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THE ROLE AND EVOLUTION OF SUPEROXIDE DISMUTASES IN ALGAE

JD $:*624 *4?5:>.=*$:126B=>

<'((%,E)E'/- <',%HE/,(S

@)+& $)&K/I(K' )-F =(H), 2HG/0'%&F

2+P%,/T'F% '( ) -)E+,)& CDP,/F+HE /0 -/,3)& H%&&+&), 0+-HE'/-( )-F '( )- '3P/,E)-E

3/&%H+&% E/ F%E/T'0D C%H)+(% 'E H)- /C&'E%,)E% K%D H%&&+&), H/3P/-%-E(U 2+P%,/T'F%

F'(3+E)(%( H)E)&DV% EG% F%(E,+HE'/- /0 EG% (+P%,/T'F% ,)F'H)& W=!U1X '-E/ 3/&%H+&), /TDL%-

)-F GDF,/L%- P%,/T'F%U 9G%,% ),% 0/+, K-/I- N),'%E'%( /0 2=<( F'(E'-L+'(G%F CD EG%',

3%E)& H/0)HE/,U 9G%(% ),% EG% ',/- W$%XM 3)-L)-%(% WB-XM H/PP%,1V'-H WR+Y-X )-F -'HK%&

W>'X 0/,3(U 9G'( %-VD3% P&)D( ) P),E'H+&),&D '3P/,E)-E ,/&% '- PG/E/(D-EG%E'H %+K),D/E%(

C%H)+(% EG%D G)N% EI/ (/+,H%( /0 ,)F'H)& /TDL%-S PG/E/(D-EG%('( )-F ,%(P',)E'/-U

9G'( F'((%,E)E'/- 0/H+(%( /- )(P%HE( /0 2=<( '- 3),'-% (%H/-F),D ,%F P&)(E'F

F%,'N%F )&L)%U @G/E/(D-EG%E'H %+K),D/E%( %N/&N%F 0,/3 ) ('-L+&), P,'3),D

%-F/(D3C'/('( IG%,% ) G%E%,/E,/PG'H H%&& %-L+&0 )-F %-(&)N%F ) HD)-/C)HE%,'+31&'K%

P&)(E'FU 9G%(% P,'3),D %-F/(D3C'/E'H %+K),D/E%( F'N%,L%F '-E/ EG% L,%%- )-F ,%F P&)(E'F

&'-%)L%(U 9G% (%H/-F),D ,%F P&)(E'F H/-E)'-'-L )&L)% ),% EG% 3/(E (+HH%((0+& '- EG%

3/F%,- /H%)-U 9DP'H)&&DM PG/E/(D-EG%E'H %+K),D/E%( G)N% $%2=< I'EG'- EG% P&)(E'FU

8/I%N%,M &)C/,)E/,D ,%(+&E( (+LL%(E EG)E EG% (%H/-F),D ,%F )&L) F')E/3M Thalassiosira 
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pseudonanaM P/((%( )- B-2=< '- EG% P&)(E'F IG'HG H)- )HH/+-E 0/, )PP,/T'3)E%&D !"Z

/0 EG% E/E)& B- '- ) H%&&U 9G'( G%&P( H&/(% EG% B- C+FL%E 0/, F')E/3(U 9G'( '( ) +-'Q+% +(%

0/, B-2=< )-F 3)D H/-E,'C+E% E/ EG% (+HH%(( /0 T. pseudonana '- EG% $% P//, 3/F%,-

/H%)-U

9G'( F'((%,E)E'/- )&(/ )FF,%((%( EG% 3/&%H+&), PGD&/L%-D /0 EG% $%1 )-F B-2=<

0)3'&D E/ 0+,EG%, +-F%,(E)-F EG% %TE)-E PGD('/&/L'H)& %TP,%(('/- /0 EG'( %-VD3% )-F )&(/

%T)3'-% EG% PGD&/L%-%E'H P/('E'/- /0 (%H/-F),D ,%F )&L)% I'EG ,%(P%HE E/ EG% 2=<(U

J%H)+(% EG%(% %-VD3%( ),% &/H)&'V%F I'EG '- /,L)-%&&%( EG% L%-%( G)N% &'K%&D F%,'N%F

0,/3 EG% /,'L'-)& /,L)-%&&% %-F/(D3C'/-EU 9G%(% F)E) (+LL%(E EG)E 0/, )&& P&)(E'F F%,'N%F

%+K),D/E%( $%2=< %N/&N%F 0,/3 EG% P,'3),D %-F/(D3C'/E'H %N%-E )-F I)( E,)-(0%,,%F E/

EG% -+H&%+( 0,/3 EG% P&)(E'F C%H)+(% EG'( '( EG% &)(E H/33/- )-H%(E/, /0 )&& EG%(%

/,L)-'(3(U 9G'( '-H&+F%( H+,,%-E&D )3'E/HG/-F,')& /, )P&)(E'F'H P),)('E%( EG)E G)N%

(+C(%Q+%-E&D &/(E EG%(% /,L)-%&&%(U 9G% B-2=< (%Q+%-H%( (G/I 3/-/PGD&D 0/, P,'3),D

)-F (%H/-F),D ,%F )&L)% I'EG ) C)()& ,%&)E'/-(G'P E/ EG% P,'3),D L,%%- )&L)U J%H)+(%

L,%%- P&)-E( H&+(E%, (%P),)E%&D I'EG EG% HD)-/C)HE%,')M EG'( (+LL%(E( EG)E EG% B-2=< /0

P,'3),D L,%%-M P,'3),D )-F (%H/-F),D ,%F P&)(E'F %+K),D/E%( %N/&N%F 0,/3 EG% P,'3),D

%-F/(D3C'/E'H G/(E H%&& W'U%U &)(E H/33/- )-H%(E/, 0/, EG%(% L,/+P(X )-F EG% L,%%- P&)-E(

F%,'N%F B-2=< 0,/3 EG% P,'3),D %-F/(D3C'/-E P&)(E'FU
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4R[>=.*:<7:B:>92

9G%,% ),% (/ 3)-D P%/P&% 6 /I% ) L,%)E F%)& /0 EG)-K( E/ EG)E 6 I'&& \+(E E,D )-F

(E),E 0,/3 EG% C%L'--'-LU $+-F)3%-E)& E/ 3D P+,(+'E /0 ) @GU<U )-F I)( EG% '-0&+%-H% /0

<,U 7)'& 9+HK%,17,'00'EG )( 3D 4FN)-H% @&)H%3%-E J'/&/LD E%)HG%, '- G'LG (HG//&U 6E

I)( -/ (3)&& 0%)E E/ E%)HG EG'( G'LG &%N%& H/+,(% )E ) P%,0/,3'-L ),E( G'LG (HG//&] <,U

<)N'F :L&/00 I)( 3D +-F%,L,)F+)E% )FN'(/, IG/ )-E'H'P)E%F 3D 0/,)D '-E/ /H%)-

(H'%-H%( )-F )&L)% (/ 3+HG (/ EG)E G% 3)F% (+,% E/ (%-F 3% /00 E/ EG% \+-L&%( /0 R/(E)

5'H) E/ (E+FD 8/I&%, B/-K%D(U O+(E E/ 3)K% (+,% 6 K-%I IG)E 6 I)-E%F E/ F/U 6 &%),-%F

G/I E/ &//K +P EG)E (+33%,1 EG)-K(U 6 )&(/ I)-E E/ EG)-K <,U 6N)- ;)&'%&) 0/, E+,-'-L 3%

/- E/ C'/L%/HG%3'(E,D )( )- +-F%,L,)F+)E% F+,'-L ) (+33%, 5:? '- .//F( 8/&%U

7,)F+)E% (HG//& G)( C%%- ) E,%3%-F/+(&D '-E%-(% &%),-'-L %TP%,'%-H% )-F I'EG

/+E EG% (+PP/,E )-F L+'F)-H% /0 3D H/1)FN'(/,(S <,U @)+& $)&K/I(K' )-F <,U =(H),

2HG/0'%&F EG'( I/+&F -%N%, G)N% C%%- P/(('C&%U @)+& 0/, C%'-L^@)+&_ ) (E'3+&)E'-LM

%TE,)/,F'-),DM )-F -%N%, P,%F'HE)C&% HG)&&%-L%U =(H),M 0/, ) I),310+VVD (/,E /0 (G/E '-

EG% ),3U 6 )&(/ I)-E E/ EG)-K 3D H/33'EE%% 3%3C%,( 0/, F%)&'-L I'EG EG%

'-E%,F'(H'P&'-),D -)E+,% /0 C/EG 3D P,/\%HE )-F 3D(%&0U <,(U O/G- 5%'-0%&F%,M R/(E)

;%E,')-'M O/FD 8%DM )-F :F 2E'%0%&U `/+ )&& )&I)D( 3)F% E'3% 0/, 3D Q+%(E'/-( )-F F',%

-%%F 0/, 0%%FC)HKU 9G)-K D/+U $+,EG%,3/,%M 6 I)-E E/ %(P%H')&&D EG)-K EG% 0'-)-H')&

(+PP/,E /0 EG% >)E'/-)& 2H'%-H% $/+-F)E'/- )-F 5+EL%,( ?-'N%,('EDU

=0 H/+,(%M 3D 0%&&/I L,)F+)E% (E+F%-E( )E 6BR2 ),% )&(/ '-E%L,)& E/ 3D (+HH%((U

O)(/- 2D&N)- )-F 7,)-E *)I 1 ,/HK /-U 2E%N% *'EN'-M 9,)HD .'%L-%,M 9+/ 2G'M 2'-F')

2/(F')-M 4&%T [)G&M R),,'% $,)(%,M 2E%N% 9+/,E/M 5)HG%& 2'P&%,M )-F /EG%,(U 9G)-K( 0/,

C%'-L ),/+-F IG%- 6 3/(E -%%F%F D/+] 4&(/M 6 I'(G E/ EG)-K EG% 3)-D P/(E1F/H( EG)E



N

G)N% C%%- EG,/+LG EG% $)&K/I(K' &)CU 6 /I% ) G+L% )3/+-E /0 EG)-K( E/ <,(U `'1J+

RG%-M `' 2+-M <)-'%& 7,V%CDKM B'HG)& [/C&'V%KM <')-) >%3%,L+EM *'- O')-LM )-F 6&)-)

J%,3)-1$,)-KU 4-F /0 H/+,(%M ) L,%)E C'L EG)-K D/+ G+L E/ *'E' 8),)3)ED )-F [%N'-

.D3)- IG/ P+E +P I'EG 3D -%%F 0/, H/-(E)-E '-(E,+3%-E ,%0,%(G%, H/+,(%(]

$'-)&&DM 3D F%%P%(E L,)E'E+F% E/ 3D C%(G%%,EM O/-)EG)-U .'EG/+E IG/3 -/-% /0

EG'( I/+&F G)N% %N%- C%%- ) EG/+LGEU
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*629 =$ 94J*:2 'T

*629 =$ 6**?295496=>2 T

aU" 6-E,/F+HE'/- a

aUa 2/+,H%( )-F 2'-K( /0 5=2 '- 4&L)% b

aU! 9G% 2=< <%0%-(% 2D(E%3 c

aU!Ua 6,/- )-F B)-L)-%(% 2=<( a"

aU!U! R/PP%,1Y'-H 2=<( a!

aU!Ud >'HK%& 2=<( a#

aUd =C\%HE'N%( /0 <'((%,E)E'/- 5%(%),HG a#

!U" 5%N'%I /0 2=<( '- @,/K),D/E'H )-F :+K),D/E'H 4&L)% !!

!Ua :-N',/-3%-E)& 5%L+&)E'/- /0 2=<( '- 4&L)% !d

!UaUa ;'('C&% *'LGE 2E,%(( !d

!UaU!U ?&E,)N'/&%E 5)F')E'/- !e

!UaUd >+E,'%-E 2E,%(( !b

!UaUe B%E)& 9/T'H'ED !b

!U! 4&L)% 2=<( '- )- :N/&+E'/-),D R/-E%TE !#

!Ud R/-H&+('/-( )-F $+E+,% <',%HE'/-( da



N''

dU" */H)&'V)E'/- )-F 5/&% /0 B)-L)-%(% 2+P%,/T'F% <'(3+E)(% '- ) B),'-%

<')E/3 de

dUa 6-E,/F+HE'/- db

dU! B)E%,')&( )-F B%EG/F( df

dU!Ua =,L)-'(3(M R+&E+,% R/-F'E'/-(M )-F 2E)-F),F @,/E/H/&( df

dU!U! R&/-'-L )-F @+,'0'H)E'/- /0 5%H/3C'-)-E 9PB-2=< df

dU!Ud 4-E'C/FD @,/F+HE'/- 4L)'-(E 9PB-2=< dg

dU!Ue 633+-/C&/E 4-)&D(%( dg

dU!Ub 633+-/L/&F 2E)'-'-L dc

dUd 5%(+&E( ea

dUdUa >)E'N% B/&%H+&), B)(( )-F .%(E%,- 4-)&D(%( ea

dUdU! B-2=< )-F EG% R%&&+&), B)-L)-%(% J+FL%E '- <')E/3( ea

dUdUd 633+-/&/H)&'V)E'/- /0 B-2=< '- @&)(E'F( eb

dUdUe 63P)HE /0 *'LGE /- 9PB-2=< :TP,%(('/- eb

dUe <'(H+(('/- b!

eU" 9G% @GD&/L%-%E'H @/('E'/- /0 6,/- )-F B)-L)-%(% 2+P%,/T'F% <'(3+E)(%( '-

2%H/-F),D 5%F 4&L)% bg

eUa 6-E,/F+HE'/- #"

eU! B)E%,')&( )-F B%EG/F( #d

eUd 5%(+&E( #b

eUdUa $%2=< R&)F% f"



N'''

eUdU! B-2=< R&)F% fb

eUdUd @G/E/E,/PG @GD&/L%-D fg

eUe <'(H+(('/- g"

eUeUa @/('E'/- /0 EG% P,'3),D )-F (%H/-F),D P&)(E'F1H/-E)'-'-L

%+K),D/E%( g"

eUeU! 9G% (%H/-F),D ,%F1P&)(E'F P+VV&% g!

eUeUd :N'F%-H% 0/, *79 C%D/-F %-F/(D3C'/('( ge

eUeUe R/,,%&)E'N% ,%&)E'/-(G'P C%EI%%- EG% 3/&%H+&), %N/&+E'/- /0

@G/E/(D(E%3( 6 )-F 66 )-F EG% $%hB-2=< 0)3'&D gb

eUb R/-H&+('/- gf

5%0%,%-H%( cb

R+,,'H+&+3 ;'E) a"c
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9)C&% aUaS 9G% 0/+, /-%1%&%HE,/- ,%)HE'/-( 0/, EG% ,%F+HE'/- /0 =! E/ 8!= '- )Q+%/+(

(/&+E'/- )-F EG% H/,,%(P/-F'-L ,%F+HE'/- P/E%-E')&(U !"

9)C&% aU!S 9G% C)('H (+P%,/T'F% F'(3+E)(% P'-L1P/-L 3%HG)-'(3U !a

9)C&% dUaS 4-E'C/FD H,/(( ,%)HE'N'EDU b#

9)C&% dU!S 2E)E'(E'H( 0/, B-2=< '- Thalassiosira pseudonana RRB@addb bf

9)C&% eUa 4&& $%1 )-F B-2=< )3'-/ )H'F (%Q+%-H%( +(%F '- )-)&D(%( )-F EG%', 6<

gc

9)C&%U eU! 4N%,)L%( /0 ('3'&),'ED '-F'H%( /0 $%1 )-F B- 2+P%,/T'F% <'(3+E)(%(U

cd

9)C&% eUd @,/K),D/E'H )-F %+K),D/E'H P&)(E'F1,%&)E%F (%Q+%-H%( +(%F '- )-)&D(%(U

ce
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$'L+,% aUaS 2%)(/-)& GDF,/L%- P%,/T'F% )-F HG&/,/PGD&& )E EG% 8)I)'' =H%)- 9'3%(

2%,'%( W8=9X (E)E'/- 4*=84U <)E) H/&&%HE%F 0,/3 O)- acce E/ <%H accg W7)(H

%E )&UM !""!XU R/&/, ,%P,%(%-E( )N%,)L% HG&/,/PGD&& '- -L!*1a )-F H/-E/+, &'-%( ),%

/0 %Q+)& GDF,/L%- P%,/T'F% H/-H%-E,)E'/-( '- -BU .'EG'- EG% I)E%, H/&+3- )&L)%

),% EG% 3/(E P,/3'-%-E (/+,H% /0 5=2U 2'L-'0'H)-E )C'/&/L'H)& 5=2 P,/F+HE'/-

I/+&F ,%Q+',% EG% P,%(%-H% /0 0,%% E,)-('E'/- 3%E)&(U 4E EG'( &/H)E'/-M EG% )N%,)L%

E,)H% 3%E)& H/-H%-E,)E'/-( ),% E// &/I E/ P,/F+H% W0,/3 $%-E/- ,%)HE'/-(M (%%

E%TEX EG% &%N%& /0 5=2 /C(%,N%FU 2/3% I/,K G)( (+LL%(E%F EG)E '- H/)(E)& )-F

%(E+),'-% ,%L'/-(M R<=B 3)D (%,N% )( C/EG ) (/+,H% )-F ) ('-K 0/, 5=2

i4-F,%I(M !""" jed!_;/%&K%,M !""" jeda_Y%PPM acc! jed"_J&/+LGM accb jeddkM

4-F,%I( %E )&U !"""M ;/%&K%, %E )&U !"""XU 8/I%N%,M EG% &/I -+E,'%-E1 &/I

HG&/,/PGD&& I)E%,( )E EG% 8=9 (E)E'/- ),% +-&'K%&D E/ %TP%,'%-H% EG% ()3% &%N%&(

/0 R<=B )-F )C'/E'H)&&D P,/F+H%F 5=2U d

$'L+,% aU!S 2D-EG%E'H F'(E,'C+E'/- C)(%F /- K-/I- %N'F%-H% 0,/3 C'/HG%3'H)& )-F

L%-%E'H F)E) /0 EG% N),'/+( (+P%,/T'F% F'(3+E)(%( /N%, EG% E,%% /0 &'0% W0'L+,%

3/F'0'%F )0E%, J)&F)+0 %E )&UM !""eXU 4&& EG% P/E%-E')& ,/+E%( 0/, L%-%E'H

'-G%,'E)-H% ),% %N'F%-E '- 2=< L%-%(U $%2=< '( I'F%&D F'(E,'C+E%F C%EI%%- )&&

3)\/, H&)F%( IG'&% (P%H'0'H)&&D B-2=< '( 3/,% P,%N)&%-E '- J)HE%,') )-F

:+K),D/E)U $% )-F B-2=< G)N% H/-E,)(E'-L P/E%-E')& %N/&+E'/-),D G'(E/,'%(U 6-

%+K),D/E'H PG/E/(D-EG%E'H )+E/E,/PG(M EG% )-H%(E,)& /,'L'- /0 $%2=< 3)D C% 0,/3



T'

EG% 72J )-H%(E/, /0 @26 '- HD)-/C)HE%,')M IG'&% B-2=< G)( ) N),'%ED /0 P/(('C&%

/,'L'-( 3)'-&D EG% P,/E%/C)HE%,')& )-H%(E/, E/ @266 )-F 3'E/HG/-F,')_ C/EG P&)(E'F

3%E)&&/0/,3( G)N'-L C%%- )HQ+',%F EG,/+LG HD)-/C)HE%,')U R+Y-2=<

F%3/-(E,)E%( 3+&E'P&% &)E%,)& L%-% E,)-(0%,(U $+,EG%,3/,%M /,L)-'(3( /0E%-

P/((%(( 3+&E'P&% H/P'%( /0 R+Y-2=< '- EG%', L%-/3%(M IG'HG ),% '- L%-%,)&

('L-'0'H)-E&D PGD&/L%-%E'H)&&D F'(E)-EU J,)-HG%( ),% H/&/,%F )HH/,F'-L E/ K-/I-

2=<(S 3)L%-E)1 $%2=<M HD)-1 B-2=<M HD)-h3)L%-E)1 $%hB-2=<

WH)3C')&'(E'HXM L,%%-1 R+Y-2=<M )-F L,%D1 +-K-/I- 0/,3 /0 2=<U l >'2=<

L%-%( 0/+-F '- L%-/3%( /0 0/+, HD)-/C)HE%,')U R+Y-2=< /-&D 0/+-F '-

Gloeobacter (PU m>'2=< )-F $%Y-2=< 0/+-F '- Streptomyces (PPU #

$'L+,% aUdS 2+CH%&&+&), &/H)&'V)E'/- /0 (+P%,/T'F% F'(3+E)(%(U 9G'( H/-H%PE+)& (HG%3%

(+33),'V%( )&& K-/I- &/H)E'/-( /0 2=<( I'EG'- %+K),D/E'H H%&&(U 4- '3P/,E)-E

)EE,'C+E% /0 2=<( '( EG)E EG)E EG%D ),% P/'(%F )-F ,%)FD )E 3%E)C/&'H EG% ('E% /0

(+P%,/T'F% P,/F+HE'/-U 2/&+C&% 0/,3( /0 2=< 0/+-F '- EG% HDE/P&)(3 ),%

EDP'H)&&D R+Y-2=< '- %3C,D/PGDE%(U =HH)('/-)&&DM $%2=< H)- C% 0/+-F (/&+C&%

C+EM C/EG HDE/P&)(3'H )-F %TE,)H%&&+&), 2=<( ),% HG),)HE%,'(E'H /0 3+&E'H%&&+&),

/,L)-'(3( EG)E G)N% H%&& ('L-)&'-L P)EGI)D( EG,/+LG IG'HG 5=2 ),% %THG)-L%FU

9G% HG&/,/P&)(E H)- C% )((/H')E%F I'EG $%M B-M )-Fh/, R+Y-2=<U 6- F')E/3(M

B-2=< H)- C% 0/+-F G%,%M 3/(E &'K%&D )((/H')E%F I'EG EG% &+3%- ('F% /0 @266

W./&0%12'3/- +-P+C&'(G%FXU R+Y-2=< )-F $%2=< 3)D 0'&& EG% ()3% ,/&% /- EG%

(E,/3)& ('F% /0 @26M I'EG EG% 0/,3%, F/3'-)-E&D 0/+-F '- %3C,D/PGDE%( )-F

HG),/PGDE%( )-F EG% &)EE%, '- EG% HD)-/C)HE%,')M HG&/,/PGDE%(M )-F F'-/0&)L%&&)E%(U



T''

B+HG ,%(%),HG '( (E'&& -%%F%F E/ H/3P&%E%&D +-F%,(E)-F EG% 2=<( I'EG '- /EG%,

)&L)& P&)(E'F(U 9G% 3'E/HG/-F,') G)N% B-2=< )&3/(E %TH&+('N%&DU >/ /EG%,

2=< G)( C%%- 0/+-F )((/H')E%F I'EG EG%(% /,L)-%&&%( '- PG/E/(D-EG%E'H

)+E/E,/PG(U ae

$'L+,% aUeS @GD&/L%-%E'H E,%% /0 >'2=< L%-%(U >'2=<( G)N% C%%- C'/HG%3'H)&&D

HG),)HE%,'V%F '- EG% EI/ Streptomyces (PU (G/I-U 9G% HD)-/C)HE%,') (%Q+%-H%(

,%P,%(%-E%F G%,% ),% F%,'N%F 0,/3 L%-/3'H F)E)M C+E -/ C'/HG%3'H)& /,

PGD('/&/L'H)& F)E) ),% D%E )N)'&)C&% 0/, EG% )HE'N'ED /0 >'2=<( '- HD)-/C)HE%,')U

6-E%,%(E'-L&DM C/EG Prochlorococcus (PU (E,)'-( (G/I- P/((%(( /-&D EG% L%-% 0/,

>'2=<1 EG%D F/ -/E H/-E)'- L%-%E'H '-0/,3)E'/- 0/, )-D /EG%, K-/I- 0/,3 /0

2=<U 9G% %N/&+E'/-),D ('L-'0'H)-H% /0 >'2=<( '( -/E D%E H&%), C+EM EG% '-H,%)(%

'- L%-/3'H F)E) I'&& G%&P ,%(/&N% EG'( '((+%U 9G'( 3)D P,/N% E/ C% ) 3)\/, ('-K

0/, >' '- %-N',/-3%-E( IG%,% EG%(% ),% EG% F/3'-)-E /,L)-'(3(U 9G'( +-,//E%F

E,%% I)( L%-%,)E%F +('-L EG% 7%-%E'H <)E)C)(% :-N',/-3%-E W7<:X (%Q+%-H%

)&'L-3%-E %F'E/, W23'EG %E )&UM acceX C)(%F /- ) <>4 3)T'3+3 &'K%&'G//F

)PP,/)HG +('-L 0)(E<>43& W$%&(%-(E%'-M acga_ =&(%- %E )&UM acceXM EG% C,)-HG'-L

P)EE%,- '( (+PP/,E%F CD C//E(E,)P )-)&D('( Wa"" ,%P&'H)E%(XU 9G% E,%% G)( C%%-

3/F'0'%F 0/, H&),'EDU 4HH%(('/- -+3C%,( ),% L'N%- 0/, EG% Streptomyces (PU )-F

=5$ 'F%-E'0'H)E'/- -+3C%,( ),% L'N% 0/, )&& EG% HD)-/C)HE%,')U 2H)&% C),

,%P,%(%-E( EG% -+3C%, /0 (+C(E'E+E'/-( P%, -+H&%/E'F% ('E%U ag



T'''

$'L+,% !UaS ?-,//E%F PGD&/L%-%E'H E,%% 0/, ',/- )-F 3)-L)-%(% (+P%,/T'F% F'(3+E)(%

P,/E%'-(U 9G% PGD&/L%-%E'H H&+(E%,( ,%0&%HE EG% %N/&+E'/-),D G'(E/,D /0 EG%(%

-+H&%), %-H/F%F L%-%(U 9G% B-2=< C,)-HG%( 0/&&/I ) 3'E/HG/-F,')& /,'L'-

IG'&% EG% $%2=< P)EE%,-( ),% &'K%&D F+% E/ /,'L'-)E'-L 0,/3 EG% P&)(E'F (D3C'/-EU

$%2=< &'K%&D F%,'N%F 0,/3 EG% )-H%(E,)& P,/L%-'E/,( /0 @26 '- HD)-/C)HE%,')M EG%

72JU 6-E%,%(E'-L&DM B-2=< 3)D G)N% /,'L'-)E%F 0,/3 EG% P,/E%/C)HE%,')& (/+,H%

/0 @266M IG'HG '( )&(/ )((/H')E%F I'EG EG% /,'L'- /0 3'E/HG/-F,')U 2%% E%TE 0/, 0+&&

F'(H+(('/-U 2=< )3'-/ )H'F (%Q+%-H%( I%,% )&'L-%F +('-L R*?294*A

W9G/3P(/- %E )&UM acce_ 9G/3P(/- %E )&UM accfX )-F EG% 7%-%E'H <)E)

:-N',/-3%-E W7<:X W23'EG %E )&UM acceX 3+&E'P&% (%Q+%-H% %F'E/,U 4 3)T'3+31

&'K%&'G//F E,%% I)( H/-(E,+HE%F +('-L @8`B* W7+'-F/- )-F 7)(H+%&M !""dX

%3P&/D'-L )- %3P','H)& 3/F%& /0 %N/&+E'/- W.G%&)- )-F 7/&F3)-M !""aX )-F EG%

C,)-HG'-L P)EE%,- '( (+PP/,E%F CD C//E(E,)P )-)&D('( Wa"" ,%P&'H)E%(XU 9G% (H)&%

,%P,%(%-E( EG% %TP%HE%F -+3C%, /0 (+C(E'E+E'/-( P%, )3'-/ )H'F P/('E'/-U 9G% E,%%

G)( C%%- 3/F'0'%F 0/, H&),'EDU $%2=< ,%P,%(%-E)E'N%( ),% '-F'H)E%F I'EG 3)L%-E)

C,)-HG%( IG'&% B-2=< ,%P,%(%-E)E'N%( ),% '- HD)-U 2P%H'%( E%TE H/&/, K%DS L,%%-

n HG&/,/PGDE%( )-F G'LG%, P&)-E(M ,%F n ,G/F/PGDE%(M )Q+) n HD)-/C)HE%,')M

C,/I- n HG,/3/PGDE% )&L)%U 4HH%(('/- -+3C%,( /0 EG% (%Q+%-H%( ),% -%TE E/

%)HG E)T)U !g

$'L+,% dUaS 633+-/C&/E /0 2%&%HE%F <')E/3 2P%H'%(U

633+-/C&/E( (G/I'-L EG% )-E'19PB-2=< )-E'C/FD I% P,/F+H%F H,/((1,%)HE%F

I'EG 3+&E'P&% F')E/3 (P%H'%(U 9G% PGD&+3 (P%H'0'H'ED /0 EG'( )-E'C/FD (+LL%(E(



T'N

EG)E )&& F')E/3( G)N% )- B-2=< I'EG ('3'&), (E,+HE+,%U 4&& &)-%( &/)F%F I'EG

d""L E/E)& P,/E%'- W%TH%PE H/-E,/& &/)F%F I'EG a"!-L P+,% ,%H/3C'-)-E

9PB-2=<XS &)-% aM Ditylum brightwellii RRB@dbg_ &)-% !M Navicula incerta 

RRB@be!_ &)-% dM Nitzchia brevirostris RRB@bba_ &)-% eM Stephanopyxis turris 

RRB@gab_ &)-% bM Thalassiosira pseudonana RRB@a"a"_ &)-% #M Skeletonema 

costatum RRB@add!_ H/-M H/-E,/& P,/E%'- /N%,%TP,%((%F )-F P+,'0'%F

,%H/3C'-)-E 9PB-2=<U >/E%S TU pseudonana (E,)'- +(%F '- EG'( '33+-/C&/E '(

RRB@a"a" )-F F'00%,%-E EG)- RRB@addbM IG'HG '( EG% /-% +(%F 0/, H&/-'-L )-F

/N%,1%TP,%(('/- /0 sod4U B),K%, '-F'H)E%( 3/&%H+&), I%'LGE (E)-F),F( '- K<)U e!

$'L+,% dU!S 633+-/C&/E /0 Thalassiosira pseudonana RRB@addb H%&&( )-F H%&&( E,%)E%F

I'EG a"3Lh3& HDH&/G%T'3'F%M W*HM <HX E/ '-G'C'E P,/E%'- (D-EG%('( W)&& E,%)E3%-E(

)&(/ '-H&+F%F "UaZ <B2=XU 40E%, !f G/+,( EG% P,/E%'- '( C%&/I F%E%HE'/- '- EG%

H%&&( L,/I- +-F%, &'LGE I'EG P,/E%'- (D-EG%('( '-G'C'E%FU 9G'( (+LL%(E( EG)E EG%

E+,-/N%, /0 9PB-2=< '( ,%&)E%F E/ P,/H%((%( EG)E /HH+, IG%- H%&&( ),% %TP/(%F E/

&'LGEU R/-N%,(%&DM H%&&( %TP/(%F E/ H/-E'-+/+( F),K-%(( (G/I %N'F%-H% /0

9PB-2=< EG,/+LG /+E EG% %TP%,'3%-EU :)HG &)-% '( &/)F%F I'EG g !"L /0 E/E)&

P,/E%'- %TE,)HE(U 4-E'C/FD I)( (P%H'0'H)&&D ,)'(%F )L)'-(E ,%H/3C'-)-E P,/E%'- '-

H/-E,/& &)-%U ed

$'L+,% dUdS 6-E,)H%&&+&), <'(E,'C+E'/- /0 B)-L)-%(% 0/, Thalassiosira pseudonana

RRB@addbU 9/E)& H%&&+&), B- WB-E/EX I)( %(E'3)E%F 0,/3 EG% R/,L1(P%H'0'H B-

Q+/E)( W"3/& B- 3/& R1aX /0 2+-F) )-F 8+-E(3)- WaccgM $'LU f )-F G'LG &'LGEM



TN

&/I B- 9)C&% !X )-F EG% R/,L H/-E%-E /0 3'F1&/L %TP/-%-E')&&D L,/I'-L H%&&(

W"Ugc P3/&( R/,L H%&&1aXU B- '- PG/E/(D(E%3 66 WB-@266X '( EG)E 3/F%&%F CD 5)N%-

Wacc"XU B- '- 2=< I)( %(E'3)E%F )( EG% )N%,)L% 3%)(+,%F B-2=<

H/-H%-E,)E'/- +('-L EG% Q+)-E'E)E'N% '33+-/1E%HG-'Q+% W3/&( /0 B-2=< H%&&1aM

9)C&% dU!XU >/E% EG)E )( R/,L F%H,%)(%( '- H%&&( )( &'LGE '-H,%)(%( IG'&% 3/&%( /0

B-2=< H%&&1a (E)D( H/-(E)-E )H,/(( &'LGE &%N%&(M EG% P%,H%-E /0 B- '- B-2=<

3)D '-H,%)(% I'EG ',,)F')-H% W(%% )&(/ $'LU dUbXU ee

$'L+,% dUeS 633+-/L/&F &/H)&'V)E'/- /0 B-2=< '- Thalassiosira pseudonana

RRB@addbU 4M =(3'+3 E%E,/T'F% (E)'-%F %&%HE,/- 3'H,/L,)PG /0 IG/&% H%&&U JM

2%H/-F F'00%,%-E N'%I /0 =(3'+3 E%E,/T'F% (E)'-%F H%&&U RM 633+-/L/&F &)C%&'-L

/0 EG% HG&/,/P&)(E I'EG EG% )-E'19PB-2=< )-E'C/FDU <M B)L-'0'%F N'%I /0

F%&'-%)E%F ),%) '- JU :M 633+-/L/&F &)C%&'-L /0 EG% HG&/,/P&)(E '- )-/EG%, H%&& /0

T. pseudonana. $M B)L-'0'%F N'%I /0 F%&'-%)E%F ),%) '- :U >/E% EG% )C(%-H% /0

&)C%&'-L /0 3'E/HG/-F,')& )-F HDE/(/&'H ,%L'/-(U [%DS HM HG&/,/P&)(E_ PM PD,%-/'F_

3M 3'E/HG/-F,'/-_ -M -+H&%+(_ -HM -+H&%/&+(_ NM N)H+/&%U 4,,/I( '-F'H)E% C&)HKM

%&%HE,/- F%-(% L/&F &)C%& H/,,%(P/-F'-L E/ 9PB-2=<U 2H)&% C),( o &%-LEG )(

'-F'H)E%FU >/E%M L,)-+&%( )PP),%-E '- EG% PD,%-/'F /0 $ ),% H,D(E)&&'-% 5?J62R=M

H&%),&D -/E )( %&%HE,/- F%-(% )( EG% L/&F P),E'H&%(U e#

$'L+,% dUbS R/3P),'(/- /0 L,/IEG ,)E%M E/E)& H%&&+&), HG&/,/PGD&&M )-F B-2=< P%, +-'E

HG&/,/PGD&& /0 Thalassiosira pseudonana RRB@addb H%&&( L,/I- )E F'00%,%-E

H/-E'-+/+( &'LGE '-E%-('E'%(U .%(E%,- C&/E '3)L%( )C/N% EG% L,)PG ),% /0 P,/E%'-



TN'

()3P&%( &/)F%F )HH/,F'-L E/ %Q+)& HG&/,/PGD&&U 7,/IEG ,)E% W(/&'F C&)HK H',H&%(

)-F (/&'F &'-%X '-H,%)(%( CD EI/10/&F /N%, EG%(% &'LGE &%N%&(U R/-H+,,%-E&DM

H%&&+&), HG&/,/PGD&& W(/&'F C&)HK (Q+),%(M F/EE%F &'-%X F%H,%)(%(U 4&EG/+LG

B-2=< '( H/-(E)-E P%, +-'E P,/E%'- WF)E) -/E (G/I-XM B-2=< P%, +-'E

HG&/,/PGD&& W(/&'F C&)HK E,')-L&%(M F)(G%F )-F F/EE%F &'-%_ )-F I%(E%,- C&/E )C/N%

'3)L%X '-H,%)(%(U 9G'( (+PP/,E( EG% (E,/-L )((/H')E'/- /0 EG% ,%&)E'N% H/-E,'C+E'/-

/0 B-2=< E/ P,/E%HE'-L EG% PG/E/(D-EG%E'H 3)HG'-%,D_ %(P%H')&&D )( EG% &'LGE

G),N%(E'-L P'L3%-E( F%H,%)(%U eg

$'L+,% dU#U <'%& %TP,%(('/- /0 B-2=< '- Thalassiosira pseudonana RRB@addbU 8%,%

'( EG% Q+)-E+3 D'%&FM 4M /0 H%&&( %TP/(%F E/ a!Sa! *S< HDH&% +-F%, G'LG &'LGE

Wg"""3/& 31!(1aM (/&'F C&)HK E,')-L&%( )-F F)(G%F &'-%X )-F H/-E,/& &'LGE Wa!"

"3/& 31!(1aM (/&'F C&)HK H',H&%( (/&'F &'-%X /N%, E'3% Wx1)T'(XU $Nh$3 F%H,%)(%( '-

EG% G'LG &'LGE /N%, EG% 0',(E a! G IG%- H/3P),%F E/ EG% H/-E,/& )-F EG%- ,%H/N%,%F

F+,'-L )-F )0E%, EG% F),K P%,'/FU 9G% F),K P%,'/F '( ,%P,%(%-E%F CD EG% (G)F%F

),%)U 633+-/C&/E F%-('E/3%E,'H )-)&D('(M JM (G/I%F EG% 9PB-2=< '- EG% G'LG

&'LGE WG)EHG%F C),(X E,%)E3%-E %TP%,'%-H%F ) ('L-'0'H)-E '-H,%)(% )0E%, EG% F),K

P%,'/F )( H/3P),%F E/ EG% %TP,%(('/- /0 9PB-2=< '- EG% H/-E,/& &'LGE W(/&'F

C),(X H+&E+,%( WN)&+%( ),% 3%)-(M no ! p2<XU 4(E%,'(K( F%-/E% ('L-'0'H)-E

F'00%,%-H%( C%EI%%- E,%)E3%-E( WP o "U"a"bXU b"

$'L+,% eUaS :TH%,PE( /0 )3'-/ )H'F (%Q+%-H% )&'L-3%-E /0 EG% $% )-F B-2=<( +(%F '-

EG'( (E+FDU 9G% )(E%,'(K( F%-/E% P,'3),D )-F (%H/-F),D (PG%,% )3'-/ )H'F(
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'-N/&N%F '- %'EG%, C'-F'-L /, H//,F'-)E'/- /0 EG% 3%E)& ('E%U 2%% E%TE 0/,

F'(H+(('/-U 4X >1E%,3'-)& %TH%,PEM JX B'FF&% %TH%,PEM RX R1E%,3'-)& %TH%,PEU ##

$'L+,% eU!S J)D%(')- C)(%F %N/&+E'/-),D ,%&)E'/-(G'P )3/-L EG% $%hB-2=< 0)3'&D /0

P,/E%'-(U @GD&/L%-D ,%P,%(%-E'-L )&& 3)\/, E)T) I)( '-0%,,%F 0,/3 ) J)D%(')-

)-)&D('( C)(%F /- )3'-/ )H'F (%Q+%-H%(U 9G% E,%% %&+H'F)E%( EG% %-F/(D3C'/E'H

/,'L'- /0 EG'( 0)3'&D /0 2=<( '- %+K),D/E%(U 9G% $% H&)F% (G/I( ) H&%), P,'3),D

PG/E/(D-EG%E'H %-F/(D3C'/E'H /,'L'- %N/&N'-L 0,/3 EG% HD)-/C)HE%,') )-F L,%%-

(+&0+, C)HE%,') W72JXU 9G% B-2=< H&)F% (G/I( ) 0%I F'00%,%-E PG/E/(D-EG%E'H

H&+(E%,( 3/(E -/E)C&D ) (%P),)E'/- /0 EG% ('-L&% H%&&%F P,'3),D L,%%- )-F P,'3),D

)-F (%H/-F),D ,%F P&)(E'F H/-E)'-'-L %+K),D/E%( 0,/3 EG% L,%%- P&)-E(U 9G%

3/-/PGD&%E'H ,%&)E'/-(G'P /0 EG% B-2=<( '- ,%F1P&)(E'F )&L)% '( H/-L,+%-E I'EG

/EG%, %(E'3)E%F ,%&)E'/-(G'P(U 9G% C)()& P,'3),D L,%%- P&)(E'F )&L) E/ EG'( H&+(E%,(

(+LL%(E( ) H/33/- /,'L'- 0/, EG%(% (%+Q+%-H%(U $% )-F B- (%Q+%-H%( I%,%

)&'L-%F +('-L R*?294*A )-F %F'E%F I'EG J'/:F'EU 9G'( '( EG% E,%% /0 G'LG%(E

&'K%&'G//F 'F%-E'0'%F '- EG% J)D%(')- E,%% P//& +('-L EG% 0'T%F ,)E% .47 3/F%&

W*- &'K%&'G//F o 1dfacdUc!XU >+3C%,( )E EG% -/F%( ,%P,%(%-E P/(E%,'/,

P,/C)C'&'E'%(U 2H)&% C), ,%P,%(%-E( EG% -+3C%, /0 (+C(E'E+E'/-( P%, )3'-/ )H'F ('E%U

fa

$'L+,% eUdS B)T'3+3 &'K%&'G//F C)(%F %N/&+E'/-),D ,%&)E'/-(G'P )3/-L EG% $%hB-2=<

0)3'&D /0 P,/E%'-(U 9G'( E,%% )L,%%( E/ ) &),L% %TE%-E I'EG EG% J)D%(')- '-0%,,%F

E,%%U 63P/,E)-E ,%L'/-( /0 F'00%,%-H% ),% EG% H&+(E%,'-L /0 EG% L,%%- P&)-E( '- EG%



TN'''

$%2=< H&)F%U J//E(E,)P (+PP/,E '( I%)K 0/, 3)-D /0 EG% '-E%,-)& -/F%( IG'HG

),% ,%(/&N%F '- EG% J)D%(')- E,%%U 8/I%N%,M EG'( E,%% N)&'F)E%( 3)-D /0 EG% ()3%

GDP/EG%(%( '- )L,%%3%-E I'EG EG% J)D%(')- E,%%U 2%Q+%-H%( I%,% )&'L-%F )( '-

$'L+,% eU!U 4 3)T'3+3 &'K%&'G//F E,%% I)( H/-(E,+HE%F +('-L @8`B*

%3P&/D'-L EG% .47 %3P','H)& 0'T%F ,)E% 3/F%& /0 %N/&+E'/-U 9G% (H)&% C),

,%P,%(%-E( EG% %TP%HE%F -+3C%, /0 (+C(E'E+E'/-( P%, )3'-/ )H'F P/('E'/-U fd

$'L+,% eUeS J)D%(')- C)(%F E,%% H/-(E,+HE%F )( '- $'L+,% eU! C)(%F /- P&)(E'F ,%&)E%F

/,L)-'(3(U 8%,% EG% 3/-/PGD&D /0 P&)(E'F ,%&)E%F %+K),D/E%( E/ EG% HD)-/C)HE%,')

'( C%EE%, ,%(/&N%F 0/, $%2=<U 6- EG% B-2=< H&)F%M EG% HD)-/C)HE%,') )-F L,%%-

P&)-E( 0/,3 ) 3/-/PGD&%E'H H&+(E%, %TH&+F'-L P,'3),D L,%%-M )-F P,'3),D )-F

(%H/-F),D ,%F )&L)%U 9G'( '( '- H/-E,)(E E/ EG% 0+&& E,%%( '-H&+F'-L )&& /,L)-'(3(U

9G% G'LG P/(E%,'/, P,/C)C'&'ED (+PP/,E Wa""ZX 0/, EG% F'N%,L%-H% /0 EG%(% EI/

L,/+P( C%0/,% EG% '-G%,'E)-H% /0 B-2=< (+LL%(E( ) H&/(%,M P,'3),D G/(E

,%&)E'/-(G'P C%EI%%- EG% P,'3),D L,%%-M )-F P,'3),D )-F (%H/-F),D ,%F )&L)%U

$+,EG%,3/,%M EG'( (E,/-L&D (+PP/,E( EG% ,%&)E'/-(G'P C%EI%%- B-2=<( /0 P&)-E(

)-F HD)-/C)HE%,')U 2H)&% C), ,%P,%(%-E( EG% %TP%HE%F -+3C%, /0 (+C(E)E'/-( P%,

)3'-/ )H'F ('E%U f#



a

1.0 Introduction 

9G% %N/&+E'/- /0 /TDL%-'H PG/E/(D-EG%('( '- EG% %),&D @,/E%,/V/'H :/- %T%,E%F ) P/I%,0+&

(%&%HE'N% P,%((+,% /- &'0% W<'(3+K%( %E )&UM !""a_ [-/&&M !""d_ $)&K/I(K' %E )&UM !""e)XU

$,%% )E3/(PG%,'H /TDL%- )&&/I%F 3%E)C/&'(3 E/ C%H/3% q(+P%,HG),L%FrM IG%,%CD EG%

%-%,LD %TE,)HE'/- %00'H'%-HD P%, 3/&% /0 L&+H/(% '-H,%)(%F /N%, e""Z ,%&)E'N% E/

)-)%,/C'H 0%,3%-E)E'/-U 8/I%N%,M EG'( 3%E)C/&'H C%-%0'E H)3% )E EG% P,'H% /0 P/E%-E')&

F)3)L% E/ EG% 3%E)C/&'H 3)HG'-%,D W[/PP%-/&M acggXU 5%)HE'N% /TDL%- (P%H'%( W5=2XM

IG'HGM +-F%, )-)%,/C'H H/-F'E'/-( I%,% P,%(%-E C+E )&3/(E H%,E)'-&D )E N%,D &/I

H/-H%-E,)E'/-(M C%H)3% ,%&)E'N%&D )C+-F)-EU 5=2 H)- ,%)HE I'EG &'P'F(M 3%3C,)-%(M )-F

P,/E%'-( E/ H)+(% ',,%N%,('C&% F)3)L% E/ ) H%&&U 9G% 3/(E -/E)C&% H+&P,'E I'EG'- EG% 5=2

0)3'&D '( EG% (+P%,/T'F% )-'/- ,)F'H)& W=!U1XM IG'HG '( ) 3%E)C/&'H CD1P,/F+HE /0 )%,/C'H

,%(P',)E'/- )-F /TDL%-'H PG/E/(D-EG%('( W$,'F/N'HG accgM $)&K/I(K' )-F 5)N%- accfXU

J/EG P,/H%((%( &%)K s a E/ eZ /0 EG%', %&%HE,/-( /-E/ 3/&%H+&), /TDL%- E/ 0/,3

(+P%,/T'F% W8)&&'I%&&M acg!_ 4P%& )-F 8',EM !""eXU 7'N%- EG% +C'Q+'E/+( P,%(%-H% /0

5=2M 'E '( -/E (+,P,'('-L EG)E %00'H'%-E F%0%-(% 3%HG)-'(3( %N/&N%F E/ F%(E,/D 5=2U 6-

EG'( P)P%, I% ,%N'%I EG% C'/HG%3'(E,DM PGD('/&/L'H)& 0+-HE'/-M )-F %N/&+E'/-),D G'(E/,D

/0 EG% F%0%-(% 3%HG)-'(3( '- )&L)% )L)'-(E 5=2M 0/H+('-L /- EG% ,/&% /0 (+P%,/T'F%

F'(3+E)(%U

5=2 )HH+3+&)E% C/EG '- EG% /P%- /H%)- W7)(H %E )&UM !""!X W$'LU aUaX )-F '-

H/)(E)& V/-%( WY%PP %E )&UM acc!_ J&/+LG )-F Y%PPM accb_ ;/%&K%, %E )&UM !"""XU 6- EG%

/H%)-M P,/F+HE'/- /0 5=2 )PP%),( E/ C% &),L%&D C'/&/L'H)&U $/, %T)3P&%M '- H/)(E)& ),%)(

F'-/0&)L%&&)E%( )-F ,)PG'F/PGDH%)- )&L)% ),% C/EG (/+,H%( /0 5=2U 9G%(% /,L)-'(3( H)-

P,/F+H% 5=2 '- EG% F),K IG%- %TP/(%F E/ ) N),'%ED /0 (E'3+&)-E( '-H&+F'-L &%HE'-( )-F



!

