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Abstract

Project Code : MRG5380025

Project Title : Potential for biohydrogen production by cyanobacteria Spirulina platensis
Investigator : Dr. Wuttinun Raksaijit, Faculty of Veterinary Technology, Kasetsart University
E-mail Address: cvtwnr@ku.ac.th

Project Period : 2 years

The potential for H, production which varies among different cyanobacterial species
depends on several external factors. The filamentous non-heterocystous cyanobacterium
Arthrospira sp. PCC 8005 requires various factors enhancing H, production. Arthrospira
cells adapted to dark-anaerobic conditions produced hydrogen consistent with increased
hydrogenase activity when supplemented with iron. H, production could be stimulated by
addition of reductants, either dithiothreitol or B-mercaptoethanol with higher production

observed with the latter. Additionally, B-Mercaptoethanol and iron added to nitrogen- and

sulphur-deprived cells significantly stimulated H, production with maximal value of 5.91 *
0.14 ymol mg Chla_1 h_1. Glucose and a small increase of osmolality obtained with different
NaCl and sorbitol concentrations enhanced H, production. H, production increased with
increasing external pH from 6.0 to 11.0, whereas a sharp drop in the production occurred
at pH 5.0. The steady state transcriptional levels of genes, namely hoxE, hoxF and hoxH,
were examined under dark-anaerobic conditions in response to external factors. The
steady-state amounts of the hoxE, hoxF and hoxH transcripts of adapted cells were up-
regulated under nitrogen- and sulphur deprivation in the presence of iron, NaCl, glucose or

reductants.

Keywords : Arthrospira sp. PCC8005, Hydrogen production, Hydrogenase, hox gene,

cyanobacteria
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Spirulina platensis
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seazalaseng : 21

lopluuuafiFonarsapiuiidnoniwlunisnialalasinuiiniwnsiiuiuiady
mouan loolunuafiSosiaduwanan liiiiainals@a Arthrospira sp. PCC8005 §a9n13
Yadunouanlunsivensnaa balasiaudiniw wuin Arthrospira sp. PCC8005 NU5udn

v & . U o 1
Tuamaians Zarrouk Tamaunssmgermsiulasiau (zN,) wssmeldanizidnaan
foaandautas iLgs su1InNaa balasandinw leduinninluwainisiaes Zarrouk lag
AAIINIINAA LA ARTININTANUFUNWTNLEAIINITNNLaAAIATaIaw L lalat iy
A A a = ' a = A £ A o da €
Wellldumamanasiuaims zZN, wuhnandalalasaudinwiads nmadudi3aad p-
Mercaptoethanol lAN8aTIN1SHAR lalastandinwladninnsi@uai3aag Dithiothereitol
g ' ea & g A . ) & a a =

wananiwuinaaaiiasiluarmisians zN, Ausmadaesuaziinis@usignan 15.0

NaansudafaIuaz1.5 Aadluanives B-Mercaptoethanol 1NNTALANNEATINNIHAR balasian

%’mevlﬁgaﬁq@whﬁ'u 5.91 * 0.14 lulasluadaiadnsunaalsiassdamlus n1aduiinea
ﬂgﬂﬂmm:mazaaﬁﬂwm’%amnmﬁa NaCl #%3211@7a Sorbitol LANEAITINNINEN LT LATLAN
A . ' ~ 2 A e o A a a £ i
FANIWLTUN® TIINLET 6.0 DINLAT 11.0 LTRFNDAIINIINGS LA lATLAUTININLNNDWULAZLE
AATINTHANRARINNLAT 5.0 NAVAILAFUMEUANGANITLEAIDANVAILW hoxH, hoxE, WAz
hoxY wuinmeldnzidnaannioeeandianuas liiiugs iwasnusuailuainisiass zN,
NI EUBNLTUNTVIAURAITIG21M IFINET MIANTIMEN InRa NaCl #iaa

ﬂgiﬂml,azm%msﬁ FNTuaaInanvadtin hoxH, hoxE, wazhoxY WN K

ffAL  : Arthrospira sp. PCC8005, Minaa lalastauiinw, lalasiiue, 8w hox,
T luwuaiisey
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wasiwlalasandunasnwsaindinazena tumon s luidndu  waziduiinsde

FILIAR DN Lﬁagmmvl,m?@‘hmaan%wmﬂﬁwﬁmﬁ'wﬂﬂuﬁwLl,atzmm%”au"l;iﬁﬁ”’]sm%au
a & AAd & A Ada A o A & &

Aszaniadu  losnlusuafsaduisidiansunsaltuasonfaduazansuaulaaan boa Ly
omeavndasudunasnuluzdnglasiiunszuiunidie e iasusILaza N TaHa.
lalastaudranlasinunsvinanuvesenlodlalasdiua (hydrogenase) loenlunuafise
rioidusnoi lifliainalaBa Arthrospira sp. PCC8005 Wian3annudn1amadnin Spirulina
A a a Aa o g g AA . A I '
flavsyuuuindey Wigdvlaldieluemiaiote Zarrouk NildRlamidue1s awnn
Naa lalasiaudimwle nuddsiidasnmsmannziwanzanlunisudalalasiaudininla
lddSunugenga wuhdSanamquaniduasidluemiaiss Zarouk  finadadnsinig
\931289 Arthrospira sp. PCC 8005 lugniziysaanimaaandianuasaniazn e
Arthrospira sp. PCC 8005 fit3udalua1mnaides Zarrouk 1110519 lulasiau (ZN,) 133
aalalasiaudimwld wuhmaiusgumdnlueimsndss zN, udanmndalalasiau
Finw lusnnznldiingumaniuamaans zN, wuhdanmaxaalalasauiininuazue
adddvasienladlalasdiuaanas iWalivammaqunanluarmisidsse ZN, iy 15

