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nEk2 oY oY EM OfAlOF M X|Hof| AN T2 MK F StLtO|CE SHX|T S&
o AT}, Y stE Y, O X[ 2UFE Qls oY oY WitEo| 22| EORCE
Selutat Zollete] Fa 4Rl mato| XA E4g mefsty| (st maro| MY ST
HE siSstn FMH MYS FHSIALE 9154 Mb| HlsS ZESIUD, 19742 HAMK| STAt
Mg AdstQict marol EN|OA 25134712 FHEXIES Qs n, O =0 22,74574
o RMXIE0 ChEt 7|52 &I, 4014702 FHXE0| CHSH KEGG pathwayE 2415t
QACH MURFHH QL 8F2| CHE I FQ HUFHN 2MS Sot0] &&/Z A (gene gain and
loss) 2412 &3t A, 725742 A =&t 479702 KRS HAE SHQISIHRALE
ot

R SHLEE E-HESSE WM 2 EEE REA 728 B

£t mat hemoglobin §XS0| L|Z74Q| hemoglobinlt &2 FAHYES EUCH
notol MYFTH YEE Soff 1ol &8 M3 Mzlel KA S4u 42X St
ofLjat meh FAlol a8dE =0/= FAUY 2| 0|8E & U= /UM HEE HS

Tegillarca granosa, is one of the most important fishery resources throughout Asia.
However, due to industrialization factories, marine environmental pollution, and global
warming, the marine fishery production has drop sharply. In order to understand the
genetic factors of the blood clam, which is a major fishery resource on the southern
coast of Korea, the whole genome of blood clam was studied. The assembled genome
of T granosa was 9154 Mb, and 19 chromosomes were identified. 25,134 genes were
identified, and 22,745 genes were functionally annotated. As a result of performing gene
gain and loss analysis between the blood clam genome and eight other types of shellfish,
it was confirmed that 725 gene groups were expanded, and 479 gene groups were
contracted. The homeobox gene cluster of blood clam showed a well-preserved genetic
structure within lophotrochozoan ancestor. 7. granosa genome showed high similarity
between three hemoglobin genes with Scarpharca broughtonii. The blood clam genome
will provide information for the genetic and physiological characteristics of blood clam
adaptation, evolution, and the development of aquaculture industry.

Keywords: Tegillarca granosa(119}), Gene gain-and-loss analysis(R ™At 2Haf /24 24A),
Homeobox(ZH 28tA), Phylogenetic tree(H S =), Hemoglobin(sl| 22 2 )
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NARHH Q| de-novo assembly= 2|8ll, FALCON-Unzip assem-
bler (ver. 04)& AF&SHULCHChIn et al, 2016). Als 28 BHE &
AAIZ|7] 28] FALCON-Unzip assembler= HHE|X| %2 BAM
oYL raw dataZ ARSI, 7|20 CIEE ZO=2 o Q= ¥
12|58 M8t mds FHSHAL

FALCON-UnzipS AbE23H 3, Hi-C 2l0|22{2|2 AR50 3D-
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FSCHKIm et al, 2021).
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=& scaffoldE Benchmarking Universal Single-Copy Orthologs

[o]3

8ol 19| scaffoldf| mappingdtRiCHDudchenko et al, 2017).

3MCH DNA 227|ME M1 Hi-C7|&S Ol8% 1T As9 |FHEA A+ 99

(BUSCO) (ver 302 Ar&3HAULE BUSCOOIA AFEE 2[UX| o
Ol ME &M metazoan odb9 HIO|E H|O|AE ALESRULCE
(Manni et al,, 2021).

CHS 2 2, RepeatModeler (ver. 1.0 RRID: SCR_015027)0f QU= C
E mi2iojEE AE3l0, de novo repeat BtO|EB{E|E 7&S
1, tandem repeats= E&5I0 simple repeats, satellites, 12|10
ow-complexity repeatsOfl CHSHAM =73t ATHBao and Eddy, 2002).
[HX FM2 Maker (ver 228)2 0|23, & 32I2E9|
t2 S A3 YUCHCantarel et al, 2008). & B 20
M ab initio ™At 0% Snap (Snap, RRID: SCR_002127) &
Augustus (Augustus: Gene Prediction, RRID:SCR_008417)2 At85t
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Fo| THE ME FEE AL8ORCE F HR 22E0M /T
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HIOIHE HIZCZ MYo| FHM =45 HHSIACL
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Fig. 1. De-novo assembly of T granosa genome. (A) shows the blood clam used in this study and (B) represents the Hi-C based chromatin
contact maps interaction. (C) represents the gene synteny relationship between T granosa and 19 chromosomes of S. broughtonii based
on Mummer4. (D) represents the phylogenetic tree depending on single copy orthologue sequences of 9 species in bivalves. This tree also
represents gene family gain-and-loss analysis, including the number of lost gene families (-) and gained gene families (+). The standard
of divergence time was compared with C. gigas and P fucata martensii for all 9 species of bivalves.
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Table 1. T granosa genome assembly sequencing data statistics