',/-1&'3'E%F %-N',/-3%-E( W=F) %E )&UM acc!_ =F) %E )&UM accf_ ['3 %E )&UM accc)XU 9G'(

,%(P/-(% '( E%3P%,)E+,% F%P%-F%-EM )((/H')E%F I'EG EG% P,%(%-H% /0 )- >4<@8 /T'F)(%1

&'K% H%&& (+,0)H% %-VD3% W['3 %E )&UM accc)_ ['3 %E )&UM acccC_ 9I'-%, )-F 9,'HKM !"""X

)-F 3)D C% +(%F )( ) H%&& ('L-)&'-L 3%HG)-'(3 /, '- Q+/,+3 (%-('-L WO/'-E %E )&UM !""!_

4P%& )-F 8',EM !""eXU 9G% %TE,)H%&&+&), E),L%E /0 5=2 '( -/E I%&& K-/I-M G/I%N%, EG%,%

'( %TP%,'3%-E)& %N'F%-H% EG)E EG%(% 3/&%H+&%( H)- ,%F+H% H/3P%E'E'/- CD K'&&'-L /,

'-G'C'E'-L EG% L,/IEG /0 C)HE%,')M )( I%&& )( ,%F+H'-L $% 0/+-F '- ',/- H/3P&%T%( '- C+&K

I)E%,U 9G+(M IG'&% 5=2 ),% P/E%-E')&&D E/T'HM )Q+)E'H /,L)-'(3( 3)D G)N% H)P'E)&'V%F /-

EG% HG%3'(E,D )((/H')E%F I'EG 5=2 P,/F+HE'/- E/ '-H,%)(% EG%', 0'E-%((U 6- /,F%, E/ F/ (/M

G/I%N%,M EG% /,L)-'(3( 3+(E G)N% F%0%-(% 3%HG)-'(3( EG)E P,%N%-E EG% 5=2 0,/3

'-0&'HE'-L F)3)L% E/ EG%3(%&N%(U

=-% /0 EG% 3)\/, C'/HG%3'H)& P,/E%HE'N% (D(E%3( )L)'-(E 5=2 '( P,/N'F%F CD EG%

(+P%,/T'F% F'(3+E)(%( W2=<(XM 0/+-F '- )&& C,)-HG%( /0 EG% E,%% /0 &'0% W$'LU aU!XU 9G%,%

),% 0/+, K-/I- 3%E)&&/0/,3( /0 2=<M 'F%-E'0'%F CD EG%', 3%E)& H%-E%,( W$%M B-M R+Y-M

)-F >'XU =,EG/&/L( /0 )&& 0/+, 0/,3( G)N% C%%- 0/+-F '- PG/E/(D-EG%E'H /,L)-'(3(U 9G%

H%&&+&), 2=< P,/0'&% '( N),')C&% C%EI%%- /,L)-'(3( )-F H)- HG)-L% I'EG )3C'%-E

%-N',/-3%-E)& H/-F'E'/-( W$%%M acca_ 43)-)E'F/+ %E )&UM !""aXU 9G% 3)\/,'ED /0 ,%(%),HG

/- 2=<( G)( 0/H+(%F /- %'EG%, 3%F'H)& /, )L,'H+&E+,)& )PP&'H)E'/-(M G/I%N%,M L'N%- EG%

P/&DPGD&%E'H /,'L'-( /0 %+K),D/E'H )&L)% WJ)&F)+0M !""dXM EG% 2=< P,/0'&%( /0 EG%(%

/,L)-'(3( H)- C% +(%F E/ )FF,%(( EG% %N/&+E'/-),D G'(E/,D /0 EG%(% %-VD3%( )-F N'H%1

N%,()U 6-F%%FM L'N%- EG%', PGD&/L%-%E'H E,)\%HE/,D )-F EG% N),')C'&'ED /0 E,)H% 3%E)&( '-

)Q+)E'H %H/(D(E%3( W[,%3&'-L )-F 2E,%+M !""a_ .G'E0'%&FM !""a_ 4-C), )-F [-/&&M !""!_

2)-+F/1.'&G%&3D %E )&UM !""!_ 2)'E/ %E )&UM !""d_ 2%D&%, )-F J/)N%-E+,)M !""dXM )&L)%



d

$'L+,% aUaS 2%)(/-)& GDF,/L%- P%,/T'F% )-F HG&/,/PGD&& )E EG% 8)I)'' =H%)-

9'3%( 2%,'%( W8=9X (E)E'/- 4*=84U <)E) H/&&%HE%F 0,/3 O)- acce E/ <%H accg W7)(H

%E )&UM !""!XU R/&/, ,%P,%(%-E( )N%,)L% HG&/,/PGD&& '- -L!*1a )-F H/-E/+, &'-%( ),% /0

%Q+)& GDF,/L%- P%,/T'F% H/-H%-E,)E'/-( '- -BU .'EG'- EG% I)E%, H/&+3- )&L)% ),% EG%

3/(E P,/3'-%-E (/+,H% /0 5=2U 2'L-'0'H)-E )C'/&/L'H)& 5=2 P,/F+HE'/- I/+&F ,%Q+',%

EG% P,%(%-H% /0 0,%% E,)-('E'/- 3%E)&(U 4E EG'( &/H)E'/-M EG% )N%,)L% E,)H% 3%E)&

H/-H%-E,)E'/-( ),% E// &/I E/ P,/F+H% W0,/3 $%-E/- ,%)HE'/-(M (%% E%TEX EG% &%N%& /0 5=2

/C(%,N%FU 2/3% I/,K G)( (+LL%(E%F EG)E '- H/)(E)& )-F %(E+),'-% ,%L'/-(M R<=B 3)D

(%,N% )( C/EG ) (/+,H% )-F ) ('-K 0/, 5=2 i4-F,%I(M !""" jed!_;/%&K%,M !"""

jeda_Y%PPM acc! jed"_J&/+LGM accb jeddkM 4-F,%I( %E )&U !"""M ;/%&K%, %E )&U !"""XU



e

8/I%N%,M EG% &/I -+E,'%-E1 &/I HG&/,/PGD&& I)E%,( )E EG% 8=9 (E)E'/- ),% +-&'K%&D E/

%TP%,'%-H% EG% ()3% &%N%&( /0 R<=B )-F )C'/E'H)&&D P,/F+H%F 5=2U



b

(%,N% )( %TH%&&%-E 3/F%&( 0/, +-F%,(E)-F'-L EG% %-N',/-3%-E)& ,%L+&)E'/- /0 /T'F)E'N%

(E,%(( )-F EG% %00'H)HD /0 2=< '- P,%N%-E'-L F)3)L% E/ H%&&+&), 3)HG'-%,DU

1.1 Source and Sinks of Reactive Oxygen Species (ROS) in Algae 

=! G)( ) E,'P&%E L,/+-F (E)E%M 3)K'-L 'E )- %TH%&&%-E /T'F'V'-L )L%-E W)-F G%-H%M E%,3'-)&

%&%HE,/- )HH%PE/,X '- )Q+%/+( (/&+E'/-( W8)&&'I%&&M accbXU 8/I%N%,M =! H)- C% ,%F+H%F E/

(%N%,)& '-E%,3%F')E%( C%('F%( 8!=U 9G% /N%,)&& 0/+,1%&%HE,/- ,%F+HE'/- /0 3/&%H+&),

/TDL%- '( EG%,3/FD-)3'H)&&D ) G'LG&D 0)N/,%F ,%)HE'/- W:/#o t"Ugab ; N(U >8: u P8

fU!bX )-F /HH+,( '- 3'E/HG/-F,') )-F )%,/C'HM G%E%,/E,/PG'H P,/K),D/E%( W9)C&% aUaXU 4&&

'-E%,3%F')E% &%N%&( /0 ,%F+H%F =! ),% '-N),')C&D F%0'H'%-E '- GDF,/L%- )E/3( )-F

EG%,3/FD-)3'H)&&D 3/,% ,%)HE'N% EG)- 8!=M )-F G%-H% H/3P,'(% ) (+'E% /0 5=2U 9G%D

'-H&+F% EG% (+P%,/T'F% )-'/- ,)F'H)& W=!U1XM GDF,/L%- P%,/T'F% W8!=!XM GDF,/P%,/TD

,)F'H)& W8=!U1XM )-F EG% GDF,/TD& ,)F'H)& W8=UX W7)C'L )-F J)C'/,M acg!XU

;',E+)&&D )&& 5=2 0/+-F '- )Q+)E'H %-N',/-3%-E( ),% EG% ,%(+&E /0 C'/&/L'H)&

P,/F+HE'/- EG,/+LG ,%F/T ,%)HE'/-( I'EG =! WJ/N%,'( )-F R)F%-)(M acg!_ 8)- %E )&UM

!""aXU =!U1 '( 0/,3%F CD EG% 0/&&/I'-L ,%)HE'/-S

=! t %1$ =!U1 WaX

IG'HG G)( ) (E)-F),F ,%F+HE'/- P/E%-E')& W:/# N(U >8:M P8 fX /0 1"Udd ; W9)C&% aUaXU

@/E%-E')& (/+,H%( /0 5=2 '-H&+F% B%G&%, WqP(%+F/HDH&'HrX %&%HE,/- 0&/I ),/+-F @26

W4()F)M acccX )-F '- EG% 3'E/HG/-F,') C%EI%%- ,%(P',)E/,D H/3P&%T%( 66 )-F 666 )-F

HDE/HG,/3% H /T'F)(% W<+0/+, %E )&UM !"""_ R)(E%'&&) %E )&UM !""aXU

9G% 3/(E ,%)HE'N% 5=2 '( EG% GDF,/TD& ,)F'H)& W8=.X IG'HG '( L%-%,)E%F CD EG%

8)C%, n.%'(( ,%)HE'/- W8)C%, )-F .%'((M acde_ .%'((M acdbXS



#



f

$'L+,% aU!S 2D-EG%E'H F'(E,'C+E'/- C)(%F /- K-/I- %N'F%-H% 0,/3 C'/HG%3'H)& )-F

L%-%E'H F)E) /0 EG% N),'/+( (+P%,/T'F% F'(3+E)(%( /N%, EG% E,%% /0 &'0% W0'L+,% 3/F'0'%F

)0E%, WJ)&F)+0 %E )&UM !""eXU 4&& EG% P/E%-E')& ,/+E%( 0/, L%-%E'H '-G%,'E)-H% ),% %N'F%-E '-

2=< L%-%(U $%2=< '( I'F%&D F'(E,'C+E%F C%EI%%- )&& 3)\/, H&)F%( IG'&% (P%H'0'H)&&D

B-2=< '( 3/,% P,%N)&%-E '- J)HE%,') )-F :+K),D/E)U $% )-F B-2=< G)N% H/-E,)(E'-L

P/E%-E')& %N/&+E'/-),D G'(E/,'%(U 6- %+K),D/E'H PG/E/(D-EG%E'H )+E/E,/PG(M EG% )-H%(E,)&

/,'L'- /0 $%2=< 3)D C% 0,/3 EG% 72J )-H%(E/, /0 @26 '- HD)-/C)HE%,')M IG'&% B-2=<

G)( ) N),'%ED /0 P/(('C&% /,'L'-( 3)'-&D EG% P,/E%/C)HE%,')& )-H%(E/, E/ @266 )-F

3'E/HG/-F,')_ C/EG P&)(E'F 3%E)&&/0/,3( G)N'-L C%%- )HQ+',%F EG,/+LG HD)-/C)HE%,')U

R+Y-2=< F%3/-(E,)E%( 3+&E'P&% &)E%,)& L%-% E,)-(0%,(U $+,EG%,3/,%M /,L)-'(3( /0E%-

P/((%(( 3+&E'P&% H/P'%( /0 R+Y-2=< '- EG%', L%-/3%(M IG'HG ),% '- L%-%,)& ('L-'0'H)-E&D

PGD&/L%-%E'H)&&D F'(E)-EU J,)-HG%( ),% H/&/,%F )HH/,F'-L E/ K-/I- 2=<(S 3)L%-E)1

$%2=<M HD)-1 B-2=<M HD)-h3)L%-E)1 $%hB-2=< WH)3C')&'(E'HXM L,%%-1 R+Y-2=<M )-F

L,%D1 +-K-/I- 0/,3 /0 2=<U l >'2=< L%-%( 0/+-F '- L%-/3%( /0 e HD)-/C)HE%,')U

R+Y-2=< /-&D 0/+-F '- Gloeobacter (PU m>'2=< )-F $%Y-2=< 0/+-F '- Streptomyces

(PPU



g

=!U1 t 8!=!$ =81 t 8=. t =! W!X

9G'( ,%)HE'/- '( 0+,EG%, H)E)&DV%F CD $% ,%&%)(%F in vivo 0,/3 $%e2e H&+(E%,( CD =!U1 S

v!$%W66X!$%W666X1e2w t =!U1 t !8t$ v$%W66Xd$%W666X1e2w t 8!=! WdX

IG%,% $%W66X '( ,%&%)(%FS

v$%W66Xd$%W666X1e2w$ $%W66X t vd$%W666X1e2w WeX

9G'( q0,%%r $%W66X %'EG%, '33%F')E%&D ,%)HE( I'EG 8!=! E/ P,/F+H% GDF,/TD& ,)F'H)&(

EG,/+LG EG% $%-E/- ,%)HE'/- W$%-E/- )-F O)HK(/-M agccXS

$%W66X t 8!=!$ $%W666X t 8=. t =81 WbX

/, '( Q+'HK&D /T'F'V%FS

$%W66X t .=8$ $%W666X t =81 W#X

)-F '( EG%- )N)'&)C&% E/ ,%)HE I'EG EG% (+P%,/T'F% )-'/- ,)F'H)& )-F (E),E EG% ,%)HE'/-

)L)'- WJ'%&(K' )-F R)C%&&'M accbXU <+% E/ EG% ,%)HE'N% -)E+,% /0 EG% GDF,/TD& ,)F'H)&M

(E,/-L (%&%HE'N% P,%((+,%( 0)N/, H%&&( EG)E F%(E,/D EG% ,%)HE)-E( W'U%U EG% (+P%,/T'F% )-'/-

,)F'H)& )-F GDF,/L%- P%,/T'F%X E/ C%-'L- P,/F+HE(M +&E'3)E%&D 8!= W*'/HG%N )-F

$,'F/N'HGM acceM acccXU

9G% '-'E')& %&%HE,/- F/-)E'/- &%)F'-L E/ EG% (+P%,/T'F% )-'/- ,)F'H)& '( +-0)N/,%F

)-F '( EG% main 0)HE/, &'3'E'-L EG% ,%)HE'N'ED /0 3/&%H+&), /TDL%- W9)C&% aUaXU

R/-(%Q+%-E&DM EG% /T'F'V'-L P/E%-E')& '- =! H)--/E C% )HH%((%F +-E'& )0E%, EG'( 0',(E

,%F+HE'/- )-F EG+(M 3/&%H+&), /TDL%-M H)- H/%T'(E I'EG ,%F+H'-L )L%-E( I'EG/+E ,%)HE'-L

,)P'F&D W8/ %E )&UM accb)_ 8/ %E )&UM accbCXU 4&EG/+LGM EG% ,%)HE'/- '( -/E

EG%,3/FD-)3'H)&&D 0)N/,%FM %&%HE,/- %Q+'N)&%-E( P,/F+H%F in vivo /0E%- 0/,3 =!U1 '0

,%F+H'-L )L%-E(M (+HG )( 0&)N'-( )-F GDF,/Q+'-/-%(M ),% )N)'&)C&%U =-H% EG% '-'E')&

%&%HE,/- F/-)E'/- P,/F+H%( (+P%,/T'F% )-'/- ,)F'H)&(M EG% ,%(+&E'-L 3/&%H+&% ,%)F'&D



c

P,/P)L)E%( 0,%% ,)F'H)& /T'F)E'/- '- ) N),'%ED /0 C'/&/L'H)& 3/&%H+&%( (+HG )(

&%+K/0&)N'-(M E%E,)GDF,/PE%,'-(M )-F H)E%HG/&)3'-%( W$,'F/N'HGM acgaXM )-F '-)HE'N)E%(

',/-n(+&0+, H/-E)'-'-L H/3P/+-F( W$,'F/N'HGM accfXU =-H% P,/F+H%FM EG%(% 5=2 )EE)HK

&'P'F(M -+H&%'H )H'F(M )-F F)3)L% 3/(E H%&&+&), 3)HG'-%,D W;/%E )-F ;/%EM acc"XU 9G+(M

F%(P'E% EG% %-%,L%E'H )FN)-E)L% L)'-%F 0,/3 +('-L =! )( ) E%,3'-)& %&%HE,/- )HH%PE/,M

H%&&( ),% ,%Q+',%F E/ 3)'-E)'- )- %00'H'%-E F%0%-(% (D(E%3 )L)'-(E 'E( CD1P,/F+HE(U

1.1 The SOD Defense System 

9G,%% 3)\/, %-VD3% (D(E%3( G)N% %N/&N%F '- /TDL%-'H PG/E/)+E/E,/PG( E/ F%)HE'N)E%

5=2S EG% (+P%,/T'F% F'(3+E)(%(M H)E)&)(%(M )-F P%,/T'F)(%( W0/, ,%N'%IM (%% 4()F)

acccXU R%&&( )&(/ 3)'-E)'- ) (+'E% /0 -/-1%-VD3)E'H )-E'/T'F)-E( W'-H&+F'-L H),/E%-/'F(

)-F L&+E)EG'/-%X C+E EG%(% I'&& -/E C% )FF,%((%F G%,% C%H)+(% EG%', HG%3'(E,D L%-%,)&&D

/N%,&)P( I'EG EG% H)E)&)(%( )-F P%,/T'F)(%( W8)&&'I%&&M accc_ B)&&'HK )-F B/G-M !"""XU

2+P%,/T'F% F'(3+E)(%( W2=<(X ),% H/3P,'(%F /0 ab" E/ !!" )3'-/ )H'F ,%('F+%

(+C+-'E( EG)E 0/,3 G/3/1F'3%,'H /, E%E,)3%,'H P,/E%'- H/3P&%T%( IG'HG H//,F'-)E%

(P%H'0'H 3%E)& H/0)HE/,(U 2=< H)E)&DV%( EG% F'(3+E)E'/- /0 EG% (+P%,/T'F% )-'/- ,)F'H)&

'-E/ GDF,/L%- P%,/T'F% )-F 3/&%H+&), /TDL%- )HH/,F'-L E/ W0/, (HG%3%M (%% 9)C&% aU!XS

!=!U1 t !8t" 8!=! t =!M WfX

IG'HG H)- C% )-)&DV%F )( EI/ ,%F+HE'/- G)&0 ,%)HE'/-(S

=! t %1 $ =!U1M WaX

=!U1 t !8t t %1$ 8!=!U WgX

9G% ,%F/T 3%HG)-'(3 E/LL&%( EG% )HE'N% ('E% 3%E)& C%EI%%- ) ,%F+H%F )-F /T'F'V%F 0/,3

W'U%UM %'EG%, F/-)E'-L /, )HH%PE'-L )- %&%HE,/-XU 9G+(M 2=< '( )HE'N% IG%EG%, EG% 3%E)&



a"

H%-E%, '( /T'F'V%F /, ,%F+H%FU $/, %T)3P&%M '0 $%W666X '( P,%(%-E )E EG% )HE'N% ('E%M EG%- EG%

%-VD3% )HE( )( )- /T'F)-E )-F =! '( P,/F+H%FU 60 $%W66X '( P,%(%-EM EG% %-VD3% )HE( )( )

,%F+HE)-E )-F P,/F+H%( 8!=!U 9G'( C)('H ,%F/T C'0+-HE'/-)&'ED G)( C%%- N%,'0'%F 0/, )&&

3%E)&&/0/,3( /0 2=< ,%L),F&%(( /0 EG% 3%E)& H/0)HE/,U 9G% P%,P%E+)& HDH&'-L /0 EG%

,%F/T (E)E% /0 EG% )HE'N% ('E% 3%E)& H/0)HE/, %TP&)'-( IGD 2=< H)E)&D('( P,/H%%F( )E )

-%), F'00+('/-1&'3'E%F ,)E% /0 )PP,/T'3)E%&D a"c B1a!(1aM IG'HG '( 0/+, /,F%,( /0

3)L-'E+F% 0)(E%, EG)- EG% (P/-E)-%/+( F'(3+E)E'/- /0 EG% (+P%,/T'F% )-'/- ,)F'H)&U 9G+(

2=< ,%3/N%( (+P%,/T'F% )-F EG%,%CD P,%H&+F%( EG% F%N%&/P3%-E /0 8)C%,1.%'(( )-F

$%-E/- HG%3'(E,'%( )-F EG%,%0/,%M EG% P,/F+HE'/- /0 %N%- 3/,% ,)F'H)&(U 4&& 2=<(

P,/N'F% EG'( %00'H'%-E F%0%-('N% H)P)C'&'ED F%(P'E% 3)\/, F'00%,%-H%( '- EG%', (E,+HE+,%(U

1.2.1 Iron and Manganese SODs 

J)(%F /- )3'-/ )H'F )&'L-3%-E(M $% )-F B-2=< ),% sb"Z ('3'&), W$,'F/N'HGM accg_

$'-K )-F 2H)-F)&'/(M !""!CX )-F )PP%), E/ G)N% %N/&N%F 0,/3 ) L%-% F+P&'H)E'/- %N%-E

0,/3 ) H/33/- )-H%(E/,U 9G%(% EI/ 2=< EDP%( ),% EDP'H)&&D G/3/F'3%,( /, E%E,)3%,(

EG)E H/-E)'- /-% 3%E)& )E/3 P%, !"" E/ !!" )3'-/ )H'F ,%('F+% (+C+-'E I'EG 3/&%H+&),

3)((%( C%EI%%- ae E/ d" K<) W2E%'-3)-M acg!)XU R%,E)'- 4,HG)%) %TP,%(( ) F+)& 3%E)&

/, H)3C')&'(E'H 2=<_ EG)E '(M EG%D 3)D G)N% %'EG%, $% /, B- )E EG% )HE'N% ('E% '- EG% ()3%

P,/E%'-U .G'&%M EG'( 3)D -/E C% (+,P,'('-L C)(%F /- (E,+HE+,)& ('3'&),'ED E/ C/EG EG%

/C&'L)E% $%2=< )-F B-2=<M 'E '( EG% %TH%PE'/- ,)EG%, EG)- EG% ,+&% W:FI),F %E )&UM

accgXU 6E '( -/E K-/I- '0 EG%,% ),% H)3C')&'(E'H 2=<( '- )&L)%U

4&EG/+LG EG%,% '( G'LG F%L,%% /0 ('3'&),'ED C%EI%%- $%2=< )-F B-2=<M EI/

(P%H'0'H )3'-/ )H'F ,%('F+%( F'00%,%-E')E% EG%3S ,%('F+% ff W7&- '- $%2=< )-F 7&D '-



aa

B-2=<X )-F ae# W4&) '- $%2=< E/ %'EG%, 7&- /, 8'( '- B-2=<X W.%)EG%,C+,-M !""aXU

J)(%F /- (E,+HE+,)& (E+F'%(M EG%(% )3'-/ )H'F ,%('F+%( ),% H,'E'H)& E/ EG% ,%F/T )HE'N'ED /0

EG% 3%E)& H/0)HE/,_ EG+(M IG'&% 'E '( P/(('C&% E/ (+C(E'E+E% $% 0/, B- '- EG% )HE'N% ('E% /0

B-2=< W/, N'H% N%,()XM EG% ,%(+&E'-L H/3P&%T %TG'C'E( &'EE&% /, -/ H)E)&DE'H )HE'N'EDU 9G%

&)HK /0 )HE'N'ED '( &'K%&D F+% E/ (E)-F),F %&%HE,'H)& P/E%-E')& F'00%,%-H%( W:/# N(U >8:M P8

fX W5%-)+&E %E )&UM !"""XU 9G%(% F'00%,%-H%( +-F%,&'% EG% H/-('F%,)C&% F'(E)-H% C%EI%%-

EG% ,%F/T P/E%-E')&( /0 EG% EI/ 3%E)& H%-E%,(U $/, %T)3P&%M EG% )HE'N% ('E% $% ,%F/T

P/E%-E')&M :/#M '( 3+HG &/I%, 0/, $% IG%- $% '( '- EG% )HE'N% ('E% /0 EG% B-2=< P,/E%'-

EG)- '- $%2=< W5%-)+&E %E )&UM !"""XU :/# '( ) EG%,3/FD-)3'H P),)3%E%, EG)E '-F'H)E%(

EG% %-%,L%E'H)&&D 0)N/,%F F',%HE'/- 0/, ) ,%)HE'/-U 60 :/# '( &/I%,%FM $%W666X '( (E)C'&'V%F

IG%- (+C(E'E+E%F '- B-2=< )-F G%-H% EG% )C'&'ED /0 EG% 3%E)& E/ )HH%PE %&%HE,/-( '(

EG%,3/FD-)3'H)&&D '3P%F%F WJ)E'-'H18)C%,&%M !""!_ J)E'-'H18)C%,&% %E )&UM !""eXU 9G%

(+C(E'E+E%F 3%E)& H%-E%, W(E)C'&'V%F )( )- /T'F'V%F (P%H'%(X H)--/E EG%- /T'F'V% =!U1 E/ =!

W/-% /0 EG% EI/ G)&0 ,%)HE'/-( /0 =!U1 F'(P,/P/,E'/-)E'/-_ (%% P,%N'/+( (%HE'/- E%TEXU 9G+(M

3+E)E'/-( '- EG% C'-F'-L ('E% '- 2=<( -/E /-&D ),% H,'E'H)& 0/, 3%E)& (%&%HE'N'EDM C+E

3/F+&)E% /, qE+-%r EG% :/# E/ 0)H'&'E)E% %-VD3)E'H )HE'N'EDU

4- '3P/,E)-E F'00%,%-H% C%EI%%- EG% $% )-F B-2=<( '( EG%', '-E,)H%&&+&),

&/H)E'/- W$'LU aUdXU $%2=< '( EDP'H)&&D &/H)&'V%F '- EG% HG&/,/P&)(E( )-F EG% HDE/P&)(3

W[&'%C%-(E%'- %E )&UM accg_ $'-K )-F 2H)-F)&'/(M !""!CXU 6- H/-E,)(EM B-2=< '( )&3/(E

)&I)D( 0/+-F '- 3'E/HG/-F,') W['E)D)3) %E )&UM accc_ .+ %E )&UM acccXU 9G'( &/H)&'V)E'/-

)PP%),( E/ G)N% HG)-L%F F+,'-L EG% %N/&+E'/-),D ,)F')E'/-( )( (/3% HD)-/C)HE%,')M IG'HG

G)N% C/EG $% )-F B-2=<M G)N% B-2=< '- C/EG P%,'P&)(3'H and EGD&)K/'F 3%3C,)-%(

W8%,C%,E %E )&UM acc!_ RG%- %E )&UM !""a_ *' %E )&UM !""!XM 63P/,E)-E&DM '- HD)-/C)HE%,')M
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EG% 0)HE/, IG'HG F%E%,3'-%( EG% &/H)&'V)E'/- '( )- > E%,3'-)& GDF,/PG/C'HM

E,)-(3%3C,)-% G%&'T E)'& /- EG% B-2=< W4EV%-G/0%, %E )&UM !""!_ 5%L%&(C%,L%, %E )&UM

!""!XU 9G+(M EG% /N%,)&& E%,E'),D (E,+HE+,% /0 $% )-F B-2=<( ,%3)'-( ('3'&),U

1.2.2 Copper-Zinc SODs 

R+Y-2=< G)( F'00%,%-E P,'3),D )-F E%,E'),D (E,+HE+,%( EG)- $%2=< )-F B-2=<M )-F

)&3/(E H%,E)'-&D %N/&N%F '-F%P%-F%-E&DU 9G% R+Y- %-VD3%( G)N% C%EI%%- ab" E/ a#"

)3'-/ )H'F ,%('F+%( P%, (+C+-'E )-F ),% G/3/1F'3%,'H_ %)HG 3/-/3%, G)( ) 3/&%H+&),

I%'LGE C%EI%%- da E/ dd K<) W2E%'-3)-M acg!)_ $,'F/N'HGM accgXU $/, %)HG (+C+-'E EG%,%

'( /-% R+ )-F /-% Y- )E/3M P/E%-E')&&D )&&/I'-L 0/, EI/ )HE'N% ('E%( P%, %-VD3%U 9G'(

%-VD3% '( (E)C&% I'EG ,%P/,E( /0 EG% (%H/-F1/,F%, ,)E% H/-(E)-E WKfX 3)'-E)'-'-L (E)C'&'ED

'- gB +,%) 0/, (%N%,)& G/+,( )E ,//3 E%3P%,)E+,% W2E%'-3)-M acg!)XU 6E H)- )&(/

I'EG(E)-F 3+&E'P&% 0,%%V%hEG)I HDH&%( )-F P,/&/-L%F ,%0,'L%,)E'/- /-H% P+,'0'%FU 9G'(

(E)C'&'ED 3)D ),'(% 0,/3 EG% G'LG L&DH'-% H/-E%-E Wad1afZX IG'HG H/-E,'C+E%( E/ %TE%-('N%

%1P&%)E%F (G%%E H/-0/,3)E'/- WRG%- %E )&UM !""aXU R+Y-2=< '( EDP'H)&&D &/H)&'V%F '- EG%

HG&/,/P&)(E( /0 G'LG%, P&)-E( )-Fh/, 0,%% '- EG% HDE/(/& W.+ %E )&UM acccXW$'LU aUdXU

8/I%N%,M '- 3%E)V/)-(M xaZ /0 E/E)& H%&&+&), R+Y-2=< W'0 P,%(%-EX 3)D C% )HH/+-E%F

0/, '- EG% 3'E/HG/-F,')& '-E%,3%3C,)-% (P)H% W=K)F/1B)E(+3/E/ )-F $,'F/N'HGM !""a_

6-),,%)M !""!X 'E '( EDP'H)&&D 0/+-F (/&+C&% C/EG I'EG '- H%&& HDE/P&)(3 )-F )&(/ '-

%TE,)H%&&+&), (P)H%(U 9G% F'(H/N%,D /0 R+Y-2=< '- P,/K),D/E%( W2E%'-3)-M acg!C_

J)--'(E%, )-F @),K%,M acgb_ 2E%'-3)-M acgb_ J%-/N )-F $,'F/N'HGM acce_ J%-/N )-F

$,'F/N'HGM acc#X %-F%F EG% (P%H+&)E'/- EG)E EG'( 3%E)&&/0/,3 /0 EG% %-VD3% %N/&N%F

C%0/,% EG% F'N%,L%-H% /0 EG% EG,%% F/3)'-( /0 &'0%U 6- P,/K),D/E%(M R+Y-2=< G)( C%%-
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0/+-F '- EG% P%,'P&)(3 /0 &M %M )-F ' P,/E%/C)HE%,')U 9G%,% ),% N%,D 0%I F)E) K-/I-

,%L),F'-L R+Y-2=< '- %+K),D/E'H )&L)% W=K)3/E/ %E )&UM !""aXU



ae
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$'L+,% aUdS 2+CH%&&+&), &/H)&'V)E'/- /0 (+P%,/T'F% F'(3+E)(%(U 9G'( H/-H%PE+)& (HG%3%

(+33),'V%( )&& K-/I- &/H)E'/-( /0 2=<( I'EG'- %+K),D/E'H H%&&(U 4- '3P/,E)-E )EE,'C+E%

/0 2=<( '( EG)E EG)E EG%D ),% P/'(%F )-F ,%)FD )E 3%E)C/&'H EG% ('E% /0 (+P%,/T'F%

P,/F+HE'/-U 2/&+C&% 0/,3( /0 2=< 0/+-F '- EG% HDE/P&)(3 ),% EDP'H)&&D R+Y-2=< '-

%3C,D/PGDE%(U =HH)('/-)&&DM $%2=< H)- C% 0/+-F (/&+C&% C+EM C/EG HDE/P&)(3'H )-F

%TE,)H%&&+&), 2=<( ),% HG),)HE%,'(E'H /0 3+&E'H%&&+&), /,L)-'(3( EG)E G)N% H%&& ('L-)&'-L

P)EGI)D( EG,/+LG IG'HG 5=2 ),% %THG)-L%FU 9G% HG&/,/P&)(E H)- C% )((/H')E%F I'EG $%M

B-M )-Fh/, R+Y-2=<U 6- F')E/3(M B-2=< H)- C% 0/+-F G%,%M 3/(E &'K%&D )((/H')E%F

I'EG EG% &+3%- ('F% /0 @266 W./&0%12'3/- +-P+C&'(G%FXU R+Y-2=< )-F $%2=< 3)D 0'&&

EG% ()3% ,/&% /- EG% (E,/3)& ('F% /0 @26M I'EG EG% 0/,3%, F/3'-)-E&D 0/+-F '-

%3C,D/PGDE%( )-F HG),/PGDE%( )-F EG% &)EE%, '- EG% HD)-/C)HE%,')M HG&/,/PGDE%(M )-F

F'-/0&)L%&&)E%(U B+HG ,%(%),HG '( (E'&& -%%F%F E/ H/3P&%E%&D +-F%,(E)-F EG% 2=<( I'EG '-

/EG%, )&L)& P&)(E'F(U 9G% 3'E/HG/-F,') G)N% B-2=< )&3/(E %TH&+('N%&DU >/ /EG%, 2=<

G)( C%%- 0/+-F )((/H')E%F I'EG EG%(% /,L)-%&&%( '- PG/E/(D-EG%E'H )+E/E,/PG(
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1.2.3 Nickel SODs 

9G% >'2=< G)( ) H/3P&%E%&D F'00%,%-E (E,+HE+,% 0,/3 %'EG%, EG% $% /, B-2=<( /, EG%

R+Y-2=<(_ 'E I)( 0',(E F'(H/N%,%FM H&/-%F )-F HG),)HE%,'V%F '- EG% C)HE%,')& L%-+(M

Streptomyces W`/+- %E )&UM acc#_ J),/-F%)+ %E )&UM !""e_ .+%,L%( %E )&UM !""eXU

4FF'E'/-)&&DM ) (+,N%D /0 )N)'&)C&% L%-/3%( (+LL%(E( EG'( 0/,3 /0 2=< 3)D C% )HE'N% '-

P,/K),D/E'H )&L)% )( I%&& W$'LU aUeX W@)&%-'K %E )&UM !""dXU 7'N%- EG)E EG% 3/(E )C+-F)-E

HD)-/C)HE%,') /- :),EG ),% Prochlorococcus (PU )-F Synechococcus (PUM 2=< 3)D ,%N%)&

) 3)\/, L&/C)& '3P/,E)-H% 0/, -'HK%& W@),E%-(KD %E )&UM accc_ @)&%-'K %E )&UM !""dXU

1.3 Objectives of dissertation research

2=<( ,%P,%(%-E ) P),)&/L/+( L,/+P /0 'F%-E'H)& 0+-HE'/-'-L %-VD3%( /0 IG'HG /-&D EI/

),% %N/&+E'/-),'&D ,%&)E%FU 9G% +(% C'/L%/HG%3'H)&&D '3P/,E)-E 3%E)&( )E EG% )HE'N% ('E%

)-F ),% N'E)& E/ EG% (+,N'N)& /0 &'0%U 4&L)%M (P%H'0'H)&&D EG% (%H/-F),D ,%F P&)(E'F1

H/-E)'-'-L &'-%)L%(M ),% ) ,%&)E'N%&D ,%H%-E&D %N/&N%F L,/+P /0 /,L)-'(3( EG)E G)N%

%TE,%3%&D F'N%,(% )-F 0&%T'C&% &'0%(ED&%(U 4&L)% )-F 2=<( ),% )- 'F%)& 3/F%& (D(E%3 E/

P,/C% ) N),'%ED /0 P,/0/+-F PGD('/&/L'H)& )-F %N/&+E'/-),D Q+%(E'/-(U 2P%H'0'H)&&DM EG'(

F'((%,E)E'/- I'&& )FF,%(( EG% 3/&%H+&), %H/&/LD /0 EG'( 3/F%& (D(E%3 +('-L ) N),'%ED /0

3/&%H+&), C'/&/LDM C'/HG%3'H)& )-F PGD&/L%-%E'H E%HG-'Q+%(U RG)PE%, EI/ ,%N'%I( IG)E

'( K-/I- )C/+E 2=<( '- P,/K),D/E'H )-F %+K),D/E'H PG/E/)+E/E,/PG( )-F I'&& '-'E')E% )-

%N/&+E'/-),D F'(H+(('/-U RG)PE%, EG,%% %TP&/,%( EG% PGD('/&/L'H)& F%E)'&( /0 B-2=< '-

EG% F')E/3 Thalassiosira pseudonanaU 4-F 0'-)&&DM RG)PE%, 0/+, I'&& 0/H+( /- EG%

3/&%H+&), PGD&/L%-D /0 EG% $%1 )-F B-2=< 0)3'&D )-F %TP)-F /- EG% %N/&+E'/-),D
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F'(H+(('/- )0E%, EG% F%E)'&( /0 EG% 3/&%H+&), )-F C'/HG%3'H)& -)E+,% /0 2=<( G)( C%%-

%TP&/,%FU

   6- P),E'H+&),M EG'( F'((%,E)E'/- (%%K( E/ )FF,%(( EG% 0/&&/I'-L Q+%(E'/-(S

Question 1) What are the SOD enzymes expressed in diatoms and is there evidence for 

them conferring a selective advantage to diatoms? </ F')E/3( G)N% ) +-'Q+% 2=<

P,/0'&%y </ F')E/3 2=<( ,%0&%HE -/N%& +(% /0 EG% C'/L%/HG%3'H)&&D 3%E)& H/0)HE/,( '-

2=<(y .G)E /,L)-%&&%( ),% F')E/3 2=<( F',%HE%F E/I),F(y 8/I F/%( EG% %-N',/-3%-E

)00%HE 2=< %TP,%(('/- P)EE%,-( '- F')E/3(y 6 GDP/EG%('V% EG)E '-F%%F 3),'-% F')E/3(

I'&& (G/I +-'Q+% P)EE%,-( /0 2=< %TP,%(('/- )-F EG)E EG'( %TP,%(('/- G)( G%&P%F EG%',

%H/&/L'H)& (+HH%((U

Question 2) Do SODs contribute to the historical rise and modern oceanic ecological 

success of the secondary red plastid-containing eukaryotes including diatoms? .G)E '(

EG% PGD&/L%-%E'H P/('E'/- /0 (%H/-F),D ,%F P&)(E'F1H/-E)'-'-L /,L)-'(3( I'EG ,%(P%HE E/

2=<y R)- I% )((%( IG)E %TE%-E EG% 2=< H/0)HE/, 3%E)& C'/L%/HG%3'(E,D )00%HE( EG%

%N/&+E'/- /0 EG%(% /,L)-'(3(y 6( EG'( '3P/,E)-E E/ (%H/-F),D ,%F )&L)%y </%( EG%

(+CH%&&+&), &/H)&'V)E'/- /0 2=< '- F')E/3( G)N% '3P&'H)E'/-( 0/, EG% 3/&%H+&), %N/&+E'/-

/0 EG'( L,/+P /0 )&L)%y 6 GDP/EG%('V% EG)E EG% PGD&/L%-%E'H )-)&D(%( /0 F')E/3 )-F /EG%,

(%H/-F),D ,%F1P&)(E'F H/-E)'-'-L /,L)-'(3( I'&& (G/I ) +-'Q+% )-F P/&DPGD&%E'H /,'L'- E/

EG% (%H/-F),D ,%F &'-%)L% /0 )&L)%U
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$'L+,% aUeS @GD&/L%-%E'H E,%% /0 >'2=< L%-%(U >'2=<( G)N% C%%- C'/HG%3'H)&&D

HG),)HE%,'V%F '- EG% EI/ Streptomyces (PU (G/I-U 9G% HD)-/C)HE%,') (%Q+%-H%(

,%P,%(%-E%F G%,% ),% F%,'N%F 0,/3 L%-/3'H F)E)M C+E -/ C'/HG%3'H)& /, PGD('/&/L'H)& F)E)

),% D%E )N)'&)C&% 0/, EG% )HE'N'ED /0 >'2=<( '- HD)-/C)HE%,')U 6-E%,%(E'-L&DM C/EG

Prochlorococcus (PU (E,)'-( (G/I- P/((%(( /-&D EG% L%-% 0/, >'2=<1 EG%D F/ -/E H/-E)'-

L%-%E'H '-0/,3)E'/- 0/, )-D /EG%, K-/I- 0/,3 /0 2=<U 9G% %N/&+E'/-),D ('L-'0'H)-H% /0

>'2=<( '( -/E D%E H&%), C+EM EG% '-H,%)(% '- L%-/3'H F)E) I'&& G%&P ,%(/&N% EG'( '((+%U

9G'( 3)D P,/N% E/ C% ) 3)\/, ('-K 0/, >' '- %-N',/-3%-E( IG%,% EG%(% ),% EG% F/3'-)-E

/,L)-'(3(U 9G'( +-,//E%F E,%% I)( L%-%,)E%F +('-L EG% 7%-%E'H <)E)C)(% :-N',/-3%-E

W7<:X (%Q+%-H% )&'L-3%-E %F'E/, W23'EG %E )&UM acceX C)(%F /- ) <>4 3)T'3+3
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&'K%&'G//F )PP,/)HG +('-L 0)(E<>43& W$%&(%-(E%'-M acga_ =&(%- %E )&UM acceXM EG%

C,)-HG'-L P)EE%,- '( (+PP/,E%F CD C//E(E,)P )-)&D('( Wa"" ,%P&'H)E%(XU 9G% E,%% G)( C%%-

3/F'0'%F 0/, H&),'EDU 4HH%(('/- -+3C%,( ),% L'N%- 0/, EG% Streptomyces (PU )-F =5$

'F%-E'0'H)E'/- -+3C%,( ),% L'N% 0/, )&& EG% HD)-/C)HE%,')U 2H)&% C), ,%P,%(%-E( EG% -+3C%,

/0 (+C(E'E+E'/-( P%, -+H&%/E'F% ('E%U
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Table 1.1: The four one-electron reactions for the reduction of O2 to H2O in aqueous 
solution and the corresponding reduction potentials. 

:z{ W; N(U >8:M P8 fX
=! t %1 ! =!U1 1"Udd
=!U1 t %1 t !8t ! 8!=! t"Ugc
8!=! t %1 t 8t ! 8!= t =8 t"Udg
=8 t %1 t 8t ! 8!= t!Uda
$,/3 W8/ %E )&UM accbCX
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Table 1.2. The basic superoxide dismutase ping-pong mechanism  
W)0E%, $)&H/-' %E )&UM !""!X

.G%,%S

Ka o (%H/-F1/,F%, )((/H')E'/- ,)E%
K1a o 0',(E1/,F%, %-VD3%1(+C(E,)E% F'((/H')E'/- H/-(E)-E
K! o 0',(E1/,F%, H)E)&DE'H ,)E% H/-(E)-E

kf = k2 / Km = k1k2 / (k-1 + k2) 

IG%,%S
Kf   o (%H/-F1/,F%, ,)E% H/-(E)-E
[3 o B'HG)%&'(1B%-E%- H/-(E)-E

!-F /,F%, H)E)&DE'H ,)E% WKH)Eh [3X ( a"c B1a (%H1a
-/E%S EG% H)E)&DE'H P,/H%(( '( F'00+('/- &'3'E%F_ EG)E '(M Kf o Ka C%H)+(% K! | K1a

SOD + O2
.-             SOD-O2

.-        products
k1

k-1

k2
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2.0 Review of SODs in Prokaryotic and Eukaryotic Algae 

Abstract 

2+P%,/T'F% F'(3+E)(%( W2=<X H)E)&DV% EG% F'(P,/P/,E'/-)E'/- /0 EG% P/E%-E')&&D

F%(E,+HE'N% (+P%,/T'F% )-'/- ,)F'H)& W=!U1M ) CD1P,/F+HE /0 )%,/C'H 3%E)C/&'(3X E/

3/&%H+&), /TDL%- )-F GDF,/L%- P%,/T'F%S

!=!U1 t !8t" 8!=! t =!

