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Abstract It has been thought that food availability for fish larvae was poor in the Kuroshio because of the low
standing stocks of plankton in the oligotrophic conditions under thermal stratification throughout the year. Despite
a potential risk or disadvantage for larval survival and growth, Kuroshio and its neighbouring waters are nursery
grounds for the early life stages of various fishes. Here, we compared the growth activity of fish larvae among 15
taxonomic groups, including 11 families in the Kuroshio and its neighbouring waters, based on protein synthetase
activity and protein contents. Protein-specific (;,AARS), individual-based aminoacyl tRNA synthetase activities
(;AARS), and protein contents (PRO) of fish larvae ranged from 2 to 232 nmol PPi mg protein ' h™’, from 1 to
21 ymol PPiind ™' d™', and from <1 to 26 mg ind ™", respectively. oAARS, ;AARS and PRO were variable among the
taxonomic groups and were not classified between mesopelagic groups and the others. Compiling these measure-
ments among all taxonomic groups, a significant negative correlation was found for (,AARS to PRO. The correla-
tion showed no significant difference between the Kuroshio and its neighbouring coastal waters, indicating that
growth activities to fish larvae body mass were comparable in the Kuroshio and its neighbouring waters. Based on
nonmetric multidimensional scaling on ;,AARS, ;AARS and PRO among 15 taxonomic groups, two different
groups were classified for fish larvae, represented by the high ;AARS under the high PRO but low ,AARS (Group
1) and the low ;AARS under the low PRO but high ,,AARS (Group 2), representing the different life strategies for
larval growth among the taxonomic groups. The present findings suggest that these biochemical indices are useful
for evaluating the growth activity of fish larvae among various taxonomic groups and that food availability is not
poor enough to support larval growth in the Kuroshio and its neighbouring waters.
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L oI

H¥hE 7 4 ) €U O H Y o BRI 2 Lk
L, 7 Ieclimte U CAMBEREZIR D & 51Tl
W, LR EHEER O PR AR T dH 5 (Hu et
al. 2015, 4§ 2017). SN ZRIE O SREERIE A3 < Al
752 kv vTz o (Guo 1991, Hirota 1995), fafH
ORPHK Y L TERETH2 e INTE/. LaL,
Wy iRl e 2 o0, <4 7T @RA2010),
< 7 ¥ (Sassa et al. 2006, Kume et al. unpubl.), +3f (Sas-
sa & Tsukamoto 2010, Kume et al. 2021) 7% ¥ O pEGH « 22fH
HHEK Y 725 T B, —fRAVICIE, 5 7o FF R TG
MR E < (Critical Period &t : Hjort 1926), 4f i 72 fHER
B v B 2SI EE T & 2 2089 3R Y
% ¥ 3T\ % (Match-Mismatch i & : Cushing 1990).
Lchio T, MagscHIERCI W FfansiH o7z BT
WMIT ek, VAZOKIVEREIETSH 3.

WEOWIZHC & 2 2, A g TR ELRES
DFEE L TE Y (Nagai etal. 2017, 2019, Tsutsumi et al. 2017),
COREIEMIZIC L > T T S > 2 F Ui T B
¥ ARG STV B (Kobari et al. 2020). ZH oA 75
Yo bR, BUNEW c X VB TS v 2 iR E
NT 2 v b RERNICHERE S 11T % (Kanayama et al.
2020, Karu et al. 2020). %7z, SMlREo#E 75 > 2 ©
YHIFE - EFESNS AR IEHT 3 2 ¥ (Kobari et
al. 2018), IRERHEOBIIC & B R oY 7 5
v b yBIFER - EEIBERT 3 e biiE ST
% (Kobari et al. 2019, BT ¥51E £°2019). = 16 DFEHEIZ,
S RS HEF O BRI ¥ L Cldb 3 L AN T
BN R L T AL B EREGC ke S R
721> T 72 { (Sassa et al. 2006, Yukami et al. 2009, Sassa &
Tsukamoto 2010, Ishihara et al. 2017), HEEREMEAEE (Sassa
& Konishi 2015, Sassa & Takahashi 2018, Sassa 2019) 3 % ¢
HBIL T Y, ZRRRHERO MR MAICEBZ L
TWV3 ZEPHILN T3 (Chen et al. 2014). 7z, [d
FT HER S 2 it fa s o frfacg, BEED B G
LT3 ZBiEfi ST\ 3 (Sassa & Hirota 2013).
W s o SHERBE D HEFIC ¥ > TR L b ANE T 72
W LT, SRR EREDETNCHEREL TORETS
BANZALDHZDHE LK.,

