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Abstract

The present study is an attempt for assessing the relationship between iron deficiency and discoloration in Undaria pinnatifida sporophytes.
First, thallus discoloration and the decrease in photosynthetic pigment contents were examined in Undaria pinnatifida by employing an
indoor iron-deficiency experiment. When Undaria pinnatifida sporophytes were cultured under iron-deficient conditions, which the iron
concentrations were between 2 and 5 pg/L, the growth decreased, the thalli became discolored, and the photosynthetic pigment contents
decreased. Iron deficiency caused the sporophytes to become lighter (L*) and less red (a*). Therefore, it appears that iron deficiency induces
the discoloration of Undaria pinnatifida sporophytes, similar to how nitrogen and phosphorus deficiencies perform. Next, we investigated
how the mechanism involved in the addition of iron affects the discolored Undaria pinnatifida sporophytes due to iron deficiency by
performing an indoor iron-addition experiment. Undaria pinnatifida sporophyte growth, thallus color, and photosynthetic pigment content
were all restored by the addition of dissolved iron solution, which the concentrations were between 10 and 50 pg/L. Iron addition made the
sporophytes recover their lightness (L*) and redness (a*). In addition, the color was restored more quickly as the amount of added iron was
increased. The discoloration of iron-deficient Undaria pinnatifida sporophytes can thus be restored by iron addition.
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1990 FEAR 0 S Wl H 2 EOWNEICE
WC, FEhH V) (Porphyra yezoensis Ueda) PFEJH™T 7
A (Undaria pinnatifida) O (RO G THSR)
PHFET D L1k o7 CREF, 2001 5 SR, 2012 4%
BF, 2014 SCH, 2015). #lz1X, /)T, Ehom
HrBROPSFEOIRAETLE, RO L, B
ifE2%E L {ART 9 5. EEOmE L OMINERO—->
E LT, PRKEOEMLEZOPKEER OMILIZ X
LIRRMHH COERL) i EOFRFEREEOKT (&
KELLWHRENT WD) PHEES N TS (Fi,
2012 ; SCHI, 2015)

VIOV TIE, EROWHHENRE A% bR
WEFII R o2 e b %S L RFERIRE ORI
WTEL OSBRI D 5. BlzIE, BEIAETLE
VEAho a7 4V, AT AR, 74aEY v
% EONERBROGEPBDT L7200 LRI
A5 (CKEF, 2001). ERRZIZEVEEL L)
BAKIL, |ERTNT A ETEBLEEST S K,
2003 ; Niwa et al, 2013). /) OFABAFEEEOET
FEELRFEETHLER, )y ORZIETTRL, #
BEILRD—DOTHIEHORZ LT 5 (Zhang et al.,
2004; Zhang et al., 2009). $kKZIZL 2 /1) OIAERK D
FEAOEEBIZOWTIEZ OE T £V a ~O IR
&< (AL, 2010), F7z, AT 7R % H VT
E#H, )y, HRERAGNIMET LI LIk o ThED
DN ) DEFEREGETE S (IAS, 2011).
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BEOBRIZO VT OIREBIA LB L. TH XD
BEDICHEMS T AHEEE LT, SERZPHIER SN
T (EIE, 2012). BIzIE, FEBECTIE, 70 A%
R T AT ERDWP LT H A0 LR D384
MWEE SN L6, BELOERIREE L LT DIN (AfF
REMERREE ) IRIEAY 2-3 umol/L (2842 pg/L) IZFEE &
NCTws (458, 2014). F72, EERZIZLVEED
L7227 ACDIN RN LT 5 2 & TEENEIE
T2 (H¥, 2015). LA»L, $RRZICL 270 A0
EHLHRIHT 2 HBI OV TOHRGFIIR SR

TEWOROEGHE M T 2ROV O ILEk%E
Ehld, BRZIZINS OBFROTEETET S804
WEFEOEEDHIG] S5 (Zhang et al., 2009 ; FEA S,
2010). L7225» T, THXZBVTH /) ERRIZE
RZIZE > THRELDPEL DL I EHHESNDL A, Bk
BIEAE T B PR LR ZAET L OB E
B RIC OV TORFFAIIR SN2, /2, $KRZ
TUEL LT A AR L TEHERMNT A2 L12LoT
ERHANIET 50O AHTH 5.

