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Understanding of the adaptation mechanism of
Antarctic fish to extreme environment through

analysis of comparative genome evolution
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SUMMARY

I. Title

Understanding of the adaptation mechanism of Antarctic fish to
extreme environment through analysis of comparative genome

evolution

[l. Purpose and Necessity of R&D

- Revisiting on the analyzed genome resource for establishment of
molecular evolution and adaptation of Antarctic fish

- Development of genome analysis platform in Antarctic fish genomes

- Training genome analyzing technique for global of human resources

IIl. Contents and Extent of R&D

- Understanding of Antarctic fish-specific molecular evolution and

adaptation mechanisms
- Establishment of Antarctic fish genome database

- Comparative analysis of genome evolution between Antarctic and
subtropic fish

IV. R&D Results
- Completion of analysis of Antarctic fish-specific genome evolution
- Establishment of Antarctic fish genome database

- Comparative analysis of genome evolution between Antarctic and
subtropic fish

V. Application Plans of R&D Results
- Publication of high quality manuscript on top-tier journal
- Training high quality human resource for genomic analysis

- Commercialization of useful Antarctic fish-specific proteins
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Platform Features

FAH AT FFL s

o)
% long-read sequencer &
PN

3T e > [e)

1EFd FHAAE s T m Hiseqas00- | | iseq2s
— Highoutput Iltp]:lmuiu
e

A PacBio RSII Number of reads  150-180M/lane  100-150M/flane  12-15M (v2)  50-BOK/SMRT cell
20-25M (v3)
Sequencer( 1 1313 1 ) %‘ Read length 2 x 100 bp 2x150bp 2x300bp(v3) ~10-20kb
- - Yield per lane (PF up to 35 Gb to 45Gb to 15 Gb t0 0.4 Gb
L:__?:} 6’]—05’ 73_75]' ‘%‘deﬂ d:mlper ne up up up to upto
_ _ - Instrument Time ~12-14 days ~2 days ~2 days ~2 hours
shiol  Hgaa  glom,
L Pricingper Gb 559 (PE100) 553 (PE150) $108 (PE300) 5697
g% 9 o9 AR
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and Equitable Sharing of Benefits Arising from their Utilization to the
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=3} o+ Atlantic

2016)
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o A cavefish(McGaugh et al.,
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lamprey(Smith et al, 2018) ¥
rainbowtrout(Berthelot et al, 2014):
HF5E AwFs,  stickleback(Jones et
al,, 2012): o]F9] & B ¢ 4SS AT,
Xiphophorus sp.(Schartl et al., 2013): ¢
W ZAE o (Texas Universityol] &
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d=olF Aw ARe A
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SAATE FAFAANAG
o FxE A AW H IE
gl & TRk F 24 Trstene i i Tharscrptome Wiihors
W oglo] And AuE Aol
&t WA AREE o iYL B KRS

KOG, Proten Famay.

bioinformatics & AR s Rel=4
Teanacmipt Anslyan
{TE. QRF and IncENA)
L= TZaAslE ' : RN Predictian
freewares &-&3tlom, 7|8 Kk
Rt Ex A0
COS Prodcinss Paming
o
<. H-E 2] bioinformatics " Genw Finion Aridyie m
H
o

o
B
=
r
2]
ofo
QL
32

ad 5. E30]F s re-assemblyo] &=

pipeline ofA]

EYas Hust &3l dHolHE FRIYS. Genome assembly= 571
pipeline ©]4<S W sy FPFFA o (1Y 5), HFHoz 27 AFGAE
_]

3 7R E SAAF Aw AA £4 platforms B3 AR 55U S

De novo assemblyt™= FALCON-Unzip assembler (ver. 0.4, Falcon, Resource
Identification Portal identification number (RRID):SCR_016089; Chin et al.,
2016)E A3l 2, length_cutoff = 12,000, length_cutoff pr = 10,000 3}2}w]
HE o] &3S, AMA =59 assembly:s 93 Hi-C ¥4 (Belton et al,
2012)& 38t o™, HF librarye Ilumina Novaseq platform with 150 bp
paired-end strategy 7]WF A|H|A S 35t} S. Raw read= HiRise® mapping
S FY3F o (Putham et al, 2016), scaffold 1:1 wjX|+= pairwise aligner
Large-Scale Genome Alignment Tool (LASTZ) version 1.10 (Harris, 2007)=

o] &3t e. Assembly 94 %EE  Benchmarking Universal Single-Copy
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Orthologs (BUSCO) ver. 3.0 (RRID:SCR_015008)5 7]¥FS & Actinopterygii
database (actinopterygii odb9 constructed from 20 fish species consisting of
4,584 orthologs;, Simao, Waterhouse, Ioannidis, Kriventseva, & Zdobnov, 2015)