g T, (FHERINC B 2 RERME 2 3l § 2 /51
¥ LT, BARITC & 2 KEHEORHIILLFIHSH
T &7z (Sassa 2019, Kume et al. 2021). —/5 T, £ H %L
ORA % TICHIET 2 729, BB & 2 REFED

Heo%k 25 (2022)

A b 72 S B & 917 o T & 72 (Buckley 1984, Clem-
mesen 1994, Chicharo et al. 1998). & H 12, gL X D 3
PN 73 22 > 258 2 B G USRS % A o 72 BURTE T O RY
fli b 174 4 T\ 3 (Bolliet et al. 2000, Sveier et al. 2000).
Mo T, 2y I HEMBEERIEIEIC & o ThRA 72 0 JiRE
DAFHEFIC 315 2 IR & ki © Lhie i,

5 ZEDHRETH .

22T, AW TR B L O 2 oA BT
BAAFHEFICOWT, 2 U S EARBEREES LU0 x v
NOBEEREYNEL, 2FRM B & MM T REE
% PR U 7.

MEEH*E

BB

FEVLEE N & BN B 2 iR 17 1S, SR
4L O 20 T T HEIEA DR E T o 72, RS
REED T L 2 AL TI320184E 11 H, BBV ERERE
finma AL T3 2018458 H, 20194 HB L T8 H, 20204F
TRIAT» 72, T NOHEEBINC 5T, /KEE300 m
7 b ifER & TOKIRE HE7T%, Sea-Bird #15 Conductivi-
ty Temperature Depth Profiler and Carousel Multisampling Sys-
tem (CTD-CMS: SBE 911plus) Tl L 7z (Fig. 1, Table 1).

FHEIRAERER - S0
fFHEFREARIE, 22 2 L & H.C1E MOCNESS (Multiple
Opening/Closing Net and Environmental Sensing System : H
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Fig. 1. Sampling stations of fish larvae for measuring aminoacyl
tRNA synthetase activity in the Kuroshio and continental shelf
waters. FY2018: A04, B05, C04, D04, SK, SK3, SK3a, SK3b, SK5,
SK6. FY2019: SK1, SK3, SK3a, SK4, SK5. FY2020: KB4, KB6,
SK1, SK1".
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Table 1. Information on sampling stations of fish larvae in the Kuroshio (KR) and continental shelf waters (CSW) and their environmental

