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The effects of irradiance and temperature on the photosynthesis of the red algae, Pyropia dentata and Pyropia seriata, were determined for
naturally occurring gametophytes collected from Kyushu Island, Japan. Photosynthetic efficiency was measured using both pulse-amplitude
modulation (PAM) fluorometry and dissolved oxygen sensors. The maximum quantum yield (F,/F,) was determined over a range of
temperatures (8—36°C), revealing that the highest values in P. dentata and P. seriata occurred at 11.9°C and 12.2°C, respectively. Additionally,
the highest gross photosynthesis rate (GP) in the two species were 40.4 pg O, g, min" at 26.3°C and 66.6 pg O, g, min" at 20.7°C,
respectively. Furthermore, dark respiration rates (DR) increased from 0.91 pug O, g, min" at 8°C to 15.5 ug O, g,,,” min" at 36°C for
P, dentata, and increased from 2.52 pg O, g, min™ at 8°C to 16.7 ug O, g, min" at 36°C for P. seriata. The response of oxygenic net
photosynthesis to PAR was different between them. The estimated saturation irradiance (E,) of P. dentata and P. seriata was 105 pmol photons

m” s and 209 pmol photons m™ s™', respectively.
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F = 7 = / Y Pyropia dentata (Kjellman) Kikuchi
et Miyata & 4 F = ¥ / VY Pyropia seriata (Kjellman)
Kikuchi et Miyata (777 7 U &) ZdbiEER 2 & Sl
IR O FIC oA L, AR 11 o 4 HEHIC
DT, EICHIMW O FIcEET 2 (I 1998), ifd
&Y, EERIcBL TR 2RI L Rvio, EidTo
WTHE ) 70 S VS P ) R L R B IE IR L v E ST v
20, A7/ VIO TIRETREICX > CTHEL2E
K s 2 EbWE S (G5 - /Wl 1960), JuHEERIC &
WTHBEERBEIGMICE>TReN %, Wz Hw
BRI AR TITbNL T wwns, DEES ) & LR
THRINTE D, FicA =7~/ VERGEREI O
THERTTH2D D ) AN CTHIRNEE SN T» D (Fik-
Hi 2008, <fH 2016),

AR 7~/ VEOWREZ, 577 A% E /Y Pyropia
yezoensis . narawaensis Miura 4 F X7 % 7 % /)
Pyropia tenera var. tamatsuensis Miura 7z £ O 258 i fifi

Zrhuiiz, 1960 R0 65 1970 RIS T TH CME SN,
BT OB 2 E12 KR ECEMB L 72 (Iwasaki 1961, £
H 1964, 1966, Dring 1967, Satomi et al. 1968, Miura
1988, %t 2012), A =7</ Vic2WTIERENE - K
W2 BET 5 720 o ERBO MBS L &S
INTEH (Notoya et al. 1993, Notoya 1999), £ 5=
V7 VDT T ORI St SiREED
ERICBEEZKBEIRESIN TS (Fi S 1967, #i
i 1968, #itt - H 1968), F 7z, ##TIx, AEICE
F2EMA =T/ VD70 77 A2 B (Gall et al.
1993) ®HEEEA F=v /YDA L AT S E— |
Yavyr7ugAryoEHERY] (Park et al. 2012) 7 £23
WMEINTWVS, UL, MfEOAHEARAN IR E
FILLMAZBOTARLTED, XEEIGHEICET 3
N A RIE 2 R0,

REEBBEEZNRE LIOGEREEOMETIE, 7us
7 A= —LBEEME EVIECHCONTERLD, T
ETIEASVAER 7 vw 7 0 VEHAWESE (PAME) b
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Hwosirzd ki > TE7 (Watanabe et al. 2014b,
Fujimoto et al. 2015, Kokubu et al. 2015, Terada et al.
2015), AFF, B2 RBE» OIEBHENICWET 2 2
EDTEET, SRk A b L RICH T B LR I B
KTO\EL LT, BELEYMZIZC O, MEEMHKY,
EEIZX D AR EITI VIR L, ARG AEYT
WG N T3 (Winters et al. 2003, Campbell et al.
2006, it 2009), 7=/ VEICBIL TH, BEERA (&
B, oy, Wk WX B APLAREEIRESINTET
W % 2% (Wang ef al. 2011, Zhang et al. 2012, 2014,
Watanabe ef al. 2014a), %16 QWL ITEE B 2H0
THY, HAEMICBIT 2HE RSN Tw5, PAMIAIC
X 2 NERIEEOME N, Z OFIMEM: D & BT O Bl
IZE VT O EMRD LRI, B (R~ OIS A
WFREEI N 528, 2070 OHEBENEAMRAIETTEIZFTAT,
SRERRBEICAEE TS, B EICBE T 2 MR OER
RKOonTw3,