HAN IR O EERSGRE R, Yo 7)) v 7, Al
ERFHEIID R ) HEED D D 72O EM O R 72 Ll
HEL VAT, T Tl 20 pg/L B DOED H 5 b DOD
R 1-Spug/LAiETH S ) LOmENH L (MHES,
1997). F72, F - - OO O S S8k &
ODMEITLHEDOBHHAENEBS NS L)%Y, Bz
& EEEOITIE, AT OSERRESHT2 5 5
T opg/L 7275, BN TIE 540 pug/L RBETH 5 L Oy
D, L L, IBREEEOEIERE & oA o B



BAF BT =K H - REOENE Mg - A
FEIAREICIE o T v (B4R, 2008). & 512, #fHk-
WD HMIEENDE8B L7 I VSO DS <
IR CILET 575, 2O THIRG T OB )
BAFREDTLRE & HERE L QIR Rl o I A RE SRR FE % DL
DS TWAIREMDH D, DX ) REFEHROLEME I
HEHLMEREECTH L EDIRHILZINTWE (B
e, 2016). SO XHIZ, MR O AR TR %
BHERIE, FORERCIEIED X UZFORIELIZOWT
TG EPLFESNTEBY, $/2, T ADLH K
RUMEEE O E R R H 12K 2 B D W C ORI
BT TiEzw,
RIFFECTIERRZ L 77 A TAROME L OBLRICE
HEHT, T, BEISFAMTELZATEY L — Mk
(Fe-EDTA) % H\WC 7 H AT HROBRZIZ L 5 0%
LEOSRERMEROTROWPEBGEE L2, 72, S
EETE L2 HRBEER COMEMEZEICL T
2-50 pg/L DHEPHIZFREL 72, 512, BRZTHEED
BRI N AMTRE R DRRIEETREL, 77 AR
FARDOF R E 0 8 O[] BE 7 S 1 % Weat

L7z, SNSDOFERIZOWVWTHRZE-OTHET 5.
2. ERAE
21. THARFAEOERES

REB PR K ik 20 & AT L7z iigE Ak (DUF,
WK %, JLFE04ASum DAY T LY 7 4V — Tkl
L7z#, F— b7 L —7 (SN200, ¥~ MEIE) % &)
L 121°C T 20 73 MMM IR L 72, AMEK O EAE B SR
FEIX05ug/L LLFTH B (Miki et al, 2016). = DyEHA -
B 5 A 7K 10 mL 12 PES 55 b (Provasoli, 1968) %
2viv% (0.2mL) 70N L SRIEMEIEEE % 5hfb L 22853 % v
B AR TR OERE RS2, B0 SR E %
Table 1 \Z7RF. ABFZETLUFIZHB N2 SITBEHFEO X
L — bk (Fe-EDTA) T 5.

6 D 6well 7L — b+ @D 17 = VEIZE M 102 mL &
AL F =Ry 7 A (B LY AF LT D Ak (&
i #05mm) 1 EMAEEZHEMLZ 6wel 7L — b %
15°C (2l L 72 A DA S 4 (LTI-1200, S ECERAL &)
WIZREE L, 77 AJT1R 36 flifkz 20 H RIEHER2E L
7o BEHE 7 BAEICsci L 72, ATARREONHEE LT
Ffs LED (SLED-F30D, HAZ b — NUEEEH) % v,
7 AR TR OEE AR @ LG (B 12 e, mE
W12 R, SBRTEE (100 pmol/m?/s) 12 YEIRET S
EE L7 (B, 2008). MR 10 mm? & 72
% FCHEHAFEIZL > TEESETH AT % Rl
T B RFEERICH .

Table 1 Nutrient quality of culture medium using enriched seawater.