conditions.
. Dayor Longitude  Latitude Depth Layer WTig0 CHL g0

Station Area Date Year Night ©N) CE) (m) (m) ) SAL;y (g L
A04 KR 7-Nov 2018 Day 30.12 129.17 867 0-300 25.4 34.36 0.23
B05 KR 8-Nov 2018 Day 29.52 130.08 661 0-300 24.0 34.29 0.28
Co4 KR 9-Nov 2018 Day 29.43 131.70 4874 0-300 25.1 34.46 0.16
D04 KR 10-Nov 2018 Day 31.02 131.56 912 0-300 25.1 34.44 0.23
SK CSW 11-Nov 2018 Day 31.02 130.03 392 0-300 21.5 34.30 N.D.
SK3 CSwW 29-Aug 2018 Day 30.90 130.24 309 0-309 26.9 34.05 N.D.
SK3a CSwW 29-Aug 2018 Day 30.92 130.12 369 0-369 26.1 34.19 N.D.
SK3b CSW 29-Aug 2018 Day 30.92 130.00 412 0-412 25.8 34.26 N.D.
SK5 CSwW 30-Aug 2018 Day 30.89 130.51 268 0-268 25.6 34.12 N.D.
SK1 CSW 30-Aug 2018 Day 31.00 130.51 251 0-251 24.1 34.17 0.17
KB6 CSw 30-Aug 2018 Day 31.08 130.59 134 0-134 22.5 34.16 N.D.
SK5 CcSw 25-Mar 2019 Day 30.88 130.51 264 0-264 20.1 34.63 0.21
SK6 CSwW 25-Mar 2019 Day 30.92 130.79 96 0-96 19.6 34.61 0.20
SK1 CSW 28-Aug 2019 Day 31.00 130.51 247 0-247 21.3 33.97 0.17
SK5 CSwW 28-Aug 2019 Day 30.88 130.53 261 0-261 215 34.18 0.22
SK4 CSW 28-Aug 2019 Day 30.90 130.39 252 0-252 21.4 34.28 0.25
SK3a CSwW 29-Aug 2019 Day 30.91 130.20 299 0-299 21.7 34.24 0.16
SK3 CSW 29-Aug 2019 Day 30.91 130.27 286 0-286 22.0 34.23 0.22
KB4 CSwW 8-Jul 2020 Day 31.17 130.69 100 0-100 19.9 33.98 0.90
KBé6 CSW 8-Jul 2020 Day 31.08 130.58 118 0-90 20.1 34.32 0.61
SK1 CSwW 9-Jul 2020 Day 31.01 130.51 246 0-246 213 34.43 0.34
SK1' CSW 9-Jul 2020 Day 31.04 130.55 199 0-199 20.9 34.29 0.29

W\ Water temperature averaged over 0-100 m. SALq: salinity averaged over 0~100 m. CHL,oy: chlorophyll a concentrations averaged over

0-100 m. N.D.: No data.

40335 mm * FOEE4m?) 2 RS THE2 v
F TKEE300 m A O HERE & CEMEM L CEHRERL .
MEXTIE, ORI v b BIOMWFHE2 m® « HA0.335 mm)
RHREE2 2 v b T30 EHBEME Y b OERIR S U TR
U7, &7z, SWNCHET 2 (FHERURR 1o T SRAREEM
# (Nikon C-BD115) Tl (2014) iZHE» TESR HIZT
BEZHAIL (Table2), 2794 F34 7 MBI L TR
ERTREFERE, -0 CTHEEEL .

23 (i

FHEADOBBEAIZ20 mM + U AEBEIR% 1.0-1.5 mL
MZTHREL, BEERAEY FA4F—T1HEREY S
4 X L7z, 8000 rpm, 0°C T 10 RE OO EEL 72, 3
I N7 PRisd¥ (¥ e #EP7275) % 0.2 mL, Milli-Q7K
% 0.3 mL, E07 B L 7o iRk LB % 0.25 mLIN X,
BERIGERLE. 752 LT, EBAORDDIC
Mili-QEHE L. ZH 6 0K, BEHAHESIEE
FEET (BBERT, UV1800) 2> T257C, K&Z340nm
TLPBREL. PPIDT 2 7 ¥ EIZRCED R
PirkoTHIES ALY, RlEERRXQ)FFEHRLT,
SHBREKIC BT 320 0 BERBEERTEE (. AARS:

Table 2. Fish larvae taxa for measuring aminoacyl tRNA syn-
thetase activity in the Kuroshio and continental shelf waters.

Family Genus/Species Abbreviation
Myctophidae™® Myctophum asperum Masp™*
Myctophidae™® Benthosema pterotum Bpte*®
Myctophidae™* Myctophum spp. Myct™F
Myctophidae™® Diaphus spp. Diap™®
Gonostomatidae™" Sigmops gracilis Sgra™*
Astronesthidae spp. ASTR
Bregmacerotidae Bregmaceros spp. Breg
Notosudidae spp. NOTO
Champsodontidae Champsodon spp. Cham
Carangidae spp. CARA
Engraulidae Engraulis spp. Engr
Trichiuridae spp. TRIC
Cynoglossidae Cynoglossus spp. Cyno
Cynoglossidae spp. CYNO
Bothidae spp. BOTH

MEF: mesopelagic fishes after Sassa et al. (2007).

nmol PPimL h™) Z3KR® 1.

o AARS = (dA/minx10°x60) / (V,,%6.22x2)

dA/min: NADH 0 Es{F3di s
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100 :1mgdHiz h ~OEHEE