Y core gene setdl A mappingS T35

A W 8324 fiek TARES FAstr] A8 A sequencing= 35k
. o 2AEE—EAY, o, =, e, obrbr, A&, A, 1 25 «4—r, 9 5)
Z4%E RNeasy Mini Kit (Qiagen)& ©]-83t°] total RNAE FE3F3loH,
Agilent Bioanalyzer (Agilent Technologies)E ©]-&3lo] F=3+ RNAJ =4 3}
A4S FAdeA . oF 2 uge total RNA A1ZS SMRT cell v3 based on
P6-C4 chemistryS ©]83F sequencing®] AF&3+ o™  PacBio Sequel
system(Pacific Biosciences)ol 4] 433t <. Iso-sequencing®] 7% SMRT

Link (version 6.0.0)& Al&3st¥ o IHAH, 4 5+ B4 52 T899

De novo repeat library®] - repeatmodeler version 1.0.3(RRID:SCR_015027;
Bao & Eddy, 2002)¢ @74 RECON version 1.08(Price, Jones, & Pevzner,
2005)3} repeatscout version 1.0.5 (RRID:SCR_014653; Price et al., 2005)E ©]
23] #H3ESS. Tandem Repeats Finder version 4.092 ©]£3] consensus
sequences A3 wrE Y 7}7bo] classificationS ¢ =312 (Benson, 1999).
A transposable element®] }o]e} # 3= Kimura distances(Kimura, 1980)&
ol gd] EA3AS. Genome annotationS maker version 228 (maker,
RRID:SCR_005309)& o] &3l #&41st ™ (Holt & Yandell, 2011), Ab initio
gene predictionS snap(snap, RRID:SCR_002127)3} Augustus(Augustus: Gene
Prediction, RRID:SCR_008417)& ©]-&3l] #Astd 5. @id JdrE= 1259 7]
Y oF AwE(Astvanax mexicanus, Danio rerio, Gadus morhua,
Gasterosteus aculeatus, Oreochromis niloticus, Oryzias latipes, Poecilia
formosa, Takifiigu rubripes, Tetraodon nigroviridis, Dicentrarchus Ilabrax,
Astvanax mexicanus, Xiphophorus maculatus)S AHg3sGon, HEFEXHOE
gene predictions F33FA S, A A LEL2 nonredundant database(E < 10
—10)¢} blastp version 2.2.29 7|¥F UniProtKB/Swissprot database®] % 5% o
2 alignA# 2™, interproscan 55 ©]&3d}o] blast2go-based gene ontology
(GO) analysis(version 4.1.9; Gotz et al, 2008)& 33399 5. Kyoto
Encyclopedia of Genes and Genomes(KEGG) database® o] &3] fFdAE&2] 7]
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o

S d=E FI3U S, non-coding RNAs o= infernal software package
version 1.1(infernal, RRID:SCR_011809; Nawrocki, Kolbe, & Eddy, 2009)3}
rfam(rfam, RRID:SCR_007891; Gardner et al., 2010) database& ©]-&3] 4~3)3}
5. tRNASF o]59 o]z F %+ trnascan-se version 1.4(trnascan-se,

RRID:SCR_010835; Lowe & Eddy, 1997)& °]-&3l] 439+

As W 429 open reading frame(ORF), exon/intron ¥4 % isoform
genomic structure 41 Gbrowser 5= #8392 1, conserved or unique
domain, motif ¥ ©]E9] genome W W} EEx %= 4 T AFZo] 7R F
gk A H 9] bioinformatics A HS 83} 2 2¢
TE ¥4 PAUP T+ MrBayes 59 d#9 #49&

Sol4 g dS dAS5ste. 1259 Awmel HxEd AIofF HEE ol &
3te]  orthomcl(Li, Stoeckert, & Roos, 2003)¢} orthomcl pipeline with
application of the Markov Clustering Algorithm (MCL; Fischer et al., 2011)&

= gene family 7F 7

5+8-3}o] gene family

)

o] &3l orthologous gene clustersE W7 3F% 2™, maker annotation pipeline
(Holt & Yandell, 2011)& o]&3 FHFH o2 FHAE annotationd} <. Tl
2 FE= AHES Probabilistic Alignment Kit(prank; Loytynoja & Goldman,
2005)5 AME3F o™, Gblocks( -t=c -e=-gbl -b4=5 -d=y; Castresana,
2000)= o] &3l = Wl S dAS5stAS. ofF A W divergence time 4]
mega 6 software (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013)& A}
43lo]  generalised time-reversible model 7]%¥F  maximum-likelihood

tree(RRID:SCR_006086; Stamatakis, 2014) 1,000 bootstrap "HeS Fal A3/ 3t

o o
W=l

[e) =

o]%F AlE W synteny ¥ genomic structure H] 3 EA1& Ensemble % public
database == o] F Alus 2A¢ JIE A1 AA database AW E &3}
Rom, SAATL FAFHAAAG G AA A o2 pEe Ax vluEA g g

