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AL LTHIBRICRES N, »OoRICES O YROMEERES L CEED Y 7 F Ui
BEIND LV H D, BRHER7Y — L CoMERERE L Ao E/ERE2 %3 T,
BIF ORI CcH 2, 7N kE R, EVENICEREZEETH 2T TR, AR
BT BT BB L L, £hREL2PLE LCWHEROB S, 5D, HiBkEE
VAT LB TEHELRUEZ R L T0E, ARFTIR, FEEE R eE T 3
BEOHRZIRDIED 2d 6, FEHLNINE TITo CELIEE, HET 7LD
B X OB D 2 EYANBIR OB RIS 5, £mBIC, SHBRON
B T5 07 b UFROEEIZ OB TH BRI,

F—T—F FEEALLR, g, REL

I. 3UBIC

HOERBRER & 2 ZicHEiE 5 Edr L OMHAEERZH S 2
T3 LR, HIKREKEL AT L2HEMET L ETRPER
WV, F 7z, FEROMBRIERAB)IN T B EYIGE & B
T 570113, EBRRPEYML M2 RRENIc~ 20
AT —=IVTHERZZLEPH D, fHl4 DEYOHDOEM -
BZE, HBVIFEVE- 27—V TOHEROILRE T T
BT LD TR, AIKEDORE S OREEAEE
OHMif TS v 7 v Th BiFEEEEILER (Fig 1) i,
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ERARL, Jea R, FRR ik

EPRE LMD T T v 7 F it liRD i ngs, AE
BICB T BREEE 7 T v 7 ANDEF51% 32-80% & RFE
b 5N TED (Schiebel, 2002), REEIMEEES L L Tk
HELEYOOEDTH D, foT, WMELRED LMK
NDOER G RFEFEOHOF L W HBUED 5, HIBREE
VAT LORFEROBELELKETH L EERD, S5
i, 1S5 THEM Eb oz fbailstza L,
RS2 A L I XN T\ B T & (] 212 Petrizzo et
al., 2020) =2, DALY R O E R BRI % Fd
9 HBMAL 725 T & (WERERIRES, #1213 Katz ef al,
2010), FREHEEY © B ERIHIC X b 2KV L HRME
P LEFE TS Z & (Rutherford ef al., 1999; Tit-
tensor et al., 2010) 7% £ 5, Z o AMMifEEX, <78
AL, EEEY, BB L AEMA R ORI £ T
K2,

ZO—HT, EWE L COFEEA LR OMBIEAT
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Fig. 1. Examples of planktonic foraminifera. (a) Living planktonic foraminifera Globigerinoides conglobatus with
dinoflagellate-symbionts. The specimen was collected at Sagami Bay using a plankton net. (b) Shells of plank-
tonic foraminifera comprising of oceanic sediments, known as the foraminiferal ooze or Globigerina ooze. The
sample was collected at Ontong-Java Plateau via piston coring during the cruise of R/V Mirai (MR14-02).

frdTZ L, BIEFEER LI O3 IZ 2RI S
PICimoTw B M (Fig 2), ZhixdwiRkhiciE-o<
DT L, BRICER SN REHEYHAD T -4
A LR Td % (Siccha and Kucera, 2017), %7z
TEOSRE T M OBEARD T LEERE 72 &, —#I e &fE
DERKFEZODTHRILI N TE D (Hemleben et
al., 1989), $hiESAHIC >V TH RIS HEBEIN w3
ok bnTwa, LaL, HlEEE LR O EEAKE
DIEHE, BROMRLERMAERLZ AR E L TER
LED, FEOFPI 2 KFCEEEZ 200 (FED
0"°0 % 5 & 2 HIKAGAKEE) D& T H b (Emil-
iani, 1954), ®7ZGEEICEMLsnCGERS TV
S, Zokd AL ROAEEICET 3
A, BAEBCBLTE XY, WEE VAT
BLTEREND L, EWL L ToFEEA LRITE
(HHfatgis, g, 4, BRE, 40 MHYXLkhE,
Bé etal., 1977) bfTbNnTE /25, AW. H. Bé 5i1ck 3
1980 fERE THHEDOE -2 TH D, HHEHIEEE (Hem-
leben et al., 1989) L LTt Do TLUED L DEREL
CIharole, 0 FEYFNLEFLEORKRICKD,
TIv o by iy b BB AEEREEE O E