J)(%F /- 3%E)& H/0)HE/,(M 0/+, K-/I- 3%E)&&/0/,3( /0 2=< %-VD3%( G)N% C%%-

'F%-E'0'%FS EG%D H/-E)'- %'EG%, $%M B-M R+ )-F Y-M /, >'U =,EG/&/L( /0 )&& 3%E)&&/0/,3(

),% P,%(%-E '- /TDL%-'H PG/E/)+E/E,/PG(U 9G% %TP,%(('/- /0 2=< '( G'LG&D ,%L+&)E%FM

I'EG (P%H'0'H 3%E)&&/0/,3( P&)D'-L )- '-F+H'C&%M P,/E%HE'N% ,/&% 0/, (P%H'0'H H%&&+&),

H/3P),E3%-E(U 9G% N),'/+( 3%E)&&/0/,3( /0 2=< ),% -/E F'(E,'C+E%F %Q+)&&D I'EG'-

%'EG%, HD)-/C)HE%,') /, %+K),D/E'H )&L)%U 9DP'H)&&DM HD)-/C)HE%,') H/-E)'- %'EG%, )

>'2=< )&/-%M /, H/3C'-)E'/-( /0 B- )-F >'M /, $% )-F B- 3%E)&&/0/,3( WR+Y- '( ,),%

)3/-L EG% HD)-/C)HE%,')XU 9G% C)H'&&),'/PGDE%( )-F ,G/F/PGDE%( ,%E)'- )- )HE'N%

B-2=<M IG'&% EG% HG&/,/PGDE%(M G)PE/PGDE%(M )-F %3C,D/PGDE%( G)N% %'EG%, $%2=<M /,

3+&E'P&% H/3C'-)E'/-( /0 $%M B-M )-F R+Y-2=<(U >'2=< '( ) ,%&)E'N%&D -/N%& 2=< )-F

G)( C%%- L%-%,)&&D %TH&+F%F 0,/3 %N/&+E'/-),D )-)&D(%(U 6- C/EG HD)-/C)HE%,') )-F

HG&/,/PGDE% )&L)%M EG% $%2=< 3%E)&&/0/,3 )PP%),( E/ C% )((/H')E%F I'EG PG/E/(D(E%3 6

W@26XM IG%,% 'E( P,'3),D ,/&% '( 3/(E &'K%&D E/ F%)HE'N)E% ,%)HE'N% /TDL%- P,/F+H%F CD EG%

B%G&%, ,%)HE'/-U 9G% R+Y-2=< )&(/ )PP%),( E/ C% )((/H')E%F I'EG EG% P&)(E'FM C+E '(

PGD&/L%-%E'H)&&D 3/,% ,%(E,'HE%F '- 'E( F'(E,'C+E'/-U 6- %+K),D/E'H )&L)%M 2=<( ),% )&&

-+H&%), %-H/F%F )-FM C)(%F /- -+H&%/E'F% (%Q+%-H%M P,/E%'- (E,+HE+,%(M )-F PGD&/L%-%E'H

F'(E,'C+E'/-(M )PP%), E/ G)N% +-'Q+% %N/&+E'/-),D G'(E/,'%( ),'('-L 0,/3 EG% &)E%,)& L%-%
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E,)-(0%, /0 EG,%% F'(E'-HE L%-%( E/ EG% -+H&%+( )0E%, EG% %-F/(D3C'/E'H )HQ+'('E'/- /0

3'E/HG/-F,') )-F P&)(E'F(U 9G% N),'%F PGD&/L%-%E'H G'(E/,'%( )-F (+CH%&&+&),

&/H)&'V)E'/-( (+LL%(E ('L-'0'H)-E&D F'00%,%-E (%&%HE'/- /- EG%(% 2=< 3%E)&&/0/,3(

0/&&/I'-L EG% %-F/(D3C'/-E /,L)-%&&%1E/1G/(E L%-% E,)-(0%,U

 

2.1 Environmental Regulation of SODs in Algae 

2.1.1 Visible Light Stress

4&EG/+LG EG% C'/&/LD /0 N'('C&% We""1f"" -3X &'LGE (E,%(( G)( C%%- )- ),%) /0 )HE'N%

,%(%),HG 0/, N)(H+&), P&)-E (D(E%3( /N%, EG% &)(E EI/ F%H)F%(M EG% '3P)HE /0 G'LG

',,)F')-H% /- EG% %H/&/LD /0 )&L)% G)( C%%- +-F%,1%3PG)('V%F WR+&&%- )-F *%I'(M accbXU

;%,D 0%I (E+F'%( G)N% C%%- H/-F+HE%F /- )&L)& H+&E+,%( L,/I- )E ',,)F')-H% N)&+%(

L,%)E%, EG)- a""" "3/&!31!!(1a W0/, ,%0%,%-H% EG% 3)T'3+3 (/&), ',,)F')-H% /- :),EG )E

&/H)& -//- '( !!"" }3/&!31!!(1aXM IG'HG '( +-0/,E+-)E% )( EG% 3)\/,'ED /0 EG% /H%)-

PG/E/(D-EG%E'H H),C/- 0'T)E'/- /0E%- '( &'LGE1()E+,)E%F W$)&K/I(K' )-F 5)N%-M accfXU

9G%(% G'LG &'LGE &%N%&( H)- (+PP,%(( PG/E/(D-EG%E'H ,)E%( F+% E/ EG% PG/E/HG%3'H)&

P,/F+HE'/- /0 5=2 in vivoM IG'HG H)- F)3)L% EG% PG/E/(D-EG%E'H )PP),)E+( WR,'EHG&%DM

acce_ >'HK%&(%- )-F 5/HG)'TM acce_ 9%&0%, )-F J),C%,M acceXU

6,,)F')-H% %TP%,'3%-E( (G/I%F EG)E F'00%,%-E 3%E)&&/0/,3( /0 2=< G)N% (%&%HE'N%

'-F+H'C&% P,/E%HE'N% 0+-HE'/-( ,%&)E%F E/ EG%', (+CH%&&+&), F'(E,'C+E'/-U 4( F%(H,'C%F

)C/N%M '- HD)-/C)HE%,')M B-2=< '( EDP'H)&&D %3C%FF%F '- 3%3C,)-%( IG'&% $%2=< '(

(/&+C&%U 2E+F'%( +('-L ) N),'%ED /0 3+E)-E(M '-G'C'E/,(M )-F &'LGE H/-F'E'/-( G)N%

F%3/-(E,)E%F EG)E $%2=< '( )((/H')E%F I'EG EG% PG/E/P,/E%HE'/- /0 @26 W8%,C%,E %E )&U

acc!M 9G/3)( %E )&U accgXU $'%&F F)E) )&(/ '&&+(E,)E%F EG% (%&%HE'N% P,/E%HE'N% 0+-HE'/-(
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0/, EG% 2=<(M )( $%2=< I)( &),L%&D )((/H')E%F I'EG -'E,/L%-10'T'-L G%E%,/HD(E( IG'HG

/-&D H/-E)'- @26 WR)-'-' %E )&UM accgXU 2P%H'0'H)&&DM H%&&( %TP/(%F E/ G'LG%, ',,)F')-H%(

(G/I%F ) F,)3)E'H '-H,%)(% '- 2=< )HE'N'ED )-F H/-E%-EU 9G+(M F'00%,%-E 3%E)&&/0/,3( /0

2=< P,/E%HE F'00%,%-E H%&&+&), P,/E%'-( )-F H)- P,/N'F% )- in vivo E//& E/ (E+FD H%&&+&),

,%(P/-(%( E/ /T'F)E'N% (E,%(( W*%((%, )-F 2E/HG)\M acc"XU

2.1.2 Ultraviolet Radiation

?;1J W!g"1d!" -3X ,)F')E'/- '-G'C'E( @266 I'EG'- EG% PG/E/(D-EG%E'H 3)HG'-%,D W6I)-V'K

%E )&UM acgd_ [+&)-F)'N%&+ )-F >//,+-F%%-M acgd_ 7,%%-C%,L %E )&UM acgc_ 5%-L%, %E )&UM

acgc_ 2HG/0'%&F %E )&UM acceX CD F%L,)F'-L EG% <ahd! K<) P,/E%'- H/3P&%T W7,%%-C%,L %E

)&UM acgc_ 5'HGE%, %E )&UM acc"_ B%&'( %E )&UM acc!_ O)-(%- %E )&UM accdXU J%H)+(% EG%

Q+'-/-%(M IG'HG ),% '-E%L,)& P,/(EG%E'H H/3P/-%-E( /0 @266M )C(/,C ?;1J &'LGE

W7,%%-C%,L %E )&UM acgc_ B%&'( %E )&UM acc!_ O)-(%- %E )&UM accdXM 'E G)( C%%- GDP/EG%('V%F

EG)E F)3)L% /HH+,( C%D/-F EG% PG/E/(D-EG%E'H ,%)HE'/- 3/&%H+&%M P,/C)C&D )E EG% P,'3),D

W~4X )-F (%H/-F),D W~JX Q+'-/-% %&%HE,/- )HH%PE/,( '- EG% ,%)HE'/- H%-E%,( W@,)('& %E )&UM

acc#XU

6- C/EG L,%%- )&L)% )-F F')E/3(M 2=<( %TG'C'E ) F/(%1F%P%-F%-E ,%L+&)E'/- '-

,%(P/-(% E/ ?;1J ,)F')E'/- WB)&)-L) )-F @+-E),+&/M accb_ B)&)-L) %E )&UM accf_

5'\(E%-C'&M !""!XU 6-E%,%(E'-L&DM EG% 5=2 P,/F+H%F I'EG ?;14 W?;14M d!"1e""-3X F/

-/E (E'3+&)E% ) ('L-'0'H)-E '-H,%)(% '- 2=<U 9G%,%0/,%M EG% F'00%,%-H%( '- EG% P,/E%HE'N%

,%(P/-(% '- -/-1%-VD3)E'H )-E'/T'F)-E( )-F 2=< P,/C)C&D ,%0&%HE EG% (P%H'0'H )-F

F'00%,%-E E),L%E ('E%( /0 EG% ?;14 )-F ?;1J F)3)L% W5'\(E%-C'&M !""!M !""dXU
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2.1.3 Nutrient Stress 

=T'F)E'N% (E,%(( /HH+,( +-F%, -+E,'%-E &'3'E)E'/- )( H%&&+&), 3%E)C/&'H ,)E%( ),% F'(,+PE%F

)-F EG% H%&&+&), (H)00/&F'-L F%L,)F%(U $/, %T)3P&%M PG/E/(D-EG%E'H 3)HG'-%,DM IG'HG

,%P,%(%-E( ) ('L-'0'H)-E 0,)HE'/- /0 EG% E/E)& H%&&+&), P,/E%'-M '( E,)-(&)E'/-)&&D '3P)',%F

)-F H%&&+&), H/3P/-%-E( ),% H)E)C/&'V%F E/ 3)'-E)'- PG/E/(D-EG%E'H )HE'N'ED W$)&K/I(K'

)-F 5)N%-M accfXU J%H)+(% H%,E)'- K%D H/-(E'E+%-E( /0 @266 ,%)HE'/- H%-E%,( ),%

F%(E,/D%FM )-F '-(E%)F /0 F,'N'-L PG/E/(D-EG%('(M )C(/,C%F &'LGE '( F'(('P)E%F N')

)&E%,-)E'N% P)EGI)D( )-F 0,%Q+%-E&D &%)F( E/ EG% P,/F+HE'/- /0 5=2U 4FF'E'/-)&&DM +-F%,

)H+E% -+E,'%-E &'3'E)E'/-M EG% ,%(P',)E/,D F%L,)F)E'/- /0 H%&&+&), P,/E%'-( )-F 3%3C,)-%(

H)- &%)F E/ EG% P,/F+HE'/- /0 5=2 (P%H'%(U 6- HD)-/C)HE%,')M -'E,/L%- &'3'E)E'/- ,%(+&E%F

'- )- '-H,%)(% '- $%2=< %TP,%(('/- %TH&+('N%&D )((/H')E%F I'EG @26 '- G%E%,/HD(E(M C+E -/

HG)-L% '- B-2=< W*'+ %E )&UM !"""_ *' %E )&UM !""!XU

2.1.4 Metal Toxicity 

:TH%(( 0,%% 3%E)& '/-( H)- '-'E')E% $%-E/- ,%)HE'/-( W0/, ,%N'%I (%% @'-E/ %E )&UM !""dXU

B)-D HD)-/C)HE%,') G)N% C%%- (G/I- E/ P,/F+H% %TE,)H%&&+&), 3%E)& HG%&)E/,( EG)E (%,N%

C/EG )( -+E,'E'N% WE/ 3/F+&)E% EG% +PE)K% /0 3'H,/-+E,'%-E E,)H% 3%E)&(X )-F )-E'/T'F)-E

C+00%,( WE/ P,%N%-E $%-E/- HG%3'(E,DX W4G-%, )-F B/,%&M accb_ B),E'-%V %E )&UM !"""XU

4&EG/+LGM '-E,)H%&&+&), HG%&)E'/- '( ) 3)\/, P,%N%-E'N% 3%HG)-'(3 '- 3)-D /,L)-'(3(M

EG'( PG%-/3%-/- '( P//,&D +-F%,(E//F '- )&L)%U 9G% 3/(E H/3P,%G%-('N% L,/+P /0 3%E)&

E/T'H'ED (E+F'%( %T)3'-%F N),'/+( 2=< ,%(P/-(%( +-F%, C/EG )H+E% )-F HG,/-'H 3%E)&

H/-F'E'/-( W=K)3/E/ %E )&UM acc#_ =K)3/E/ )-F R/&%P'H/&/M accg_ =K)3/E/ %E )&UM !""a_

=K/3/E/ %E )&UM !""aXU 6- F'-/0&)L%&&)E%(M &%EG)& 3%E)& &%N%&(M 3/(E -/E)C&D R+M %&'H'E%F )

bdZ '-H,%)(% '- E/E)& 2=< )HE'N'ED I'EG'- G/+,( /0 %TP/(+,% )-F I)( 3',,/,%F CD
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'-H,%)(%F &'P'F P%,/T'F)E'/-U 9G% (P%H'0'H ,%(P/-(%M G/I%N%,M N),'%F F%P%-F'-L /- 3%E)&

W=K)3/E/ %E )&UM !""a_ =K/3/E/ %E )&UM !""aXU B%E)& (E,%(( )&(/ '-'E')E%F )- '-H,%)(% '-

35>4 E,)-(H,'PE &%N%&( /0 sodJ WIG'HG %-H/F%( $%2=<XM G/I%N%,M EG% E,)-(&)E'/- /0

EG%(% E,)-(H,'PE( )PP%),%F E/ C% ,%L+&)E%F CD ) H',H)F')- ,GDEG3M (/ EG)E H/-H&+('N%

%N'F%-H% 0/, EG% F',%HE ,%L+&)E'/- /0 $%2=< CD 5=2 G)( D%E E/ C% F%3/-(E,)E%FU

5%(P/-(%( E/ G'LG 3%E)& H/-H%-E,)E'/-( G)N% )&(/ C%%- 0/+-F '- F')E/3( )-F L,%%- )&L)%

W5'\(E%-C'& %E )&UM acce_ R)-'-' %E )&UM accgXU

2.2 Algal SODs in an Evolutionary Context 

9G%,% ),% EG,%% P/(('C&% (/+,H%( /0 EG% (%P),)E% 2=< L%-%( '- %+K),D/E'H )&L)%S aX )-

),HG%V//- W'U%UM EG% P,/E/%+K),D/E'H G/(E EG)E %T'(E%F C%0/,% EG% )HQ+'('E'/- /0 /,L)-%&&%(XM

!X &)E%,)& L%-% E,)-(0%, 0,/3 EG% L%-/3% /0 EG% F/-/,( /0 /,L)-%&&%( E/ EG% G/(E H%&&M )-F

dX &)E%,)& L%-% E,)-(0%, '-F%P%-F%-E /0 /,L)-%&&% )HQ+'('E'/- WB),E'- )-F 5+((%&&M !""dXU

4&& 3'E/HG/-F,') &'K%&D /,'L'-)E%F 0,/3 ) H/33/- %+C)HE%,')& )-H%(E/, C%&/-L'-L

E/ EG% &1P,/E%/C)HE%,')M IG'HG I)( )HQ+',%F CD )- ),HG%/V//- EG,/+LG ) ('-L&%

%-F/(D3C'/E'H %N%-E W7,)D %E )&UM acccXU 6- H/-E,)(EM EG% /,'L'- /0 P&)(E'F( '( 3/,% F'N%,(%

W<%&I'HG%M accc_ @)&3%,M !""dXU @,'3),D P&)(E'F( ),% F%,'N%F 0,/3 EG% %-F/(D3C'/E'H

)HQ+'('E'/- /0 HD)-/C)HE%,') )-F 0/+-F '- HG&/,/PGDE%(M P,)('-/PGDE%(M ,G/F/PGDE%(M )-F

%3C,D/PGDE%(M IG'&% (%H/-F),D P&)(E'F( I%,% )HQ+',%F 0,/3 P,'3),D P&)(E'F )&L)%

EG,/+LG ) 0%I %-F/(D3C'/E'H %N%-E( '-N/&N'-L (%N%,)& G%E%,/E,/PG'H %+K),D/E'H H%&&(U

2%H/-F),D P&)(E'F )&L)& PGD&)M 0/, IG'HG 2=< L%-%E'H F)E) ),% )N)'&)C&%M '-H&+F% ) F')E/3

WJ)H'&&),'/PGDH%)%M %ULU Thalassiosira pseudonanaXM ) G)PE/PGDE% W%ULU Emiliania huxleyiX

)-F F'-/0&)L%&&)E%( W<'-/PGDH%)%M %ULU Lingulodinium polyedrumX W=K)3/E/ )-F

R/&%P'H/&/M accg_ =K)3/E/ %E )&UM !""a_ =K/3/E/ %E )&UM !""a_ 4,3C,+(E %E )&UM !""eXU
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4( P),E /0 %-F/(D3C'/E'H P,/H%((%(M L%-% E,)-(0%,( /HH+,,%F 0,/3 EG% %-F/(D3C'/-E

L%-/3%W(X E/ EG% G/(E -+H&%+( '-H&+F'-L L%-%( %-H/F'-L 0/, 2=<U

$'L+,% aU! (G/I( )&& K-/I- 2=<( (+P%,'3P/(%F /N%, EG% E,%% /0 &'0%U $%2=<(

F/3'-)E% EG% 4,HG)%) '-H&+F'-L ) 0%I H)3C')&'(E'H %-VD3%( EG)E HG)-L% F%P%-F'-L /-

%-N',/-3%-E)& H/-F'E'/-(U 9G% B-2=< L%-%M sod4M '( 3/,% I'F%&D F'(E,'C+E%F '- EG%

C)HE%,') )-F %+K),D/E)U B/(E /,L)-'(3( EG)E P/((%( B-2=< )&(/ G)N% %'EG%, $%2=<M

R+Y-2=<M /, )&& EG,%%U 63P/,E)-E %TH%PE'/-( E/ EG'( ),% EG% L,%%- -/-1(+&0+, C)HE%,')

W7>2JXM ,G/F/PGDE%( )-F F')E/3(U R+Y-2=<( ),% I'F%&D P,%(%-E /N%, EG% %-E',% E,%%U

.% 0',(E H/-('F%, EG% F'(P%,()& /0 EG% $% )-F B-2=< L%-%( C)(%F /- )N)'&)C&% L%-%E'H

)-F C'/HG%3'H)& F)E)U

@GD&/L%-%E'H E,%%( (+LL%(E EG)E $% )-F B-2=< ),% F%,'N%F 0,/3 ) H/33/-

)-H%(E/, N') ) L%-% F+P&'H)E'/- %N%-E W$'LU !UaXU 9G% $%2=< H&+(E%, H/-E)'-( EG% C)()&

%+K),D/E'H L,/+PM P),)C)()&'F(M IG'HG F/ -/E )PP%), E/ G)N% 3'E/HG/-F,')U 9G'( H&+(E%,

EG%- F'N'F%( '-E/ ) (E,/-L&D (+PP/,E%F L,/+P H/-E)'-'-L L,%%- P&)-E( %TH&+('N%&D )-F )

F'N%,(% L,/+P H/-E)'-'-L HD)-/C)HE%,')M EG% L,%%- (+&0+, C)HE%,'+3 W72JX

Chlorobium tepidumM P,/E%/C)HE%,') )-F %+K),D/E%( WE. huxleyiM )&N%/&)E%(XU

6-E%,%(E'-L&DM F'-/0&)L%&&)E% )-F /EG%, )&N%/&)E% 2=<( )PP%),M '- EG'( H/-E%TEM E/ G)N%

C%%- F%,'N%F 0,/3 P,/E%/C)HE%,')U 4 ('3'&), ('E+)E'/- '( 0/+-F '- 3/(E F'-/0&)L%&&)E%(

IG'HG H/-E)'- EG% EDP% ! 5+C'(H/M )PP),%-E&D )HQ+',%F 0,/3 &1P,/E%/C)HE%,') CD &)E%,)&

L%-% E,)-(0%, W<%&I'HG% )-F @)&3%,M acc#XU 9G'( F'00%,( 0,/3 /EG%, P&)(E'F E),L%E%F

P,/E%'-(M (+HG )( L&DH%,)&F%GDF%1d1PG/(PG)E% F%GDF,/L%-)(% W74@<8XM IG%,%
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$'L+,% !UaS ?-,//E%F PGD&/L%-%E'H E,%% 0/, ',/- )-F 3)-L)-%(% (+P%,/T'F% F'(3+E)(%

P,/E%'-(U 9G% PGD&/L%-%E'H H&+(E%,( ,%0&%HE EG% %N/&+E'/-),D G'(E/,D /0 EG%(% -+H&%),

%-H/F%F L%-%(U 9G% B-2=< C,)-HG%( 0/&&/I ) 3'E/HG/-F,')& /,'L'- IG'&% EG% $%2=<

P)EE%,-( ),% &'K%&D F+% E/ /,'L'-)E'-L 0,/3 EG% P&)(E'F (D3C'/-EU $%2=< &'K%&D F%,'N%F
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0,/3 EG% )-H%(E,)& P,/L%-'E/,( /0 @26 '- HD)-/C)HE%,')M EG% 72JU 6-E%,%(E'-L&DM B-2=<

3)D G)N% /,'L'-)E%F 0,/3 EG% P,/E%/C)HE%,')& (/+,H% /0 @266M IG'HG '( )&(/ )((/H')E%F

I'EG EG% /,'L'- /0 3'E/HG/-F,')U 2%% E%TE 0/, 0+&& F'(H+(('/-U 2=< )3'-/ )H'F (%Q+%-H%(

I%,% )&'L-%F +('-L R*?294*A W9G/3P(/- %E )&UM acce_ 9G/3P(/- %E )&UM accfX )-F EG%

7%-%E'H <)E) :-N',/-3%-E W7<:X W23'EG %E )&UM acceX 3+&E'P&% (%Q+%-H% %F'E/,U 4

3)T'3+31&'K%&'G//F E,%% I)( H/-(E,+HE%F +('-L @8`B* W7+'-F/- )-F 7)(H+%&M !""dX

%3P&/D'-L )- %3P','H)& 3/F%& /0 %N/&+E'/- W.G%&)- )-F 7/&F3)-M !""aX )-F EG%

C,)-HG'-L P)EE%,- '( (+PP/,E%F CD C//E(E,)P )-)&D('( Wa"" ,%P&'H)E%(XU 9G% (H)&%

,%P,%(%-E( EG% %TP%HE%F -+3C%, /0 (+C(E'E+E'/-( P%, )3'-/ )H'F P/('E'/-U 9G% E,%% G)(

C%%- 3/F'0'%F 0/, H&),'EDU $%2=< ,%P,%(%-E)E'N%( ),% '-F'H)E%F I'EG 3)L%-E) C,)-HG%(

IG'&% B-2=< ,%P,%(%-E)E'N%( ),% '- HD)-U 2P%H'%( E%TE H/&/, K%DS L,%%- n HG&/,/PGDE%(

)-F G'LG%, P&)-E(M ,%F n ,G/F/PGDE%(M )Q+) n HD)-/C)HE%,')M C,/I- n HG,/3/PGDE% )&L)%U

4HH%(('/- -+3C%,( /0 EG% (%Q+%-H%( ),% -%TE E/ %)HG E)T)U
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PGD&/L%-'%( (+LL%(E )&& (%H/-F),D P&)(E'F E),L%E%F L%-%( G)N% ) H/33/- P,'3),D P&)(E'F

/,'L'- W9)K'(G'E) %E )&UM !""eXU

9G% B-2=< H&+(E%, F'N'F%( '-E/ EI/ 3/F%,)E%&D (+PP/,E%F ('(E%, L,/+P( W$'LU

!UaXU 9G% 0',(E C,)-HG%( '-E/ EI/ ('(E%, H&+(E%,(M /-% H/-E)'-'-L :+,D),HG%/E) )-F EG% &1

P,/E%/C)HE%,'+3M BradyrhizobiumM )-F EG% (%H/-F '-H&+F%( %+K),D/E'H L,/+P( WB%E)V/)M

0+-L'M G'LG%, P&)-E(M L,%%- )-F ,%F )&L)%M )-F H'&')E%(XU 4HH/,F'-L&DM )-F '- )L,%%3%-E

I'EG EG% 3'E/HG/-F,')& &/H)&'V)E'/- /0 B-2=<M EG'( H&+(E%, '( H/-('(E%-E I'EG )

3'E/HG/-F,')& '-G%,'E)-H% /0 B-2=<U 9G% (%H/-F 3)'- B-2=< H&+(E%, F'N'F%( '-E/ )

L,/+P 3/(E&D ,%P,%(%-E%F CD HD)-/C)HE%,')M )-F ) F'N%,(% L,/+P '-H&+F'-L C)HE%,') )-F

%+K),D/E%(U 9G'( &)EE%, L,/+P H/-E)'-( L,%%- )-F ,%F )&L)%M )-F EI/ (E,)3%-/P'&%

(%Q+%-H%( '-H&+F'-L T. pseudonanaU

=-% '-E%,P,%E)E'/- /0 EG'( PGD&/L%-%E'H )-)&D('( '( EG)E B- )-F $%2=<( ),% N%,D

)-H'%-E 3/&%H+&%( EG)E I%,% (%&%HE%F P,'/, E/ EG% /T'F)E'/- /0 :),EGM )PP,/T'3)E%&D !Ud

C'&&'/- D%),( )L/ WJ%KK%, %E )&U !""eXM IG%- EG%(% EI/ 3%E)&( I%,% ,%&)E'N%&D )C+-F)-E '-

EG% /H%)-U 9G% ,%E%-E'/- /0 EG%(% EI/ P,/E%'-( '- %+K),D/E%( ,%0&%HE( EG% G'(E/,D /0 EG%

%-F/(D3C'/E'H )PP,/P,')E'/- /0 3'E/HG/-F,') )-F EG% EI/ PG/E/(D(E%3( '- /TDL%-'H

P&)(E'F(U B-2=< )PP%),( E/ G)N% C%%- '-G%,'E%F CD %+K),D/E'H )&L)% EG,/+LG

P,/E%/C)HE%,')M IG/(% )-H%(E/,( I%,% EG% P,/L%-'E/,( /0 C/EG 3'E/HG/-F,') )-F @266

WB'HG%& )-F <%'(%-G/0%,M acgg_ B),E'- )-F 5+((%&&M !""dX IG'HG %+K),D/E'H )&L)%

'-G%,'E%F CD /,L)-%&&% )HQ+'('E'/-U 6- H/-E,)(EM EG% C'/HG%3'H)& )((/H')E'/- /0 $%2=<

I'EG @26 '- %TE)-E P&)(E'F( )-F PGD&/L%-%E'H F'(E,'C+E'/- /0 EG% P,/E%'- (+LL%(E EG)E 'E I)(

)HQ+',%F EG,/+LG 72JM EG% H&/(%(E %TE)-E ,%&)E'N% E/ EG% P,/L%-'E/,( /0 @2 6 '-

HD)-/C)HE%,') WJ)D3)-- %E )&UM !""aXU $+-HE'/-)& sodJ 3)D G)N% C%%- &/(E F+,'-L EG%



da

%N/&+E'/-M &%)F'-L E/ 'E( )C(%-H% '- EG% C)H'&&),'/PGDE%( )-F ,G/F/PGDE%( WB)E(+V)K' %E

)&UM !""eXU 7%-/3'H )-)&D('( (+LL%(E( EG)E F')E/3( G)N% ,%E)'-%F EI/ P(%+F/L%-%( 0/,

$%2=< W4,3C,+(E %E )&UM !""eXU J+EM %N'F%-H% 0/, EG% (/&% +(% /0 EG% B-2=<

3%E)&&/0/,3 W)PP),%-E&D '- ) N),'%ED /0 P/(E1E,)-(&)E'/-)&&D 3/F'0'%F 0/,3(X G)( C%%-

(G/I- C'/HG%3'H)&&D '- EG% F')E/3 Thalassiosira pseudonana )-F T. oceanica W@%%,( )-F

@,'H%M !""eM ./&0% +-P+C&'(G%FXU $+,EG%, C'/HG%3'H)& )-F 3/&%H+&), L%-%E'H F)E) ),%

-%%F%F E/ H/-0',3 EG'( PG%-/3%-/-U

9G% I'F% F'(E,'C+E'/- /0 R+Y-2=< (+LL%(E( 3+&E'P&% &)E%,)& L%-% E,)-(0%,(

C%EI%%- %N/&+E'/-),'&D F'N%,(% /,L)-'(3(U $/, %T)3P&%M EG%,% ),% EDP'H)&&D 3+&E'P&%

H/P'%( /0 EG% L%-%( 0/, R+Y-2=< '- G'LG%, P&)-E( WO%(+( %E )&UM acgc_ 7,)H%M acc"_ $'-K

)-F 2H)-F)&'/(M !""!CXU 9G%,% ),% L%-%,)&&D EI/ EDP%( /0 R+Y-2=<( '- /,L)-'(3( EG)E

H/-E)'- EG'( %-VD3%S '- G'LG%, P&)-E( EG%D H)- C% HDE/P&)(3'H /, HG&/,/P&)(E'H 0/,3(

IG'&% 3%E)V/) G)N% HDE/P&)(3'H )-F %TE,)1H%&&+&), 0/,3(U 9G%(% 0/,3( ),% )&&

PGD&/L%-%E'H)&&D ,%&)E%F E/ EG% C)HE%,')& 0/,3( W$'-K )-F 2H)-F)&'/(M !""!CXU B/,%/N%,M

EG% L%-% %-H/F'-L R+Y-2=< WsodRX '( 0/+-F '- ) 3D,')F /0 F(<>4 N',+( L%-/3%(M

0+,EG%, (+LL%(E'-L EG)E 'E '( ,%)F'&D E,)-(0%,,%F C%EI%%- P,/K),D/E'H )-F %+K),D/E'H G/(E(U

9G'( H/+&F )&(/ )HH/+-E 0/, EG% )PP),%-E&D ,%H%-E )HQ+'('E'/- /0 sodR '- EG% %+,D),HG)%/- 

Methanosarcina acetivorans W$'LU aU!_ 7)&)L)- %E )&U !""!XU 4 0%I (E+F'%( G)N% &'-K%F

P,%(%-H% /0 R+Y-2=< /, $%2=< )( P,//0 /0 EG% %-F/(D3C'/E'H /,'L'-( /0 P&)(E'F( )-F

3'E/HG/-F,') WO%(+( %E )&UM acgc_ 7,)H%M acc"XM G/I%N%, L'N%- EG% 0,%Q+%-E /HH+,,%-H% /0

&)E%,)& L%-% E,)-(0%, /0 sodRM (+HG )- '-E%,P,%E)E'/- 3)D -/E C% N)&'FU
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2.3 Conclusions and Future Directions 

6- (+33),DM %T)3P&%( /0 EG% 0/+, K-/I- 3%E)&&/0/,3( /0 2=<M IG'HG ),% F'(E'-L+'(G%F

CD EG%', 3%E)& H/0)HE/,S $%M B-M R+Y-M )-F >'M G)N% C%%- 'F%-E'0'%F '- %+K),D/E'H )-F

P,/K),D/E'H )&L)%U 8/I%N%,M N%,D &'EE&% '( K-/I- ,%L),F'-L EG% &/H)E'/-M ,%L+&)E'/-M )-F

EG% H)+(% /0 EG'( 3%E)&&/0/,3 F'N%,('EDU $,/3 )- %N/&+E'/-),D P%,(P%HE'N%M PGD&/L%-%E'H

,%&)E'/-(G'P( )3/-L EG% N),'/+( 2=<( P,/N'F% K%D '-('LGE '-E/ EG% G'(E/,D /0 /,L)-%&&%(U

2P%H'0'H)&&DM %+K),D/E'H )&L)% (G/I ) (P%HE,+3 /0 2=<( IG/(% -+H&%),1%-H/F%F L%-%(

),% F%,'N%F 0,/3 %-F/(D3C'/E'H %N%-E(U 4&E/L%EG%,M B- )-F $%2=< )FF,%(( (%N%,)&

'((+%( ,%L),F'-L EG% %N/&+E'/- /0 PG/E/)+E/E,/PG'H %+K),D/E%( ,%&)E%F E/ EG% '-G%,'E)-H% /0

P,/E%'-( F',%HE&D 0,/3 /,L)-%&&%( )-F (P%H'0'H)&&D P&)(E'F G'(E/,DU 4 L,/+P /0 B-2=<(

(%%3( E/ G)N% ,%3)'-%F H&/(%&D ,%&)E%F )3/-L F'N%,(% )&L)& PGD&)U 6- H/-E,)(EM $%2=<

3)D ,%0&%HE F,)3)E'H %N/&+E'/-),D HG)-L%( ,%&)E%F E/ P&)(E'F %-F/(D3C'/('(U 6E G'LG&'LGE(

EG% %),&D F'N%,L%-H% C%EI%%- EG% L,%%- )-F ,%F P&)(E'F &'-%)L%( W7,V%CDK %E )&UM !""dXU 6E

)&(/ (+LL%(E( F'00%,%-E %N/&+E'/-),D G'(E/,D /0 )HQ+'('E'/- /0 P&)(E'F( C%EI%%- EG%

F')E/3(M G)PE/PGDE%(M )-F F'-/0&)L%&&)E%(M IG'HG 3)D HG)&&%-L% EG% GDP/EG%('( /0 ) ('-L&%

%-F/(D3C'/E'H )HQ+'('E'/- /0 (%H/-F),D P&)(E'F( WR)N)&'%,123'EGM accc_ @)&3%,M !""d_

$)&K/I(K' %E )&UM !""e)_ 7,V%CDK %E )&UM !""eXU

$/, )&L)%M 2=<( ),% ) I'-F/I '-E/ P)(E %N%-E( )-F EG% '3P/,E)-H% /0 EG% L%-%E'H

E,)-(0%,( EG)E /HH+,,%FU :00/,E( (G/+&F 0/H+( /- +('-L EG% 2=<(� G/3/&/L/+( /,'L'-( )-F

3+&E'P&% 3%E)& %3P&/D3%-E( E/ 0+,EG%, +-F%,(E)-F EG% (+HH%(( /0 F'00%,%-E )&L)& 0/,3( '-

H/-E,)(E'-L %-N',/-3%-E(U 9G% ,%L+&)E'/- /0 (P%H'0'H 3%E)&&/0/,3( /0 2=< CD &'LGEM

-+E,'%-E( )-F /EG%, %-N',/-3%-E)& P,%((+,%( 3)D )&(/ G%&P E/ F%E%,3'-% EG% -%H%(('ED

EG,/+LG %N/&+E'/-),D E'3% /0 P),E'H+&), E,)H% 3%E)& ,%Q+',%3%-E( 0/, /,L)-%&&%( )-F EG%



dd

IG/&% H%&&U .% -%%F ) C%EE%, +-F%,(E)-F'-L /0 2=< )( ,%P,%(%-E)E'N% /0 EG% 0',(E '- &'-%

/0 EG% %-VD3)E'H )-E'/T'F)-E ),(%-)&U 9G% '3P/,E)-H% /0 &)E%,)& L%-% E,)-(0%,( '- )&L)%

(G/+&F C% 0+,EG%, %TP&/,%F )( ) E//& E/ +-F%,(E)-F EG% %TE)-E C'/F'N%,('EDU 4&L)& 2=<(

3)D P,/N'F% K%D '-0/,3)E'/- E/ G%&P +-F%,(E)-F EG'( (E/HG)(E'H %N/&+E'/-),D P,/H%((U

$'-)&&DM I% 3)D EG%- C% )C&% E/ ,%&)E% EG%(% F)E) C)HK E/ EG% %N/&+E'/-),D G'(E/,D /0 )&L)%M

)-F C%L'- E/ +-F%,(E)-F IGD EG%(% /,L)-'(3( ),% (/ F,)(E'H)&&D F'N%,(% )-F F'00%,%-E

C%EI%%- EG% /H%)- )-F &)-FU 
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 3.0 Localization and Role of Manganese Superoxide Dismutase in a Marine Diatom 

Abstract

2+P%,/T'F% F'(3+E)(% W2=<X H)E)&DV%( EG% E,)-(0/,3)E'/- /0 (+P%,/T'F% E/ 3/&%H+&),

/TDL%- )-F GDF,/L%- P%,/T'F%U =0 EG% 0/+, K-/I- 2=< '(/0/,3(M F'(E'-L+'(G%F CD EG%',

3%E)& H/0)HE/, W$%M B-M R+�Y-M >'XM B-2=< '( EG% F/3'-)-E 0/,3 '- EG% F')E/3

Thalassiosira pseudonana WJ)H'&&),'/PGDH%)%XU .% H&/-%F EG% B-2=< L%-%M sod4M +('-L

EG% %TP,%(('/- N%HE/, PJ4<M /N%, %TP,%((%F EG% P,/F+HE '- Escherichia coli )-F P+,'0'%F

EG% 3)E+,% P,/E%'- W9PB-2=<XU 9G'( ,%H/3C'-)-E %-VD3% I)( EG%- +(%F E/ L%-%,)E% )

P/&DH&/-)& )-E'C/FD '- ,)CC'E EG)E ,%H/L-'V%( B-2=< '- T. pseudonanaU In vivo

H/-H%-E,)E'/-( /0 9PB-2=< ),% )PP,/T'3)E%&D "Uc )3/&( P%, H%&& C)(%F /- ) Q+)-E'E)E'N%

'33+-/C&/E E%HG-'Q+% +('-L EG% ,%H/3C'-)-E P,/E%'- )( ) (E)-F),FU 633+-/L/&F (E)'-'-L

'-F'H)E%( EG)E 9PB-2=< '( &/H)&'V%F '- EG% HG&/,/P&)(E(M IG'HG '( '- H/-E,)(E E/ 3/(E

/EG%, %+K),D/E'H )&L)% W'-H&+F'-L HG&/,/PGDE%( )-F %3C,D/PGDE%(X IG%,% B-2=< '(

&/H)&'V%F %TH&+('N%&D '- EG% 3'E/HG/-F,')U R%&&+&), B- C+FL%E(M C)(%F /- EG%

PG/E/(D-EG%E'H B- H/3P&%T '- PG/E/(D(E%3 66M H)--/E )HH/+-E 0/, b"1g"Z /0 3%)(+,%F

B- I'EG'- F')E/3 H%&&(U RG&/,/P&)(E'H B-2=< )HH/+-E( 0/, a"1!"Z /0 H%&&+&), B-M

F%P%-F'-L /- '-H'F%-E &'LGE '-E%-('ED )-F H%&&+&), L,/IEG ,)E%U .G'&% B-2=< )HH/+-E(

0/, ) ('L-'0'H)-E 0,)HE'/- /0 EG% H%&&+&), B-M 9PB-2=< )HH/+-E( 0/, &%(( EG)- !Z /0 EG%

E/E)& P,/E%'- '- EG% H%&&U 9G% 9PB-2=< G)( ) ,)P'F E+,-/N%, ,)E% I'EG )- )PP),%-E G)&01

&'0% /0 #1g G/+,( IG%- L,/I- +-F%, H/-E'-+/+( &'LGEU 9PB-2=< H/-H%-E,)E'/-( '-H,%)(%

,%&)E'N% E/ HG&/,/PGD&&M I'EG )- '-H,%)(% '- '-H'F%-E &'LGE '-E%-('ED '- /,F%, E/ 3'-'3'V%

PG/E/(D-EG%E'H /T'F)E'N% (E,%((U 9G% %3P&/D3%-E /0 ) 3)-L)-%(%1C)(%F 2=<M &'-K%F E/



db

PG/E/(D-EG%E'H (E,%(( '- T. pseudonanaM 3)D H/-E,'C+E% E/ 'E( H/-E'-+%F (+HH%(( '- EG% &/I

',/- ,%L'/-( /0 EG% 3/F%,- /H%)-U

3.1 Introduction 

4&& )%,/C'H /,L)-'(3( P,/F+H% '-E,)H%&&+&), )-F %TE,)H%&&+&), ,%)HE'N% /TDL%- (P%H'%(

W5=2X )( 3%E)C/&'H CDP,/F+HE( W8)&'I%&& acg!M 4()F) acccM 4P%& )-F 8',E !""bXU

@G/E/)+E/E,/PG( )&(/ P,/F+H% 5=2 EG,/+LG PG/E/(D-EG%('( W$)&K/I(K' )-F 5)N%-M accf_

4-F%,(/- %E )&UM accc_ ./&0%12'3/- %E )&UM !""bXU 9G% 5=2 CDP,/F+HE( '-H&+F%

(+P%,/T'F% W=!U1XM GDF,/L%- P%,/T'F% W8!=!XM )-F GDF,/TD& ,)F'H)& W8=UX W8)&'I%&& acg!XU

=!U1 '( P),E'H+&),&D F%(E,+HE'N% C%H)+(% 'E H)--/E F'00+(% )H,/(( H%&& 3%3C,)-%(M )-F

EG%,%0/,%M 3+(E C% F%(E,/D%F )E EG% ('E% /0 P,/F+HE'/-U 2+P%,/T'F% F'(3+E)(%( W2=<(X ),%

) P/&DPGD&%E'H 0)3'&D /0 %-VD3%( EG)E P,/E%HE H%&&( 0,/3 =!U1U 2=<( H/3% '- 0/+,

'(/0/,3(M ,%H/L-'V%F CD EG%', 3%E)& H%-E%, H/0)HE/,( W$%M B-M R+�Y-M )-F >'XM )-F

H)E)&DV% EG% F%(E,+HE'/- /0 =!U1 E/ 8!=! )-F =!U 9G'( K%D )-E'/T'F)-E G)( C%%- I%&&

(E+F'%F '- 3)-D %+K),D/E'H (D(E%3(M '-H&+F'-L 3%E)V/) )-F P&)-E( WJ/I&%, %E )&UM acc!_

2H)-F)&'/(M accd_ $,'F/N'HGM accb_ 5)DHG)+FG+,' )-F <%-LM !"""_ Y%&K/ %E )&UM !""!XU

8/I%N%,M 0%I (E+F'%( /- EG% '-E,)H%&&+&), ,%L+&)E'/- /0 2=< '- %+K),D/E'H ,%F )&L)% ),%

)N)'&)C&%M IG'HG '( +-0/,E+-)E% )( EG%(% )&L)% F/3'-)E% EG% /H%)- W$)&K/I(K' %E )&UM

!""eCXU

=-% /0 EG% F/3'-)-E PG/E/)+E/E,/PG( '- EG% /H%)- ),% EG% J)H'&&),'/PGDE) W%ULU

F')E/3(X IG'HG )PP%), E/ ,%&D P,'3),'&D /- EG% 3)-L)-%(% 0/,3 /0 2=< WB-2=<X W@%%,(

)-F @,'H%M !""eX_ EG%,%0/,%M +-F%,(E)-F'-L EG% ,%L+&)E'/- /0 B-2=< '- F')E/3( '(

'3P/,E)-EM )( EG'( %-VD3% 3+(E C% H,'E'H)& E/ EG% H%&&�( )C'&'ED E/ H/P% I'EG /T'F)E'N%
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(E,%((U 9G% ,%L+&)E'/- )-F (+CH%&&+&), &/H)&'V)E'/- /0 B-2=< N),'%( ('L-'0'H)-E&D )3/-L

)&L)& E)T) W./&0%12'3/- %E )&UM !""bXU 6- HD)-/C)HE%,')M B-2=< '( 0/+-F '- EG%

P%,'P&)(3 )-F '( )((/H')E%F I'EG EG% EGD&)K/'F 3%3C,)-%( W8%,C%,E %E )&UM acc!_ RG%- %E

)&UM !""a_ *' %E )&UM !""!XU 6- H/-E,)(EM B-2=< '( 0/+-F '- EG% 3'E/HG/-F,') /0

%3C,D/PGDE%(M HG&/,/PGDE%(M )-F F'-/0&)L%&&)E%( W[&'%C%-(E%'- %E )&UM accg_ ['E)D)3) %E

)&UM accc_ .+ %E )&UM accc_ =K)3/E/ %E )&UM !""a_ =K/3/E/ %E )&UM !""a_ $'-K )-F

2H)-F)&'/(M !""!CXU >/ '-0/,3)E'/- /- EG% (+CH%&&+&), &/H)&'V)E'/- /0 B-2=< )-F EG%

)((/H')E%F K'-%E'H( '- F')E/3( '( )N)'&)C&%U

7'N%- /+, &)HK /0 +-F%,(E)-F'-L /0 B-2=< '- F')E/3( F%(P'E% EG%', L&/C)& ('L-'0'H)-H%M

I% %T)3'-%F EG% %TP,%(('/- )-F P,%&'3'-),D ,%L+&)E'/- /0 B-2=< '- EG% C&//3 0/,3'-L

F')E/3 Thalassiosira pseudonana RRB@addb WY'%3)-- %E )&UM acca_ *%N)((%+, %E )&UM

acc!_ Y'L/-% %E )&UM accb_ R)C%H)F)( %E )&UM acccXU =+, ,%(+&E( F%3/-(E,)E% EG)E B-2=<

G)( ) ,)P'F E+,-/N%, ,)E% 3%F')E%F CD '-H'F%-E &'LGE &%N%&( )-F '( &/H)&'V%F '- EG%

HG&/,/P&)(EM IG'HG )&&/I( 0/, H&/(% H/+P&'-L E/ PG/E/(D-EG%E'H )HE'N'EDU
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3.2 Materials and Methods 

3.2.1 Organisms, culture conditions, and standard protocols 

4T%-'H H+&E+,%( /0 9G)&)(('/(',) P(%+F/-)-) RRB@addb H%&&( I%,% +(%F 0/, )&&

3)-'P+&)E'/-(M '-H&+F'-L -+H&%'H )H'F '(/&)E'/- )-F PGD('/&/L'H)& (E+F'%(U R%&&( I%,%

3)'-E)'-%F '- 0h!t2' 3%F'+3 W7+'&&),F )-F 5DEG%,M ac#!_ 7+'&&),FM acfbX )E db P(+

WP,)HE'H)& ()&'-'ED +-'E(X )-F !"zR I'EG )%,)E'/- +-F%, 0&+/,%(H%-E H//& IG'E% &)3P( I'EG

)- '-H'F%-E &'LGE '-E%-('ED /0 a!" "3/&�31!�(1a +-&%(( /EG%,I'(% (E)E%FU RG&/,/PGD&& )

I)( )-)&DV%F +('-L (E)-F),F c"Z )H%E/-% %TE,)HE'/-( 0,/3 L&)(( 0'C%, 0'&E%,%F H+&E+,%

WO%00,%D )-F 8+3PG,%DM acfbX 3%)(+,%F /- )- (P%HE,/PG/E/3%E%, W4L'&%-E gebd:M

4L'&%-E 9%HG-/&/L'%( 6-HUXU ;),')C&% 0&+/,%(H%-H% W0Nh03X I)( )HQ+',%F +('-L ) 0)(E

,%P%E'E'/- ,)E% 0&+/,/3%E%, W[/&C%, %E )&UM accgXU 9/E)& H),C/- W'-/,L)-'H )-F /,L)-'HM

(+C(%E /0 ()3P&%( )H'F'0'%F E/ ,%3/N% '-/,L)-'H H),C/-X )-F -'E,/L%- H/-E%-E /0 H+&E+,%(

I%,% 3%)(+,%F I'EG ) R),&/ :,C) >41ab"" %&%3%-E)& )-)&DV%,U

3.2.2 Cloning and purification of recombinant TpMnSOD 

9/E)& -+H&%'H )H'F( 0,/3 3'F &/L L,/IEG Thalassiosira pseudonana H%&&( I%,% %TE,)HE%F

)-F E,%)E%F I'EG <>410,%% W43C'/-M 6-HU 4+(E'-M 9AM H)E)&/L -/U ac"#X E/ ,%3/N% <>4U

$',(E (E,)-F H<>4 I)( (D-EG%('V%F I'EG E/E)& 5>4 +('-L B1B*; 5%N%,(% 9,)-(H,'PE)(%

W6-N'E,/L%- R/,PUM R),&(C)FM R4M H)E)&/L -/U !g"!b1"adXU 9G% H<>4 I)( EG%- +(%F )( )

E%3P&)E% 0/, @R5 E/ )3P&'0D (/F4 I'EG EG% (P%H'0'H P,'3%,(

b�49744449RR49R49749447R49d� )-F b�9RR9R7R4R77774R9RR97d�

IG'HG I%,% F%('L-%F C)(%F /- EG% P+C&'H&D )N)'&)C&% L%-/3% (%Q+%-H% /0 T. pseudonanaU

9G% 0+&& H/PD /0 EG% L%-% I)( EG%- H&/-%F '-E/ EG% PJ4< N%HE/, W6-N'E,/L%- R/,PUM
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R),&(C)FM R4M H)E)&/L -/U [ed""1e"X )-F E,)-(0/,3%F '-E/ :(HG%,'HG') H/&' 0/,

/N%,%TP,%(('/-U 9G% %TP,%(('/- /0 EG% P,/E%'- I)( H/-E,/&&%F CD N),D'-L EG%

H/-H%-E,)E'/- /0 ),)C'-/(% E/ )HG'%N% 'F%)& %TP,%((%F P,/F+HEU 9G% N%HE/, H/-E)'-( ) P/&D

G'(1E)L )( I%&& )( ) ;b %P'E/P% ,%L'/-U 9G+(M EG% ,%H/3C'-)-E P,/E%'- I)( P+,'0'%F +('-L

>'1>94 ,%('- W~')L%-M ;)&%-H')M R4M H)E)&/L -/(U d"!d" )-F d"ea"X +('-L C/EG L,)N'ED

HG,/3)E/L,)PGD )-F $@*RU

3.2.3 Antibody production against TpMnSOD 

$/, EG% '-'E')& '33+-'V)E'/-M %Q+)& N/&+3%( /0 ,%H/3C'-)-E 9PB-2=< P,/E%'- '- )

!3Lh3& H/-H%-E,)E'/- )-F $,%+-F( R/3P&%E% )F\+N)-E I%,% %3+&('0'%F +('-L ) 3'H,/1

%3+&('0D'-L -%%F&%U "Ug 3& /0 EG% %3+&('0'%F P,/E%'- )-F )F\+N)-E I%,% '-\%HE%F

(+CH+E)-%/+(&D '-E/ EI/ >%I Y%)&)-F .G'E% ,)CC'E( '- 0/+, ('E%( W3)T "U! 3& P%, ('E%XU

4 (+C(%Q+%-E '-\%HE'/- I)( L'N%- d" F)D( &)E%, )-F I)( P,%P),%F +('-L %Q+)& N/&+3%( /0

EG% P,/N'F%F )-E'L%- '- ) a3Lh3& H/-H%-E,)E'/- )-F $,%+-F�( '-H/3P&%E% )F\+N)-EU 9G%

%3+&('0'%F P,/E%'- )-F )F\+N)-E I%,% '-\%HE%F (+CH+E)-%/+(&DM I'EG ) 3)T'3+3 /0 "U!

