAAGTTTTGCAGCACAGTG
CGTTGTGGATTGGGGTACCACAGTG

TGCGCTCTAAGTTTT
TGCGCTCTAAGTTTTGC

ccgatacttggg TGGGGTAC ACGTTATTAC a AGTCACCCCTAATCTTC
ttgggte GATTGGGG a GAGTCACCCCTAATCTTC

TCGTGTGGATACGTTATTACCACAGTG
GTCATGTGACTGAATGAAGTGGAGTCACCCCTAATCTTC

Supplementary Fig. 3. Structural characteristics of zcr assemblies. Examples of partial
nucleotide sequences of CDR3 regions of the four types of zcr assemblies with individual
elements indicated by font color; the sequences of the genomic precursors of the assemblies are
shown at the top, with heptamer sequences of their corresponding recombination signal sequences
are underlined. N nucleotides are highlighted with yellow shading, P-nucleotides in blue shading.
Note that most zcra assemblies do not show evidence of N-region addition; as is the case for zcrg,
the limited combinatorial diversity of the tcrd chain is greatly expanded by N region-mediated
diversification of the CDR3 regions; this is particularly true for assemblies with two Dd elements
and the corresponding three N regions.
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Supplementary Fig. 4. Size distribution of CDR3 regions of 7cr assemblies. Length (L, in
nucleotide) distribution of CDR3 regions of the four types of fcr assemblies; clonotypes (top
panels) and adjusted for frequency (bottom panels). Note that the weighted distributions of tcrg

and, in particular, of tcrd are severely skewed. In fcr assemblies, the CDR3 region is

operationally defined as the sequences occurring between and including the characteristic C-

terminal cysteine of V elements and the characteristic phenylalanine residue in J region

sequences.




tcra assemblies

Va632171 =
Va622124 -
Va621304 -
Va604248 -
Va603305 -
Va589329 -
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Supplementary Fig. 5. Usage of variable gene elements in 7cra and tcrb assemblies. (A, B)
Heatmaps illustrating the usage of different variable and joining elements (rows) for tcra (A) and
terb (B) assemblies compared across the four individual fish (columns). The scale represents the
fraction of UMI counts. (C) Mutual information (MI) and joint information (JI) for V-J
combinations is given in bits.
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Gene Transcripts Genomic loci Ci t:
male female | male female

mhecl_z 1 1 1 1 identical sequences

mhcl u-like 7 3 7 6 3-4 genes arranged in tandem; one mhc2 b-mhc2 a-mhcl _ul array

mhc2_a 6 5 6 5 three (mhc2 b-mhc2 a) tandem arrays; one mhc2 b-mhc2 a-mhcl ul array

mhc2 b 5 5 4 4 three (mhc2 b-mhc2 a) tandem arrays; one mhc2 b-mhc2 a-mhcl ul array
B
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Supplementary Fig. 6. Characterisation of mhc genes. (A) Number of different mhc sequences
identified in transcriptomes and genome assemblies in four independent individuals. The numbers
of all mhcl-like genes other than mhclz are shown. (B) Examples of partial mhc sequences
demonstrating that the four individuals examined with respect to antigen receptor assemblies in
this study are genetically dissimilar. The residues predicted to contact antigenic peptides are
indicated by "P" (76).
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Supplementary Fig. 7. Stability of igh antigen receptor networks. The degree of
network connectivity is a measure of network structure; the cumulative frequency
distributions are shifted to the left, if removal of nodes reduces network connectivity. In
this analysis, two thirds of public CDR3 clonotypes and the same number of non-public
sequences were randomly removed (indicated above each panel) from the collection of
nodes (40 iterations) of four fish. Removal of public sequences has a more drastic effect
than removal of non-public sequences; the differences are statistically significant (Mann-
Whitney U test) (fish 2, P=8.8 x 10™'; fish 3, P=1.3 x 10™'*; fish 4, P=1.9 x 10™'°; fish 5,
P=1.1x 10™).
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Supplementary Fig. 8. k-mer plot of the male minifish genome. This plot shows the
distribution of k-mer copy number (KCN) at k=17. For better visualization, only KCN values
between 3 and 100 are shown.