F=7=/VEALF2Y 7 VDEFT 2N F - FEERIH
FEOWEEIE, AP & AR O A HER AT ICAE L
TEh, MFWRETZHEHE L THAISNTVE (FHS
2004, FFH 2011), T4, AHCHEEMEDOZL b WG X
NTEY, WEEEOERLHEHIEMO Mol L b &
HoHEINTwS (FHHS 2009, HP 5 2013), 4=
T/ VEAF ey VBN EEERICES L3 03,
ME#HEETRA T2V 2 VPMEINTEHT, F=7~
UL KBHEECEENSD - HMERVOTIFEAER SN
W EDS, JuMHEEE O M AR I HARERE O 23 R
WGEw EEZ o, WEREOEHNIC X ) BEDEF D
295 2 EbBaIng, AFMORECIRELS DR
BrEZ2 DB, GEBIEEICNT 2R E DO %
BT 20 H D, 2, T0s QMR ERENEERD
fEIR~DER b WIS, 2 2 TAMI%ETIE, F=7%
/0 EAF =Y ) DORKEEEEOBARE DGR I
K E AT T E 2, NV AZER 7 unw 7 1 VEDEH
EiR L BEEMEEZHOTHS 2L, AEFRE LT
EELT,

MRE XA
REM &R

MBHzIE, 201543 H6 AICEIRERE X > i
Wy (31°15 33.4” N, 130° 12’ 36.8” E) THEWI N4
—7=/ Uk, 2015463 A9 HICHEAR EREH KRE
BT (32°34° 38.6” N, 130°25’ 08.0” E) THHI N4
F=v ) OlEEEZ H G, REEIE, 7—-9—Ky 7
A THRE 2 —EIEE DD, EH IR KRR
IZRB - 7,

WFZE%E <%, W@ A (Hi 33%) %z L 7 300
mL D=7 7 2 2 B gz BEEANR, £ rFax—
& (MTI-201, P L) W< 1~ 3 HEHO ¥ ik

BRITo 7, PHBEOKRIE, ZUZNORIEOEE
HWOMAKIRICHEL, =7~/ VIEKIL16°C, £ F=V
/Y13 12°C & L, Y& 90 pmol photons m™ s, HiRSH
BA12L:12D CTHlARGEEE T - 7o, BEERICIZHAET 1/2
SMW-III K54 (7 1970, Fujiyoshi & Kikuchi 2006)
R,

BAEFIWE (F/F,) TXHT2KEOHE

SOV AZI 7 ana 7 4 VHEOENNE 121 Maxi Imaging-
PAM (Heinz Walz) # v, L% 1 @& K8 T IX
K (F/F,) %J&EL 7% (Fujimoto et al. 2014a, b, 2015,
Watanabe ef al. 2014a, b), B IL B RN K % 7z L
ATy L A-MO 7L — 1+ (12x10%x3 cm) ICHHEL, 7
vy 74 v¥aX—%— (BI-535A, Astec) LICEIAEL
7o L — FHNOKIRZIEMICHIET 270, TP ¥ LK
et (Model 925, test AG) %1 L C/Kiii 2 #IeMlE L
Joo FJJF, DWMEIZ 8 CH536°CEThD 1554 (2°C
k) <HlE L2z, EBRICERL T, &KkiREMc 30 58
FRAR G L 72 ETBIEgE T, 2hEnoKESGMsT
10 2D 7—% (N=10) &7,

