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BAADORES FET 5, s DORIEZBRT 2720,
1990 SR FAEYENFIEIEA SN, FREFEo B
(Goetze, 2003), HEHNIfEE MR (Goetze, 2005), 73%H
K% DA (Blanco-Bercial et al., 2011) % D fff %5~
FEE U7z, F72, 2000 FERUICIZEEE 702 = 7 b Census
of Marine Zooplankton (CMarZ) »3AE5 L, FEREREHTIC
WoTEHWT I 7 b v OMEFEEH W HE % DNA /N —
a—5 4 v 7oA L EiE L 7z (Bucklin ef al.,
2010b), DNA N—a—F 1 v ZI3HEFRIC & b ZRES)
HMEIN#W 7707 fEDd» 5 DNA 21TV, FF
B 754 < —% M7z PCRIEIC & 2 KEE 0 {s 74
EHOBIER, YA —kEy—7 v A & 0 IEHEEE S %
ET 5 (Fig. 1), 55172k %ix GenBank 55D 7 — %
R—REH IO, BETHIIZ2HT 5 2 L cEMAE
D[RR & 72 B, CMarZ S 0iEE) %@ Uk 4 28 75
FFED DNAN—a—FT 4 V7T =9 PERIN, %
COFRFTEEHBEDF RICH D% b - 7z (Bucklin ef al.,
2010a), —77, DNA S—a—F ¢ > 73 flk & 0

LT 2 LB L L, HEBECHESRE02A %2 ILE
T HIIIKRE UCHREE - 1D 2 EETH - 7z,
DTEYFNFEOFEIZHE Z L L, 2000 £~
W2 TR 0 RS B S K R D ML 51 & A v e 75 I 5
V=T Y —=HRE LT, ORI ERYTHEAS
h, #HEFEEE&T DNA 25 HW OB T O 8EiE L,
SRR O G2 FRIICAT S T L CHEREEZH L 2
T A NN—a—=F 1 v I~FERELK (Fig. 1), &
BT EWENTEE RS TS5 > 2 v 0%k
oz ih o 72 2011 4E 41, Z o BT3RS0 lineE
DY I T E & T AV TEE 2 R R I EIH AT RE 75 12
ffie LTI STz (Sogin et al., 2006), —77,
MR B T 2BEEMENRE LAY NN—a—T 1 v
TREAAXT 7 FERRE LLHREASICREL TV
7z (Fonseca et al., 2010), %75 v 7 b U BEENR
ELTe A I N—a—F 1 v 7% 2013 4F & THEFIH 72 <
(Lindeque et al., 2013), ZoHFRAMEEZHS A ICEHTW
hpote, ZIT, FHEEAYN—a—F 1 v 7 OHEAR

Morphological identification Barcoding

a Species A

'. % = _ Primer 9

| ) .

’ Species A T\ |:> E> DB
AGTTCATAGC
DNA PCR Sanger Taxonomic
extraction sequencing assignment

Metabarcoding
— Primer
- L

E] AGTIENAS | Species A
|:> |:> Species B

Zooplankton DNA

community extraction

Fig. 1.

{CCTCATCT

ST TPB species C
High-throughput . Taxonomic
sequencing Informatics assignment

Schematic of morphological identification, barcoding, and metabarcoding of zooplankton. In metabarcod-

ing, zooplankton samples are collected using a plankton net, and total DNA is extracted from the zooplankton
community. Target regions of molecular markers are amplified using polymerase chain reaction (PCR), and se-
quence data are obtained using a high-throughput sequencer. After bioinformatics analysis, sequence data are
clustered into operational taxonomic units (OTUs). The taxonomy of OTUs is determined based on sequence
data from public databases.
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ZHEAL, YT 507 b ORERELES R 2 R
W ORBIICIEET 5 2 L 2ikAa, AfFTIx, EE
LPMENL LT hA T VEDA Y N—a—F 1 v TFIRIC
DWTEIHT 5, KRiT, HEZL SN FikzE VAT
INRD A T N—a—F 4 v IR RN T 5, £z, B
MT 5200 DAY N=—a=F 4 v I & B BT
BLOAEE =2V v S OREHIEBNT B,

