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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 granosa19}), Gene gain-and-loss analysis(R& AL 2H&/Z 4 24),
Homeobox(Z H 28 ~), Phylogenetic tree(} £4), Hemoglobin(&| 22 2 &)
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M E
W Tegillarca granosa 2 SIHISEZ0A O|jIjE & =X
0 Hste FLEM, FE QI EfEY QO 24Dt SO0k
ool MAlsta, SHOFAIOIR] ZH O HAH 2x3tn IOt 3
o=, B3, Y29 MEfES et =40 AOM Oj2 F
Q% AHA0| H2 MMES XHXSt AUCHLu et al, 2017). St
X|2h Z| 20| AR Y, Crysh AR 2 O X 2tttz
QIsto] maro| | ALK Ol OFA|OtOI A Z=7H Of 40)| &2tk
EHE 741 UCHAbbas Alkarkhi et al, 2008). O|2{st 2XEES
SHASIHAM O MAES FBIAZ|7| I8l T granosa X 2, &
g, 7rE[H|et 22 et IR RHE FEE TAK S FE
Off CHHAM A7t CHASEA TIMO| &1 RUCHBai et al, 2019).
FAYAo] MitS O BEX 0|0 QHHSHA BHET| ol ChY
ot REY AT A0 YT T} F= HEO|2{ALE BiH|Z[Oo
ols &N ZGE|H HAMER 2tFE|D s ETEMZTt
BOHO] BHSOf 2OISHA| ElCHBao et al, 2011). IR HT
e SMZER Z2le A2 2aF 2 =4 Mx 7 8
ChFst Shnt HEHO| EQH(Canesi et al, 2002) 22 Helad & 7|4
F0| thst 2ol WAL B S YStA ECh tiRE mRe I+
ole £242 LIE|E hemoglobinO| SIXIRH T\ &= 7H(Scapharca
broughtonij@t (Bai et al, 2019) Z2 Z0f CHolA H2MS &=
hemoglobinO| 2ZAZ|QICt Hemoglobin® Z2I|2l 129 FA
of A= H ARt ZZ|HEIO|E AFE2| S|AE|T! 27| AfO|of A
A W IIE IIN| 2|HEE ZYSHA SiF = heme CHES H0
UO MH(Abbas Alkarkhi et al, 2008), 0|5 Edl, A Ljo| AAE
STHOEN Fita MEIHAIE ZQoHECH(Jiang et al, 2007). X2

0l hemoglobin2| & 20| Scapharca subcrenata R T granosa
oA EDE|RUAX|THLiu et al, 2017) OFRITIX|= 2EE QI 0l0]
CHohA TS| =+Q10] ZX| ATk Wang et al, 2021).
1% Mot ptefstol & CHE o
ox SHXLOICE Hox fHAHE A
7t AEEEE fIKQ Ede &
0f, 259 hox FHA= 220
| HESEME hox
DS X|H8HA EChBarucca et al, 2003).
Sofstn MsiMoz ME Ljof &
Z|0] RACkHajimis and Mishra, 2021).
Ao ME= neo MEFHH|(whole-genome sequencing)
MCH 22IME 7|&E 01831Y si=5ta, 1ato| FHN 2
7|gte 2 TZE742t hemoglobin RHAHS0]| CH B
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1. A= 8 |fHX =&

T granosa= 20199 92 OfotRl= &M FuoM U2
M(Fig. 1A), 1ol 2F ZZ0|A DNAE phenol: chloroform:
isoamyl alcohol &S 0|83t0] FZ5IRACE DNAS| HE A 2
A &ol2 2iA Qubit 2.0 fluorometer (Invitrogen, Life Tech-
nologies, CA, USA)2} BioAnalyzer (Agilent Technologies, CA, USA)
2 0|8310] 2ol

RNA =& [5t0f 10| oprto|, @l H|F, A, Aotis
S50l WA EA SA| ESIHALD -80°CO| HRBIALTE RN
Z=Z2 TRIzol (Invitrogen, USA)2 O|83}0] H|ZALS| Z2EZ0]
map FESHALE RNA HEF2 Qubit 2.0 Fluorometer (Thermo-
Fisher Scientific, USA)E AtE3SH0] 2HOI5HAT, RNA2| integrityof|
T3l Al Fragment Analyzer Systems (Agilent Technologies, USA)2
AHESH0] 2HOISHAUCE RNA 20 TSt #F RNA S22 RIN
> 7.0 (RNA Integrity Number)O|$ 20, 2.0 < OD. 260/280 < 2.2
RNA HE0] CHsHA PacBio@t llumina 2t0|E2{2|E HZSE0] Al
Aol ALBEIRACH