HEHRE & FRREICNT 5HKCRDOHE

HE IR OB FEEM (ProODO-BOD, YSI Inc.)
2 v, BAIREY 72D oI ER L OFIGEE R 2
K7, ROBER IR E K Z 72 L 72 A &5 100
mL ® BOD & b vz v, HaNICEEkz AEHL,
HEEIT> 7, AT 2 8EMAE, BT, ZREE LY, &
Ry A DIERER D> & AL ICE B D I L, # UGS
MNICBAL M OWMERNS30~80 mg ik s LI I
L, BERIR-AA—F AL EERROKE
PrEL7#8ic, T RKFE (ML104, Metteler Toledo inc.)
ZHVTHZEL, BTICHw, 7%, Yk X 266K
TR IR AN DR R T 2720, EEkEUDHL B
12 R E Pl g% fT- 7 (38385 2013, Watanabe
et al. 2014a), WEHRIZBEMICHBEDORA Y —7—I1cT, K
JRER AR N DMK — BRI I N B L 9 12 LT, RIGH SR
W E R KIEER i (Coolnit CL-600R, Taitec Inc.) %
BUO A 72k NI B E L, K% 854 (8, 12, 16,
20, 24, 28, 32, 36°C, N=15) CTHELHUEEZT-> .,
MR A A M L WPROREEOMIE IS L T, &Ik
T30 Ll EFAkZ BB S ¢ 88, 502 LIicq 30 oo
TAE 24T > 7o, FRFEFE AW EE D JIE R DGR ITIE X & L
74 ¥ 7 v 7 (MHN-150MS-S & " HQI-TSEX 150W/
NDL, H#ET3) ZHw, fADCENRE 2idZznbl kic
¥ %568 (200 pmol photons m?s™) 12 THEEZIT-
7eo o, WGEEOME T, MIBHEEZ TV I KA L
T E Lz ECHIERIT- 72,
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KEFRRE & WRREICHT 2HEDEE

B2 NBEMICE 2 HEEHEEOMETIE, KEZ 9
&t (0, 30, 60, 100, 150, 200, 250, 500, 1,000 gmol
photons m> s, N=35) TH#HEL, MExT-o%k, W&
R DA PR OKIRICHEC TAH =7 < /2 V13 12°C,
AF =Y /7 VI3 16°CICFA%E L, OB & W 12
KT 2RO E L FRRDOFIEIC X D IERITH> %2,

EFILHAADIEMR

HERBEE L FJF, DRI L TED K I IKIBET
20%BRET -0, BT —% % Eq. 1 D peaked-
Arrhenius € 7V (Alexadrov & Yamagata 2007) IZ7 1 v
=S

“H, - ex Hy - (K=K,
Ymax el P KR K

opt

(Hd —H, (1 —exp (”d ' (E;(R—Kf?’;?)')))

y= (Eq. 1)

K : #iaiiEE (Kelvin scale) 5 Yo, @ fEROME (K,,) <
B 2E 7L ORKRME (AR IR O R K H) 5
H, H,;:iEH bz 2L ¥ —8 X OEEM A2V ¥ — R :
SfksEsk (8.314 1 mol™)

7o, WPGHEEE O IR O R 121 Eq. 2 @ Arrhenius @
A7 4 v FSEL,

(Eq. 2)

R, WWGHE 5 R, ¢ FHMRE (K,) (SF 1) 2 WERGHE L ;
E,  JEMEL 2L ¥ — 5 R SRS K ¢ Ao e

512, Eq. 1 BXUEqQ. 2 2 5 MEABBEIZDWTDH
FRIZ, EFVNEBIES ¥, Bk 20RICE T 504K
HWED T —513%, Eq. 3 DGRz v TR ITEM
X7z (Jassby & Platt 1976, Platt er al. 1980, Henley
1993),

a
Pne& = F;'rmx (1 — €Xp (_P E)) - Ru‘.

max

(Eq. 3)

Poo : SCEIREE 5 Py - KA 5 a : B -
SR O WAL , E © ABDGE 5 R, - W
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S, WA (B) & Rudog(ss) /e kD ko 5
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Fig. 1. The response of the maximum quantum yield (F,/F,,) to temperature
in Pyropia dentata and Pyropia seriata. The dots indicate the observations
(n = 10 at each level), the solid lines indicate the expected value, and the
shaded region indicates the 95% Bayesian credible interval.

