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B EZ 7 v~ 2v (Thunnus orientaris 33 3. OY Thunnus thynnus) DR K
DHBEIETH Y . 2017 FIZB T 2H-AEO 7 v~ 7 o G & ITHEE 488 5 h &
HHREEROEFEED 6 FILL L2 HDTWD OKFET,2019), A~ & bEENS
AL, ZOREORINO~ 7 rEOR THRbEM IR STl ftRs
THAR~OEHIZAIT 27 v~ 7 v OIRBESLEIEN AN 2RI TnDd, £72,
R TITEFRE Y — LARHFFAKXDEE D ITL > T RCARRLT VT H#HETO~ /1
DEEPIERLTEBY ., 4% ZOFELERITHNTHS ETFRISHTWD,

O XD RTHEINAEN, 7 r~ V0 BROBD PR E 2B E 7o T
b, BUE, /e~ 7 vlIKPEEsn~ra, REEIn~ 7 v b bICEEARRE
#4 (International Union for Conservation of Nature and Natural Resources: [UCN) T
£ o THa BRI ® ST\ b (TUCN, 2019), FFlZ, KFEPEZ v~ i3 A
AR JEDHEHR PN FEING 3MFAE 3 5 72 (Shimose, 2019) , FAE 3= U CAM
OBEVAEHINZAT 2R E2#E 208N D D, ERFE~ 7 nHERR2EZES
(International Scientific Committee for Tuna and Tuna-like Species in the North Pacific
Ocean: ISC) 78 2018 4FIZHHT LI K v~ 7 m OGP L 5 & fl
(2016 4F) OFABIREIT 2.1 77 b TH D EHEE S, BEHRARIKME % fisk L
722010 FE DK 1.2 5 b 2 I Bt R BIEMIEIC & 5 Z & 23R S 472 (ISC, 2018)
L7238 - T, ITEOEBEAZR R0 b 2 353 < EIREE OMIkIC k- T, KPS
a7 n OEFITHEIMERICH 5 LB 2 558, BAEIRE O S 0 H G255
43 T R THDHZ END YL, KRE LTREES n~ 27 aOBFKEIENICH
LEINTND UKET,2019),

BUE, vu~suaizgic iy A - ~ 7 0L 5 oo i 2 Bk
(Regional Fisheries Management Organization: RFMO) {2 X - TSR /1 o> 42 C D sk

1



TEFEHMTONA TN D, FBET 5 2§ _TO RFMO (I L TWA 28,
THRICEER O A AROPEA AR KA F B 2 e~ 7 n HE B S
(Western and Central Pacific Fisheries Commission: WCPFC) T 5, 2014 4B fi
7z WCPFC OFEREE TiE. KIS v~ 7 m OFAEIREZ 2024 4% Tl
JELPIHFRECH A8 43 T ETCRESELZ LAY mOBEEE L, 30 kg &
WO/ OERE 2002 45-2004 FEOERKAED D YK S H 25 % O B BRHE 2
B Sz (WCPFC,2014), FAETIEZ OFIRZ 1T T, 20154F0 1 H XY 30
kg AR o/ N D IR A 2002 4E-2004 4E O SRR 8,015 k7D
L. 4007 br&452 Ea8ELE, 20X A/ aOBRERH N HIT S iz
ZRD12& LT, 0325 3 E TORBMDOEWIRELERHIT B D, ISCIT

LD ERVEY v~ 0 OREERIICKTT 5 3L T ORBADEA1L97.9%T
bHEMESI, PTHI AV LIFTIND 0 KADEIAIL 73.2%% 505 (ISC,
2018), THHDORMITEME LTHIH SN DIEN, FiFMAL LTOFMA L%
W FARETILY v~ 7 a BHEEOZRRIERIT - T, REMIC L HEHAH 3
I U OEERHIN L, 2000 LA T 0 i ORIBIER D 1/4 FLEE 2 258 H
ELTHHESNTWDS (JF#,2015), EBAEITIAEN/Z4RK 20-30cm, A 100-
500 g I 2T X2-3 4E[] (2 4FTHI 25-30 kg, 3 4ETHI 50-60 kg) R S =14,
M ~HfT SN D, 7o, AF o Tl S Raf (B2 Xz r
NEFERME LTRSS TWD  OKEEST, 2019),

)5, KpEs o~ n ik, BREORD 251 &2 LIZERNO 1 D%
IRENEIC & 7o plif 2 eI - T L, i & U CRIHT 2 &R EEOILR
ThbdEEZLILTND (Metian etal., 2014; Die, 2016), 1990 {85 ElZHi
WEEE, A— A T U T AF T ATBWTKRAEPEY o< 27 10 “Ei% (fattening) ”
MR Z 7 CTE T, &4 LIL, e & Tl L7 20-60 kg D RIRFEE %
6-7 71 HFAB CTRE L, ffHIC K> TAIEEA~D “fBoRRD” 2R LEEKRICH



i B8R D Z L TH D (Ottolenghi et al., 2004), Z DHEEIZL > THAAN
e hanE D L O hoTcld, BARNEME TREES v~ 7 v 2\
D&Mooz, TR, EIHGOFER R E | EIRENEIC & 72 i)’ i )
BRI Z L RV o~ 7 GIREORD ICIEE DT To L bl Tn g
(Metian et al., 2014; Die, 2016; Porch et al., 2019) , BIfETid, KFE¥E~ 7 v iErrE
BrZ B2 (ICCAT) 12 X2 &PHEFORIIIZ L > TREHZ v~ 7 m O&JREX[E
BHEICH 528 (ICCAT,2017) . HAETH Z ORI/ BV KIRFE R Ol 72
R 2 BE T 2 BR 72 KPR DS H B LR O TV D

ZO & REERRI R ST T, REBFER ITIKAF LR W B R IH
B ~OHBHENE L > T D, 7 u~ 7 aDERBENITI#ER L > T
2002 FEIZHEEE S 4L (Sawada et al., 2005; Masuma et al., 2011) . A LAl 2 V7=
B~ a AT TR IS TWS (ABJF,2010), LU, E T CREIIATREZR
7 a~ 7 aBAE BRI 3 m D SR CHEEZ B, KEER TR 3m, IR
H 500 kg ICHET D720, HAOFBBICIIRKBOWEREENLE 2D 2, BAD
MERFIZII R E D BRI Z K729 /1% B9 % (Seokaetal., 2007; Masuma et al., 2008) ,
7o, WHAE THE Lic/ o~ 7 n OO EITOREINEN, FEINEE, FEIR
FHRE RIS KOURE L, ORI K REREBNH D Z Ll s
THY (FHH, 2011), ZEIFPOLZEMIELRE L 72> TN D,

BT Tl KPERFZE - BEHEIC L > T~ 2 0 ORERINEAT O %
HRE LT, ER20mXES 6m, A& 1,880 m> OFfEr A=K e _F /K 73 76 i
XIKEEMFTERT D F < AHEETEM IS o Z —~GR{E S v, 2014 FITFRDLER L OFHIE
IR OBRERIENC L > T/ e~ a2 EIIEL Z LI L TWD (A b,
2015; Higuchietal., 2019), Z ® X 9 7k FKHE 2 FW 72 BRBEHIENC X 2 PEINGE R 1
ZEANTERIN T & 2 WTREMED & 2 )ifi . MR IR IR BB LT v = 7 a x b
RKThD, ZOXITFEEEMBEMOMNLLLK, 7 v~ 7 v o N THE A ERINE



BHIZHERELTWDN, Ze~vrrndWnW) BERRAEYZFET HU L. FRO L9
ICBAOEEICE R R MY S, AR—ANRNE L 705 2 3T SR,
Z 2T AR IR RHEICB W TR S Bl REE s~
ra~SGHAT 5 L EB X RBBABIELIE, N — &R D EEO AT 5
7B I % | 1 ERDOIFROIEEN B L, B L7 E FAIC K —ik
DOEME 1% A PES D8I Tdh 5 (Yoshizaki and Yazawa, 2019) , SEESIZ A EZ H
WC, =Y~ A Oncorhynchus mykiss OEFEGEEZ, =V~ 2AOTKETHDH Y
~ A Oncorhynchus masou OAFFA~BIES 2 Z & T, A L7~ AREBIZ T
—HRO =V~ AT A EESE S Z LTI LT % (Okutsuetal., 2007), %
7. BUE TIIkk % 22 PE SRR~ RELBLAEIE S A 41, 7 U FF (Moritaetal., 2012,
2015), 7 Z7#t (Hamasakietal.,2017, Yoshikawa et al.,2018b) , —=-3£} (Yoshikawa et
al. 2017,2018a) T R —HROEM T2 AFET 506 FRAOIEHIZHII L TV 5,
Z T, ZoREEAHINE 7 a7 a~NEHTENL, Zuv ek
BN~ O 15 T AR THERRIIG A V870 & O/ NLTRFE~FEHE T2 Z L2 L0 R LT
YAREBLS 7 n~ Vol 24 ET 2 2 LN ARRICARD LR sh D, 7 r~
7 v ORBLEUER T d D W Bt~ 3 Scomber japonicus 1%, MERE L HI1Z2EH 30
cm {RHEAI 300g, i 1k CHGAT 2 Z LB LGNS TV D (A1EH,2007), 1
HBlAEECEY, v " a7 uOiBr255 Z EnTENR, Blfasx
2 Eo/NRAKRECRE T 5 2 ENARBETH L2 EAEE TIrTbhbd 7 n~xrn
DBABRN M TR R K g A= ZARKGERIT 922 D R 7p 2 A b & KIGIZ IS
HZENFREE 2D, FT/NUTAY R I REG I~ L, RVECFEIC
K B PEINFEFEIT D3 HENL T 5 728 (Shiraishi etal., 2005) . FHEI DD ZEE R
780~ 7 RGN ORI ATRE & 72 2 D A7 59 [ EAME T oK B & O
L RNE L FEEMBGDED Z LT, RUERINEOIEFEININC I 5 Fl AR PE
PAREIC 2 2 E I SN D, E 61T, WHARD 7 1~ 7 m BIHPEREIZITA HRHD



EIRMETH LM, 7 o~ B ORBICIERIETS 3FE2E L, HARKMORE S
B avwradFil- BREICBWTHEE D, 2T 1 FTHRAT L YA
2B L T R OB IC L > T e~ v FREOEHEILNAIEEIZR 5,
VI EOE RS, YHFRETIEZ v~ 7 n (REBABIEOME L HIEL, 7Tt~
Y Z G B W BEE T 2 BR%E L T % (Yazawa et al., 2010, 2013)

REBATIEICB W CTIERICHRAT 2E F 42 HW 2D & BRI b R O BLAE
FIMA THEEABSYOERMB TP REICAEESINDG O, RIMROIZ L A EDEEH
Kb ENMEE R D, T, R —HRO Y o~ 7 aflffi 1D 5% £ RE
TOYNEEET D723 EONE R MHAE 2D, LvL, BUEE TIZYA
BHAIZ B W TREN D DR BRI A (EH FTRR 2 HIR OB R ITITE - Tz
WV ZIVE TOITHFFE CTIE, SAFIN~OIRE - JE /LI X 5 =% R{t (Okutsu
et al., 2007; Yoshizaki et al., 2010; Lee et al., 2013; Yoshikawa et al., 2017; Hamasaki et al.,
2017; Seki et al., 2017) CAFEAMMAL D AAFIZMHARBIR T T D dead end BInT-
(Weidinger et al., 2003) DOREREFAE NI kit L L CHIH S TE 72 (Saito et al.,
2008; Yoshizaki et al., 2016; Li et al., 2017; Octavera and Yoshizaki, 2019; Marinovi¢ et al.,
2019), L2rL. Z e~ 7 udfg ML 20 b A SBARITERENZE L, 2
VO SZREINA~ OIS LB IR AITAC B 8 EOAERICSE KRB L 5252 &
Mo, RUEEEOREEEIZIIAME THD, LIEDn-> T, 7 v~/ B A
e BB 572010 18 EROARITE B2 5 2 WA XD NEE 0L EA
PENWMZH T %o & Z TAMIFE TILZAEIN A~ DILBLN AL 2206 RO R HE L
L CHEI R MECE H LTz,

o< DD IR PEE OO 4y B CIIMERE IR BN SR & WIAF L T2 < OHEFEDME
HEINTET, ZORT, AADYS A AOuRNOMETH LT B AETH D
Bil7p & WO G DRI K o TTMRENS NI AR T 2 & 1%, fkx R/EWH

