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TS RE Z (B 5 A5 o3 AL AN i 2, AR Ik B Fh sl
oAk, BT 1B IR KA S AL, JRAEA AL
Wy Fp BT SIT  AIF 5E R T Ak 3 DR A ) )
(RAD-seq) ¥ AR 43 Hr JJ 5% Fil 5% 2 [7] (15 56 &R,
R Z (8] 845 43 AR AR, Ik B 5 2 ] 5%
g —Fp A R S AN, iR — B 5 T I R A
WAL Z R IR SY, 38 i 2R AR $5 il IX (D-loop)
S3ATTAS [V W0 0 6555 A A 1) 35t A% 2 R PR KO R s %
SERNEAE, RIS [0 ) 65 A ) A I e Y
MBI 22 b A PSR R TR 4
fIE . ZRARLARIE R DL BA% FE R 45 o Fhnic, AT o
FERAR, RS DGR (5 BAZIRE A BIRA
HAT, 670022 3L A R A HGE, XH2 T
Xof G 7 P g A st A% BIL T A AT o

B+ AR AW & J'2, DA Pacific Biosciences (fA]
PR PacBio) 2 F T A& 1Y = B2 < 1324 (HiF D) ¥ il
Oxford Nanopore Technologies 2 & (& #& ONT)FF
&K Nanopore ZAKFLINF R A0 K2 =400+
HAR, BB KK, WEMES . &iEE. S
FEHCEE Z ML, RE A5 i BT 5E PR A 1 52 2 X I,
45 TG 0] B 5 R () #4) 2 i A T BE . ONT ultra-long
WP PR R R G, e b 8 5 PR 2 42 2% DX
BRSO IR gap, $& T3 A1) 58 B
FIESEME . PacBio HiFi My 3 H A K 352 K A =
K5 BE, 1A E G ] B PR 2 (R BAR T H . AR AT
X 56 F) ] PacBio HiFi.Nanopore ¥ L4 & Hi-C
Ty B0 2 R R A A 5 T ) B R 2, AR TS
= U Y gap-free FERAFS, JeaitF IR 28 &
F|FH PacBio HiFi. ONT ultra-long F1 Hi-C %5 £
FEH M P B AR K Z A2l e TR ms, P 3R1% 7 5%
LVESE . TCIRIBR (gap-free) 1% g i JL PR 2R 1T
TELCSERE b, 0T 5% 0 ] % 56 R 2 R A7 IR PR H
XPor AT, S HE R A R] IR Ze vk X He . AR GT 45
P S E R SN YW S s Ty
SRR BIERI TR, I oM I 2L T R W 5% 3 1 b
A AL B AL SR

1 HRSHE

1.1 BARERLEFRIEIE
2021 4F 9 H 17 HAEH EVLIRE 9570 Kk

$5§(120°17'4.44298"E, 31°19'27.28645"N)RE T 1
JRE I WA 5% A B A T A S AL I . 1 el
B B R A B T UK b, AT AR
Lk ek REFERWEYFN R, RIUETER
A B BE A Sy SR A R AR (Al K S SRR
R T 1) (K 1) b5 G BT T FEE T 2 g
WLRZHZIHEA 2 mL HAFE D, SERE PR AR
WA R, IR T-80 CHBRIEKAE b, HZEMH
1T DNA $EHC, B it AR S 2 ot i 5 2 O
B 88 Sr A4S Ca i 475 264081, JF¥F Sr: Ca
EFRUELL Sr/Cax1000, 3K fz i HiA 1% 4R AE &
55 b U gk R I R T R 4R 1 I 5 RE R B
Sr/Cax1000 HLAEIAAEF/NTF 3 BRIKF, RNy
RIKIE DT ) AEBERRAE, DRUEAHESR H T2 3L H 4
DT B REAS SR iR K S BN (] 1)

£ /55 HAB St/Cax 1000

byl
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Fig. 1 Morphological characteristics of sampled

Coilia nasus taihuensis (a), and Sr/Ca ratio of its
otolith from core to the edge (b)

