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BUHR T RZY 10% M FERIZ A 7= ™), FE i RAa oA
B EEAVE R AR A S R G D, KA o it
A E RS K H R DIC, 52 K A Bk R £k
RGEAIER COy S, AR St ok AR #E R
CO, H L2 IR, N T PRI, KR COo,
YR T 1 BRI TR AL AN TR 25 520 1 T K A
AT, AL ) A A AR B R A YR 2 52 3
—ERREERRIE, WA KR OGEIER L AR
FABAAE AT FEE BRI IE T, —E N
CO, e B Tt oy 23 fie i R A o 1 A2 G, T34 3
(Hizikia fusiforme), KX, CO, ¥ THEa i 1 ¥ /K ToAL
W B2, SO VE RIS T 8 R BBRIE, B0
WP, BEAR T ARIHEAE, SEmiinbe T8k m R, 5
Hb, CAMIFEERD, CO, M T nl i 2 42 M e K

B 2

(Gracilariopsis lemaneiformis)"" § ¥z 45 3% (Porphyra
haitanensis)" > )i A B TR T A6 A R PR S D T 1,
FEC. NARER, feibsEE K, (HAT ) —Lufm
b, WML PE (Halimeda opuntia)" i 947 3
(Emiliania huxleyi)"™, W§7ERR AL 0 FEAR T K pH,
Xof FLA R RN AR 7= A B TS

CO, W2 HHAMIABE N 2R, W BE DG IR B 4,
T BGHRERAL N, RIS [ 22 [ Fg s = A AN [ AR BE 1Y
S AN, SRR CO, RE E TR min SRR e I,
I 2 52 ) AT RE S AR R B B VTR G, RIS iR
(25 "C)Mf IR 5 SEAHNT AR A A 8 Rk B LU IR 2 1,
HCRh A KA R CO, M N ™, FEUIE
TN FE S BE 58 3 (Porphyra yezoensis) AT AT,
HRFEARRTHA KA W W HIVE N, BEMOLRMET,
CO, ¥R JE T iy S B N T 2550 58 32 0 A G AR SR Al
KEOEEHFED | BN, B8 (Enteromorpha prolifera)
YTEIE R COMRBEFIEDLAAT P AR, BAERD
AFRIT R CO, WREE, SxffifafRk — S ik 4L
(CO, concentrating mechanism, CCM)i& a2 R, Jin
T RO DGR, M R AR T 4
B AR

K0 R A (Kappaphycus  alvarezii) & 213 | 121
SSRBR IR, B AR R RO G X, R
EIPR b FERIFM ARV Z — I E S - R,
R, B2 T AT A HE AT E.
EHC ORISR F - e, &P AIERETIA
E NG, TE A B KRG L MR LR,
Fed N TR A 37.5% 7 ARHFSE I i sE A Al 4b
PR T RO RIS SAENT L AR Wy fabn F

'h@Ammw

IETEPR, AR ST, KO- RIAEENX K
FHL A BT W AR TR, DI RIS R
R AERAALE 5 T AR B RS S
1 ARG
1.1 EEHH

FO R IAEE(LL A R )FE L R R AR AT R 48 Bk
SLA N TR, JCE TR0 X T K 7 70 S R
Farh, IR T 5k iR — S = N IR B
FEECHETFR 7 d B IR K 28~30 °C, £RFF 31~32,
pH A 8.11~8.19, YEREJEINA 121 ¢ 12D, Mg dEscPrizilic
FFOCEIREEZ) 40~45 pmol-m s (ZL A0 R K ORIA
PO RE SR BEE BB RN 30~65 pumol-m s '8 i gE
B ORI RS R AT
1.2 BRIt

BIREE R, Pl RS —B Koo R ifde
HEFTEE0 . B 2R E MY, P I K ke 5 3
15 g, AT I PR 28 do A I
IR S ARAS AL £ 1128 5123 (IPCC) FUTE 2100 4F A KRS
CO, VR PEW 23R 3] 1 200x107°M, e, FRL41HY CO,
WREBEE R 1200x10°% Xt B4 Ry = WG IH-F-¥ CO,
WP, 2070 450x10°°, pbAb, HhE = EIRAE X R =0
WX B 2 KRR 2R 29 CM (AL, SEEis
BT 24 COy WK, 3R 450x10°°(LC)(H b
CO, I EE)FI 1 200x10°°%(HC), LK 3 N KE,
B 26 “C(LT).29 ‘C(MT)A132 C(HT), —3t 6 Fib st
41, B EE 3 MY FEE(E ).