THEHI 3L TS (Coyne and Orr, 2004; Maheshwari and Barbash, 2011) , /KPE/ #1235



WTHBFREFEMO—> L U CTHRMAMITE 2 A CEE I, BIEE TIZE D
FRIEMEREDMEH ST 5 (Bartley et al., 2001; Rahman et al., 2013) , ¥V 7 FC
Tk % A O E OB RN AN TEY, Bl IXA Y~ A Salvelinus
fontinalis @ X Y27 7 < A Oncorhynchus masoud' HEFESC AR — 7 4w v 2 T DX
fal LCHARZAT— b TN (792 7D N Salmo trutta® X 1V < A
MEFR) L AIEOMERE L 725 (Arai, 1984; Chevassus, 1979; Gray et al., 1993), Z?DIZ
DI B IRIK A DRI HEFE L A ¥ 8L (Hamaguchi and Sakaizumi, 1992) . =21 #}
(Yamahaetal.,2003), 9 = 7% A F} (Linhartovaetal.,2018), k47 4%} (Takahashi
etal., 2005). F~ XF} (Ponjaratetal. 2019) 72 Pkkx ZpfafE TSI TV S,
F 7o, HEREEH OB I TRKEUT LAV 203 | MEPEFIZ B T b R
ERDMBIREOMAGDEE LT, XA RO~ XA Pagrus major? X 7 v X A
Acanthopagrus schlegeliid Hifids L O~ # A @ X F XA Sparus sardad HifE (Murata
etal., 1997) °=~F}D =X Nibea mitsukurii ¢ X 7 27" Pennahia argentatas’ HFE
(Yoshikawa etal., 2018) . & 7 A EL® Yellowtail flounder Pleuronectes ferrugineus % X
Winter flounder Pleuronectes americanus e (Park et al., 2003) 72 ENFHI 5L TV
Do
% < O 6 MR CIIMBFED B 72 5 Y RERL A | & 2 3y R D
AL S TR L 72D 2 ERHI B IV T D, MERE ARSI e O 0 RRF I T 3 1T D Y
BARDZEER ZFE L A2 f L LT, WILE TIIERMEL R~ Y A C57BL/6
Mus musculus domesticus @ X 3 —11 w73\ 1 % X3 Mus spretus 46FE  (Matsuda et
al., 1992) °, ¥ U H U T NI AKX —  Phodopus sungorus S X ¥ ¥ LN
A X —Phodopus  campbellid HifE  (Ishishita et al., 2015) . E&E TILT /L Anas
platyrhynchos @ X 7NV %7 Cairina moschatacif&  (Islam et al., 2013) . F 7= faZA(Z
BWTH =R AE T Oryzias latipesd X 2% T A X J1 Oryzias cuvinotus S MEFE

(Hamaguchi and Sakaizumi, 1992) OEDH D03, WTILOHMEFRRIZIBW T H AR4E



DET= D JRENL, 85—y & E TIcE U REHDELLE LTS, 72,
MR O YR IE DBV K 5 A I 7 VHI /% 7 I C ORI YL AR D
%A BLE S L OV AU RE D Yeta AR I 2 & Yt Ry Bl D BRI Ko Tk oy o
fEIERglEEZEND EHmELTWD,

L7eho T, 3ty hORGERERRETT 5 2 L ITRRKT 280 RJE I X
> TARIEE 70 D —fEHIK & FIRRIC , AMEMEREIZ W) T H AR ASHARIT ER TH 5 2
ERTREES, REBAEREORFEE LTHATRETHL EE2bND, EBIC
Yamaha & (2003) (%> % 3 Carassius auratus $ X 24 Cyprinus capiod NELHEFR
EEEL LT, ERRFT X a RO LT pre-PGC % & Lol sl 2 B Am 4
5ZLT. FF—CHRT2F 0 X a B TOLzx/EESETND, £72. Wong et
al. 2011 TIZE T 7 7 1 v 2 = Danio rerio® X /N—)V ¥ =7 Danio albolineatus "~
ITMERE 2 15 3= & L C. wTg (vasa:DsRed2-vasa;bactin:EGFP) Y77 7 4 v 2 D
JFAMABAEIC K> T, R —ICHRT DA OAREZEESE TS, S6IC, &I
TIH=_AX v r 7 F QMR AR KT ORI L 72 5 2 L B3 BN
SN AHREZEEE LT R —HRO =R Z4PERRETHDH T EDREN
T % (Yoshikawaetal.,2018a), LA ED X 5 ICFEMIAHMEIC L 5 A iE(kix, S TO
MAEBZWD 2, REFMAL LTORMAfIbIE SN TWD, L, Rited
W DAL G D OB 2 BRIMIE AR 72 5 2 A BHRBEIC B W TR HERE D
EHBITEETH 5, £ 2T, AR TIEZ v~ 27 o ORES & L CHIHREZR Y
NEONEMREAAEN T 5 2 L2 AR E Lz,

% 1 BTl I~ YR Scomber australasicus &~V /NCEH L, T~P X<
Y SR O A TN L IEMRIZ DWW T2, 6, AR TIE I v~ a0 fF 172
BEEEMTH D LS TV D A~ Euthynnus affinis OFEMAZHEC B EF Lz,
REEBUAEIERIC Lo TIEEIC M —HROFME T2 BB TAEESE LD
R —FICAE Y TEYRE EMARIRT 5 Z ENHEETH L, RIS, ML



NP —fPNBEMNICER THDHIEEEEDO M —HREUR T D AEFEN R &

(Bar et al., 2016; Yoshizaki and Yazawa, 2019; Goto and Saito, 2019), F7=. FEINEK
5 DI D 5 A PAREN S EME S R —RTHEL T LI E 20,
fEFEICED NI —HOREMB F OAESRICEADIEHERERTHL LEZBND,
ADRET LV ARAEIT, 7~ aBET 5B~ e g L BENICRD
IRR72BARIZH A 0HERETH Y (Miya et al, 2013) . A > RAEFHEO BT > & di A
HIZAERT 2 A< X EINE KRS QAP RMEN 7 o~ e EEE LTS

(Yesaki, 1994), L7235 T, A~ORMHMREEZEHT L2 N TENL, 7~
J a2 m R TAET DEEICR D Z RIS D, A~ HEREOIEHICIE
TG T DM EERDLD, AOEFETH LY A -~ 7 o 1T KB O
B TH 0 T OBRBUTAN E0MdE &) o 23U RS 7 OERUC R 1) & 7o B 4h R
FRCEMTLZ LIRS, £ZT, ETHE2BETEHBATHLEMBICOIY A -~ 1
FEDOHAERE 1 &2 (ERATHE /e IR ZBRR Le, £ LT 3 3Tk, A~ Euthynnus
affinis @ D OAFTZINTXF LT, 3@ 4HE (0> A&7 4 Katsuwonus pelamis, >~ ¥
K I B~ IV T X Auxis rochei, ~ 7 V1 JE& ) H Thunnus tonggol, ~ 7 v &
7 v~ 7w T orientalis) DWFENG T % AW T2 N TR ZITV., ARMEO A~ M4
BHZENARETHLINERET LT,
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Abstract

We aim to establish a small-bodied surrogate broodstock, such as mackerel, which
produces functional bluefin tuna gametes by spermatogonial transplantation. When
reproductively fertile e fish are used as recipients, endogenous gametogenesis outcompetes
donor-derived gametogenesis, and recipient fish predominantly produce their gametes. In
this study, we assessed fertility of hybrid mackerel, Scomber australasicus % S. japonicus,
and its suitability as a recipient for transplantation of bluefin tuna germ cells. Hybrid
mackerel were produced by artificially inseminating S. australasicus eggs with S. japonicus
spermatozoa. Cellular DNA content and PCR analyses revealed that F1 offspring were
diploid carrying both paternal and maternal genomes. Surprisingly, histological observations
found no germ cells in hybrid mackerel gonads at 120 days post-hatch (dph), although they
were present in the gonad of 30- and 60-dph hybrid mackerel. The frequency of germ cell-
less fish was 100% at 120-dph, 63.1% at 1-year-old, and 81.8% at 2-year-old. We also
confirmed a lack of expression of germ cell marker (DEAD-box helicase 4, ddx4) in the
germ cell-less gonads of hybrid mackerel. By contrast, expression of Sertoli cell marker
(gonadal soma-derived growth factor, gsdf) and of Leydig cell marker (steroid 11-beta-
hydroxlase, cypllbl) were clearly detected in hybrid mackerel gonads. Together these
results showed that most of the hybrid gonads were germ cell-less sterile, but still possessed
supporting cells and steroidogenic cells, both of which are indispensable for nursing donor-
derived germ cells. To determine whether hybrid gonads could attract and incorporate donor
bluefin tuna germ cells, testicular cells labeled with PKH26 fluorescent dye were
intraperitoneally transplanted. Fluorescence observation of hybrid recipients at 14 days post-
transplantation revealed that donor cells had been incorporated into the recipient’s gonads.
This suggests that hybrid mackerel show significant promise for use as a recipient to produce

bluefin tuna gametes.
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Introduction

Surrogate broodstock technology consists of producing donor-derived gametes in a
surrogate fish by transplanting germline stem cells of a donor to a recipient of a different
strain or species (Yoshizaki and Yazawa, 2019). Intraperitoneally transplanted donor
germline stem cells migrate towards recipient genital ridges by chemotaxis and are
eventually incorporated. The donor-derived germline stem cells start either spermatogenesis
or oogenesis depending on the sex of the recipient fish (Yoshizaki and Lee, 2018). Using this
technique, we successfully generated masu salmon (Oncorhynchus masou) that produce
gametes of rainbow trout (O. mykiss) (Takeuchi et al., 2004; Okutsu et al., 2007; Lee et al.,
2015; Yoshizaki et al., 2016). As an application of the surrogate broodstock technology in
aquaculture, seed production of large-bodied and commercially important fish species would
be possible in small land-based fish tanks using surrogate small-bodied parents with short
generation times. Thus, we have attempted to establish a small-bodied surrogate recipient,
such as mackerel, that produces functional bluefin tuna gametes. If realized, the strategy will
save space, labor and cost for the seedling production of bluefin tuna. To date, surrogate
recipients that produce allogeneic and xenogeneic gametes is established in various marine
teleosts, including Carangidae (Morita et al., 2012, 2015), Tetraodontidae (Hamasaki et al.,
2017, Yoshikawa et al., 2018b) and Sciaenidae (Yoshikawa et al., 2017, 2018a). We also
developed a spermatogonial transplantation technique using chub mackerel as recipients
(Yazawa et al., 2010, 2013).

To establish a surrogate broodstock for bluefin tuna, sterile mackerel recipients are
desirable. When reproductively fertile fish are used as recipients, endogenous gametogenesis
outcompetes donor-derived gametogenesis, resulting in dominant production of recipient
gametes. We previously demonstrated that triploid recipients can produce only donor-

derived gametes (Okutsu et al., 2007; Yoshizaki et al., 2010; Lee et al., 2013; Yoshikawa et
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al., 2017; Hamasaki et al., 2017; Seki et al., 2017). As an option to triploidization, sterile
recipients lacking endogenous germ cells caused by gene knockdown or knockout of the
dead end (dnd) gene, which is required for the maintenance of primordial germ cells
(Weidinger et al., 2003), has been used as recipients in several previous reports (Saito et al.,
2008; Yoshizaki et al., 2016; Li et al., 2017; Octavera and Yoshizaki, 2019; Marinovi¢ et al.,
2019).

However, application of these sterilization methods to marine fish is difficult due to their
generally high mortality during larval development. Since the above-mentioned methods
directly treat fertilized eggs, production of large numbers of sterile fish with is unrealistic
with feeble marine fish larvae. Although triploidy in eastern little tuna (Euthynnus affinis) is
successfully induced, triploid fish showed high mortality than the diploids during two to four
weeks post-hatching because of selective cannibalism by diploid siblings (Yazawa et al.,
2019). Thus, an alternative method suitable for marine fish is required for the mass-
production of sterile recipient fish.

In this study, we focused on interspecific hybridization as an alternative approach.
Hybrid sterility is a common phenomenon observed in many eukaryotic inter-species hybrids,
including examples in yeast, plants, insects, birds, and mammals (Coyne and Orr, 2004;
Maheshwari and Barbash, 2011). Interspecific hybridization is commonly used in the field
of aquaculture to improve economic value. Typically, combinations of superior traits of
parent species and positive heterosis are sought, and numerous examples of sterile hybrids
are known for various fish species (Bartley et al., 2001; Rahman et al., 2013). Further, several
reports that used sterile hybrids as recipients for germ cell transplantation (Yamaha et al.,
2003; Shimada and Takeda, 2008; Wong et al., 2011; Xu et al., 2019). Recently, we found
that hybrids of female blue dram (Nibea mitsukurii) x male white croaker (Pennahia

argentata) display germ cell-less sterile gonads (Yoshikawa et al., 2018a). Importantly, these
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hybrid recipients receiving blue dram spermatogonia, produced only donor-derived gametes
(Yoshikawa et al., 2018a). These examples of use of hybrid recipients indicate that sterile
hybrids can fully support gametogenesis of transplanted germ cells. Thus, interspecific
hybridization can be an effective method to produce sterile recipients. Moreover,
interspecific hybridization enables mass-production of recipient fish simply by in vitro
insemination and requires no additional treatment of fertilized eggs.