3&h('E%U 2+C(%Q+%-E '-\%HE'/-( I%,% L'N%- )E d"1db F)D '-E%,N)&(U J&//F F,)I( 0,/3 EG%

H%-E,)& %), ),E%,D I%,% P%,0/,3%F C%EI%%- a"1!" F)D( )0E%, %)HG (+C(%Q+%-E '-\%HE'/-U

9G% 3)T'3+3 C&//F I'EGF,)I- F'F -/E %TH%%F EG% (E)-F),F ,%H/33%-F)E'/- /0 C&//F

)3/+-E I'EGF,)I- /0 abZ /0 E/E)& C&//F N/&+3%M /, aZ /0 C/FD I%'LGEU

3.2.4 Immunoblot analyses 

@,/E%'- I)( %TE,)HE%F 0,/3 H%&& P%&&%E( '- !Z 2<2M "U"bB (/F'+3 H),C/-)E%M fUbZ

L&DH%,/&M "U"!bZ C,/3/EGD3/& C&+%M b3B @B2$M )-F "UaB <99U 2)3P&% P,/E%'-



dc

H/-H%-E,)E'/- I)( Q+)-E'0'%F +('-L %'EG%, EG% C'H'-HG/-'-'H )H'F 3%EG/F W@'%,H%

J'/E%HG-/&/LDM 6-HU 5/HK0/,FM 6*M H)E -/U !d!!fX /, ) 0&+/,%(H%-E 3%EG/F W6-N'E,/L%-

R/,PUM :+L%-%M =5M H)EU -/U 5dd!""XU 2)3P&%( I%,% EG%- ,+- /- %'EG%, a!M abM /, agZ

WIhNX P/&D)H,D&)3'F% L%&( )-F EG%- C&/EE%F /-E/ P/&DN'-D&'F%-% 0&+/,'F% W@;<$X

3%3C,)-% W9/IC'- %E )&UM acfcXU 9G% C&/E( I%,% EG%- P,/C%F I'EG )-E'19PB-2=<M EG%

)-E'C/FD ,)'(%F )L)'-(E EG% ,%H/3C'-)-E B-2=< '- 9G)&)(('/(',) P(%+F/-)-)U 4- 85@

H/-\+L)E%F (%H/-F),D )-E'C/FD WJ'/5)F *)C/,)E/,'%(M 6-HU 8%,H+&%(M R4M H)E)&/L -/U

af!1a"acX I)( +(%F )HH/,F'-L E/ '-(E,+HE'/-( )-F EG% C&/E( I%,% N'(+)&'V%F I'EG )

HG%3'&+3'-%(H%-E (+C(E,)E% (D(E%3 /- 0'&3 W@'%,H% J'/E%HG-/&/LDM 6-HU 5/HK0/,FM 6*

H)E)&/L -/U de"g"XU $/, Q+)-E'E)E'N% '33+-/C&/EM K-/I- H/-H%-E,)E'/-( /0 C/EG H%&&(

WE/E)& -+3C%,X )-F P,/E%'- WE/E)& "LX I%,% ,+- /- L%&( )-F EG%- H/3P),%F E/ +-K-/I-

()3P&%( +('-L F%-('E/3%E,D W>odXU

3.2.5 Immunogold staining 

40E%, 0'T)E'/- 0/, d G, '- ) 3/F'0'%F :B $'T)E'N% WdZ 2/F'+3 RG&/,'F%M "UaB 2/F'+3

R)H/FD&)E%M !UbZ 7&+E),)&F%GDF%M P8 fUeXM H%&& P%&&%E( I%,% ,'-(%F EG,%% E'3%( '-

:PP%-F/,0 E+C%( W! T ab 3'- )-F aT /N%,-'LGEX '- dZ 2/F'+3 RG&/,'F%M "UaB 2/F'+3

R)H/FD&)E%M P8 fUe WR%&&( 0/, 9:B '3)L'-L /-&D I%,% )&(/ P/(E10'T%F 0/, ! G, '- aZ

C+00%,%F =(3'+3 9%E,/T'F%UXU 40E%, EG% I)(G%( EG% H%&&( I%,% EG%- F%GDF,)E%F EG,/+LG )

L,)F%F (%,'%( /0 :EG)-/& I)(G%(M (E),E'-L I'EG b"Z :EG)-/& E/ a""Z :EG)-/&U 9G% P%&&%E(

I%,% EG%- %3C%FF%F '- <,U 2P+,,�( */I ;'(H/('ED :3C%FF'-L B%F') I'EG'- EG%

:PP%-F/,0 E+C%(U
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2%HE'/-( I%,% H+E +('-L ) *[J !"gg +&E,)3'H,/E/3% W*[J1@,/F+KE%,M 21a#a !b

J,/33)M 2I%F%-XM H/&&%HE%F /- d""13%(G L/&F L,'F( )-F '33+-/(E)'-%FU J,'%0&DM %)HG

L,'F I)( '-H+C)E%F 0/, a G,U '- 9,'(1C+00%,%F ()&'-%1EI%%- t "UbZ J24 W9J21ES "U"!B

9,'(M "UabB >)R&M "UaZ 9I%%-1!"XM P8 fU#U 9G% L,'F( I%,% EG%- E,)-(0%,,%F E/ P,'3),D

)-E'C/FD F'&+E%F '- 9J21E Wb""& F,/P(XU 9G% L,'F( I%,% EG%- '-H+C)E%F /N%,-'LGE '-

G+3'F'0'%F HG)3C%, )E e!RU 9G% -%TE 3/,-'-LM EG% L,'F( )-F (/&+E'/-( I%,% &%0E E/ H/3%

E/ ,//3 E%3P%,)E+,% )-F EG%- EG% L,'F( I%,% I)(G%F a" E'3%(M a 3'- %)HG E'3%U 9G%- EG%

L,'F( I%,% E,)-(0%,,%F E/ EG% )PP,/P,')E% L/&F1&)C%&%F (%H/-F),D )-E'C/FD WaS!" /, aSabM

2'L3)14&F,'HG R/UM 2EU */+'(M B/M H)E)&/L -/U 7fe"!X F'&+E%F '- 9J21EU 9G%D I%,%

'-H+C)E%F '- EG% (%H/-F),D )-E'C/FD 0/, aG, )E ,//3 E%3P%,)E+,%U 9G% L,'F( I%,% I)(G%F

a" E'3%(M a 3'-+E% %)HG '- 9J21EM EG%- EG% ()3% )3/+-E /0 E'3%( '- +&E,) P+,% I)E%,U 9G%

L,'F( I%,% EG%- H/+-E%,1(E)'-%F I'EG ?,)-D& 4H%E)E% )-F *%)F R'E,)E% )-F PG/E/L,)PG%F

'- ) O:B1a""RA66 :&%HE,/- B'H,/(H/P% WO:=* *9<UM 9/KD/M O)P)-X )E g" K;U
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3.3 Results 

3.3.1 Native molecular mass and western analyses 

.%(E%,- C&/E( 0,/3 F%-)E+,'-L P/&D)H,D&)3'F% L%& %&%HE,/PG/,%('( W@47:X /0 H,+F% H%&&

%TE,)HE W$'LU dUaX P,/C%F I'EG )-E'19@B-2=< ,%N%)& ) 3)\/, C)-F /0 )PP,/T'3)E%&D !d

K<) IG'HG H/,,%(P/-F( I%&& I'EG EG% P,%F'HE%F (+C+-'E 3/&%H+&), 3)(( /0 !!Ug K<) 0/,

B-2=<U 9G% )-E'19PB-2=< H,/(( ,%)HE%F I'EG /EG%, F')E/3 (P%H'%(M )-F I%)K&D

,%H/L-'V%F B-2=< '- (%N%,)& F'-/0&)L%&&)E%( W9)C&% dUaXU 6-E%,%(E'-L&DM EG%,% I)( -/

)-E'19PB-2=< H,/((1,%)HE'N'ED I'EG EI/ /EG%, G%E%,/K/-E(S EG% :+(E'L3)E/PGDH%)% )-F

5)PG'F/PGDH%)%U >/ ,%)HE'N'ED I)( /C(%,N%F '- EG% HG&/,/PGDE%(M HD)-/C)HE%,')M

P,D3-%('/PGDE%(M H,DPE/PGDE%(M )-F ,G/F/PGDE%(U  

3.3.2 MnSOD and the cellular manganese budget in diatoms 

J)(%F /- Q+)-E'E)E'N% '33+-/1)-)&D(%( /0 B-2=< '- -+E,'%-E ,%P&%E% %TP/-%-E')&&D

L,/I'-L H+&E+,%( /0 T. pseudonanaM EG'( 3),'-% F')E/3 3)'-E)'-( "Uca )3/& B-2=< P%,

H%&& IG%- L,/I- )E 3/F%,)E% &'LGE &%N%&(U 9G'( Q+)-E'ED /0 B-2=< )HH/+-E( 0/, aUeZ /0

EG% E/E)& H%&&+&), P,/E%'- W9)C&% dU!XU 9G'( P//& E+,-( /N%, ,)P'F&D )( 9PB-2=< '(

+-F%E%HE)C&% )0E%, a# G +-F%, H/-E'-+/+( &'LGE IG%- P,/E%'- (D-EG%('( '( C&/HK%F W$'LU

dU!X H/,,%(P/-F'-L E/ ) b1g G/+, G)&01&'0%U 9G% E+,-/N%, I)( 3%F')E%F CD &'LGE )(

9PB-2=< I)( F%E%HE)C&% %N%- )0E%, !f G IG%- H%&&( I%,% K%PE '- F),K-%(( ,%L),F&%(( /0

IG%EG%, P,/E%'- (D-EG%('( I)( '-G'C'E%FU

9G% E/E)& B- )((/H')E%F I'EG 9PB-2=< ,)-L%( C%EI%%- a"1!"Z /0 EG% E/E)&

H%&&+&), B- W$'LU dUdM (%% &%L%-F 0/, H)&H+&)E'/- F%E)'&(XU 5)N%- Wacc"X %(E'3)E%F EG)E

C%EI%%- ! E/ e "3/& B- 3/& R1a ),% -%%F%F E/ (+PP/,E EG% B- ,%Q+',%3%-E /0 @266 '- T. 
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$'L+,% dUaS 633+-/C&/E /0 2%&%HE%F <')E/3 2P%H'%(U 633+-/C&/E( (G/I'-L EG% )-E'1

9PB-2=< )-E'C/FD I% P,/F+H%F H,/((1,%)HE%F I'EG 3+&E'P&% F')E/3 (P%H'%(U 9G%

PGD&+3 (P%H'0'H'ED /0 EG'( )-E'C/FD (+LL%(E( EG)E )&& F')E/3( G)N% )- B-2=< I'EG

('3'&), (E,+HE+,%U 4&& &)-%( &/)F%F I'EG d""L E/E)& P,/E%'- W%TH%PE H/-E,/& &/)F%F I'EG

a"!-L P+,% ,%H/3C'-)-E 9PB-2=<XS &)-% aM Ditylum brightwellii RRB@dbg_ &)-% !M

Navicula incerta RRB@be!_ &)-% dM Nitzchia brevirostris RRB@bba_ &)-% eM

Stephanopyxis turris RRB@gab_ &)-% bM Thalassiosira pseudonana RRB@a"a"_ &)-% #M

Skeletonema costatum RRB@add!_ H/-M H/-E,/& P,/E%'- /N%,%TP,%((%F )-F P+,'0'%F

,%H/3C'-)-E 9PB-2=<U >/E%S TU pseudonana (E,)'- +(%F '- EG'( '33+-/C&/E '(

RRB@a"a" )-F F'00%,%-E EG)- RRB@addbM IG'HG '( EG% /-% +(%F 0/, H&/-'-L )-F /N%,1

%TP,%(('/- /0 sod4U B),K%, '-F'H)E%( 3/&%H+&), I%'LGE (E)-F),F( '- K<)U
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R/- * *H < <H * *H < <H

"UbG !fUbG"

R/- * *H < <H * *H < <H

"UbG !fUbG"

$'L+,% dU!S 633+-/C&/E /0 Thalassiosira pseudonana RRB@addb H%&&( )-F H%&&( E,%)E%F

I'EG HDH&/G%T'3'F% W*HM <HX E/ '-G'C'E P,/E%'- (D-EG%('(U 40E%, !f G/+,( EG% P,/E%'- '(

C%&/I F%E%HE'/- '- EG% H%&&( L,/I- +-F%, &'LGE I'EG P,/E%'- (D-EG%('( '-G'C'E%FU 9G'(

(+LL%(E( EG)E EG% E+,-/N%, /0 9PB-2=< '( ,%&)E%F E/ P,/H%((%( EG)E /HH+, IG%- H%&&( ),%

%TP/(%F E/ &'LGEU R/-N%,(%&DM H%&&( %TP/(%F E/ H/-E'-+/+( F),K-%(( (G/I %N'F%-H% /0

9PB-2=< EG,/+LG /+E EG% %TP%,'3%-EU :)HG &)-% '( &/)F%F I'EG g !"L /0 E/E)& P,/E%'-

%TE,)HE(U 4-E'C/FD I)( (P%H'0'H)&&D ,)'(%F )L)'-(E ,%H/3C'-)-E P,/E%'- '- H/-E,/& &)-%U
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$'L+,% dUdS 6-E,)H%&&+&), <'(E,'C+E'/- /0 B)-L)-%(% 0/, Thalassiosira pseudonana

RRB@addbU 9/E)& H%&&+&), B- WB-E/EX I)( %(E'3)E%F 0,/3 EG% R/,L1(P%H'0'H B- Q+/E)(

W"3/& B- 3/& R1aX /0 2+-F) )-F 8+-E(3)- WaccgM $'LU f )-F G'LG &'LGEM &/I B- 9)C&%

!X )-F EG% R/,L H/-E%-E /0 3'F1&/L %TP/-%-E')&&D L,/I'-L H%&&( W"Ugc P3/&( R/,L H%&&1aXU

B- '- PG/E/(D(E%3 66 WB-@266X '( EG)E 3/F%&%F CD 5)N%- Wacc"XU B- '- 2=< I)(

%(E'3)E%F )( EG% )N%,)L% 3%)(+,%F B-2=< H/-H%-E,)E'/- +('-L EG% Q+)-E'E)E'N% '33+-/1

E%HG-'Q+% W3/&( /0 B-2=< H%&&1aM 9)C&% dU!XU >/E% EG)E )( R/,L F%H,%)(%( '- H%&&( )( &'LGE

'-H,%)(%( IG'&% 3/&%( /0 B-2=< H%&&1a (E)D( H/-(E)-E )H,/(( &'LGE &%N%&(M EG% P%,H%-E /0

B- '- B-2=< 3)D '-H,%)(% I'EG ',,)F')-H% W(%% )&(/ $'LU dUbXU
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pseudonanaU 4PP,/T'3)E%&D #"Z /0 E/E)& B- I'EG'- ) H%&& H)- C% )HH/+-E%F 0/, CD EG%

@266 B-1H/3P&%T W2+-F) )-F 8+-E(3)-M acg#_ 5)N%-M acc"_ 2+-F) )-F 8+-E(3)-M

accgXU J)(%F /- '33+-/1 Q+)-E'E)E'N% )-)&D(%(M B-2=< )HH/+-E( 0/, )-/EG%, agZ /0

EG% B- C+FL%EU 9G+(M sg"Z /0 EG% E/E)& B- C+FL%E '( )((/H')E%F I'EG B-2=< )-F @266U

3.3.3 Immunolocalization of MnSOD in plastids 

633+-/L/&F &)C%&'-L 3%)(+,%3%-E( (+LL%(E EG)E B-2=< '( 3)'-&D H/-0'-%F E/ EG%

HG&/,/P&)(E W$'LU dUeXU 9G% L/&F &)C%& '( P,%F/3'-)-E&D )((/H')E%F I'EG EGD&)K/'F

3%3C,)-%( )-F EG% PD,%-/'FU 6E '( -/E )((/H')E%F I'EG EG% HDE/(/& /, EG% 3'E/HG/-F,')U

2'-H% EG% HG&/,/P&)(E &/H)&'V%F B-2=< '( ,%L+&)E%F CD EG% -+H&%),1%-H/F%F sod4 L%-%M

P&)(E'Fh%-F/P&)(3'H ,%E'H+&+3 E,)-('E P%PE'F%( 3+(E C% P,%(%-EM C+E EG%D G)N% -/E D%E C%%-

'F%-E'0'%F U

3.3.4 Impact of light on TpMnSOD expression 

.G%- )HH&'3)E%F E/ ) ,)-L% /0 ',,)F')-H% &%N%&( W!bM b"M a!"M db"M g"" "3/& 31! (1aXM TU 

pseudonana H%&&( (G/I ) fdZ '-H,%)(% '- L,/IEG ,)E% W$'LU dUbXU 9/E)& HG&/,/PGD&& a H%&&1

a '( H/-(E)-E )E &/I &'LGE &%N%&( W!b E/ b" "3/& 31! (1aXM C+E F%H,%)(%( CD #dZ )( EG%

'-H'F%-E &'LGE '-E%-('ED '-H,%)(%( 0,/3 b" E/ g"" "3/& 31! (1aU W-/E%S R%&&( I%,% K%PE

/PE'H)&&D EG'- '- (%3'1H/-E'-+/+( C)EHG H+&E+,%( E/ )N/'F H%&& H/-H%-E,)E'/- H/-H%,-( &'K%

(%&0 (G)F'-LUX =N%, EG'( ,)-L% /0 ',,)F')-H%(M EG% )3/+-E /0 9PB-2=< P%, +-'E

HG&/,/PGD&& '-H,%)(%F CD #"Z W$'LU dUbX ,%0&%HE'-L HG)-L%( '- EG% HG&/,/PGD&&
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$'L+,% dUeS 633+-/L/&F &/H)&'V)E'/- /0 B-2=< '- Thalassiosira pseudonana

RRB@addbU 4M =(3'+3 E%E,/T'F% (E)'-%F %&%HE,/- 3'H,/L,)PG /0 IG/&% H%&&U JM 2%H/-F

F'00%,%-E N'%I /0 =(3'+3 E%E,/T'F% (E)'-%F H%&&U RM 633+-/L/&F &)C%&'-L /0 EG%

HG&/,/P&)(E I'EG EG% )-E'19PB-2=< )-E'C/FDU <M B)L-'0'%F N'%I /0 F%&'-%)E%F ),%) '-
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JU :M 633+-/L/&F &)C%&'-L /0 EG% HG&/,/P&)(E '- )-/EG%, H%&& /0 T. pseudonana. $M

B)L-'0'%F N'%I /0 F%&'-%)E%F ),%) '- :U >/E% EG% )C(%-H% /0 &)C%&'-L /0 3'E/HG/-F,')&

)-F HDE/(/&'H ,%L'/-(U [%DS HM HG&/,/P&)(E_ PM PD,%-/'F_ 3M 3'E/HG/-F,'/-_ -M -+H&%+(_ -HM

-+H&%/&+(_ NM N)H+/&%U 4,,/I( '-F'H)E% C&)HKM %&%HE,/- F%-(% L/&F &)C%& H/,,%(P/-F'-L E/

9PB-2=<U 2H)&% C),( o &%-LEG )( '-F'H)E%FU >/E%M L,)-+&%( )PP),%-E '- EG% PD,%-/'F /0

$ ),% H,D(E)&&'-% 5?J62R=M H&%),&D -/E )( %&%HE,/- F%-(% )( EG% L/&F P),E'H&%(U
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$'L+,% dUbS R/3P),'(/- /0 L,/IEG ,)E%M E/E)& H%&&+&), HG&/,/PGD&&M )-F B-2=< P%, +-'E

HG&/,/PGD&& /0 Thalassiosira pseudonana RRB@addb H%&&( L,/I- )E F'00%,%-E H/-E'-+/+(

&'LGE '-E%-('E'%(U .%(E%,- C&/E '3)L%( )C/N% EG% L,)PG ),% /0 P,/E%'- ()3P&%( &/)F%F

)HH/,F'-L E/ %Q+)& HG&/,/PGD&&U 7,/IEG ,)E% W(/&'F C&)HK H',H&%( )-F (/&'F &'-%X '-H,%)(%(

CD EI/10/&F /N%, EG%(% &'LGE &%N%&(U R/-H+,,%-E&DM H%&&+&), HG&/,/PGD&& W(/&'F C&)HK

(Q+),%(M F/EE%F &'-%X F%H,%)(%(U 4&EG/+LG B-2=< '( H/-(E)-E P%, +-'E P,/E%'- WF)E) -/E

(G/I-XM B-2=< P%, +-'E HG&/,/PGD&& W(/&'F C&)HK E,')-L&%(M F)(G%F )-F F/EE%F &'-%_ )-F

I%(E%,- C&/E )C/N% '3)L%X '-H,%)(%(U 9G'( (+PP/,E( EG% (E,/-L )((/H')E'/- /0 EG% ,%&)E'N%

H/-E,'C+E'/- /0 B-2=< E/ P,/E%HE'-L EG% PG/E/(D-EG%E'H 3)HG'-%,D_ %(P%H')&&D )( EG%

&'LGE G),N%(E'-L P'L3%-E( F%H,%)(%U

Irradiance ("mol m-2 s-1)
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H/-H%-E,)E'/- -/E B-2=<U 4&EG/+LG EG% HG&/,/PGD&& a1-/,3)&'V%F B-2=< H/-E%-E /0

T. pseudonana '-H,%)(%F I'EG '-H,%)('-L &'LGEM EG% )3/+-E /0 B-2=< P%, E/E)& H%&&+&),

P,/E%'- I)( H/-(E)-E WF)E) -/E (G/I-XU 9G+( EG% F%3)-F 0/, B-2=< P%, H%&& '- EG%(%

H%&&( )PP%),( E/ C% H/-(E)-E /N%, EG%(% &'LGE &%N%&( F%(P'E% F%H&'-'-L HG&/,/PGD&&U 4

('3'&), ,%&)E'/-(G'P C%EI%%- &'LGE '-E%-('EDM 2=<M )-F HG&/,/('( I)( )&(/ (%%- 0/, EG%

HG&/,/P&)(E'H R+Y-2=< '- C%)- )-F /EG%, G'LG%, P&)-E( W7/-V)&%V %E )&UM accg )-F

,%0%,%-H%( EG%,%'-XU

9/ 0+,EG%, %T)3'-% EG% ,%&)E'/-(G'P C%EI%%- &'LGE )-F B-2=<M EG% E'3% H/+,(% /0

9PB-2=< %TP,%(('/- I)( 0/&&/I%F /N%, d" G '- H%&&( )HH&'3)E%F E/ ) a!ha! G,

PG/E/P%,'/FU 9PB-2=< %TP,%(('/- F'F -/E N),D ('L-'0'H)-E&D /N%, PG/E/P%,'/F IG%-

L,/I- )E a!" "3/& 31! (1a '-H'F%-E &'LGE WH/-E,/&XM C+E '-H,%)(%F CD e"Z I'EG'- !eG )-F

)0E%, /-% F),K P%,'/F IG%- E,)-(0%,,%F E/ G'LG &'LGE W�g"" "3/& 31! (1aX W$'LU dU#41JXU

9G% 3)T'3+3 PG/E/(D-EG%E'H Q+)-E+3 D'%&F W$Nh$3M [/&C%, %E )&UM accgX '-'E')&&D

F%H,%)(%F CD b"Z +-F%, G'LG &'LGEM C+E ,%H/N%,%F )-F %TH%%F%F EG% H/-E,/& I'EG'- !e

G/+,( W$'LU dU#41JXU 40E%, ) P%,'/F /0 ,%H/N%,D WEG% F),K HDH&%X E/ ,%/,L)-'V% EG%',

3%E)C/&'H P,/0'&%M EG% H%&&( EG%- %00%HE'N%&D H/P% I'EG EG% G'LG &'LGE (E,%(( I'EG '-H,%)(%F

B-2=< %TP,%(('/-U 9G% '-H,%)(% '- B-2=< %TP,%(('/- P%, +-'E P,/E%'- '- EG% G'LG &'LGE

E,%)E3%-E Wa!Sa! *S<X '( ('L-'0'H)-E WPo "U"""fX )-F '( -/E %TG'C'E%F CD H%&&( %TP/(%F E/

H/-E'-+/+( G'LG &'LGEU @,/E%'- -/,3)&'V%F B-2=< %TP,%(('/- F/+C&%F '- T. pseudonana

H%&&( )HH&'3)E%F E/ H/-E'-+/+( &'LGE )0E%, E,)-(0%, 0,/3 H+&E+,% +-F%, ) F'%& &'LGE HDH&% )E

C/EG a!" )-F g"" "3/& 31! (1a WF)E) -/E (G/I-XU 9G+(M H/-E'-+/+( &'LGE )PP),%-E&D

,%(+&E( '- L,%)E%, /T'F)E'N% (E,%(( '- F')E/3( EG)- F/%( ) F'%& &'LGE HDH&%U
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$'L+,% dU#U <'%& %TP,%(('/- /0 B-2=< '- Thalassiosira pseudonana RRB@addbU 8%,%

'( EG% Q+)-E+3 D'%&FM 4M /0 H%&&( %TP/(%F E/ a!Sa! *S< HDH&% +-F%, G'LG &'LGE Wg"""3/&

31!(1aM (/&'F C&)HK E,')-L&%( )-F F)(G%F &'-%X )-F H/-E,/& &'LGE Wa!" "3/& 31!(1aM (/&'F

C&)HK H',H&%( (/&'F &'-%X /N%, E'3% Wx1)T'(XU $Nh$3 F%H,%)(%( '- EG% G'LG &'LGE /N%, EG%

0',(E a! G IG%- H/3P),%F E/ EG% H/-E,/& )-F EG%- ,%H/N%,%F F+,'-L )-F )0E%, EG% F),K

P%,'/FU 9G% F),K P%,'/F '( ,%P,%(%-E%F CD EG% (G)F%F ),%)U 633+-/C&/E F%-('E/3%E,'H

)-)&D('(M JM (G/I( ('L-'0'H)-E ,%H/N%,D )0E%, EG% F),K P%,'/F /0 9PB-2=< '- EG% G'LG
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&'LGE WG)EHG%F C),(X E,%)E3%-E I'EG )( H/3P),%F E/ EG% %TP,%(('/- /0 9PB-2=< '- EG%

H/-E,/& &'LGE W(/&'F C),(X H+&E+,%( WN)&+%( ),% 3%)-(M no ! p2<XU 4(E%,'(K( F%-/E%

('L-'0'H)-E F'00%,%-H%( C%EI%%- E,%)E3%-E( WP o "U"a"bX
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3.4 Discussion

B-2=< '( &/H)&'V%F '- EG% HG&/,/P&)(E( 0/, EG% F')E/3 Thalassiosira pseudonanaU

9G'( (+CH%&&+&), &/H)E'/- '( '- H/-E,)(E I'EG )&& /EG%, H%&&+&), B-2=< F'(E,'C+E'/-( '-

%+K),D/E'H PG/E/)+E/E,/PG(M IG%,% B-2=< '( 0/+-F %TH&+('N%&D '- EG% 3'E/HG/-F,')

W7,)H%M acc"_ B/&&%,M !""a_ F%& 5'/ %E )&UM !""dXU 9G% P,%(%-H% /0 B-2=< '- EG%

HG&/,/P&)(E ,%(+&E( '- H%&&( G)N'-L ) G'LG H%&&+&), B- ,%Q+',%3%-EM L'N%- EG% (+C(E)-E')&

E+,-/N%, /0 PG/E/(D-EG%E'H 3)HG'-%,DU $/, %T)3P&%M EG% <a P,/E%'- W@(C4X G)( )

E+,-/N%, ,)E% /0 )PP,/T'3)E%&D d" 3'-+E%(M /-% /0 EG% 0)(E%(E E+,-/N%, P,/E%'- ,)E%( /-

:),EG W['3 %E )&UM accd_ 2+-FCD %E )&UM accd_ 4-F%,((/- )-F 4,/M accf_ >%'FG),FE %E )&UM

accgXM F+% E/ EG% G'LG )HE'N'ED PG/E/(D(E%3 66 W@266X WB)EE// %E )&UM acgeXU RG&/,/P&)(E

(P%H'0'H 2=<( '-0&+%-H% EG% <a P,/E%'- E+,- /N%, F+% E/ EG%', ,/&% '- H)E)&DV'-L EG%

F%(E,+HE'/- /0 5=2 '- EG% HG&/,/P&)(E WJ),C%, )-F 4-F%,((/-M acc!_ 4,/ %E )&UM accd_

4-F%,((/- )-F 4,/M accfXU

60 F')E/3( +(% B-2=< E/ (+PP,%(( /T'F)E'N% (E,%(( )((/H')E%F I'EG

PG/E/(D-EG%('( '- EG% HG&/,/P&)(EM I% I/+&F %TP%HE F')E/3( E/ G)N% G'LG%, B-

,%Q+',%3%-E( EG)- /EG%, H&)((%( /0 PGDE/P&)-KE/-U 9G+(M -/E (+,P,'('-L&DM F')E/3( G)N%

G'LG B- ,%Q+',%3%-E( H/3P),%F E/ /EG%, %+K),D/E'H )&L)% W5)N%-M acc"_ 5)N%- %E )&UM

accc_ 8/ %E )&UM !""d_ ~+'LL %E )&UM !""dXU 7'N%- EG% P/E%-E')&&D &),L% B- ,%Q+',%3%-E

)((/H')E%F I'EG PG/E/(D-EG%('(M ) L,%)E F%)& /0 %00/,E G)( C%%- 0/H+(%F /- F%E%,3'-'-L EG%

H%&&+&), B- C+FL%EU R+,,%-E H%&&+&), B- C+FL%E( 0/, F')E/3( G)N% C%%- C)(%F (/&%&D /-

EG% B- )((/H')E%F I'EG @266 W5)N%-M acc"XU 9G%(% C+FL%E( ('L-'0'H)-E&D +-F%,%(E'3)E%

3%)(+,%F H%&&+&), B- H/-H%-E,)E'/-( W2+-F) )-F 8+-E(3)-M acg#_ 2+-F) )-F 8+-E(3)-M

accg_ @%%,( )-F @,'H%M !""eX_ G/I%N%,M '-H&+F'-L B-2=< Wa"1!"Z /0 E/E)& H%&&+&), B-XM
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+P E/ g"Z /0 EG% E/E)& H%&&+&), B- H)- C% )HH/+-E%F 0/,M )&& /0 IG'HG '( '- EG% HG&/,/P&)(E(

W2+-F) )-F 8+-E(3)-M acg#_ 5)N%-M acc"_ 2+-F) )-F 8+-E(3)-M accg_ @%%,( )-F @,'H%M

!""eXU

B)-L)-%(% '( -/E /0E%- C'/1&'3'E'-L '- EG% /H%)-(U R/-H%-E,)E'/- P,/0'&%( 0,/3

-+3%,/+( /H%)- C)('-( (G/I EG)E B- '( /0E%- )E C'/&/L'H)&&D +(%0+& H/-H%-E,)E'/-( IG'&%

$% '( EDP'H)&&D +-F%E%HE)C&% '- (+,0)H% I)E%,( W*'M acca_ 2G'&&%,M accf_ >/V)K' %E )&UM

accg_ .G'E0'%&FM !""aXU B%)(+,%F N)&+%( 0/, B- '- EG% 4E&)-E'H C)('- ,)-L% 0,/3 )C/+E

!b -3/&"KL1a '- H/)(E)& ,%L'/-( E/ C%EI%%- ! E/ b -3/&"KL1a )E /P%- /H%)- (E)E'/-(

W2G'&&%,M accfXU ?('-L )N%,)L% N)&+%( /0 HG&/,/PGD&& )( ) P,/TD 0/, C'/3)((S b "L"KL1a

)-F a "L"KL1a 0/, H/)(E)& )-F /H%)-'H ,%L'/-(M ,%(P%HE'N%&D W$)&K/I(K' )-F 5)N%-M accfXM

)-F )- )N%,)L% /0 ff "L B-2=<"3L chl a1a WC)(%F /- /+, 3%)(+,%3%-E(M (%% 0'LU dUbXM

I% H)&H+&)E%F EG)E /H%)-'H B- H/-H%-E,)E'/-( (+PP/,E 3/,% EG)- a""" E+,-/N%,( /0 B- '-

F')E/3( )((+3'-L L,/IEG ,)E% C%EI%%- a E/ ! F1aU B- H/+&F EG+( (%,N% )( ) P/(('C&%

3%E)& ,%P&)H%3%-E 0/, ',/- )-F /EG%, C'/1&'3'E'-L 3%E)&( '- 3),'-% )&L)% W.G'E0'%&FM

!""a_ @%%,( )-F @,'H%M !""eXU

9G% G'LG B- ,%Q+',%3%-E /0 F')E/3( '( ('L-'0'H)-E E/ EG% %H/&/LD /0 EG%(%

%+K),D/E'H )&L)%M )( EG% ,/&% /0 E,)H% 3%E)&( G)( C%%- (G/I- E/ (E,+HE+,% /H%)-'H

PGDE/P&)-KE/- P,/F+HE'N'ED )-F H/33+-'ED H/3P/('E'/- '- 3)-D ,%L'/-( W2)'E/ %E )&UM

!""d_ R/)&% %E )&UM !""eXU 4 3)\/, 0/H+( /0 ,%(%),HG G)( C%%- /- ',/-M IG'HG &'3'E(

P,/F+HE'N'ED )-F '( /-&D P,%(%-E '- (+C -B H/-H%-E,)E'/-( '- 3/(E /0 EG% I/,&F�( /H%)-(

WJ/DF %E )&UM !"""_ R/)&% %E )&UM !""eXU 9G%,%0/,%M 'E '( -/E (+,P,'('-L EG)E (/3%

PG/E/)+E/E,/PG( G)N% %N/&N%F 3%HG)-'(3( E/ H/3P%-()E% 0/, &/I $% )N)'&)C'&'EDU $/,

%T)3P&%M F')E/3( H)- +(% 0&)N/F/T'-M '-(E%)F /0 EG% $%1,%Q+','-L 0%,,%F/T'-M +-F%, &/I



be

$% H/-F'E'/-( E/ (+PP/,E %&%HE,/- E,)-(P/,E '- @26 W*)5/HG% %E )&UM accd_ BH[)D %E )&UM

acccXU 2'3'&),&DM (/3% HD)-/C)HE%,') )-F HG&/,/PGDE%( (+C(E'E+E% EG% R+1H/-E)'-'-L

P&)(E/HD)-'- 0/, EG% $%1G%3% HDE/HG,/3% c6 '- @26 E/ E,)-(0%, %&%HE,/-( C%EI%%- EG%

HDE/HG,/3% b6f H/3P&%T )-F @f""t W~+'-- )-F B%,HG)-EM acccXU 9G'( (E,)E%LD '( C)(%F

/- (+C(E'E+E'-L EG% 3/(E &'3'E'-L %&%3%-E I'EG C'/HG%3'(E,D EG)E +E'&'V%( ) -/-1&'3'E'-L

%&%3%-EU

9G'( (E,)E%L'H C'/HG%3'H)& (+C(E'E+E'/- (+LL%(E( EG)E PGDE/P&)-KE/- &'N'-L '-

HG,/-'H)&&D $%1&'3'E%F I)E%,( 3)D L)'- ) H/3P%E'E'N% )FN)-E)L% '0 EG%D H)- +(%

)&E%,-)E'N% 3%E)&(U RD)-/C)HE%,') 0,/3 /&'L/E,/PG'H ),%)( H/-E)'- %'EG%, >'2=< )&/-% /,

C/EG >' )-F B-2=< '-(E%)F /0 $%2=< 0/+-F '- 0,%(GI)E%, (P%H'%( W@),E%-(KD %E )&UM

accc_ @)&%-'K %E )&UM !""d_ ./&0%12'3/- %E )&UM !""bXU 9G+(M EI/ /0 EG% 3/(E (+HH%((0+&

L,/+P( /0 3),'-% PGDE/P&)-KE/- WF')E/3( )-F HD)-/C)HE%,')M $)&K/I(K' %E )&UM !""e)_

$)&K/I(K' %E )&UM !""eCX +(% -/-1$% 2=<( E/ H/P% I'EG /T'F)E'N% (E,%(( '- EG% $%1P//,

,%L'/-( /0 EG% 3/F%,- /H%)-U B/F%,- HG&/,/PGDE%(M '-H&+F'-L %3C,D/PGDE%(M F/ -/E +(%

$% %-VD3% ,%P&)H%3%-E(U 9G%,%0/,%M 'E '( -/E (+,P,'('-L EG)E EG%(% E)T) ),% -/E F/3'-)-E

'- EG% /H%)-( )-F ),% 0/+-F P,'3),'&D '- E%,,%(E,')&M 0,%(GI)E%,M )-F %(E+),'-% (D(E%3( EG)E

G)N% )C+-F)-E $% H/-H%-E,)E'/-( W2E%,-%, %E )&UM !""eM )-F /EG%,(XU 9G+(M +E'&'V)E'/- /0

B-2=<( 3)D C% /-% 3/,% 3%HG)-'(3 +-F%,&D'-L EG% F/3'-)-H% /0 ,%F )&L) E)T) /N%,

EG% &)(E !fb B) W$)&K/I(K' %E )&UM !""e)_ $)&K/I(K' %E )&UM !""eCXU

RG&/,/PGDE%( W)( I%&& )( (/3% %3C,D/PGDE%(X EDP'H)&&D +E'&'V% $%2=< '(/0/,3( '-

EG% HG&/,/P&)(E W2)K+,)' %E )&UM accd_ RG%- %E )&UM acc#_ ['E)D)3) %E )&UM acccXU

R/-(%Q+%-E&DM EG% +(% /0 B-2=< '- EG% HG&/,/P&)(E (G/+&F &/I%, ) H%&&�( ',/- F%3)-F

C%H)+(% EG%,% '( &%(( $%2=< '- +(%U 9G%(% P,/E%/3'H F'00%,%-H%( ),% ,%0&%HE%F '- EG%



bb

3%E)& Q+/E)( /0 N),'/+( 3),'-% PGDE/P&)-KE/- E)T) )( F')E/3( G)N% ('L-'0'H)-E&D &/I%, $%

,%Q+',%3%-E( EG)- HG&/,/PGDE%( W8/ %E )&UM !""d_ ~+'LL %E )&UM !""dXU 9G'( C'/HG%3'H)&

F'00%,%-H% 3)D ,%0&%HE EG% %-N',/-3%-E( +-F%, IG'HG EG% F'N%,(% PG/E/(D-EG%E'H E)T)

%N/&N%F W.'&&')3(M !""aXU 9G% )-H'%-E )Q+)E'H %H/(D(E%3 '( EG/+LGE E/ G)N% C%%-

HG%3'H)&&D ,%F+H%FM IG'HG I/+&F G)N% 3)F% ',/- )C+-F)-E&D )N)'&)C&% E/ %N/&N'-L

/,L)-'(3( WJ,/HK( %E )&UM accc_ 4-C), )-F [-/&&M !""!XU 4( /TDL%- '-H,%)(%F )-F

/T'F'V%F 3/(E /0 EG% $% E/ )- '-(/&+C&% /T'F% 0/,3M /,L)-'(3( I%,% 0/,H%F E/ %N/&N%

)&E%,-)E'N% /PE'/-( 0/, C'/HG%3'H)& P)EGI)D(U 9G+(M EG% -+E,'E'/-)& F'00%,%-H% C%EI%%-

HG&/,/PGDE%( )-F F')E/3( 3)D H/-E,'C+E% E/ EG% (+HH%(( /0 EG% F')E/3( '- EG% &/I $%

3/F%,- 3),'-% %-N',/-3%-E W$)&K/I(K' %E )&UM !""e)XU



b#

TABLES 

Table 3.1. Antibody Cross Reactivity. .% ,%N%,(% E,)-(H,'C%FM )3P&'0'%F )-F H&/-%F
EG% L%-% 0/, B-2=< 0,/3 0,%(G&D %TE,)HE%F Thalassiosira pseudonana 35>4U .% EG%-
,)'(%F )- )-E'C/FD '- ,)CC'E( E/ EG% ,%H/3C'-)-E P,/E%'- )-F E%(E%F EG% )-E'C/FD )L)'-(E )
I'F% ,)-L% /0 IG/&% H%&& P,/E%'- %TE,)HE'/-( 0,/3 HD)-/C)HE%,')M P,'3),D L,%%-M P,'3),D
,%F )-F (%H/-F),D ,%F )&L)%U 8%,% I% P,%(%-E F)E) (G/I'-L EG% (P%H'0'H'ED /0 EG'(
)-E'C/FDU 6E P,'3),'&D ,%H/L-'V%( /-&D F')E/3( )-F /-&D I%)K&D (/3% F'-/0&)L%&&)E%(U 6E
F'F -/E H,/(( ,%)HE I'EG )-D /EG%, PGD&+3 /, H&)(( /0 )&L)%U 4&& )&L)% I%,% L,/I- '- P+,%
H+&E+,% )E /PE'3)& H/-F'E'/-( )( ,%H/33%-F%F CD EG% R+&E+,% R/&&%HE'/- /0 B),'-%
@GDE/P&)-KE/-l WIIIUC'L%&/IU/,LXU

TAXA IDENTFICATION CCMP* RECOGNITION
J4R6**45`=@8`94

Ditylum brightwellii dbg t
Navicula incerta be! t
Nitzchia brevirostris bba t
Stephanopyxis turris gab t
Thalassiosira pseudonana  a"a" t
Skeletonema costatum add! t

<6>=@8`R:4:
Karlodinium micrum  eab s
Heterocapsa triquetra eec s
Amphidinium carterae  adae s
Prorocentrum minimum ad!c s

:?2967B49=@8`R:4:
Nannochloropsis oculata  b!b 1

54@86<=@8`R:4:
Heterosigma akashiwo a#g" 1

R8*=5=@8`94
Dunaliella tertiolecta ad!" 1
Pyramimonas parkeae  f!e 1
Nannochloris atomus  b"c 1
Pycnococcus provasolii  a!"d 1
Tetraselmis marina gcg 1

@5`B>:26=@8`94
Isochrysis galbana ad!d 1
Emiliania huxleyi dfd 1

R5`@9=@8`R:4:
Rhodomonas salina adac 1

58=<=@8`94
Porphyridium (PU A 1

R`4>=J4R9:564
Trichodesmium (PU 6B2a"a A 1
Synechocystis (PU @RR#g"d 1
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Table 3.2. Statistics for MnSOD in Thalassiosira pseudonana CCMP1335.  9G%(%
F)E) (G/I EG% H%&& (P%H'0'H B-2=< C+FL%E C)(%F /- Q+)-E'E)E'N% '33+-/1)-)&D(%( W(%%
3%EG/F( (%HE'/-XU 4&EG/+LG B-2=< )HH/+-E( 0/, ) (3)&& P%,H%-E)L% /0 EG% E/E)& P,/E%'-M
'E '( )- '3P/,E)-E P//& /0 3)-L)-%(% '- EG% H%&&U R%&&( L,/I- +-F%, H/-E'-+/+( &'LGEM a!"
"3/& 31!(1aM !"ºRU

@,/E%'- 3)(( P%, H%&& acUg pd 0L B-2=< H%&&1a

B/&%H+&%( P%, H%&& bUb p"Uc T a"b B-2=< H%&&1a a

B/&%H+&%( P%, H%&& !Uf p"Ub T a"b 8=*=1 B-2=< H%&&1a !