#1 XWIREARF CO,REFMREALIER 6 TLIA
Tab. 1 Factorial design to test the effects of CO, addition
under different temperature levels

SR AH CO, WJEZ/(x107%) MR/ C
LC-LT 450 26
LC-MT 450 29
LC-HT 450 32
HC-LT 1200 26
HC-MT 1200 29
HC-HT 1200 32

H:: LC-LTURARARIRZL), LC-MT(iKtx iR 4), LC-HT(fikmk = i
#), HC-LT(# B iR 40 ), HC-MT (i bk i 4H), HC-HT (= ik i iR 1)

LIHLULE 30 emx7 emx30 em)EEFRAKAK 15 L3k
HIRPE FARIEIK, $hEE 31=1, 7K T st hrfe s
DG IEIE BEZY 30 umol photonsm >s (L © D= 12 h:
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12 h), Higead Bl /NS TR 5E(200 L/, AT-301,
Atman, China)fAEKFLZN, J 1A i =X i 4
PRAER B 4 I (Weipro, China)4E:F AT /KL FIlFH
WK CO, 43 EFEi#%(CE100C, Wuhan Ruihua Instru-
ment and Equipment Ltd., Wuhan, China)i% & 325 iy
COMRIEER 1), Mk mifgK P ALl CO, 52 TR
GARMEBIIE R, SR pH h
7.70~7.80, AEMAL4AL pH 2 7.95~8.05, Fe #4351 Ky
200 pmol-L ™" F1 20 umol-L ' i) NaNO; % & Fll Na,HPO,
BN P=10 : 1), e feh, & H&RM 4 mL #
TSR ER AR ER AU AN T o BE R He 5 L i ugitEK, &5
SRR B4 A K FESE g b, BRI T 3 IR
FKWEII(9: 00, 15: 00, 21: 00), fdiFHZEZZE0MRY S220
& KR AL . R AT pH(Mettler-Toledo International
Inc., Shanghai, China). F [F 3y H o7 ik £ 30 i Vg 7K B
fisk &£ (Total alkalinity, TA)(Metrohm 877 Titrino Plus,
Titrando® Metrohm USA, Inc.); #RIEMERIKIE . £
J& .pH A TA, R CO,SYS HEF KRR ER R R S50
p(CO,)., ¢(HCO;). ¢(CO;)AI c(CO,)-.
1.3 $EAFRZ

DAEXS AR A Sy ), R Re— S
KF(AR224CN, OHAUS, New Jersey, USA; accuracy,
~0.1 mg) AR IBCEEAS S50 2H iYL I M 8 e 2 O
%) 0.01 g), PR AT H MK 40K SRR T KT

i N F oS A AR AR R(% d):

R=(In M; — In M) / tx100%, ()

o, M Mo 535N S ¢ RIS BE ) i (g) o

AR SIZ IR T A 30 9 0 R I Y R R A K R
Fh 0.31~0.74%-d ", MKW, LT 575 AN
IS5 5 (2.5240.31) % d ' o RN SEIGI  AG6 IA
8 EE A 30 umol photons'm s, SR AR B YKL
W e 2 RO IR AR S A SO B 0 Fe /ML, i 3 e A4
T HAE KOG IR YL 30~65 umol photons'm s
TP BRI AN ROEEER . RS R
AN TR AR 7 TR A ORI, KU AR W 5 1 R T VR IR
AN T 72 Wi %) 3 o7 P 2 A