We focused on blue mackerel (Scomber australasicus) and chub mackerel, belonging to
Scombridae to produce sterile hybrids for the creation of broodstock for bluefin tuna. Since
both mackerel species are distributed in the coastal waters of Japan, and their spawning areas
and timing show a large overlap (Yukami et al., 2009), we expected that hybrid sterility may
be the reason for reproductive isolation of these closely related species. In the present study,
we produced hybrid mackerel using a combination of female blue and male chub mackerel
and assessed gonadal development. Further, its suitability as surrogate broodstock to produce

bluefin tuna gametes was evaluated.
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Materials and methods

Spawning induction of broodstock

Blue mackerel and chub mackerel were caught in purse seines and held for a month in
an offshore aquaculture net pen (144 m? X 5-m depth) located in Higashi-Matsuura, Saga
prefecture, Japan. On December 2013, approximately 40 blue mackerel and 160 chub
mackerel (400-600 g in body weight; 30-40 cm in fork length) were transferred to Tateyama
Station (Banda), Field Science Center of the Tokyo University of Marine Science and
Technology (34°97'N, 139°76'E). These broodstock fish were reared in a land-based 70-m?>
fiber reinforced plastic (FRP) circular tank with flow-through seawater (100 1/min) under a
natural photoperiod until use. The broodstock were fed extruded pellets (White Ikusei no.4;
Hayashikane Sangyo, Yamaguchi, Japan), defrosted sand eel, and krill to apparent satiety
twice daily. On May 2014, 10 blue and chub mackerel were transferred from the 70-m?
rearing tank to 5-m® FRP-tanks for spawning induction with flow-through seawater (25
1/min) at 20.5°C—21.2°C under a natural photoperiod. To induce final maturation of parental
fish, gonadotrophin-releasing hormone agonist (GnRHa) for the spawning induction was
administered by implantation of sustained-release cholesterol pellets (Amezawa et al., 2018).
Cholesterol pellets containing GnRHa were prepared by a custom peptide synthesis service
(Anygen, Jeollanam-do, Korea) and implanted into the abdominal cavity. Pellets contained

GnRHa at a dose of 100 pg/kg BW.

Interspecific hybridization

Approximately 32 h after GnRHa treatment, the fish were anesthetized with 100 ppm. 2-
phenoxyethanol (Fujifilm Wako Pure Chemical Co., Osaka, Japan). Ovulated eggs were
obtained from female blue mackerel by gently squeezing its abdomen, and the eggs were

collected into a 2,000 ml beaker. Approximately 1 ml of milt was collected from each chub
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mackerel male (for hybrid) and each blue mackerel male (for control blue mackerel) by
pressing its abdomen. Milt was kept on ice until use. To compare the early development of
hybrid mackerel and control blue mackerel, blue mackerel eggs were fertilized with chub
mackerel or blue mackerel sperm. Blue mackerel eggs were divided into two fractions each
containing approximately 40,000 eggs. One fraction was mixed with 1 ml of chub mackerel
sperm, and the other with 1ml blue mackerel sperm. Mixed eggs and sperm were
subsequently activated by adding 1,000 ml natural seawater and rinsed twice with natural
seawater. Eggs that rose to the water surface within 5 min after fertilization were defined as
floating eggs and triplicate lots of 20 floating eggs were collected into 8 ml Petri dishes filled
with sterile seawater and incubated at 20°C. The number of eggs that reached the two- to
four-cell stages within 1-2 h of fertilization was recorded as fertilized egg count, and the
number of larvae that hatched within 48 h of fertilization was recorded as hatched egg count.
The fertilization rate was calculated as [fertilized egg count / 20 floating eggs % 100], and
hatching rate calculated as [hatched larva count / 20 floating eggs x 100]. This cross

experiment was repeated three times, using different batches of fertilized eggs.

Larval culture

Approximately 20,000 fertilized eggs of hybrid mackerel were transferred to a 100-1
polycarbonate tank (440 mm diameter x 700 mm deep) with flow through seawater and
maintained at 20°C-21°C with gentle aeration. Larval rearing was described previously
(Yazawa et al. 2010). Briefly, feeding of larvae began 2 days post-hatch (dph). The rotifer
Brachionus rotundiformis, fed with freshwater type of Chlorella (Super fresh Chlorella V12;
Cholera Industry Co., LTD, Tokyo, Japan), was added to the tank twice a day. Densities of
rotifers and Nannochloropsis sp. (Marine fresh; Marine-bio Inc., Kumamoto, Japan) in the

tank were maintained at 10 individuals/ml and 5 x 10° cells/ml, respectively. Artemia nauplii
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and an artificial diet (Otohime, Pacific Trading Co., Ltd., Fukuoka, Japan) were provided
from 12- and from 14-dph, respectively. To increase the n-3 fatty acid concentration in live
food, the rotifers and Artemia nauplii were incubated with Hyper Gloss (Nissin Marine Tech
Co. Ltd., Kanagawa, Japan) for 6 to 12 h before feeding. Fish were reared in 100-1 tanks for
approximately 25 days, followed by transfer into 5-m? tanks. The photoperiod and water

temperature were not modified from ambient conditions.

Polymerase chain reaction (PCR) and ploidy analysis.

Aneuploid, gynogenic, or androgenic offspring were previously produced by
interspecific hybridization (Liu, 2010). Therefore, to confirm successful production of
diploid hybrids, 10 hybrid larvae at 1-dph were subjected to DNA analyses against nuclear
DNA (nDNA) or mitochondrial DNA (mtDNA). Detection of parental nDNA was performed
using a multiplex PCR kit “ Saba checker-I” (SCOTS, Saga, Japan) according to
manufacturer's instructions. This method amplified both blue and chub mackerel specific
regions in the nuclear ribosomal DNA (rDNA) internal transcribed spacer (ITS1) region.
Identification of maternal origin was performed by PCR-restriction fragment length
polymorphism (RFLP) analysis of mtDNA following a previously reported protocol (Food
and Agricultural Materials Inspection Center and Fisheries Research Agency, 2007). Briefly,
the PCR was performed with primer sets LSs1-Leu and HSs1-ND5 (Table. 1), designated
for the conserved region located from tRNA-Leu (CUN) to NADH dehydrogenase subunit
5 (ND5) gene between chub and blue mackerel. PCR amplification was conducted in a 50-
ul reaction volume containing 1x PCR Buffer II, 200 uM of dNTPs, 1.5mM MgCl,, 1.25 U
of Ampli7ag Gold DNA polymerase (Thermo Fisher Scientific, MA, USA), 50 ng of
template DNA, and 1 uM of each primer. Thermal cycling conditions were: 1 cycle of 95°C

for 8 min, then 35 cycles of 94°C for 30 s, 55°C for 15 s, 72°C for 1 min, followed by a final
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elongation step at 72°C for 7 min. Amplified PCR fragments were digested for an hour at
37°C with Hae 111, which recognizes a sequence unique to the target region of chub mackerel.
PCR-RFLP products were electrophoresed on a 2.0% agarose gel. To estimate average
cellular DNA contents of parental species and hybrid larvae at 1-dph, flow cytometric
analysis was performed as described previously by Yazawa et al. (2019). Relative DNA
content of each larva was measured using a Guava PCA-96 (Millipore, Billerica, MA).
CyStain PI Absolute T kits (Partec, Munster, Germany) were used according to the
manufacturer's instructions and a blue mackerel larva was used to represent the standard
DNA content value of respective sample types. Flow cytometry was performed using ten 1-

dph hybrid mackerel, control chub mackerel, and blue mackerel.

Histological analysis of hybrid mackerel gonads

Fish used in histological analyses were 30-, 60-, 120-dph, 1 and 2-year-old hybrid
mackerel. Gonadosomatic indices (GSI; [gonad weight in grams/body weight in grams] X
100) were measured to monitor gonadal development of hybrid mackerel. Gonads were fixed
with Bouin’s fixative overnight at 4°C, cut into 4-um thick sections using standard paraffin-
embedding methods, and stained with hematoxylin and eosin. Images of sections were
obtained using a light microscope (BX-51; Olympus, Tokyo, Japan) and a digital camera
(DP-70; Olympus). This histological analysis was performed using at least 10 gonads of

hybrid mackerel at each age.

Gene expression analyses of hybrid mackerel gonads

The localization of germ cell marker, DEAD-box polypeptide 4 (ddx4) mRNA, and
Sertoli cell marker, gonadal soma derived growth factor (gsdf) mRNA, were analyzed by in

situ hybridization (ISH) on tissue sections of 120-dph hybrid and blue mackerel. Antisense
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RNA probes were synthesized from 379-bp chub mackerel ddx4 (nucleotide 2,008-2,387 bp;
GQ404693), and 488-bp chub mackerel gsdf (nucleotide 1-488 bp; GQ404694) cDNA
fragments, as previously described (Yazawa et al., 2010). The ISH was performed as
described previously (Sawatari et al., 2007). Since homologies of ddx4 and gsdf probes
between the two mackerel are 95.2% and 98.7%, respectively, these probes are expected to
be hybridized to transcripts from alleles of both species. Total RNA extraction and cDNA
synthesis were performed as previously described (Yazawa et al., 2010). To validate the
histological observations, the reverse-transcription PCR (RT-PCR) for germ cell marker,
ddx4; Sertoli cell marker, gsdf; Leydig cell marker, steroid 11-beta-hydroxylase (cypl1b1);
and internal control, beta-actin (actb) was performed using cDNA obtained from the gonads
of hybrid mackerel at 120-dph and 1-year-old. Moreover, to clarify whether hybrid mackerel
have the potential to produce the 11-ketotestosterone (11-KT) that plays a pivotal role in
spermatogenesis, RT-PCR for six steroidogenic enzyme genes required for conversion of
cholesterol to 11-KT (cholesterol side-chain-cleavage enzyme, cypllal; 3 beta-
hydroxysteroid dehydrogenase / delta 5-delta 4 isomerase type 1, hsd3b1; steroid 17 alpha-
hydroxylase / C17,20 lyase, cypl7al; hydroxysteroid 17-beta dehydrogenase 12, hsd17b12,
cypllbl and hydroxysteroid 11-beta dehydrogenase 2, hsdl1b2) were performed using
cDNA obtained from the testis of hybrid mackerel at 1-year-old. The PCR amplification was
conducted with AmpliTaq Gold DNA polymerase; primer sets for each gene are listed in
Table 1. To detect transcripts from alleles of both species, all primers were designed against
regions that are completely conserved between chub and blue mackerel. The GenBank
accession number of each gene of both chub and blue mackerel is listed in Table 2. Thermal
cycling conditions were: 1 cycle of 95°C for 10 min, then 35 cycles of 95°C for 30 s, 58°C
for 30 s, and 72°C for 1 min, followed by a final elongation step at 72°C for 3 min. PCR

products were electrophoresed on a 2.0% agarose gel.
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Germ cell transplantation

Donor testicular cells were prepared from 3-year-old male Pacific bluefin tuna (body
weight, approximately 40 kg) which were reared in net pens at Kushimoto, Wakayama
Prefecture, Japan. Freshly isolated testes were minced with Weckel scissors and dissociated
as previously described (Yazawa et al., 2013). To isolate spermatozoa and blood cells from
whole testicular cell suspensions, density gradient centrifugation using a Percoll gradient
(Percoll Plus; GE Healthcare, Princeton, NJ) was performed as previously described (Ichida
et al., 2019). To label donor testicular cells, PKH26 (Sigma-Aldrich, Inc., St. Louis, MO)
staining was performed as described by Takeuchi et al. (2009). We previously revealed that
chub mackerel larvae with a total length of 5.3-mm showed higher incorporation efficiency
of transplanted germ cells relative to those with a total length of 4.2-mm or 6.9-mm (Yazawa
et al., 2010). In this study, therefore, PKH26-labeled cells were transplanted into the
peritoneal cavity of hybrid mackerel larvae at 10-dph with a total length of 5.8-mm. At least
10,000 cells were injected into each of the 170 recipients. Transplantation was performed as
previously described (Yazawa et al., 2010). Genital ridges excised from five recipients were
imaged under a fluorescent microscope (BX51N-34FL, Olympus) at 14 days post-
transplantation to confirm the incorporation of PKH26-labeled donor germ cells.
Incorporation rate of donor-derived germ cells in recipient genital ridges was calculated as
[ number of fish incorporating fluorescent cells in genital ridges at 14 days post-

transplantation/number of fish observed x 100].

Statistical analysis

All data are represented as the mean + standard error of the mean (SEM). A value of p <

0.01 was considered significant for all tests. A two-tailed Student's t-test was used to
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determine statistical differences in means of fertilization rates and hatching rates between
hybrid mackerel and chub mackerel (F-test was performed to show that the variance of
populations were equal). Further, one-way analysis of variance (ANOVA), followed by
Tukey’s multiple comparison test was used to determine statistical significance in the mean
GSI of 1- and 2-year-old hybrid mackerels and 1-year-old chub mackerels. Before
conducting the ANOVA, the homogeneity of variances was determined with Bartlett’s test.

All analyses were carried out using GraphPad Prism version 5.0 (GraphPad).
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Results

Production of hybrid mackerel

Early survival of hybrid mackerel is illustrated in Fig. 1A. Mean + SEM values for
fertilization and hatching rates of hybrid mackerel were 93.5% + 2.3% and 87.4% + 4.4% (n
= 3), respectively. By comparison, mean fertilization and hatching rates of control blue
mackerel were 96.7% + 0.6% and 84.7% + 3.6% (n = 3), respectively. No significant
differences between these fertilization and hatching rates were found. Genomic DNA of
hybrid mackerel larvae at 1-dph was subjected to multiplex PCR analysis that targeted a
species-specific sequence of the ITS region in nDNA (Fig. 1B). As a result, both blue
mackerel and chub mackerel specific fragments (200 bp and 125 bp, respectively) were
amplified in all tested hybrid mackerel larvae (n = 10). Moreover, the PCR-RFLP targeted
region of mtDNA indicated that hybrid mackerel larvae possessed mtDNA derived from blue
mackerel; restriction patterns were identical to those of blue mackerel (Fig. 1C, n=10).
Analyses of cellular DNA content revealed that hybrid mackerel showed the same peaks for
DNA contents observed in diploid parental species and none exhibited signs of aneuploidy
(Fig. 1D). Moreover, the external appearance of hybrid mackerel at 120dph was similar to
parental species at the same age and showed no deformation. Hybrid fish grew normally (Fig.

1E).