2. HATIEDAAN—A—FT 4> TFED
FEL

AZN—a—F 4 v 7 PO T I e B ST
v —A—%ERL, ERETHZEESEE OHKRD 5
ZOERMEOWEET 20D H B, iz, WAL —7
Y= 5 EN 5 KEOBE TSN HWELSI LAt
DL —FHEH, EECHNOREMEZIET 2
72O OWERUIE ([ v 7 H~T 4 7 R) BHETLT 008
BHb, 2T, RETIHIZUDICHA 7V HOEHEE
DIzD DHULTF 7 —H — DB OV THANT 5, FTe,
AGN=a—F 1 v I FROMEN L % DOH AEOREZIC
OWVWTHNT S, 5T, IATTEHDA Y NN—a—
T4 Y FEOKI A - @BEEICOVTHIENT B,

21. BRIEDEOHDOEEGEFY—H—DEIR

ER 7wy 7 b CMarZ TIEIEIERIS 02 B )5
{, EctaBEFESoE»IFESN, WHT IS4
<— (Folmer et al., 1994) »FIHA#ER S ba v FU T
DNA Cytochrome ¢ oxidase subunit I (COI) #H i 2%
DNA N—a—F 1 v 7 DN B R 3 & LTl
&N 72 (Bucklin et al., 2010a), COI fEi DA M ix
FEV X DD, —HCEHESKBEY TS b
@ COI fEig % N 7" 4 = —T PCR HIE$ 2 O 12 W #E
THole, ZIT, FHZBEEHY TS5 27 Lo
THHEN L, BEEIRESH 2,700 2 (Razouls ef al., 2020)
LEWESREERFE D A T A NRIC, ERED
b OBIE TR DTS % 1T - 72 (Hirai et al., 2013),

BDNA X3 b 2> F U7 DNA I Hh~E{b s 233k
{, A4 7T b ERcHERS 07224 72w (Blan-
co-Bercial ef al., 2011), —75, % DNA IZfREFHIH O
ERG oo T e <, Sikz R IE HRTEE 72

M7 542 —DRFADPEZ LR ENH 5, 2T,
1% DNA OE{ETFE O T b IRWEL S O E RO K &
<, FEIFIEDBEEE T % 28S fHIEB & OV ITS2 fEiIc &
HU 7, ITS2 fHik & & <~ 28S @ DI/D2 fHigh % £ 72 7
54 <—HWTPCR 2oL 2%, B4 7 %244 1
& (59 ) @ 5 & 232 il {& < PCR ¥R KIH L 7z, —
75, COI fEi & 244 A 77 fE{k D & T PCR HiFEAFR
b oNtz, 7z, ITS2-28S D1/D2 FH sk 13 [ < L5 o
ERRoh, HEOWERE» SR EEZ Sh 5/
NOBEBF 7NV =TI N, ThoDFFER» 5,
ITS2-28S D1/D2 fE3gid H 4 7 > FHOFEF E 1A H 728
EFe—h—Tb2 LIRS,

22. HATVEOAZN—OA—F 12T

A N—a—=F 4 v 7 OBERBFHEBDOSEMAEL LT,
Bex e DS BEIRARE 7% 79 4 <~ — D RESmRE e C &, 8
MRS OAENH B L, @BAHIS —7 v —Tff
MARLBREITH S I LB TN, HIFuNKE, 2%
N—a =74 v 7 C—RNRBATI > — 7 v —1% 454
GS A7 4 (Roche #t) TH b, #J400-700 bp OHELFIZ
19 v &7 0 10-100 FEIINEFETH - 72, — 7,
ITS2-28S D1/D2 1% %9 1,000bp TH b, £ & N — a3 —
TAVITDOBEBTF = — DEENBETH - 7z,
ITS2 FEIII AR SR E L, BINIENTRIER RS TH D
B, TR EHRINTOLESIEROALE, &
A - AR CEIIDOZE R KE W E WS HE?H - Tz,
—77, 28S D2 fEIH X H A 7 > HHTHI 400 bp & FiE 7 &
STHY, WERWEERLIIOERENKE L, F—F -
A ITS TR THSE, RHEBERZ B ATRE & v 5 FIl AL
PET SNz, FEEL 2 28S D2 fHi o 75 A4 < —13 100
B Eoh 4 7 LT PCRIBIEDHER I N0,
NATVHDRA Y N—a—F 1 > 7 28S D2 HHi % £
HAL7%,