) KR F =i (Fy /Fy): L5 IR, AR —
X F DIVING-PAM(Heinz Walz GmbH, Effeltrich,
Germany ) %2 55 52 56 2H RO = 10 388 4342 1) 26 '
SR B RDRIAB AR AL B 15 min, 52 4
K ROGHE T 5 Fy [Fro

3HERER o WRIE: 28 d HEFRAHUS, FIHLFIRTHER
PRIZY 100 mg 1O RIFREEREAR (240), TIA 1 mLZ8150K,

) H@ART/CLE

TEROEEAE R VKB, 1 000 r/min, 4 CESL> 20 min
(Eppendorf centrifuge 5810 R, Hamburg, Germany), H [~
I, BUKEREN ., 520 L PEAE Plant Chlorophyll
ELISA KIT(Mlbio, Shanghai, China)is{ifl £ .

FRTREFRHCAMREE: SCEGE5 RS, PRI 100 mg
Ko RWABERE S (4%, A 1 mL PBS 28 i (pH
7.2~7.HPEATIKIE A, 1000 r/min, 4 CEL.C> 20 min,
B R, BV BRI, JE2RE £ BREE Plant CA
ELISA KIT(MIbio, Shanghai, China)is 7] & .

S)F S IR R (FAAY MR B 1 W AR U 1k 5 ik
T I A 7] o J5 20 22 20 TR Bl Microcystis FAA
ELISA KIT(Jake BIO, Shanghai, China)ir 7| & i B 45 .

6)N - [E(MDA). AJVPERE(SS)MRBE: SLie4s
J&, FRELZ) 100 mg O RIAEEFE 5 (0 E) I e
Fri R E] 0.1 mg), FLAARIN A 25 BRI AH N 114 K50
1.3 & (Sangon Biotech, Shanghai, China).

L FAA I AN B E M(nmol/g):

M=5x[12.9%(Ads35-AAg00)—1.12XAdys50]+ W, (2)
Arh, 4 AR R OGAEL, W oA BT () o

NEAHLIK(TOC) . BAE(TNREE: LRE5 )5,
FEAS LI A BEDLRREL LT 2 g KO R IAEERE S (90D,
FHZEBAKIE VRIS, AR 60 CHLT Zfa ., HFE
i BIF S R A, FH R i KO (XP6, Mettler-Toledo
International Inc., Greifensee, Switzerland)F#KHU 2 2 mg
IHic AR R CEH 3] 0.001 mg), Btk
AR, BALELAIFRE 3 K. Fl CHNS/O JTCZR /Y
(Flash EA3000, Thermo Scientific, Milan, Italy)l % ZH
Z1rp TOC #1 TN 15t i (%, dry weight, DW),
1.4 4%t o#f

T SRS B # T Microsoft Excel 2021, fdi
Origin Pro 2021b #EATACHE, 45534 IS4 (HEprifE R
23R . TEGLITH Wi Minitab 19 #E47TIE MRS
B RN 2255430 o SR FHAUA R 7 22 43 #1 (Two-way
ANOVA) (R A 32 HAE AR IR E AT CO, W FEXT K
ORISR AS W . a8tk P<0.05
h 225 K, P<0.01 K22 54 K. BIROR
] - FR AR TR A FR A 1) B 3 4 5

2 X
2.1 HARBEARHK

S 9T IR] 25 A BRZH Y T K B S BRI RS E, T
R 2. AR PR AE BE (H+0.2 ‘CHEMIAN, B
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SEEAT N 26 °C . 29 ‘CHI 32 °C. 4% iR EE AL R iRk
H5AEMR AL Z B AT K pH 2544 0.36 N Hfr, 7
Fl CO, b BT s pH EHIIHBAE 29 °C, 29l k
8.10+0.03 Fl 7.73+0.04, FRILALAVIEEK p(COL)ZI MR
fRfbdi iy 2.5 £, Hrh b5 H7E 93.83~105.68 Pa,

R2 ARLEBEHTHIEKBUSH(THESREES)

Tab.2 Seawater conditions for each treatment (Mean+SD)