NH,-N  NO,-N  NO;N D-P D-Fe
(mg/L) (mg/L)  (mg/L) (mg/L) (ng/L)
0.25 <0.01 11.8 1.06 550
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22. BRZICLDTHARFHEOEZE S DKRIEEER
(RUN1)

B - R T AEIK 300 mL 12, Fe-free PES Brith (8
UL 70\ PES $541) % 2vv% (6mL) ¥RINL 7214,
Fe-EDTA %% F\WCEERE% 2, 5, 20, 50 pg/L (27
B AFEEORMZER L2, BihoEi, ) VigE
1, FHRIFEERICH W Table | | RTEHEF L TH 5.
FRHl R OB H 300 mL & FHEiEEE L2 T H AL FR6
k% #2755 A3 (BMF-MF300, /N4 & %5«
FVAA T2 ) ATHRINL, RIS & W USMIikE
L7z ANTERBMNC 4O 75 A3 %3E L, 0.1 L/min
THEEA L RS, T AR 24 A% 20 H T
WEREAE L 72, K7 9 A aORHIE 4 B35k L7

B, BF, ) ORBIRECHET 5720, TR
Jo T4k 6 4K & Table 1 1278 L 72554 300 mL % H 72
kD 20 HE ORF a2 325 % BlaE KMt L7z, 4 HEOH:
HWOIRIFIZ, FEBZOMEMEZILE 045 um DX ¥ T L
YTANT —THEHLER AT FTA T —
(QuAAtr039, ¥ —T V7 v 7 ) ZHWTEZELTWwA
DIN, DIP OiEE#M%E L7z, ZoORE 7H AETE
Wik b ER L1720 HOR#EZ T, K o DIN,
DIP (345 % 9.2 mg/L, 0.05mg/L B LTHBY, WHENE
JEBSCEF Lk SNDERERE (0.04-0.10mg/L), Y
ViEE (0.007-0.014 mg/L) EHERE SN TV A 2 & &
L7 (HAKEEIRIRER 2, 2005).

23. BB LT HARFEOHKRMCKLZEEEE
DIREEEER (RUN2)

LERiERE L7277 AT 24 R &2 N LASREHRNT
RUNI1 O#RIEEE 2 ng/L D5 T 12 HiEE#E L CTaE b
EHELSEZ HWVCTERIERE % 2, 10, 20, 50 pg/L 2
AL L7z 4 O % RUNT & A0 753 TR L
FRHIR OB 300 mL & %D L7274 A Tk 6 i
ka7 9 AIEIZEML, RUNI & FABEOSEGO NTR
KERNTT 7 A% 12 ARFESER Lz %75
A2 OFHIS 4 HEIZKH L7z,

2.4. FHMEE
241. &R

BRMMER, #2A52=v b (DS-L3, =av) 0D
FEPEMEE (SMZ745T, =2 >) #HWT, T4 AH
TFHREEH, B8 FeL, BN mEe s ERok
SRS % WEATY 7 b (Imagel, National Institutes of
Health) TilllE L7z, BAOIIERGRG R SVER L 72
AR M2 S T BRI & P L, S B IC B8 %
WA 1 (Jday) & (1) X265 M L7 (Nagai et
al., 2014; Miki et al., 2016) .
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WTHEENOE R SN L 7-.



242, B¥%

sl (CM-700d, 2 =53 V%) #JHWT
Ld'b" Fu 2T H Aot e FiEitl, sz
LB OBLEFEM L2, SENEEN L 277 A
THROWERIZ3Imm ThH L. Ld'b" £B R L, v
DHIEESCHSL L OKREICE 72 3 RTTOBZER O—>
TdHbH (MAE, 2011358, 2016). L"IZWAEZ, F72,
a Tk~ s, b~ OB R R
THETH S, L MV IE EBEHH <, o HAE
FERED, T2, PEPEVIIEHEBIRVEE &
HWFCE 5.

K51, BRZIZE DT ATARDRRER 7 02
Itz ) K oBEH SN L0 AE*, TRO: UMK,
2011 : I=H3I /)%, 2018).

AE* =L, ~ L) +(ay — ) + (b by (2)
ZZT, Ly ap by l3FEHEL T HOWEM, L, a,
by (ZFEIEA 225 n HBEOWEMETH 5.