1.2 XEMHEMERANF

St ik DNeasy Blood & tissue Kit (Qiagen)
R S T RN 41 DNA B98EHL, FFFIH Qubit %€
e B AR 1% Bh i W B FEE P DK A DNA A it 1)
WeRE RN e Be v o XF Buke G A% 1) DNA A A H
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Covaris E220 #75 %& 1 #% (Covaris, Brighton, UK)
HEAT Fr BUARAR 3R, 2E$E 300~400 bp Z2 47 DNA
FBAEREEGTE 3L A B, AT
Hek, BfJE X R B T AR Ay B . MM AL BERTR
142 il (rolling circle amplification, RCA), kil
DNA 44>k BRk(DNA nano ball, DNB), *fF#44%
(1) 1321 (short-read) SCJE 7£ DNBSEQ -5 [ i#f47
R, JEORUEREAE i A Sk B BOK
HiFi SCUEM RS AT REAEM, A
HI Megaruptor FEAILHT Wr 4= 5L K 40 DNA, i ik
JE9 13~16 kb 1) DNA Jr B, JFAE R B o i 42
IR P BE PacBi 4%k (adaptor), B B <ME2A T
SMRT bell L%, 7 =ARIF - 55 Pacbio Sequel I
(Pacific Biosciences, USA)_ I i, 1 SMRT ¥ H5 AR
DLIRAR LA 781 (CCS)BE A T B 43 F 56T .
Hi-C SO AT 24 DNA, B0 4 i 7
AT WSS R [ e, AR5 o0 i RR ) P VT g B )
Kt . DNA %4 L . DNA 2ifk & H i
DNA Jy Bedfi gk E it #2, & PCR P15 7E
DNBSEQ ¥4 EilJF¥. X F ONT ultra-long 3%
Ryt 4, {di F BluePippin/Pippin HT/Sage HLS 4=
H %2 Bl R GE i K v Be DNA, X% DNA
e E A B 2 fE4iL/5 ) DNA K
A B IE, HX) DNA 1783k %E#:, i DNA K
Beal A A g R 0 0 R S Sk R A B
Qubit AL (Invitrogen, & [E)) %] 3 P 4H S8 4T
K i, e W BT mISOR . PR SE R,

TEAE R IEL A BT H 0> Nanopore PromethION -5
(Oxford Nanopore Technologies) [l ¥,
1.3 EEAKXNIZEEETMH

FT AR EE, RA K-mer 4307 ik
VEAG B B K 20 /N R 25 B2 i SE ] Tellyfish
(v2.2.6) 5 45 i1 K-mer $B(K=21), H-F]H
GenomeScope I PEAT IR AR/ . oG8, =H
ST L 0 3 45 i R L AR 021
14 HEEAEAE

FE A 2w R B e F ] Pacbio HiFi I
s S8 R R A w2 g, 458 Hi-C P4
ARIRAFIE R AE YL AR LB AEXT 07 &, 58 3k R 41
Pt R %e, 45 A Nanopore [ K K
B AT I AN, 5283818 Gap-free HY3E A
ZH (&l 2). i CCS v4.0.0 #1 SMRTLink v8.0.0 %
X} PacBio Sequel 11 CCS ¥ T #ILH bk B P it
Ty Ab 3, S8 “--minPasses 3--min Predicted
Accuracy 0.99--minLength 5007, F|fH Hifiasm
(vO.15. DI ERIAS BT 01 P A 4%, Bl fif
Purge Haplotigs F2/7 LBRITARITH, K15 contigs
IR PR B ] % Hi-C 5 M7 21 A9 S 4G %
P& (raw data)#f7 S, HEIE B ED clean
data®*?*!. | Juicer v1.5 #4538 7 BWA ¥ clean
data FEXF B RGIE R4 |, BEAT HEXH oA Y, 7
AR LS55, fd ] 3D DNA v180922 {4 4144
U1 contigs HEATRAE . HEFFFIE ], BRI A
BEAEY R I 52 Hi-C H ARG Bh L R 4l Ye (4

v v v v v
- ) ONTH#KIC#E || Short-read S Ligsichl)sg
{ HiFi 20 kbl ( Hi-C3C J ‘ 1000 kb }[ 300 bp [transcriptome sequencing}
v v
[ HiFijll ¢ ] [ Hi-ClljF ] [ Nanoporeifll Ff ] [DNBSEQW? ]
i) v * gap
e & gapetaik TogapHefafi
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Fig. 2 Genome assembly flow chart of Coilia hasus taihuensis
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RKTPA%E, AU MR Scaffolds™ >, Xt
FREH A AR/ D gap X3k, i LR _gapcloser
F1 TGS_gapcloser £l %% {418 i Nanopore I ¥ 3k
R EY )T 51 ) Necat A1 25 Rk 78, 15 218
gap-free B 41728 B, T4 WAL B 1%
actinopterygii_odb10, #JH BUSCO (Benchmarking
Universal Single-Copy Orthologs) v5.2.2 X 3R 24
SERCE AT IPAG
15 EREAETRE