60 (1R B 72 D ~OZEHE

Vo :1mLHOKIGES

622 :340nmTD1 3 U ENHIH ORI

2 B INPPi 1EVH T Y DB-NADH
D EIVEL

ITHREND % v 7 EEERIE, L AARSTHAL
Mifk % A\ CHIE L 72 (Bradford 1976). 0°CC 104 i
Do BE (8000 rpm) L 7c o Hiifk o L8 A 9801 mL ¥
Bradford /3 mL % FAEREANTEES L. 25°C 100/
BER, 1mLE eI AN, DYEOLEE (HE595 nm)
PROTHIELL. 228K LTy Y IE
FvT Iy (VB A2153-50G) BEML, X8
SEREY ZORNEORBER» L 2 s EEHE
wPRO (mgmL ™) ZHE L. &/, Q)& Y, jHie
b3z & w8 BERBEREN (,AARS: nmol PPi mg
Prot ' h™h) B3R 7.

HAARS =, AARS/ PRO @)

7, RO TIEEDH VO 2 v 7 HERERRE
1, AARS (umol PPiind ™ d ™) ¥R & 7.

AARS = _AARSXPROx24/10° (3)

24 1HADIH~OEHEHE
PRO: 1{EEH -V D2V 7 BERE
10° :1umol 7z H ~DEHEE

ARFFUNC BT, PROGMEGD 72 ) DAEME, ,AARS
RIS D 3TN, AARSIEEAE S ) ORER
DIGIELY 72 B (Yebra et al. 2017).

TREtRRMR

Bt &t B AT 13 Excel (Microsoft) DO KT Y — v iz & T
Excell D7 ¥4 >V 7 hTdHDTPEINEE BellCurve
Co., Ltd.) ZF\ 7z, fFADPRO ¥ AARS ¥ DR %R
»a1:9, 7y roHBGRERERC. FHAD
PROIZHT B LAARS DBIFRIZ O\ T, BREHRK v iR
THET 312912, HO8OHT (ANCOVA) vz,

FERORERE IC > THOERBcoEn 2 itE T
% 728, Primer 6 (Clarke & Warwick 2006) Z (i L (%
EEBNEIT- .. FHERAY v v oBELEREE,
PRO, ,AARS, AARS Dl & WEZH# (Log (n+1)) L 7212,
Bray-Curtis SH{LUETRE % 3K © 72 (Bray & Curtis 1957). &
O Bray-Curtis BHEEfRH =~ bV 2 RicEo %, FUF

n25L0FEKE S FICIFEFBRZ RTREMRE
(NMDS, Non-metric Multi-Dimensional Scaling) i & 9, 43
R B 2 REEEOBLME L AL L 7.

#® R

BB & RSB Y 2RO RRIGE
LT R0, ZYAZEEEEBLUZVVES
RERERE LA 27, FRICBY ZREEROS
FERERZZIHG 2§ 3709, PRO, ,AARS, AARS &5
RN L. MEEEIC BT 2 FA T, PRO
{3 <1-26 mg ind ", ;AARS {3 2-232 nmol PPi mg PRO™ h7',
AARS 13 1-21 umol PPi ind ™" day ' TEH L /2. HFEHBEK
E o THESEHBE IR R -7c b0, HEEETO
R EAIER O b o7 (Fig. 2). £ 2T, Ykl
iz BT 2 {FHEAEIIC OV, HDEREY £ ¢ HTPRO
¥ HAARS & O BIFRIC D\ THRET L 72 (Fig. 3). PRODSE
WFHERTIE ,AARS MR R 2 M 2R L, BERA
DFEREDIER® & 172 (Pearson correlation coefficient, p<0.01).
COHEOHEPWTNOEHTLRLNE LI R
HT s, NEEE & CREETHRL L (Fg 4).
WENOMEE TS, PROVE WFHEARTIE AARS K
{, BERBOHEBEHA LN (Pearson correlation coef-
ficient, p<0.01). PROIZHf§ % AARS O H[al 231 ©
ENDHEONE I BT 5120, HoBSHT (AN-
COVA) #1T7» /:. PROBEBEHM TR L -2 b D 0,
PROICH ¥ 5 ,AARS DEM S H ISR TR EER 2
RS 727> o 12 (ANCOVA: df=1, F=0.28, p=0.60, Table 3).
NiZVTholEE b, PROICK T 3 ,AARS DIRAME
MREICTHZ ZCERT.

