54 2 Vol.54, No.2
2023 3 OCEANOLOGIA ET LIMNOLOGIA SINICA Mar., 2023
*
1 1,2,30
(1. 266003; 2. 572000,
3. 266237)
( )
, (NOVOPlasty Ray MitoZ SPAdes
GetOrganelle MEANGS) [
(Contigs) 1,
NOVOPIlasty MEANGS
GetOrganelle  MitoZ , MEANGS Ray
SPAdes , MitoZ
NOVOPlasy = MEANGS, MEANGS
Q811.4 doi: 10.11693/hyhz20220700190
b ) b DNA)

>

(Doiron et al, 2002; Gissi et al, 2008; Wei et al, 2010;
Li et al, 2012), (Arndt et

al, 1998; , 2002; Wang et al, 2015)

(Perseke et al, 2010) (Saccone et al, 1999)
(Hart et al, 2013) (Davis et al,

2015) (Galaska et al, 2019)

(Miya et al, 2001; Osigus et al, 2013; Li et al, 2015;
Mikkelsen et al, 2018)

DNA Sanger s

* , 320LHO19

, 201964001 ,

5 s

:12022-07-20, :2022-10-09

B

(Plasmid Vectors)
,2013)

(Tzeng et al, 1992;

, 2002), )

(Tamura et al, 1988,

, 2013; , 2016) 1985 ,
PCR (Polymerase Chain Reaction)
(Saiki et al, 1985), Sanger PCR

>

Long PCR (Cheng et al, 1994)

; , 31772414

, E-mail: xutao9611@163.com
, E-mail: klfaly@ouc.edu.cn
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(primer walking) Sanger R

, DNA

DNA ( , 2013),

DNA
(Hofreiter et al, 2001;
Orlando et al, 2015)

2012 ,
(Straub et al, 2012), (shotgun
sequencing) (low-passing)

E

(Sarmashghi et al, 2019)

B B

(nuclear mitochondrial pseudogenes,

Numts)
reads,
( , 2012; Li
et al, 2012)
(de novo) (Hunter et al, 2015;
Machado et al, 2016)
(short reads) s
reads ,

(Hunter et al, 2015), ,
(The 1000 Genomes Project Consortium
et al,2010)

> >

reads

reads ,

,2019)

il

(Hunter et al, 2015),

, (
(Li et al, 2012)

,2019),
: Ray (Boisvert et al, 2010) SPAdes
(Bankevich et al, 2012) MitoZ (Meng et al, 2019)
NOVOPlasty (Dierckxsens et al, 2017)
(Jin et al, 2020),

GetOrganelle

MEANGS (Song et al,
2022) NOVOPIlasty ,
5 ;

>

Ray SPAdes MitoZ NOVOPlasty GetOrganelle

(Li et al,
2015; Kong et al, 2020; Wang et al, 2021; Zhao et al,
2021; Kitano et al, 2022; Zhang et al, 2022)

B

> i

s (Ponder et al, 2020),

(Liu et al, 2021)

(Ghiselli et al, 2021),

Ray SPAdes MitoZ

GetOrganelle MEANGS  NOVOPlasty,
Gastropoda
Bivalvia Cephalopoda
Polyplacophora ,
1
1.1
L,
NCBI
3

(non-coding regions) (transposition)
(Smith et al, 2007; Sun et al, 2016),

DNA
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x1 AARPAAZMERER
Tab.l Species used in this study
Glycymeris yessoensis — Lunarca ovails Illumina HiSeq X
Scapharca kagoshimensis Scapharca globosa Illumina HiSeq X
Tegillarca nodifera — Tegillarca sp. [llumina HiSeq X
Placiphorella stimpsoni — Katharina tunicata Ilumina HiSeq X
Acanthochitona rubrolineata — Acanthochitona avicula Illumina HiSeq X
Acanthopleura loochooana — Acanthopleura echinata Illumina HiSeq X
Lt Cellana grata — Nacella magellanica Illumina NovaSeq 6000
Tectus triserialis Tectus pyramis Illumina HiSeq X
— Pseudosuccinea columella Lymnaea stagnalis
Thysanoteuthis rhombus 1llex argentinus Illumina NovaSeq 6000
Nautilus pompilius Nautilus macromphalus
Metasepia tullbergi Sepia latimanus
2~3 Scapharca broughtonii (46 985 bp; Liu

et al, 2013)
Sun et al, 2015)
(30 680~40 725 bp; Smith et al, 2007) Bryopa lata
(>31 969 bp; Williams et al, 2017),