74, F AR 51 X (homolog) Fl A\ Sk Tii
I (de novo) W b 5 ik Xof il 5% 5 PR 4 44 5 5 )7 1)
iR, {# ] Tandem Repeat Finder v 4.10.0 {4 Fll
LTR-FINDER v1.0.79 #5351 4 5 HH 5 ] 4 7 371
Hh ) R B A A R R i o AR5 B R
JLF RepBase U#fE 7 1 RepeatMasker v4.0.7 #k{F
F1 RepeatProteinMasker v4.0.7 K {F43 5 %) JE R 41
Hi) DNA FIER (G G PE AT i 8 22, oy
THAGE A FE, 245G RR . Ak i
DT RNA-Seq i By 7500 = Foh #0000 7y 2 14647 56 A
SRR . %R R, AN NCBI £l
T 6 N IE S W K VE I & (Clupea harengus) |
B L ff(Danio rerio) . 4 fifE(Denticeps clupeoides)
Hi, % (Electrophor us electricus) . 1T f#(Oncorhynchus
mykiss), b T f(Sardina pilchardus)]3i (K £ 20 %%
I R R SO, GeMoMa #4473 K 45
R XA B, R SR,
HISAT2 Hf RNA-seq %dfs X 2IZEN A, SR)5
F StringTie #ATH AP, ffTH GeMoMa
ARG DL B =M AR BT A A5 R, AR R
TUAIER AP S oh, F A AL 4 25 1 7]
B st RUSE RN L 22 65 R 2H (GBI oK e ),
PGB R PR E LR . CDS . AR T RN &K

1

V- BB RRIE . B R, R ARAR B R R AT A
THRETERE, R T ReAT 2 Y Ak R AR 5 T e s
J%£ KEGG (Kyoto Encyclopedia of Genes and Genome,
http://www.genome.jp/kegg/) . Swissport (http://www.
gpmaw.com/html/swiss-prot.html) . TTEMBL (http://
www.gpmaw.com/html/swiss-prot.html)i#E47 L X, 7
BB R M Ee, 4 InterProScan
TR 1 IR 45 A SR B,
1.6 HZEMHESH

N T VPG A BE AT 2H 0 G (AR SRR, AR

P A AT 545 2 ) T 655 42 3L P 4175 41 (https:// www.

ncbi.nlm.nih.gov/datasets/genome/GCA_ 02747535
510" ] A MUMmer % 4 (http://mummer.

sourceforge.net/) " iY nucmer £ 5 X 18 5% 1 T 5% 3
PRZH HEAT HO R, 3 35 DR 20 i) g St bk IX e 81
18 1 VR T AR A Y collinearity SC4, F
MUMmer B4 T H A mummerplot X & X 21 []
LVl X Ptk 7 n] M4k .

HRESMH

21 ERANFHEST

Ry T A A v I A BT RE PR A, AR SR AR
T 599.32Gb JF IR T A i, ST IR EE R 230%
F#E 1 4> short-reads SC%E, 17€75 %] 57.22Gb clean
reads (25%), 4% 1 4> 20 kb HiFi 3%, it CCS
31 UEf5 3] 1.48M 4% HiFi reads, 345 21.16Gb HY
PacBio HiFi reads (67%). 4% 1 > ONT ultra-long
S, e E] 0.35M 4% clean reads, 15 15.33Gb
) ONT ultra-long reads (18%), #4%E 1 4~ Hi-C X
J%, 3F9E75%] 101.75Gb Hi-C reads (120%) (3 1),
2.2 Survey i REREAEK/M