B s & MR HIRT 3 FHAOREREEY S
YRR C LB B 7%, PRO, ,AARS, AARS R ZH¥ L
TNMDSIRH 21T - 72. NMDST Ry MoBIT 2385
FRE OB, PHEEEAED 2 IRbEEAER I
FAHE I R DI T3 s 272, Bray-Curtis FH{LUETEEK
85%To I RFx—(bLT B ¥ b AT NEHE L Outlier ¥
75 o 72h3 (Fig. 5a), NMDS 71y b OHISRICEIBE SN 3
GL(TINED, ARFNEIE, NEAAUVVE, 7
FIVE, 7UR, AR VERB, v/ vER, A
THVAR, A OvFE), GACEEI NS G2 (1 I/
ZH, aaxy, V=F¥2E, BRIFAVY, ZFD
IR KRS I hiz (Fig 5b). <o BRI TIIRE
EHESHEZ Y, GITILAARSEE Y $ O DPROS
AARSHS T <, G2T i ,AARSIE H \» b D DPROS
AARS MW EMA 7R L 72 (Fig. 6).
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Fig. 2. Comparison of protein contents (PRO) and protein-specific (,AARS) and individual aminoacyl tRNA synthetase activity GAARS) of
fish larvae in the Kuroshio and continental shelf waters. The box represents the first (bottom), second (bar), and third (top) quartiles, and
cross marks are the average values. Whiskers indicate minimum and maximum values. n: number of replicates. MF: mesopelagic fishes after

Sassa et al. (2007). Abbreviations are found in Table 2.
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Fig. 3. Comparison of protein-specific aminoacyl tRNA
synthetase activity (,AARS) to individual protein contents (PRO)
of fish larvae in the Kuroshio and continental shelf waters.
R: Pearson correlation coefficient. **: p<0.01. ™ mesopelagic
fishes after Sassa et al. (2007). Abbreviations are found in Table 2.
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Fig. 4. Comparison of protein-specific aminoacyl tRNA
synthetase activity (;,AARS) to individual protein contents (PRO)
of fish larvae in the Kuroshio (KR: solid circle) and continental
shelf waters (CSW: open circle). R: Pearson correlation coefficient.
*¥, p<0.01.

HIB I 1T & /2 (Buckley 1984, Clemmesen 1994, Chicharo
etal 1998). ZHiZ & 3 Y¥, DNABHRICHT 2 RNAS
HEPETT 3 BEELE) ¥, REEESECH
BVRARETCHL e BHHITE s I NT 3.
L L, BBRIEEETH S, HRLizAETo
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Table 3. Summary of results for analysis of covariance (ANCOVA) for difference of protein-specific amino-

acyl tRNA synthetase activities (,,AARS) on protein contents (PRO) between sites (KR: Kuroshio vs. CSW:
Continental shelf waters) as a covariate.

Source SS df MS Fvalue p
PRO (KR vs. CSW) 5.92 il 592, 51.03 <0.01
SpAARS 0.06 1 0.06 0.52 0.47
SpAARS"‘PRO 0.03 I 0.03 0.28 0.6
Error 17.63 152 0.12
Total 24.52 155
PRO (KR vs. CSW) 6.17 1 6.17 53.42 <0.01
spAARS 0.03 1 0.03 0.24 0.63
Error 17.66 153 0.12
Total 24.52 155

SS: Sum of Squares. MS: Mean Square.

a b 2D stress: 0.04
——————————— AR oL
I = — TRIC Gl
L BpteM & | e
Cham | G2 ,/"O CYNO ‘\\ -
|| SgraM *CARA  \ s -
Engr / e Myctry /" ! \‘\‘
-_  NOoTO | o/ L= \
i e} v/ A
[— B i o Masp¥ nlf i
cNo | Digpr Breg { Cham+ 1
bl | I MyctM | O i i
L Breg &i -‘\ Cyno /"l. Engr— ‘5
- ~— Masp™* o.L ‘\‘ /' 4 Sgrc"","
N 5 £ /
s (v} & e A\ s
Bory WY N XNOTO \Osptet /
-, DiapH* ASTR Moo -~
o T - #
b + 1 — ' ey S ezt
70 75 80 85 90 95 100