) H@ART/CLE

B 7 {H (101.12+4.56) Pa; dEFRIL4LVE B R 32.12~
41.34 Pa, fixiEi1H(35.26+3.14) Pa, {EHF/KERIRELA R
i, HCOL M B B, TR AL Ak BEA i 57 35 31 (2 077. 1%
3.7) umol/kg; HUKJE CO; 5 CO, /b, WAkl 2y lydE
R fbalid 3 %5,

SRR 1R/ C pH p(COy)/Pa  ¢(HCO;)/(umolkg") ¢(CO3 )/(umol-kg™) ¢(CO,)/(umolkg™)
LC-LT 26.05£0.14  8.07+0.02  38.91+2.43 1 810.8+3.5 220.12+1.5 10.83+0.15
LC-MT 28.98+0.09  8.10£0.03  35.26+3.14 1733.3+2.8 253.62+42.1 9.11+0.14
LC-HT 32.0040.11  8.0840.02  36.68+2.84 1 694.5+4.1 262.39+1.8 8.86+0.26
HC-LT 26.04+£0.08  7.7240.04  99.81+4.15 2077.1%3.7 113.12+1.4 27.77+0.27
HC-MT 29.31£0.04  7.73+0.04  97.78+3.95 2 046.8+4.4 129.18+2.2 25.09+0.16
HC-HT 32.03£0.07  7.7240.02  101.12+4.56 2 035.1+3.2 137.25+2.8 24.40+0.22

s LC-LTURBRARIRZH), LC-MT(IK85% FF iR 1), LC-HTUR B 5 iR 41), HC-LT(R AR IR 4], HC-MTE Rk iR 4H), HC-HT (R Bk iR 4H) . p(CO,)
& LB AEHE K PV BE, c(HCO3) . o(CO3 )\ e(COE UL I A1 ST S A7 e Tk o i 94 JE

22 F,/FnH"t%k aRE

FEAF] Fy/Fp p(CO) SR EESM T 1ER 28 d e, J7
ZEOATEE RN CO, MREE SRR ORI A IR
TR Fy [Py P T B R(P<0.05)(F 3). ik
CO, IKF(A50x 10 AT, BEZACRAITIE, F, /Fu H
0.592+0.031 ¥h1% 0.610+£0.036; & CO, 7KF(1 200%
109}, F, /Fy W 0.601£0.014 3411 % 0.623+0.025 (&
la). ISR ET COME AL HE, BAK F, /F, 347526 C
BRI, 7E 32 CHFNEK(E. MER o HESZ CO, I
TREESZ A 2 (P>0.05), [HAEAERRALSE MR TS
XTaRE o IWFLRA —ERENIEIHER, MK a i
SEHIHRE H1(0.56620.040) pmol/g (450107, 26 °C) 34/
%(0.773+0.107) pmol/g(450x10°°, 32 “C)(& 1b). Miksc
PER(1 200x10 4R a WA RN A B 7] 00
WEXES, MR —RE AR CO, IR, FikTE

0.70 -

(a) F\/F,

0
LC-LT LC-MT LC-HT HC-LT HC-MT HC-HT

32 CHMERE a WeEELEBE CO, W BETT R M R WA MR
K, M(0.773+0.108) pmol/g T[4 4(0.608+ 0.179) pmol/g.,

R3 ZRAEDMREOS%EREKF)
Tab.3 Results from MANOVA tests

AR i p(CO,) bt P(CO)XTRIE
F P F P F P

F,/F, 454 0.036 3.62 0.031 006 0.940
Mgz 108 0304 178 0.179 259 0.084
WZEE  70.19 0.000 20.5  0.000 1043 0.000
AISPERE 2198 0.147 0418 0.662  3.605 0.037
RIS 91.615 0.000 16.683 0.000 38.714 0.000
B ERIR 05 0484 1461  0.000 0.01 0.988
TOC 0 0.981 0.01 098 0.05 0.949
TN 1135 0.004 728 0.006 15.17 0.000