Gonadal development of hybrid mackerel at 30-, 60- and 120-dph

To clarify the fertility of hybrid fish, gonadal development was compared with that of
control chub mackerel (Fig. 2). At 30-dph, hybrid mackerel possessed sexually
undifferentiated gonads with primordial germ cells (PGCs) that were enclosed by gonadal
somatic cells (Fig. 2B), as also observed in controls (Fig. 2A). Control chub mackerel gonads

at 60-dph differentiated into testis or ovary (Fig. 2C, D) and sperm duct and spermatogonia
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were observed in testis (Fig. 2C). The ovarian cavity and ovarian lamella were formed in
control fish, and oogonia were observed (Fig. 2D). By contrast, all hybrid mackerel at 60-
dph showed only testis-like gonads possessing sperm duct and spermatogonia (n = 10, Fig.
2E). In control at 120-dph, numbers of germ cells were drastically increased in both testis
(Fig. 2F) and ovary (Fig. 2G). In ovaries, primary oocytes were observed during the
perinucleolus stage (Fig. 2G). Hybrid mackerel at 120-dph showed only testis-like gonads

as at 60-dph, and germ cells were not observed in these testis-like gonads (n = 10, Fig. 2H).

Gene expression analyses of germ cell-less gonads of hybrid mackerel at 120-dph

To further confirm depletion of germ cells, we investigated expression of the germ cell
marker, ddx4 mRNA, in hybrid mackerel gonads at 120-dph by ISH (Fig. 3A-F, A’-F’). ddx4-
positive germ cells were detected in control blue mackerel testis (Fig. 3B, B’), whereas no
ddx4-positive germ cells were detected in hybrid mackerel gonads (Fig. 3E, E’). Further,
transcripts for ddx4 were not detectable using RT-PCR (Fig. 3G). gsdf-positive Sertoli cells
were detected in both control blue mackerel and hybrid mackerel at nearly equal levels (Fig.
3C, C’, F, F’). Thus, hybrid mackerel are devoid of germ cells, but not Sertoli cells.
Expression of gsdf in the hybrid gonads was further confirmed by RT-PCR (Fig. 3G), as was
the of Leydig cell marker, cypllb1 (Fig. 3G). These results are promising for germ cell
transplantation because the presence of supporting cells and steroidogenic cells that can
nurse donor-derived germ cells is a prerequisite for the successful colonization and

development of these cells.

Histological analysis of hybrid mackerel gonads at 1- and 2-year-old

Male and female chub mackerel are reported to reach sexual maturity at one year in

captivity (Ishibashi et al., 2007; Nyuji et al., 2014). We investigated 1- and 2-year-old hybrid
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mackerel for germ cell-less testis during spawning seasons. At one and two years after
hatching, seven out of 11 (63.6 %) and eight out of 11 (72.7 %) hybrid mackerel possessed
germ cell-less testes, respectively (Fig. 4A, G, M) and GSI of these germ cell-less testes was
0.04 £+ 0.003% and 0.04 + 0.007%, respectively both of which are significantly lower than
testes of control chub mackerel at 1 year old (GSI; 6.75 + 0.758% , Fig. 4E, K, Q) (p > 0.01).
Three out of 11 (27.3%) 1-year-old and 2 out of 11 (18.2%) 2-year-old hybrid mackerel
possessed spermiated testes and all stages of spermatogenic cells, i.e. spermatogonia to
sperm, was observed with HE staining (Fig. 4C, I, O), yet the GSI of these spermiated testes
was 0.31 £ 0.12% and 1.9 + 1.3%, respectively, were also significantly lower than testes of
1 year-old control chub mackerel (p > 0.01). Also, one out of 11 (9.1%) 1-year-old hybrid
mackerel showed displayed an ovary with numerous oocytes (Fig. 4D, J, P). Moreover, one
out of 11 (9.1%) 2-year-old hybrid mackerel possessed germ cell-less ovary-like gonad with
an ovarian cavity and ovarian lamella (Fig. 4B, H, N). As mentioned above, although a 50:50
sex ratio is observed in wild chub mackerel, the sex ratio of male to female hybrid mackerel
was 10:1 at both 1- and 2-years after hatching (Table 3). Thus, hybrid mackerel exhibit a

strong male-biased sex ratio.

Gene expression analyses of testis of hybrid mackerel at 1-year-old

The expression of ddx4, gsdf and six steroidogenic enzyme genes required for conversion of
cholesterol to 11-KT (cypllal, hsd3bl, cypl7al, hsd17b12, cypllbl, hsd11b2) in the testis
of 1-year-old hybrid mackerel were investigated using RT-PCR (Fig. 5). The germ cell-less
testis of 1-year-old hybrid mackerel were found to be ddx4-negative, gsdf-positive, and
cypllbli-positive. Thus, the expression pattern of each cell-type maker genes in the germ
cell-less testis of 1-year-old fish was the same as those at 120-dph. Moreover, all tested

steroidogenic enzyme genes were detected in both germ cell-less testis (ddx4-negative) and

33



spermiated testis (ddx4-positive) of hybrid mackerel, as well as in the spermiated testis of
control blue and chub mackerel. These results suggested that the germ cell-less testis of

hybrid mackerel have the ability to produce the 11-KT.

Transplantation of bluefin tuna testicular cells into the hybrid mackerel.

Bluefin tuna testicular cells labeled with PKH26 (Fig. 6A, B) were transplanted into the
peritoneal cavity of hybrid larvae at 10-dph. At 24-dph, no fluorescence was observed in the
gonads of non-transplanted fish (Fig. 6C-E), whereas numerous PKH26-labeled cells were
incorporated in the gonad of transplanted recipient larvae (Fig. 6F-H). The frequency of
occurrence of recipient larvae incorporating donor-derived bluefin tuna germ cells was 100%
(n = 5). The mean number of donor-derived germ cells found in the hybrid mackerel
recipients was 36.9 = 8.4. Hybrid mackerel gonads thus possessed a capability to attract and

incorporate donor germ cells of bluefin tuna at high efficiency.
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Discussion

In this study, we succeeded in producing a hybrid mackerel (female blue mackerel x
male chub mackerel) that lost germ cells in gonads after 120-dph. This loss was confirmed
by lack of expression of a germ cell marker, ddx4. In contrast, gene expression of a Sertoli
cell marker, gsdf, and a Leydig cell marker, cypl1b1, were clearly detected in the hybrid
mackerel gonads. The hybrid mackerel thus shows germ cell-less sterility but retains
supporting cells and steroidogenic cells both of which are essential for nursing transplanted
exogenous germ cells. More importantly, bluefin tuna germ cells transplanted into the
peritoneal cavity migrated to and were incorporated into hybrid mackerel gonads with high
efficiency. The genital ridge of hybrid mackerel thus retains the capability to attract and
incorporate xenogeneic bluefin tuna germ cells.

As a key regulator for guiding the migration of PGCs, the chemokine SDF-1 (stromal
cell-derived factor 1, also called as CXCL12) secreted by the region where the gonad
develops and its receptor CXCR4 (C-X-C chemokine receptor type 4) expressed in the PGCs
have been identified in zebrafish (Doitsidou et al., 2002), medaka (Sasado et al., 2008), and
kingfish (Fernandez et al., 2015). We previously confirmed CXCR4 is also expressed in
testicular germ cells (Hayashi et al., unpublished data). Therefore, hybrid mackerel SDF-1
may activate bluefin tuna CXCR4 signaling and guide the migration of transplanted bluefin
tuna germ cells to the region where the gonad develops, even though they were isolated from
a different genus. In a previous study, migration of donor cells into recipient gonads was
usually possible even if donor and recipient were genetically distant species (Yoshizaki and
Yazawa, 2019; Goto and Saito, 2019). Notably, Saito et al. (2014) showed that transplanted
sturgeon PGC was incorporated into the genital ridge of goldfish. These species are from
different orders. These reports suggest that mechanisms of germ cell migration are conserved

across fish species, and the present results are consistent with this hypothesis.
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Incorporation rate (100.0%) found in the present inter-generic transplantation was higher
than colonization rates (70.0%) observed in our previous inter-family transplantation using
donor nibe croaker and recipient chub mackerel (Yazawa et al., 2010). Colonization
frequency may be affected by the phylogenic distance between the donor and recipient
species.

Overall, hybrid mackerel show significant promise as a recipient for production of
bluefin tuna gametes by surrogate broodstock technology. Most hybrid mackerel are germ
cell-less and hold advantages over sterile triploid fish. First, germ cell-less recipients
produce only donor-derived gametes. Triploids produce small numbers of abnormal,
aneuploid gametes in some species (Felip et al., 2001; Piferrer et al., 2009), leading to risks
of producing both donor-derived gametes and dysfunctional endogenous gametes.
Consequently, the efficiency of producing donor-derived offspring might be compromised
undesirable fertilization with dysfunctional endogenous gametes. Since germ cell-less
recipients are completely devoid of endogenous germ cells, they will produce only donor-
derived offspring. Second, since triploid gonads maintain a normal number of mitotic germ
cells, endogenous cells are presumed to compete with the transplanted germ cells for germ
cell niches. No such competitive endogenous germ cells exist in germ cell-less sterile fish.
In rainbow trout, the donor-derived germ cells showed significantly higher colonization and
proliferation efficiency in the gonads of germ cell-less recipients, produced by knockdown
of dnd expression using antisense morpholino oligonucleotides (AMO), than those in the
gonads of the control recipients (Yoshizaki et al., 2016). In contrast to dnd-AMO-treated
recipients that show no germ cells during the transplantation period, hybrid mackerel possess
endogenous germ cells until 60-dph. Therefore, the colonization efficiency of donor-derived
germ cells might not be enhanced in the gonads of hybrid mackerel. On the other hand, since

endogenous germ cells of most hybrid mackerels disappeared by 120-dph, the transplanted
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germ cells can occupy the germ cell niches effectively, meaning that their proliferation would
be enhanced in the gonads of hybrid mackerel. Further, when testicular cells of sockeye
salmon (Oncorhynchus nerka) are transplanted into triploid and dnd-knockdown rainbow
trout, triploid trout produces donor-derived salmon sperm but not eggs, but the dnd-
knockdown trout recipient successfully produces both donor-derived salmon sperms and
eggs (Yoshizaki et al., unpublished data). In the present study, most hybrid mackerel possess
germ cell-less gonads, making them promising recipients for production of xenogeneic
bluefin tuna gametes.

In various animal species, including fish, a cytological mechanism of hybrid sterility is
meiotic arrest caused by failure to achieve synapsis between homologous chromosomes
(Chandley et al., 1975; Shimizu et al., 1997; Sawamura et al., 2004; Bhattacharyya et al.,
2013; Islam et al., 2013). Therefore, germ cell-less sterility in the hybrid mackerel is a rare
case of hybrid sterility. Recently, Yoshikawa et al. (2018a) reported that a hybrid of female
blue dram x male white croaker showed germ cell-less sterility, and this report is apparently
to only one in the existing literature. The PGCs of hybrid larvae from this cross migrate and
are incorporated into genital ridges normally but are unable to proliferate. Eventually, hybrid
gonads become germ cell-less and sterile. In contrast, proliferation of PGCs in mackerel
hybrid gonads was observed histologically at 60-dph, indicating that germ cell-less sterility
of hybrid mackerel is caused by mechanisms different from mechanisms underlying sterility
in blue dram x white croaker hybrids. Further study is required to investigate proliferation,
differentiation, and apoptosis in germ cells found in the gonads of hybrid mackerel juveniles.

We revealed that hybrid mackerel show a strong male-biased sex ratio and individuals
possessing ovary-like germ cell-less gonads rarely appeared. In zebrafish and medaka
(Oryzias latipes), numbers of germ cells affect sex differentiation; that is, absence of germ

cells leads to exclusive male development even in genetic females (Weidinger et al., 2003;
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Slanchev et al., 2005; Kurokawa et al., 2007; Li et al., 2017). This phenomenon also occurred
in hybrid mackerel possessing germ cell-less gonads. This male-biased sex ratio may become
a potential disadvantage for production of donor-derived eggs. However, we have succeeded
in producing feminized chub mackerel by oral administration of estradiol-17beta (Tani et al.,
unpublished data), the promising potential for production of female hybrid mackerel using
this technique will be assessed in future work.

In order to nurse the spermatogenesis of transplanted exogenous germ cells, it is essential
that the recipient has the ability to produce the androgens (11-KT) that play a pivotal role in
spermatogenesis (Miura et al., 1991, Schulz and Miura, 2002). The RT-PCR analysis
revealed that the steroidogenic enzyme genes, required for conversion of cholesterol to 11-
KT, are expressed in the germ cell-less testis of 1-year-old hybrid mackerel. Since the germ
cells depletion markedly affects the anatomical structure and frequency of occurrence of
each cell type in testes, quantitative analyses of reproductive hormones in the germ cell-less
testis were not performed. Certainly, however, the germ cell-less testis of hybrid mackerel
do have the potential for androgen production. Future studies will be required to reveal
whether transplanted hybrid mackerel recipients can nurse spermatogenesis of donor-derived
germ cells.

The sterility of hybrid mackerel was not displayed in all individuals. The frequency of
non-sterile fish was as low as 36.4% after 1 year, and 18.2% after 2 years, and 0% after the
first four months (120-dph group). Since we produced these fish groups using different
broodstock, we could not rule out the possibility that the frequency of the sterile fish is
affected by their genetic background. To produce a 100% sterile population, the precise
mechanism of sterility caused by hybridization in mackerel will require better understanding.