LT, 1990 S LI S BIS FIIZE B L T E 2 s D
5,

TR E R FLER D APEE T & © AR M in 2 BT
HHT L, MREEBEIHEISNTORVLI LD, 4
IR DR DO T2 58I L m>Twb, —HT, &
(RERELUES, O] 2 W A 0, —E BRI
BRECHERFRTRECD b, Fifks v TGS
TAMENRICRD 52, FEFESIZINET, FICHA
fridE 2 T L CRUBHRELZ fT Vv, i EcoEBRPAITEE
RICHOE, PR E LR O AR, RROREE L o
Moy (58 R4 (photosymbiosis) ) & FES) I
BRLU TR ZIT-> T&E R, ERFEHIL, FEERLR
% R THIEL 22RO 2 &7 — L T 0 A iy & BRI O M ELAF
HAZHEL-v, Ly REFE0DH &, (1) bR
5L EREILARICT 5, RICRESh ity 7
TR, (2) KA Bb 2 5GBSR O R,
(3) Yot sy e RE R L Bk O W B BR I R 72 3 B e
OHEfE, EWVWHIRELIRDOEELTTEY, MR
I EREROME 2 EATVS, AKETIE, R
F7z (1), (2) icBb 2 NEEZFLICHNT 2, (3) D
HEZEFROE LI TEH 2, BEOETHNTL
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Fig. 2. Global species diversity of planktonic foraminifera (the number of species in a sample). Overall, a higher
species diversity can be found at a lower latitude, except for the equatorial Pacific. Relevant data were obtained
from ForCens (Siccha and Kucera, 2017), a compiled database of foraminiferal assemblage from core-top sedi-

ment samples.

(2

DT ET, F2HETHERREZEDRIA T —
VT OEEEELE, HHEOBEEEER BN, KICH3
BEOREEREET 2 7 FNICONT, FEELOHE
WEZ LR D HMMNT 5, 45, 5ETIE, HiEHE
FLHROEFEEERIC K > TN AR > TEE L,
EOETIE, HHES T FANRICEINDIA S =L
WHEAHEO B E LTI AR, RERDIAAER
OWTHNT 2, REICETETIR, $LdL, BE
B B EREEE LA IZL O LT 2 BilEEY 7S
YO URDOSHRDOSH D T, BEICOWTER L2,

2. WIXBIZICH T 2FEMRILRELHE

# 7L K (Foraminifera) & %, Y ¥V 7 (Rhizaria)
A==V —=TIET 5 HifllliEREY TH D, —#Kk
M A BRI & o CTIEA LR i KAl Eh b, #
WX T RCRBA IV D L () OfEKE D

B, BRI ORBEEE A — PVURICER T
%, FRIIRPBEICKEVED b, ERIc ko T, i
FERED T LR (Foraminiferal ooze/ Globigeri-
na ooze)) EWIN D, FEEELRORE THE TS
HEYTELNL TV BB LA (K1b), &
HPEIR 2N L o 7 2 8RECT 0, Rt e &
LCRESNZELRZ, EiicRE2#o-> 55 C
EDTE, DT —h 47, HBREOT—AA T %R
LT Db, T &I ITIFEEE LELED HIT R,
HVE 2E R 2 7 — v T, Aidy L IBTEBRBE O E O
BEIR 2 218 4F DMK & 72 > T\ % (Yasuhara et al.,
2017),