>

2. PacBio Sequencing % Hi-C Sequencing

PacBio 2HES 0|83 DNA &7|ME 242 9I5t0], SMRT
bell (single-molecule real-time sequencing) 2t0|E2{2|& F=53|
1, 0|& TE7| 25l, PacBio DNA Template Prep Kit 1.0 (Pacific
Biosciences, Menlo Park, CA, USA)S AMESIRICE Z+2t9o| 2toj=
2{2[0fl CHsll 2100 Bioanalyzer (Agilent Technologies)2 O|-&3}0]
E HE2 =l K ZHst DNA 20| E2{2|= SMRT cell
(Pacific Biosciences, Sequel SMRT Cell TM v2)& AtE3}0] A|EA
StAL, & 10742 SMRT cellg AHESHRAULL.

1ol Zg XEZ 08510 MK 7|82l Hi-C chromatin
contact map= HMZst7| /8l llumina 2t0|22{2|E F&5o}RULC
H-C 242 93t 28 &% 0%, G443 22 & gtojEgg| #
A2 FMZALS| A0 Qs =3 x| RUCHBelton et al, 2012). M4 E
2lojEE{2|el 5k, 4 37| A HEN s=E Yoot 2 AT
210|=2{2|E AFESHA lllumina NovaSeq 23 Z(lllumina, USA)O]
AlEA5H0] GOHE HAaSHA =|ACH

™= T

3. RNA sequencing

2t 7|3 FE3 RNAE SMARTer PCR cDNA Synthesis Kit
(Clontech, Japan)2 At2310] cDNAZ THBIALE 1~5 pgo| 22
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&l (DNAS AHEotO] 210|EE2|E HE 2, & 2702] SMRT cell

2 PacBio Sequel system (Pacific Bioscience)a AM&5I0] A5
Ct. A|ZAEl GIO|E{& SMRT link (ver 60)2 0|83t ZERY &

SH2AHIZ FHSHY full-length cDNAE FESIRILCE

4, 1o}

10

As =8 A FHX FH

DUFHH Q| de-novo assemblys /8K, FALCON-Unzip assem-
bler (ver 04)2 AESIUCHChin et al, 2016). Als =8 EES
MAZ|7] I8l FALCON-Unzip assembler= HEE|X| %2 BAM
IHYE raw dataZ AFE3LL, 7|E0| CIEE 422 (0] A= ¥
HE|BES AH8Sto] IS FHSHAC

FALCON-Unzipg AME3H 2, Hi-C 210|22{2|2 AF23H] 3D-
denovo Z&(3D-DNA) 0| Zatlof Q= CIEE Li2t0|HE O

0%

2ollA 1Bt scaffoldOl mapping®t ChDudchenko et al, 2017).

Weko| @A A7 K-mer 7|8tQ| 7|& G E 0|83l0] 0%
SIRACHKIm et al, 2021).
mato| MK =F ojdEz|ol AHTE =H0Ist| /s, ofd

=& scaffoldE Benchmarking Universal Single-Copy Orthologs

(A ©

olget ma

Asol #EH A+ 99

(BUSCO) (ver. 3.002 AMESIRALE BUSCOOIM AMEEN 2[LX]| O
O|Ef MIE &M2 metazoan odb9 Cf|O|E| H[O|AE AMRSIICE

(Manni et al,, 2021).