X}F DNBseq il J7°F- 5 FREAY 50 1324 i

2

34 5 B X 46 ) P B iR e it

Tab.1 Sequencing datafor genome assembly of Coilia nasus taihuensis

)Y SO AR B/ Mbp i UB S5 H i B /Gb -2 BE /bp )T TR/
sequencing library insert size clean data average length sequence coverage
WGS 300400 57.22 150 25
PacBio HiFi 20000 21.16 14297 67
Hi-C 300400 101.75 150 120
ONT 15.33 61129 18
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T4 survey, TPAGEERA KN, 28 21-mer 41
Brebi £ NI R/N N 612.76 Mb, 24 &K 1.31%,
J& TR A R (K 3),

GenomeScope Profile

len: 612 758 325 bp uniq: 72% het: 1 .31%
kcov: 48.2 err: 0.228% dup: 2.11% k: 21

R
> 8et06 | observed
g _ A
= full model
8 6e+06 |- ST FFF
‘E unique sequence
£ B
) 4e+06 - errors
w | [ kmer-#{8
% kmer-peaks
—<
K 2e+06 -
5]
G
* oeroo S
0 50 100 150 200 250 300
K-mer#E K-mer depth

&3 BT K-mer 505850 A At 1) 655 35 R 20 2R/
IS AR W, TS LA K-mer 3 A i 2 TR L. W6
DCIRARR BRI, B LA LARR R BRI 2 5 T
T K-mer; ¥ O8I G5RMAREEAAEEE XM
K-mer 73 ; HBLLAMALRICREEZ LR K-mer; Y
TR0 1 AR TR TN 55 1 % 5 0 11 A S o

Fig. 3 K-mer distribution analysis to estimate the

genome size of Coilia nasus taihuensis
The tallest peak represents the homozygous peak, corresponding
to the depth where the K-mer distribution is the most abundant.
Blue area: observed K-mer frequencies (raw data); black fitted
curve: filtered k-mer distribution after error correction; yellow
fitted curve: K-mer profile of non-repetitive genomic regions
(unique sequence); orange-red fitted curve: low-coverage
k-mers (errors); vertical black dashed line: predicted whole-
genome coverage multiples (x-fold).

23 EFEALALRRALXRREITMH

24 PacBio HiFi. ONT ultra-long il Hi-C il
FPEE AT I A AL, ARAT T —A> 24 Rk
FR) s o e R AL (1] 4) o JER 4 contig 7K 3R 40
KK 829.28 Mb, contig N50 K 0.68 Mb, £t
Hi-C 4%, HrpHa 3| Qe R ny £ 4 827.94 Mb,
Yet R RN 99.83%., B YL (AR ] 1 KL
#lJ5, M Nanopore JUIJF13 £ ONT ultra-long
reads JH AP HiFi 412511 gap X3, 752 118% gap-free
FeRZH K /NN 834.09 Mb, contig N50 24 35.46 Mb,
FEZA 0 GC S 44%, SR SN &
HEEA (3R 2). (fiH] BUSCO X 3k [5 21 21 %% Jot
TR, R 3344 15(91.90%) 585 Il
AIFEUEIEH, HA 208 1(5.7%)FEFH Ak 5], %

A 35 [R] 2 2 20 S0 B PR 0 (6 3) o BEIR ZH 0 I
s A% 2 55 B E KA B R {5 Bt (National
Center for Biotechnology Information)Sequence
Read Archive (SRA) (¥ JE b, ¥ 3 5 K
PRINA1054695 .,
24 EREAEFE

EN AR R SRR S E R ]I REE SN
R 25 O AN S N T RE T R, RN EE
KR 382.39 Mb, (AR 45.85%, Hik
K FE VI (LTR, 11.44%) . K BULE & E 5
(LINE, 11.03%)H1%5 {75 5 &[5 1 (SINE, 0.4%)3k
R TR LB, ditbh 22.87%. AN, Xf
HR M ER T HIT 5T R IN DNA 5 3
T HEEHAM 15.76%, BALH 1.73% A8 020
HEITHN(E 4). G5E PRI | R X R 5
L B30 Al B T R T B B D A A T R, JRTERE
21730 MR A B3 H, FREFHKE | CDS
PR AP P B NN & K E 43
922130 bp. 1560 bp. 172 bp Fl 2542 bp (3% 5).
g rh 16 | st | WL 2 BT AH L, S
A A K EAERE ] . CDS. MR TR & Tk
B BRI S A E(E 5),

B LR 548 T 5 21 i L 42 5 Nr, Interpro
KEGG. Swissport, TrEMBL il KOG 2544 i 4
FrHext, Xof 3k AT DI REVERE . Hoh Nr s 1R 5L
HAAERIEHEEZ, R IEFEEW 99.66%.
Swissport $HZETT R 20501 NFEH, 5 HE 94.34%.
KEGG ¥u¥g B¢ 17625 NFEA, (5 H 90.92%.,
GO Bl et F o i 15588 AN LN, (51 71.73%.
AT SR PR R REAE R, 21666 1 HE1K1(99.71%)
B — R R (R 6) Hi 16976 S HE A
e HAEE E R e R, R R IR R R
78.35% (&1 6).