Anadara vellicata (34 147 bp;

Placopecten magellanicus

3
(17 903 bp) Glycymeris
yessoensis (Kong et al, 2020),
38 672 bp Tegillarca nodifera
56 170 bp Scapharca

kagoshimensis (Kong et al, 2020)
Lottia digitalis (26 835 bp)
Megaustenia imperator (34 791 bp)
13 000~21 000 bp, (14
936~16 573 bp) (13 453~20 092 bp)
(14 654~18 999 bp)

( Wi Cellana
grata Tectus triserialis  Pseudosuccinea
columella 16 181 18 897
13 757 bp), P. columella (SRR19929133)

Nautilus pompilius (SRR11485706)
Metasepia tullbergi (SRR13083629)
NCBI SRA ,
NCBI SRA (BioProject PRINA860060)
1.2
NOVOPlasty (Dierckxsens et al,
2017) GetOrganelle (Jin et al, 2020) MitoZ (Meng et
al, 2019) Ray (Boisvert et al, 2010) SPAdes

(Bankevich et al, 2012) MEANGS (Song et al, 2022)

E

64 bit , CPU Intel(R) Xeon(R) Gold
6132 CPU @ 2.60 GHz, Linux Linux

localhost.localdomain 3.10.0-1062.9.1.el7.x86 64 #1
SMP Fri Dec 6 15:49:49 UTC 2019 x86_64 x86_64

x86 64 GNU/Linux, 503 G,

127 G NOVOPlasty 1
(thread) , 8 Ray
k-mer 31, SPAdes  k-mer 21 33

55 77, GetOrganelle SPAdes
k-mer 21 45 65 85 105,
15,
NOVOPlasty
1 Ray  SPAdes
) (Scaffolds)
, ( 1) BLAST
MITOS (Bernt et al, 2013)
1.3
Dierckxsens (2017),
Linux time ;
; Linux
“Is -al” ; MITOS ,
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Open Reading Frame Finder (https://www.ncbi.

nlm.nih.gov/orffinder/) ARWEN (Laslett ez al, 2008), 100% 100% Omin 0GB 1
Quast 2
(Gurevich et al, 2013), Quast
NOVOPlasty
QUAST 2 D
, 62 min 6~18 min,
i ) 0.01 GB , NOVOPlasty
NCBI ’ ’
, MitoZ circle check.py ’ 86.53%,
77.09%,
’ , 61.41%,
circle check.py 100%, ’
, MEGA 5.0 (Tamura ef al, 2011) NOVOPlasty
99.11%~100%, 99.32%~100%
NCBI .
MitoZ
, QUAST . :
) ( 3, 2), MitoZ 57 min (
Genome fraction , )~396 min ( ) 138 GB
’ ( )~9.50 GB ( ) s
Genome coverage R MitoZ
NOVOPlasty ’ ’ )
’ 100%, 0%,
) , NOVOPlasty P. columella
1 MB |, 0%,
, 0.01 GB 83.88%  40.72%,
) 99.33% 100%
97.53%~100%,
, 100%
% 2 NOVOPlasty A SRS ERAEFAMEENRE R
Tab.2 Benchmarking results for the assembly of molluscan mitochondrion with NOVOPlasty
/min / 1% /% /GB
11 1 100 100 0.01
14 3 99.11 99.87 0.01
12 1 100 100 0.01
13 1 100 100 0.01
11 1 99.64 100 0.01
gk 10 1 100 100 0.01
16 2 100 100 0.01
Pseudosuccinea columella 18 1 100 99.32 0.01
13 5 86.53 77.09 0.01
62 1 100 100 0.01
6 1 61.41 100 0.01
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NOVOPIlasty
100%
75%
50%
25% |
0%
BT LY IRENEEL s b (=] ERABEE ERAERE BRYMEFEREER
= (RSRUHI () = 2540 (W) = EH (W) PEEIRGLE (ZHRN)
T RERROE (BHRN) = RIEMROE (ZRN) u S5 (BRR ) = = YR (BRHN)
= Pseudosuccinea columella (R M) = 8L CKBHN) n NEHSIR CRBN) = BKGE2MW CREHN)