In the present study, we showed biological characteristics of hybrid mackerel, with

special emphasis on germ cell-less sterility. We also showed applicability of this hybrid for
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mass-production and its ability to harbor tuna germ cells. Thus, hybrid mackerel are

promising recipient candidates as surrogate broodstock for bluefin tuna gamete production.
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Figure legends

Figure 1. Production of hybrid mackerel.

A: Fertilization and hatching rates of blue mackerel (BM) eggs inseminated with BM sperm
and chub mackerel (CM) sperm. Cross experiments were performed at three times and data
are presented as mean = SEM. B: Species-specific PCR amplification of nuclear DNA region
in hybrid mackerel larvae. Lanes 1 - 10 are genomic DNA obtained from hybrid mackerel
larvae at 1-dph. Lanes CM and BM are positive controls obtained using genomic DNA
extracted from chub mackerel and blue mackerel, respectively. Lane CM+BM is a positive
control obtained by mixing genomic DNA of chub mackerel and blue mackerel. C: PCR-
RFLP analysis of the mitochondrial DNA region in hybrid mackerel larvae. Amplified PCR
fragments were undigested (U) and digested (D) with the restriction enzyme Hae 111, which
recognizes species-specific sequence of chub mackerel DNA. Lanes 1 - 4 (corresponding to
lanes 1-4 in Fig.1B) are genomic DNA obtained from hybrid mackerel larvae at 1-dph. Lanes
CM and BM are positive controls obtained using genomic DNA extracted from chub
mackerel and blue mackerel, respectively. D: Representative histogram showing the relative

nuclear DNA contents of chub mackerel (CM), blue mackerel (BM), and hybrid mackerel
(BM X CM hybrid). E. Typical external appearance at 120 dph of chub mackerel (CM), blue

mackerel (BM) and hybrid mackerel (BMxCM hybrid). Bars =2 cm.

Figure 2. Gonadal development of chub mackerel and hybrid mackerel at 30, 60 and 120-
dph.

Hematoxylin and eosin-stained transverse sections of chub mackerel gonads (A, C, D, F, G)
and hybrid mackerel gonads (B, E, H). Arrowheads indicate germ cells. A-B: At 30-dph,

sexually undifferentiated gonads with a primordial germ cell were observed in chub

49



mackerel (A) and hybrid mackerel (B). C-E: SD, sperm duct; OC, ovarian cavity. At 60-dph,
sexually differentiate testis with spermatogonia (C) and ovary with oogonia (D) were
observed in chub mackerel, whereas only testis-like gonads with spermatogonia were
observed in hybrid mackerel (E). F-H: At 120-dph, testis with proliferated spermatogonia
(F) and ovary with oocytes (G) were observed in chub mackerel, whereas only testis-like

gonads without germ cells were observed in hybrid mackerel (H). Bars =20 um.

Figure 3. Gene expression analyses in germ cell-less gonads of hybrid mackerel at 120-dph
A-F, A’-F’: in situ hybridization analysis of ddx4 and gsdf gene expression in germ cell-less
gonad of hybrid mackerel and testis of blue mackerel. Sequential sections of blue mackerel
testis (A-C, A’-C’) and hybrid mackerel (D-F, D’-F’) are stained with Hematoxylin and eosin
(left columns; A, A’, D, D’) and hybridized with ddx4 (middle columns; B, B’, E-E’) and
gsdf (right columns; C, C’, F, F’) probes. Yellow broken lines indicate the cyst structure and
red broken lines indicate the germ cells. Higher magnification views of the boxed area in A-
F are shown in A’-F’, respectively. Bars = 50 um (A-F) and 20 pm (A’-F’). E: RT-PCR
analysis of germ cell and gonadal somatic cell-specific genes in germ cell-less gonads of
hybrid mackerel (BMxCM hybrid) and the testis and ovary of blue mackerel (BM) and chub
mackerel (CM). RT-PCR was performed with primer sets specific to a germ cell marker
(ddx4), Sertoli cell-marker (gsdf) and Leydig cell marker (cypl1b1). beta-actin (actb) is used
as an internal control. N.C. represents a negative control with distilled water instead of

template cDNA.

Figure 4. Typical gonad type observed in 1- and 2-year-old hybrid mackerel and 1-year-old

chub mackerel in spawning season.
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From top to bottom of columns, respectively: a germ cell-less testis of 2-year-old hybrid
mackerel (A,G,M), a germ cell-less ovary of 2-year-old hybrid mackerel (B,H,N), testis of
1-year-old hybrid mackerel (C,I,0), ovary of 1-year-old hybrid mackerel (D,J,P), testis of
control chub mackerel (E,K,Q), ovary of control chub mackerel (F,L,R) of external feature
(left columns, A-F) and transverse section stained with Hematoxylin and eosin (middle
columns, G-L). M-R are high magnification images of G-L, respectively (right columns).

Bars =2 cm (A-F), 100 um (F-L) and 20 um (M-R).

Figure 5. RT-PCR analysis of steroidogenic enzyme genes in the testis of 1-year-old hybrid
mackerel (BM X CM hybrid), blue mackerel (BMd"), and chub mackerel (CMc"). Lanes 1-3 are
cDNA obtained from spermiated testes of hybrid mackerels and lanes 4-10 are cDNA obtained
from germ cell-less testes of hybrid mackerels. RT-PCR was performed with primer sets specific
to a germ cell marker (ddx4), Sertoli cell-marker (gsdf) and steroidogenic enzyme genes required
for conversion of cholesterol to 11-KT (cypllal, hsd3bl, cypl7al, hsd17b12,cypl1bl, hsdl1b2).
The marker, actb, was used as an internal control. N.C. represents a negative control with distilled

water instead of template cDNA.

Figure 6. Incorporation of transplanted xenogeneic bluefin tuna germ cells into gonads of hybrid
mackerel recipient.

A-B: Dissociated bluefin tuna testicular cells labeled with red fluorescent dye (PKH26). All cells
in the brightfield view (A) are strongly stained in the fluorescent view (B). C-H: Bright field (C,
F) and fluorescent (D, E, G, H) views of excised gonads of non-transplanted (C-E) and
transplanted (F-H) hybrid mackerel. The dotted lines indicate the gonads of hybrid mackerel. E

and H are higher magnification of red rectangles in D and G, respectively. Bars = 20 um.
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Table 1. List of primers

gene

Primer name

Primer sequence

tRNA-Leu (CUN) LSsl-Leu

ND5

ddx4 (vasa)

gsdf

cypllal

hsd3bl

cypl7al

hsd17b12

cyplibl

hsd11b2

actb

HSs1-ND5

Scomb_common_vasa Fw

Scomb_common_vasa Rv

SC gsdf F1
SC_gsdf R1

Scomb _cypllal Fw
Scomb_cypllal Rv
Scomb _hsd3bl Fw
Scomb_hsd3bl Rv
Scomb_cypl7al_Fw
Scomb_cypl7al Rv
Scomb_hsd17b12_Fw
Scomb _hsd17b12 Rv
Scomb_cypllbl Fw
Scomb_cypllbl Rv
Scomb_hsd11b2 Fw
Scomb _hsd11b2 Rv
Scomb_actin_Fw

Scomb_actin Rv

5’- ATCCGCTGGTCTTAGGAACC

5’- CCTTCTCAGCCGATAAATAGTT

5’- CTATTTGTTCCTGGCTGTGG

5’- GCAGACTCTTCTAACCATGAAGG

5’- GCTCTCAACTTGCAGGCTGA

5’- CCCAGCCCAGATCTTTCATG

5’- GGATTGGAGCAAAAGTGT

5’- CTGGAATGTGGTAGTTTTGA

5’- ACACAGCTGCTCCTAGAA

5’- TCACGGGTGGTGTATCAT

5’- TCTCTGTGTTCCATCCTCT

5’- CCCCCCCAATTTACTGTC

5’- CCATCCTCAACATCTCATC

5’- CAAACCCATCCCCATCAC

5’- CTGGGTCAATCTGGTGAAATT

5’- CGCAGCATTCGAGAGAAAT

5’- CATCCTACCGTCCTCCTA

5’- CATCAGCTTCTTCTTCACA

5’- ATGGTTGGTATGGGCCAGAA

5’- GCTTCTCCTTAATGTCACGC

58



Table 2. List of GenBank accession numbers

GenBank accession number

= Chub mackerel Scomber japonicus ~ Blue mackerel Scomber australasicus
ddx4 (vasa) GQ404693 GU581279
gsdf GQ404694 MT470269
cypllal MT459650 MT459651
hsd3bl1 MT459657 MT459658
cypl7al MT459659 MT459660
hsd17b12 MT459654 MT459655
cyplibl MT459648 MT459649
hsdl1b2 MT459653 MT459652
actb GU731674 MT459656
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Table 3. Occurrence frequency of gonad types and associated gonad somatic index (GSI)

Hybrid mackerel Chub mackerel (control)

1 year old 2 years old 1 year old
Gonad types Number of fish ~ GSI (%) Number of fish  GSI (%) Number of fish  GSI (%)
GCL testis* 7 0.04 £0.003 # 8 0.04 £0.007 # 0
GCL ovary* 0 1 0.01 0
Testis 3 031+0.116% 2 1.90 £1.325% 10 6.75+0.758 ®
Ovary 1 0.1 0 8 6.62+0.675°
Total 11 11 18

*GCL, germ cell-less.

Different letters indicate statistically significant differences (Tukey’s test. p < 0.01).
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Abstract

We developed a simple dry-shipper method for cryopreserving the sperm of Scombridae
fishes in outdoor environments. First, we undertook a preliminary study to optimize the
sperm cryopreservation conditions using bullet tuna, Auxis rochei (Risso, 1810) sperm. We
found that the optimum cryomedium contained 90% fetal bovine serum (FBS) or 300 mM
trehalose as an external cryoprotectant and 10% dimethyl sulfoxide (DMSO) as an internal
cryoprotectant. Under these optimized conditions, the post-thaw sperm had a duration of
motility of 500 s and a motility rate of >70%. We then performed practical trials of the
optimized protocol in various outdoor environments (e.g, fishing boats and ports) using the
sperm of five Scombridae species: chub mackerel, Scomber japonicus (Houttuyn, 1782);
blue mackerel, S. australasicus (Cuvier, 1832); skipjack tuna, Katsuwonus pelamis
(Linnaeus, 1758); longtail tuna Thunnus tonggol, (Bleeker, 1851) and Pacific bluefin tuna,
T. orientalis (Temminck & Schlegel, 1844). The post-thaw sperm of all five of these species
had a duration of motility of 650 s and a motility rate of >70%, indicating that this simple
method can be used to obtain high-quality cryopreserved sperm of various Scombridae

species in outdoor environments.

62



Introduction

The Scombridae family, including mackerels, bonitos, and tunas, constitutes one of the
most important fishery resources in the world. Because of this family’s important
commercial value, the recent development of aquaculture technology has shown great
interest in its fish species. This interest has resulted in the establishment of full cycles of
cultivation of various Scombridae species, such as the chub mackerel, Scomber japonicas
(Houttuyn, 1782), (Murata et al., 2005); Pacific bluefin tuna, Thunnus orientalis (Temminck
& Schlegel, 1844), (Sawada, Okada, Miyashita, Murata & Kumai, 2005); and eastern little

tuna, Euthynnus affinis (Cantor, 1849), (Yazawa et al., 2015, 2016, 2017).

This achievement of full life cycles opens the opportunity for genetic improvements in
Scombridae species, aimed at improving aquaculture productivity and commercial value.
Considering this, future demand for the development of new strains carrying desirable
genetic traits is expected to increase. Hybridization is one of the most common breeding
techniques used in the agricultural and livestock industries (Kingsbury, 2009) and combines
desirable traits of two different parent species into an offspring. In addition, the hybrids
produced by a certain pairing have more desirable traits than those of both their parents,

through a process called positive heterosis (Lippman & Zamir, 2007).

However, in cases of inter-species hybridization, it can be difficult to obtain both gametes
simultaneously, because of temporal and spatial mismatches in maturation between the two
parent species. In these situations, if it is possible to cryopreserve either the eggs or the sperm
until the time of fertilization; such issues may be resolved. For decades now,
cryopreservation techniques for fish sperm have been established in various species (Suquet,
Dreanno, Fauvel, Cosson & Billard, 2000; Cabrita et al., 2010). However, effective

cryopreservation has not been established for fish eggs, because fish eggs are relatively large
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contains much lipid and egg yolk (Mazur, Leibo & Seidel, 2008). Consequently, the typical
approach to creating a hybrid has been to cryopreserve sperm and use it to fertilize fresh
eggs obtained from the female parent species during their maturational season.

The most common method for cryopreserving fish sperm is the floating-frame method,
wherein a straw filled with semen is frozen on a frame floating on the surface of liquid
nitrogen (Suquet et al., 2000). This method optimizes the cooling rate according to each
individual fish species, by changing the distance between the surface of the liquid nitrogen
and the semen-filled straw (i.e., the height of the floating-frame).

However, producing high-quality cryopreserved sperm from wild Scombridae fish
requires performing the freezing operation in unstable outdoor environments, for instance at
fishing ports or onboard fishing boats. In such cases, the floating-frame method cannot
realize the optimum cooling rate and stable cryopreservation, because of the influence of
ambient temperatures, strong winds, and movement aboard boats. In addition, this method
requires liquid nitrogen, and the environments described above may not have access to it, or
it may be impossible to transport it there.