=5 Z83 A platforms ¥ Ao FggS. A EA 9 rthologous
gene clusterst 1259 AlE 4o gdxmw ofFo HHFAHSZE alignAlH o,
positively selected genes(PSGs)S d=319S. ZZ13 prankE o] &3]
alignment #2& ®A39°oH, GblocksE o]&3] AEZ A d(aligned
sequences with <50% identity and shorter than 150 bp)< #|A3F1S. dN,
dS, ZI¥8i o #EL paml package (RRID:SCR_014932)(Yang, 2007) U
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1. Hox gene cluster ¥4
o Hox FAAE= A& AFS FAst=d vl T3 FAAZ 54 EHE
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w1312 11009 7 6 4 1 ex 13 12 11009 8 7 6 4 201 ex 13 12 L1009 8 7 6 4 21
m €I —I DI — —I DI DY 90 Kb M €—D D3 —3—3—3D 81Kb A €& —I D3 —H—H—D—D 76Kb
A —— P ————————D— 26Kb A ———D—D—3 — 3 Kb A ———D——3 — 30Kb
Ba € W——H#<—D——H— — A — —HAD MKb B €EP—mH—H— — — — — —D—] 260 Kb B EP—MH—H— — — — — —D—J 220Kb
BB — S5 18Kb BB — S I5Kb By — S 17K
. — DD D — —EDI—D 104Kb ca —I DI I — DI I —— 10Kb G —3 DI —— I ID— 103K
Cb Cb Cb
D: €D D ——— I —— 55Kb D E— DD H—————————— 4IKb D €E—FI D H——H——— 62Kb
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ex 1312 11009 8 7 6 43 2 1 ex 13 12 1 1009 8 7 6 4 1 B 2on w9 8 7 6 4 1
rn €EI—I D —3333 3D Kb r €ED—I D3 —B——3—D 80Kb A €E—D D3 ——D—D—D 6Kb
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. —D DI D —— DI —D 1I6K> G —D DI —— DI —— Kb Ca —I DI DI — DD ->—— Kb
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O wewleatns 0 3 - ———— O acnleaus »>—
T rubripes = —— ———— T rubripes —_— —
T omigroviridis — —— ——= — = T migroviridis —— ——— — — s
8 fatiprex —3 ——3 —— 33— . latipes —_———— b
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2. Antifreezing protein #4]
o ol A A= o F

W, By FAACR &

= = T
[e] Ay = =] bERe
AqUA et dFZAA T & Fo AUA7F LA He 94 BE
o S o [e) ) =] -
Fredor de A4S AAA S = Aoer dHF. 54 AFP9
= () = ol 215 [e] S = =3
7 W syntenyoll A FAFSHAl $1A7E AS FQlslew(Ld 9), &S
[e) [e) [e) I~ = 3L 5 =)
A% ol HARL M 2 SR FER Qo FARAn(Y 10), U
[e) S = [e)
A ofFdAM = FHATE AAEHAY pseudogene FENZ FH AT B4
a1l el o
= ?__ o]— 93\'5'
P. formosa CTSS SV2A SF3B4 LIX Lm)i\ PABPC SFN GRHL
Xmaculatus CTSS CTSS SV2A SF3B4 LIX lm)'l\ PABPC SFN GRHL
0. laripes CTSS CTSS SV24 SF3B4 LIX [H*PI'/ PABPC  SFN GRHL
Digonfih CTSS CTSS SV2A4 SF3B4  LIX [_‘_;a_\rgjl"). PABPC 14-3-3 GRHL
G. aculeatus CTSS CTSS SV2A SF3B4 LIX AH’:::: PABPC SFN GRHL
T. rubripes CTSS CTSS SV2A SF3B4  LIX [_‘_;mjl") PABPC SFN GRHL
G.morhua ~ CTSS CTSS CTSS SV24 SF3B4 LIX IAF,PIl/ PABPC ~ SFN GRHL
D, rerio a
SV2A MIMR OTUD RBMS [AFP4a>[AFP4b> NTRK ~PAQR  SMG syngap
D, revio b
A mexicanis  gyys MIMR OTUD RBMS [AFPA> NIRK PAQR SMG syngsp
G.aculeatus  gyaA TRIM MIMR OTUD RBMS |AE§.1{>\TI‘RK PAQR  SMG syngap
0. latipes SV24 TRIM MTMR OTUD RBMS[AFPA )NTRK PAQR SMG syngip
P. formasa SV2A TRIM MIMR OTUD RBMS[AFP4 »NTRK PAQR SMG syngap
Xmaculatus  gy>a TRIM MIMR OTUD RBMS[AFP4 NTRK ~PAQR SMG syngap