LSS, RepeatModeler (ver. 1.0 RRID: SCR_015027)0f &=
ZE I20|HE AHE30], de novo repeat 0|2 22| E =5t
A, tandem repeats2 E&5L0] simple repeats, satellites, 12|11

E

“emn
ue 22

Augustus (Augustus: Gene Prediction, RRID:SCR_008417)2 Af
UCH ESH HAM HEZM Iso-Seq CIOIE{2F NCBIOIA
20| CHHR MY MEEZ AIRSIQICH £ B S0
I ol5S 2ol A =3

st 3, 1 Zape 1Y

complexity repeatsOi| CHoHAf =2 &0t RACHBao and Eddy, 2002).
F=M2 Maker (ver. 228)E 0|83}, & 32H2E9|
2 A3l CHCantarel et al, 2008). & HHAY a}°:o1|
M ab inito SM™At 052

Snap (Snap, RRID: SCR_002127) %

HOlEE Hf o2 mao| % 15 =4S

Makerg O|83dt0{ LI

23}

2 Ij

M |

| HMMSS ALESIICE AT 2tREE
|HXL 0| F0] AHEO] TRl &2

2 FIYSHRALE

=2 L-O

XE HOIHE 7[eez, THE AJA

A NCBI nr database (E < 10"9)0]| BlastP (ver. 22292 AMH23I0Y
EASIQCE Aol ool M2

—==

Interproscan52 A&l

Gene Count
0 5000 10000 15000 20000 25000 30000 35000
— Argopecten purpuratus NN
{7961
T -
o Pecten maximus _—
— Mizuhopecten yessoensis [ENNEE_—_—N _—
538.27 pecteny
[ Scapharca broughtonii | —=
‘ 90.21
et 556,45 L Tegillarca granosa - L]
—_— Crassostrea gigas - —
72401 ; 46095
Pinctada fucata martensii |  —
Lottia gigantea - O/
Lingula anatina I —————] |

® Single copy orthologs ™ Multiple copy orthologs

80 700 600 500 400 300 200 100 O Divergence Time (Mya)

= Other orthologs

Unique paralogs ® Unclustered genes

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 7. 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 martensiifor all 9 species of bivalves.

http://jmls.or.kr
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Table 1. 7 granosa genome assembly sequencing data statistics

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 13,163,234,613 131 Annotation

1, Blast2GO 7|Hre| R7HA} 2E2X|(GO) =4 (ver. 4.19) (Gotz et
al, 2008)1t Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa et al. 2017) G|O|Ef H[O|AE 0|88}0] M2t A|AE
9| 7|5 % RE2[EIE =HQI5HRUCE

M
~

5. HMHQ| gene synteny?}l RFXl EE/ZEA

HI

kol M el mZRJHO| HAK| 7t gene synteny2 QIS
| @18 Mummerd (Marcais et al, 2018)2 0|25} FAX| M
HESHRICE i mETyel FEE FMM MES AHESt

—

N

fLI|0

2

Circos (Krzywinski et al, 2009)2 Sl gene syntenyE H| WSt RIC

notnt CHE o5 72t SH™A} é,xo/?:.F (gene gain-and-loss) &
Mg ol M FE7F LHT 852 WRE2(Table 6) HE
£ 0|83}0| OrthoFinder (Emms and Kelly, 20192 Ar23HRCE.
OrthoFinderg &dff Lt2 ZntE 0|85t0] 9&9 7 7t |H
A /AL E 5N, 95
orthologue MEEE 0|83t0| Meg
ol ASEE HEStRAC 1nots
time= &QI5t7| 2/5l TimeTree (Kumar et al, 2017)2 O|85t0
Crassostrea gigas®t Pinctada fucata martensi 2| divergence
time 7|22 CIE B0 CHSHME O Z3HRACHFig. 1D).

o 2o sHElE single-copy
X (Kumar et al, 2018)2 &

=35t 9% 7t9| divergence

6. Hox % hemoglobin S %} Hl @ £A

952 WF 75 HIO|E HIE22(Table 6) FTHESE =Y
Ol M LIEHA parahox®t hox 2HAHE Fstol mat & 42
I{F O hox REXAFSO CHSt gene synteny2 H|WSIRCH 2t
SEAHO SiEE= RUAES 72t HadE golston,
0O DZEHOIM hox REAE TS5t A= FMH 2| /X0

Kl

M ZHRISHRICE MEE S R O0A hemoglobin RHAHE
H &0 siEEl= CIOIHE AM&3H0] Mega XA bootstrap
5002 A5t AEZE 24F5HUCE Hemoglobin FHAHE 71
Z 1t myoglobin FHAE 7+ 0| &3t NCBI accession number
ASEo LIEstATt 18 mxJH, 22|18 HESEE0| 7HK|
ALOjo| TigtMoz2 & HEE[O RUeX|