Tt

T X T O EF G M IZR version 3.2.3 (R
Development Core Team 2015) % Al \», € 7LD
7 4 v b & rstan version 2.9 (Stan Development Team



134 g1

GJ .
= A Pyropia dentata
s
Qo <
g =
S Tz
o o
_9 o
o O
L o
— 3
m —
Z T L} T 1 T 1 T T
8 12 16 20 24 28 32 36
Q
© 100 4
© — C
O
o £ 754
2 E
c
-3
=
I -
8 o 50
° Y
& @) 25
2 2
g S— 0—
o 8 12 16 20 24 28 32 36
o 0+
©
5 I .—.—F—f“.—\M\:
£ -25 -
-
S E
™ -~ 2
g 1=z -504
% (@)
) (8]
O .75
o
% 3
S
a 1004 E

8 12 16 20 24 28 32 36

100 - B e Pyropia seriata

-20-

100 {
D

75+
50 +

254

-25 4

-50 4

754

1004 F
8 12 16 20 24 28 32 36

Temperature (°C)

Fig. 2. The response of the net photosynthesis (A, B), the gross photosynthesis (C, D) and dark respiration (E, F) to temperature of cultivated Pyropia dentata
(A, C, E) and Pyropia seriata (B, D, F). A & B: The oxygenic net photosynthesis of P. dentata (A) and P. seriata (B) to temperature determined at the PAR
of 200 pmol photons m” s”. C & D: The gross photosynthetic rate of P. dentata (C) and P. seriata (D) to temperature determined at the PAR of 200 pmol
photons m” s™. E & F: The dark respiration rate of P. dentata (E) and P. seriata (F) to temperature at 0 pmol photons m™s™. The dots indicate the observations
(n =5 at each level), the lines indicate the expected value, the shaded region indicates the 95% Bayesian credible interval.

2015) 2R, T A =F =%, X4 AfEEEZH VT,
KETN (Eq. 1 ~3) &7 4 v b ¥, rstan TE8 7
A= —DRBIMZHERT 2NI VY - BV TANLE
% (Hamiltonian Monte Carlo sampler) % % L 725k
ZHw, BRI 50,000 Loy v Sz iic T —%

DI % 5Ali L 72, RIS FNT 01 (weakly informative
priors) XETFNDETDNNT A =7 —ICBES N, Fa—
> —HiFiofi (half-cauchy prior) 1ZE€ F N D A7 — LS
T A =% —ICEE I 7% (Gelman 2004, 2006),



F=7= /) EALF =Y ) GO RIS 135

LEES
BRREFNE (F/F,) NI 2HKEDZE

RRRTINE (F/F,) ZKiE8 C»56 36°C DD 15
Gl L7 fS S, W s bRIRTEVEE R L, Kl
D EFIHECIRAZ IR T 2z L7 (Fig. 1), Hl%E
kO sns F/F, DVFEEORE IR, A=7</ VI
12°C T 0.52 (0.44-0.60, 95% fEAXMH (CI)), 4 F =
v/ 13 8°C70.52 (0.49-0.56, 95% CI) L% b, ix
MNE72236°CTZ2NZF0.16 (0.07-0.26, 95% CI) &
0.22 (0.17-0.27, 95% CI) £TET L 7%,

AR OB oKL F/F, DIRKMEE Z 0K,
=7/ UH11.9°C <050 (0.49-0.51, 95% 1 X{g
FHIX[#] Bayesian credible interval (BCI)), 4 F v /Y
512.2°C ©0.50 (0.49-0.52,95% BCI) L %o/, 7z,
WLz 2L X =120 Eh, 5.98 kI mol”' (1.93-4.79,
95% BCI) & 6.06 kJ mol™ (2.11-10.6, 95% BCI) &:k
b 5N, FEIHEHHLT F L ¥ —1 114 kI mol”' (96.0-140,
95% BCI) & 106 kJ mol ™ (87.7-129,95% BCI) T& - 7=,

HERRE & FERREICHY 5/CRDOFE

KA BREEIT T 2 AKRDHETIE, A=7~ /) LA
Fev /) CcHERMHENERL . (Fig.2), A=7</
) DYEA G EE O FEYfE L, 20° C ThesifE 35.1 ug O,
guw. min' (23.3-47.0, 95% CI) %#mxL, zhbl bk
LN KRG TR T L% (Fig. 2A), —J, A F=
7 VT, 12°C TREE 57.7 ug O, gy, min' (22.2—-
93.2,95% CI) 7 L, 2 Bl o kigE & T L % (Fig.
2B).