1 NOVOPlasty
Fig.1 Score graph based on the benchmark study of NOVOPIlasty

s s

&3 MitoZ ARV AR FERBEENRAER

Tab.3 Benchmarking results for the assembly of molluscan mitochondrial genome with MitoZ

/min / /% 1% /GB
243 1 100 0 4.90
137 1 83.88 99.33 6.50
160 1 100 100 3.78
167 1 100 100 4.08
126 1 99.64 100 8.40
Ll 126 1 100 100 3.29
203 1 99.05 100 4.95
Pseudosuccinea 295 1 0 0 6.56
columella
396 1 40.72 100 9.50
57 1 97.53 100 1.38
MitoZ
100%
75%
50%
- I I| I I
0% I I I I in I [ ] I [T
TTNK ESRNRENE=L ez (S) EREBEE ERAERE BRI BERRER
= ORSRUHEH (RTH) = G500 (W) = I (W) PERTROE (ZIRN)
= IREFROE (ZIRN) = IRIRTETRO L (ZIRHN) u SR (BREN) = =JAMIR (BERN)
= Pseudosuccinea columella ((224) = Z88L CKEN) n WEISHR (KBMR) = BEG2W CR2N)
2  MitoZ

Fig.2 Score graph based on the benchmark study of MitoZ

s s
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GetOrganelle ,
( 4, 3), GetOrganelle
57 min ( 1#)~286 min ( ) ,
0.02 GB ( )~6.77 GB ( 70.79%, 100% R
) , GetOrganelle 98.38%~100%, 100%
&4 GetOrganelle B3 E A BN L (R 2 (F 4H Y EOE MK 45 R
Tab.4 Benchmarking results for the assembly of molluscan mitochondrial genome with GetOrganelle
/min / 1% 1% /GB
71 1 100 100 0.03
159 1 100 100 4.08
208 1 100 100 6.37
286 5 70.79 100 6.77
i 57 1 100 100 0.74
143 1 98.38 100 1.26
Pseudosuccinea columella 241 2 100 99.52 5.17
81 1 100 100 0.02
189 1 100 100 2.46
GetOrganelle
100%
75%
50%
25% I | I
0% II I I I (1Rl I
PECNINEN LB EHYE ERABEE EREERE BRI 3HTEER
= ORI (R7THN) = 2588 (W7TH) = B (W=HN) SPEREIRGE (ZIRN)
= T RFEROE (BIRN) = FRIRTEMGE (Z1RN) = B (IR ) = =JIHRHR (BREH)
= Pseudosuccinea columella (JR2#) = 8881 CKEN) = POIS0R (KRB = BXGE2M CKEHN)
3 GetOrganelle
Fig.3 Score graph based on the benchmark study of GetOrganelle
MEANGS 99.95%~100%
( 5, 4), MEANGS R 98.49%~100%,
54 min ( )~252 min ( ) 99.11%~100%
3.09 GB ( )»~14.9 GB ( Ray
) , MEANGS ( o, 5), Ray 254 min (
s 43.36%, )~2659 min ( )
37.52%, 3.43 GB ( )~18.4 GB ( )
; , %  BLAST
34.51% 78.90% 75.63%, , P. columella
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&5 MEANGS HEREFN RIS FH R EEN KR

Tab.5 Benchmarking results for the assembly of molluscan mitochondrial genome with MEANGS

/min / 1% 1% /GB

117 1 100 100 9.69

100 8 34.51 99.95 7.84

115 3 43.46 37.52 7.63

111 1 99.97 99.95 8.36

125 1 100 100 8.45

89 2 78.90 100 7.96

L 99 1 100 100 7.34
133 1 99.95 100 10.10

Pseudosuccinea columella 187 1 100 99.54 12.50
130 3 75.63 100 10.00

252 1 100 99.20 14.90

54 1 98.49 99.11 3.09

MEANGS

100%

PECRIINES
= TSR (R7=HN)
= IRERGE (BRN)