EBF MO

Library type Platform Num. of Reads (bp) Num. of sequences (bp) Data size (Gb) Application
Long read PacBio Sequel 11,835,915 101,402,060,221 1014 Genome assembly
Hi-C NovaSeq 152,971,304 23,098,666,904 23.09 Chromosome construction
Iso-Seq PacBio Sequel 4,802,335 13,163,234,613 13.1 Annotation

1, Blast2GO 7|8te| |HAL 2EEX[(GO) =M (ver. 4.19) (Gotz et
al, 2008)1t Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa et al. 2017) CI|O|E{ H|O|AE 0|85t WA AlAH
9l 7|5 A FEZEIE =QISHAL,
5. HMH|C| gene synteny?} STXL SHE/ZA EM
noro| AME el mZAJHo| HAK| 70| gene synteny2 ISt
7| 28l Mummer4 (Marcais et al, 2018)2 0| 238}0] FAMH ML
2 ZESIAULH 1Y mRJHo| FYHE FMA MAS ALESIO
Krzywinski et al, 2009)2 E3f g
ok OHE &7 7t REX 2E/L A (gene gain-and-loss) &
Mg 2o REM EEI LT 852 IFS2(Table 6) YE
£ 0|83}0] OrthoFinder (Emms and Kelly, 2019)2 A+23} i Ct.
OrthoFinderE &3 L2 ZtE 0|85t 959 IjF 2+ |F¢
S| ElE single-copy
2 0|83%t0] MegaX (Kumar et al, 2018)2 &
s m3

oot 9% 7to| divergence
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©
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du
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times 2915t7| 8 TimeTree (Kumar et al, 2017)2 0|23t0f
Crassostrea gigas®} Pinctada fucata martensii 2| divergence
time 7|F 22 CIE J0f| i ME O =35 RACHFig. 1D).
6. Hox ¥ hemoglobin §HX} H|wFM
959 I{F = HlOIH HIE2Z(Table 6), &
O A LIEHEE parahox@t hox EAEE 13}
I F WO hox FHXAEO ChS gene synteny= H|mSHRACEH
SH2HO| Y= FEASS xR getdE
09 T EIFOIM hox FEAE T3t A= FAM Q| 2X|o]
M= ZQISHRACE HESE TFHAM hemoglobin FHALE
7t B0l i SEl= HI0IHE A28t Mega XA bootstrap
2 285 ASEE AdSHRUACE Hemoglobin FHALE 7+
myoglobin REAHE 71l S0 2% NCBI accession number
ASEO LGSt ALt 1Y, mxo, 22|21 HFESEE0| 71K
hemoglobin | At ALOJO] TgtHoz & HZEL0f A=A
5t7| 28, hemoglobin {7 A=l of0|.ctt MEE Clustalw
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Table 2. T granosa genome assembly statistics

Assembly Falcon-Unzip Hi-C
Num. of contigs (scaffolds) 4,789 923
Total size of contigs (bp) 947,232,568 915,458,251
Longest contigs (bp) 2,933,992 58,541,600
N50 contigs length (bp) 475,315 45,661,362
Num. of scaffolds > 10M 0 19
Gap (%) 0 0.03

Ct. Hemoglobin & neuroglobin S HXAHE

Of CHS Herd 2 SIS, FHAe &Y
H a2l & & AMO|0| hemoglobin FHAIE F+MstD QU

AH 2| PIX|Of BEHME =M SR

SHEXIO| B gene syntenyS BOISH7| Qlf FAMH
E
|

2
1. B Al NBY X BIME 2

Dol Ai REZ +™H7| I3 PacBio Sequel EHEZ O
AF2310| 1014 Gbo| STA MEe
MA scaffolding2 15t NovaSeq
FE38L0) & 2309 Gbo| Hi-C 2t0|E22|E MASI AL
2, HAY ZE2 2MZ /510 PacBio Sequel EHES
0] 83}0] Iso-Seq IO|E| 13.1 GbS 44t5t ACkTable 1).