F =7/ ) OMMEBHEE X 26.3°C TRE it 40.4
ug 0, g, min' (35.0-45.8, 95% BCI) % 7w L, if
ML 2L ¥ — LIEEEL T 2L X — 13 Z2NZF N 294 kI
mol™ (17.0-46.8, 95% BCI) & 286 kJ mol" (167-468,
95% BCI) & 7% -7 (Fig.2C), —Jfi, A F=vY /D
6 R B 1 20.7° C TR fiE 66.6 ug O, g, ' min’'
(60.5-73.0, 95% BCI) %#mL, WMLz 2L ¥ — LIk
ML 2L ¥ =132 £ 20.2 kJ mol” (8.11-37 4,
95% BCI) & 202 kJ mol" (123-335, 95% BCI) T&H -
7= (Fig.2D),

SRR IRGH 1%, TfE & b KR SIS LRIN T 2
ZRL, A=7< /Y138 C»091 ug 0, g, ' min’
(0.21-1.61, 95% CI) %5 36°C T 15.5 ug O, g, min
(12.8-18.26, 95% CI) Fc#n, 4 F<> / Vi38°C
D252 ug 0O, g, min' (0.73-4.31, 95% CI) »5 36
°CT16.7 ug 0, g,, "' min' (12.9-204, 95% CI) 7T
L7 (Fig.2E,F),
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Fig. 3. The response of the net photosynthetic rates of Pyropia dentata
and Pyropia seriata to photosynthetically active radiation (PAR). The dots
indicate the observations (n = 5 at each level), the solid line indicates the
expected value and the shaded region indicates the 95% Bayesian credible
interval.

730 pumol photons m? s' T2 ZF 1 -234 ug 0, g,
min' (-7.11-2.42, 95% CI) & -4.57 ug O, g, ' min’
(-8.84—0.31, 95% CI) TH o7, Jmod EFHIZE-
THIM L, PAR %31,000 umol photons m”> s T2 Zh
332 ug 0, g,, " min' (21.5-44.8, 95% CI) & 73.4 ug
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0, g, min" (56.1-90.7, 95% CI) (=L 7 (Fig. 3).
EFAARE VBN (o) 3, F=T7~</Y
7230.39 ug O, g, ' min' (PAR umol photons m?s™)"
(0.33-0.46, 95% BCI) THbhH, £ F=v /2 UH 040 ug
0, g, ' min"' (PAR pmol photons m?s™)" (0.34-0.47,
95% BCI) T& -7, HHifitsl (E) &fADER (E)
dzh#Fn, £=7< /Y5119 ymol photons m? s
(6.46-17.1, 95% BCI) & 105 ymol photons m~? s
(89.0-123, 95% BCI) &% bh, £ F =V /7 V126
umol photons m™> s (5.65-21.0, 95% BCI) & 209
umol photons m™ s (175-250, 95% BCI) & 7% - 7z,
7, BAKORMEE (P.) BZNZH, 408 ug O,
g, min' (37.8-43.8, 95% BCI) & 83.0 jg O, gy
min” (76.6-89.6, 95% BCI) T& - 7=,