25 EEAHLLESH

I MUMmer 445 7785 R 5 35 R 20 A
TR SR AT AR A IR b, 45 R oK,
T 455 R A5 2 () EL AT B o 1) DR 4 R M LR
(96.95%), Fhus 3| 48852 gk P X He L AR )
5% 1) 5 IR 20 7 9) 20 o FR R e IR, A SRR
IR 1 1 B ERXT, x il ok 0 655 3 PR 2 i) e (o A
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Fig. 4 Genomic-wide Hi-C heatmap of Coilia nasus taihuensis (bin=500 kb)
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The color from light to dark represents the contact density from low to high, with the

diagonal line reflecting the highest-intensity intra-chromosomal interactions.

®2 WSERAARERSIT

A HHF# interaction frequency

Tab. 2 Satistics of the assembled contigs and scaffolds for Coilia nasus taihuensis genome

_ TCRIBR41%E gap-free assembl
FE K 2H 21 % 4547 genome assembly £ap i

W25 41 %€ primal contig

£ J& /bp length & number £ J& /bp length

K& number

N50 35455198 12 683430 279
N90O 29405414 22 102740 1498
KK E maximum length 43425900 8165644
gap $iE gap number 0 0 0 0
B total length 834090801 829283070
BEE total number 72 3193
GC % ##/% GC content 44.0 44.0
%3 MSTEFEZAE BUSCO ¥4
Tab.3 BUSCO scores of the assembled Coilia nasus taihuensis genome
A type & count He451/% percentage
5E# ) BUSCOs (C) complete BUSCOs (C) 3344 91.9
SERKL Y P Il BUSCOs (S) complete and single-copy BUSCOs (S) 3276 90
SE3% 1Y 8 & J7 51 BUSCOs (D) complete and duplicated BUSCOs (D) 68 1.9
fi8 i* BUSCOs (F) fragmented BUSCOs (F) 88 2.4
A X} F#) BUSCOs (M) missing BUSCOs (M) 208 5.7
JH9 BUSCO total BUSCO 3640 100
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Tab. 4 Information on repetitive sequence of Coilia nasus taihuensis genome

I type J3 51K & /bp sequence length 43 /% percentage
St S % JAEF- retrotransposon LTR/Copia 1836103 0.22
LTR/Gypsy 31820184 3.82
LTR/Other 61757601 7.40
SINE 3306257 0.40
LINE 91992097 11.03
DNA % Ji-F DNA transposon EnSpm 131421912 15.76
Harbinger 7571243 0.90
hAT 47469205 5.69
Helitron 25540061 3.06
Mariner 2150949 0.26
MuDR 1488226 0.18
P 1934830 0.23
other 157778939 18.92
HAlh other 31822582 3.82
A unknown 14464702 1.73

*5 HHEREMIRER
Tab.5 General statistics of predicted protein-coding genesin Coilia nasus taihuensis genome

SR SRR FE -2y CDS V¥ BRSNS TEY S AE TR
annotation %ﬁ nJl_xmber of K /op KRB /bp St KB /bp KB /bp
method species gene average gene average CDS average exon average exon average intron
length length per gene length length
3] bl
iﬁj\/ﬁgﬂ 51617 8555 1150 6 204 1596
] 5 F5 Vg
IRIRE kP 24957 22870 1716 10 181 2488
homolog Clupea harengus
ﬁ@#. . 20461 25268 1780 10 173 2533
Denticeps clupeoides
ﬁf%@ . 21311 23686 1745 10 183 2571
Danio rerio
i
b . 19583 25302 1762 10 172 2542
Electrophorus electricus
i
e . 22229 25123 1755 10 174 2576
Oncorhynchus mykiss
AN
o T.@ . 27664 14707 1185 5 217 3033
Sardina pilchardus
ol S35 90
'F[‘;/K%)‘,U‘U 29918 22030 3224 10 320 2074
transcript
2T total 21730 22130 1560 9 172 2542