B/&%( P%, H%&& "Uc p"U! )3/& H%&&1a

R%&& N/&+3% acU# p"Ug 0* d

@%,H%-E /0 E/E)& P,/E%'- aUe p"U! Z

a C)(%F /- BU.U /0 !aUfcg K<)
! J)(%F /- GDP/EG%E'H)& G/3/F'3%, I'EG ) BU.U /0 edU#c# K<)
d J)(%F /- (H)--'-L %&%HE,/- 3'H,/L,)PGD W2:BX
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4.0 The Molecular Evolution of Iron and Manganese Superoxide Dismutases in 

Secondary Red Algae 

Abstract

2%H/-F),D %-F/(D3C'/('( /0 ,%F P&)(E'F( '- %+K),D/E'H )&L)% '( )- ),%) /0 G%)E%F

F%C)E%U 9G%,% ),% EI/ %TE)-E &'-%)L%( /0 P&)(E'F H/-E)'-'-L /,L)-'(3(S L,%%- )-F ,%F

&'-%)L%(U 9G% P,'3),D %-F/(D3C'/('( /HH+,,%F )( ) ('-L&% %N%-E &%)F'-L E/ C/EG IG%- )

3'E/HG/-F,'/- H/-E)'-'-L G%E%,/E,/PG'H %+K),D/E% %-L+&0%F ) HD)-/C)HE%,'+31&'K%

P,/K),D/E%U 9G% (%H/-F),D %-F/(D3C'/E'H %N%-EW(X EG%- /HH+,,%F IG%- /-% /, 3/,%

G%E%,/E,/PG'H %+K),D/E%W(X )PP,/P,')E%F ) P,'3),D P&)(E'F H/-E)'-'-L %+K),D/E%U 9G%

E'3'-L )-F -)E+,% /0 EG% (%H/-F %N%-EW(X '( +-H&%),U <+,'-L %)HG %-F/(D3C'/E'H %N%-EM

L%-%( I%,% E,)-(0%,,%F E/ EG% -%I G/(E�( -+H&%+(U =-% (+HG %-VD3% 0)3'&DM (+P%,/T'F%

F'(3+E)(%( W2=<(XM ),% )&& -+H&%), %-H/F%F L%-%( IG/(% P,/F+HE( ),% F',%HE%F %'EG%,

E/I),F( EG% P&)(E'FM 3'E/HG/-F,'/-M /, HDE/(/&U =+, PGD&/L%-%E'H )-)&D(%( /0 EG%

G/3/&/L/+( $%hB-2=< 0)3'&D %TP/(% H/3P&%T %N/&+E'/-),D G'(E/,'%(U 4&& %+K),D/E'H

PG/E/(D-EG%E'H )+E/E,/PG( W'-H&+F'-L EG% )P&)(E'F'H %+L&%-/V/) )-F )P'H/3P&%T)X (G),%

HD)-/C)HE%,') )( EG% H/33/- )-H%(E/, 0/, $%2=<U 9G+(M $%2=<( I%,% '-G%,'E%F 0,/3

EG% P,'3),D %-F/(D3C'/-E '- C/EG ,%F )-F L,%%- (%H/-F),D P&)(E'F1H/-E)'-'-L %+K),D/E%(

'-H&+F'-L %+L&%-/V/)M )&N%/&)E%(M G)PE/PGDE%(M )-F G%E%,/K/-E(U B-2=< '( P,%(%-E EG%

-+H&%+( /0 /-&D ) 0%I (%H/-F),D ,%F1P&)(E'F F%,'N%F %+K),D/E%( -)3%&D EG% (E,)3%-/P'&%(

WG%E%,/K/-E( )-F //3DH%E%(X )-F (%H/-F),D L,%%-1P&)(E'F H/-E)'-'-L %+K),D/E%(U 9G'(

(+LL%(E( EG% '-G%,'E)-H% /0 B-2=< 0,/3 EG% P,'3),D %-F/(D3C'/-E�( -+H&%+( )-F 'E( &/((

CD 3/(E /EG%, P&)(E'F1F%,'N%F %+K),D/E%(U 9G% (%H/-F),D ,%F1P&)(E'F G/(E G)F )

P,%0%,%-H% 0/, ,%E)'-'-L EG% B-2=< L%-%U 2'-H% (%H/-F),D ,%F1P&)(E'F H/-E)'-'-L



bc

%+K),D/E%( F/3'-)E% EG% 3/F%,- 3),'-% %-N',/-3%-E )-F $% '( 3+HG &%(( )C+-F)-E EG)-

B- '- EG% /H%)-M EG% P,%0%,%-H% 0/, ) B- %-VD3% /N%, )- $% C)(%F /-% (+LL%(E( EG)E EG%

(%H/-F),D ,%F1P&)(E'F H/-E)'-'-L %+K),D/E%( G)F ) (%&%HE'N% )FN)-E)L% /N%, EG% P,'3),D

)-F (%H/-F),D L,%%- P&)(E'F H/-E)'-'-L %+K),D/E%(U
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4.1 Introduction

@G/E/(D-EG%E'H %+K),D/E%( %N/&N%F 0,/3 EG% %-F/(D3C'/E'H )PP,/P,')E'/- /0 P&)(E'F( 0,/3

/EG%,M P,%%T'(E'-LM PG/E/(D-EG%E'H /,L)-'(3( W<%&I'HG%M accc_ @)&3%,M !""dXU ?-'Q+% E/

PG/E/)+E/E,/PG(M )E &%)(E EI/ %-F/(D3C'/E'H %N%-E( G)N% C%%- F/H+3%-E%FU 9G% P,'3),D

%-F/(D3C'/('( '-N/&N%F ) G%E%,/E,/PG'H %+K),D/E'H G/(E H%&& IG'HG %-L+&0%F )

HD)-/C)HE%,'+31&'K% P,/K),D/E%U 9G'( qP,'3),Dr %N%-E &%F E/ EG% %N/&+E'/- /0 3/F%,-

P&)(E'F( '- 3/(E L,%%- )&L)% )-F )&& G'LG%, P&)-E( '- IG'HG EG% P&)(E'F '( C/+-F CD EI/

%-N%&/P% 3%3C,)-%(M /-% F%,'N%F 0,/3 EG% HD)-/C)HE%,'+3 )-F EG% (%H/-F 0,/3 EG%

'-N)L'-)E'/- /0 EG% G/(E H%&& WJG)EE)HG),D) )-F B%F&'-M accb_ <%&I'HG%M accc_

BH$)FF%-M !""aXU 2%H/-F),D %-F/(D3C'/('( /HH+,,%F IG%- )-/EG%, %+K),D/E'H G/(E H%&&

%-L+&0%F ) P,'3),D PG/E/(D-EG%E'H %+K),D/E%M &%)F'-L E/ ) P&)(E'F C/+-F CD EG,%% /, 0/+,

3%3C,)-%( W<%&I'HG%M acccXU .G%,%)( P,'3),D %-F/(D3C'/-E( ),% EG/+LGE E/ F%,'N%

0,/3 ) ('-L&% %N%-EM EG%(% /,L)-'(3( (+C(%Q+%-E&D F'N%,L%F )-F &%F E/ P,'3),D L,%%- )-F

,%F P&)(E'F1H/-E)'-'-L &'-%)L%( W$)&K/I(K' %E )&UM !""e)XU 9G% PGD&/L%-%E'H ,%&)E'/-(G'P(

C%EI%%- (%H/-F),D PG/E/(D-EG%E'H %+K),D/E%( ),% 3/,% )3C'L+/+( W>/V)K' %E )&UM !""d)_

>/V)K' %E )&UM !""dC_ >/V)K' %E )&UM !""eXU 8/I 3)-D (%H/-F),D %N%-E( I%,% EG%,%y

.G%- F'F 'EhEG%D /HH+,y 4-F IG)E I%,% EG% (%&%HE'/- P,%((+,%( EG)E &%F E/ EG%',

/HH+,,%-H% )-F (+C(%Q+%-E &/-L1E%,3M %H/&/L'H)& (+HH%((y

J)(%F /- -+H&%),M P&)(E'FM )-F 3'E/HG/-F,')& L%-/3% )-)&D(%(M (%H/-F),D

%-F/(D3C'/-E( H/-E)'- ) P&)(E'F F%,'N%F /,'L'-)&&D 0,/3 %'EG%, ) ,%F /, L,%%- P,'3),D

%+K),D/E% /, )&L)U 2+C(E)-E')& L%-% E,)-(0%,( E/ EG% (%H/-F),D -+H&%+( G)N% /HH+,,%FM

I'EG L%-%( /,'L'-)E'-L 0,/3 C/EG EG% P,'3),D P&)(E'F )-F EG% P,'3),D G/(E -+H&%+(U



#a

>+3%,/+( (E+F'%( G)N% %N)&+)E%F 3)-D /0 EG%(% L%-%( )-F G)N% D%E E/ +-)3C'L+/+(&D

,%(/&N% EG% P/('E'/- /0 (%H/-F),D ,%F1P&)(E'F H/-E)'-'-L %+K),D/E%(U

2+P%,/T'F% F'(3+E)(%( W2=<(X ),% ) -+H&%), %-H/F%F P/&DPGD&%E'H 0)3'&D /0

%-VD3%( EG)E &'K%&D /,'L'-)E%F 0,/3 %'EG%, EG% P&)(E'F /, 3'E/HG/-F,')& L%-/3%( C)(%F /-

EG%', PGD&/L%-%E'H P/('E'/- )-F EG%', H+,,%-E (+CH%&&+&), &/H)&'V)E'/- '- %TE)-E %+K),D/E'H

PG/E/)+E/E,/PG( W7,)H%M acc"_ 23'EG )-F <//&'EE&%M acc!XU J)(%F /- EG% 3%E)& H%-E%,

H/0)HE/,(M 0/+, K-/I- %TE)-E '(/0/,3( /0 2=<( ),% ,%H/L-'V%FS $%M B-M R+�Y-M )-F >'U

9G%(% %-VD3%( )&& H)E)&DV% EG% F%(E,+HE'/- /0 =!U1 E/ 8!=! )-F =!U 2+P%,/T'F%M =!U1M '(

P),E'H+&),&D F%(E,+HE'N% C%H)+(% 'E H)--/E F'00+(% )H,/(( H%&& 3%3C,)-%(M )-F EG%,%0/,%M

3+(E C% F%(E,/D%F )E EG% ('E% /0 P,/F+HE'/-U 9G'( K%D )-E'/T'F)-E G)( C%%- I%&& (E+F'%F '-

3)-D %+K),D/E'H (D(E%3(M '-H&+F'-L 3%E)V/) )-F P&)-E( WJ/I&%, %E )&UM acc!_ 2H)-F)&'/(M

accd_ $'-K )-F 2H)-F)&'/(M !""!C_ Y%&K/ %E )&UM !""!X )-F '( (G/I- E/ C% &/H)&'V%F

3)'-&D '- %'EG%, EG% 3'E/HG/-F,') /, P&)(E'F(U

<')E/3( ),% 3%3C%,( /0 EG% (%H/-F),D ,%F P&)(E'F1H/-E)'-'-L L,/+P H)&&%F

(E,)3%-/P'&%( )-F ),% %TE,)/,F'-),'&D (+HH%((0+& '- EG% /H%)-U 9G% (E,)3%-/P'&%( ),% )

P/&DPGD&%E'H L,/+P /0 /,L)-'(3( )-F ),% ,%&)E'N%&D +-F%,(E+F'%F '- E%,3( /0 EG%

PGD&/L%-%E'H P/('E'/- I'EG ,%(P%HE E/ $%1 )-F B-2=<(U <+% E/ EG% '-0/,3)E'N%

(+CH%&&+&), &/H)&'V)E'/- /0 EG% 2=<(M EG%', PGD&/L%-D '- (%H/-F),D ,%F1P&)(E'F H/-E)'-'-L

)&L)% 3)D G%&P ,%(/&N% EG% -+3C%, /0 %-FD(/3C'/E'H %N%-E( &%)F'-L E/ EG% H+,,%-E

3'E/HG/-F,') )-F P&)(E'F( )-F EG% %-N',/-3%-E)& P,%((+,% +-F%, IG'HG EG%(% %N%-E( E//K

P&)H%U

6- EG'( P)P%,M I% %T)3'-% EG% %N/&+E'/-),D G'(E/,D /0 EG% $%1 )-F B-2=< P,/E%'-(

'- PG/E/)+E/E,/PG(M (P%H'0'H)&&D EG% (%H/-F),D ,%F1P&)(E'F H/-E)'-'-L )&L)& &'-%)L%(



#!

WHG&/,/PGD&& )hH H/-E)'-'-L )&L)%XU ?('-L J)D%(')- )-F 3)T'3+3 &'K%&'G//F )-)&D(%( /0

EG% $%2=<(M I% 0/+-F ) &),L% 3/-/PGD&%E'H 2=< H&)F% IG'HG '-H&+F%( HD)-/C)HE%,')M

P,'3),D L,%%- )&L)%M (%H/-F),D L,%%- )&L)%M )&N%/&)E%( )-F L,%%- P&)-E(U 9G'(

H/,,%(P/-F( E/ ) ('-L&% P,'3),D %-F/(D3C'/('( )-F EG% P,'3),D P&)(E'F )( EG% (/+,H% 0/,

EG% $%2=< L%-%U 6- H/-E,)(EM B-2=<( '- PG/E/)+E/E,/PG( )PP%),( E/ ,%N%)& ) C'0+,H)E%F

PGD&/L%-DU =-% L,/+P H/-E)'-( P,'3),D L,%%- )&L)% C)()& E/ ) H&+(E%, /0 P,'3),D )-F

(%H/-F),D ,%F1P&)(E'F H/-E)'-'-L %+K),D/E%( W(E,)3%-/P'&%(S F')E/3( )-F //3DH%E%(XU

9G% (%H/-F '( F/3'-)E%F CD L,%%- P&)-E( )-F HD)-/C)HE%,')U 9G%(% ,%(+&E( (+LL%(E EG)E

EG% B-2=< L%-%( I%,% '-G%,'E%F 0,/3 EG% P,'3),D G/(E 0/, ,%F )-F L,%%- )&L)% )-F 0,/3

EG% P,'3),D P&)(E'F '- L,%%- P&)-E(U 9G+(M B-2=<( F'N%,L%F '- PG/E/(D-EG%E'H /,L)-'(3(

)0E%, EG% F'N%,L%-H% /0 L,%%- P&)-E( 0,/3 EG% P,'3),D L,%%- )&L)%U



#d

4.2 Materials and Methods 

4&& 2=< )3'-/ )H'F (%Q+%-H%( '-E%L,)E%F '-E/ EG'( )-)&D('( I%,% F%,'N%F 0,/3 EG%

7%-%J)-Kh:BJ* )-F 2.6221@5=9 F)E)C)(%( W9)C&% eUaXU .% H)&H+&)E%F ('3'&),'ED

'-H'F%( C)(%F /- EG% J*=2?B#!3E! 3)E,'T W8%-'K/00 )-F 8%-'K/00 acc!XU 9G%

%N/&+E'/-),D ,%&)E'/-(G'P /0 EG% B- )-F $%2=<( I)( F%E%,3'-%F CD C/EG J)D%(')-

'-0%,%-H% )-F 3)T'3+3 &'K%&'G//F WB*X 3%EG/F(U B/&%H+&%( I%,% H/&&%HE%F )-F

'-'E')&&D )&'L-%F +('-L EG% (/0EI),% P)HK)L% ;%HE/,>96 g W6-N'E,/L%- R/,PUM R),&(C)FM

R4M !""!XU 4&'L-3%-E( I%,% )&(/ H/-(E,+HE%F +('-L EG% R*?294*A P,/L,)3

W9G/3P(/- %E )&UM acceX )-F 3)-+)&&D )F\+(E%F +('-L J'/:F'E W8)&&M acccX )-F ),%

)N)'&)C&% 0,/3 $U .U12U +P/- ,%Q+%(EU 2'3'&),'ED '-F'H%( I%,% H)&H+&)E%F )&(/ +('-L

(/0EI),% P)HK)L% ;%HE/,>96 g W6-N'E,/L%- R/,PUM R),&(C)FM R4M !""!XU 9,%%( I%,%

'-0%,,%F I'EG J)D%(')- '-0%,%-H% )-F EG% 3)T'3+3 &'K%&'G//F 3%EG/F( L%-%,)E%F +('-L

EG% B, J)D%( P)HK)L% )-F @8`B* W8+%&(%-C%HK )-F 5/-Q+'(EM !""a_ 7+'-F/- )-F

7)(H+%&M !""d_ 5/-Q+'(E )-F 8+%&(%-C%HKM !""d_ 7+'-F/- %E )&UM !""eXU 6- EG% J)D%(')-

'-0%,%-H% I% %3P&/D%F ) 3'T%F 0'T%F ,)E% %(E'3)E/, )-F EG% 0'-)& 3/F%& +(%F I)( EG%

.47 3/F%& W.G%&)- )-F 7/&F3)-M !""aXU .% )&(/ %3P&/D%F EG% .47 3/F%& 0/, EG%

@8`B* )-)&D('(U B%E,/P/&'(1H/+P&%F B),K/N HG)'- B/-E% R),&/ 0,/3 ) ,)-F/3

(E),E'-L E,%% I)( '-'E')E%F )-F ,+- 0/, )E &%)(E a Ta"# L%-%,)E'/-( W(%% 0'L+,% &%L%-F(XU

9,%%( I%,% ()3P&%F %)HG a""EG HDH&%U B+&E'P&% HG)'-( I%,% ,+- W(%% 0'L+,% &%L%-F(X I'EG

-1a HG)'-( G%)E%F )-F /-% H/&F I'EG EG% 0',(E !bZ /0 EG% ()3P&%( F'(H),F%F WC+,-'-XU

2E)C'&'V)E'/- /0 EG% &/L &'K%&'G//F( I)( 3/-'E/,%F E/ N%,'0D H/-N%,L%-H% CD EG% %-F /0 EG%

,+- W)N%,)L% /0 EG% (P&'E 0,%Q+%-HD /0 HG)'-( I)( )PP,/T'3)E%&D "U"aXU 4 H/-(%-(+( E,%%

I)( 3)F% I'EG EG% ,%3)'-'-L PGD&/L%-'%( W)L)'- F'(H),F'-L EG% 0',(E !bZX E/ F%E%,3'-%
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EG% P/(E%,'/, P,/C)C'&'E'%( )E EG% F'00%,%-E -/F%(U 9G% @8`B* P,/L,)3 I)( +(%F E/

L%-%,)E% C//E(E,)P (+PP/E%F E,%%( Wa"" ,%P&'H)E%(X )&(/ %3P&/D'-L EG% .47 3/F%&U 9G%

E,%%( I%,% N'%I%F )-F 3/F'0'%F +('-L 95::;6:. W@)L%M acc#X )-F 9,%%:TP&/,%,

WGEEPShh%N/&L%-UC'/&U3%E,/1+U)HU\Ph9:h9:�3)-UGE3&XU 9/ %T)3'-% EG% PGD&/L%-%E'H

G'(E/,D (P%H'0'H)&&D /0 PG/E/)+E/E,/PG( ) (+C(%E /0 EG% F)E) (%E I)( P,%P),%F )-F

(+C3'EE%F E/ EG% ()3% J)D%(')- )-)&D(%(U >+&& GDP/EG%(%( E/ H/-0',3 EG% 3/(E &'K%&D E,%%

)-F H/-N%,L%-H% I%,% E%(E%F CD ,+--'-L 0+&& )-)&D(%( ,%P%)E%F&D )( I%&& )( 0/,H'-L

3/-/PGD&D /0 K-/I- P/&DPGD&%E'H L,/+P( E/ /C(%,N% '0 EG% F)E) H)- (+,3/+-E '-H/,,%HE

P,'/, HG/'H%(U
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4.3 Results 

9/ '-0%, EG% %N/&+E'/-),D G'(E/,'%( /0 EG% $% )-F B-2=< P,/E%'-(M )3'-/ )H'F

(%Q+%-H%( I%,% )&'L-%F I'EG G/3/&/L( 0,/3 /EG%, /,L)-'(3(M )-F PGD&/L%-%E'H )-)&D(%(

I%,% P%,0/,3%FU J%H)+(% EG'( L%-% 0)3'&D '( ) ,%(+&E /0 ) F+P&'H)E'/- %N%-EM I% )&(/

)((%((%F EG% &%N%& /0 ('3'&),'ED C%EI%%- L,/+P( /0 P,/E%'-( E/ %T)3'-% IG'HG ,%L'/- /0

EG% P,/E%'- G)( G)F &%(( 0,%% 3+E)E'/-)& HG)-L%( W9)C&% eU!XU 6- L%-%,)&M EG% B- %-VD3%(

),% /N%,)&& 3/,% ('3'&), E/ %)HG /EG%, )-F I'EG'- H&)F%(U $+,EG%,3/,%M EG% G'LG%(E &%N%&

/0 ('3'&),'ED '( F/3'-)E%F CD EG% R1E%,3'-)& ,%L'/-U J)D%(')- B* E,%%( I%,% '-0%,,%FM

)-F P/(E%,'/, P,/C)C'&'E'%( I%,% H)&H+&)E%F 0/, %)HG -/F%U 9G% )-)&D('( /0 )&L)& B- )-F

$% (+P%,/T'F% F'(3+E)(%( G)( C%%- 3)F% +('-L !" %+K),D/E'H B-2=< (%Q+%-H%( W9)C&%

dX )-F aa $%2=< (%Q+%-H%( H/3P),%F I'EG a"g /EG%, (%Q+%-H%( ,)-L'-L 0,/3 EG%

4,HG)%) E/ /P'(EG/K/-E( )-F L,%%- P&)-E( W9)C&% eUaXU 4&L)& (%Q+%-H%( '-H&+F% C/EG

%+K),D/E'H WP,'3),D )-F (%H/-F),DX )-F P,/K),D/E'H ,%P,%(%-E)E'N%(U

9G% )N%,)L% &%-LEG /0 EG% (%Q+%-H%( '( !ag )3'-/ )H'F( W44X C+E ,)-L%( 0,/3 ac!

E/ !g# 44 I'EG EG% 0+&& &%-LEG )&'L-3%-E H/-E)'-'-L dcc P/('E'/-( WF)E) -/E (G/I-M 0/,

%TH%,PE( (%% $'LU eUaXU 9G% PGD&/L%-%E'H E,%%( I%,% H/-(E,+HE%F +('-L EG% H/3P/('E%

)&'L-3%-E '-H&+F'-L C/EG B- )-F $%2=< 0/,3( E/ %T)3'-% EG% PGD&/L%-%E'H ,%&)E'/-(G'P

C%EI%%- EG% /,'L'-( /0 EG% 2=< L%-% '- EG% )&L)%U 4&'L-3%-E %TH%,PE( /0 EG,%% K%D ),%)(

(G/I%F EG% G'LG F%L,%% /0 ('3'&),'ED )( I%&& )( EG% (+CE&% P,'3),D (%Q+%-H% F'00%,%-H%(

C%EI%%- EG% $% )-F B-2=<( W$'LU eUaXU 9G%(% EG,%% ,%L'/-( H/-E)'- )3'-/ )H'F(

'F%-E'0'%F )( H/-E,'C+E'-L E/ EG% 3%E)& C'-F'-L ('E% W;)-H% )-F B'&&%,M accg_

.%)EG%,C+,-M !""a_ B)&'%K)& %E )&UM !""!XU 9G% ('E%( ),% 'F%-E'H)& I'EG EG% 3%E)& H/0)HE/,
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954leptolyngbyaaaa69954 PKDALEPYGMKAETFDYHYGKHHAAYVTNL
nostoc\sp DFNALEQYGMKGETFEYHYGKHHKAYVDNL
thermosynechococcus\elongatus DPGALEPYGMSAKTLEFHYGKHHKGYVDNL
241magnetospirillumgi|23014241 ANDALEPH-ISARTFEFHHGKHHAAYVTNL
sycoccus\sp. DYTALAPY-ITKETLEFHHDKHHAAYVNNY
sycystis\sp. DYTALEPC-ISKSTLEFHHDKHHAAYVNNF
013prosthecochloriseao16013pro AENALEPH-ISAKTLGFHYGKHHAAYVTNF
037pelodictyonean26037pelodict AENALEPF-ISAKTLGFHYGKHHVAYITNY
875chlorobiumeam42875chlorobiu AENALEPH-ISAKTIGFHYGKHHAAYVNNF
443chlorobiumaam72443chlorobiu ADNALEPH-ISANTIGFHYGKHHAAYVKNY
850chlorobiumeam63850chlorobiu AENALAPH-ISAETIGFHYGKHHATYISKY
831chlorobiumeam35831.1chlorob ADNALEPY-ISATTIGFHYGKHHATYITNY
564prosthecochlorisean22564pro AENALEPY-ISANTISFHYGKHHATYVKKF
Solanumaao16563 -------H-MSSRTFEFHWGKHHKTYVDNL
nicotiana\plumbaginifolia PMDALEPH-MSSRTFEFHWGKHHRAYVDNL
arabidopsis\thaliana ALDALEPH-MSKQTLEFHWGKHHRAYVDNL
100Arabidopsisaao42100 PLDALEPH-MSRETLDYHWGKHHKTYVENL
zantedeschia\aethiopica SLNALEPY-MSQETLEFHWGKHHRGYVDGL
44ChlamyAAB04944Chlamy ALDALEPH-MSKQTLEFHWGKHHRAYVDNM
948Marchantiabac66948 PLDALEPH-MSKETLEFHWGKHHRAYVNNL
Parameciumbad11813 -----------------------AGYVAKL
emeliania\huxleyi -----------------------------
gonyaulax\polyedra SKDALAPH-INQQTLEFHYGKHHNAYVTNL
268Gleobacterbac92268 DENALAPY-VSAQTLSFHYGKHHTGYLNNM
ecoli AKDALAPH-ISAETIEYHYGKHHQTYVTNL
salmonella\typhimurium AKDALAPH-ISAETLEYHYGKHHQTYVTNL
photobacterium\leignathi AMNALEPH-ISQETLEYHYGKHHNTYVVKL
azotobacter\vinlandii\fesod EKNALEPY-ISTETLEYHYGKHHNTYVVNL
bpertussis ALDALAPR-ISKETLEFHYGKHHQTYVTNL
legionella\pneumophila ALDALAPH-VSKETLEYHYGKHHNTYVTNL
plasmodium\falciparum\3d7 ALNALSPH-ISEETLNFHYNKHHAGYVNKL
plasmod-4 ALNALSPH-ISEETLNFHYNKHHAGYVNKL
plasmod-2 NPQDMSPF-LSEEAIKYHYSKHHATYVKNL
plasmod-3 NPQDMSPF-LSEEAIKYHYSKHHATYVKNL
606Toxoplasmacb025606 AHDALAPH-ISSETLQFHHGKHHAGYVAKL
327brucellayp_221327.1brucella DYDALAPF-MSRETLEYHHDKHHQAYVTNG
brucellaaax73966.1brucella DYDALAPF-MSRETLEYHHDKHHQAYVTNG
958rhodopseudomonas AYDALQPY-MSKETLEYHHDKHHQAYVTNG
291rhodopseudomonas AYDALQPY-MSKETLEYHHDKHHQAYVTNG
613rhodopseudomonas AYDALQPY-MSKETLEYHHDKHHQAYVTNG
614rhodopseudomonas AYDALAPY-MSKETLEYHHDKHHQAYVTNG
058rhodopseudomonas AYDALAPY-MSKETLEYHHDKHHQAYVTNG
rhodobacter\capsulatus AHDALASLGMSKETLEYHHDLHHKAYVDNG
734Tritrichomonasaac47734 -METGISGFLTKHAVEIHVTKHHQAYVDFA
735Tritrichomonasaac47735 -LESGLPNFLTPHAVQIHVTKHHQGYVDMA
Trichomonasaac48291 -LKTGLPGFLTQHAVEVHVTKHHQSYIDTA
541trypanosomagi|70801541|gb|a NWKDGCAPVLSPRQLELHYTKHHKAYVDKL
025trypanosomagi|70835025|gb|e PWYKGCLPLLSSYQIRLHYGRHHRSYVEKL
354Toxoplasmacb373354 AHDALAPH-ISSETLQFHHGKHHAGYVAKL
166Lingulodiniumbp742166 EMGALAEKGFSSEQIDFHYNKHHKGYATKL
803Lingulodiniumcd809803 EMGALAEKGFSSEQIDFHYNKHHKGYATKL
946trypanosomagi|70834946|gb|e GYDGLAAKGISKEQVTFHYDKHHMGYVTKL
536trypanosomagi|70835034|gb|e GYDGLAAKGISKEQVTFHYDKHHMGYVTKL
164Arabidopsisaam14164 PLDALEPY-MSRRTLEVHWGKHHRGYVDNL
oryza_sativa KLDALEPY-ISKRTVELHWGKHQQDYVDSL
thlassfe GYSALSPV-ISKKTLMTHHLKHHAKYVATA
824Nicotianacaa00824 DYGALEPA-ISGDIMQLHHQNHHQTYVTNY
64Prunusq9sm64 NYGALEPA-ISGDIMQLHHQNHHQTYVTNY
caspicum\anuum DYGALEPA-ISGEIMQLHHQKHHQTYITNY
Avicenniaaan15216 DYGALEPA-ISGEIMQLHHQKHHQTYITNY
arabimn DYGALEPA-ISGEIMQIHHQKHHQAYVTNY
oryzmn DYGALEPA-ISGEIMRLHHQKHHATYVANY
188Arabidopsisaao42188 AYDALEPA-ISEEIMRLHHQKHHQTYVTQY
Barbulabaa86881 NYRALEPY-FNAHIMQLHHQKHHQTYVTNY
494Marchantiabad13494 GYGELEPA-ISGDIMQLHHSKHHQAYITGF
cmr158c DYDALEPV-ISAEIMRLHHTKHHQGYVKNL
eal71885dictyo DYGALSPV-ISPEIMTLHHKKHHQTYVNNL
equus_caballus_mn DYGALEPY-INAQIMQLHHSKHHAAYVNNL
homo\sapiens DYGALEPH-INAQIMQLHHSKHHAAYVNNL
mice DYGALEPH-INAQIMQLHHSKHHAAYVNNL
rattus_novergicus_mn DYGALEPH-INAQIMQLHHSKHHATYVNNL
gallus\gallus DYGALEPH-ISAEIMQLHHSKHHATYVNNL
884phytophthora DFGALEPS-ISGQIMEIPHQKHHRTYVNNY
onchocerca\vovulus DYGALEPI-LSAEIMQVHHGKHHAAYVNAL
tetrahymenaA39223 EYSDLEPV-LSAHLLSFHHGKHHQAYVNNL
Glomerellaaal27457 AYDALEPH-ISAQIMELHHSKHHQAYVTNL
penicillium_chrysogenum_mn AYDALEPV-ISKQIMELHHQKHHQTYINNL
pneumocystis\carinii DYQALEPY-LSADLIELHYNQHHRAYVTNL
candida DFGALEPH-ISGQINEIHYTKHHQTYVNGY
231Candidaeak99231 EFSATEPY-ISGQINEIHYTKHHQTYVNNL
615sulfolobusgi|15922615|ref|n KVDALEPY-ISKDIIDVHYNGHHKGYVNGA
257sulfolobusgi|15897257|ref|n KIDALEPY-ISKDIIDVHYNGHHKGYVNGA
037sulfolobusgi|70606037|ref|y KVDALEPY-ISKDIIDVHYNGHHKGYVNGA
acidianus_ambivalens NLDALEPY-ISKEIIDVHYNGHHRGYVNGA
936aeropyrumgi|14600936|ref|np NYNALEPY-IIEEIMKLHHQKHHNTYVKGA
826sulfolobusgi|18311826|ref|n AYNALEPY-ISAEIMQLHHQKHHQGYVNGA
214methanospirillumgi|78703214 EYGALAPF-ITEKQLTLHHQKHHQAYVTGA
188methanothermobactergi|15678 PYDALEPH-ISREQLTIHHQKHHQAYVDGA
525methanosarcinagi|21228525|r GYADLEPY-ISEEQLRIHHDKHHQGYVNNT

432methanosarcinagi|20090432|r GYADLEPY-ISEEQLRIHHDKHHQGYVNNT
022methanosarcinagi|73671022|r GYGDLAPY-ISEEQLKLHHDKHHQAYVTNA
805methanosarcinagi|68135805|r GYGDLAPY-ISEEQLKLHHDKHHQAYVTNA
hispanica ------------------------GYVNGL
marismortui DYDALEPH-ISEQVLTWHHDTHHQGYVNGL
519natronomonasgi|76558519|emb DYDALEPS-ISEQVVTWHHDTHHQGYVNGL
662Halobacteriumgi|134662|sp|p DYDALEPH-ISEQVLTWHHDTHHQGYVNGW
033Haloferax EYDALEPH-ISEQVLTWHHDTHHQGYVNGW
516streptomycesgi|21219516|ref DYSALAPV-ISPEIIELHHDKHHAAYVKGA
471streptomycesgi|4927471|gb|a DYSALAPV-ISPEIIELHHDKHHAAYVKGA
202streptomycesgi|4809202|gb|a DYAALEPV-INPQIIELHHDKHHAAYVKGA
heliobacillus PYNALEPV-ISENTLRIHHDQHHKSYVEGL
callinectus\sapidus DYGALEPH-ICTTIMQIHHTKHHQGYINNL
895salmonellaaal22895.1salmone AYDALEPH-FDKQTMEIHHTKHHQTYVNNA
331Salmonella AYDALEPH-FDKQTMEIHHTKHHQTYVNNA
e.cmn AYDALEPH-FDKQTMEIHHTKHHQTYVNNA
yersiniaaam87623.1|ae014009_5y AYDALEPH-FDKQTMEIHHTKHHQTYVNNA
279Actinobacillusaab03279.1| AYDALEPH-FDKATMEIHHTKHHQTYVNNA
181deinococcusgi|66799181|ref| AYDALEPH-IDARTMEIHHTKHHQTYIDNA
297deinococcusgi|15806297|ref| AYDALEPH-IDARTMEIHHTKHHQTYVDNA
954rhodopirellulagi|32444945|e AYDALEPH-IDARTMEIHHSKHHNAYVTKT
711chlorobiumeam61711chlorobiu TYDALAPH-IDARTMEIHHTKHHQGYINNL
44Methylomonasp23744|sodf_metj AYTALEPH-IDAQTMEIHHTKHHQTYINNV
461methylomonas|a38461 AYTALEPH-IDAQTMEIHHTKHHQTYINNV
267bordetellacaa59267.1bordete AYDALEPH-IDARTMEIHHTRHHQTYVNGL
952leptolyngbyaaaa69952 AYDALEPY-IDATTMQLHHDKHHAAYVNNL
623Gleobacterbac88623 DYSALEPY-IDAETMKLHHDKHHQAYVDNL
953leptolyngbyaaaa69953 DAGALSKA-IDAETMRIHHDRHHQTYVDNL
594Nostoc7120bab77594 GYDALEKA-IDAETMKLHHDKHHAAYVNNL
nostosoda GYGALGKA-IDAETMKLHHDVHHASYVKNL
856solibactergi|67929856|ref|z APDALEPH-IDKMTMEIHHGKHHNAYVTNL
trichodesmium\ims101\soda1 GYDALEPY-IDKETMGFHYGKHYAGYIKKL
921ChloroflexusAAP41921Chlorof DYNALEPY-IDEATMHYHHDNHHQTYVTNL
757rhodopseudomonas PAAALEPH-IDAKTMEIHHGKHHQAYVSNM
526thermusgi|55980526|ref|yp_1 PYEALEPH-IDAKTMEIHHQKHHGAYVTNL
Candidatusbad04527 QYDALEPF-FDTQTMQLHHLKHHQTYINNL
923acinetobactercaa86923.1acin ATNALQPA-IDQQTMEIHYGKHHKAYVDNL
665PorphyraAAZ75665.1Porphyra AYDALEPY-IDSTTMNIHHTKHHNTYVTNV
664PorphyraAAZ75664.1Porphyra AYDALEPY-IDSTTMNIHHTKHHNTYVTNV
cmn023c DYAALEPH-IDALTMQIHHTKHHGTYINNL
636Plasmoparacb174636 -----------------------KAPTCRA
886phytophthora DYNALEPF-VDTDTMNIHHTKHHQAYVNN
thalassiosira\pseudonana --------------MKIHHDKHHATYVAN
AAQ04679.1Thalassiosira PFEALEPY-IDAPTMKIHHDKHHATYVAN
PtMnSOD_assem PFEALEPY-IDTPTMKIHHDKHHGTYVAN
39ChlamyAAA80639MnChlamy DYGSLEPH-VDATTMNIHHTKHHQTYVNNL
haematococcus AFDALEPF-VDATTMQIHHGKHHQAYVTNL
Thermosynechobac07589 DYDALEPV-IDAETMRLHHDKHHAAYVNTL
cmt028c PYNALEPV-IDAKTMRLHHDKHFAGYVSKT
545vibriogi|14090545|gb|aak535 AYDALEPY-IDAKTMEVHYSKHHRTYYDKF
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9 5 4 l e p t o l y n g b y a a a a 6 9 9 5 4 S K V G V F N N A A Q V W N H T F F W N C L K A - -
n o s t o c \ s p S K A G I F N N A A Q V W N H T F F W N S L K P - -
t h e r m o s y n e c h o c o c c u s \ e l o n g a t u s A K V G I F N N A A Q V W N H T F F W N S L K P - -
2 4 1 m a g n e t o s p i r i l l u m g i | 2 3 0 1 4 2 4 1 A K Q G I F N N A A Q V W N H T F F W N C L K K - -
s y c o c c u s \ s p . S K A G L F N N A A Q A W N H S F Y W N S I K P - -
s y c y s t i s \ s p . S K A G I F N N A A Q A W N H S F Y W N C M K P - -
0 1 3 p r o s t h e c o c h l o r i s e a o 1 6 0 1 3 p r o S K A G I F N N G A Q A W N H S F Y W N S L A P - -
0 3 7 p e l o d i c t y o n e a n 2 6 0 3 7 p e l o d i c t Q K V G I F N N G A Q A W N H S F Y W N C L T P - -
8 7 5 c h l o r o b i u m e a m 4 2 8 7 5 c h l o r o b i u Q K I G V F N N G A Q A W N H S F Y W N C L S A - -
4 4 3 c h l o r o b i u m a a m 7 2 4 4 3 c h l o r o b i u S K T G I F N N G A Q A W N H S F Y W N C L T P - -
8 5 0 c h l o r o b i u m e a m 6 3 8 5 0 c h l o r o b i u E K A G L F N N G A Q A W N H S F Y W N S L S P - -
8 3 1 c h l o r o b i u m e a m 3 5 8 3 1 . 1 c h l o r o b Q K I G I F N N G A Q A W N H S F Y W N S L S P - -
5 6 4 p r o s t h e c o c h l o r i s e a n 2 2 5 6 4 p r o S K A G I F N N G A Q A W N H S F Y W N C L S P - -
S o l a n u m a a o 1 6 5 6 3 A P L P A F N D A A Q A W N H Q F F W E S M K P - -
n i c o t i a n a \ p l u m b a g i n i f o l i a A P L P A F N N A A Q A W N H Q F F W E S M K P - -
a r a b i d o p s i s \ t h a l i a n a D L L P A F N N A A Q A W N H E F F W E S M K P - -
1 0 0 A r a b i d o p s i s a a o 4 2 1 0 0 N M L P A F N N A A Q A W N H E F F W E S I Q P - -
z a n t e d e s c h i a \ a e t h i o p i c a D L L P T F N N A A Q I W N H D F F W Q S M K P - -
4 4 C h l a m y A A B 0 4 9 4 4 C h l a m y Q P T P V F N N A A Q V W N H T F F W E S M K P - -
9 4 8 M a r c h a n t i a b a c 6 6 9 4 8 N P T P A F N N A G Q I W N H D F F W Q S M K P - -
P a r a m e c i u m b a d 1 1 8 1 3 N T Q A I F N N A A Q T W N H T F Y W H S L R P - -
e m e l i a n i a \ h u x l e y i - - - - - F N N A A Q V W N H T F Y W H S M K P - -
g o n y a u l a x \ p o l y e d r a S K A G L F N N A A Q V W N H T F Y W H S M K P - -
2 6 8 G l e o b a c t e r b a c 9 2 2 6 8 E Q K T L F N N A A Q V W N H T F Y W N S M R P - -
e c o l i S E G G V F N N A A Q V W N H T F Y W N C L A P - -
s a l m o n e l l a \ t y p h i m u r i u m S E G G I F N N A A Q V W N H T F Y W N C L A P - -
p h o t o b a c t e r i u m \ l e i g n a t h i S T G G V F N N A A Q V W N H T F Y W N C L A P - -
a z o t o b a c t e r \ v i n l a n d i i \ f e s o d S S G G I F N N A A Q V W N H T F Y W N G L K P - -
b p e r t u s s i s S S G G V F N N A A Q V W N H T F Y W N S L S P - -
l e g i o n e l l a \ p n e u m o p h i l a A K G G I F N N A A Q V W N H T F Y W H S M S P - -
p l a s m o d i u m \ f a l c i p a r u m \ 3 d 7 - S G A I F N N A A Q I W N H T F Y W D S M G P - -
p l a s m o d - 4 - S G A I F N N A A Q I W N H T F Y W D S M G P - -
p l a s m o d - 2 - D G S I H N N A A Q I F N H N F F W L G L K E - -
p l a s m o d - 3 - D G S I H N N A A Q I F N H N F F W L G L K E - -
6 0 6 T o x o p l a s m a c b 0 2 5 6 0 6 - T G A I F N N A A Q V W N H T F Y F S S M K P P M
3 2 7 b r u c e l l a y p _ 2 2 1 3 2 7 . 1 b r u c e l l a - N Q A L F N N A G Q H Y N H I H F W K W M K K D -
b r u c e l l a a a x 7 3 9 6 6 . 1 b r u c e l l a - N Q A L F N N A G Q H Y N H I H F W K W M K K D -
9 5 8 r h o d o p s e u d o m o n a s - N A P L F N N A G Q H F N H I H F W K W M K P N -
2 9 1 r h o d o p s e u d o m o n a s - N A A L F N N A G Q H F N H I H F W K W M K P N -
6 1 3 r h o d o p s e u d o m o n a s - N A P L F N N A A Q H F N H I H F W K W M K P N -
6 1 4 r h o d o p s e u d o m o n a s - N A P L F N N A G Q H Y N H M H F W K W M K P N -
0 5 8 r h o d o p s e u d o m o n a s - N A P L F N N A A Q H Y N H I E F W K W M K P N -
r h o d o b a c t e r \ c a p s u l a t u s A Q S G I F N N A S Q H W N H A Q F W E M M G P - -
7 3 4 T r i t r i c h o m o n a s a a c 4 7 7 3 4 - - - - L F N N V A Q H F N H A F F W N C L T A K -
7 3 5 T r i t r i c h o m o n a s a a c 4 7 7 3 5 - - - - V F N N V A Q H F N H S F F W K C L T A T -
T r i c h o m o n a s a a c 4 8 2 9 1 - - - - L F N N V A Q H F N H S F F W K S L S A E -
5 4 1 t r y p a n o s o m a g i | 7 0 8 0 1 5 4 1 | g b | a - - K V L F N Q A A Q H F N H S F Y W L C I T P N -
0 2 5 t r y p a n o s o m a g i | 7 0 8 3 5 0 2 5 | g b | e - - A G V Y N S A A Q H Y N H C F Y W K C I Q P Y -
3 5 4 T o x o p l a s m a c b 3 7 3 3 5 4 - T G A I F N N A A Q V F F L T F Y F S S M K P P M
1 6 6 L i n g u l o d i n i u m b p 7 4 2 1 6 6 - K T P Q F N L A A Q I Y N H N F Y W K C L S P - -
8 0 3 L i n g u l o d i n i u m c d 8 0 9 8 0 3 - K T P Q F N L A A Q I Y N H N F Y W K C L S P - -
9 4 6 t r y p a n o s o m a g i | 7 0 8 3 4 9 4 6 | g b | e - K G P I F N L A A Q I F N H N F Y W E S M S P - -
5 3 6 t r y p a n o s o m a g i | 7 0 8 3 5 0 3 4 | g b | e - K G P I F N L A A Q I F N H D F Y W E S I S P - -
1 6 4 A r a b i d o p s i s a a m 1 4 1 6 4 N P L P E F N N A A Q V Y N H D F F W E S M Q P - -
o r y z a _ s a t i v a N P L P E Y N N A A Q V W N H H F F W E S M Q P - -
t h l a s s f e T H P S L F N N I A Q S W N H A F Y W K C M S V - -
8 2 4 N i c o t i a n a c a a 0 0 8 2 4 L H S A I K F N G G G H I N H S I F W K N L A P V -
6 4 P r u n u s q 9 s m 6 4 L H S A I K F N G G G H I N H S I F W K N L A P V -
c a s p i c u m \ a n u u m L Q G A I K F N G G G H I N H S V F W K N L A P T -
A v i c e n n i a a a n 1 5 2 1 6 L Q S A I K F N G G G H V N H S I F W K N L A P V -
a r a b i m n L Q S A I K F N G G G H V N H S I F W K N L A P S -
o r y z m n L Q S A I K F N G G G H V N H S I F W N N L K P I -
1 8 8 A r a b i d o p s i s a a o 4 2 1 8 8 L Q S L I K F N G G G H V N H A I F W K N L A P V -
B a r b u l a b a a 8 6 8 8 1 L Q S A I N F N G G G H I N H S I F W K N L A P T -
4 9 4 M a r c h a n t i a b a d 1 3 4 9 4 L Q A A L K F N G G G H V N H S I F W K N L A P I -
c m r 1 5 8 c L Q P S L V F N G G G H L N H S I L W T N L A P V -
e a l 7 1 8 8 5 d i c t y o L Q S A I K F N G G G H V N H S I F W T N L A P K -
e q u u s _ c a b a l l u s _ m n L Q P A L K F N G G G H I N H T I F W T N L S P N -
h o m o \ s a p i e n s L Q P A L K F N G G G H I N H S I F W T N L S P N -
m i c e L Q P A L K F N G G G H I N H T I F W T N L S P K -
r a t t u s _ n o v e r g i c u s _ m n L Q P A L K F N G G G H I N H S I F W T N L S P K -
g a l l u s \ g a l l u s L Q P A L K F N G G G H I N H T I F W T N L S P S -
8 8 4 p h y t o p h t h o r a L L P A L K F N G G G H V N H S I F W T N L A P K N
o n c h o c e r c a \ v o v u l u s G T K L M N F N T G G H I N H T L F W E G L T A V K
t e t r a h y m e n a A 3 9 2 2 3 L Q S A L R F N L G G H V N H W I Y W D N L A P V -
G l o m e r e l l a a a l 2 7 4 5 7 V L A A L N F N G G G H I N H S L F W E N L S P A -
p e n i c i l l i u m _ c h r y s o g e n u m _ m n L Q Q K L R F N G G G H I N H S L F W K N L T P P -
p n e u m o c y s t i s \ c a r i n i i L L T S I K F F A G G H I N H S L Y W E N L L P N -
c a n d i d a L Q K A I N F H G G G Y T N H C L F W K N L A P E -
2 3 1 C a n d i d a e a k 9 9 2 3 1 L Q K A I N F N G G G Y L N H C L W W K N L A P V -
6 1 5 s u l f o l o b u s g i | 1 5 9 2 2 6 1 5 | r e f | n L L R G L V F N I N G H K L H A L Y W Q N M A P A -
2 5 7 s u l f o l o b u s g i | 1 5 8 9 7 2 5 7 | r e f | n I I R G L T F N I N G H K L H A L Y W E N M A P S -
0 3 7 s u l f o l o b u s g i | 7 0 6 0 6 0 3 7 | r e f | y I L R G L T F N I N G H K L H A I Y W N N M A P A -
a c i d i a n u s _ a m b i v a l e n s L L R G L V F N I N G H K L H S L Y W Q N M A P A -
9 3 6 a e r o p y r u m g i | 1 4 6 0 0 9 3 6 | r e f | n p V M R D F S F N Y A G H I M H T I F W P N M A P P -
8 2 6 s u l f o l o b u s g i | 1 8 3 1 1 8 2 6 | r e f | n V L R D L S F H L N G H I L H S I F W P N M A P P -
2 1 4 m e t h a n o s p i r i l l u m g i | 7 8 7 0 3 2 1 4 L L K E L S F H I G G H R L H T L F W E N L A P A -
1 8 8 m e t h a n o t h e r m o b a c t e r g i | 1 5 6 7 8 A L K E L S F H V G G Y V L H L F F W G N M G P A -
5 2 5 m e t h a n o s a r c i n a g i | 2 1 2 2 8 5 2 5 | r T A K A L A F N L G G H V L H D Y F W W E M T P A -
4 3 2 m e t h a n o s a r c i n a g i | 2 0 0 9 0 4 3 2 | r T A K A L S F N L S G H V L H D F F W W E M T P A -
0 2 2 m e t h a n o s a r c i n a g i | 7 3 6 7 1 0 2 2 | r T A K A F S F N L A G H V L H D Y F W W E M T P A -
8 0 5 m e t h a n o s a r c i n a g i | 6 8 1 3 5 8 0 5 | r T A K A F S F N L A G H V L H D Y F W W E M T P A -
h i s p a n i c a A M G N V T H N G C G H Y L H T L F W E N M D P - -
m a r i s m o r t u i A W V N V T H N G C G Q D L H T L F W E N M D P - -
5 1 9 n a t r o n o m o n a s g i | 7 6 5 5 8 5 1 9 | e m b A I R N V T H N G S G H Y L H T L F W E N M D P - -
6 6 2 H a l o b a c t e r i u m g i | 1 3 4 6 6 2 | s p | p A L G D V T H N G S G H I L H T L F W Q S M S P - -
0 3 3 H a l o f e r a x A V R N V T H N G S G H I L H D L F W Q N M S P - -
5 1 6 s t r e p t o m y c e s g i | 2 1 2 1 9 5 1 6 | r e f L E K N L A F H L S G H I L H S I Y W Q N M T G P -
4 7 1 s t r e p t o m y c e s g i | 4 9 2 7 4 7 1 | g b | a L E K N L A F H L S G H I L H S I Y W H N M T G - -
2 0 2 s t r e p t o m y c e s g i | 4 8 0 9 2 0 2 | g b | a L Q K N L A F H L S G H I L H S I Y W H N M T G - -
h e l i o b a c i l l u s W E R E L A F H G S G H I L H S V Y W T I M T S P -
c a l l i n e c t u s \ s a p i d u s L L P A I K F N G G G H L N H T I F W T N M A P - -
8 9 5 s a l m o n e l l a a a l 2 2 8 9 5 . 1 s a l m o n e K K T V L R N N A G G H A N H S L F W K G L K - - -
3 3 1 S a l m o n e l l a K K T V L R N N A G G H A N H S L F W K G L K - - -
e . c m n K K T V L R N N A G G H A N H S L F W K G L K - - -
y e r s i n i a a a m 8 7 6 2 3 . 1 | a e 0 1 4 0 0 9 _ 5 y K R T F M R N N A G G H A N H S L F W K G L K - - -
2 7 9 A c t i n o b a c i l l u s a a b 0 3 2 7 9 . 1 | K R T A V R N N V G G H V N H T L F W K G L K - - -
1 8 1 d e i n o c o c c u s g i | 6 6 7 9 9 1 8 1 | r e f | K K T V L R N N A G G H A N H S L F W Q V M T P Q -
2 9 7 d e i n o c o c c u s g i | 1 5 8 0 6 2 9 7 | r e f | K K G A L R N N A G G H A N H S M F W Q I M G - Q -
9 5 4 r h o d o p i r e l l u l a g i | 3 2 4 4 4 9 4 5 | e K R G A V R N N G G G H A N H S L F W T V L G - P -
7 1 1 c h l o r o b i u m e a m 6 1 7 1 1 c h l o r o b i u - - V A V R N N G G G H Y N H N L F W K M L S - - -
4 4 M e t h y l o m o n a s p 2 3 7 4 4 | s o d f _ m e t j L R G P V R N N G G G H A N H S L F W K V L T - - -
4 6 1 m e t h y l o m o n a s | a 3 8 4 6 1 L R G P V R N N G G G H A N H S L F W K V L T - - -
2 6 7 b o r d e t e l l a c a a 5 9 2 6 7 . 1 b o r d e t e I H G A V R N H G G G H A N H S L L W T V M S - - -
9 5 2 l e p t o l y n g b y a a a a 6 9 9 5 2 V R T T V R N N A G G H V N H T M F W E I M G - - -
6 2 3 G l e o b a c t e r b a c 8 8 6 2 3 T R A A V R G N G G G H V N H T M F W E I M K - - -
9 5 3 l e p t o l y n g b y a a a a 6 9 9 5 3 I R N T I R N N A G G H L N H T I F W Q I M S - - -
5 9 4 N o s t o c 7 1 2 0 b a b 7 7 5 9 4 I R T T V R N N G G G H L N H T I F W Q I M S - - -
n o s t o s o d a I R T K V R N N G G G H L N H T I F W Q L M S - - -
8 5 6 s o l i b a c t e r g i | 6 7 9 2 9 8 5 6 | r e f | z I R T A V R N N G G G H I N H S M F W K I M G - - -
t r i c h o d e s m i u m \ i m s 1 0 1 \ s o d a 1 I R T A V R N N G G G Y V N H K M F W E I M A - - -
9 2 1 C h l o r o f l e x u s A A P 4 1 9 2 1 C h l o r o f I R T A V R N N G G G H W N H T F F W E I M A - - -
7 5 7 r h o d o p s e u d o m o n a s I R T G V R N N L G G H A N H T M F W Q I M G - - -
5 2 6 t h e r m u s g i | 5 5 9 8 0 5 2 6 | r e f | y p _ 1 I Q T A V R N N G G G H L N H S L F W R L L T - - -
C a n d i d a t u s b a d 0 4 5 2 7 I R Q T V R N N G G G H F N H S F F W N I L K - - -
9 2 3 a c i n e t o b a c t e r c a a 8 6 9 2 3 . 1 a c i n Y N T A V R N N G G G H F N H T F F W E S L A - - -
6 6 5 P o r p h y r a A A Z 7 5 6 6 5 . 1 P o r p h y r a I K T A V R N S G G G H W N H S F F W S V M G - - -
6 6 4 P o r p h y r a A A Z 7 5 6 6 4 . 1 P o r p h y r a I K T A V R N S G G G H W N H S F F W S V M G - - -
c m n 0 2 3 c V R T T V R N N S G G H W N H T F F W T I M A - - -
6 3 6 P l a s m o p a r a c b 1 7 4 6 3 6 - - - - - - N N G G G H Y N H S L F W T W M T - - -
8 8 6 p h y t o p h t h o r a - - - - V R N N G G G H Y N H S L F W T W M T - - -
t h a l a s s i o s i r a \ p s e u d o n a n a - - P A V R N N G G G H Y N H A F F W D E M A - - -
A A Q 0 4 6 7 9 . 1 T h a l a s s i o s i r a - - P A V R N N G G G H Y N H A F F W D E M A - - -
P t M n S O D _ a s s e m - - P A Y R N S G G G H Y N H A F F W D E M A - - -
3 9 C h l a m y A A A 8 0 6 3 9 M n C h l a m y V A T V I R N N G G G H Y N H S F F W K V M T - - -
h a e m a t o c o c c u s I A T V V R N N G G G H W N H S F F W K I M T - - -
T h e r m o s y n e c h o b a c 0 7 5 8 9 I Q S T V R N H G G G H A N H S L F W Q S M - - A -
c m t 0 2 8 c L R E T V R N Q G G G A I N H R I F F Q T M R - A -
5 4 5 v i b r i o g i | 1 4 0 9 0 5 4 5 | g b | a a k 5 3 5 L P A A V R N H G G G Y Y N H I V Y W N C M - - K -