ZR

AMEDOET VAL VBONLBRERES =T /)
CHEARRELSF v /) EBEEORKETFIEK (F/F,)
X, 8 ~20°CokEEMETE—27I12EL, 20°C kb H
WIKIRGEAFIC B W THHF IR T 2 A A s N7, E—
JABED F/F, 13050 0% 0fE2 2L, BS5MEY THE
EN50.8-083 LLLIKTZEBELbDD, ZTNHDHEHA
RGN T2, V0 FJF, (&5 2013,
Watanabe et al. 2014a) LRI ZRL, ZZTDOKIR~
DEIGETET B b D LRI N,
AFFRcHOIA=72 /Y (BREEMZ D)
A R FF O BB AR (1 ~2 H) oK, EE>
FIEPT16~18°C tHHEINTVE (5 2013),
7, A F=y/ VETEH (BAR LRRETREE) T
DREE, BEARFLTRETIO~12°C @G INT
W3 (HARHEET—%—t v ¥ — 2016), BERBICHKD
CEEo#HGE T, MREINRT, BEA =7~/ Y OilH
RDERICHEL 2 AKiRIZ 10 ~25°CTHDH, 20°ClcB v
THAIC% % (Notoya ef al. 1993), —7F, HEVLEEHAK
WA F~r 2 OMTFEDERITHE L 72 KiRIE 15 ~20°C
ThHrHrEHREINTWE (FiH - H 1968), WEDEF
H O BB AZRI DKL, AUETHES N 2D FJ/F,
PMbDIKIR & LERE % R TR ORI H > 7 2 Lo
5, BRMoOAFRERTF//F, 3EOEZRL T 5§
Mgz o dz, —H, BRFBAMEIC X 2 ARG 2
HCTHBLD, A=7</V0ABL)EKRTE =7 2R
TS N, R, MUGCE GRS RS EZ R 3K
i, WREORMAZESHOKRICHEL KL TEY,
BHBOME L DML KL TwB I Ehrs, EHFHOE
EHOABRE TR L COBARET>T0 S LHEX
Nz, LaL, BEaBEEoREMEZ R TRIER, 4=
72/ UT263°CTE—2IZ#EL, A F~=V /2 UT2.7
CCTE—ZIETIHME R L2 X9, BN oKE X
DH6~8 CEHVHAZRL 7z, I DERICIZFIELED

BmaEEL Tw2 EEZ 6N, s QKA TIEES
BIGEAAE IR WD O, WEIGEE ORI & > T2 Ll
EOMFRERIIMELT LTV EFEZ 6N, FUMEAIZHE
WEREHATGEDO 7S 79 7 VEEETORESI LTV
(E# 5 2013), 2o iRy s, BEBEA=T7< /Y
LHRAREA F 2y ) ORMBETIE, =7~/ VDN
A ZKI TR R E O KRERBEICHEIEL T2 2 ENERS
nie, KRR CTHGVZA F =2 2 VIEEWERESICAE T
2D, A=7~ /) OREMIZES FHICHL TE
D, ZFOKIRIFPPES LD, A F<Y /) HET
bEON DD G 1968), BEEEN LK D sNE I
LG cRRoNEnI Eh s, LFKEDE I
DIHECATDO A E L5 Z TV L HHESH 5, 7
7L, MR ALEERE D & SIS 20 TIA S A LT
32805, HBMERIC X > GHIEKIRIZSETH 5T
BIELEZOND, THOFLBRLLZMIZOVLTH, b
BRICRE KRB A S T 52 LT, HHOAH
b & EIGAKIR DR IC B33 LRI B,

F=7 = /) ORMICEBBEIC X 2066 K - Salhfitic s
Wk, fafitE (E) 28105 ymol photons m™> s &
A o, mALEBEE (P 7540.8 ug O, gy
min' & %ok —HT, 4 F=V/UTIE, E, 5 209 pumol
photons m? s, P, 7383.0 ug O, g,,, ' min' & & b,
WHFHETICBOTEHYEABRIEEZ R L, LaL, K
Wi (E) A (a) &, A=7~</9¢4F
RV Y TRIBEAEEBR SN2 D0, £H
HOAKMRMERTEICE VT, 4 F~Y /7 VOB L D ILHP
DIEGATHIE L, "L EHIEEZ TR T 2 BRI N
7o, 1S (2013) %, BWREERATY 7YY EEE
® E, % 71.9 umol photons m? s LG LT3 2 &b
5, AF=Y /0770 L) bHADEENE W
EDIRE NI, HE, AR - KB OMEZ L bR D
il 13 0 ~ 1,000 gmol photons m™> s TH b, e
WIZE Wi, WA EF R S s>, —fRig,
T/ VHIZKED O X RICIMBENERT 2720, K’
W] BKE D 5 L ZBI2 B W T, HHIC 1,000 gmol
photons m? s Z W A2 2 ERICHI S 2 &z iz e
BT EEbNS, LeL, BEOERNTHL 2~
ALY TEHPIITHT 2WIANEELT 2720, 5
HGM P ER IS EE E T RELEZEZoND, 2Dk
b, SH%IT L EASES T ICB Y 288G EDIGE ICD
WTHHSE 2T 2HEDH 51320, KPR E LD
BENRFEIIOVTOYSRICT 2 2L RkdDE5N S,

A Tlx, RARICER T 2HMED AZMEITH
703, 7/ VEIZZOEIELRICE W TERN AR A L
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