BRT = —DBEER, WA TVHDRA I N—a—
T4 v I FIEOMENL % 4T 7 (Hirai et al. 2015a), * %
N—a—F 4 VT TRRERINEA VT H 3T 47 RIC
k0T L, MR ICES W EEN AR TH 5 Opera-
tional Taxonomic Units (OTUs) iIc 0% $ %5, % I T,
28S D2 fHIR DL % TS A D A A 7 248 33 fE % A
L, A RN—a—FT 4 VIR %2fTolc, T5—%kRE
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NAT VDAY N—a—F 4 v T FRIEGHELS N
B, v—=r o —EifioBIZETE L, FEMET
R L7 454 & 25 L (Roche ) 1 2016 fFETH —E 2
REEBKT T2 E o7, RODICKRELZDIZ]
7 v H 1z v 2500 5 ELGI A EGE AT AE 22 MiSeq & A T L
(Ilumina#t) 2 WA N—a—F 1 7 TH 5,
Hlumina ¥ DEIEFN S — 7 v — 135 AL D £V D
DRI TH o 72238, FSI oD 5 e 300 bp % EikEE
Wfgaed pEETE SN, Ay N—a—F 4 v TITA
(SN, 22C, EESLIY TS5 7 s
A NN—a—=F 4 I ONRMEER L, MiSeq >
AT LEROIEAAT VDAY N—a =T 4 v T RAT
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ZDHEFH{T- 7 (Hiral et al., 2017a), 454 ¥ A5 L%
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Fig. 2. Comparison of metabarcoding and morphological analyses of epipelagic calanoid copepods at three sta-
tions (Slope, Kuroshio, and Subtropical) in the Kuroshio region. (a) Numbers of operational taxonomic units
(OTUs) and morphological species. Different colors show family-level taxonomy. (b) Family-level taxonomic
proportions of sequence read and dry weight. This figure is modified from Hirai et al. (2015a).
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3. KEERBOXAAN—O—F 1 > TR

2011-2017 G2 A BUALLNE 2 Hholy & U 7o WP ic 5
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200m) B kO 2 @ (200-500 m, 500-1,000m) D4 3

[@cEY 7o v o by AR R, BB
KEMRFTOBEENICEMRL, HEE2To%, 26D
G173 oA 205 FUBHC AT R CTHENZL S 7z h A 7 VD £
goN—a—7 4 v e L, 30077 D 28S D2 fHi
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LG L A OBTFE (Hirai ef al., 2020) 122w THE
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Fig. 3. Community structure of copepods using Serensen similarity based on the presence/absence of operation-
al taxonomic units (OTUs) from the metabarcoding analysis in the Pacific region. (a) Multidimensional scaling
analysis of all samples. Sampling depths are indicated by colors (red: 0-200 m, blue: 200-500 m, and brown: 500-
1,000 m). (b) Cluster analysis through the sampling layers (0-1000 m) and geographic distribution of clustered

groups. This figure is modified from Hirai et al. (2020).
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23, REGE & NIG L IS o FEEE O 2L RS
N, RENLOGD7 5y 7 REPREDOHA 7 HHFER
Blic B R 525 LEZ N, £, HEESIEHK
FE D ¥ A & AR OB T RE SRR D (Fig. 30
(b)), FEABDBILNBEDAA 7 HFHOBEREICRD Y
Be RIFTEREERNTH - 7, BEERMEIZAKE - BEK
HATHMA, ML, BARBATEKRE EbIZI B
074 vaREORELREL, MY TI 7 P rED
HA T HOREME D 2 BEEAREERNTH S
RSP E o T, T, HEHEOMOIEE L K
L CEREZMOZ LB IC B \» T b BBz T
PEEERIGEII R b, FHBEIEIC B WL PR
ZAbH 5 Z LD L 7z, TS IREE RS KD
{RAIN—a—=F 4 I B ETROMERTH D, JPEE
IZB LT YERIEEER M D R BREEZ(A A A 7V HHD
THEREICHER2 5252 L 2R LT3, HESET
R O JAHFIC T 24 7 VB S ClE S
TWBH, A7 VEIEA ORI U it
L, BHEOMA SN HEME (Fig. 30 (b)) 29F
HEIhTwdeEZILND,