YedbA: L ix, photosymbiosis 120 LT 4T 7-RETH
b, photosynthesis % photo (%) + synthesis (£ i) T
AR EIREN 5 DI, photo (5) + symbiosis (3
42) THILAE L AT B, BWEEMEANICRREL, %
BINCH BT 5 496813, algal symbiosis & & I
BN DR, AT b b oM A HERRE -
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F2ETH D0, HHAELVISELHAMPLEED
T3, MIET ZWFEEY EIIZET L, EEEY
VaANELGRHITH DD, ZOMICHEELEYTIEA Y
XrvFxr, hAXY, YyahA, KEGHLERZE
(Goff, 1983; Stanley and Lipps, 2011; Lee, 2006), 75 ~
7 b v TiEEEEE LR oM, BEERCHERICLO
HET 2D EPHSHN TS (Caron, 2000; An-
derson, 2012; Decelle et al., 2015), 7' v 7 b v Dtk
A3, PEEEILESZ S TH D kO, HEAMICIZE
EVMAEECET, YL L TOMENAES TIR%
VW, —HTC, EETEDTFEWFNFERLDIAL A
LENTL B2 holcBERODY, AFNN—a—F4
¥ HFICHED RN R TR, eSS 5o
b DBERDIBEM LICEHRTH D, HHEIC X > TEE
BTHBHIErEMEN TS (de Vargas et al., 2015),
F7, BPETAAATEROEPTH, HHET S
VYU T (BLRSBECR) 2RO T I 7 b r ey
M EREEICED CFZE TR/ NERff S T v B T & MR
INb7 L (Biard et al., 2016), B4 A5, Tt
£75 v by OEBEWICGEENEIN TV S, KT
AT, EETIEBURNT 2 v 7ot 1 B b 28
T2ELHEP (Liu et al, 2019), A *— v 7%
TG L E R oY EEnE O £ (LeKieffre et al,
2018; 2020), BEBREMIZIAS 22T % & 5 &fifffic bR
BHREND, ZD&dIc~ 7 a@im (BRI
LikE) L 27 utin (HRoFRERCEEOHME) o
Wi DHFFEAFEE LIGD T 2RI D 5,

R LR oY AL, Ao W T
b S N CE b (Houston and Huber, 1998; Houston
et al., 1999, Bornemann and Norris, 2007), #iAER I
TYH, ALV EROERSH =y F OB L
b, FERMOBHAEZR LI ENTRBRINTVS
(Norris, 1996), % 7zit4EDffgE i, WG RO
LM EIC I, SRR BREEER X b b HEE A 0458
PR EL TR ERBINTED, 20k %L
ELTtREoEEE L BTN T WD (Ezard ef al.,
2011; Aze et al, 2011), FERZEL QFBEEE LR
HoLRMEEES 2T 2 £, BmEoHIRO RKIEEY
(HhFr i) et E T 2 MO EI A2 60% % 2,
— 77 CEBLTREAMA T 5 0 T — W R R T

1, ZOHEED20% L NI{E T T 5% 7% & (Ezard et al.
2011; Kawahata et al., 2019), HiBRo & & @A L
HMOMOERICIIEELBERELD 2 L5 1cBbh 5,
S AR I — MY I IRE 2B AR R T 5 72 0, KD
BN I ERRE T AAND M2 IR S, K ERT 2
(Kelly et al., 1996; Kelly, 2002), Z @ X 5 Z{@E AR
IBOWTHHERIN, 5 F T L 20 H 5 HIERIRE
fLoFEHLE U iR & T\ % (Ruddiman et al., 1970;
Jonkers et al., 2019), —/5T, WEOEENA RV FT
& % BERT I — AT R (AR (PETM) o v iifa# it
SR (MECO) T, JedkAd 2ficow il 55
OIERROZE (FIZ Y TIeB T2 AMD &9 %,
HAREROBEE) PES-ABEERINTY S
(Wade et al., 2008; Edgar et al., 2013; Shaw et al.,
2021), Tk Sic, BRELABICNT 2O INE % B R
T 2570101, BEAHOBRELIERICHS»IcT 572
FTkl, ZORROBEIEDLIICEETORD, T
BObHEDL S HAEROERE L LTHERT 5L
DNEETH D,

3. HEEDTFI

3.1 RICEESHhBITFIL

9, NHHEEROLERAEL ST 5 S 2T
EL IOV THET 5, (LATED Stk d: 2§
5121, BORBLRERMKLE S 7 FLELTHY S
FiEP—RNTH 5, FEEEILRE, ERWICELS
DK DAL E B KWL 7R AT § 2 2 L b,
BT Y — L & L CERWHIMEES D 5T B,
Lo LB IR, AILRASOREe, HEL Tw o #E
HONMEKDFED, %Dk &b RO I SOk
ENTw3 (Kroon and Ganssen, 1989; Spero and Lea,
1993; Ravelo and Hillarie-Marcel, 2007), Z#ix, 49
TEENDS, RETZ S 25 ORUNEE OWKAH R E 21 S
¥ 257:0TH 5 (Woll-Gladrow et al., 1999; Zeebe et al.,
1999), OB, HEREETOBANY 5 IIFIES L
DRENRELRDZH, CWEHBTFICEST, EYEHO
LSS E WS RHED H B, SEEE S AEYNEE)
ICBEVLTE, X hEORERERE (C) MMERIICAIE S
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Fig. 3. Conceptual illustration of the photosymbiotic signal and background mechanism. (a) *C-enrichment in
013C of a foraminiferal shell via symbiont photosynthesis. The symbiont photosynthesis results in *C-depleted
01Cpc in the microenvironment (symbiont halo), which is eventually recorded as elevated 0'*C_ . (b) Onto-
genetic positive shift of 013C via the enhancement of the effect described in (a). Such enhancement can occur
through the host’s ontogeny as the symbiont number increases, due to an increase in the total photosynthetic
activity per individual. The positive 0'3C/size trend can be considered an indicator of photosymbiosis.