243. XERBRERE

FEBRIRAEH O 51 ANLTAR 3 k2 5 e G it s % i
WL, oo 7 1 )ba (LLIF, Chl.e), 7007 1)
c;+e; (LUF, Chl ¢;+¢,), 7axyrFroahes
HE L7z, 90viv% 7t b & 20 mL 1M < 80 1) H
L7z AP RE2RML, BEEEEH (USK-3R,
T AT ) AT 10 A, G EE C— B LR
2 EerEE (U2910, HZEUERT) & T
ORI A <2 bV Zll5E L7z,

Chl. @, Chl. ¢; + ¢, 1 630, 664 nm DIEFEDWIEEH 5,
(3), (4) & (effrey et al., 1975) \ZFo W THH
DIER TN Lo, BRCEEH) OUREEEY
Kdiz, F, TaxHrF A OWTIE, 0% T b
VEREsETHERo 7 axy Ty (VST VER
1) v F) @500 nm OWIEEN S (5) OMERE VB
L, #ilAEh o 7 a3 o F ViBErER L2k, B
R EEH7-) OBFEGEHREE RO

Chl. a [pg/mL] = 1147445, — 0.404 3, (3)
Chl. ¢; + ¢; [ng/mL] = 24.36 43 — 37344, (4)
Fucoxanthin [pg/mL] = 18.7884 5y, — 0.0371 (5)

Z 2T, Aggs Agzo. Asgp 1 F N F NI 664, 630,
500 nm OWIEETH 5.
2.5. et

% H OMGEER (RUN1) TIZELIEEEAY 50 pg/L 5
TECEELZBHOECT I AR % ot IREE, 72,
R NEOMEEFEER (RUN2) CTIEERIERE 2 pg/L 4T
BELOELPE LT AT Rt BEEE Lz &
W LMOKBEELMEOT I ARThREDEESEY
Dunnett OFIfE % & ILE i CRRsE L7z,
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3. EREER
3.1 HMRZICL DT H A RAFAEDEE S DIREE (RUN1T)
31.1. &K

77 AAFEOE R T Fig. 112, HMEHEE u
L ORI H O ARG & Fig. 2 1R T, ¥Ewiio
st EEnEi (0-8 H) 2B A LA w13, ¥Hio
FRIREAT 2, 5,20, 50 pg/L DNEIZ 0.29 £ 0.05,0.28 = 0.02,
030 = 0.04, 0.30 = 0.04/day & 7% V), ARHEFICKE %
EEGRON G ho/ UL, 9 HHMUBEIZR S &8
OB L > THEEIZERPEL, 20 HEOR %
Fof H O BARTAR L, $RIERE 2, 5, 20, 50 pg/L DNEIC
347 * 169, 381 *+ 108, 726 * 148,904 * 141 mm? & 72 >
7o ATTREE (BRIEFE S0ug/L) & SRIEFE 2, Sugl O
THEEPWR SN (p<0.05). EHOSEE WY
DERHEEIEED (R ELERRR I RS U7
FRE LTIE, Bt 4 HIBEISIR L2 00, T 2
A FARDERIE o TERDMR 4 IIAVE LR EASEE
L7zAE 58, 78 AR TRORMEERR ISP E Uk
EZOLND.
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Fig. 1 Growth curves for thallus areas of U. pinnatifida using

culture media under various Fe concentrations. Values are
presented as mean *+ SD. There were 6 replicates for each