3.2. ZRMEOKF - taEZ(L

FELRMEDIRIETH 5 OTU H oK FEEA IR KR
W AR, SECELRENMERRESTE S,
R TR L 72 B E A LA R S e (Fig. 4 0 (a)
(b)), BT RFIN 2 SR DR CRE L, AR
BIFHICBOTAA 7T VHEBR LN ZERE2 ST A
LRk TR OB EBIRICH 5 Z L 2R TR E
molz, £72, OTUs ORI T—2 ZRMHLAA 7
DERICRKINT 2T o 72 £ 25, EfED OTUs 134%
FED OTUs » 6IRAEL, LI HEAYET L A D
mEN7z (Fig 4D (¢)). T OFERIFEBERORE R
WA 2 ER R, EHEEOBIC & b LR
15 < 72 % ‘out of the tropics i * (Jablonski ef al., 2006 )
ZEFETBEERTH o7, £72, OTU BUIALA T REHE
BB CIRA L 20, BNHrD & BT PR BV I3 R 72
B D 72 VIR R L MR O AL L 5 Nz,
AR R AR IS e O b A <, AR
thEk & B EKD oL b, FREERRTH S
BEAPELET 5, TN 6 OB KEE ST IC )

&, EOESRIEMEE R O R EFREIR TR S h
TwbEEZLND,

LM O SREZAVIZAEROE A L Rk, FfETHE
W OTU el s ns (Fig 4o (a)), —7H,
S 72 SRR SR IR VIR U 7, T8 IS Augapti-
loidea, Bathpontioidea, Spinocalanoidea %5 IC J& 3 % K
EDODHERD OTUs I &k b FicHR S h, SoEEND
TSNS & O BIFE DO E WL RRIEDTE R S e L& 2
bz, ZDicd, HA T VHEOMELIRMEIIBEORE
FERDAR LT, EMNAERPKE LD S EH R
IN—aA—F 4 I K OIS LR ot, FREICEL
T b SN hED 2R T L mESNh
T& b (Kuriyama and Nishida, 2006), %4724 0%EREDS
T 2R L3R SR QMR P 11X
GHETBEEZOND, £, TEOBLREIZEER
WU RIERE, RFRokKBoMEL2 K& (e 7
FTwiz, 2070, BIEETT 2 KRR IIZRE O
Ale b T HEOTEMG PSR b EE JIFT &
FHREINB, £/, REHELPEEOEGEEICET 2
HHRE 2 BRI AR D AL S IE R W2 E 0T, 550
HEE 2o Tz,

4. B - E£HE=-2Y 2 ITDIH

A oN—a—F 4 v 7 IFESIER D & BEEME SR
THETH 0, HEEIEEICZ L il & NEY O fi#bTic
DML TWD, £, FT—IPRBICHIEHETH 72
O, BT v s by OBEBECESRED RN
ZbEE=4 VI JAETH Y, WBIFEE=S YV TICE
WTEADED 5N T3 (Berry et al., 2019; Djurhuus
etal, 2020), 22T, RETEAINN—a—=F1 7%
BB I OEYE =2 ) v 7ICEM L 2B E BN
95,

41. 17 BFRCOLY ZRIEHER

INE TS5 v 2 b i34 O A o R AR
THHH, FROM/IN YA X, HEBHRICZ L il
BENEY D ol oFERIIFESN TV R, 2T,
2015 4F 2 Hic BB citbl 2 SR L, BEEY ks 5t
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(b)

OTU numbers (0—1,000 m) 90 W= . 612

(C) Aetidae Candaciidae Qithonidae

bk

2 ous [T 2 OTUs

+— cold water OTUs

(a) Horizontal and vertical patterns of species diversity based on the number of operational taxonomic

units (OTUs) and phylogenetic diversity in copepods. (b) The geographic distribution of OTUs in the sampling
layers (0-1000 m) is indicated by the colors at each location. (c) Examples of phylogenetic analysis in taxonomic
families of copepods for OTUs with warm-water and cold-water distributions. OTUs with cold-water distribu-
tions are indicated by arrows. Genetic lineages containing multiple OTUs with warm-water distributions are
presented as triangles for simplicity. The number of OTUs within each triangle is represented by the white-
black (low to high) spectrum. Scale bars indicate 0.02 genetic distances. This figure is modified from Hirai et al.

(2020).