Bray-Curtis similarity (%)

Fig. 5. Dendrogram (a) and nonmetric multidimensional scaling (NMDS) ordination plot (b) based on the Bray—Curtis similarity computed
with the log-transformed aminoacyl tRNA synthetase activity (;,AARS and ;AARS) and protein contents (PRO) of fish larvae in the Kuroshio
and continental shelf waters. Groups within the broken line (O.L., G1 and G2) show clusters classified at 85% similarity. '*: mesopelagic fishes
after Sassa et al. (2007). Abbreviations are found in Table 2. O.L.: Outlier, G1: Group 1, G2: Group 2.
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Fig. 6. Comparison of protein contents (PRO), protein-specific (;,AARS), and individual aminoacyl tRNA synthetase activity GAARS) of the
classification of fish larvae in the Kuroshio and continental shelf waters. Bars show standard errors. O.L.: Outlier, G1: Group 1, G2: Group 2.
Asterisks indicate significant differences according to Student’s ¢ test. *: p<0.05. **: p<0.01.

LT3 2 b OO HENTHE TS S, AT  #h T3 (Yebraetal. 2017). AWIZE A UHIEREIC &
1378\ (Yebra et al. 2017). — /5, A CHEHA L7 2 DAFHEFLD 7 2 7 7 3V VL RNA B BB % 314 L
7 7 VL RNA G REERTEME (L,AARS, AARS) 1&, M 7eBlidZewbon, BEE? I/ #Bicks 73 72w
ROThBENTORKRLARETH 2720, AT (LRNAGHOEE S, (FHEMAORERES REHE v [
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FARTH o 1o 2 ¥ EF I T B (Bolliet et al. 2000,
Sveier et al. 2000). %7z, 7 3 7 ¥ ALRNAGRER
TG AR IRER 7 CHRAC A 5 REE M BURIC oS
Tazy, Btk 7 3 2 7 v VL RNA B ERTEE
WiE ¢ b REERECEFANTDH 2 2 v, EROEY
T30 bl E o TURIN T B (Yebra et al. 2017).
Ihozedb, 7377 VVERNAGREERTEME
(,AARS, AARS) I3fFHER DRLRIE M 2 oM & &L U
EEECHBT 2 DA RERTH I EEILNS.
BEHRsc L2y, IREBICHERT 2 <4 U UFHEA
BEHE L VB Y 2 BEEERECREBILERT ¥
5, REFELE VY SR T3 (Shimizu et al. 1989).
37, Blovny b ETEAA 7 VEOINEELSE
$, =AU UFHAICY » TIREEUC TS 2 fBERIE Y
E2 5TV 3 (Nakata 1990). {75, H FHEE#EICH
Hy2<7VOBEAMIMc L2y, Y238 ss Y
7R EROBERVZSVEREEHENEL RS
(Takahashi et al. 2019). [AIRIC, JLERRERFHEEICHER T 3
SAFEOBEAMBINC L 2, HESHREY R L IR
LFRTR L VEREPKREL 25729, KEEEL ML
T3 PREINT VS (Kume et al. 2021). I 512,
PEBHEAE TIREBEEIC B 3 FHADERER Y
D OREEZIEHE Y FEEHC B I 3RECRAETH B
U BIREIN TV S (Sassa 2019). T D & D iZ, {FHE
AOREBEEARECEELZI 03500, BlEic
BB FHAOKEBIREL (K@, Ly L, BE
HINAEOASTLr»RECET 2RES R,
FHROREIC BT 2 EEE L AR S 2w,
ABIFEORERIC & 3 ¥, PRO, LAARS, AARSIZIE 7R
B - THBICR SN 3 & 5 REMITED Lk
otz L L, FHEABESETIIPRODEMIME
9 GAARSDBAHRD b hiz. Zhid, WTFhooH
BCOLRERBIE > UFHADOREICE D 2 EHEIEEH
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