treatment.
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Fig. 2 Effects of Fe concentration on the specific growth rate and
the final thallus area of U. pinnatifida. Values are presented
as mean = SD. There were 6 replicates for each treatment.
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Fig. 3 Contrast of the final thalli of U. pinnatifida cultured for 20
days in various Fe concentrations. Scale bar = 10 mm.
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Fig. 4 Time courses changes of lightness L”, redness ", and yel-
lowness b" of U. pinnatifida cultured in various Fe concen-
trations. Values are presented as mean = SD. There were
6 replicates for each treatment.
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VRS, RTTREE (BRIEEE 50 pg/L) & B MO ERIEREAT 2,
SugL OFEMETOTh Aoz itk s L, #H
FIZE o TGRELTWD 2 &P HIMEICHER S L7z,
T/, REEFTCHE LT 7 AT RO O
HZAb% Fig 4 (IR Y. U5 ANTROWHEE L 1%, #kig
FEAT2, 5pg/l DT TIXAEOREE & 12l
20, 50 ug/L O T TIZWA L7z, B H 121,
XFHEEE (BRIEFE 50 pg/L) DT 71 AL FIROWIEE L* H°
433 £ 1.0 Th-o72DIIx LT, SRIRE?2, 5pg/l OB
FERTII 648 = 1.7, 622 = 14128 L, AEELME
RENT (p<0.05). FRIEFE 20 pg/L DIEFRARD T I A
JATARTIL469 = 1.8 TH ) xFIEEE (BRI 50 pg/L)
EOBRBEEIZEOON oz, TOXHBRWAEL @
ZEE, T H AR TEROGR D ERIERE 2, 5 pg/L ORFE
STIEEC, F72, SRIEEEA 20, 50 pug/L OFFERTIE
B L 72 EZR LTS,
TAARTRORMOEE " 1$, $RIEEAT 2, 5ugL D5
HFCHEOREE & BITWmA, F72, 20, 50 pg/L O
FUTTIEML7z, BEREH 0T 7 AT ARORE
FEa'lE, BRIEFE2, 5, 20, 50pg/L DNEIZ 9.6 = 1.7,
104 =05, 152 * 1.7, 148 04 &7 0, IEHE (8
TEEE S0 pg/L) L EEERE 2, Syl ORIERDOME THES
HHER SN (p<0.05). FRIEEE 20 ng/L OH R L T
WEHEREZEO LN R o —F, Th ARTROHE
TR D IZOVTIE, SHEEICL 2 EBIIE L R d o T
KRR LR BRI (BRIERE SO pg/L) D7 A AL TR
DFEAE*, OFEAZEAL% Fig. 5 2R, = AE*, &
AWTEOFRFMZ RIS 5 EMTE, 4E%, 5332
~ 65 IFHIR L NV TIRFE U, F72, 13.0 ~25.0 Tid
ML S N7 R/ TR TE DL REOBDED A
A=DNZ% b (HABOLIERKSH, 2018). 0%
WEIZHE ZAE, BRIEIE DT 20 ng/L O R TILHET 22 W 1 v,
AE*, B3 6.5 Kiii TH ) A IEHEL 1T ITHMTH 205, #%
TEREEA2, Sug/L A TIZI12 HHIZ152 £08, 11.9
08 WmHEHIZ28 46, 1945500 TFNd
13.0 % ElH o> CTW5 2 &b @ik b oS E L T D
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Fig. 5 Time courses changes of color difference between the con-
trol group cultured in 50 pg-Fe/L and other samples cul-
tured in various Fe concentrations. Values are presented as
mean * SD. There were 6 replicates for each treatment.
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Fig. 6 Contrast of the pigments contents of U. pinnatifida cul-
tured in various Fe concentrations. Values are presented as
mean *+ SD. There were 3 replicates for each treatment.
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HOMEMIXIZIZ—HLTBD, FRZIZE->THT AR
P EROBELBENE LD 2 EDWH SR 7.
313. XERBZREFEE

FBRIRAEHICB I 2R 28BESEMETOT I A E
FHRD Chl.a, Chl.c,+c,, 7aAFH T O&hE*%
Fig. 6 1273, #EEAT2, 5, 20, 50 pg/L OJEIZ, Chl.
aBT3.0 =08 32 *08 7.0 =03, 82 *0.5mggdw,
Chl.c;+¢, 709 £ 00,09 = 02,14 + 02, 1.5 = 0.2 mg/
g-dw, 7IF¥HF U FUAT25 £ 09, 2.8 + 0.8, 4.6 + 04,
5.0 * 0.4mglg-dw & 7 o 72, *PEEEE ($RIEEE 50 png/L)
EREDTHERE S N ERRE 2, Spug/L OFAERD T I X
faF oG OFERZ KT 2 &, wWIlobaRn
FIZBTHWMEISHA LTz (p<0.05). BEDHE
FRE NI o 72 8RR T 20 ng/L DEFEAD T H A TR
DNEREERIERIIR SN o 72,

COEHIZ, BELAETSAETAREEELTHRY
T AT TIOCA BB RRICO KERER S LT
BY, SEHHOMERL DHIHELTV5,

314, EE

SROFFEIZBNT, $RZIZL > TT I AT
EREOSIE, BE L ORAEB LA R EEREORL )
LD EDHERTE, HOPERED 2, Spug/L (5
Wz 0 4 BIE) OFMETTT I AT IREREEL 723
G, TOERIH LA R DOTERI LT 7 $RHE 4
WIARL, BEROEROEEASHES N 20, £ED
fifb e LV ICBOLEETLLDOEEZLND. T2,
HEAEOWZE (Endo, 2017) T, RIEHBEEOMKTIZX
0T ARLTFAROBIEE L 25880, 72, REE 3L
257, BEED PMET L2 LA WME SN TV 5.
BHEE L™ SN L 72 s ClEARIZE &L — B L T 225, 77
B, WHED OBFPRL->TWE, 2, B
oMz TIZER, v, MEFERR SHEROSER
EY—ICRZEETVALDIN L, KiFRTIIEOARE
REZSHETCVL7OBHOENIERPELEEZD
na.