25 0 2 6 0
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954leptolyngbyaaaa69954 TLKVTKTPNAENPLVH------GQKPLLTLDVWEHAYYLD
nostoc\sp TLKVTKTPNAENPLAH------GQKALLTLDVWEHAYYID
thermosynechococcus\elongatus TLKVTKTANAENPLVH------GQVPLLTIDVWEHAYYLD
241magnetospirillumgi|23014241 KLKITKTANADLPLAH------GQKALLTVDVWEHAYYLD
sycoccus\sp. TLKITKTGNADTPIAH------GQTPLLTIDVWEHAYYLD
sycystis\sp. TLKVTKTGNAENPMTA------GQTPLLTMDVWEHAYYLD
013prosthecochloriseao16013pro TLKVVKTGNAETPMTN------GLKPILTIDVWEHAYYLD
037pelodictyonean26037pelodict TLKVVKTANAQTPSTS------GQKPILTIDVWEHAYYLD
875chlorobiumeam42875chlorobiu TLKVVKTGNAQTPITS------GQTPLLCVDVWEHAYYLD
443chlorobiumaam72443chlorobiu KLKVTKTGNAQNPMTS------GQTPLLCIDVWEHAYYLD
850chlorobiumeam63850chlorobiu QLKIVKTANAQTPLTN------GMFPILTIDVWEHAYYLD
831chlorobiumeam35831.1chlorob VLKIVKTANAGTPLTS------GQTPLLAVDVWEHAYYLD
564prosthecochlorisean22564pro TLKVTKTANAQTPVTE------GMTPILTIDVWEHAYYLD
Solanumaao16563 KLALVKTPNAENPLVL------GYTPLLTIDVWEHAYYLD
nicotiana\plumbaginifolia KLALVKTPNAENPLVL------GYTPLLTIDVWEHAYYLD
arabidopsis\thaliana KLKVVKTPNAVNPLVL------GSFPLLTIDVWEHAYYLD
100Arabidopsisaao42100 KLVIVKTPNAVNPLVW------DYSPLLTIDTWEHAYYLD
zantedeschia\aethiopica KLIIEKTPNAVNPLIW------DYNPILVVDVWEHAYYLD
44ChlamyAAB04944Chlamy KLSISKSPNAVNPVVE------GKTPILTVDVWEHAYYID
948Marchantiabac66948 KLAIEKTPNAVTPILW------GSIPLLVVDVWEHAYYLD
Parameciumbad11813 KVSILKTANADNPINQ------GYRPLITLDV--------
emeliania\huxleyi KLEVRKTLNAENPITD------GVTPLLTMDVWEHAYY--
gonyaulax\polyedra KLKVFQTHDAGCPLTE------GLTPLLTCDVWEHAFYID
268Gleobacterbac92268 KLVVTKTPNAETPITDE-----SKLPLLNMDVWEHAYYLD
ecoli KLAIVSTSNAGTPLTTD------ATPLLTVDVWEHAYYID
salmonella\typhimurium KLAIVSTSNAGTPLTTD------ATPLLTVDVWEHAYYID
photobacterium\leignathi SLAIVNTSNAGCPITEE-----GVTPLLTVDLWEHAYYID
azotobacter\vinlandii\fesod SLALASTIGAGNPLTSG------DTPLLTCDVWEHAYYID
bpertussis TLDIVNTSNAATPLTTA------DKALLTCDVWEHAYYID
legionella\pneumophila ALKIINTSNAGTPMTEG------LNALLTCDVWEHAYYID
plasmodium\falciparum\3d7 KLVILQTHDAGNPIKDN-----TGIPILTCDIWEHAYYID
plasmod-4 KLVILQTHDAGNPIKDN-----TGIPILTCDIWEHAYYID
plasmod-2 KLEIFQGHDADSPIKQN-----IGKPILTLDIWEHSYYVD
plasmod-3 KLEIFQGHDADSPIKQN-----IGKPILTLDIWEHSYYVD
606Toxoplasmacb025606 KVGIEQTHDAGTPITEP-----MKVPLLCCDVWEHAYYLD
327brucellayp_221327.1brucella KLEISKTPNGENPLVHG------AAPILGVDVWEHSYYID
brucellaaax73966.1brucella KLEISKTPNGENPLVHG------AAPILGVDVWEHSYYID
958rhodopseudomonas KLEISKTANGENPLVHG------ATPILGVDVWEHSYYID
291rhodopseudomonas KFEISKTANGENPLVHG------ATPILGVDVWEHSYYID
613rhodopseudomonas KLEISKTPNGENPLVHG------ATPILGVDVWEHSYYID
614rhodopseudomonas KLEISKSANGENPLVQG------ATPILGVDVWEHSYYID
058rhodopseudomonas KLEITKTPNGENPLVHG------ATPLLGVDVWEHSYYID
rhodobacter\capsulatus ALKITKTENGVNPLCFG------QTALLGCDVWEHSYYID
734Tritrichomonasaac47734 TISINQYSNALNPVKDG------GVPLLCVDTWEHAWYID
735Tritrichomonasaac47735 SVSINQYSNALNPVKDG------GVPLLCVDTWEHAWYID
Trichomonasaac48291 KLEIGQYSNAANPVKDG------LTPILTVDTWEHAWYID
541trypanosomagi|70801541|gb|a PLVIDNTSNAGCPITKG------LRPVFTVDVWEHAYYKD
025trypanosomagi|70835025|gb|e CFDVIAYSNAGCPLTNAD-----HVPLLCVDVWEHAYYVD
354Toxoplasmacb373354 KVGIEQTHDAGTPITEP-----MKVPLLCCDVWEHAYYLD
166Lingulodiniumbp742166 KLKVFQTHDAGCPLTEG------LTPLLTCDVWEHAFYID
803Lingulodiniumcd809803 KLKVFXTHDAGCPLTEG------LTPLLTCDVWEHAFYID
946trypanosomagi|70834946|gb|e KLKVFQTHDAGCPLTEA-----DLKPILACDVWEHAYYID
536trypanosomagi|70835034|gb|e KLKVFQTHDAGCPLTEA-----DLKPILACDVWEHAYYID
164Arabidopsisaam14164 RLEVVKTSNAINPLVW------DDIPIICVDVWEHSYYLD
oryza_sativa KLSVVHTQNAISPLAL------GDIPLINLDLWEHAYYLD
thlassfe KLIVTKTTGAGNPMTE------GITPILTIDVWEHAYYLD
824Nicotianacaa00824 -LVIETTANQDPLVSKGAN----LVPLLGIDVWEHAYYLQ
64Prunusq9sm64 -LVVETTANQDPLVTKGPT----LVPLLGIDVWEHAYYLQ
caspicum\anuum -LVIETTANQDPLVIKGPN----LVPLLGIDVWEHAYYLQ
Avicenniaaan15216 -LVVETTANQDPLVTKGPS----LVPLLGIDVWEHAYYLQ
arabimn -LVVDTTANQDPLVTKGGS----LVPLVGIDVWEHAYYLQ
oryzmn -LSVETTANQDPLVTKGAN----LVPLLGIDVWEHAYYLQ
188Arabidopsisaao42188 -LVVETTANQDPLVTKGSH----LVPLIGIDVWEHAYYPQ
Barbulabaa86881 -LQVETTQNQDPLSSKG------LIPLLGIDVWEHAYYLQ
494Marchantiabad13494 -LVVETTANQDPLVTKG------LIPLLGIDVWEHAYYLQ
cmr158c -LDIITRSNQDPV-VGA------YTPLLGIDVWEHAYYLQ
eal71885dictyo -LVIQTQQNQDPLSVSG------YVPLLGIDVWEHAYYLD
equus_caballus_mn -LQIVACPNQDPLQGTTG-----LIPLLGIDVWEHAYYLQ
homo\sapiens -LQIAACPNQDPLQGTTG-----LIPLLGIDVWEHAYYLQ
mice -LQIAACSNQDPLQGTTG-----LIPLLGIDVWEHAYYLQ
rattus_novergicus_mn -LQIAACSNQDPLQGTTG-----LIPLLGIDVWEHAYYLQ
gallus\gallus -LQIAACANQDPLQGTTG-----LIPLLGIDVWEHAYYLQ
884phytophthora -VGVVTSPNQDPCS-TTG-----YVPLLGIDVWEHAYYLQ
onchocerca\vovulus -LQLACCPNQDLLEPTTG-----LIPLFCIDVWEHAYYLQ
tetrahymenaA39223 -LRLFELGNQDMPEWSS------IVPLLTIDVWEHAYYLD
Glomerellaaal27457 -LSIITTKDQDPVTK--------GVPIFGIDMWEHAYYLQ
penicillium_chrysogenum_mn -LEIVTTKDQDPVNAP-------DVPVFGVDMWEHAYYLQ
pneumocystis\carinii -LSIQITMNQDVVTQ--------GKVILGIDAWEHSYYVQ
candida -LDVITTANQDTVLGP-------FVPLVAIDAWEHAYYLQ
231Candidaeak99231 -IDVITTANQDTVTDPN------LVPLIAIDAWEHAYYLQ
615sulfolobusgi|15922615|ref|n -LEIMTFENHF-QNHIAE-----LPIILILDEFEHAYYLQ
257sulfolobusgi|15897257|ref|n -LQIMTFENHF-QNHIAE-----IPIILILDEFEHAYYLQ
037sulfolobusgi|70606037|ref|y -LQIMTVENHF-MNHIAE-----LPVILIVDEFEHAYYLQ
acidianus_ambivalens -LQIMTFENHF-QNHIAE-----LPILLILDEFEHAYYLQ
936aeropyrumgi|14600936|ref|np -LRILQVEKHN-VLMTAG-----LVPILVIDVWEHAYYLQ
826sulfolobusgi|18311826|ref|n -LLILQIEKHN-LMHAAD-----AQVLLALDVWEHAYYLQ
214methanospirillumgi|78703214 -LLLMQVEKHN-VHVYPG-----FRILMVLDVWEHAYYLD
188methanothermobactergi|15678 -LFIMQVEKHN-VNVIPH-----FRILLVLDVWEHAYYID
525methanosarcinagi|21228525|r -LGIMQIEKHN-VNVVPD-----YPILMVLDVWEHAYYID
432methanosarcinagi|20090432|r -LGIVQIEKHN-VNLVPD-----FPIIMDLDVWEHAYYID
022methanosarcinagi|73671022|r -LMIMQIEKHN-VNLVPD-----YPIIMDLDTWEHAYYID
805methanosarcinagi|68135805|r -LMIMQIEKHN-VNLVPD-----YPIIMDLDTWEHAYYID
hispanica -LRNVPVDKHD-QGALWG-----SHPILALDVWEHSYYYD
marismortui -LRNVPVDKHD-QGALWG-----SHPILALDVWEHSYYYD
519natronomonasgi|76558519|emb -LRNLVVDKHD-QGALWG-----SHPILALDVWEHSYYYD
662Halobacteriumgi|134662|sp|p -LRNVAVDNHD-EGALWG-----SHPILALDVWEHSYYYD
033Haloferax -LRNVVVDKHD-QGALWG-----SHPILALDVWEHSYYHD
516streptomycesgi|21219516|ref -LIVEQVYDHQ-GNVGQG-----ATPILVFDAWEHAFYLQ
471streptomycesgi|4927471|gb|a -LIVEQIYDHQ-GNVGQG-----STPILVFDAWEHAFYLQ
202streptomycesgi|4809202|gb|a -LIVEQVYDHQ-GNVGQG-----SVPILVFDAWEHAFYLQ
heliobacillus -LEILTAEKHQ-NLTQWG-----AIPILVIDVWEHAYYLD
callinectus\sapidus -LAVATCQNQDPLQITHG-----LVPLLGLDVWEHAYYLQ
895salmonellaaal22895.1salmone KLAVVSTANQDSPLMGEAISGASGFPILGLDVWEHAYYLK
331Salmonella KLAVVSTANQDSPLMGEAISGASGFPILGLDVWEHAYYLK
e.cmn KLAVVSTANQDSPLMGEAISGASGFPILGLDVWEHAYYLK
yersiniaaam87623.1|ae014009_5y KLAVVSTANQDSPLMGEAVSGVSGFPIVGLDVWEHAYYLK
279Actinobacillusaab03279.1| KLAVVSTANQDNPIMGKEVAGVSGFPILALDVWEHAYYLH
181deinococcusgi|66799181|ref| QLAVVSTANQDNPLMGEAIAGASGTPILGVDVWEHAYYLN
297deinococcusgi|15806297|ref| KLDVVSTANQDNPLMGEAIAGVSGTPILGVDVWEHAYYLN
954rhodopirellulagi|32444945|e KLHVGSTANQDSPLMGEAVAGIGGTPILGLDVWEHAYYLN
711chlorobiumeam61711chlorobiu GLVITSTPNQDNPLM--DIAEVKGTPILGLDVWEHAYYLH
44Methylomonasp23744|sodf_metj KLVVESTGNQDSPLS------TGNTPILGLDVWEHAYYLK
461methylomonas|a38461 KLVVESTGNQDSPLS------TGNTPILGLDVWEHAYYLK
267bordetellacaa59267.1bordete RLRVDSSANQDSPLM------EGNTPILGLDVWEHAYYLQ
952leptolyngbyaaaa69952 DLQILSTPNQDSPLIEG------HTPIMGNDVWEHAYYLK
623Gleobacterbac88623 KLEIVSTANQDSPIADG------KYPIMGNDVWEHAYYLK
953leptolyngbyaaaa69953 QLQIVSTANQDNPIMEG------NYPIMGNDVWEHAYYLR
594Nostoc7120bab77594 QLQIVSTPNQDSPIMEG------SYPIMGNDVWEHAYYLR
nostosoda QLQIVTTANQDNPIMDG------FYPIMGNDLWEHAYYLK
856solibactergi|67929856|ref|z -VEITSTANQDSPIMEG------KVPVFGCDVWEHAYYLK
trichodesmium\ims101\soda1 KLKVISTLNQDSPFLTG------NYPIMGNDVWEHAYYLR
921ChloroflexusAAP41921Chlorof SLSIMSTPNQDNPLMEG------KTAILGLDVWEHAYYLK
757rhodopseudomonas KLAIEARPNQDTPLMDG------KRVLLGNDVWEHAYYLN
526thermusgi|55980526|ref|yp_1 KLHVLSTPNQDNPVMEG------FTPIVGIDVWEHAYYLK
Candidatusbad04527 KLAITFTPNQD-----VVLNQGT--PLLGLDVWEHAYYLS
923acinetobactercaa86923.1acin KLAVTSTPNQDNPLMDLSETKGT--PLLGLDVWEHAYYLK
665PorphyraAAZ75665.1Porphyra QLFISSTPNQDNPLMEGIVDQPG-TPILGLDVWEHAYYLK
664PorphyraAAZ75664.1Porphyra QLFISSTPNQDNPLMEGIVDQPG-TPILGLDVWEHAYYLK
cmn023c QLFITSTPNQDNPLMSGIAEKPG-LPILGLDVWEHAYYLK
636Plasmoparacb174636 KLAITSTPNQDNPLMPG-VDQPL-IPILGLDVWEHAYYLK
886phytophthora KLAITSTPNQDNPLMPG-VDQPL-IPILGLDVWEHAYYLK
thalassiosira\pseudonana ELKLVGTPNQDNPLMKGVADEVM-FPILGLDVWEHAYYLK
AAQ04679.1Thalassiosira ELKLVGTPNQDNPLMKGVADEVM-FPILGLDVWEHAYYLK
PtMnSOD_assem ELKLVNTPNQDNPLMKGVADEIM-FPILGLDVWEHAYYLK
39ChlamyAAA80639MnChlamy SLSIDSTPNQDNPLMTALPDVAGGIPLLGLDVWEHAYYLK
haematococcus SLGITSTPNQDNPLQGVADEAL--LPVLGLDVWEHAYYLK
Thermosynechobac07589 NLTITTTLNQDSPLMQG------QVPILGNDLWEHAYYLT
cmt028c ELRIGTFANQDSPLMQG------NLPLLGLDVWEHAYYLR
545vibriogi|14090545|gb|aak535 QLSITSTSNQDNPLMDVVA--VRGEPILALDVWEHAYYIR
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Methylomonas sp. J
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Vibrio cholerae

Leptolyngbya boryana

Chloroflexus aurantiacus J-10-fl

Haematococcus pluvialis

Acinetobacter sp. ADP1

Rhodopirellula baltica SH 1

Yersinia pestis KIM

Salmonella typhimurium LT2

Escherichia coli MN

Chlorobium phaeobacteroides BS1

Salmonella typhimurium

Actinobacillus pleuropneumoniae
Deinococcus geothermalis dsm 11300
Deinococcus radiodurans r1

Thermus thermophilus hb8
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Rhodopseudomonas palustris

Candidatus Phytoplasma asteris

Plasmopara halstedii

Chlamydomonas reinhardtii

Thalassiosira weissflogii
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Porphyra yezoensis
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Gleobacter violaceus PCC7421
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Sulfolobus solfataricus P2
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Aeropyrum pernix k1
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Methanosarcina barkeri str. fusaro

Methanosarcina acetivorans c2a

Halobacterium salinarium
Haloferax volcanii

Methanothermobacter thermautotrophicus str. )H

Natronomonas pharaonis dsm 2160

Thermosynechococcus elongatus BP-1
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Green Algae

-  GNSB
Red Algae

Homo sapien

Trypanosoma brucei
Trypanosoma brucei

Trichomonas vaginalis

Tritrichomonas foetus
Tritrichomonas foetus

Streptomyces griseus
Streptomyces coelicolor A3(2)

Dictyostelium discoideum

Streptomyces coelicolor A3(2)

Pennicillium chrysogenum Mn

Glomerella graminicola
Pneumocystis carinii

Candida albicans SC5314
Candida sp. CAA72335

Barbula unguiculata
Marchantia paleacea var. diptera

Arabidopsis thaliana
Arabidopsis thaliana

Oryza sativa

Caspicum anuum

Cyanidioschyzon merolae

Callinectus sapidus
Onchocerca volvulus

Mus sp.
Rattus norvegicus

Equus caballus

Gallus gallus

Avicennia maina

Nicotiana plumbaginifolia
Prunus persica

Tetrahymena pyriformis

Phytophthora nicotianae

Proteobacteria

Euglenozoa

Parabasilids

Haloarcula marismortui

Trichodesmium elongatus ISM101

Heliobacillus mobilis

Brucella abortus biovar 1 str. 9-941

Chlorobium tepidum TLS

Synechocystis sp. PCC6803

Anabaena sp. PCC7120

Synechococcus elongatus PCC7942

Leptolyngbya boryana
Thermosynechococcus elongatus BP-1

Chlamydomonas Reinhardtii

Zantedeschia aethiopica

Nicotiana plumbaginifolia

Arabidopsis thaliana
Arabidopsis thaliana

Solarum tuberosum

Arabidopsis thaliana

Gleobacter violaceus PCC7421

Chlorobium limicola DSM 245

Chlorobium phaeobacteriodes BS 1
Chlorobium phaeobacteriodes DSM 266

Marchantia paleacea var. diptera
Oryza sativa

Brucella abortus biovar 1 str. 9-941

Rhodopseudomonas palustris

Rhodopseudomonas palustris
Rhodopseudomonas palustris

Rhodopseudomonas palustris

Rhodopseudomonas palustris

Salmonella typhimurium P40726
Photobacterium leiognathi P09213

Azotobacter vinlandii
Bordetella pertussis P37369

Legionella pneumophila

Trypanosoma brucei

Thalassiosira pseudonana FE

Paramecium bursaria

Toxoplasma gondii
Toxoplasma gondii

Plasmodium falciparum 3D7 AAT11554

Plasmodium falciparum 3D7 CAD51224
Plasmodium falciparum 3D7 CAA89971

Trypanosoma brucei

Lingulodinium polyedrum

Lingulodinium polyedra AAK01863

-  Haptophyte

Euglenozoa
Lingulodinium polyedrum

Magnetospirillum magnetotacticum ms-1

Plasmodium falciparum 3D7 CAG25047

Prosthecochloris vibrioformis DSM 265
Pelodictyon phaeoclathratiforme BU-1

Prosthecochloris aestuarii DSM 271

Escherichia coli

Cyanobacteria

GSB

-  Heterokont
Emeliania huxelyi

Rhodobacter capsulatus O30970

Archaea

Streptophytes

Metazoa

Fungi

Alveolates
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-  Alveolate
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C)(%F /- )3'-/ )H'F (%Q+%-H%(U 9G% E,%% %&+H'F)E%( EG% %-F/(D3C'/E'H /,'L'- /0 EG'(

0)3'&D /0 2=<( '- %+K),D/E%(U 9G% $% H&)F% (G/I( ) H&%), P,'3),D PG/E/(D-EG%E'H

%-F/(D3C'/E'H /,'L'- %N/&N'-L 0,/3 EG% HD)-/C)HE%,') )-F L,%%- (+&0+, C)HE%,') W72JXU

9G% B-2=< H&)F% (G/I( ) 0%I F'00%,%-E PG/E/(D-EG%E'H H&+(E%,( 3/(E -/E)C&D )

(%P),)E'/- /0 EG% ('-L&% H%&&%F P,'3),D L,%%- )-F P,'3),D )-F (%H/-F),D ,%F P&)(E'F

H/-E)'-'-L %+K),D/E%( 0,/3 EG% L,%%- P&)-E(U 9G% 3/-/PGD&%E'H ,%&)E'/-(G'P /0 EG%

B-2=<( '- ,%F1P&)(E'F )&L)% '( H/-L,+%-E I'EG /EG%, %(E'3)E%F ,%&)E'/-(G'P(U 9G% C)()&

P,'3),D L,%%- P&)(E'F )&L) E/ EG'( H&+(E%, (+LL%(E( ) H/33/- /,'L'- 0/, EG%(% (%Q+%-H%(U

$% )-F B- (%Q+%-H%( I%,% )&'L-%F +('-L R*?294*A W9G/3P(/- %E )&UM accfX )-F

%F'E%F I'EG J'/:F'E W8)&&M acccXU 9G'( '( EG% E,%% /0 G'LG%(E &'K%&'G//F 'F%-E'0'%F '- EG%

J)D%(')- E,%% P//& +('-L EG% 0'T%F ,)E% .47 3/F%& W*- &'K%&'G//F o 1dfacdUc!X )-F ,+-

0/, !Ub T a"# L%-%,)E'/-(U >+3C%,( )E EG% -/F%( ,%P,%(%-E P/(E%,'/, P,/C)C'&'E'%(U 2H)&%

C), ,%P,%(%-E( EG% -+3C%, /0 (+C(E'E+E'/-( P%, )3'-/ )H'F ('E%U
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Brucella abortus biovar 1 str. 9-941

Emeliania huxelyi

Chlorobium tepidum TLS

Synechocystis sp. PCC6803

Anabaena sp. PCC7120

Synechococcus elongatus PCC7942

Leptolyngbya boryana
Thermosynechococcus elongatus BP-1

Chlamydomonas Reinhardtii

Zantedeschia aethiopica

Nicotiana plumbaginifolia

Arabidopsis thaliana
Arabidopsis thaliana

Solarum tuberosum

Arabidopsis thaliana

Gleobacter violaceus PCC7421

Chlorobium limicola DSM 245
Chlorobium phaeobacteriodes BS 1

Chlorobium phaeobacteriodes DSM 266

Marchantia paleacea var. diptera Oryza sativa

Rhodobacter capsulatus O30970
Brucella abortus biovar 1 str. 9-941

Rhodopseudomonas palustris
Rhodopseudomonas palustris
Rhodopseudomonas palustris

Rhodopseudomonas palustris

Rhodopseudomonas palustris

Salmonella typhimurium P40726
Photobacterium leiognathi P09213

Azotobacter vinlandii
Bordetella pertussis P37369

Legionella pneumophila

Trypanosoma brucei

Homo sapien

Thalassiosira pseudonana FE

Paramecium bursaria

Toxoplasma gondii
Toxoplasma gondii

Plasmodium falciparum 3D7 AAT11554Plasmodium falciparum 3D7 CAD51224
Plasmodium falciparum 3D7 CAA89971

Trypanosoma brucei

Lingulodinium polyedrum

Lingulodinium polyedra AAK01863

Lingulodinium polyedrum

Magnetospirillum magnetotacticum ms-1

Plasmodium falciparum 3D7 CAG25047

Prosthecochloris vibrioformis DSM 265
Pelodictyon phaeoclathratiforme BU-1

Prosthecochloris aestuarii DSM 271

Escherichia coli

Trypanosoma brucei
Trypanosoma brucei

Trichomonas vaginalis
Tritrichomonas foetus

Streptomyces griseus
Streptomyces coelicolor A3(2)

Dictyostelium discoideum

Haloarcula marismortui

Streptomyces coelicolor A3(2)

Pennicillium chrysogenum Mn
Glomerella graminicola

Pneumocystis carinii

Candida albicans SC5314
Candida sp. CAA72335

Barbula unguiculata
Marchantia paleacea var. diptera
Arabidopsis thaliana

Arabidopsis thaliana
Oryza sativa

Caspicum anuum

Cyanidioschyzon merolae
Callinectus sapidus

Onchocerca volvulus

Mus sp.
Rattus norvegicus

Equus caballus

Gallus gallus

Avicennia maina
Nicotiana plumbaginifolia
Prunus persica

Tetrahymena pyriformis
Phytophthora nicotianae

Bordetella pertussis

Methylomonas sp. J
Methylomonas sp.

Vibrio cholerae

Plasmopara halstedii

Chlamydomonas reinhardtii Thalassiosira weissflogii
Thalassiosira pseudonana

Cyanidioschyzon merolae
Porphyra yezoensis

Cyanidioschyzon merolae

Trichodesmium elongatus ISM101
Gleobacter violaceus PCC7421

Anabaena sp. PCC7120

Leptolyngbya boryana

Anabaena sp. PCC7120

Acidianus ambivalens

Haloarcula hispanica

Chloroflexus aurantiacus J-10-fl
Leptolyngbya boryana

Porphyra yezoensis

Phytophthora nicotianae

Haematococcus pluvialis

Phaeodactylum tricornutum

Sulfolobus solfataricus p2
Sulfolobus acidocaldarius dsm 639

Pyrobaculum aerophilum str. im2
Aeropyrum pernix k1

Sulfolobus tokodaii str. 7

Methanospirillum hungatei
Methanosarcina barkeri str. fusaro

Methanosarcina barkeri str. fusaro
Methanosarcina barkeri str. fusaro

Methanosarcina acetivorans c2a

Halobacterium salinarium
Haloferax volcanii

Methanothermobacter thermautotrophicus str. delta h

Natronomonas pharaonis dsm 2160

Heliobacillus mobilis

Thermosynechococcus elongatus BP-1

Acinetobacter sp. ADP1

Rhodopirellula baltica SH 1

Yersinia pestis KIM
Salmonella typhimurium LT2
Escherichia coli MN

Chlorobium phaeobacteroides BS1

Salmonella typhimurium

Actinobacillus pleuropneumoniae
Deinococcus geothermalis dsm 11300
Deinococcus radiodurans r1

Thermus thermophilus hb8
Solibacter usitatus

Rhodopseudomonas palustris
Cadidatus Phytoplasma asteris

-  Haptophyte
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-  Cyanobacteria
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J//E(E,)P (+PP/,E '( I%)K 0/, 3)-D /0 EG% '-E%,-)& -/F%( IG'HG ),% ,%(/&N%F '- EG%

J)D%(')- E,%%U 8/I%N%,M EG'( E,%% N)&'F)E%( 3)-D /0 EG% ()3% GDP/EG%(%( '- )L,%%3%-E
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(+PP/,E%F WfeZX P/(E%,'/, P,/C)C'&'ED 0/, ) H/33/- )-H%(E/, 0/, )&& EG% HD)-/C)HE%,')

$%2=< H&+(E%,%F I'EG EG% 72JU

9G% (%H/-F G)&0 /0 $%1! (G/I( ) H&+(E%, /0 )&N%/&)E%( )-F %+L&%-/V/) E/L%EG%,

I'EG ) N),'%ED /0 P,/E%/C)HE%,')U :TH%PE 0/, Tetrahymena pyriformisM )&& )&N%/&)E%(

(%Q+%-H%( K-/I- ),% $%2=<(U 9G'( '-H&+F%( EG,%% (%Q+%-H%( 0,/3 EG% F'-/0&)L%&&)E%

Lingulodinium polyedra W=K)3/E/ )-F R/&%P'H/&/M accg_ =K)3/E/ %E )&UM !""a_

=K/3/E/ %E )&UM !""aXU $+,EG%,3/,%M 3)-D /,L)-'(3( '- EG'( (+C1H&)F% ),% %'EG%, /C&'L)E%

/, 0)H+&E)E'N% )-)%,/C%(U 9G%(% )&& (G),% ) H/33/- )-H%(E/, I'EG EG% PG/E/(D-EG%E'H E)T)

H&+(E%,U 9G% B* E,%% F%(H,'C%( ) (&'LGE&D F'00%,%-E PGD&/L%-D /0 EG%(% /,L)-'(3( I'EG

L,%%- P&)-E( 3/,% H&/(%&D ,%&)E%F E/ EG% )&N%/&)E%( )-F P,/E%/C)HE%,') IG'&% EG%

HD)-/C)HE%,') )-F 72J 0/,3 EG%', /I- 3/-/PGD&%E'H L,/+PU 8/I%N%,M EG'( C,)-HG'-L

P)EE%,- '( -/E I%&& (+PP/,E%F Wxb"ZXU

4.3.2 MnSOD clade

9G% B-2=< H&)F% F%(H,'C%( ) H/-E,)(E'-L PGD&/L%-%E'H G'(E/,DU J/EG EG% J)D%(')- )-F

B* E,%%( (G/I EI/ 3)'- H&+(E%,(U B-1a '( HG),)HE%,'V%F CD :+C)HE%,') )-F %+K),D/E'H

P,'3),D )-F (%H/-F),D P&)(E'F H/-E)'-'-L %+K),D/E%( IG'&% B-1! '( F/3'-)E%F CD ) (P&'E

C%EI%%- 4,HG)%) )-F L,%%- P&)-E(h/P'(EG/K/-E(U 9G% J)D%(')- )-)&D(%( (G/I )

E,'0+,H)E'/- )E EG% ,//E /0 B-1a L,/+PM IG'HG '( C%EE%, ,%(/&N%F '- EG% B* )-F PG/E/E,/PG

E,%%( W$'L(U eUd )-F eUeXU 9G% HD)-/C)HE%,') (G),% ) ,%H%-E H/33/- )-H%(E/, I'EG

P,'3),D L,%%- )-F ,%FM )-F (%H/-F),D ,%F1P&)(E'F H/-E)'-'-L %+K),D/E%( W(E,)3%-/P'&%(

H/-('(E'-L /0 F')E/3( )-F EG% //3DH%E%(XU
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Chlorobium phaeobacteroides BS1
Chloroflexus aurantiacus J-10-fl

Porphyra yezoensis
Porphyra yezoensis

Cyanidioschyzon merolae
Plasmopara halstedii

Phytophthora nicotianae

Thalassiosira weissflogii
Thalassiosira pseudonana

Phaeodactylum tricornutum
Chlamydomonas reinhardtii
Haematococcus pluvialis

Trichodesmium elongatus ISM101

Gleobacter violaceus PCC7421

Anabaena sp. PCC7120

Leptolyngbya boryana

Leptolyngbya boryana

Cyanidioschyzon merolae

Cyanidioschyzon merolae
Thermosynechococcus elongatus BP-1

Arabidopsis thaliana
Oryza sativa

Caspicum anuum
Avicennia maina

Nicotiana plumbaginifolia
Prunus persica

Arabidopsis thaliana

Barbula unguiculata
Marchantia paleacea var. diptera

Phytophthora nicotianae
Heliobacillus mobilis

Brucella abortus biovar 1 str. 9-941

Rhodobacter capsulatus O30970
Brucella abortus biovar 1 str. 9-941

Rhodopseudomonas palustris

Rhodopseudomonas palustris

Rhodopseudomonas palustris

Emeliania huxelyi

Thermosynechococcus elongatus BP-1

Nicotiana plumbaginifolia

Arabidopsis thaliana

Solarum tuberosum

Gleobacter violaceus PCC7421

Marchantia paleacea var. diptera

Lingulodinium polyedra AAK01863

Magnetospirillum magnetotacticum ms-1

Chlorobium tepidum TLS

Synechocystis sp. PCC6803

Anabaena sp. PCC7120

Synechococcus elongatus PCC7942

Leptolyngbya boryana

Chlorobium limicola DSM 245

Chlorobium phaeobacteriodes BS 1
Chlorobium phaeobacteriodes DSM 266

Thalassiosira pseudonana
Prosthecochloris vibrioformis DSM 265

Pelodictyon phaeoclathratiforme BU-1

Prosthecochloris aestuarii DSM 271

Chlamydomonas Reinhardtii
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Arabidopsis thaliana

Arabidopsis thaliana

Oryza sativa

Paramecium bursaria
Lingulodinium polyedra AAK01863

Rhodopseudomonas palustris
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Nostoc punctiforme PCC 73102
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$'L+,% eUeS J)D%(')- C)(%F E,%% H/-(E,+HE%F )( '- $'L+,% a C)(%F /- P&)(E'F ,%&)E%F

/,L)-'(3( W)-)&D(%( ,+- 0/, ! T a"# L%-%,)E'/-(XU 8%,% EG% 3/-/PGD&D /0 P&)(E'F ,%&)E%F

%+K),D/E%( E/ EG% HD)-/C)HE%,') '( C%EE%, ,%(/&N%F 0/, $%2=<U 6- EG% B-2=< H&)F%M EG%

HD)-/C)HE%,') )-F L,%%- P&)-E( 0/,3 ) 3/-/PGD&%E'H H&+(E%, %TH&+F'-L P,'3),D L,%%-M )-F

P,'3),D )-F (%H/-F),D ,%F )&L)%U 9G'( '( '- H/-E,)(E E/ EG% 0+&& E,%%( '-H&+F'-L )&&

/,L)-'(3(U 9G% G'LG P/(E%,'/, P,/C)C'&'ED (+PP/,E Wa""ZX 0/, EG% F'N%,L%-H% /0 EG%(%

EI/ L,/+P( C%0/,% EG% '-G%,'E)-H% /0 B-2=< (+LL%(E( ) H&/(%,M P,'3),D G/(E ,%&)E'/-(G'P

C%EI%%- EG% P,'3),D L,%%-M )-F P,'3),D )-F (%H/-F),D ,%F )&L)%U $+,EG%,3/,%M EG'(

(E,/-L&D (+PP/,E( EG% ,%&)E'/-(G'P C%EI%%- B-2=<( /0 P&)-E( )-F HD)-/C)HE%,')U 2H)&%
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9G% B-1! H&)F% (G/I( )- +-)3C'L+/+( I%&& (+PP/,E%F WJ)D%(')- P/(E%,'/,

P,/C)C'&'ED a""ZhB* C//E(E,)P ceZX F'N%,L%-H% C%EI%%- 4,HG)%) )-F H,/I-

%+K),D/E%(U 9G% 4,HG%)& L,/+P 0/,3( EG% %TP%HE%F R,%-),HG)%/E) )-F :+,D),HG)%/E)

H&+(E%,(U 6-E%,%(E'-L&DM 0/+, :+C)HE%,')& (%Q+%-H%( )&I)D( 0)&& '- EG% 4,HG)%) B-2=<

H&)F%U 9G%(% (%Q+%-H%( ),% EG% PG/E/(D-EG%E'H 0',3'H+E% Heliobacillus mobilis )-F EG,%%

4HE'-/C)HE%,')& Streptomyces (PU ,%P,%(%-E)E'N%(U 9G% /EG%, G)&0 /0 B-1! HG),)HE%,'V%(