For the above reasons, our study focuses on a sperm cryopreservation method suitable
for freezing operations in outdoor environments: the dry-shipper method. A dry-shipper is a
container used to transport biological materials at cryogenic temperatures (i.e., <—150°C).
Dry-shippers have absorbent material on the inside of the container, which absorbs liquid
nitrogen and enables it to keep the contents dry at cryogenic temperatures. A sperm
cryopreservation method using dry-shipper was developed by the World Fisheries Trust in
1990, and it has been used to cryopreserve the sperm of salmonid species native to Canada,
with the aim of genetic resource preservation (Harvey, 2000). Recently, it has also been
reported that this method has been used for sperm cryopreservation in endangered freshwater

fish species, such as the Characiformes and Siluriformes (Carolsfeld, Godinho, Zaniboni
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Filho & Harvey, 2003; Viveiros & Godinho, 2009). However, only a limited number of
studies have reported its use in marine fish species (Koh et al., 2013), and no study has
reported the use of this method on wild, marine fish species in unstable outdoor
environments.

To bridge this gap, our study proposes a sperm cryopreservation method for Scombridae
species using a dry-shipper, which is suitable for freezing operations in the outdoor
environments. First, a preliminary study determined optimum conditions for sperm
cryopreservation using sperm from bullet tuna, Auxis rochei (Risso, 1810). Second, we
selected five Scombridae species: chub mackerel; blue mackerel, Scomber australasicus
(Cuvier, 1832); skipjack tuna, Katsuwonus pelamis (Linnaeus, 1758); longtail tuna, Thunnus
tonggol (Bleeker, 1851); and Pacific bluefin tuna for practical trials of the dry-shipper
method. Specimens of all five species were caught in various outdoor environments, and the
sperm obtained was cryopreserved under optimized conditions. Based on our findings, we
confirm that the dry-shipper method can be applied to Scombridae fish species, allowing a
simple and stable production of high-quality cryopreserved sperm, even in outdoor

environments.
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Materials and methods

Ethics
All experiments were performed in accordance with the Guidelines for the Care and Use
of Laboratory Animals of the Tokyo University of Marine Science and Technology, Tokyo,

Japan.

Sample fish for optimizing cryopreservation conditions

Bullet tuna were caught in Tateyama-shi, Chiba, Japan, from July 11-13, 2015. Twelve
mature males were used as sample fish in the following experiments [fork length (FL): 35.2
+ 1.1 cm; body weight (BW): 734.4 + 63.3 g; gonad weight (GW): 40.3 £ 4.5 g]. Immediately
after the sample fish had been caught, semen was collected from each male by gently
squeezing the abdomen. The collected semen was immediately cryopreserved at the
sampling site (i.e., fishing ports), where the air temperature was approximately 26°C. The
concentration of sperm in each semen sample (diluted if necessary) was counted using a

hemocytometer.

Sperm cryopreservation

A dry-shipper (VOYAGEUR 5; Air Liquide, Paris, France) that had been completely
filled with liquid nitrogen one day before sampling was used for sperm cryopreservation and
transport. Semen collected from the sampled fish was diluted with an ice-cold cryomedium
(consisting of an extender and a cryoprotectant, as described in chapter “Determining
optimum extender and cryoprotectant conditions”) at a ratio of 1:20 (v:v). The diluted semen
was equilibrated on ice for 10 min and dispensed into a 0.5 mL straw (Fujihara Kogyo, Tokyo,
Japan), which was then sealed with straw powder (Fujihara Kogyo, Tokyo, Japan) (Fig. 1a).
Up to eight straws containing diluted semen were placed in a goblet (PA003 13 mmeo; My
Science, Tokyo, Japan), and up to two goblets were attached to a single cryocane (C-2; My
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Science, Tokyo, Japan) and frozen in the dry-shipper (Fig. 1b and ¢). All of the cryopreserved
sperm was transferred into a liquid nitrogen storage tank and stored for 24 h. Following this,
samples were thawed, and sperm motility was assessed as described in chapter “Thawing of

sperm and evaluation of sperm motility”.

Determining optimum extender and cryoprotectant conditions

The performance of four types of extenders used to cryopreserve the sperm of tuna:
300 mM trehalose (Miyaki, Nakano, Ohta & Kurokura, 2005), fetal bovine serum (FBS;
A31606; Thermo Fisher Scientific, MA, USA) (Koh, Yokoi, Tsuji, Tsuchihashi & Ohta,
2010; Ohta, 2011), Ringer’s solution (consisting of 141.0 mM NacCl, 5.2 mM KCI, 4.9 mM
CaCly, 1.1 mM MgCl,, 1.8 mM NaH>PO4, and 10 mM NaHCO; at pH 7.5) (Pillai,
Yanagimachi & Cherr, 1994; Suquet et al. 2000), and 1% NaCl (Gwo, Weng, Fan & Lee,
2005). In this experiment, dimethyl sulfoxide (DMSO) was used as an internal
cryoprotectant, so the cryomedium was composed of 90% (v/v) extender and 10% (v/v)
DMSO.

To determine the optimum cryoprotectant, the performance of two compounds was
assessed: DMSO (Suquet et al., 2000), which has been used to cryopreserve the sperm of a
wide variety of fish species, and methanol (MeOH) (Harvey, Kelley & Ashwood-Smith,
1982; Tsutaka, Takii, Yamamoto & Ohta, 2006), which has proven effectiveness for sperm
cryopreservation in some freshwater fish species. Three concentrations of DMSO [5%, 10%,
and 20% (v/v)] and one concentration of MeOH [10% (v/v)] were added to the cryomedium
with FBS. The concentration of MeOH was determined according to a report by Tsutaka et

al. (2006).

Effect of freezing position on cryopreserved sperm quality
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This experiment was aimed at investigating the effects of the freezing position in the dry-
shipper on the motility of cryopreserved sperm once the sperm had been thawed. The semen
from a single individual was frozen with two goblets attached to the upper and lower parts
of the cryocane, and the motility of these cryopreserved sperms between the upper and lower
parts was compared. These samples were mixed with a cryomedium consisting of 90% FBS
and 10% DMSO, and each goblet contained eight straws filled with diluted semen. Five of
the eight straws in each goblet were then randomly selected and thawed to evaluate sperm

motility as described in chapter “Thawing of sperm and evaluation of sperm motility”.

Comparison with the floating-frame method

This experiment compared the motilities of post-thaw sperm obtained from a single male
and cryopreserved using the floating-frame and sperm obtained using dry-shipper methods.
For the floating-frame method, cryopreserved sperm was obtained according to the method
in Gwo et al. (2005) for Pacific bluefin tuna. Straws with diluted semen were prepared and
frozen in liquid nitrogen vapor in a foamed polystyrene box containing liquid nitrogen to a
depth of 3—4 cm. The straws were placed on a 2 cm high foamed polystyrene frame floating
on the surface of the liquid nitrogen. Freezing time was 10 min, after which the straws were
plunged directly into the liquid nitrogen. Simultaneously, the other half of the prepared
straws were frozen using the dry-shipper method, following the aforementioned procedure.
Both experiments used 90% FBS and 10% DMSO as a cryomedium, and cryopreserved

sperm was stored in a liquid nitrogen storage tank.

Thawing of sperm and evaluation of sperm motility

Straws were removed from the liquid nitrogen storage tank and immersed in a 1 L beaker

filled with tap water at approximately 19°C for 10 s. Post-thaw sperm was then activated by
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adding 950 uL of sterile seawater at 24°C to each 50 uL of diluted semen samples. To allow
clear observations, the sterile seawater solution was complemented with 0.5% of bovine
serum albumin, to prevent the physical adsorption of sperm onto the cover glass. The
duration of sperm motility and the sperm motility rate were measured under an optical
microscope (BX51N-34FL; Olympus, Tokyo, Japan). The duration of sperm motility was
taken as the time period from the activation of the sperm to the point when none of the sperm
in the microscopic field exhibited forward motility. The sperm motility rate was measured
according to the method reported by Tsutaka et al. (2006), whereby frame-by-frame images
were recorded from 60 to 65 s after sperm activation using a digital camera (DP70; Olympus,
Tokyo, Japan) installed on the optical microscope. More than 50 sperms were then randomly
selected in the recorded frame-by-frame images and examined to determine whether they
moved forward or had no movement. The sperm motility rate was then calculated as the ratio
of forward-moving sperm cells to the total number of selected sperm cells. We observed the
cryopreserved sperm of three individuals under each test condition and calculated their

average motilities for comparison.

Fertilization test

Approximately 15,000 unfertilized eggs were obtained by gently squeezing the abdomen
of a female bullet tuna (FL: 35.8 cm; BW: 731.5 g; GW: 28.2 g) caught in Tateyama-shi,
Chiba, on July 27, 2015. Unfertilized eggs were equally divided among four 1 L beakers and
artificially inseminated with fresh sperm from a bullet tuna male (FL: 34.2 cm; BW: 662.1
g; GW: 35.8 g) caught on the same day and cryopreserved sperm from three males (FL: 34.5
+ 1.4 cm; BW: 721.6 = 61.2 g; GW: 39.1 + 4.4 g) frozen using the dry-shipper method
(cryomedium: 90% FBS, 10% DMSO) on July 13, 2015. The artificial insemination

procedure was as follows: 150 pL of fresh sperm (approximately 4.2 x 10° sperm cells) or
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500 pL of cryopreserved sperm (approximately 7.0 x 10® sperm cells) were added to
approximately 3,750 unfertilized eggs and mixed together. Then, 1 L of sterile seawater at
24°C was added in each beaker, to induce fertilization. Eggs that rose to the water surface
within 5 min of fertilization were defined as floating eggs and the floating egg rate was
calculated as [floating egg count / total eggs used for each experimental group x 100].
Triplicate samples of 30 floating eggs were collected into 8-mL Petri dishes that were then
filled with sterile seawater and incubated at 24°C. The fertilized egg count was then
determined as the number of eggs that reached the two- to four-cell stages within 1-2 h of
fertilization, and the hatched egg count was calculated as the number of larvae that hatched
within 48 h of fertilization. The fertilization rate was then calculated as [(fertilized egg count
/ 30 floating eggs x 100) x floating egg rate (%)], and the hatching rate was calculated as

[(hatched larva count / 30 floating eggs x 100) x floating egg rate (%)].

Production of cryopreserved sperm: blue mackerel and chub mackerel

Cryopreserved sperms from blue mackerel and chub mackerel were produced on June
20 and June 22, 2015, respectively. Three male chub mackerels (FL: 34.9 = 1.1 cm; BW:
560.5 +33.6 g; GW: 30.0 + 6.0 g) and three male blue mackerels (FL: 32.8 £ 0.7 cm; BW:
545.3 +£63.8 g; GW: 32.5 + 2.4 g) reared in a 10 t land-based tank at the Tateyama Station
(Banda), Field Science Center of Tokyo University of Marine Science and Technology
(Chiba, Japan) were used as fish samples. On the day before the production of cryopreserved
sperm, 100 U/kg of human chorionic gonadotropin (hCG; gonatropin 5000; Aska
Pharmaceutical, Tokyo, Japan) was injected into each individual to induce sperm production.
Semen was then collected from each individual by gently squeezing the abdomen, 38—42 h
after the injection. Collected semen samples were cryopreserved with the cryomedium (90%

FBS and 10% DMSO). The freezing operation was performed outdoors, where the air
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temperature was 22°C. Immediately after production, the cryopreserved sperm was
transferred into a liquid nitrogen storage tank and stored for 24 h. Following this, samples
were thawed, and sperm motility was evaluated, as described in chapter “Thawing of sperm

and evaluation of sperm motility”.

Production of cryopreserved sperm: skipjack tuna

Three male skipjack tunas weighing 7—8 kg caught in Amami-shi, Kagoshima, Japan, on
June 27, 2015, were used as samples. As we were unable to obtain semen by squeezing the
individuals’ abdomen, the testes from each individual we dissected to allow semen to be
collected directly from the vas deferens. The freezing operation was performed at the
dissection site (i.e., the fishing port) at an air temperature of 28°C using the cryomedium
described earlier (90% FBS and 10% DMSO). The cryopreserved sperm was transported to
the Tateyama Station using a dry-shipper (transportation time = 1 day) and then transferred
into a liquid nitrogen storage tank and stored for 24 h. Following this, samples were thawed,
and sperm motility was evaluated, as described in chapter “Thawing of sperm and evaluation

of sperm motility”.

Production of cryopreserved sperm: longtail tuna

Three male longtail tunas (FL: 59.0 £ 6.2 cm; BW: 3.9 + 0.5 kg; GW: 273 £+ 53 g)
caught by hook and line in Nagato-shi, Yamaguchi, Japan, on August 30, 2015, were used as
samples. As with the skipjack tuna, semen was collected directly from the vas deferens of

the individuals. Freezing was performed onboard the boat at an air temperature of 24°C using
a cryomedium (90% trehalose (300 mM) and 10% DMSO). This differed from the

cryomedium used for the other species because FBS cannot be stored for a long time at room
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temperature, whereas trehalose powder can. Therefore, 300 mM trehalose was prepared by
mixing trehalose powder with distilled water at the sampling site and was used as an extender
for the longtail tuna sperm samples. The cryopreserved sperm was then transported to the
Tateyama Station using a dry-shipper (transportation time = 1 day), where it was transferred
into a liquid nitrogen storage tank and stored for 24 h. Thereafter, samples were thawed, and
sperm motility was evaluated, as described in chapter “Thawing of sperm and evaluation of

sperm motility”.