75%

50%

STimanl
[ |I I

SRS ETHNE

= Pseudosuccinea columella (22 N)

= 4588 (WFH)
= TR E (ZRN)
= SEEH CRBHN)

4 MEANGS

ERABEE

= B (WFEN)
= SR (BREN)
= BEISIR CREH)

Fig.4 Score graph based on the benchmark study of MEANGS

s

s

& 6 Ray BERRY LR A EE AR EENRER

Tab.6 Benchmarking results for the assembly of molluscan mitochondrial genome with Ray

‘|“‘||| I‘ “||‘| mEN lll----l

EREERE

BRUME=E SR
SPERTTROE (ZRN)

= = SRR (BRBH)
= BEXESH <)

/min / 1% 1% /GB

1039 2 100 100 6.68

1119 1 59.07 99.64 7.70

809 3 43.51 26.67 7.56

1067 1 100 100 6.08

1180 1 100 100 8.42

1031 1 99.60 100 7.61

L 1102 BLAST 5.80
495 1 100 100 4.75

Pseudosuccinea columella 2005 1 0 0 14.20
2292 2 75.23 13.07 18.40

2659 1 100 100 14.20

254 1 59.76 100 3.43
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Ray

100%
75%
50%
N— ...I.--l I I

PECRIINES LHABEBHNE ERABEE ERAERE BRIMGHEESR
= URSREHI (7H) = 2580 (WFN) = Bl (W) PRTRNOE (BRN)
= IREFROE (BRN) = FIRTEMROE (Z1RHN) = SR (BR2N) = =R (BRBMN)
= Pseudosuccinea columella (JR2f0) = Z888L CKEH) = PEHS0R CRB) = REESH CREN)

5 Ray

Fig.5 Score graph based on the benchmark study of Ray

s

s

Contigs BLAST , SPAdes
R « 7, 6), SPAdes 633 min
0% ( W)~2 197 min ( )
43.51% 75.23%, 6.37 GB ( )~44.3 GB (
26.67% 13.07% ) , SPAdes P
59.07%, 99.64% columella ,
BLAST 3
59.76%, 42.94% 24.99%
100%
99.60% , )
100% 58.58% 39.15% 58.99%,
F 7 SPAdes AR LR IFER A EENKER
Tab.7 Benchmarking results for the assembly of molluscan mitochondrial genome with SPAdes
/min / 1% 1% /GB

1565 2 94.60 100 23.30

1630 1 58.58 100 17.80

699 3 42.94 24.99 17.50

1692 1 100 100 17.80

1483 1 100 100 20.10

924 1 100 100 19.10

L 633 8 99.52 100 12.80

2197 1 39.15 100 44.30

Pseudosuccinea columella
1423 1 58.99 100 6.37
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SPAdes