TE: SMHrAN[R] CO ¥ J8E I B2 A BT 0 S 98 A B A9 52
Wi (7 AR RIZE P AR 1% 2 BAT B3 )

a

0.8 _I_ .
0.6+ _’il_ _T_ _f_ + *Ia‘

0.4F

-4t Zal(pmol-g™)

0.21

0
LC-LT LC-MT LC-HT HC-LT HC-MT HC-HT
(b) &k Kafk

BT ARRARFE RO RIS F, /Ry SRR o WE

Fig. 1

The effects of CO, enrichment crossed with three temperature levels on F,/F,, (a) and Chl-a content (b) of K. alvarezii
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2.3 RERETEgfe v IR AR

M 3 AL COLMRIE | R K —F I sg BAE X
0 R F 3 B Bk 1R IEF A (C A TG M B A 3 S )
(P<0.05), AEFRILSRIFT, BRIRIEFHEHG PETE 26 C~29 C
JERNTC R EA L, (ARETH R 2R 32 °C, HigtkRE
F RN (141.2629.07) U/L. THAERRALSAT T 05 BRI it
TR B R RE A T I N, MA(134.037+12.973) U/L
E FFFZ(149.988+4.377) U/L. HiE 2a iRAER N,
LC-LT (450x10°%, 26 ‘C)FIl LC-MT 4bFHZH(450x10°,
29 “C) BRI B 1 2 35 = T A R o X L[] —
TREEAE KA, K26 THI29 CHE, THE COME 4
i EREARAR BRI B I, 0 32 C FAERRL S RRfb 4

240

a

2001
L b

: M
& 120+
B
&
 80r
401

'h@Ammw

Z 0] R R TR M 25 5 RN B . KO -R A i T
PERE(SS) MR EEASZ CO, ¥R B2 FNIR JBE 1Y {35 52 ) (P>
0.05), {H 35 128 B A X T s PR Uk 1 77 A 0 52
M (P<0.05)(3% 3). WK 2b /R, WA Al R B
AR LA SR AL 2Z [ i AR RS AR R . AEAERR Tk
SRR, TV T B A R Y I T S B s ek
29 CHJ ik B E(4.273+ 1.249) mg/g; TTERR AL
T, AU AR MATEE A T IE v A i A I ) T R SN
D IE AN, 29 "CH A A /IME(3.421+1.330) mg/g. HC-LT
A FRZH (1 200%10°°, 26 C)BY Ml s MMM R, M
(5.030+0.658) mg/g, 5 LC-LT FIHC-MT Ab3HiZH 2 ] 2%
SRTE N

2c

or ab

AR/ (mg-g™)

(a) BRARIT - 1k

0
LC-LT LC-MT LC-HT HC-LT HC-MT HC-HT

0 1 1 1 1 1 1
LC-LT LC-MT LC-HT HC-LT HC-MT HC-HT
(b) AT AR

B2 A AR AT O R A B B R T i (U/L) T PE 55 AT IV (mg/ ) R B2

Fig. 2 The effects of CO, enrichment crossed with three temperature levels on carbonic anhydrase activity (a) and soluble sugar

(b) content of K. alvarezii

24 A-_BERBAAR

KR MAEE BTN B (MDA 2 5] CO, Wk |
B S — A 12 BAE AR B R I (P<0.01) (3R 3).
WK 3a iR, 26 "CHE, TN W EREE CO, W E 1Y Tt
B, H1(14.698+2.095) nmol/g . 3E AN % (26.279+
2.754) nmol/g, 29 ‘CH}H (15.548+3.485) nmol/g B i}
BN %(22.35143.065) nmol/g, FEHWAREHEZ 5] T
—ERRE W RILINE SR AERRIL AT, TN Rk
JERETERE LT MR, HAE 29~32 CH LR B %
ik, H1(26.279+2.754) nmol/g W i AR % (15.179+
3.905) nmol/g, #EMIKEE R TR, O RIAEEXT
15 CO, V& FE (1438 O P 14 08 o [RS8 B T s Xt R
W18 1) 907 25 A 2L R (FALA) MR 8 52 i % B 3% (P<0.01),
1M CO, W S CO, 5 B 1Y 28 BATE I XHiF B8 2 L
To B E R W(P>0.05) (% 3). EFIFI CO,KFET, #