N5, B okduczEEE (°C) 2sntiic
WiNd 5, AT ZFEEELREICOME T ORE
TR T %70, FEHAERIC LR O REZERIR
(01C) #EL 75 Lw I EMSH B OLeic &k 3 H 1L
dg o 0BC oBMEIR , Fig. 3a), S HICEICtE- T
HAFE DB TR BB HIN T 5 (fE - THAR S B
ms2) oz, EiEo DEapic k2B ALHR®
D 0°C DIIENF) »3, WEC > TETETIME N
Tw{ (Fig. 3b), ZDfEHRE LT, HILEDOT A XHIM
IS T OPC AT 2 LS Fa 7 » A VERT L
1272 % (Oppo and Fairbanks, 1989; Spero and Lea,1993;
Norris, 1996),

R ffTE T, Whi» s BT e 7 7 4 1 & [l
T50IC13, BOFA X5ET L (FlAI1E80 um 25
300 pum DT 7 ) I ZERMAEL D 2T, &
14 RIZRT 5 01°C offiif % @t L <7z (Berger ef al.,
1978; Norris, 1996; Birch et al., 2012), fE{E¥ 4 iz b
KB, WEEIEOHICHE R RIGEE 2 AT 5720,

R YT BREE YA X0HE S LI EERERED 2
B3, PIZIERANDY A XMk, 1HEIE R 80 kA
L L7 H % (Birch et al., 2012), TD7-o, EH
P RFEIC OV TN RICTE R WL LS HlFgs
Hol,

LR OB OO O ED L LT, 1Rz T
DEERBEOTFEIEIN TR E I LTINS,
g, HBtoRERCAROER L Ak, R
fELAIIE R T WL T ic k3, FEEELHROEAR,
1 RBEP1EE (Frv =) K495, fEoT,
BEILEOMT L TENE, KEEREO T 0
7r4nksng TEILEOREIHE 0UC AT 2
bty MAE»STHMRTE LI LIS, I T
EHZ, BED»oEZ2WHENCYI0EEL, HREEE
B o i R W SR L E AR W E BT A 7 & (ML
CAL, Ishimura ef al., 2004; 2008) %% H L T ESHT
EWT 5 LT, 1Ek» oDy 7T
% FiEOMENTICHEL D #LA 72 (Takagi et al., 2015; 2016b) .,
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FSREHEY T 6, B RESBEH OB AR
BolL, EMETCEE2YEEL - (Fig. 4), 20
BE L ICRERMRLERE L iR, el 2/
T3 0C OBMAHR S W, —FCIMERTIImD T
BRI IERRBMA R 6N 2 b DD, 2O 7%
W EBHSDE 5T, E NI REA S
ERELDEVOSC AR LA Sh, RO
BRSNS RSE 507 (Fig. 5), — /4T, 0°Co
IS b 0o, FELAERECH W 0°C o7

T 7 ANBEEN I ERFETRERHTHY, Th
i, TEROBE (B D 0PC 2R S BEIR) HRE
TEOBRWI E2 KL TW3 EEZ 5N (Takagi
etal., 2016b), FA&IICIE, 0BC oBIIMER T TlE 7
{, OBC oMNIAME, F7588 (BIKILAKE Dk
WEKBT 2 0%0 L ab e TRAENICHIT 22 LT
(Fig. 5b), JeItEEmED 1 AAHBIASHREIC R 2 L E 2
5N,