EG% F'N%,L%-H% /0 /P'(EG/K/-E( )-F L,%%- P&)-E(U 8%,% )&(/ ) 0%I H+,'/+( (P%H'%( 0)&& '-E/

EG'( L,/+P '- C/EG EG% J)D%(')- )-F B* )-)&D(%(U $',(EM ) (%H/-F H/PD /0 B- 2=< '- EG%

(E,)3%-/P'&% Phytophthora nicontianae )&I)D( H&+(E%,( I'EG EG% /P'(EG/K/-E(U =0 0+,EG%,

'-E%,%(E EG% )&N%/&)E% Tetrahymena pyriformisM EG% 3DH%E/V/)- Dictyostelium discoideumM

)-F ) EG',F H/PD /0 B-2=< 0,/3 EG% ,G/F/PGDE% Cyanidioschyzon merolae (G),% )

,%H%-E H/33/- )-H%(E/, I'EG EG% L,%%- P&)-E(U BDH%E/V/)- PGD&/L%-D G)( C%%-

EG/,/+LG&D %TP&/,%F )-F EDP'H)&&D (G/I EG%3 H&+(E%,'-L )E EG% C)(% /0 EG% /P'(EG/K/-E(

WJ)&F)+0 accfXU 9/L%EG%, I'EG EG% /EG%, EI/ P/&DPGD&%E'H (%Q+%-H%( G%,% 3)D (+LL%(E )-

%-'L3)E'H /,'L'- 0/, (%H/-F )-F EG',F H/P'%( /0 EG% B-2=< L%-% '- L,%%- P&)-E(U

4.3.3 Phototrophic SOD phylogeny 

4 (+C(%E /0 #c (%Q+%-H%( I)( )&(/ )-)&DV%F IG'HG ,%P,%(%-E )&& EG% PG/E/(D-EG%E'H

/,L)-'(3( '- EG'( F)E) (%EU 9G'( J)D%(')- E,%% H&),'0'%( 3)-D /0 EG% ()3% )-F (/3%

F'00%,%-E PGD&/L%-%E'H ,%&)E'/-(G'P( %N'F%-E '- EG% /EG%, E,%%( I'EG (E,/-L%, (E)E'(E'H)&

(+PP/,EU 6- EG% $% H&)F% EG% &1P,/E%/C)HE%,') H&+(E%, %),&D )-F (%P),)E%&D 0,/3 EG% /EG%,

E)T)U 9G'( E,%% )&(/ (G/I( EG% 3/-/PGD&%E'H ,%&)E'/-(G'P C%EI%%- EG% $%2=< (%Q+%-H%(

/0 L,%%- P&)-E(M P,'3),D L,%%- )&L)%M )&N%/&)E%(M HD)-/C)HE%,')M )-F (%H/-F),D ,%F P&)(E'F

H/-E)'-'-L %+K),D/E%(U 6- EG'( )-)&D('( EG% HD)-/C)HE%,') (G),% ) ,%H%-E H/33/- )-H%(E/,
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I'EG EG% /-&D (E,)3%-/P'&% ,%P,%(%-E)E'N% 0/, $%2=< WThalassiosira pseudonanaXU 6-

H/-E,)(EM EG% G)PE/PGDE% Emiliania huxleyi )-F EG% F'-/0&)L%&&)E% Lingulodinium 

polyedraM H&+(E%, I'EG EG% )&N%/&)E%(U

9G% P,'3),D )-F (%H/-F),D ,%F1P&)(E'F H/-E)'-'-L /,L)-'(3( W'-H&+F'-L

(E,)3%-/P'&%(X (G),% ) H/33/- )-H%(E/, I'EG EG% P,'3),D L,%%- )&L)% 0/, B-2=<U

2%P),)E%&DM EG% L,%%- P&)-E( 0/,3 ) 3/-/PGD&%E'H L,/+P I'EG EG% HD)-/C)HE%,') )-F )L)'-

F'N%,L% 0,/3 EG,%% F'(E)-E (P%H'%(S P,'3),D ,%F )&L) Cyanidioschyzon merolaeM

(E,)3%-/P'&% Phytophthora nicotianaeM )-F 0',3'H+E% C)HE%,') Heliobacillus mobilisU
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4.4 Discussion 

4.4.1 Position of primary and secondary plastid-containing eukaryotes

@,'3),D P&)(E'F1H/-E)'-'-L %+K),D/E%( ),% )&& EG% ,%(+&E /0 ) ('-L&% %-F/(D3C'/E'H %N%-E

)-F '-H&+F% EG% P,'3),D ,%F P&)(E'F1H/-E)'-'-L )&L)% )-F EG% P,'3),D L,%%- H/-E)'-'-L

)&L)%U =+, )-)&D(%( /0 $%2=< (%Q+%-H%( (G/I ) &),L% 3/-/PGD&%E'H ,%&)E'/-(G'P

C%EI%%- P,'3),D L,%%- )&L)%M L,%%- P&)-E(M HD)-/C)HE%,')M )&N%/&)E%( )-F \+(E ) 0%I

,%P,%(%-E)E'N% /0 (%H/-F),D ,%F )&L)%U 9G'( (+LL%(E ) P,'3),D P&)(E'F /,'L'- E/ 0/, EG'(

L%-%U 9G'( '( H/,,/C/,)E%F CD EG% P&)(E'F F',%HE%F &/H)&'V)E'/- /0 EG'( P,/E%'- '- %TE)-E

E)T) W[&'%C%-(E%'- %E )&UM accg_ ['E)D)3) %E )&UM accc_ .+ %E )&UM accc_ =K)3/E/ %E )&UM

!""a_ =K/3/E/ %E )&UM !""a_ $'-K )-F 2H)-F)&'/(M !""!)XU

2%H/-F),D P&)(E'F1H/-E)'-'-L %+K),D/E%( W'-H&+F'-L EG% ,%F &'-%)L%S

(E,)3%-/P'&%(M )&N%/&)E%(M G)PE/PGDE%( )-F EG% L,%%- &'-%)L%S %+L&%-/V/)X %N/&N%F IG%-

) (%H/-F),D %-F/(D3C'/('( C%EI%%- G/(E H%&& %-L+&0%F )- )&,%)FD PG/E/(D-EG%E'H

%+K),D/E'H H%&&U 9G%,% ),% 0/+, L%-%E'H (/+,H%( /0 2=< L%-%( '- (%H/-F),D P&)(E'F1

H/-E)'-'-L %+K),D/E%(U 9G%(% ),% EG% P,'3),D %-F/(D3C'/-E P&)(E'F )-F -+H&%+(M EG%

(%H/-F),D G/(E�( 3'E/HG/-F,') )-Fh/, EG% (%H/-F),D G/(E H%&&�( L%-/3%U 4( '( (G/I- '-

/+, F)E)M (%H/-F),D L,%%-1P&)(E'F H/-E)'-'-L /,L)-'(3( W'U%U :+L&%-/V/) )-F )&N%/&)E%(X

G)N% /-&D $%2=< IG'&% (%H/-F),D ,%F1P&)(E'F %+K),D/E%( H)- G)N% %'EG%, B-2=< /,

$%2=< /, C/EGU 6- EG% $%2=< H&)F%M EG%(% /,L)-'(3( 0/,3 ) 3/-/PGD&%E'H H&+(E%, I'EG

EG% HD)-/C)HE%,') )-F EG% L,%%- P&)-E(U 4 ('-L&% P,'3),D %-F/(D3C'/E'H %N%-E '( EG%

)HH%PE%F GDP/EG%('( EG+(M EG% &)(E H/33/- )-H%(E/, 0/, EG'( L%-% '- EG'( F'N%,(% L,/+P /0

/,L)-'(3( '( EG% P,'3),D %-F/(D3C'/-E P&)(E'FU R/-L,+%-E I'EG EG% P,'3),D P&)(E'F
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/,'L'- /0 EG'( L%-%M EG%(% P,/E%'-( ),% )&& F',%HE%F E/ EG% 3/F%,- P&)(E'F '- %TE)-E

PG/E/(D-EG%E'H %+K),D/E%(U

B-2=< '- H+,'/+(&D )C(%-E )3/-L EG% (%H/-F),D L,%%- P&)(E'F1H/-E)'-'-L

%+K),D/E%( C+E '( P,%(%-E '- EG% P,'3),D L,%%- )&L)% WChlamydomonas reinhardtii )-F 

Hematococcus pulvaisXU 9G% (%H/-F),D L,%%- P&)(E'F L,/+P( ),% )&& P),)('E%( EG)E G)N%

)F)PE%F E/ )- )%,/C'H &'0%(ED&%U 9G% +(% /0 $%2=< '( H/33/- )3/-L )-)%,/C'H

/,L)-'(3( )-F EG%,% '( ) (%&%HE'N% P,%((+,% E/ +(% $%2=< '-(E%)F /0 B-2=< )3/-L

/C&'L)E% )-)%,/C%( C%H)+(% /0 EG% L,%)E%, C'/&/L'H)& )N)'&)C'&'ED /0 $% '- )-)%,/C'H

%-N',/-3%-E( W2)'E/ %E )&UM !""dXU 9G+(M EG%(% /,L)-'(3( (%H/-F),'&D &/(E EG% L%-%( 0/,

B-2=<U

9G% /PP/('E% '( E,+% 0/, EG% ,%F P&)(E'F /,L)-'(3(U 43/-L EG% F'N%,(% ,%F

&'-%)L%M P,'3),D ,%F1P&)(E'F %+K),D/E%( F/ -/E H/-E)'- $%2=<(U $+,EG%,3/,%M B-2=<(

),% K-/I- /-&D '- (E,)3%-/P'&%(U 9G'( (+LL%(E( EG)E EG% P,'3),D ,%F )&L)% %'EG%, &/(E EG%

L%-% 0/&&/I'-L EG% F'N%,L%-H% /0 (%H/-F),D ,%F P&)(E'F /,L)-'(3( WIG'HG )&& (%%3 E/

,%E)'- ) H/PD /0 $%2=<X /,M EG% (%H/-F),D ,%F &'-% )HQ+',%F ) H/PD 0,/3 EG% (%H/-F),D

G/(EU 9G% L%-%,)& ,%F &'-%)L% P,%0%,%-H% 0/, B-2=< /N%, EG% $%2=<( '( %N'F%-H% CD EG%

3+&E'P&% H/P'%( P,%(%-E '- C/EG EG% P,'3),D )-F (%H/-F),D ,%F P&)(E'F1H/-E)'-'-L E)T)U

9G% ,%&)E'N%&D ,%H%-E&D %N/&N%F F')E/3( ),% EG% /-&D ,%F &'-%)L% L,/+P EG)E EG%/,%E'H)&&D

G)( ) H/PD /0 C/EG $%1 )-F B-2=<U 9G% )C)-F/-3%-E /0 $%2=< '- ,%F P&)(E'F

%+K),D/E%( I'&& C% F'(H+((%F C%&/I )( ,%&)E%F E/ EG% (+CH%&&+&), &/H)&'V)E'/- /0 EG% L%-%

P,/F+HE(U

6- EG% )-)&D('( /0 \+(E EG% PG/E/(D-EG%E'H E)T)M EG% B-2=< H&)F% '-H&+F'-L L,%%-

P&)-E( )-F HD)-/C)HE%,') ),% (%P),)E% 0,/3 ) 3/-/PGD&%E'H H&)F% I'EG P,'3),D L,%%-1
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P&)(E'F %+K),D/E%( C)()& E/ ) L,/+P /0 P,'3),D )-F (%H/-F),D ,%F1P&)(E'F H/-E)'-'-L

%+K),D/E%(U 9G% 3/-/PGD&%E'H H&+(E%, /0 ,%F F%,'N%F %+K),D/E%( G)( ) ,/C+(E P/(E%,'/,

P,/C)C'&'ED Wa""X )-F (+LL%(E( EG)E (%H/-F),'&D F%,'N%F %+K),D/E%( )&& (G),% ) H/33/-

/,'L'- 0/, EG'( L%-%U J%H)+(% EG%D )&(/ (G),% )- )-H%(E/, I'EG EG% P,'3),D L,%%- )&L)M I%

I/+&F %TP%HE B-2=< E/ C% /,'L'-)&&D 0,/3 EG% P,'3),D %-F/(D3C'/-E -+H&%+(U 6- EG%

0+&& F)E) (%E )-)&D(%(M EG% H&+(E%, /0 HD)-/C)HE%,') I'EG EG% P,'3),D )-F (%H/-F),D ,%F )-F

L,%%- )&L) G)( ) I%)K P/(E%,'/, P,/C)C'&'ED WbfXU 9G'( (+(LL%(E(M EG)E EG% /,'L'- 0/,

B-2=< '- L,%%- P&)-E( '( &K%&D EG% P,'3),D %-F/(D3C'/-E P&)(E'F IG'&% '- EG% P,'3),D

L,%%- )&L) )-F ,%F WP,'3),D )-F (%H/-F),DX )&L)% 'E 3)D C% 0,/3 EG% P,'3),D

%-F/(D3C'/-E G/(E -+H&%+(U

4.4.2 The secondary red-plastid puzzle

9G%,% ),% EI/ H+,,%-E GDP/EG%(%( 0/, EG% %N/&+E'/- /0 (%H/-F),D ,%F1P&)(E'F H/-E)'-'-L

%+K),D/E%(U 9G% HG,/3/)&N%/&)E% GDP/EG%('( (E)E%( EG)E EG%,% I)( ) ('-L&%

%-F/(D3CE'/E'H %N%-E &%)F'-L E/ )&& (%H/-F),D ,%F1P&)(E'F %+K),D/E%( )-F EG+( (%H/-F),D

G%E%,/E,/PG'H G/(E I/+&F C% 'F%-E'H)& WR)N)&'%,123'EGM acccXU J%H)+(% EG%,% '( )3P&%

%N'F%-H% 0/, ) ('-L&% P,'3),D %-F/(D3C'/E'H %N%-EM EG'( GDP/EG%('( I/+&F (+LL%(E )

H/-('(E%-E 3/-/PGD&%E'H ,%&)E'/-(G'P C%EI%%- )&& F'N%,(% (%H/-F),D ,%F )&L)% 0/, L%-%(

EG)E I%,% N%,E'H)&&D '-G%,'E%FU B/(E F)E) IG'HG (+PP/,E EG'( GDP/EG%('( ),% /-&D I%)K&D

(+PP/,E%F )-F EG% P,/P/-%-E( /0 EG'( EG%/,D (+LL%(E EG)E 3+&E'P&% H/-H)E%-)E%F -+H&%),1

%-H/F%F P,/E%'- H/F'-L L%-%( I'&& C% ,%Q+',%F E/ (+C(E)-E')&&D (G/I EG'( ,%&)E'/-(G'P I'EG

G'LG (+PP/,E W8),P%, )-F [%%&'-LM !""dXU 9G% 3/(E P/P+&), L%-% 0)3'&D +(%F E/

F%3/-(E,)E% EG'( GDP/EG%('( '( EG% -+H&%), %-H/F%F L&DH%,)&F%GDF%1d1PG/(PG)E%

F%GDF,/L%-)(% W74@<8X IG'HG G)( 3+&E'P&% 0/,3( )-F H)- C% &/H)&'V%F '- %'EG%, EG%
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3'E/HG/-F,'/-M P&)(E'F /, HDE/P&)(3U 9G% %TE)-E F'(P%,('/- /0 74@<8 '( ) ,%(+&E /0 L%-%

F+P&'H)E'/- /0 EG% HDE/(/&'H 0/,3 )-F EG% ,%P&)H%3%-E /0 EG% HD)-/C)HE%,')& P&)(E'F

E),L%E%F 74@<8 CD /-% /0 EG%(% F+P&'H)E%F H/P'%( W$)(E %E )&UM !""aXU 9G% H/-N/&+E%F

-)E+,% /0 74@<8 H/3P&'H)E%( EG% 3/&%H+&), G'(E/,DU $/, %T)3P&%M 9@6174@<8 0+('/-

P,/E%'- /,'L'-)E%F )( ) 3'E/HG/-F,')& L%-% C+EM )0E%, E,)-(0%, E/ EG% -+H&%+(M 'E '( -/E

,%'3P/,E%F '-E/ EG% 3'E/HG/-F,') W*')+F %E )&UM !"""XU 7%-% ,%F',%HE'/-( (+HG )( EG'( H)-

/C(H+,% EG% 3/&%H+&), PGD&/L%-%E'H ('L-'0'H)-H% /0 ) -+H&%), %-H/F%FM /,L)-%&&% E),L%E%F

L%-%U

9G% H&/(% ,%&)E'/-(G'P (G/I- 0/, 74@<8 C%EI%%- )&N%/&)E%( )-F G)PE/PGDE%( '(

-/E (+,P,'('-L )( F'-/0&)L%&&)E%( W)&N%/&)E%(X G)N% C%%- (G/I- E/ G)N% 3+&E'P&%

%-F/(D3C'/E'H ,%&)E'/-(G'P( I'EG G)PE/PGDE%( W`//- %E )&UM !""eXU 6E G)( )&(/ C%%-

(+LL%(E%F EG)E EG% /-&D I)D E/ %TP&)'- EG% ,%F P&)(E'F )-H%(E/, E/ EG% )P'H/3P&%T) '( EG)E

EG%D G)N% E/ (G),% EG'( 74@<8 L%-% ,%P&)H%3%-E %N%-EU J+EM -%I %N'F%-H% 0/,

(+C(E)-E')& %+K),D/E'H &)E%,)& L%-% E,)-(0%, H/+&F )HH/3P&'(G EG% ()3% PGD&/L%-%E'H

,%(+&E( W4-F%,((/- %E )&UM !""dXU

9G% (%H/-F GDP/EG%('( (+LL%(E( EG)E (%H/-F),D ,%F1P&)(E'F %+K),D/E%( %N/&N%F

0,/3 F'00%,%-E (%H/-F),D G/(E(U 9G% N)(E L%-%E'H )-F 3/,PG/&/L'H)& F'N%,('ED )3/-L EG%

(%H/-F),D ,%F( G)( C%%- (G/I- CD -+3%,/+( )+EG/,(U 9G% PGD&/L%-%E'H %N/&+E'/- /0 $%1

)-F B-2=<( )&(/ (+PP/,E( EG'( F'N%,(% /,'L'-U 9/ %TP&)'- EG% F'(P%,('/- /0 (%H/-F),D

,%F P&)(E'F1H/-E)'-'-L %+K),D/E%( '- EG% E,%%( P,%(%-E G%,%M EG%,% '( ) (+CE&% GDP/EG%('(

EG)E I/+&F '-H/,P/,)E% C/EG /0 EG% P,%N'/+( 'F%)(U @%,G)P( EG%,% I)( ) ('-L&% /,'L'- 0/,

EG% (%H/-F),D ,%F P&)(E'F )&L)& G/(E C+E C%0/,% EG% (%H/-F %-F/(D3C'/E'H %N%-E EG'( G/(E

F'N%,L%FU =+, F)E) 0/, EG% 2=< (+LL%(E EG)E EG'( 3)D C% )-/EG%, P/(('C'&'EDU
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B)-D (E+F'%( G)N% 0/H+(%F /- +-F%,(E)-F'-L EG% PGD&/L%-%E'H P/('E'/- /0

(%H/-F),D ,%F )&L)U 6- /+, F)E) EI/ (%P),)E% %N/&+E'/-),D G'(E/,'%( ),% %N'F%-EU 9G%

PG/E/(D-EG%E'H %+K),D/E%( '- EG% $%2=< 3)'-&D +E'&'V% EG'( P,/E%'- '- EG% P&)(E'FU 60 EG%

HG,/3)&N%&)E% GDP/EG%('( G/&F(M EG%- I% (G/+&F (%% ) 3/-/PGD&D /0 EG%(% /,L)-'(3(

(+PP/,E'-L EG% ('-L&% /,'L'- 0/, EG%', P&)(E'F(U 8/I%N%,M $%2=< '( H+,'/+(&D )C(%-E 0,/3

P,'3),D ,%F )&L)%M IG'HG I/+&F C% EG% )-H%(E/,( E/ EG% (%H/-F),D ,%F )&L)%_ IG'HG

'-H&+F%F '- /+, )-)&D(%( ,%P,%(%-E )&& EG,%% /0 EG% 3)\/, qHG/3'(Er L,/+P(U 6-(E%)F I%

(G/I%F EG%', F'(E,'C+E'/- EG,/+LG/+EM )-F not 3/-/PGD&DM '- EG% $%2=< H&)F%U

4.4.3 Evidence for LGT beyond endosymbiosis

9G% $%hB-2=< 0)3'&D '( I%&& (+'E%F E/ P/'-E /+E %N'F%-H% /0 &)E%,)& L%-% E,)-(0%, W*79X

C%H)+(% EG%D ),% 0/+-F '- )&& EG,%% F/3)'-( /0 &'0%M F%,'N% 0,/3 )- )-H'%-E L%-%

F+P&'H)E'/- )-F ),% )&& -+H&%), %-H/F%F '- %+K),D/E%(_ EG+(M EG%', %N/&+E'/- '( -/E

'-0&+%-H%F CD EG% F'00%,%-H% '- %N/&+E'/-),D ,)E%( C%EI%%- -+H&%), )-F P&)(E'F /,

3'E/HG/-F,')& L%-/3%( W,%0(XU $+,EG%,3/,%M EG%D ),% G'LG&D H/-(%,N%F 3)K'-L EG%3

(+'E)C&% 0/, (E+FD'-L ,%&)E'/-(G'P( /N%, &),L% %N/&+E'/-),D F'(E)-H%(U =+, F)E) (+LL%(E(

%N'F%-H% /0 *79 '- ) 0%I '-(E)-H%(U

$/+, :+C)HE%,')& (%Q+%-H%( W0',3'H+E%( )-F )HE'-/C)HE%,')X H&+(E%, I'EG EG%

4,HG)%) '- EG% B-2=< H&)F%U 9G'( '( %N'F%-H% 0/, *79 C+E EG% 'F%-E'ED /0 EG% F/-/,

&'-%)L% '( )3C'L+/+( F+% E/ +-H%,E)'-ED '- EG% PGD&/L%-%E'H P/('E'/- /0 EG% C)HE%,')U 9G%

%+C)HE%,') 3'LGE C% EG% /+E L,/+P E/ EG% &),L%, 4,HG)%) H&+(E%, IG'HG I/+&F (+LL%(E EG)E

EG% 4,HG%)% )HQ+',%F EG'( L%-% 0,/3 EG% C)HE%,')& )-H%(E/,(U 9G'( I/+&F C% H/-('(E%F

I'EG EG% F%%P&D C,)-HG'-L -)E+,% /0 EG%(% C)HE%,')& ,%P,%(%-E)E'N%(U
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4.4.4 Correlative relationship between the molecular evolution of Photosystems I and II 

and the Fe/MnSOD family

9G% HD)-/C)HE%,'+31&'K% P,/K),D/E% EG)E C%H)3% EG% P,'3),D P&)(E'F %N/&N%F 0,/3 EG%

0+('/- /0 EI/ )-)%,/C'H PG/E/(D-EG%E'H P,/K),D/E%( %)HG H/-E,'C+E'-L E/ G)&0 /0 EG%

3%HG)-'(3 0/, /TDL%-'H PG/E/(D-EG%('( W7+PE) %E )&UM accc_ J)D3)-- %E )&UM !""aXU

=TDL%-'H PG/E/(D-EG%('( '( ) H/3C'-)E'/- /0 PG/E/(D(E%3 W@2X 6 )-F @266 IG'HG (P&'E(

I)E%, WJ&)-K%-(G'P )-F 8),E3)-M accgXU 9G% )-H%(E/, E/ @26 G)( C%%- (G/I- E/

,%(%3C&% EG% %TE)-E L,%%- (+&0+, C)HE%,') W72JX IG'&% EG% )-H%(E/, E/ @266 I)( )- &1

P,/E%/C)HE%,'+3U R/-H+,,%-E&DM EG% )-H%(E/, E/ 3'E/HG/-F,') I)( )&(/ )- &1

P,/E%/C)HE%,'+3 W:((%, %E )&UM !""eXU 2=< P,/E%'-( ),% PGD('H)&&D '-N/&N%F I'EG

P,/E%HE'-L /0 C/EG PG/E/(D-EG%E'H )-F ,%(P',)E/,D P,/H%((%( )-F ),% EG+( 0/+-F %N%- '- EG%

)-)%,/C'H PG/E/(D-EG%E'H 72J )-F )- &1P,/E%/C)HE%,'+3U =+, F)E) (+LL%(E( EG)E

$%2=<( '- /TDL%-'H PG/E/)+E/E,/PG( %N/&N%F 0,/3 EG% 72J )-H%(E/, E/ @26 C%H)+(% /0

EG% (E,/-L&D (+PP/,E%F WJ)D%(')- P/(E%,'/, P,/C)C'&'ED a""X H&+(E%, /0 72J I'EG

HD)-/C)HE%,') F%%P '- EG% &),L%, 3/-/PGD&%E'H L,/+P /0 PG/E/(D-EG%E'H %+K),D/E%(U

B/,%/N%,M PGD('/&/L'H)& %N'F%-H% )&(/ (+PP/,E( EG'( /,'L'-U 8%E%,/HD(E/+( HD)-/C)HE%,')

%TP,%(( /-&D $%2=< )&/-L ('F% @26 '- EG% 0/,3)E'/- /0 )-)%,/C'H G%E%,/HD(E( W*'+ %E )&UM

!"""_ *' %E )&UM !""!XU @G/E/(D-EG%E'H %+K),D/E%( %TP,%(( EG'( P,/E%'- )&3/(E %TH&+('N%&D

'- EG% HG&/,/P&)(EU

6- H/-E,)(EM EG% (/+,H% 0/, B-2=< '- P&)(E'F H/-E)'-'-L %+K),D/E%( '( &%(( H&%),U

7,%%- P&)-E( )-F P,'3),D L,%%- )&L)% %TP,%(( B-2=< %TH&+('N%&D '- EG% 3'E/HG/-F,')

IG'HG I/+&F (+LL%(E )- &1P,/E%/C)HE%,')& /,'L'- 0/, EG'( P,/E%'-U 6- 0)HEM EG% C)()& L,/+P

E/ EG% L,%%- P&)-E H&+(E%, '- EG% B-2=< H&)F% '( EG% &1P,/E%/C)HE%,')
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Rhodopseudomonas plalustris )-F EG+( EG'( L%-% 3)D G)N% /,'L'-)E%F 0,/3 EG%

3'E/HG/-F,')& L%-/3%U 8/I%N%,M 0/, EG% P,'3),D L,%%- )-F P,'3),D )-F (%H/-F),D ,%F

&'-%( EG'( 3)D -/E C% EG% H)(%U 4&EG/+LGM 'E '( -/E H&%), 0,/3 /+, F)E) IG)E 3'LGE C% EG%

(/+,H%U
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4.5 Conclusions 

9G% /,'L'- /0 EG% %+K),D/E'H )&L)& (+P%,/T'F% F'(3+E)(%( L%-% (%%3( E/ H/,,%&)E% I'EG EG%

GDP/EG%('V%F (HG%3% 0/, EG%', F%N%&/P3%-E W[-/&&M acc!XU 5%F )-F L,%%- PGDE/P&)-KE/-

WC/EG +('-L HG&/,/PGD&& )M C+E %'EG%, H /, C )( )- )HH%((/,DM ,%(P%HE'N%&DX ),% C%&'%N%F E/

G)N% F'N%,L%F %),&D '- EG%', G'(E/,D )E )PP,/T'3)E%&D g"" E/ a""" B)U 40E%, EG'(

F'N%,L%-H%M L,%%- PGDE/P&)-KE/- F/3'-)E%F EG% C'/E) +-E'& )PP,/T'3)E%&D !b" B) )E EG%

F)I- /0 EG% B%(/V/'H :,)U 8DP/EG%(%( (+LL%(E'-L 3+&E'P&% %-F/-(D3C'/(%( H/-0%,,'-L

L%-%E'H )FN)-E)L%( 0/, ,%F PGDE/P&)-KE/- 3)D G%&P E/ H&),'0D EG%', F/3'-)-H% )-F

H/-E'-+%F (+HH%(( '- E/F)D�( /H%)- W7,V%CDK %E )&UM !""d_ 7,V%CDK %E )&UM !""eXU 9G)E '(M

'-(E%)F /0 \+(E /-% %-F/(D3C'/E'H %N%-E 0/, EG% )HQ+'('E'/- /0 ) P&)(E'FM EG%,% G)N% C%%-

3+&E'P&% (%H/-F),D /, %N%- E%,E'),D %N%-E(U

6,/- )-F 3)-L)-%(% (+P%,/T'F% F'(3+E)(%( ),% EDP'H)&&D (P%H'0'H '- %+K),D/E%( 0/,

%'EG%, 3'E/HG/-F,'/- /, P&)(E'FU 9G%(% /,L)-&%&&%( )&(/ P/((%( 3)-D /EG%, 3%E)C/&'H

P,/H%((%( EG)E ,%Q+',% ('L-'0'H)-E )3/+-E( /0 3%E)& H/0)HE/,(U 6- )%,/C'H %-N',/-3%-E(

EG% )N)'&)C'&'ED /0 $% '( L,%)E&D ,%F+H%F W.'&&')3( )-F 2'&N)M acc#_ .'&&')3(M !""aXU J+E

EG% :),EG G)( -/E )&I)D( C%%- (+C\%HE%F E/ EG% ('V)C&% /TDL%- H/-H%-E,)E'/-( EG)E %T'(E

E/F)D W4-C), )-F [-/&&M !""!XU $% '( 3/,% )C+-F)-E EG)- B- +-F%, EG% ,%F+H'-L

H/-F'E'/-( /0 %),&D %),EG )-F EG% %TE)-E )-)%,/C'H /,L)-'(3( EG)E %N/&N%F +-F%, EG%(%

H/-F'E'/-( (E'&& P/((%( $%2=< E/F)DU 6- 0)HE /,L)-'(3( I'EG &/I1P/E%-E')& 3%E)C/&'(3(

I/+&F %TP%,'%-H% 3+HG &%(( P,%((+,% E/ F%N%&/P )&E%,-)E'N% %-VD3%( W;)-H% )-F B'&&%,M

!""aXU 9G% )C'&'ED E/ +(% ) G/3/&/L/+( %-VD3% EG)E F'F -/E ,%Q+',% $% I/+&F H/-0%, )

(%&%HE'N% )FN)-E)L% /- ) &'-%)L%U 4,HG)%) ),% 3/(E /0E%- %TE,%3%/PG'&%( &'N'-L '-

H/-F'E'/-( -/E (+'E%F E/ 3)-D /EG%, /,L)-'(3( W[',(HGN'-K %E )&UM !"""XU 9G%(%
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/,L)-'(3(� P/((%( EG% H)3C'&'(E'H $%hB-2=< EG)E ),% F'(E'-HE )3/-L EG'( P,/E%'- 0)3'&D

C+E 3/,% H&/(%&D ,%&)E%F E/ EG% B-2=<(U 9G%(% %N/&N%F 3'F I)D C%EI%%- EG% EI/ 0'T%F

0/,3( /0 $%1 )-F B-2=<U

9G% I'F% F'(E,'C+E'/- /0 EG% $%1 )-F B-2=<( )3/-L )&& L,/+P( /0 &'0% (+LL%(E

EG%D %N/&N%F N%,D %),&DU 4&L)& %N/&+E'/- /HH+,,%F F+,'-L 3/(E /0 :),EG G'(E/,D )-F EG%

3/(E ,%H%-E&D %N/&N%F (%H/-F),D ,%F P&)(E'F1H/-E)'-'-L %+K),D/E%( ,/(% E/ P,/3'-%-H% '-

EG% B%(/V/'H W)PP,/TU !b" 3'&&'/- D%),( )L/X )-F H/-E'-+% E/ F/3'-)E% EG% 3/F%,- /H%)-

W[)EV ,%0XU 9G% (G'0E E/ B-2=< 3)D H/,,%(P/-F E/ EG% P%,'/F'H (G'0E( '- ,%F/T H/-F'E'/-(

/0 EG% /H%)- )( %N'F%-E CD EG% F,)(E'H HG)-L%( '- EG% L%/&/L'H ,%H/,F )-F )&L)&

F'N%,('0'H)E'/-U 9G%(% F,)(E'H HG)-L%( '-N/&N%F 3)\/, (G'0E( '- EG% C'/&/L'H)& )N)'&)C'&'ED

/0 F'00%,%-E 3%E)& H/0)HE/,(U 4( /TDL%- H/-H%-E,)E'/-( 0&+HE+)E%FM (/ F'F EG% )3/+-E /0

$% EG)E I)( )HH%(('C&% E/ &'0%_ '-H,%)(%F /TDL%- '- EG% )E3/(PG%,% &%)F E/ F%H,%)('-L

(/&+C&% $% '- )Q+)E'H (D(E%3(U 9G%,% ),% ) -+3C%, /0 F/H+3%-E%F %T)3P&%( /0 3%E)&

(+C(E'E+E'/-( '- 3%E)&&/%-VD3%( %'EG%, F',%HE&D '-E/ EG% /,'L'-)& P,/E%'- /, H/-N%,L%-E

%N/&+E'/- /0 ) -%I P,/E%'- EG)E H/+&F +(% ) 3/,% C'/)N)'&)C&% 3%E)& W*) 5/HG% %E )&UM

accc_ BH[)D %E )&UM accc_ ~+'-- )-F B%,HG)-EM acccXU 2%H/-F),D ,%F )&L)% F/3'-)E%

EG% $%1P//, 3/F%,- /H%)- )&/-L I'EG HD)-/C)HE%,') IG/ P/((%( %'EG%, B-2=<( /, )-

)&E%,-)E'N% >'2=< W./&0%12'3/- %E )&UM !""bXU 9G% $%hB-2=< 0)3'&D 3)D EG+( (%,N% )(

) ,%&')C&% %N/&+E'/-),D ('L-)E+,% E/ G%&P +-F%,(E)-F G/I L%/&/L'H %N%-E( '-0&+%-H%F

L%-%E'H H/3P/('E'/-U
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9)C&% eUa 4&& $%1 )-F B-2=< )3'-/ )H'F (%Q+%-H%( +(%F '- )-)&D(%( )-F EG%', 6<

Group OTUn Metal GenBank accession number or URL 

alveolate Lingulodinium polyedrum Fe BP742166 
alveolate Toxoplasma gondii Fe CB373354 
alveolate Toxoplasma gondii Fe CB025606 
alveolate Lingulodinium polyedrum Fe AAK01863 
alveolate Paramecium bursaria Fe BAD11813 
alveolate Plasmodium falciparum 3d7 (2) Fe CAG25047 
alveolate Plasmodium falciparum 3d7 (3) Fe AAT11554 
alveolate Plasmodium falciparum 3d7 (4) Fe CAA89971 
alveolate Plasmodium falciparum 3d7 Fe CAD51224 
cyano Gloeobacter violaceus PCC 7421 Fe BAC92268 
cyano Leptolyngbya boryana Fe AAA69954 
cyano Nostoc sp. PCC 7120  Fe BAB74637 
cyano Synechococcus elongatus PCC 7942 Fe P18655 
cyano Synechocystis sp. PCC 6803 Fe P77968 
cyano Thermosynechococcus elongatus BP-1 Fe NP_682309 
euglenozoa Trypanosoma brucei Fe EAN80527 
euglenozoa Trypanosoma brucei Fe EAN80536 
euglenozoa Trypanosoma brucei Fe AAZ11448 
euglenozoa Trypanosoma brucei Fe EAN80448 
green Chlamydomonas reinhardtii Fe AAB04944 
gsb Prosthecochloris vibrioformis DSM 265 Fe EAO16013 
gsb Pelodictyon phaeoclathratiforme BU-1 Fe EAN26037 
gsb Chlorobium tepidum TLS Fe AAM72443 
gsb Prosthecochloris aestuarii DSM 271 Fe EAN22564 
gsb Chlorobium phaeobacteroides DSM 266 Fe EAM35831 
gsb Chlorobium phaeobacteroides BS1 Fe EAM63850 
gsb Chlorobium limicola DSM 245 Fe EAM42875 
haptophyte emeliania huxleyi Fe  
parabasilid Tritrichomonas foetus Fe AAC47734 
parabasilid Tritrichomonas foetus Fe AAC47735 
parabasilid Trichomonas vaginalis Fe AAC48291 
plant Arabidopsis thaliana Fe AAO42100 
plant Arabidopsis thaliana Fe AAM14164 
plant Marchantia paleacea var. diptera Fe BAC66948 
plant Arabidopsis thaliana Fe AAA32791 
plant Nicotiana plumbaginifolia  Fe P11796 
plant Oryza sativa  Fe BAA37131 
plant Solanum tuberosum  Fe AAO16563 
plant zantedeschia aethiopica Fe  
proteobacteria Rhodopseudomonas palustris BisB18 Fe ZP_00846288 
proteobacteria Magnetospirillum magnetotacticum MS-1 Fe ZP_00054068 
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proteobacteria Rhodopseudomonas palustris BisB5 Fe ZP_00805469 
proteobacteria Brucella abortus biovar 1 str. 9-941 Fe YP_221327 
proteobacteria Rhodopseudomonas palustris CGA009 Fe CAE27134 
proteobacteria Rhodopseudomonas palustris BisA53 Fe ZP_00810096 
proteobacteria Rhodopseudomonas palustris HaA2 Fe ZP_00840210 
proteobacteria Azotobacter vinelandii AvOP Fe ZP_00417890 
proteobacteria Bordetella pertussis Fe P37369 
proteobacteria Brucella abortus biovar 1 str. 9-941 Fe AAX73966 
proteobacteria Escherichia coli Fe P09157 
proteobacteria Legionella pneumophila  Fe P31108 
proteobacteria Photobacterium leiognathi Fe P09213 
proteobacteria Rhodobacter capsulatus Fe O30970 
proteobacteria Salmonella typhimurium Fe P40726 
stramenopile Thalasiosira pseudonana Fe  
Actinobacteria Streptomyces griseus Mn (Fe-Zn) AAD30139 
Actinobacteria Streptomyces coelicolor A3(2) Mn (Fe) AAD33128 
Actinobacteria Streptomyces coelicolor A3(2) Mn NP_625295 
alveolate Tetrahymena pyriformis Mn (Fe) A39223 
archaea Methanosarcina barkeri str. fusaro Mn YP_307037 
archaea Haloferax volcanii DS2 Mn AAA73375 
archaea Sulfolobus acidocaldarius DSM 639 Mn YP_254907 
archaea Methanothermobacter thermautotrophicus str. Delta H Mn NP_275303 
archaea Methanospirillum hungatei JF-1 Mn ZP_00867623 
archaea Sulfolobus solfataricus P2 Mn (Fe) NP_341862 
archaea Methanosarcina acetivorans C2A Mn NP_616507 
archaea Natronomonas pharaonis DSM 2160 Mn CAI50111 
archaea Methanosarcina mazei Go1 Mn NP_634447 
archaea Sulfolobus tokodaii str. 7 Mn NP_378284 
archaea Halobacterium salinarum Mn P09737 
archaea Methanosarcina barkeri str. fusaro Mn ZP_00543823 
archaea Pyrobaculum aerophilum str. IM2 Mn NP_558493 
archaea Aeropyrum pernix K1 Mn NP_147461 
archaea Acidianus ambivalens Mn AAF36989 
archaea Haloarcula hispanica Mn O08459 
archaea Haloarcula marismortui Mn Q03302 
cyano Nostoc sp. PCC 7120  Mn BAB77594 
cyano Gloeobacter violaceus PCC 7421 Mn BAC88623 
cyano Leptolyngbya boryana Mn AAA69952 
cyano Leptolyngbya boryana Mn AAA69953 
cyano Nostoc punctiforme PCC 73102  Mn ZP_00112125 
cyano Thermosynechococcus elongatus BP-1 Mn BAC07589 
cyano trichodesmium ims101 soda1 Mn  
Deinococcus-Thermus Deinococcus geothermalis DSM 11300 Mn ZP_00397917 
Deinococcus-Thermus Deinococcus radiodurans R1 Mn NP_295003 
Deinococcus-Thermus Thermus thermophilus HB8 Mn YP_143823 
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Fibrobacteres/  Solibacter usitatus Ellin6076 Mn ZP_00523034 
Firmicutes Candidatus Phytoplasma asteris Mn BAD04527 
Firmicutes heliobacillus Mn  
fungi Candida albicans SC5314 Mn EAK99231 
fungi Candida sp. HN95 Mn CAA72335 
fungi Glomerella graminicola Mn AAL27457 
fungi Penicillium chrysogenum Mn O75007 
fungi Pneumocystis carinii Mn AAC24764 
gnsb Chloroflexus aurantiacus J-10-fl Mn AAP41921 
green Chlamydomonas reinhardtii Mn AAA80639 
green Haematococcus pluvialis Mn AAW69292 
gsb Chlorobium phaeobacteroides BS1 Mn EAM61711 
metazoa Callinectes sapidus  Mn AF264030 
metazoa Equus caballus  Mn Q9XS41 
metazoa Gallus gallus  Mn AAG46055 
metazoa Homo sapiens  Mn XP_004242 
metazoa Mus sp. Mn AAB34899 
metazoa Onchocerca volvulus Mn CAA57657 
metazoa Rattus norvegicus  Mn NP_058747 
mycetozoa Dictyostelium discoideum Mn EAL71885 
Planctomycetes Rhodopirellula baltica SH 1 Mn CAD74947 
plant Arabidopsis thaliana  Mn AAO42188 
plant Marchantia paleacea var. diptera Mn BAD13494 
plant Prunus persica  Mn Q9SM64 
plant Nicotiana plumbaginifolia  Mn CAA00824 
plant Arabidopsis thaliana  Mn O81235 
plant Avicennia marina Mn AAN15216 
plant Barbula unguiculata Mn BAA86881 
plant Capsicum annuum Mn AAB88870 
plant Oryza sativa Mn Q43008 
proteobacteria Bordetella pertussis Mn CAA59267 
proteobacteria Salmonella typhimurium Mn AAC43331 
proteobacteria Actinobacillus pleuropneumoniae Mn AAB03279 
proteobacteria Methylomonas sp. J Mn P23744 
proteobacteria Methylomonas sp. Mn A38461 
proteobacteria Vibrio cholerae Mn AAK53547 
proteobacteria Rhodopseudomonas palustris HaA2 Mn ZP_00843005 
proteobacteria Salmonella typhimurium LT2 Mn AAL22895 
proteobacteria Acinetobacter sp. ADP1 Mn CAA86923 
proteobacteria Escherichia coli O157:H7 Mn Q8X7B2 
proteobacteria Yersinia pestis KIM Mn AE014009  
Rhodophyte Porphyra yezoensis Mn AAZ75664 
Rhodophyte Porphyra yezoensis Mn AAZ75665 
Rhodophyte Cyanidioschyzon merolae Mn cmn023c 
Rhodophyte Cyanidioschyzon merolae Mn cmr158c 



c!

Rhodophyte Cyanidioschyzon merolae Mn cmt028c 
stramenopile Plasmopara halstedii SSH Mn CB174636 
stramenopile Phytophthora nicotianae Mn AAY57576 
stramenopile Phytophthora nicotianae Mn AAY57577 
stramenopile Thalassiosira weissflogii Mn AAQ04679 
stramenopile Phaeodactylum tricornutum Mn PtMnSOD_assem 
stramenopile Thalassiosira pseudonana Mn  
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9)C&% eU!U 4N%,)L%( /0 2'3'&),'ED 6-F'H%( /0 $% )-F B- 2+P%,/T'F% <'(3+E)(%(

 Fe      Mn       
  Bacteria Alveolates Cyanobacteria Plants    Opisthokonts Bacteria Archaea Cyanobacteria Plants Red (1o +2o)  
  [18] [9] [5] [8]    [10] [18] [X] [7] [10] [9]  
N-terminus      N-terminus        
C-terminus      C-terminus        
Total 76.3 63.3 78.2 61.5  Total 65.1 58.9 68.2 78.2 78.4 54.9  
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9)C&% eUdU @,/K),D/E'H )-F %+K),D/E'H P&)(E'F1,%&)E%F (%Q+%-H%( +(%F '- )-)&D(%(

Isozyme   Taxa Asseccion # 
Mn Cyanobacteria Trichodesmium elongatus  ISM101  
  Gleobacter violaceus PCC7421 BAC88623 
  Leptolyngbya boryana  AAA69952, AAA69953
  Thermosynechococcus elongatus BP-1 BAC07589 
  Nostoc punctiforme PCC 73102  ZP_00112125 
  Anabaena sp. PCC7120  BAB77594 
 Rhodophytes Prophyra yezoensis  AAZ75664, AAZ75665
  Cyanidioschyzon merolae (3)  
 Stramenopile Phaeodactylum tricomutum  
  Thalassiosira pseudonana CCMP1335  
  Thalassiosira weissflogii  
  Plasmopara halstedii CB174636 
  Phytophthora nicotianae  AAY57576, AAY57577
 Chlorophytes Haematococcus pluvialis AAW69292 
    Chlamydomonas reinhardtii AAA80639 
Fe Cyanobacteria Gleobacter violaceus PCC7421 BAC92268 
  Synechococcus elongatus PCC7942 P18655 
  Synechocystis sp. PCC6803 P77968 
  Thermosynechococcus elongatus BP-1 NP_682309 
  Leptolyngbya boryana AAA69954 
  Anabaena sp. PCC7120 BAB74637 
 Alveolate Lingulodinium polyedra  BP742166, AAK01863
 Stramenopile Thalassiosira pseudonana CCMP1335  
 Haptophyte Emeliania hux  
 Chlorophytes Chlamydomonas reinhardtii AAB04944 
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Ho RYN, Liebman JF, Valentine JS WaccbCX =N%,N'%I /0 %-%,L%E'H( )-F ,%)HE'N'ED /0
/TDL%-U In R2 $//E%M O2 ;)&%-E'-%M 4 7,%%-C%,LM O$ *'%C3)-M %F(M 4HE'N%
=TDL%- '- RG%3'(E,DM :F a ;/& !U J&)HK'% 4H)F%3'H )-F @,/0%(('/-)&M >%I
`/,KM PP a1!d

Ho T-Y, Quigg A, Finkel ZV, Mulligan A, Wyman K, Falkowski PG, Morel FMM
W!""dX =- EG% %&%3%E)& H/3P/('E'/- /0 (/3% 3),'-% PGDE/P&)-KE/-U O/+,-)& /0
@GDH/&/LD 39: aaeb1aabc



a"!