o T R ) S B AR O R A R 2 2 1 i S SR R vk
JE, ZHEAEER—E, 7F 26 CREAEI RO, i
TR 2 32 CHEARR/IME . 24 p(C0O,)=450x10"°
BF, U7 R FE R YU H.(0.92940.158) mg/g [AA%
%(0.725+0.087) mg/g; 4 p(CO,)=1200x10"° i, JiF
B9 A R Ve B H1(0.90420.056) mg/g 1K % (0.701+
0.047) mg/g (K 3b).
2.5 EAMERE R

CO, e P 3R B4 A8 Al X0 5 A 38 A B8 L
BR(TOC)HE TG ik & 521 (P>0.05)(3 3), {EME 2.4a
AR, FEPIRR CO, AT, B T i AT LA vk
AR AR AR, BV R A B B R T v T
iz Ak ) i 7L R T e R, B RS, Ik 3
N, BERRER(TN)REAZ 2] CO, W R e — 3%
A HAE I B E I (P<0.01), & CO, HIEKFTF,
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26 'C 529 CHF TNV EARMA R, 732 CihHlixk
RAE, H(1.186+0.113)% DW; i CO, /KW, TN

301

fé/(nmol-g™)
I

[
S

wn
T

0
LC-LT LC-MT LC-HT HC-LT HC-MT HC-HT
(a) W ZEHR

& 3
Fig. 3
contents of K. alvarezii

30

TOC /(% DW)

0
LC-LT LC-MT LC-HT HC-LT HC-MT HC-HT
() EAT HLIRIER i

K 4

. H@ART/CLE

WHETE 29 °CH 32 CEBLAHE, £ 26 CHMRARL,
A (1.375+0.755)% DW(A 4b),

1L.1p
1.0
0.9

0.8F

s M (mg g ™)

0.7F

0.6

5
LC-LT LC-MT LC-HT HC-LT HC-MT HC-HT
(b) Tp e S SRR VR

ANTRAE AR 2R AT RS P A P R L 0 ) R R R

The effects of CO, enrichment crossed with three temperature levels on malondialdehyde (a) and free amino acids (b)

abc ab

be

0
LC-LT LC-MT LC-HT HC-LT HC-MT HC-HT
(b) EAKIE

ANTA A R ST LR AR YA LA 5 8 R E (%D W)

Fig. 4 The effects of CO, enrichment crossed with three temperature levels on TOC (a) and TN (b) content of K. alvarezii
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Abstract: The tropical macroalga Kappaphycus alvarezii (Rhodophyta, Solieriaceae) is a marine autotroph known
to have positive ecological functions and is used in nutrient bioextraction as a commercial source of K-carrageenan,
which is used in food and medicine. The atmospheric carbon dioxide (CO,) concentration continues to rise because
of human activities. CO,-induced ocean acidification (OA) and seawater surface warming have resulted in produc-
ing compound effects on K. alvarezii. Therefore, a factorial coupling experiment was conducted to examine how
photosynthetic performances, soluble cell components accumulation (C and N), and metabolic enzyme—driven ac-
tivities responded to two CO, concentrations (450 and 1200 ppm) and three temperature levels (26 C, 29 “C, and,
32 C). The results showed that the maximum quantum yield (F, /F,,) of K. alvarezii was significantly enhanced
under high temperature conditions, regardless of CO, levels (P<0.05). For both CO, concentrations, the soluble
sugar content exhibited different trends. Free amino acid levels significantly decreased under higher temperature
treatments (29 ‘C and 32 °C), regardless of the two CO; levels (P<0.01). Thus, the increase in temperature posi-
tively affected the photosynthesis of K. alvarezii, indicating it could adapt to OA and warming. Under the current
pCO, condition, the biochemical components of K. alvarezii were most active at 26 ‘C—29 C. The OA had negative
impacts on K. alvarezii, but under the OA condition (1 200 ppm), it showed increased nitrogen accumulation at

29 'C-32 C.
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