Fig. 4. Chamber dissection process (from left to right) of the planktonic foraminifera Trilobatus sacculifer. Dis-
crete isotopic measurements of each chamber can be conducted using the MICAL system.
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(a) Ontogenetic 0'3C and 030 of the three species of planktonic foraminifera. G. conglobatus and T. sac-

culifer are symbiotic species, whereas G. truncatulinoides is a non-symbiotic species. f, the final chamber; f-n,
the n chamber counting backward from the final chamber; <f-n, the juvenile test from the initial chamber
through f-n. (b) Scatter diagram of d'°C and 0'30. The symbols are the same as those in (a). The solid lines
represent the regression lines obtained by a reduced major axis analysis. Modified from Takagi et al. (2015)

with permission from Cambridge University Press.
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32. HEEIIHTBRRHES T

EHRICOWT, HHEET 2B Z2EANT 5 L1E,
BRIl bnsrdb Ly, LarL, FEEEALHRD
A E, IOAAREOBREPILEELEL TED,
Wi 75 v 7 F vz LBl TCns L, 4
OO EBINT 5 EDPWEEIC R B, M)
R oBEEE T EMESE i, (1) H—0@ErLH
Honzd o, (2) ZomHiosZ2EfE (mitosis)
DR TEL L, (3) HREINIEFIRSNZ LT
&, &N, HABOEMOMBHIERE L 72 5 TE (Gas-
trich, 1987; Hemleben et al., 1989), L 72> LfEEN T
DARBICEEIDRETHEEL Tkt 2BET 51213,
AT ThHEEEDLE %2500, ZITEELIL,
BT TH 21 E LR 6, a7
2F 6N, MIEN CEESTERICE & T BRI
B EER, AR Z OIEHE 2T T 2D Az
TH 7z,

FHH O OWFFELARTIC & A 2 R oA LR ot
ARICERL 7O6RAE DI B INTE D, MRS
WE DO RBEDL Y (Jorgensen ef al., 1985; Rink et al.,
1998), HstEREL L —H— & LB b IAAEEIC
K B REBTEHRE D BFED b (Spero and Parker, 1985;
Gastrich and Bartha, 1988; Caron et al., 1995) 7 £ %37
b, AR H 2B THEFRIOEE L EIT-
TWBIZERELLER->TWE, TRHEDHFIRIZE D,
HE—LERSRE L OEREME LTRSS L
(GEAEEDONARD LR SRR Z A 2) L, H
KM RNREINTER, LaL, ERETE, H
BHRIC, ERECHERIEDREEOARENRICL
TED, 50 E2H S 02 BAEFREG FLRICE VT,
ZHZHMEBEOAET LA TR VLEIIZLEA
EThHole, ZITEHEELELE, HEEELRICE T 2
HEoeEEErHPIC LW EEZ, BRET, EFK
REHC Y A =Y % 527, fifHicikz 2 A0 F
R L 72,

HZELP—BLTAHALTELDIE, Zuen 741D
TIT4ATHAEOVEDTH D, EET T v ok
Ht%: (FRR 7, Kolber et al., 1998) T& %, FRR #i3,
A BN WPIE (iEt) 2ERE T2 LT

FEonzdrzun 7 4 VHGEOLEFHEZMET 2 FETH
D, AR OREBLWEERT I 2 =2 (BIZE
HABAEN: Fy/ Fry BRICPINWTHIRE opsyy 72 &) %2 5F
fissZENTED, AFERIFEFICHEETH S0,
VRl FLE - A R I B TR, 1EKTH HlE
ARETH % Z LR E NIz (Fujiki et al., 2014), Z Ok
W5, RFEEZE, WEH SHRIL 2B OGN L
v, RIAUME, VT, EERE T oMo E s A R
Y, KEROEMR (EEMEANTEE L 2EEOE
), ThbbEBROFEE, FEE—2cdEicH
WrcEsEERT,