Male minifish genome

Female minifish genome

Assembly statistics

Number of scaffolds 2,827 2,969

Assembly size (Mb) 402.75 403.68

N50 scaffold length (Mb) 7.35 11.03
L50 scaffold count 13 13

Longest scaffold (Mb) 27.48 2791

No. of contigs 25,040 25,951

N50 contig (Kb) 42.83 36.31

BUSCO analysis

Complete and single copy genes

(number; %)

4,058 (88.53)

4,056 (88.52)

Complete and duplicated genes

(number; %)

155 (3.38)

154 (3.36)

Fragmented genes

122 (2.66)

117 (2.55)

Total BUSCOs present

4,335 (94.57)

4,333 (94.52)

Missing BUSCOs

249 (5.43)

251 (5.48)

Supplementary Table 1. Characteristics of minifish genome assemblies.




Male Female
No. of Length No. of elements Length
Repeat type %

elements (Mb) (Mb) %
SINEs 53,092 7.5 1.87 53,267 5.7 1.41
LINEs 89,400 14.4 3.6 89,181 14.5 3.59
LTR elements 60,245 10.6 2.65 59,643 10.8 2.69
Transposable

294,767 49.1 12.2
elements 293,167 49.6 12.28
Unclassified 16,941 2.5 0.63 33,137 45.1 1.12
Simple repeats 351,077 20.8 5.17 351,950 21.1 5.23
Satellites 4,319 0.5 0.13 4,298 0.6 0.14
Small RNA 131 0.02 0 128 0.01 0
Low complexity 33,026 2.6 0.64 32,894 2.6 0.65

Total 918,590 108.2 26.86 917,665 109.4 27.11

Supplementary Table 2. Repeat content in genome assemblies.




Read statistics

tera

Total reads

Reads UMI present

Reads Constant region

Reads mapped to V at least 3x
cDNA molecules

terb

Total reads

Reads UMI present

Reads Constant region

Reads mapped to V at least 3x
cDNA molecules

terg

Total reads

Reads UMI present

Reads Constant region

Reads mapped to V at least 3x
cDNA molecules

terd

Total reads

Reads UMI present

Reads Constant region

Reads mapped to V at least 3x
cDNA molecules

igh

Total reads

Reads UMI present

Reads Constant region

Reads mapped to V at least 3x
cDNA molecules

Supplementary Table 3. RNA_seq read statistics. Total reads, total reads generated in the
indicated experiment; Reads UMI present, number of reads containing UMI sequence; Reads

fish2expl fish3exp1l fishdexpl fishSexpl fish2exp2 fish3exp2 fishdexp2 fishS5exp2 fish2exp3 fish3exp3 fishdexp3 fish5exp3

67444
51510
50795
27558

793

45862
36278
36064
11732

285

26362
19517
19417
10474

115

48492
39801
37492
20347

125

48228
39665
39076
33329

1660

45998
35481
35056
18637

430

59647
46104
45548
18385

348

38114
30295
29788
14116

69

37062
28924
28348
12966

107

120613
96820
95159
77359

1283

110872
88335
87120
34416

1003

66302
53486
52831
19164

476

42875
33340
33118
16635

132

50553
40691
39465
16729

188

62359
52005
51141
36982

126

64599
50829
50132
26381

2433

66808
53856
53293
27120

1232

56527
46105
45893
9991
217

39849
31451
30604
13439

236

84393
68480
67375
55936

3564

43139
31392
30898
17780

1556

34137
24768
24474
10143

573

45254
34496
34261
19308

245

44837
36527
35337
18214

259

89816
72613
71496
54711

3469

41410
31425
31002
15380

866

58037
46328
45973
13294

607

77927
63413
62926
22554

112

56826
43727
42371
17765

180

277839
225784
221507
153124

2642

32617
20894
20643
6589
1169

45027
35367
34997
15307

834

54430
43923
43584
20351

278

41566
33048
32012
13125

331

129357
106255
103800
76476
264

71412
52010
51346
19152

3302

255543
205133
203329
107101

2421

66070
54681
54394
13356

374

60425
48409
46671
19681

397

213585
174604
171856
108873

6638

132877
105522
34282
18947
358

132877
105522
23122
8408
133

132877
105522
5017
2400
54

132877
105522
4890
2400
51

132877
105522
36630
29057
761

181153
142956
40841
24418
246

181153
142956
41741
18241
180

181153
142956
5574
2326
33

181153
142956
9380
2326
24

181153
142956
43199
31984
561

196474
158130
67981
26832
640

196474
158130
46863
19267
328

196474
158130
9032
3871
84

196474
158130
22226
3871
98

196474
158130
9707
7437
466

306217
242267
75494
36023
1149

306217
242267
57075
31309
615

306217
242267
25718
6272
112

306217
242267
23863
6272
77

306217
242267
56149
36130
1785

Constant region, reads containing constant region sequence; Reads mapped to V at least 3x, only
reads mapping to a V element at least three times were kept for further analysis; cDNA, number
of distinct cDNA molecules.