Production of cryopreserved sperm: Pacific bluefin tuna

Three 3- to 4-year-old male Pacific bluefin tunas cultivated in net pens in Kushimoto-
cho, Wakayama, Japan, were captured on August 12, 2015, to be used as samples. Similarly
to that of longtail and skipjack tuna, the semen could not be obtained by squeezing the
abdomen, so semen was collected directly from the vas deferens of each individual. Freezing
was performed at the fishing port, at an air temperature of 30°C using a cryomedium
containing 90% trehalose (300 mM) and 10% DMSO. Trehalose was used as an extender
because it can be stored in powder form at room temperature, as explained in section 2.4.3.
Cryopreserved sperm samples were transported to the Tateyama Station using a dry-shipper
(transportation time = 1 day) and then transferred into a liquid nitrogen storage tank and
stored for 24 h. Following this, samples were thawed, and sperm motility was evaluated, as

described in chapter “Thawing of sperm and evaluation of sperm motility”.

Statistical analysis

All data are presented as mean values + standard deviations. Statistical significance was
determined using one-way ANOVA, followed by Tukey’s multiple comparison test, using a

statistical significance level of p <0.05. All analyses were carried out using GraphPad Prism
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version 5.0 (GraphPad).
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Results

Optimum conditions for cryopreserving bullet tuna sperm using the dry-shipper method

All samples had approximately 500 s of time duration of sperm motility and
approximately 80% motility rate, with no significant difference in either measure between
the four extenders (Fig. 2). Sperm frozen by the 10% DMSO cryoprotectant had 614 + 18 s
of time duration of sperm motility and 83.7 = 0.5% motility rate (n = 3), which was
significantly higher than that of sperm frozen using other conditions of cryoprotectants (Fig.
3). There was no significant difference in the motility rate of post-thaw bullet tuna sperm
between the upper and lower parts of the freezing positions on the cryocane (duration of
sperm motility = 580 + 19 s and 588 + 20 s, respectively; motility rate = 89.2 + 3.0% and
88.9 + 3.9%, respectively; n = 5 for each freezing position). Furthermore, the standard
deviations of the duration of sperm motility and the motility rate for sperm that had been

selected randomly from each freezing position were also small (Fig. 4).

Comparison between the dry-shipper method and the floating-frame method

The time duration of sperm motility and motility rate of the sperm produced by the dry-
shipper method were 782 + 92 s and 93.0 + 7.3% (n = 3), respectively. By contrast, the time
duration of sperm motility and the motility rate of sperm produced by the floating-frame
method were 747 + 59 s and 91.0 £+ 5.5% (n = 3), respectively. The results were almost the
same in both methods, with no significant difference detected (Fig. 5). The fertilization and
hatching rates of eggs that were artificially inseminated with fresh sperm or cryopreserved

sperm derived from three individuals are summarized in Table 1.

Cryopreservation of sperm from five species in the family Scombridae using the dry-shipper

method
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In addition to bullet tuna, sperm samples from five Scombridae species (blue mackerel,
chub mackerel, skipjack tuna, longtail tuna, and Pacific bluefin tuna) were cryopreserved
using the optimized dry-shipper method under various outdoor environments. The durations
of sperm motility and motility rates of sperm from each species after cryopreservation and
thawing are presented in Table 2. The duration of sperm motility ranged from approximately
600-1,200 s for all species, except for longtail tuna (approximately 3,600 s), and the motility

rate was > 70% across all the species.
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Discussion

In this study, we cryopreserved sperm from six Scombridae species using the dry-shipper
method in a range of outdoor environments. In all species, cryopreserved sperm had a high
motility rate of >70% and 650 s duration of motility after samples had been thawed. These
results indicate that the dry-shipper method for cryopreservation can be applied to various
Scombridae species and can easily produce high-quality cryopreserved sperm even in
unstable outdoor environments, in which the more traditional floating-frame method cannot
be used.

The results indicated that 10% DMSO was the most effective internal cryoprotectant, but
all four extenders resulted in similarly high motility rates. As duration of motility obtained
with FBS and trehalose exhibited slightly more desirable results, we used a 90% FBS and
10% DMSO solution or a 90% trehalose (300 mM) and 10% DMSO solution as a
cryomedium to produce cryopreserved sperm in the dry-shipper method.

It has previously been reported that FBS can be used to cryopreserve the sperm of a wide
variety of freshwater and marine fish species (Ohta, 2011) but unfortunately it cannot be
stored for a long time at room temperature, whereas 300 mM trehalose can be prepared by
mixing trehalose powder (which can be stored at room temperature) with distilled water at
the sampling site. Therefore, we used cryomedium containing 90% FBS and 10% DMSO
for the production of cryopreserved sperm for most of the species tested and 90% trehalose
(300 mM) and 10% DMSO when sampling was carried out under conditions where ice-cold
transportation was practically impossible (i.e. for longtail tuna and Pacific bluefin tuna in
the present study).

Sperm cryopreservation using the dry-shipper method is a simple procedure whereby
straws are filled with diluted semen samples and inserted into a dry-shipper. We found that

the freezing position in the dry-shipper did not affect the motility of cryopreserved sperm.
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Thus, this method requires no expert skills and can be used for the simple and stable
production of high-quality cryopreserved sperm.

Cryopreserved sperm from bullet tuna frozen using the dry-shipper method exhibits
similar high motility to that of sperm frozen using the floating-frame method. In addition,
we found that bullet tuna sperm that had been frozen using the dry-shipper method were able
to fertilize freshly collected bullet tuna eggs, which subsequently hatched normally.
Moreover, in all five species examined, the post-thaw sperm had a duration of motility of
650 s and a motility rate of >70%, which fell within the range observed for the sperm of
Brazilian freshwater fish species that had been cryopreserved using the same method (20%—
100%; Viveiros & Godinho, 2009). Thus, the dry-shipper method that was used in this study
is suitable for the production of high-quality cryopreserved sperm of various Scombridae
species that can be used for artificial insemination procedures, even in unstable outdoor
environments where the more traditional floating-frame method cannot be used.

The dry-shipper container used in this study enabled the cryogenic environment to be
maintained for 14 days, as it had been completely filled with liquid nitrogen. In reality, the
production of cryopreserved sperm was the longest for skipjack tuna, which required a 4-
day sampling period. In this case, simply filling the dry-shipper with liquid nitrogen once
prior to departure allowed sperm cryopreservation and transportation to be achieved during
the sampling period. The dry-shipper is also permitted by the International Air Transport
Association to be loaded into airplanes, enabling sampling to be carried out at sites far from
laboratories. Accordingly, the use of this method allows sampling to be completed even in
isolated lands or in remote areas, regardless of whether they are in domestic or international
waters, over a period of approximately two weeks. Thus, as rare and endangered species
often inhabit places where liquid nitrogen is challenging to obtain, this method is useful for

gene resource preservation technology.
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This is the first study to produce cryopreserved sperm from bullet tuna, skipjack tuna,
and longtail tuna. The duration of sperm motility in five of the six species examined ranged
from approximately 600—1,200 s. By contrast, the duration of sperm motility in longtail tuna
was approximately 3,600 s, which was approximately four times longer than that of Pacific
bluefin tuna in the same genus. Thus, this method, which allows for the relatively easy
collection of sperm from a wide variety of fish species, is useful for comparing the
morphology and motility of sperm between several fish species and for studying their
evolution. It should be noted, however, that these interspecific differences require further
verification, as both the duration of sperm motility and motility rate vary at the peak of the
spawning period (Mylonas, Papadaki & Divanach, 2003).

We previously established a method for inducing spawning in eastern little tuna in a land-
based tank by administering gonadotropin-releasing hormone agonists (GnRHa) (Yazawa et
al., 2015). Thus, artificial insemination with unfertilized eggs from eastern little tuna
acquired using this technique and cryopreserved sperm from various other species in the
Scombridae family would allow the production of hybrids for the first time. A method for
artificial seed production of Pacific bluefin tuna by artificial insemination using eggs and
sperm collected from fish before shipping has also been reported (Endo et al., 2016); thus,
the combination of this method with cryopreserved sperm produced in this study is expected
to allow the hybridization of Pacific bluefin tuna. Thus, it is expected that using the dry-
shipper method will make it possible to create new hybrids that were once considered
impossible with the previous techniques.

In this study, we demonstrated that the dry-shipper method allows for the simple
production of high-quality cryopreserved sperm from various fish species in the Scombridae
family, in any working environment. Therefore, it is expected that this method can also be

applied to various other marine fish species and may possibly evolve into a breeding support
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technique for cross-breeding and lineage conservation, as well as a conservation technique

for endangered fish species.
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Figure legends

Figure 1. Cryopreservation of sperm using a dry-shipper.
(a) Straws filled with 0.5 mL of diluted semen, (b) a goblet held by a cryocane, and (c)
storage of straws filled with sperm in a fully charged dry-shipper (VOYAGEUR 5, Air

Liquide).

Figure 2. Effects of various extenders contained in the cryomedium on the motility of bullet
tuna sperm.

(a) Duration of motility and (b) motility rate of post-thaw sperm with the medium containing
10% DMSO and 90% various extenders (300 mM trehalose, Ringer’s solution, 100% FBS,

or 1% NaCl; n = 3). Data are presented as mean = SD.

Figure 3. Effects of various cryoprotectants contained in the cryomedium on the motility of
bullet tuna sperm.

(a) Duration of motility and (b) motility rate of post-thaw sperm with the cryomedium
containing FBS and MeOH or DMSO at various concentrations (10% MeOH; 5%, 10%, or

20% DMSO; n =3, * p <0.05, Tukey—Kremer test). Data are presented as mean = SD.

Figure 4. Effects of two freezing positions on the motility of bullet tuna sperm.
(a) Duration of motility and (b) motility rate of post-thaw sperm in an upper goblet and a
lower goblet (n = 5) with the cryomedium containing 90% FBS and 10% DMSO. Data are

presented as mean + SD.

Figure 5. Effects of two freezing methods on the motility of bullet tuna sperm.

(a) Duration of motility and (b) motility rate of post-thaw sperm with the conventional
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floating-frame method or dry-shipper method (n = 3) with the cryomedium containing 90%

FBS and 10% DMSO. Data are presented as mean + SD.
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Fig. 3
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Table 1. Fertilization and hatching rates of eggs inseminated with cryopreserved and fresh

bullet tuna sperm.

Cryo. #1 Cryo. #2 Cryo. #3 Fresh sperm
Fertilization rate 25.3% 27.7% 24.1% 21.7%
Hatching rate 14.1% 18.5% 13.9% 12.7%
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Table 2. Duration of motility and motility rate of post-thaw sperm of six Scombridae species frozen by dry-shipper method.

Sperm motility

Species No. of samples Extender
Duration of motility (s) Motility rate (%)
Blue mackerel 3 100% FBS 1,028 £ 27 88.9+2.5
Chub mackerel 3 100% FBS 722 £ 50 71.4+5.7
Skipjack tuna 3 100% FBS 845 +219 79.4 +6.1
Bullet tuna 3 100% FBS 782 +59 86.6 9.0
Pacific bluefin tuna 3 300 mM Trehalose 789 + 46 78.4+3.2
Longtail tuna 3 300 mM Trehalose 3,510 £295 70.8 +4.8

All specimens were frozen with cryomedium containing 90% extender (100% FBS or 300 mM trehalose) and 10% DMSO. Data are presented

as mean = SD.
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MEFEZN 53.0% (n=1), A X7~ Z NN 550 £ 21.2% (n=3) Thol
(K1), ZHEINDOFA 2 IRFERICBIZR LT & 2 A BERS 8-9 BRI IC A~ CTIIERG
Ba ATl S B SEER) (=AY —) BRI (K3A), AV XAV A
MRS L OVA < X< Ly o ZMERECI3a iR & = B8 U — BT TRAENME
1EL, Ml Bm L CRCT oMk FaBlE s (K3B,C), Len-> T, R 13-
14 B ICEHR L 72 IMATERRIZ A~ X Y AHEFER L OA~ X <)L Y v ZHEfE
TIH0%Eeolz (K1), —J7, Av, AxXay T O, A~vX7nu~x 7
MOZREINI=ERY —&257% T LT, BT LIEIT, BEH 13-14 BpfEZ 0
IR A S 7z (K 2B, 1, L) o MATZR R (mean = SEM) XA <78 69.5 + 5.0%
(n=35), AvXaAvFHHREN443% (n=1), AvXT7r~v 7N 525 +
21.0% (n=3) Tho7z (K1), SHIZAY, AvXav T UM, A~vX/n~
7 MERRITE D% BB RS CIEMER ST, BER 30-31 RE & ISR LA s Bl
SNz (K2C,1,M), BHEHE (mean = SEM) [ZA~H64.6 = 52% (n=5), A
X AT THERED 36.7% (n=1), A~v X7 a~7 aHfEN 503 = 19.8% (n=
3) Thot (K1),