OB EIEH L, KD 6 R, #HE
PHHERICETHE, 507 Ay FEEIBLIO
fifiATH & g K 2> 532 BRILL, FATREZR PR D %<
OfEicxt L FRR #E28H L7z, 4 BH16 & 30, 3 1,266
fAfRIc >V THRE Lz & 25, 198D 5B KD > 27
WERRERL, 2055 16MIco>w T, BEEOHA XL
ruan 74 VEICERE L EMABENER S (Fig 6),
ran 7 4 VERHREBOBOHEL AR T LI TE
570, LEVA XL oBRER, EfomERICHES T
HAEFELHMT 2L, ThbbilliNToEEDH
WA RTHDEEZ 6N S (Takagi et al., 2019), FH4
WOEFEN TSR U TE 2 2 Lig, Jadbdr—
R 72 BEEE D HL 0 A A Tld 7e &, T 2SS I FIlZE 2
BonrEELBERTHL I EEREKL, LEHKROHE
SRR I N,

7, MABDOEH T A —5 %, A
HLTw2bDiIcoWw TR 2 &, MABIEE Fy/ Fy
TUEAEET LRI, BUTEVIEEREZRT—F
T, ARERIETHER opsy T1E, WETERERESES
LD ORI IEEHEIELHEDIZS BERICH WE
Zm L7 (Fig 7). Hi& I, HEEOGAEIEEOT
TRIFRIREBICH D L, ERBEHEEZ, RTITEEDIED
DD FNBEIEIGL TWB I L2 ERT 2, opgy D
ATERICOWTE, o EBEFELED TSI SR I
AEAMETIEH B0, HEOAERBERE OKED 5 Vi3t
BRI &, Rt o aHAEEOBEICOVT, 520
RN H B LRI NT,

I LI ZOMETIE, Bonl A EIET 24D
NI A= (HEBEORFFE KYA1 XL 7mm7 400
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Fig. 6. Relationships between the test size and Chl a content for each species. The lines represent the reduced
major axis regression results. The specimens with no chlorophyll and non-functional chlorophyll are plotted at
the bottom of each panel to demonstrate their test size information (these data are not used for the regression
analysis). N, the number of specimens with functional chlorophyll (ie., with symbionts). Modified from Takagi et
al. (2019).

2O, HEBIEE, N4~ bHzbnron T 4 Too TD8T XA —=F e, FEEELRO LD
Vi) BRSO LR, G EoBREERIEET AEREY SR ERRTE L (Fig 8), it
LRGN T A= (BT, FE5EXR2%) 2&bh  EEREELERoTICMEMT S L, BE%E (mixotrop-
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Fig. 7. Photophysiological parameters of the dino-
flagellate-bearing species and pelagophyte-bear-
ing species. (a) F,/F,. (b) 0pg;. The box plots use
hinges to represent first and third quartiles, and
midlines to represent medians, with notches repre-
senting the 95% confidence intervals. Means are
represented by open diamonds. Values that lie
more than 15 times the length of the box from ei-
ther end of the box are considered outliers. The vi-
olin plots show the distributions as the estimation
of kernel density. Modified from Takagi et al.
(2019).

hy) o—fiThb, LEhFo7tdbD TR —EDR
R LERIND Z 5, EEESE (acquired phot-
otrophy) O &Eh b L2 515 (Stoecker et al.,
2009), L2 LZoBERED ki, BickoT
BERSEIETHS, 20, FEEEGILROGEHE
W, JEHAET b B AL EENE (heterotrophy ) A
5, JkE /M7 %% (phototrophy /autotrophy) 12 %
25 COMRED AR FPILELTHRAZILEDT
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LT3, ¥EET RO, FAEERNOIK
iz RAEREMEsER SR I e b, RENICE
EENTHEEME LI N EEZ 5N,

—HT, HEROEI AT X =& (FHBIEEF,/
Fo, BRICRIEHRE opgy) 13, E52ZFRFREVDHO
D, HWRNZEELIfE%Z2 7R L Cwiz (Fig 10), i,
A F Sy I ETEeHEROBE L3RR, i
NOBEE D72 < &b HARRIC & - T RIF 2B Ak
BRI T3 LB TE S, £/, WifEE bICHE
RCE, WHETRHER LA EEMIRZIE, K%k
DIETIC b S 237 SN T Wiz (Bé ef al., 1983; Faber
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@ G. conglobatus

Planktonic ® T sacculifer Autotrophic
foraminifera - X @® O. universa protists
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@ G. ruber albus
@ G. tenellus

Spinose

G. adamsi Q @ G. siphonifera Type
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HHpZ(aglc;a 8 @ G. calida
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) : Intensity of photosymbiosis
N. incompta Q @ N. dutertrei )
N. pachyderma Q @ C. nitida 3
G. scitula O @ G. cultrata =
G. crassaformis Q @ G.uwula Q
G. truncatulinoides O @ G. glutinata 2
T. fleisheri O O G.inflata 5
Pz