100%
75%
50%
- ‘ ‘ ‘
0% mm l.unl. [ ] I

o |
EEXRIINEIS S SEHHE HEREABEE EREBERE %%.I#@ﬁ%%@ SA
= UFSRIHUEH (W7TH) = 2508 (W) = Bl (W) PRFIROE (BIRN)
= IRERGE (BIRN) = FRERTEMRGEE (SIRN) = SR (BRRH) = 2R (IRRH)
= Pseudosuccinea columella ((E24]) = Z8E8L CREN) = WS8R CRBA) = BERGESH CK2HN)
6 SPAdes
Fig.6 Score graph based on the benchmark study of SPAdes
100% SPAdes GetOrganelle reads ,
94.60%~ (Jin et al,
100%, 100% 2020) MEANGS  GetOrganelle
3 >
(GetOrganelle: embplant pt embplant mt embplant nr
Ray  SPAdes fungus mt fungus nr animal mt other pt; MEANGS:
, A-worms Arthropoda Bryozoa Chordata
Ray k-mer Echinodermata  Mollusca Nematoda N-worms
, SPAdes k-mer Porifera-sponges) ,
MitoZ SOAPdenovo- reads
Trans (Xie et al, 2014) , k-mer , GetOrganelle
) SPAdes K-mer reads,
reads (Jin et
Contig(s), Contig(s), al,2020) MEANGS (SSAKE)
s reads,
(profile Hidden Markov Model, profile HMM) nhmmer ,
s Blast , ,
GeneWise Infernal MiTFi Circos « ” ,
(Meng et al, 2019) GetOrganelle MEANGS MITOS2
embplant pt embplant mt embplant nr (Song et al, 2022) NOVOPIlasty
fungus mt fungus nr animal mt other pt 7 reads (hash table) ,
“ ” read, read
reads S (Dierckxsens et al, 2017)
reads NOVOPlasty
GetOrganelle reads ,
SPAdes K-mer , read,
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, Ray BLAST
, ( ,2019)
, GetOrganelle
NOVOPIlasty ,
, ; Ray
6~62 min, 13.07%; MitoZ SPAdes
0.01 GB, GetOrganelle ,
, NOVOPlasty Ray  MEANGS
(56 170 bp) ;
86.53%, 77.09% Ray  SPAdes
1 61.41%
(38 672 bp)
, MitoZ (57~ , MEANGS
396 min) GetOrganelle (57~286 min) MEANGS , s
(54~252 min) s , GetOrganelle  MitoZ
Ray (254~2 659 min)  SPAdes (633~ MitoZ “ ”?
2 197 min); , Ray s GenBank
(3.43~18.4 GB) SPAdes (6.37~44.3 GB) ,
, MEANGS (3.09~14.9 GB), MitoZ (1.38~ ,
9.50 GB) GetOrganelle (0.02~6.77 GB) ATP8 s ORF
, ATPS )
Ray  SPAdes
, (38 672 bp) ,
(56 170 bp) , GetOrganelle s R )
MitoZ 83.88% Price (Ruby et al, 2013)
, , (Kong et al,
MEANGS Ray SPAdes 2020) , Ray SPAdes , MEANGS
,  GetOrganelle s Ray
MEANGS SPAdes
P, columella , MEANGS
GetOrganelle  MEANGS NOVOPlasty
, MitoZ  Ray , NOVOPlasty
0%,  SPAdes MEANGS, MEANGS

, Ray Bk
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COMPARATIVE ANALYSIS OF DIFFERENT STRATEGIES OF MOLLUSCAN
MITOCHONDRIAL GENOME ASSEMBLY

XU Tao', KONG Ling-Feng"*?

(1. Key Laboratory of Mariculture, Ministry of Education, Ocean University of China, Qingdao 266003, China; 2. Sanya Oceanographic
Institution, Ocean University of China, Sanya 572000, China; 3. Laboratory for Marine Fisheries Science and Food Production
Processes, Laoshan Laboratory, Qingdao 266237, China)

Abstract Mollusk mitochondrial genomes vary greatly in size, structure, and function, and different assembly
strategies frequently produce different results. It is critical to determine the best mitochondrial genome assembly strategies
for mollusks, and to conduct relevant studies using mitochondrial genomes. We obtained genomic data for representative
species of major mollusk taxa (Bivalvia, Gastropoda, Polyplacophora, and Cephalopoda) based on genome skimming, and
assembled them under the same conditions using current mainstream genome assembly software (NOVOPlasty, Ray, MitoZ,
SPAdes, GetOrganelle and MEANGS). The mitochondrial genome assembly strategies were compared with the assembly
results (duration, coverage, accuracy, mitochondrial contigs, and space) of each software. Results show that the assembly
effectiveness of mitochondrial genome assembly software in different assembly strategies is independent of biological
classification of the species and is related to the mitochondrial genome size. The NOVOPlasty in mitogenome-reference
assembly strategy and MEANGS, GetOrganelle, and MitoZ in de novo assembly strategy are more suitable for assembling
molluscan taxa with common mitochondrial genome sizes. MEANGS, Ray, and SPAdes are more suitable for assembling
molluscan taxa with large mitochondrial genomes, and MitoZ can assemble, annotate, and visualize the mitochondrial
genome at once. Results suggest that different assembly strategies have own advantages and disadvantages, and the most
suitable assembly software can be selected by analyzing the size characteristics of mitochondrial genomes of species
belonging to the same genus or family. The NOVOPlasy and MEANGS are recommended for the assembly of
mitochondrial genomes of common sizes, and the MEANGS is recommended for the assembly of large mitochondrial
genomes.

Key words mitochondrial genome; assembly strategy; assembly software; mollusks