R, y oA 65 R AL i e AR RS, e o fR 1)
HEERYCH Chrl 3] Chr24 (K 7), #5EFH0 R
2 SR N TI6% S AR SE R AL B s A M Sk 31 MIBTEEAARRE

P, JIEBH 9 3 3 R 4 AR R v R — 3 KR F 1K (long-read sequencing, LRS)

3 itig
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~——  WiB¥ Coilia nasus taihuensis | ——— WA Coilia nasus taihuensis
6 8 R Coilia mystus R Coilia mystus
%, ~S . L #8% Coilia grayii %‘ 0.004 - -+ 2485% Coilia grayii
&, =~ & 0002 |
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~———  Wi8% Coilia nasus taihuensis — ——— W% Coilia nasus taihuensis
2 0.0004 R Coilia mystus 2 0.00100 | N R Coilia mystus
é L 4485% Coilia grayii g ' L 28% Coilia grayii
Q
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= =
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0.0001 0.00025 F/
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2
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Gap-free genome assembly of freshwater resident Coilia nasus
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Abstract: As one of the ecotypes of anadromous Coilia nasus, the freshwater resident Coilia nasus taihuensis is
unable to conduct anadromous behavior due to the existence of physical barriers. C. nasus taihuensis can grow and
reproduce independently in freshwater habitats such as Lake Taihu. Genetic differences in the genome have been
demonstrated between anadromous C. nasus and non-anadromous C. nasus taihuensis due to geographical
isolation and the significant difference in living environment. The genetic mechanisms related to environmental
adaptation of C. nasus taihuensis were hindered by the lack of reference genomes. To conduct comprehensive and
systematic analysis of the genomic characteristics of C. nasus taihuensis, a freshwater resident individual from
Lake Taihu was selected as the experimental object. The first complete, gap-free reference genome of C. nasus
taihuensis was constructed using a combination of PacBio (Pacific Biosciences) high-fidelity reads and ONT
(Oxford Nanopore Technologies) ultra-long reads and Hi-C datasets. Based on a K-mer value of 21, we estimated
the genome size as 612.76 Mb with a heterozygosity rate of 1.31%. The results of genome assembly showed a
gap-free C. nasus taihuensis genome with an assembly size of 834.09 Mb. A contig N50 of 35.45 Mb was obtained
through library construction, sequencing, assembly, chromosome mounting and gaps filling. Compared with the
genome of cultured C. nasus, our gap-free genome substantially improved contiguity and completeness, where
contig N50 increased from 1.6 Mb to 35.46 Mb. The integrity also increased from 87.1% to 91.9%, representing
the highest quality genome. By Hi-C data, the assembled sequences were anchored and oriented onto all the 24
chromosomes with a total length of 829.28 Mb, covering 99.83% of the scaffold-level genome. After gap filling
using ONT ultra-long reads, all 24 chromosomes were assembled without gaps, representing the highest assembly
quality. BUSCO analysis based on the actinopterygii odbl0 database showed that 91.9% of the expected
actinopterygii_ odbl0 genes (single-copy genes: 90%; duplicated genes: 1.9%) were identified as complete,
suggesting that the assembled C. nasus taihuensis genome is highly complete. Furthermore, a total of 382.393 Mb
of repetitive sequence, accounted for 45.85% of the genome. Using a combination of de novo prediction, protein
homology and RNA-seq annotation, a total of 21730 protein-coding genes were identified. Approximately 99.71%
(21666 genes) of the total predicted genes were assigned with at least functional annotation, showing a more
complete annotation. Furthermore, the conservation synteny between C. nasus taihuensis and C. nasus was
compared to validate the chromosome assembly, and the results showed that the genomic sequences of C. nasus
and C. nasus taihuensis were highly consistent (96.95%). Such highly conserved synteny and strict correspondence
of chromosome assignment indicated a close genetic relationship between the two ecotypes. The high-quality
gap-free assembled genome of C. nasus taihuensis can provide material for studying the freshwater adaptability of
C. nasus and accumulate basic data for further studies on the population genetics of C. nasus.
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