X5, TTTIEFRRL VD, Kbsc#z 4 HH» 5

29

7 AL EOBFELBRIIN§ SRR ZORE

2 HAEZHHE L C OB O SRIREEDS 2 ng/L OS5 T Tl
77 AFEoOBE L R EROFEEOR T 1A T S
CEERMERRLTEBY, SIRE 2ugL T H ARFED
HELREOBRZL ML b LEbNE. AL
CFER DD, KV XA TRTROERIST B850
W FAREE SRR TIIBIERE DS 2.4 pg/L THEEMHEN AL 2
(EAS, 2011) S &%, T2, RV FUSETHIEY
DN T L EROPEAIERDY 235 ug/L TH 5 (Miki
et al, 2016) LR EPWEENTED, SHOWET
DT H ARLTARDETE S DA U 72 8k 1 o $fili 12
LCWw5 2 dEBRE, F72, bl BRI
B 2 KR T OBEAFEGRE O (Yamamoto ef al.,
2010 ; JNBES, 2014) Tid, HEEH2SWE 50m (2H
VFCERIEEEDS 18 pg/L Wi A2 5 2.6 pg/L Wi % F T L
TV ZEDPRESNTED, $RIEE 2 ngL (TFEED
BRI T LB SN 2BEETH L. 72720, TH A
AT RO EELHE LB ERZOEMEIIOWTIE, #hik
JEEAD TR, AR S 2 ) OfktEe, ER
BB IS X D8 B AL, WAROBREELEET LA
b, SOIZFEMARESLETH S,

32. BEBL LT HARFEOHKRMCKLZEEEE
DREE (RUN2)

321. &K

fugk s L7277 AT AROZEIRE BT 24Kl
#Aa Fig. 712, ICHETHHEE 1 B X ORFRRRA H O EARE
Fi % Fig. 8 |I/R 9. B X Bgmy (08 H) 12
BU 5 A u 1L, B o BIREA2, 10, 20,
50 pg/L D NE L2 0.06 + 0.01, 0.14 * 0.01, 0.13 * 0.01
0.14 = 0.02/day & %2 > 72. 20 X ) IZERIEFE 10, 20,
50 pg/L DX A7 O R B w1k, xR (BRIREE
2ug/l) DF2EIERL 72 (p<0.05). T2, HBER
HHOBmAmMS, S22, 10, 20, 50 ug/L DJIE
12563 * 221, 1063 * 215, 992 + 112, 876 * 159 mm’
&7 ) BRIERE 10, 20, 50 pg/L ORGSR TIE, A HEEE (B
R 2 pg/L) EHEL THAL WD Z LRI NI
(p<0.05). —J, $LEFEA10, 20, 50 pg/L ORI TIZIL
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Fig. 7 Growth curves for thallus areas of U. pinnatifida using

culture media under various Fe concentrations. Values are
presented as mean £ SD. There were 6 replicates for each
treatment.
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Fig. 8 Effects of Fe concentration on the specific growth rate and
the final thallus area of U. pinnatifida. Values are presented
as mean = SD. There were 6 replicates for each treatment.

Fig. 9 Contrast the final thalli of U. pinnatifida cultured for 12
days in various Fe concentrations (A first day and B final
day). Scale bar = 10 mm.
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Fig. 10 Time courses changes of lightness L, redness a”, and
yellowness b* of U. pinnatifida cultured in various Fe
concentrations. Values are presented as mean * SD.
There were 6 replicates for each treatment.
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Fig. 11 Time courses changes of the color difference between the

discolored sample at first and other samples cultured in
various Fe concentrations. Values are presented as
mean £ SD. There were 6 replicates for each treatment.
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tured in various Fe concentrations. Values are presented
as mean = SD. There were 3 replicates for each treat-
ment.
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