X41X1, 4. 8 HID A~ A~ XaLv T UM, A~ X7 o~ 7 aMfEor

AZRL TS, 4 DO A~AFRIZANBE LA L TR . IHEENIZITEE
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Syl sn (M4B), —, A Xav T B LAY X7 r
~ 7 BRI A AR EFERICAE R R E L, AR LTV D200 b b3, U
LAV EBEELTE LT, HWEENICT AV BNHEER SN2 -T2 (K4EG), K51
Aw, A XA FHYRE, A~vX T~ aEO 1 B S 6 BRORE %R
L1l 77 Thd, A~ AvXav A, A~ X7 o~ 7 aiifEoOmbEk
D4:F (mean = SD) |FZNZF43.01 = 0.05mm, 3.02 £ 0.04mm, 3.04 +0.05
mm TH Y HERETALNR -T2, LL, A Xay T S LA~ X
7~ 7 MEFRRITINE OWIN AT T35 3 HETREMEIL L, 6 HEOERITA
X AT HHERED 328 £ 008 mm  (n=3), AvXZuv 7o) 317 £
0.12mm (n=3) THY., 6 HDOA~DER 421 £ 0.14mm (n=3) EIEL T
BHMREIIABEIN S oTl, 0%, AvXavF IR LA X/ n~v s

MEFEIL 7 Al TRk LBIZ A2/ T Lz,

102



#

plh

BIETIEZ/r~v/u0fFEe LTHRARRA M2 LT 572010, 2
ADAZNORTINCH LT3 BATE (WY ARV A, YV OXTYF R~ LY
F.owra@gav I, wrugrsavrsna) O T EER B L, S8
HOYMRAELBLE LTz, TORR., AX Y AR, A~ X<y 7 X,
A XAy FIHHERE, A~ X7 o~ 7 aMREIT e TESEHMERE TH S Z LI 60
272 o7,

sav7uadiEEe LTHHAT 2700121, A~MfOAERMELRIE S50
R D, — R, BB X0 I FE R O M TR NS S D FTREME AN
W GREH:5,2017), EBRICH 1 ETEH L7z B ANBEoRBERMERE cbh D I~
PN =S HEFR IS, WA & RISE DAL R L7z (Kawamuraetal, 2020a) , %
ZC, AV EOFRBHMMEAZENT 2 LR TENIR, EREOAHREN G ON
D AREMED B Do AR A BITITA o RO - HEEVE BRI AT 5 A~
KEGPEDENHE « MBHIRIC AT D 2 A & A AU YA & Euthynnus alletteratus, H
KEPED RS « dEEVHIEIZ 45419 % Black skipjack Euthynnus lineatus 0 3 F&73 5548
INTEY, BARLDHIZERE L TWHHEIIA~YDATHS (Nelsonetal.,, 2016), 7
TITHTZERE CHIE FTREZR R T A ¥ v R — % W 2B T OMEZEITHE L 7K 1 B
Bl 2% 2 TR L TH Y (Kawamuraetal., 2020b) . AFAffic L v o7y o7
B DOREDRE T 2 B - BT 2 2 L RESNTH AR TH D, Lich-> T, EHHT
ERL L7 % A A 27 ¥ A = Black skipjack O FEKE % S HF7EE CTHE L T
B AADATINDIFTZINA~ERE X5 Z L TR~ @O R JE R MERE & 1EH AT 8E & 7
%o SHRITERICA~ O BHMEREZ/EH U, 2 D&M J O #9224
ERH 5,

—EEOY B RO BSEIE MR SRR A i L T RE SR T A L
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CTHERMZREIES Z EXAHETH D (Scheerer and Thorgaard, 1983; Chevassus et
al., 1983; Arai, 1988; Seeb et al., 1988; Gray etal., 1993), iz (X, A AD=V~< & LA
ADTTIRT T MORZHIZ L > THON L=V~ AXT T T MEfE
[T EICE B 72 WEBBEHEMERE Ch 2 23, Z OMERED B8 = FRITIEH 12 b Lkt
ETEBFBTLIENTRETH D CNE - (HH,2008), A~IE 3 TIARRAEIZ L 5
“AERACEAIR DL S TR Y (Yazawa et al., 2019) . SR IIABFSEIC L - TEH
ST BIEMEA v HERE D AT 2 —f5AMEIC KV EIR TE 5008 5 D HRGEET 2 4%
R D, 172120, “AEIEALBEE A i U T b AFRMEDNEIE L 72 W BB MR &
SNTWD, B RHSEE THE ST 2 BREMMERE O HRIZiE, B8 & e
MO & 720 “fEROBIEMMERE (L u )7 XU~ AR &) &5
FEPR L AR DS HITRL S 0 T YL RS 8L OO - H0R T 72 & 722 B ASUR D B SE e
i (A UTEX=U~RAAHERE/R L) 250 (Arai, 1984; Fujiwara et al., 1997) . %
it U7 AR O BIEMEMERE S =5 MBI L 0 AR ME A [RE S B 72X S Tu
RN, LTeino T, BB = HADAFRMEHERE & 72 2 02 HERI T 5 T O ICBEE A <
MR ORZART R LETH D,

A XAy TP, A~ X7 o~ 7 afiLED b 6 IR ADME IR
EDLN, ZNDOHRFRITY A 2 BT T T T 5 Z LN o, 4
MRAEOERNOIXT ) AREFHNZHNCTHEH LT v e ) = F a3 H O
BOFRRAICERTIRREEECL > T LAVEEETE RV LEZHLMNMCL
1o TOTNE )P ANOU LAVEIREKET HEE HIEL LTEV ARy MR
FHRB LB ST % (Hasegawa et al., unpublished data) , £ AR > BREH A
BiELIL, WEKED B A6 b LTG0 R Z /AT S (B 2R
v FEH) +25Z2 LT ALY LTVOEDEITHHICE YV HEMFA L U L &1
LS, (FROEBICRFTRY LAY OBEEEREZ B S5 6FIETH L,
ARIEZEZD HREDFHNTAE ) v NNTH Y LAVEBETHZ ENARRIC R 572,
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L7eRo T, VAVEBHEFIHT LToAY X av I, A~vXsa~v/n
Mz © 2Ry NBREFABETHET S 2 &L T A VEMEOSEN IS
Do

A XY AHRL LOA~ X~ )/v Y U 2 MR Tl R 6 = e R Y —HT
FAEMEI L, FECT D2 EDRHANTR o To, SMBEORBEITIBNT, IEIOREH]
(TREMEIR 12 & o THIFE ST 223 s Ra FERS DL (I REVE IR - 23 40 F S Auhh
B, PRI K DI~ & (& X5 (Tadros and Lipshitz, 2009), L727235 T,
BOEMMERE O SECRENINR S b DA TR BB T 2 BRI AR | Fr | C ZE I
RFTEEIE R OB, 3 X OPEERRIERI TH D Z &1L G H,2017), A
XY TR LAY X v Y 7 ZHREORAEMEIL LI~ e R Y
— NI HIRER DR C &b 2 7 0 | 1l MERE 0O MERE BLFE O LR T T IR - D F B
REZELD LD EHER ST,
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X 1. A~BIOEA~HRBICB T AR RO ) E
RHRBRIC L > THONT- A~ =5, AXBIVF h=2), AX</ILY IR
(n=2), A=XavFrH (n=1), A~vXrna~<rsna (n=3) OZFER, WIEEK

R WHEROVNED 77 7 T b, 7 — 2T FHE £ FEERETRL TV D,

(2. AvBILOKATHEOZIEN O LET

KX EEENLZNENA~ (A-C), AV XY AHFE (D,E), AvX~</ILY X
HFE (F,G), A~Xa v A (H-)), AvX7ua~v 7o (K-M) O 4 i
# (£ 5 A,D,FEHK). MK (P9 ; B,E,G LL), #frfa (K ; C,J,
M) 2R L TW5, 4 IEIIBERE 1-2 RIS IR AR ITORE 13-14 FREREI 12
AR TERS 30-31 RFRICBIZE LT, 7272 L, A~ XY AR LA~ X
<Y U FHFROFRAEN T ER Y — TR L CIRETERRINS S Lo 7o 720,
E,G (MR 8-9 MR B LTI Z R L CTW5D, £70, A X7 ua~v 7 aMfEo
RbArf (M) T EkS 48 REf#% ICBIZE LT,

4 3. #EKE 8-9 Bl DA~ (A), A~ XAY AHM (B), A~ X~ /LY U X MR
(C) DxHHHR

R LS —1 500 pm %o LTV B,

4.1, 4, 8 HEtD A~ (A-C) BLWI, 4 HImD A~ X a2 F IHFE (D, E).
AwX7ua<7alfE (FG)

I EBEN S ZNFNA~Y (A-C), A~vXayF HMFE (D-E), AvXZnu~//n
MefE (F-G) @ 1 Hisn (£ ; A,D,F). 4 A#n (HRIX ; B,E,G). 8 Hils (X ;
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C) DIHFATHY, RUVIIHEILENOEBEINT TV LV ERLTWD, AT —)L

/3—|F 500 ym ER LTV 5,

5 A~v, AwXa S ME, AvXrua~v a0 1 Ho 6 HEE T
DR

70y MI3EEOERDOFEMELERERALZ R L TWD, T ALY AT |TA~
DERLABERENDGDZLEZRLTVD (p<0.05)
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AWFIETIZ 7 v~ 7 OB & U CRIAATREZR SRR UT S EOEH &
His L. P \B XA~ OFEBHMFEOMEH & 2 ORI 21T > 72, 5 1 =TI
AP NL &~ P ORBIZHET KV ATEM KB AR 2 R I~ X <
PNHEFREOIEHIZ R E) Lz, 7 BHREO S THFJE CIE, AR B A TS 10X
SREARE T B REFC L0 RIS 5 72 D ARG B AR IZAFET D) LD
) FLFE FHSRELER 7 DA FERN RN @ 2 & BT/ 5 TV D (Yoshizaki et al.,
unpublished data), ZAUlE, AJHMINE KA E25 B & OAFEHIZ REFF LR W2
2, Bi S R — RIS ZE O A= v 7% 58 L, 2RI -
HMETETLDTHL EERADND, RIS MO8 2 B8 U 72 it <
. ERE X AT KBTS B M —d AR O A E B LW
HATH 2 W SRR SR ATRE T 2 Z E MFEI ST % (Yoshizaki et al., 2016), L
Te3o T, AJEM KRBT TH D I~ ASIX P ML 7 v~ 7 o idBF o
BRI THRTH D EZEZBND, SHIT, AT AIX < PR~
o ufERMRAEBE LT E 2 A, A AX Y MO AT v~ T
2 O EMIE A w2 (100.0%) THVIAZAETH D Z & B L NIRRT,
Flo, AP X~ P M TN TR O S O R B E CREAEED FRETH
D, AETHERSAETTS2ZEE2HLMNI LI, BLEDORERND I~ P /3K
~ YoNHERE T & U CEAAR R A KB E AR L, 7 v~ 7 g R
DY AFNEPE LS . NLEIGOLTREAEN AR THD Z LD, ARHEHE
X7 e~ afEEE L TBO TRZETHD Z ERHAMNTRo T2, AkiTa~
NX<H " MfEAEEE LT/ n~ 7 afidl04E 2 Higd,
LD X5z, PIIBHREDZE LD B IZB W T H M K-
TR 2 REAEARETH L Z 08 1| ECEIES N, £ TAMETIE
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UAFFEETHRTEY 7 o~ v EEm s L THIRF S TW e A~ ORE/[AS
MEICHAEF LI, —RIC, BEMEE N —HfEPERMICER TH DT EEmEDO R
F— HSREME - DA FERN 2 E Y (Bar et al., 2016; Yoshizaki and Yazawa, 2019;
Goto and Saito, 2019), L7223 -> T, KD b7 o~ 7w & BRICEETH
V. PEINEE IR QBRI MEE S 7 v~ Za (EEL L TV D A~ O ANITEHERE
PMEHTE UL, ZORASHMRILY o~ 7 a2 @R CAEET A5 £l
HZENHIFEEND, UL, [EiEfRTH DA~ IO 72 (ER3 5 72
DIV, TR DM B ERDR < M & W\ o o R E R BFANRBE T O
EVRWEL D, £2T, B2 ETIIBITOEMEIT/ERED TR R T A 2 w3
—Z HWTZ RS TFREZ BRI Lo, RIEZHWD Z &I K> TA~ D
NYFBAY A, VORTYFR~<NI U ~/afgru~vrsn, v 7afga
T DOBGEAE T AR S Z LI LT,

FIETIE, ARDAVBMNOHRINEFE 2 ECER L3 E4FE (B
VA ANV TR av b, ya~sa) ORI A2 L, SHEREOYIH
WEZBIEE LT, ZTOME, ASX DY FIHRE, A~ X~y v xHfE, A~ X
AT R, A X7 u~v VoIS TESEMMRE TH D Z LR BT
ofc, —MRIC, BIEH LV ILEE R O M TAFRMHERE G O 5 ATRetEs mwn
O 5, 2017), FEBRZ, &1 ETEH LY B ANRORERMEE CH 5 =
VY ASX P NHEFE T AR OMRE T 5, & 2 THBITKIELEOENET - HiE
WICART HDAVBAA A AU YA M XORKEHEORG - diEVE I AR
9% Black skipjack DHFEFEFAFR L, A~ BRI LOREBRMREAZ(EHT 5 TE
Thd, ZhoOHFERETOERIIEN N OEITOMEEL DM, &2 = CH
FLIE R TA =2 HWTEFHEAIEICL D, DRV TR FOHR B X
ONEPR S FIRECTH B, FBM DM X o TEBMEO A~ MR A BN 5 2 &2
TEIE, 7 a~ S aliBT & ERET DD OF F1700E BRI LR SN D,
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