RI5t7| 23l, hemoglobin FHAHES| OfO| =4t MEE Clustalw
O|83t0f H|WFAMIRACt Watap T ZEIY AtO|0]| hemoglobin

r

J

hemoglobin 7

] _HOP F|I' I'|I'

e

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

QAL B3 gene syntenys &0I5H7| QIS FAK| =Z0f A
Z5510]

WM SALE Hemoglobin X neuroglobin SMALS
= = A
=

CIE QEXIE0| Chst diskd e =0l gin S MRl A9
H dz2|2 & F AO|o| hemoglobin RHAtS
MH| PAX[Of BHoHME ZASHRICE

a
HH X 4
| —
TE5tn e &

E

2
1. Mmool Als AIRA B YIINY £

12| Az =EE FHG7| 5l PacBio Sequel ZHEZ 0|
A 10742] SMRT cell2 AFESHY 1014 Gbe| REX MBS
MAFSIICE. o, mAko] AMRK| scaffolding2 3H0] NovaSeq
EMEZS MESIO £ 2309 Gbo| Hi-C 2t0|H2{2|E YAHSHRACE
ORX|Te 2, TAN HE 242 25t PacBio Sequel EHES
0| 85t0] Iso-Seq ClIOIE{ 13.1 GbE Y45 CHTable 1).

SN =22 long-read MEZ 0|85t FALCON-Unzip
assemblerE O|E¢tRUCH TR E AH=9 & 37|= 947 MbRL

N50 Z0|7} 475315 bp2 =HOIE|ULCE CHS
scaffoldings 50| ZFXH2Z 9154 Mb2)
= YASH, N50 Z0|7t & 456 MbZ AMEE|ACHTable 2).
fo| SEMERE Z 19742 FMK| MEO| ZHol=|QAct
|2] 2 8232 MbO|H, 90 MbQ| M2 M o) =
RLCH(Table 3, Fig. 1B).

SEMel 2EEE BB fI6H, BUSCO &42

O =&, Hi-C super-
el Hs M

I-j
o
‘_0

oo o i om
1=
>t
O

m
Raliend
M go my

P
o
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Table 3. 19 chromosomes and un-assigned lengths of assembled
genome in T granosa

3MICH DNA E7|MY

=4It HI-C7|&2 0|8% 1T AE2 /7

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) 876 893

3 Teg_00744 55,300,394 Complete and duplicated BUSCOs (D) 63 64

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 'é'?abslteZGSC.) The genome annotation statistics of 7 granosa using

10 Teg 02155 43992338 With Blast results 22,745

11 Teg_ 02161 43,329,271 GO annotation 9,396

12 Teg 00533 41,888,547 KEGG annotation 4,014

13 Teg 02157 41656170 Gene length sum (bp) 405,386,273

14 Teg_01034 41,104,375 Gene count 25134

15 Teg 00758 38421462 Exon length sum (bp) 53,570,540

16 Teg_01856 34,128,261 Exon count 209,772

7 Teg_00039 32,747.395 CDS length sum (bp) 30,892,998

18 Teg_00722 25,956,391 CDS count 189,053

19 Teg_ 01164 16,833,835
Chromosome Sum 823,245,063
Unassigned 90,040,188 Blast2GO T2 1S E510) QXA SE2X(GO) A U KEGG
Total length 915,485,251 2Me At AT} 22745749 QEAIZF ST, 1 5 939%

metazoan odb9 CIO|H MEE &5t0] QI5tUCH MAES 2
978712| BUSCO 1&0| &I, complete BUSCOE 95.7%
2 ZOIE|UCHTable 4).