WAL D NFADBEVENEME X OREhD 75 v o
kA N7z (Hirai ef al., 2017b), TERED 5 13355158
WL F B S F VY ET I 00 P uBmlish s
EOEHOFHICK L, BEREYRARDENT D 5 135E
s, BB DR 5 IEKOHM A DEY A A T
SH DB KE Y % 7= (Fig. 5), A4 7 LMo
Tl BN O KEFE Calanus sinicus WK O LA
b EN, TROEY A X2EET 2 L C sinicus
DR ERSEE SR CH 2 EFEZ bz, faffEic
LML OEVWIERSNT, A7y - T4
T U 2 PEINEG X 2 B8, AP AL FEFTIC AT

LRI ABIRICE B 2 LR E N, BREF QNS
TV PYDAIN—T=T 4 T ORER, B
WIfE D Paracalanus sp. TH b, C. sinicus DRI 2
FHIESL T, 207k, BREYFOBSERZITT
%L, AT EHOFE B SR OELRERICKE |
WEELMETENHEErd LN, KEIDA 7 VHOERE
WS 520 & 7o 7z,

IHI, AV VHEFROBEERMARLE L CREINT
C. sinicus DWERARZ N R E L, HAENEW T % [FH
DA G N—a—F 4 v 7FHEIT & 0IT- 7 (Hirai et
al., 2018), ZOFEF, THERERE L CGRES N0
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Fig. 5. Dietary analysis of the gut contents of Japanese sardine (Sardinops melanostictus) and Pacific round her-
ring (Etrumeus teres) larvae in the Tosa Bay using 18S metabarcoding analysis. Results of environmental plank-
ton communities are also presented for samples of filtered seawater and size-fractionated zooplankton. This fig-

ure is modified from Hirai ef al. (2017b).

WY 75 v 7 vo/NRRIRICN R, 7 A — RO JFE4E
EVTHBHIEY v F 2 THELBELENEY D SRS
Niee JEVVF 2 7BEIA 7 VEHIIDELEEND
DHA 7s LS EAN AR 2 filENIc S &R 5
EBMHIENT WD, £/, JEV VF 2 JHIEINBERE
HOEYRETH b, AW TR SN Aplanochytrium
BIEAEELEEE2MET I LREEREGSINL TV
(Hamamoto and Honda, 2019), Z D78, N FTIC
ik SN TR VIR —HEBRPHARFLD A 7 >
B, A7 HEOKEREMOEEELZ D DD

HKTH B AR RR S N,
42. BERICHTBNBEAATIEOEZZU LT

KEEEMOF Ao L L CEER/NA A 7 VM
ThdH, ZOMEHEEDE=2 ) v 7 I3IERETIRIN
HThot, I T, HRIKEERFIFTHS BRI T [H]
FEWET 2WEE=2 19 7 (O-line) &L, ¥4 X
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Fig. 6. Biomonitoring of zooplankton communities using metabarcoding analysis. (a) Map of study sites. (b)
Weekly changes in the taxonomic composition of zooplankton based on the numbers of operational taxonomic
units (OTUs) in 2014-2015 in the coastal waters of the Okhotsk Sea off Mombetsu city. The white circle rep-
resents the number of species based on the morphological classifications. (¢) Seasonal changes in the dominant
copepod OTUs in the small size fraction (0.1-0.5 mm) in 2013-2016 are presented for the O-line in the Kuroshio
Current’s in-shore area. This figure is modified from Hirai et al. (2017¢) and Hirai et al. (2021).
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Molecular-based approach for revealing community struc-
ture and diversity of marine zooplankton

Junya Hirai™

Abstract

Zooplankton plays an essential role in marine pelagic ecosystems. They are generally classi-
fied into species based on their morphology. The morphological classification requires exper-
tise, resulting in issues with the identification of cryptic species and immature stages of zoo-
plankton, which are difficult to identify morphologically. In this study, we propose a
metabarcoding method using high-throughput sequencing to show the diversity and commu-
nity structure of zooplankton, independent of morphological classification. First, we select an
appropriate molecular marker for metabarcoding analysis of copepods, which are highly di-
verse and abundant. A bioinformatics protocol was also developed to understand copepod
communities using large amounts of sequence data. The proposed method was then applied to
zooplankton communities in the Pacific area to show large-scale patterns of copepod communi-
ty structure and species diversity. The metabarcoding approach was applied to a dietary anal-
ysis of fish larvae and biomonitoring of zooplankton, contributing to the understanding of food
web structures and changes in marine ecosystems.

Key words: zooplankton, diversity, community structure, metabarcoding, Pacific
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