3% 9. 54 AFP QALY ABolR Y YAl 2A A
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3. Transient receptor potential(TRP) £4]
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4. Olfactory receptor superfamily ¥4

o Olfactory receptor= 1A= Aw Wl v HFstA v 4
agew Zby] #7427 WEt i o] gd whgo] 2A #ejsta e
Aom defd A& SolstA L ofol234 Al oA drbA] Axolf{ o
H] 2758e] &3l olfactory F+HAF superfamily”’} %8 AL Qs (2

g 12x}). ol & o}ol 234 olfactory +AF superfamily ] 7§~ classification©]
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5. Heat shock protein(Hsp) superfamily ¥4
o Heat shock protein(Hsp)+&= =
T Wgle wuzkstA wga A 8

o ga;@, 3 J ] oq N hsp10
O = X Sl Al = % O] 3 s small
o -1 =0 1= gl .
_ ] 2 =,
St Aow Z dHd FHxA g —ft
R FAolFE EHee] 4T g
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oF Aw W HA Hsp 2
20
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golgt Av AT ofd
g oA olE 7t Lol CA NC PC GA TR XM PF OL DR
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6. Zona pellucida gene family £4]

o Zona pellucida(ZP) gene ©]F2] W Aol a3 FHA oW 53] F=9
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ok 2ol AN de A= MAUEE oldi= W§- T ZP gene
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8. Hemoglobin FZA X £
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M 6 & AF/HEnHoAM e ol sV s e
a4 F U £ a + 2 =
G, o gEs A, Brhs g e wakd deel Asshe
e = L o= | HE oF EFu, odE =,
ofo] ~u Al & F8o W
o A 2 - ofo] = Ale tist FHA JHE NCBI &
A AR R .
genome serverol| A 3H 345
z:s:l;(ﬂy]_x] 51_7H7<4 oz HL_J_ ‘l L]-:Loﬂ /q/\ 3]_%
3 ofF F=dl, olmlEEa A,
=, ol mlE = A ofo] A Ale] gt A BREHFE oF
ofo] Ayl 5 F8 PdFHolF | LA T 23 hox gene cluster, 274 %
W FART 5 A H-3lo]] F 23 sex gene family, transposable

element gene family 5 +8 FdA+S

‘ITOI‘N\ =]

A2 7HA 711»‘5 AR7F F/lE old A

& 7Y = Au7t urs R oivCA G744 X E Ensemble’} NCBI ¥
ANFES oz d=olF A = AW ERE Fraelonl A
5ol T X3k BN FAA ARZREFAAT ] a4 S 98]
BEAQA SAANES BEs9e?

1) Fish genome assemblies and/or gene models used in this study.

Common

name Species Assembly/Gene model #Genes Reference
Takifi Aparicio et al.,
Tiger puffer et FUGU 5.0 92,760 bariclo ¢t 4
rubripes 2002
Green Tetraod Jaillon et al., 2004
‘raodon
spotted ctraodon TETRAODON 80 23118
nigroviridis
puffer
. Gasterosteus Jones et al., 2012
Stickleback BROAD S1 27576
aculeatus
European Dicentrarchus . Tine et al., 2014
dicLab v1.0c 26,719
seabass labrax
Kasah t al.
Medaka Oryzias latipes HdrR 24,674 20?)5761 ara et b
Amphipri .doi. 10.5524/1 T ., 201
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Zebrafish

Cavefish

Gadus morhua

Danio rerio
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mexicanus

gadMorl
GRCz10

AstMex102

22,100
25,403

23,698

Star et al., 2011
Howe et al., 2013
McGaugh et al.,

2014

2) Summary of orthologous gene clusters analyzed in 13 teleost species.

No. of No. of No. of No. of
Species name coding expanded contracted genes

genes families* families* lost
Takifigu rubripes 22,760 3,139 (136) 2,913 (71) 3,026
Tetraodon nigroviridis 23,118 1,788 (38) 2,910 (2) 2,927
Gasterosteus aculeatus 27,576 3,899 (179) 3,337 (8) 3,480
Dicentrarchus labrax 26,719 623 (127) 1,393 (2) 1,985
Oryzias latipes 24,674 3,812 (282) 3,141 (7) 3,194
Amphiprion ocellaris 27,240 871 (86) 1,889 (20) 2,080
Oreochromis niloticus 26,763 2,676 (208) 4,695 (9) 4,876
Xiphophorus maculatus 20,454 127 (4) 2,480 (145) 2,797
Poecilia formosa 30,898 4,847 (1,070) 630 (4) 634
Gadus morhua 22,100 801 (132) 7,775 (8) 8,047
Danio rerio 25,403 760 (58) 8,123 (0) 8,359
Astyanax mexicanus 23,698 975 (11) 8,251 (3) 8,481

*Numbers in parentheses are the number of significantly changed genes.
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