FUH Z®E long-read MEE 0|83t FALCON-Unzip
assemblerE O|86IRALE ZEE Al&2 & I7|= 947 MbR L,
N50 ZO|7} 475315 bpE ZQIE[RACL CHE2E, Hi-C super-
scaffolding® +=8510] AZH 22 9154 Mbo| 2ME A MY
AASH, N50 Z0|7t & 456 MbZE A= ChTable 2). =

o] RUMZERE T 19749 FMH M BO| =l QULt.
0[9| g2 8232 MbO|O, 90 Mb2| ME 2 Mo =
R4CHTable 3, Fig. 1B).
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Table 3. 19 chromosomes and un-assigned lengths of assembled
genome in T granosa

3M|ICH DNA E7|ME

=41 Hi-C7l&2S 018 19 A= |RUA A7 101

Table 4. The completeness of BUSCO results in genome assembly
by using metazoan odb9 dataset

No. Gene name Length (bp) Metazoan_odb9 No. %
1 Teg_00468 58,541,600 Complete BUSCOs (C) 936 95.7
2 Teg_01531 56,170,467 Complete and single-copy BUSCOs (S) 876 89.3
3 Teg_00744 55,300,394 Complete and duplicated BUSCOs (D) 63 6.4
4 Teg_00310 53,683,276 Fragmented BUSCOs (F) 10 1.0
5 Teg_01906 51,137,090 Missing BUSCOs (M) 32 33
6 Teg_02156 48,950,330 Total BUSCO groups searched 978
7 Teg_02123 47,321,304
8 Teg_02159 46,421,195
9 Teg 01487 45,661,362 'IIB'T;ItZGSbThe genome annotation statistics of T granosa using
10 Teg 02155 43,992,338 With Blast results 22,745
11 Teg_02161 43,329,271 GO annotation 9,39
12 Teg 00533 41,888,547 KEGG annotation 4,014
13 Teg 02157 41,656,170 Gene length sum (bp) 405,386,273
14 Teg_01034 41,104,375 Gene count 25134
15 Teg 00758 38,421,462 Exon length sum (bp) 53,570,540
16 Teg_01856 34,128,261 Evon count 209772
17 Teg_00039 32,747,395 CDS length sum (bp) 30,892,998
18 Teg_00722 25,956,391 DS count 189,053
19 Teg_ 01164 16,833,835
Chromosome Sum 823,245,063
Unassigned 20040788 Blast2GO Z2IE S5t0f |FA 2EZX|(GO) =4 X KEGG
Total length 915485251 242 SUSH 2D 2274572 SEATH VLD, 1 F 939

metazoan odb9 HIO|Ef MEZE &30 &QISIRALE MHYHo=
978712| BUSCO 1EO0| SHQIZ|A2H, complete BUSCOE 95.7%
2 20l A CHTable 4).

N
o]
g
Io
rA
>
1
Ao
1

noto| RHA FMZ | St D TN MYLE Repeat
ModelerE A&SHA 7= oo U= HHEQAE AEHG D, =4
=2 93ttt Ef0|‘='E1E|E AASHRICE Do R FA 2
M2 DNIUHALH Iso-Seq HIO|E{Qt ZHBO| CHAE MES AL
510f MakerS 0|23l0f & 3H9| 2R EE E3f, & 2513472
QM| CHS structural annotationO] £AME|QUCH KM 7|5
242 NCBI nr databased|| BlastXE S50 fHAE Hols1

7} GO mapping =R 2, 4014742 RHXHE KEGG pathwayOf|
mapping &l ACHTable 5).

3. Gene synteny®} gene gain-and-loss

0o mzzhel GHMH M RHA 12 45ds 2|
s MummerdS 0| &3t0] HMHM MES YESIALCE FEE
MK M2 CircosE 0|83H0] Azt &t ¢4

AOjOf A =2 &390| =& ACHFig. 10).

WY 9 O HF AO|o] SHA BEUL NS
= ZEO| #Z2E 950 oot A MY HIE2Z(Table 6)
OrthoFinderg O|83t0] &SREAE =MSHAUCE 952 7
o M single copy orthologst 1351702 2HQIE| A H, 0| A
multiple copy orthologs, un-clustered gene, unique paralogs=
447174, 28957, 2|1 14797 =22 =HQIL|QUCkFig. 1D).