Publicity tcra terb terg terd igm

1 3,418 4,457 390 1,036 8,343
2 766 335 94 45 815
3 257 43 36 8 216
4 75 5 5 3 49

Supplementary Table 4. Publicity of zcr and igm assemblies. Unique clonotypes for each of

the indicated gene assemblies are tabulated as follows: unique to any of the four individuals
(publicity 1), or, shared by at least two (publicity 2), at least three (publicity 3), or all four
individuals (publicity 4). Note that the total numbers of tcra and tcrb (17), and igm (18,19),
clonotypes are much higher than previously reported for zebrafish, illustrating the sampling
problem associated with the repertoire analysis of fish larger than minifish.




Network characteristics

gene fish edges nodes mean max max mean fraction max mean mean mean
degree degree csize csize largest comp diam betweenness authority  coreness

tcra Fish 2 1139 736 3.095108696 12 34 5.18309859 0.0462 6 11.55434783 0.01443506 2.34375
tcrb Fish 2 146 489 0.597137014 7 19 1.32162162 0.0389 8 1.222903885 0.01574039 0.47239264
tcrg Fish 2 82 70 2.342857143 8 15 3.68421053 0.2143 4 3.171428571 0.11487548 1.85714286
terd Fish 2 10 77 0.25974026 4 8 1.13235294 0.1039 5 0.493506494 0.05397825 0.18181818
igh Fish 2 4696 2167 4.334102446 36 1516 4.11195446 0.7 18 2632.077065 0.02993988 2.63867097
tcra Fish 3 894 595 3.005042017 10 27 5.72115385 0.0454 8 7.675630252 0.0204043 2.25042017
tcrb Fish 3 304 660 0.921212121 9 55 1.49659864 0.0833 10 9.203030303 0.01467566 0.71515152
tcrg Fish 3 113 70 3.228571429 12 28 4.375 0.4 6 11.11428571 0.13144945 2.37142857
terd Fish 3 12 121 0.198347107 4 6 1.1 0.0496 3 0.107438017 0.03140171 0.15702479
igh Fish 3 3116 1496 4.165775401 34 1040 4.15555556 0.6952 19 1723.101604 0.03578665 2.57620321
tcra Fish 4 1174 742 3.164420485 10 31 5.37681159 0.0418 5 9.284366577 0.01749035 2.39892183
tcrb Fish 4 490 775 1.264516129 11 84 1.77752294 0.1084 17 27.24645161 0.01934753 0.93677419
tcrg Fish 4 344 160 4.3 19 53 9.41176471 0.3313 8 24.93125 0.08506423 3.18125
terd Fish 4 22 276  0.15942029 4 5 1.078125 0.0181 2 0.065217391 0.01290418 0.13043478
igh Fish 4 483 510 1.894117647 18 221 2.125 0.4333 16 221.1647059 0.03853532 1.2254902
tcra Fish 5 2810 1312 4.283536585 12 92 10.9333333 0.0701 13 34.51676829 0.01127461 3.12271341
tcrb Fish5 2145 1846 2.323943662 23 367 2.6 0.1988 27 506.9539545 0.01467063 1.57096425
tcrg Fish 5 471 233 4.042918455 20 62 10.5909091 0.2661 8 26.90128755 0.06053116 3
terd Fish 5 47 326 0.288343558 6 10 1.12802768 0.0307 4 0.288343558 0.01473556 0.23312883
igh Fish 5 7948 3440 4.620930233 44 2450 4.28393524 0.7122 17 4522.739244 0.02341413 2.78662791

Supplementary Table S5. Network characteristics. mean degree, mean degree of connectivity of a node;
max degree, maximum degree of connectivity of a node; max csize; maximum size of cluster; mean csize;
mean size of cluster; fraction of largest component; fraction of nodes in largest cluster; max diam;
maximum diameter of any cluster. The network parameters were determined as described in (53).
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