Huelsenbeck JP, Ronquist F W!""aX B5J4`:2S J)D%(')- '-0%,%-H% /0 PGD&/L%-DU
J'/'-0/,3)E'H( 17: fbe1fbb

Inarrea P W!""!X @+,'0'H)E'/- )-F F%E%,3'-)E'/- /0 )HE'N'ED /0 3'E/HG/-F,')& HD)-'F%1
(%-('E'N% (+P%,/T'F% F'3+E)(% '- ,)E E'((+% %TE,)HEU In * @)HK%,M %FM 2+P%,/T'F%
<'3+E)(%M ;/& decU 4H)F%3'H @,%((M >%I `/,KM PP a"#1aae

Iwanzik W, Tevini M, Dohut G, Vots M, Weiss W, Graber P, Renger G WacgdX
4HE'/- /0 ?;1J /- PG/E/(D-EG%E'H P,'3),D ,%)HE'/-( '- (P'-)HG HG&/,/P&)(E(U
@GD('/&/L') @&)-E),+3 58: e"a1e"f

Jansen M, Gaba V, Greenberg B, Mattoo A, Elderman M WaccdX ?;1J F,'N%-
F%L,)F)E'/- /0 EG% <a ,%)HE'/-1H%-E%, P,/E%'- /0 PG/E/(D(E%3 66 P,/H%%F( N')
P&)(E/(%3'Q+'-/-%U In 8 `)3)3/E/M R 23'EGM %F(M @G/E/(D-EG%E'H 5%(P/-(%( E/
EG% :-N',/-3%-EU 43%,'H)- 2/H'%ED /0 @&)-E @GD('/&/L'(E(M 5/HKN'&&%M B<M PP
ae!1aec

Jeffrey SW, Humphrey GF WacfbX >%I (P%HE,/PG/E/3%E,'H %Q+)E'/-( 0/, F%E%,3'-'-L
HG&/,/PGD&&( )M CM Ha )-F H! '- G'LG%, P&)-E(M )&L)%M )-F -)E+,)& PGDE/P&)-KE/-U
J'/HG%3 @GD('/& @0&)-V 167: aca1ace

Jesus MDd, F T, Chapman DJ WacgcX 9)T/-/3'H F'(E,'C+E'/- /0 H/PP%,1V'-H
(+P%,/T'F% F'(3+E)(% '- L,%%- )&L)% )-F 'E( PGD&/L%-%E'H '3P/,E)-H%U O/+,-)& /0
@GDH/&/LD 25: f#f1ff!

Joint I, Tait K, Callow ME, Callow JA, Milton D, Williams P, Camara M W!""!X
R%&&1E/1H%&& H/33+-'H)E'/- )H,/(( EG% P,/K),D/E%1%+K),D/E% C/+-F),DU 2H'%-H%
298: a!"f

Kim CS, Lee SG, Lee CK, Kim HG, Jung J Waccc)X 5%)HE'N% /TDL%- (P%H'%( )(
H)+()E'N% )L%-E( '- EG% 'HGEGD/E/T'H'ED /0 EG% ,%F E'F% F'-/0&)L%&&)E% Cochlodinium 
polykrikoidesU O/+,-)& /0 @&)-KE/- 5%(%),HG 21: !a"b1!aab

Kim D, Nakamura A, Okamoto T, Komatsu N, Oda T, Ishimatsu A, Muramatsu T
WacccCX 9/T'H P/E%-E')& /0 EG% ,)PG'F/PGDE% Olisthodiscus luteusS 3%F')E'/- CD
,%)HE'N% /TDL%- (P%H'%(U O/+,-)& /0 @&)-KE/- 5%(%),HG 21: a"af1a"!f

Kim JH, Nemson JA, Melis A WaccdX @G/E/(D(E%3 66 ,%)HE'/- H%-E%, F)3)L% )-F ,%P)',
'- Dunaliella salina WL,%%- )&L)XS )-)&D('( +-F%,PGD('/&/L'H)& )-F ',)F')-H%1(E,%((
H/-F'E'/-(U @&)-E @GD('/&/LD 103: aga1agc

Kirschvink JL, Gaidos EJ, Bertani LE, Beukes NJ, Gutzmer J, Maepa LN, 
Steinberger RE W!"""X @)&%/P,/E%,/V/'H (-/IC)&& :),EGS :TE,%3% H&'3)E'H )-F
L%/HG%3'H)& L&/C)& HG)-L% )-F 'E( C'/&/L'H)& H/-V%Q+%-H%(U @,/H%%F'-L( /0 EG%
>)E'/-)& 4H)F%3D /0 2H'%-H%( /0 EG% ?-'E%F 2E)E%( /0 43%,'H) 97: ae""1ae"b
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Kitayama K, Kitayama M, Osafune T, Togasaki RK WacccX 2+CH%&&+&), &/H)&'V)E'/- /0
',/- )-F 3)-L)-%(% (+P%,/T'F% F'(3+E)(% '- Chlamydomonas reinhardtii
WRG&/,/PGDH%)%XU O/+,-)& /0 @GDH/&/LD 35: ad#1ae!

Kliebenstein DJ, Monde RA, Last RL WaccgX 2+P%,/T'F% F'(3+E)(% '- ArabidopsisS )-
%H&%HE'H %-VD3% 0)3'&D I'EG F'(P),)E% ,%L+&)E'/- )-F P,/E%'- &/H)&'V)E'/-U @&)-E
@GD('/&/LD 118: #df1#b"

Knoll A W!""dX *'0% /- ) D/+-L P&)-%ES EG% 0',(E EG,%% C'&&'/- D%),( /0 %N/&+E'/- /- %),EGU
@,'-H%E/- ?-'N%,('ED @,%((M @,'-H%E/-

Knoll AH Wacc!X 9G% %),&D %N/&+E'/- /0 %+K),D/E%(S ) L%/&/L'H)& P%,(P%HE'N%U 2H'%-H%U
256: #!!1#!f

Kolber ZS, Prasil O, Falkowski PG WaccgX B%)(+,%3%-E /0 N),')C&% HG&/,/PGD&&
0&+/,%(H%-H% +('-L 0)(E ,%P%E'E'/- ,)E% E%HG-'Q+%(S F%0'-'-L 3%EG/F/&/LD )-F
%TP%,'3%-E)& P,/E/H/&(U J'/HG'3'H) %E J'/PGD('H) 4HE) 1367: gg1a"#

Koppenol WH WacggX 9G% P),)F/T /0 /TDL%-S EG%,3/FD-)3'H( versus E/T'H'EDU In 9:
['-LM 82 B)-(/-M B B/,,'(/-M %F(M =T'F)(%( )-F 5%&)E%F 5%F/T 2D(E%3(M ;/&
!feU 4&)- 5U *'((M 6-HUM >%I `/,KM PP cd1a"c

Kremling K, Streu P W!""aX 9G% C%G)N'/+, /0 F'((/&N%F RFM R/M Y-M )-F @C '- >/,EG
4E&)-E'H -%),1(+,0)H% I)E%,( Wd" F%L,%%( >h#" F%L,%%( .1#" F%L,%%( >h! F%L,%%(
.XU <%%P12%) 5%(%),HG @),E 6 =H%)-/L,)PG'H 5%(%),HG @)P%,( 48: !bea1!b#f

Kulandaivelu G, Noorundeen A WacgdX R/3P),)E'N% (E+FD /0 EG% )HE'/- /0 +&E,)N'/&%E1R
)-F +&E,)N'/&%E1J ,)F')E'/- /- PG/E/(D-EG%E'H %&%HE,/- E,)-(P/,EU @GD('/&/L')
@&)-E),+3 58: dgc1dce

La Roche J, McKay RML, Boyd P WacccX 633+-/&/L'H)& )-F 3/&%H+&), P,/C%( E/
F%E%HE PGDE/P&)-KE/- ,%(P/-(%( E/ %-N',/-3%-E)& (E,%(( '- -)E+,%U 8DF,/C'/&/L')
401: aff1acg

Lah MS, Dixon MM, Pattridge KA, Stallings WC, Fee JA, Ludwig ML WaccbX
2E,+HE+,%10+-HE'/- '- :(HG%,'HG') H/&' ',/- (+P%,/T'F% F'(3+E)(%S H/3P),'(/-(
I'EG EG% 3)-L)-%(% %-VD3% 0,/3 9G%,3+( EG%,3/PG'&+(U J'/HG%3'(E,D 34: a#e#1
a##"

LaRoche J, Geider RJ, Graziano LM, Murray H, Lewis K WaccdX 6-F+HE'/- /0
(P%H'0'H P,/E%'-( '- %+K),D/E'H )&L)% L,/I- +-F%, ',/-1M PG/(PG/,+(1M /, -'E,/L%-1
F%0'H'%-E H/-F'E'/-(U O/+,-)& /0 @GDH/&/LD 29: f#f1fff

Lesser MP, Stochaj WR Wacc"X @G/E/)F)PE)E'/- )-F P,/E%HE'/- )L)'-(E )HE'N% 0/,3( /0
/TDL%- '- EG% (D3C'/E'H P,/K),D/E% Prochloron (PU )-F 'E( )(H'F')- G/(EU 4PP&'%F
� :-N',/-3%-E)& B'H,/C'/&/LD 56: abd"1abdb
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Levasseur M, Fortier L, Therriault J-C, Harrison PJ Wacc!X @GDE/P&)-KE/- FD-)3'H(
'- ) H/)(E)& \%E 0,/-E)& ,%L'/-U B),'-% :H/&/LD @,/L,%(( 2%,'%( 86: !gd1!cb

Li T, Huang X, Zhou R, Liu Y, Li B, Nomura C, Zhao J W!""!X <'00%,%-E')&
%TP,%(('/- )-F &/H)&'V)E'/- /0 B- )-F $% (+P%,/T'F% F'(3+E)(%( '- EG%
G%E%,/HD(E/+( HD)-/C)HE%,'+3 Anabaena (PU (E,)'- @RR fa!"U O J)HE%,'/& 184:
b"c#1ba"d

Li Y-H WaccaX <'(E,'C+E'/- P)EE%,-( /0 EG% %&%3%-E( '- EG% /H%)-S 4 (D(-EG%('(U
7%/HG'3'H) %E R/(3/HG'3'H) 4HE) 55: d!!d1d!e"

Liaud M-F, Lichtl C, Apt K, Martin W, Cerff R W!"""X R/3P),E3%-E12P%H'0'H
6(/0/,3( /0 9@6 )-F 74@<8 ),% 63P/,E%F '-E/ <')E/3 B'E/HG/-F,') )( ) $+('/-
@,/E%'-S :N'F%-H% '- $)N/, /0 ) B'E/HG/-F,')& =,'L'- /0 EG% :+K),D/E'H
7&DH/&DE'H @)EGI)D

B/& J'/& :N/& 17: !ad1!!d

Liochev SI, Fridovich I WacceX 9G% ,/&% /0 =!U1 '- EG% P,/F+HE'/- /0 8=US in vitro )-F in 
vivoU $,%% 5)F'H)& J'/&/LD )-F B%F'H'-% 16: !c1dd

Liochev SI, Fridovich I WacccX 2+P%,/T'F% )-F ',/-S @),E-%,( '- R,'3%U 6?JBJ *'0%
48: abf1a#a

Liu Y, Zhou R, Zhao J W!"""X B/&%H+&), H&/-'-L )-F (%Q+%-H'-L /0 EG% sodB L%-% 0,/3
) G%E%,/HD(E/+( HD)-/C)HE%,'+3 Anabeana (PU @RR fa!"U J'/HG'3'H) %E
J'/PGD('H) 4HE) 1491: !eg1!b!

Malanga G, Calmanovici G, Puntarulo S WaccfX =T'F)E'N% F)3)L% E/ EG% HG&/,/P&)(E(
0,/3 Chlorella vulgaris %TP/(%F E/ +&E,)N'/&%E1J ,)F')E'/-U @GD('/&/L') @&)-E),+3
101: ebb1e#!

Malanga G, Puntarulo S WaccbX =T'F)E'N% (E,%(( )-F )-E'/T'F)-E H/-E%-E '- Chlorella 
vulgaris )0E%, %TP/(+,% E/ ?&E,)N'/&%E1J ,)F')E'/-U @GD('/&/L') @&)-E),+3 94: #f!1
#fc

Maliekal J, Karapetian A, Vance C, Yikilmaz E, Wu Q, Jackson T, Brunold TC, 
Spiro TG, Miller AF W!""!X R/3P),'(/- )-F H/-E,)(E( C%EI%%- EG% )HE'N% ('E%
@[( /0 B-1(+P%,/T'F% F'(3+E)(% )-F EG/(% /0 $%1(+P%,/T'F% F'(3+E)(%U O/+,-)&
/0 EG% 43%,'H)- RG%3'H)& 2/H'%ED 124: ab"#e1ab"fb

Mallick N, Mohn FH W!"""X 5%)HE'N% /TDL%- (P%H'%(S ,%(P/-(% /0 )&L)& H%&&(U O/+,-)& /0
@&)-E @GD('/&/LD 157: agd1acd

Martin W, Russell MJ W!""dX =- EG% /,'L'-( /0 H%&&(S ) GDP/EG%('( 0/, EG% %N/&+E'/-),D
E,)-('E'/-( 0,/3 )C'/E'H L%/HG%3'(E,D E/ HG%3/)+E/E,/PG'H P,/K),D/E%(M )-F 0,/3
P,/K),D/E%( E/ -+H&%)E%F H%&&(U @G'&U 9,)-(U 5U 2/HU */-FU J 358: bc1gb



a"b

Martinez JS, Zhang GP, Holt PD, Jung H-T, Carrano CJ, Haygood MG, Butler A
W!"""X 2%&01)((%3C&'-L )3PG'PG'&'H ('F%,/PG/,%( 0,/3 3),'-% C)HE%,')U 2H'%-H%
287: a!eb1a!ef

Matsuzaki M, Misumi O, Shin IT, Maruyama S, Takahara M, Miyagishima SY, 
Mori T, Nishida K, Yagisawa F, Yoshida Y, Nishimura Y, Nakao S, 
Kobayashi T, Momoyama Y, Higashiyama T, Minoda A, Sano M, Nomoto H, 
Oishi K, Hayashi H, Ohta F, Nishizaka S, Haga S, Miura S, Morishita T, 
Kabeya Y, Terasawa K, Suzuki Y, Ishii Y, Asakawa S, Takano H, Ohta N, 
Kuroiwa H, Tanaka K, Shimizu N, Sugano S, Sato N, Nozaki H, Ogasawara 
N, Kohara Y, Kuroiwa T W!""eX 7%-/3% (%Q+%-H% /0 EG% +&E,)(3)&& +-'H%&&+&),
,%F )&L) Cyanidioschyzon merolae a"<U >)E+,% 428: #bd1#bf

Mattoo AK, Hoffman-Falk H, Marder JB, Edelman M WacgeX 5%L+&)E'/- /0 P,/E%'-
3%E)C/&'(3S H/+P&'-L /0 PG/E/(D-EG%E'H %&%HE,/- E,)-(P/,E E/ '- N'N/ F%L,)F)E'/-
/0 EG% ,)P'F&D 3%E)C/&'V%F d!1K'&/F)&E/- P,/E%'- /0 EG% HG&/,/P&)(E 3%3C,)-%(U
@,/H%%F'-L( /0 EG% >)E'/-)& 4H)F%3D /0 2H'%-H%( 81: adg"1adge

McFadden GI W!""aX RG&/,/P&)(E /,'L'- )-F '-E%L,)E'/-U @&)-E @GD('/&/LD 125: b"1bd

McKay RM, Roche JL, Yakunin AF, Durnford DG, Geider RJ WacccX 4HH+3+&)E'/-
/0 0%,,%F/T'- )-F 0&)N/F/T'- '- ) 3),'-% F')E/3 '- ,%(P/-(% E/ $%U O/+,-)& /0
@GDH/&/LD 35: ba"1bac

Melis A, Nemson J, Harrison M Wacc!X <)3)L% E/ 0+-HE'/-)& H/3P/-%-E( )-F P),E')&
F%L,)F)E'/- /0 PG/E/(D(E%3 66 ,%)HE'/- H%-E%, P,/E%'-( +P/- HG&/,/P&)(E %TP/(+,%
E/ +-&E,)N'/&%E1J ,)F')E'/-U J'/HG'3'H) %E J'/PGD('H) 4HE) 1100: da!1d!"

Michel H, Deisenhofer J WacggX 5%&%N)-H% /0 EG% PG/E/(D-EG%E'H ,%)HE'/- H%-E%, 0,/3
P+,P&% C)HE%,') E/ EG% (E,+HE+,% /0 PG/E/(D(E%3 66U J'/HG%3'(E,D 27: a1f

Moller IM W!""aX @&)-E 3'E/HG/-F,') )-F /T'F)E'N% (E,%((S %&%HE,/- E,)-(P/,EM >4<@8
E+,-/N%,M )-F 3%E)C/&'(3 /0 ,%)HE'N% /TDL%- (P%H'%(U 4--+)& 5%N'%I /0 @&)-E
@GD('/&/LD )-F @&)-E B/&%H+&), J'/&/LD 52: b#a1bca

Neidhardt J, Benemann JR, Zhang L, Melis A WaccgX @G/E/(D(E%3166 ,%P)', )-F
HG&/,/P&)(E ,%H/N%,D 0,/3 ',,)F')-H% (E,%((S 5%&)E'/-(G'P C%EI%%- HG,/-'H
PG/E/'-G'C'E'/-M &'LGE1G),N%(E'-L HG&/,/PGD&& )-E%--) ('V% )-F PG/E/(D-EG%E'H
P,/F+HE'N'ED '- Dunaliella salina WL,%%- )&L)%XU @G/E/(D-EG%('( 5%(%),HG 56: afb1
age

Nickelsen J, Rochaix JD WacceX 5%L+&)E'/- /0 (D-EG%('( /0 <a )-F <! P,/E%'-( /0
PG/E/(D(E%3( 66U In > J)K%,M O5 J/ID%,M %F(M @G/E/'-G'C'E'/- /0 PG/E/(D-EG%('(
0,/3 3/&%H+&), 3%HG)-'(3( E/ EG% 0'%&FU J6=2 2H'%-E'0'H @+C&UM =T0/,FM PP afc1
ac"

Nozaki H, Matsuzaki M, Misumi O, Kuroiwa H, Hasegawa M, Higashiyama T, Shin 
IT, Kohara Y, Ogasawara N, Kuroiwa T W!""eX RD)-/C)HE%,')& L%-%(



a"#

E,)-(3'EE%F E/ EG% -+H&%+( C%0/,% F'N%,L%-H% /0 ,%F )&L)% '- EG% RG,/3'(E)U
O/+,-)& /0 B/&%H+&), :N/&+E'/- 59: a"d1aad

Nozaki H, Matsuzaki M, Takahara M, Misumi O, Kuroiwa H, Hasegawa M, Shin-i 
T, Kohara Y, Ogasawara N, Kuroiwa T W!""d)X 9G% PGD&/L%-%E'H P/('E'/- /0
,%F )&L)% ,%N%)&%F CD 3+&E'P&% -+H&%), L%-%( 0,/3 3'E/HG/-F,')1H/-E)'-'-L
%+K),D/E%( )-F )- )&E%,-)E'N% GDP/EG%('( /- EG% /,'L'- /0 P&)(E'F(U O/+,-)& /0
B/&%H+&), :N/&+E'/- 56: egb1ecf

Nozaki H, Ohta N, Matsuzaki M, Misumi O, Kuroiwa T W!""dCX @GD&/L%-D /0
P&)(E'F( C)(%F /- H&)F'(E'H )-)&D('( /0 L%-% &/(( '-0%,,%F 0,/3 H/3P&%E% P&)(E'F
L%-/3% (%Q+%-H%(U O/+,-)& /0 B/&%H+&), :N/&+E'/- 57: dff1dg!

Nozaki Y, Yamada M, Nakanishi T, Nagaya Y, Nakamura K, Shitashima K, 
Tsubota H WaccgX 9G% F'(E,'C+E'/- /0 ,)F'/-+H&'F%( )-F (/3% E,)H% 3%E)&( '- EG%
I)E%, H/&+3-( /0 EG% O)P)- )-F J/-'- E,%-HG%(U =H%)-/&/L'H) 4HE) 21: e#c1ege

Oda T, Akaike T, Sato K, Ishimatsu A, Takeshita S, Muramatsu T, Maeda H Wacc!X
8DF,/TD& ,)F'H)& L%-%,)E'/- CD ,%F E'F% )&L)%U 4,HG'N%( /0 J'/HG%3'(E,D )-F
C'/PGD('H( 294: dg1ed

Oda T, Nakamura A, Shikayama M, Kawano I, Ishimatsu A, Muramatsu T WaccfX
7%-%,)E'/- /0 ,%)HE'N% /TDL%- (P%H'%( CD ,)PG'F/PGDH%)- PGDE/P&)-KE/-U
J'/(H'%-H% J'/E%HG-/&/LD � J'/HG%3'(E,D 61: a#bg1a##!

Okado-Matsumoto A, Fridovich I W!""aX 2+CH%&&+&), F'(E,'C+E'/- /0 (+P%,/T'F%
F'(3+E)(%( '- ,)E &'N%,S R+MY-12=< '- 3'E/HG/-F,')U O/+,-)& /0 J'/&/L'H)&
RG%3'(E,D 276: dgdgg1dgdcd

Okamoto OK, Asano CS, Aidar E, Colepicolo P Wacc#X :00%HE( /0 H)F3'+3 /- L,/IEG
)-F (+P%,/T'F% F'(3+E)(% )HE'N'ED /0 EG% 3),'-% 3'H,/)&L) Tetraselmis gracilis
W@,)('-/PGDH%)%XU O/+,-)& /0 @GDH/&/LD 32: fe1fc

Okamoto OK, Colepicolo P WaccgX 5%(P/-(% /0 (+P%,/T'F% F'(3+E)(% E/ P/&&+E)-E 3%E)&
(E,%(( '- EG% 3),'-% F'-/0&)L%&&)E% Gonyaulax polyedraU R/3P),)E'N%
J'/HG%3'(E,D )-F @GD('/&/LDM @),E RS 9/T'H/&/LD � @G),3)H/&/LD 119: #f1fd

Okamoto OK, Robertson DL, Fagan TF, Hastings JW, Colepicolo P W!""aX <'00%,%-E
,%L+&)E/,D 3%HG)-'(3( 3/F+&)E% EG% %TP,%(('/- /0 ) F'-/0&)L%&&)E% ',/-1
(+P%,/T'F% F'3+E)(%U O/+,-)& /0 J'/&/L'H)& RG%3'(E,D 276: accgc1acccd

Okomoto OK, Pinto E, Latorre LR, Bechara EJH, Colepicolo P W!""aX 4-E'/T'F)-E
3/F+&)E'/- '- ,%(P/-(% E/ 3%E)&1'-F+H%F /T'F)E'N% (E,%(( '- )&L)& HG&/,/P&)(E(U
4,HGU :-N',/-U R/-E)3U 9/T'H/& 40: ag1!e

Olsen GJ, Matsuda H, Hagstrom R, Overbeek R WacceX 0)(E<>43&S 4 E//& 0/,
H/-(E,+HE'/- /0 PGD&/L%-%E'H E,%%( /0 <>4 (%Q+%-H%( +('-L 3)T'3+3 &'K%&'G//FU
R/3P+EU 4PP&U J'/(H'U 10: ea1eg
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Page RD Wacc#X 9,%%;'%IS )- )PP&'H)E'/- E/ F'(P&)D PGD&/L%-%E'H E,%%( /- P%,(/-)&
H/3P+E%,(U R/3P+E%, 4PP&'H)E'/-( '- EG% J'/&/L'H)& 2H'%-H%( 12: dbf1dbg

Palenik B, Brahamsha B, Larimer FW, Land M, Hauser L, Chain P, Lamerdin J, 
Regala W, Allen EE, McCarren J, Paulsen I, Dufresne A, Partensky F, Webb 
EA, Waterbury J W!""dX 9G% L%-/3% /0 ) 3/E'&% 3),'-% SynechococcusU >)E+,%
424: a"df1a"e!

Palmer JD W!""dX 9G% (D3C'/E'H C',EG )-F (P,%)F /0 P&)(E'F(S 8/I 3)-D E'3%( )-F
IG/F+-'Ey O/+,-)& /0 @GDH/&/LD 39: e1aa

Partensky F, Hess WR, Vaulot D WacccX ProchlorococcusM ) 3),'-% PG/E/(D-EG%E'H
P,/K),D/E% /0 L&/C)& ('L-'0'H)-H%U B'H,/C'/&U B/&U J'/&U 5%NU 63: a"#1a!f

Peers G, Price NM W!""eX 4 ,/&% 0/, 3)-L)-%(% '- (+P%,/T'F% F'(3+E)(%( )-F L,/IEG /0
',/-1F%0'H'%-E F')E/3(U *'3-/&/LD )-F =H%)-/L,)PGD 49: affe1afgd

Pinto E, Sigaud-kutner TCS, Leitao M, Okamoto O, Morse D, Colepicolo P W!""dX
8%)ND 3%E)&1'-F+H%F /T'F)E'N% (E,%(( '- )&L)%U O/+,-)& /0 @GDH/&/LD 39: a""g1
a"ag

Prasil O, Kolber Z, Berry JA, Falkowski P Wacc#X RDH&'H %&%HE,/- 0&/I ),/+-F
PG/E/(D(E%3 66 '- N'N/U @G/E/(D-EG%('( 5%(%),HG 48: dcb1ea"

Quigg A, Finkel ZV, Irwin AJ, Reinfelder JR, Rosenthal Y, Ho T-Y, Schofield O, 
Rosenthal FMM, Falkowski PG W!""dX 9G% %N/&+E'/-),D '-G%,'E)-H% /0
%&%3%-E)& (E/'HG'/3%E,D '- 3),'-% PGDE/P&)-KE/-U >)E+,% 425: !ca1!ce

Quinn JM, Merchant S WacccX 4F)PE)E'/- /0 Senedesmus obliquus WRG&/,/PGDH%)%X E/
H/PP%,1F%0'H'%-HDS 9,)-(H,'PE'/-)& ,%L+&)E'/- /0 Pcy1 C+E -/E Cpx1U O/+,-)& /0
@GDH/&/LD 35: a!bd1a!#d

Raven JA Wacc"X @,%F'HE'/-( /0 B- )-F $% +(% %00'H'%-H'%( /0 PG/E/E,/PG'H L,/IEG )( )
0+-HE'/- /0 &'LGE )N)'&)C'&'ED 0/, L,/IEG )-F /0 R )(('3'&)E'/- P)EGI)DU >%I
@GDE/&/L'(E 116: a1ag

Raven JA, Evans MCW, Korb RE WacccX 9G% ,/&% /0 E,)H% 3%E)&( '- PG/E/(D-EG%E'H
%&%HE,/- E,)-(P/,E '- =1!1%N/&N'-L /,L)-'(3(U @G/E/(D-EG%('( 5%(%),HG 60: aaa1
aec

Raychaudhuri SS, Deng XW W!"""X 9G% ,/&% /0 (+P%,/T'F% F'(3+E)(% '- H/3C)E'-L
/T'F)E'N% (E,%(( '- G'LG%, P&)-E(U 9G% J/E)-'H)& 5%N'%I 66: gc1cg

Regelsberger G, Atzenhofer W, Ruker F, Peschek GA, Jakopitsch C, Paumann M, 
Furtmuller PG, Obinger C W!""!X J'/HG%3'H)& HG),)HE%,'V)E'/- /0 ) 3%3C,)-%1
C/+-F 3)-L)-%(%1H/-E)'-'-L (+P%,/T'F% F'(3+E)(% 0,/3 EG% HD)-/C)HE%,'+3
Anabaena @RRfa!"U O/+,-)& /0 J'/&/L'H)& RG%3'(E,D 277: ed#ab1ed#!!



a"g

Renault JP, Verchere-Beaur C, Morgenstern-Badarau I, Yamakura F, Gerloch M
W!"""X :@5 )-F &'L)-F 0'%&F (E+F'%( /0 ',/- (+P%,/T'F% F'(3+E)(%( )-F ',/-1
(+C(E'E+E%F 3)-L)-%(% (+P%,/T'F% F'(3+E)(%(S ,%&)E'/-(G'P( C%EI%%- %&%HE,/-'H
(E,+HE+,% /0 EG% )HE'N% ('E% )-F )HE'N'EDU 6-/,L)-'H RG%3'(E,D 39: !###1!#fb

Renger G, Volker M, Eckert H, Fromme R, Hom-Veit S, Graber P WacgcX =- EG%
3%HG)-'(3 /0 PG/E/(D(E%3 66 F%E%,'/,)E'/- CD ?;1J ',,)F')E'/-U @G/E/HG%3'(E,D
)-F @G/E/C'/&/LD 49: cf1a"b

Richter M, Ruhle W, Wild A Wacc"X =- EG% 3%HG)-'(3 /0 PG/E/(D(E%3 66
PG/E/'-G'C'E'/- 6U 4 EI/1(E%P F%L,)F)E'/- /0 <a1P,/E%'-U @G/E/(D-EG%('( 5%(%),HG
24: !!c1!db

Rijstenbil JW W!""!X 4((%((3%-E /0 /T'F)E'N% (E,%(( '- EG% P&)-KE/-'H F')E/3
Thalassiosira pseudonana '- ,%(P/-(% E/ ?;4 )-F ?;J ,)F')E'/-U O/+,-)& /0
@&)-KE/- 5%(%),HG 24: a!ff1a!gg

Rijstenbil JW W!""dX :00%HE( /0 ?;J ,)F')E'/- )-F ()&E (E,%(( /- L,/IEGM P'L3%-E( )-F
)-E'/T'F)E'N% F%0%-H% /0 EG% 3),'-% F')E/3 Cylindrotheca closteriumU B),'-%
:H/&/LD @,/L,%(( 2%,'%( 254: df1ef

Rijstenbil JW, Derksen JWM, Gerringa LJA, Poortvliet TCW, Sandee A, Van Den 
Berg M, Van Drie J, Wijnholds JA WacceX =T'F)E'N% (E,%(( '-F+H%F CD H/PP%,S
F%0%-(% )-F F)3)L% '- EG% 3),'-% P&)-KE/-'H F')E/3 Ditylum brightwelliiM L,/I-
'- H/-E'-+/+( H+&E+,%( I'EG G'LG )-F &/I V'-H &%N%&(U B),'-% J'/&/LD 119: bgd1
bc"

Ronquist F, Huelsenbeck JP W!""dX B5J4`:2 dS J)D%(')- PGD&/L%-%E'H '-0%,%-H%
+-F%, 3'T%F 3/F%&(U J'/'-0/,3)E'H( 19: abf!1abfe

Saito MA, Sigman DM, Morel FMM W!""dX 9G% C'/'-/,L)-'H HG%3'(E,D /0 EG% )-H'%-E
/H%)-S EG% H/1%N/&+E'/- /0 HD)-/C)HE%,')& 3%E)& ,%Q+',%3%-E( )-F C'/L%/HG%3'H)&
HDH&%( )E EG% 4,HG%)-1@,/E%,/V/'H C/+-F),Dy 6-/,L)-'H) RG'3'H) 4HE) 356: d"g1
dag

Sakurai H, Kususmoto N, Kitayama K, Togasaki RK WaccdX 6(/VD3%( /0 (+P%,/T'F%
F'(3+E)(% '- Chlamydomonas )-F P+,'0'H)E'/- /0 /-% /0 EG% 3)\/, '(/VD3%(
H/-)E'-'-L $%U @&)-E � R%&& @GD('/&/LD 34: aadd1aadf

Sanudo-Wilhelmy SA, Olsen KA, Scelfo JM, Foster TD, Flegal AR W!""!X 9,)H%
3%E)& F'(E,'C+E'/-( /00 EG% 4-E),HE'H @%-'-(+&) '- EG% .%FF%&& 2%)U B),'-%
RG%3'(E,D 77: abf1af"

Scandalios JG WaccdX =TDL%- (E,%(( )-F (+P%,/T'F% F'(3+E)(%(U @&)-E @GD('/&/LD 101:
f1a!



a"c

Schofield O, Moline MA, Prezelin BB WacceX @)&3%, *9:5S @G/E/)F)PE)E'/- '- )
H/)(E)& PGDE/P&)-KE/- C&//3 )-F '3P)HE /- EG% ,)F')E'/- +E'&'V)E'/- %00'H'%-HD 0/,
H),C/- 0'T)E'/-U 4-E),HE'H O/+,-)& /0 EG% ?-'E%F 2E)E%( 29: !ae1!a#

Seyler PT, Boaventura GR W!""dX <'(E,'C+E'/- )-F P),E'E'/- /0 E,)H% 3%E)&( '- EG%
43)V/- C)('-U 8DF,/&/L'H)& @,/H%((%( 17: adeb1ad#a

Shiller AM WaccfX B)-L)-%(% '- (+,0)H% I)E%,( /0 EG% 4E&)-E'H =H%)-U 7%/PGD('H)&
5%(%),HG *%EE%,( 24: aecb1aecg

Smith MW, Doolittle RF Wacc!X 4 H/3P),'(/- /0 %N/&+E'/-),D ,)E%( /0 EG% EI/ 3)\/,
K'-F( /0 (+P%,/T'F% F'(3+E)(%U O/+,-)& /0 B/&%H+&), :N/&+E'/- 34: afb1age

Smith SW, Overbeek R, Woese CR, GIlbert W, Gillevet PM WacceX 9G% L%-%E'H F)E)
%-N',/-3%-ES )- %TP)-F)C&% 7?6 0/, 3+&E'P&% (%Q+%-H% )-)&D('(U R/3P+EU 4PP&U
J'/(H'U 10: #fa1#fb

Steinman H Wacg!)X 2+P%,/T'F% F'(3+E)(%(S P,/E%'- HG%3'(E,D )-F (E,+HE+,%10+-HE'/-
,%&)E'/-(G'P(U In *. =C%,&%DM %FM 2+P%,/T'F% <'(3+E)(%M ;/& 6U R5R @,%((M 6-HUM
J/H) 5)E/-M PP aa1#g

Steinman HM Wacg!CX R/PP%,1V'-H (+P%,/T'F% F'(3+E)(% 0,/3 Caulobacter crescentus
RJabU 4 -/N%& C)HE%,'/H+P,%'- 0/,3 /0 EG% %-VD3%U O/+,-)& /0 J'/&/L'H)&
RG%3'(E,D 257: a"!gd1a"!cd

Steinman HM WacgbX J)HE%,'/H+P,%'- (+P%,/T'F% F'(3+E)(%( '- P(%+F/3/-)F(U O/+,-)&
/0 J)HE%,'/&/LD 162: a!bb1a!#"

Sterner RW, Smutka TM, McKay RML, Xiaoming Q, Brown ET, Sherrell RM
W!""eX @G/(PG/,+( )-F E,)H% 3%E)& &'3'E)E'/- /0 )&L)% )-F C)HE%,') '- *)K%
2+P%,'/,U *'3-/&/LD )-F =H%)-/L,)PGD 49: ecb1b"f

Sunda WG, Huntsman SA Wacg#X 5%&)E'/-(G'P( )3/-L L,/IEG ,)E%M H%&+&), 3)-L)-%(%
H/-H%-E,)E'/-( )-F 3)-L)-%(% E,)-(P/,E K'-%E'H( '- %(E+,'-% )-F /H%)-'H (P%H'%(
/0 EG% F')E/3 ThalassiosiraU O/+,-)& /0 @GDH/&/LD 22: !bc1!f"

Sunda WG, Huntsman SA WaccgX 6-E%,)HE'N% %00%HE( /0 %TE%,-)& 3)-L)-%(%M EG% E/T'H
3%E)&( H/PP%, )-F V'-HM )-F &'LGE '- H/-E,/&&'-L H%&&+&), 3)-L)-%(% )-F L,/IEG '-
) H/)(E)& F')E/3U *'3-/&/LD � =H%)-/L,)PGD 43: ae#f1aefb

Sundby C, McCaffery S, Anderson JM WaccdX 9+,-/N%, /0 EG% PG/E/(D(E%3 66 <a
P,/E%'- '- G'LG%, P&)-E( +-F%, PG/E/'-G'C'E/,D )-F -/-PG/E/'-G'C'E/,D ',,)F')-H%U
O/+,-)& /0 J'/&/L'H)& RG%3'(E,D 268: !bef#1!beg!

Takishita K, Ishida K-i, Maruyama T W!""eX @GD&/L%-D /0 -+H&%),1%-H/F%F P&)(E'F1
E),L%E%F 74@<8 L%-% (+PP/,E( (%P),)E% /,'L'-( 0/, EG% P%,'F'-'-1 )-F
0+H/T)-EG'- F%,'N)E'N%1H/-E)'-'-L P&)(E'F( /0 F'-/0&)L%&&)E%(U @,/E'(E 155: eef1ebg



aa"

Telfer A, Barber J WacceX :&+H'F)E'/-L EG% 3/&%H+&), 3%HG)-'(3( /0 PG/E/'-G'C'E'/- CD
(E+FD'-L '(/&)E%F PG/E/(D(E%3 66 ,%)HE'/- H%-E%,(U In > J)K%,M O J/ID%,M %F(M
@G/E/'-G'C'E'/- /0 PG/E/(D-EG%('(U J6=2 2H'%-E'0'H @+C&'(G%,(M =T0/,FM PP !b1ec

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG WaccfX 9G%
R*?294*�A I'-F/I( '-E%,0)H%S 0&%T'C&% (E,)E%L'%( 0/, 3+&E'P&% (%Q+%-H%
)&'L-3%-E )'F%F CD Q+)&'ED )-)&D('( E//&(U >+H&%'H 4H'F( 5%(%),HG 25: egf#1egg!

Thompson JD, Higgins DG, Gibson TJ WacceX R*?294* .S '3P,/N'-L EG% (%-('E'N'ED
/0 P,/L,%(('N% 3+&E'P&% (%Q+%-H% )&'L-3%-E EG,/+LG (%Q+%-H% I%'LGE'-LM
P/('E'/-(1(P%H'0'H L)P P%-)&E'%( )-F I%'LGE 3)E,'T HG/'H%U >+H&%'H 4H'F(
5%(%),HG 22: e#fd1e#g"

Towbin H, Staehelin T, Gordon J WacfcX :&%HE,/PG/,%E'H E,)-(0%, /0 P,/E%'-( 0,/3
P/&D)H,D&)3'F% L%&( E/ -'E,/H%&&+&/(% (G%%E(S P,/H%F+,% )-F (/3% )PP&'H)E'/-(U
@,/H%%F'-L( /0 EG% >)E'/-)& 4H)F%3D /0 2H'%-H%( 76: edb"1edbe

Twiner MJ, Trick CG W!"""X @/(('C&% PGD('/&/L'H)& 3%HG)-'(3( 0/, P,/F+HE'/- /0
GDF,/L%- P%,/T'F% CD EG% 'HGEGD/E/T'H 0&)L%&&)E% Heterosigma akashiwoU O/+,-)&
/0 @&)-KE/- 5%(%),HG 22: ac#a1acfb

Vance CK, Miller AF WaccgX 2P%HE,/(H/P'H H/3P),'(/-( /0 EG% P8 F%P%-F%-H'%( /0 $%1
(+C(E'E+E%F WB-X(+P%,/T'F% F'(3+E)(% )-F $%1(+P%,/T'F% F'(3+E)(%U
J'/HG%3'(E,D 37: bbag1bb!f

Vance CK, Miller AF W!""aX >/N%& '-('LGE( '-E/ EG% C)('( 0/, :(HG%,'HG') H/&'
(+P%,/T'F% F'(3+E)(%�( 3%E)& '/- (P%H'0'H'ED 0,/3 B-1(+C(E'E+E%F $%2=< )-F 'E(
N%,D G'LG :W3XU J'/HG%3'(E,D 40: ad"fc1ad"gf

Voelker BM, Sedlak DL, Zafiriou OC W!"""X RG%3'(E,D /0 (+P%,/T'F% ,)F'H)& '-
(%)I)E%,S 5%)HE'/-( I'EG /,L)-'H R+ H/3P&%T%(U :-N',/-3%-E)& 2H'%-H% �
9%HG-/&/LD 34: a"d#1a"e!

Voet D, Voet JG Wacc"X J'/HG%3'(E,DU .'&%DM >%I `/,K

Weatherburn DC W!""aX B)-L)-%(%1H/-E)'-'-L %-VD3%( )-F P,/E%'-(U In 6 J%,E'-'M 4
2'L%&M 8 2'L%&M %F(M 8)-FC//K /- B%E)&&/P,/E%'-(U B),H%& <%KK%,M 6-HUM >%I
`/,KM PP acd1!#g

Weiss J WacdbX 6-N%(E'L)E'/-( /- EG% ,)F'H)& 8=! '- (/&+E'/-U 9,)-()HE'/-( /0 EG% $),)F)D
2/H'%ED 31: ##g1#ga

Whelan S, Goldman N W!""aX 4 L%-%,)& %3P','H)& 3/F%& /0 P,/E%'- %N/&+E'/- F%,'N%F
0,/3 3+&E'P&% P,/E%'- 0)3'&'%( +('-L ) 3)T'3+31&'K%&'G//F )PP,/)HGU B/&%H+&),
J'/&/LD )-F :N/&+E'/- 18: #ca1#cc

Whitfield M W!""aX 6-E%,)HE'/-( C%EI%%- PGDE/P&)-KE/- )-F E,)H% 3%E)&( '- EG% /H%)-U
4FN)-H%( '- B),'-% J'/&/LD 41: a1a!g



aaa

Williams RJP W!""aX RG%3'H)& (%&%HE'/- /0 %&%3%-E( CD H%&&(U R//,F'-)E'/- RG%3'(E,D
5%N'%I( 216-217: bgd1bcb

Williams RJP, Silva JJRFd Wacc#X 9G% -)E+,)& (%&%HE'/- /0 EG% HG%3'H)& %&%3%-E( S EG%
%-N',/-3%-E )-F &'0%�( HG%3'(E,DU R&),%-F/- @,%(( _

=T0/,F ?-'N%,('ED @,%((M =T0/,F
>%I `/,K

Wolfe-Simon F, Grzebyk D, Schofield O, Falkowski PG W!""bX 9G% ,/&% )-F %N/&+E'/-
/0 (+P%,/T'F% F'(3+E)(%( '- )&L)%U O/+,-)& /0 @GDH/&/LD 41: ebd1e#b

Wu G, Wilen RW, Robertson AJ, Gusta LV WacccX 6(/&)E'/-M HG,/3/(/3)&
&/H)&'V)E'/-M )-F F'00%,%-E')& %TP,%(('/- /0 3'E/HG/-F,')& 3)-L)-%(% (+P%,/T'F%
F'(3+E)(% )-F HG&/,/P&)(E'H H/PP%,hV'-H (+P%,/T'F% F'(3+E)(% L%-%( '- IG%)EU
@&)-E @GD('/&/LD 120: bad1b!"

Wuerges J, Lee J-W, Yim Y-I, Yim H-S, Kang S-O, Carugo KD W!""eX R,D(E)&
(E,+HE+,% /0 -'HK%&1H/-E)'-'-L (+P%,/T'F% F'(3+E)(% ,%N%)&( )-/EG%, EDP% /0 )HE'N%
('E%U @,/H%%F'-L( /0 EG% >)E'/-)& 4H)F%3D /0 2H'%-H%( /0 EG% ?-'E%F 2E)E%( /0
43%,'H) 101: gb#c1gbfe

Yoon HS, Hackett JD, Ciniglia C, Pinto G, Bhattacharya D W!""eX 4 B/&%H+&),
9'3%&'-% 0/, EG% =,'L'- /0 @G/E/(D-EG%E'H :+K),D/E%(

B/& J'/& :N/& 21: g"c1gag

Youn H-D, Kim E-J, Roe J-H, Hah YC, Kang S-O Wacc#X 4 -/N%& -'HK%&1H/-E)'-'-L
(+P%,/T'F% F'(3+E)(% 0,/3 Streptomyces (PPU J'/HG%3 OU 318: ggc1gc#

Zelko IN, Manriani YJ, Folz RJ W!""!X 2+P%,/T'F% F'(3+E)(% 3+&E'L%-% 0)3'&DS 4
H/3P),'(/- /0 EG% R+Y-12=< W2=<aXM B-12=< W2=<!XM )-F :R12=< W2=<dX
L%-% (E,+HE+,%(M %N/&+E'/-M )-F %TP,%(('/-U $,%% 5)F'H)& J'/&U B%FU 33: ddf1dec

Zepp RG, Faust BC, Holgne J Wacc!X 8DF,/TD& ,)F'H)& 0/,3)E'/- '- )Q+%/+( ,%)HE'/-(
WP8 d1gX /0 ',/-W66X I'EG GDF,/L%- P%,/T'F%S EG% PG/E/10%-E/- ,%)HE'/-U :-N',/-U
2H'U 9%HG-/&U 26: dad1dac

Ziemann DA, Conquest LD, Olaizola M, Bienfang PK WaccaX 6-E%,)--+&) N),')C'&'ED
'- EG% (P,'-L PGDE/P&)-KE/- C&//3 '- 4+K% J)DM 4&)(K)U B),'-% J'/&/LD 109:
d!a1dde

Zigone AR, Casotti R, d'Alcala MR, Scardi M, Marino D WaccbX �2E B),E'-�(
2+33%,�S 9G% H)(% /0 )- )+E+3- PGDE/P&)-KE/- C&//3 '- EG% 7+&0 /0 >)P&%(
WB%F'E%,,)-%)- 2%)XU O/+,-)& /0 @&)-KE/- 5%(%),HG 17: bfb1bcd
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>)E'/-)& 2H'%-H% $/+-F)E'/-1 5%(%),HG :TP%,'%-H% 0/, ?-F%,L,)F+)E%( W5:?XM accc
8/P% 8'CC),F 2HG/&),(G'P '- J'/&/LD W=C%,&'- R/&&%L%XM accc
*%/ 2U B'&&), @,'V% '- J'/&/L'H)& 2HG/&),(G'P W=C%,&'- R/&&%L%XM accg

SYNERGISTIC ACTIVITIES 
@,%('F%-EM =H%)-/L,)PGD 7,)F+)E% 2E+F%-E 4((/H')E'/-M !""d1!""e
 
TEACHING EXPERIENCE 
2P,'-L !""b =H%)-/L,)PG'H 2H'%-E'0'H 6-Q+',DS $,/3 C'/L%/HG%3'(E,D E/

L%-/3%(S :TP&/,)E'/-( )E )Q+)E'H '-E%,0)H%(



aad

$)&& !""aM !""! RG%3'H)& =H%)-/L,)PGD W9U4UX

CRUISE EXPERIENCE 
!""d 5; 2+-H/)(E%,
accf 5; R)P% 8%-&/P%-
acc# 5; R)P% 8%-&/P%-