M

2. moto| QAR FA £Y

mato] QAL FAHE 9

ot =gt REA

FHE R o MY Repeat-
ModelerE AESHM A= 2o e BHERAE AHHSD, FA
= flot U5 2lo|E{2|E MAMSIRICE nako| RMA =M 2
M2 DEAHALY I1so-Seq HO|HQF 2B CHE MUS ALE
5t0] MakerE O|83t0 & 3H9| 228 Sl T 25134742
SHMXO| CHSE structural annotation0] M E|QACEH SFAL 7|s
£M2 NCBI nr database0l| Blastx2 S3t0] R HXAtE Holsl,

ToC

7}= GO mapping ZI% 2, 4014712 |HXt= KEGG pathwayOf|

mapping = %A ChTable 5).
3. Gene synteny2} gene gain-and-loss

Wepnt mzoiol FAM oA F

fI8 MummerdE 0|83 SAMM MBS YA YEE
o
(==}

M} PR AEAS 59

U

MK MY CircosE 0|30 A|Z%} oI, & T 7 MK
AOJOf| M =& 45740] =HQIE|QACHFig. 1C).

nok 9l OHE 7 Atojof REXL /A 242 Qs A
= xZo| ABE 9F0| CHSH CHEE MY HIEIC 2(Table 6)
OrthoFinderE 0|83t &SRTXE 2AIQACE 952 IF7
Ol A single copy orthologsE 1,3517H2 ZQIZ| UM, Wat0]|Af

multiple copy orthologs, un-clustered gene, unique paralogs=
44717}, 2,8957, 12| 147974 =22 =QIE|UCkFig. 1D).

http://jmls.or.kr
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1,351709] single copy orthologs A ES 0|8 3f01 950 P =l=

RO HEEE Mega XE &

El

SR, C gigaset P fucata
-‘

martensii B2| divergence timeg 7|MCOE mat QU CtE FO

divergence time= Of

o =3skict m

8} T ZE7HE 9021 Mya (million

years ago)2| =7|AI”-E 7tEl Ao 2 I RACHFig. 1D).

Table 6. The shellfish used for genome comparison analysis

Common name

Scient

ific 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 This Study

Argopecten purpuratus  Giga Science DB

Scapharca broughtonii  Giga Science DB
Crassostrea gigas NCBI GenBank
Lottia gigantea NCBI GenBank
%’zggﬁm” NCBI GenBank
Pecten maximus NCBI GenBank

Pinctada fucata

martensii

Giga Science DB

Lingula anatina NCBI GenBank

ParaHox Cluster
Cdx Xlox Gsx

i3 9Z0f Chet REAL =&/Za 440, no|M 72504
o| {HEXI7b SR, 479742 XLt
Ol Lingula anatinat 1400742 REXE 7t =7 SHEAL
O, Pecten maximus?t 1517012 7HF A 2HEE|ACHFig. 1D).

4. Hox ¥ hemoglobin §HX} H|m &M

IEE— Fig. 1D% é.*:lﬁk?'xﬂ |
7H01IA1 parahox 2 1 1L LG110| EXHHO, LYo M= 1
A0 A ZHOIL|RACE Hox EZAEO| #OsHe |FHEXEO
TiohAMe, nE2 160 FAHOIM HRIEACH, TERWM=
LG150] =R Ct Z4+EHRSE ZA9| parahox@t hox 22
B HEo=Z 9F9 {F0A homeobox SHA SZHAE7} &
EEEO U AL =AQIL|RACHFig. 2).

& % HZESE0M hemoglobin SHAIS 77l CHE M
2 0|83t0 Mega XE &l AlSE &QIsIA20, Watojk
hemoglobin 28 {FHAE2 &7t Z3 A+= hemoglobin &
HMAtQL 22 HZ2 20|= Ao 2 &OIE|YUCkFg. 3A) [t}

8 mz=Jf % MFEE2| hemoglobin 00| =4t MEE Clustalw
£ 0|83t0] HlmEA ot A1, 30~49 bp, 64~81 bp, 90~113 bp,
J2|1 167~179 bp ALO[O] RUE OfO|cit MESO0| HEEE 9

1x
_?_
_'_0
SE
I'I_I'

Hox Cluster

Hox1 Hox2  Hox3 Hox4  HoxS LoxS Antp Lox4 Lox2 Post2  Postl

P ——— - - - - =)
- ) = m)
pecte masims - - -
Mizuhopecten yessoensi - - - -
Scapharca broughtoni = - )
Tegillarca granosa ‘ Chmmmm; 4= -Chmmmm 4= =-m-=)
SN - - - -
pinctada fucota martensii WY - - =)
ttoggores - -
Lingula anatina - (= X ] @

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 7 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. broughtonij) 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
LG5. (C) HBIIB and HBII are only located in LG6 of S. broughtonii; (D) Other HB are in chromosome 11 and LG11 between 2 species.
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