E
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1351742] single copy orthologs A&
I FO| AEZE Mega XE & H
martensii 2| divergence time2 7|82
divergence time2 0% 2t
years ago)2| 27|AI”E 7Tl Ae=E

2hgst A
.{
ao—

‘P%Ef. I UTIE
29|

=

2 018310 950

1, C gigas@t P fucata
Z ngt g g 59
7H= 9021 Mya (million

Ch(Fig. 1D).

e E=

Table 6. The shellfish used for genome comparison analysis

Common name

Scientific name

Data access

Blood clam
Peruvian scallop
Ark clam

Pacific oyster

Owl limpet

Yesso scallop
Great scallop
Akoya pearl oyster

Common Oriental
Lamp Shell

Tegillarca granosa

Argopecten purpuratus

Scapharca broughtonii

Crassostrea gigas
Lottia gigantea

Mizuhopecten
yessoensis

Pecten maximus

Pinctada fucata
martensii

Lingula anatina

This Study

Giga Science DB
Giga Science DB
NCBI GenBank
NCBI GenBank

NCBI GenBank
NCBI GenBank

Giga Science DB

NCBI GenBank

ParaHox Cluster

Cdx Xlox

Lophotrochozoan ancestor

Pecten maximus

Crassostrea gigas

Lottia gigantea

Lingula anatina

Argopecten purpuratus

Mizuhopecten yessoensis

LG11

Scapharca broughtonii

Chromosome 11

Tegillarca granosa

-

Pinctada fucata martensii ~

=
ﬁ.

T1T111

1

4. ZOIF ALY 0|4 4

& 950 et %ﬁﬂ' /AL EAA0 DM 72574
o |EX7L 2L R 2 U
O Lingula anatinaZt 14OO7H o REXE MY = UL
o, Pecten maximus?t 151702 7HS R SEE|QUCHFig. 1D).

4. Hox % hemoglobin §%X} H|uZA
E+-HESE 20| U= parahox.‘Ef hox EHAHE &15}0]
9Z 0l siZEl= WF2 hox RTXIO| CHEH M LA E HuUE
x

S =
M 3L 950 i El= ASE= Fig. 1DE FLGHAL, O=
7HOIl M parahox 2{2H= LG110| EX2D, RAM= 1189
GO A I AL Hox S2{AEHO| 20i5t= |TXSO0
ChohM=, L2 168 MMM ALY, TZNHM=
LG150] EXSIIUCt HFHFESE 9| parahox@t hox SHA
B HE2Z 959 IIFUHAM homeobox |FTA S2{AHIL &
BELQ s A= IHIERALHFig. 2).

17 W MFFE0|A hemoglobin FHAE 7HE HHEIE M

2 0|8310 Mega XE &dll AS=E QSR 2H, 120
hemoglobin & FMAE2 T X474 21 QlE hemoglobin &
HARt 22 HFEE [0l A2 I ATHFig. 3A) L3
qf hemoglobin OO ‘=4t M EZ Clustalw
£ 0|85t HlugA ot ?Eﬂr 30~49 bp, 64~81 bp, 90~113 bp,

A

ofnj=dt HEEO| HESE %

RS
|_j.|§
e

(o]

Hox Cluster

Gsx Hoxl  Hox2  Hox3 Hoxd  HoxS  LloxS  Antp  Loxd  lox2  Post2 Postl

- -
- = e

- -
- -

- - e - =)
- L
== - - =)
- - =)

4= == m-=)
4 4=

LG15

t1Tt1i1

Chromosome 16

tttt1

Fig. 2. Homeobox gene clusters are compared with lopotrochozoan ancestor and 9 species in bivalves are represented in phylogenetic
tree. The color of each homeobox gene clusters is represented on the lopotrochozoan ancestor labeled above. The direction of the
transcription orientation is showed as arrow shape of each homeobox gene. Parahox cluster and hox cluster are not connected in one
chromosome for 9 species represented in the figure.
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Fig. 3. Phylogenetic tree and comparison of hemoglobin genes. (A) represents the phylogenetic tree of 7. granosa hemoglobin genes
between shellfish and vertebrate by using Mega X. (B) represents the comparison of hemoglobin protein sequences in T. granosa, S.
broughtonii, and vertebrate by using ClustalW. The accession number of amino acid sequences which are used is represented in (A).
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Fig. 4. Hemoglobin gene synteny between 2 blood clams (7. granosa, S. broughtonii) are compared in chromosome level. The direction
of transcription orientation is represented by arrow shape of each gene and thin red arrows shows gene insertion or deletion between
hemoglobin and neuroglobin. Double slash between gene synteny shows the long distance between the genes that is showed in
chromosome level. (A) Neuroglobins are in chromosome 2 and LG2 in T granosa and S. broughtonii. (B) HBI are in chromosome 7 and
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