O P. obliquiloculata

Heterotrophy Aquired phototrophy = Photosymbiosis Phototrophy

Fig. 8. Conceptual diagram of the spectrum of planktonic foraminiferal photosymbiosis along the trophic gradi-
ent between the permanent endosymbiosis (right) that results in permanently integrated plastids (not found in
planktonic foraminifera) and heterotrophy (left). Foraminiferal species were ordinated according to their PC1
scores from the principal component analysis in Takagi et al. (2019). Foraminiferal photosymbiosis has been ac-
quired regardless of the morphological features (i.e., spinose/non-spinose and macroperforate/microperforate).
Modified from Takagi et al. (2019).

(a) Trilobatus sacculifer

Fig. 9. Examples of the growth of the cultured planktonic foraminifera. (a) Trilobatus sacculifer. (b) Globigeri-
nella siphonifera. The foraminiferal tests grew by progressively adding one new chamber at a time. After the
formation of an ultimate (final) chamber, spines were shed, and the color of the cytoplasm turned white or pale
orange, indicating that gametogenesis had started. Modified from Takagi et al. (2016a) with permission from El-
sevier.
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(a) Trilobatus sacculifer (b) Globigerinella siphonifera
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Fig. 10. Examples of the ontogenetic changes of test size, photosynthetic capacity (F,), and photophysiology

(F,/F, and 0, of foraminiferal-algal consortia. (a) Trilobatus sacculifer. (b) Globigerinella siphonifera. *

indi-

cates the initiation of gametogenesis (shortening and/or shedding of spines and color loss for the cytoplasm).
The mean values of the results from each face of the analytical cuvette (n = 4) and the analytical error (1 stan-
dard deviation) are plotted against the time of day for each parameter. Modified from Takagi et al. (2016a) with

permission from Elsevier.
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Fig. 11. Histograms of the initial (left) and final (right) test sizes in the four experiment groups. SW{, fed every

other day and cultured in low-nutrient seawater; SW, unfed and cultured in low-nutrient seawater; NPf, fed ev-
ery other day and cultured in high-nutrient seawater; NP, unfed and cultured in high-nutrient seawater. The
shadings in the final condition indicate the reproductive state of the specimens at the end of the experiment.
The open and filled triangles represent the mean initial and final test sizes, respectively. Modified from Takagi

et al. (2018).
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THIE B 2 B 2 R S & % 720, i 2 D23
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(a) (b) Relative amount of carbon from seawater (%)
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Fig. 12.

Relative amount of carbon from host (%)

(a) Comparison of the individual-based electron transport rates (ETRFr2m) and the carbon assimilation

rates (PForam) The bold and thin lines were obtained from reduced major axis regression and least square re-
gression, respectively. The error in ETRF"™ wags obtained based on the Chl a error estimation with a 95% con-
fidence interval. (b) Diagram for estimating the proportion of the inorganic carbon and host-derived carbon for
photosynthesis based on the observed e /C in Takagi et al. (2022), and the actual e /C (vertical axis). Modified

from Takagi et al. (2022).
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Ecological study of photosymbiotic planktonic foraminifera

Haruka Takagi”

Abstract

Planktonic foraminifera are unicellular marine zooplankton with calcite shells. Important char-
acteristics of planktonic foraminifera include the preservability of calcite shells as microfossils
in sediments and the recordability of environmental and ecological information as their shells
were calcified. Some planktonic foraminifera species have been found to possess an endosym-
biotic relationship with algae, known as “photosymbiosis.” Overall, photosymbiosis is an evolu-
tionary and nutritionally important ecology, and it also plays an important role in understand-
ing the Earth’s surface system in terms of material cycling and carbon cycling in particular.
In this paper, I briefly review the current knowledge on planktonic foraminifera and photo-
symbiosis and outline the studies we have conducted so far with focus on the extraction of
photosymbiotic signals and the biological phenomena concerning photosymbiosis. Finally, I dis-
cuss the prospects of further research on photosymbiotic marine protistan plankton.

Key words: planktonic foraminifera, photosymbiosis, stable carbon isotope, photosynthesis,
FRR fluorometry
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