JaanIuAafaT Lénaﬁﬁé’mwmmﬁ@"lﬂI@iLau%qnwwgaq@whﬁ'u 437 * 0.15 lulasluada

fadnsuasalsflasdatnluuaznuinaadifuasenlodlalasiiuagegarinniu 0.47 £ 0.02
lulasluadafiadniuasalsfladdetalus maumamanildanasdszney FeSO, uaz
FeCl, adldluams zN, Tnalduanensnu Arthrospira sp. PCC8005 anansaasa lalnd
AV A o A & ! & &
Tusnznlifussuazanunsnlinglaawionsalasduundsannisasuauunuluanivaiue
(ZN,Co) udt ldaunanlfiiataglassmiuundiainisarivauinanisaigld toadas
wWasmduindewdfdnaiy wadnialalavaudinmwlddianagiluamadns ZNC, 1

ﬁmnauﬁﬁmaﬂgiﬂaﬁ 0.1% t¥innu 3.61 T 0.17 lulasluadadadniuaaaliWasdati iy
ashd"liﬁmumnﬂumwLﬁuﬁumaaﬂgiﬂagaﬂ’j’] 0.2% inlwansnsnaalalasiandiniw
aaas Madfouulasiiarasarnsfsslinadanisasguszaanminaa lalasianiinw
284 Arthrospira sp. PCC8005 WUIN8ATINSHAM LalasTlaudinInanad a1 uIslassna

& A a o | [ a ~ a £ ' a 2 A
AL uNIaNNLaTEINT 5.0 hazdaITININES lalaslandrnwWLN L wlus19NLaT 6.0 D9 W
a7 9.0 lagfiiaanviaauaTadniaT 9.0 Lsﬁaﬁﬁé’mwmmﬁ@"Laimmu%amwgaq@whr"fu

2.99 * 0.18 lulasluasadadnsunaalsWassatolad aﬂ'wvliﬁmumil,ﬁuﬁLa‘*ﬁgaﬂdw 10.0
gainsndalalasiauiimwanas maddsuudaslesmeuendisnsaiuguaisinines
e - s - 2 e
ANAGaAIINIINRA LT lATLAUTININ WUANEATINITNES LalaTlanT N IWLAN N WAILANLD T

mounantin 5.0 D9NeT  11.0 lagilaNiaTAnuwantyinny  11.0 LTRANEAIINITHES



VLEII@?L%%%’JﬂWWgGE;(@Lﬁ’]ﬁU 3.10  0.25 lulasluadaiadniunaa lsflassat s Twaws

L8819 ZN, NANILENA2IAT B-Mercaptoethanol finnuLTudh 1.5 Aadluas enunsaifia

danmindalalananinwld 1.5 wihlaslianalalasauiiniwgegariniu 3.90
0.15 lulasluadaiadniuaaalslasdatlug ameNN1ILANAIIAT Dithiothereitol N4
U v Aa A 6 1A ] d' a a a a%’
Nt 1.5 Aafluas liinadanitidfuuitataasnitnaalalasiandinw lwairsiass
ZN, Namgdaines (ZN,-S-deprived) raaindasnnindalalasiaudinwldginiiung

] i & ¥ . = Aa A a o '
09 1.4 11 1 radNiassluem e (ZN,-S-deprived) TalimaLGumainan 15.0 Jadniude

a v aAa 6 ai U U Aa A 6 A' a a
AATUAZAIIAT B-Mercaptoethanol NANULTNTH 1.5 Hadluans INTALANEATINIITHAS
lalavaudinwldgengawiiny 5.91 £ 0.14 lulasluadefisdniuasalsfaddatalus M3
W@uLnRe NaCl  %3a1inana sorbitol NyzauaasluaIflszanm 5 Nsdaasluasdanilaniy

o Aa a & ' = A a o aa
nazgunandalalasauiinwgaulszanm 35% e linanaiiaiaszaueaaluaiicgs
n71 5 Yafearluadailaniy N1INEAlalaTAUTININAASIALINITIASY  NITULRAIAAND
8 hox WalTouisunudn 23S rRNA (internal control) 28dtaanyTuallua1wsiae
ZN, muiﬁmmm%mmﬂﬂﬁmmﬂuaﬂLﬁuﬂwmﬁum@;mﬁﬂ 15.0 NaANINADAATHIBNNT
\An@33A2%5 B-Mercaptoethanol iauitintu 1.5 Hadluaiwianaduienanalaah 0.1%
891U8IMIT ZN,C, w3anTLauinda NaCl 2 8 luansadluainis ZN, SININITVIaLAad

b

0/ v QI &’ 1
ﬁ'](?"}a"l‘ﬁ'ﬁﬂjﬂLwag m:@ummamaaﬂmaoﬁu hoxH, hoxE, Lz hoxY LWNUW WLINNIIEN

\Wedluanmaians (ZN,-S-deprived) uazlinafiusgunan 15.0 Jadniudefasuaz@izaag
B-Mercaptoethanol finnuidiutu 1.5 JaRlua1s hoxH, hoxE, uaz hoxY Un1Iugadnangs
g

q
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> 1 =Y g’ > g’ > { = ] J 1 {
ugwﬂuﬁaguu il Ing e ﬁmm:uuﬁﬁmmNumuuazmgamuiumanmﬁ
] 1 J et v d a v v ed {
mumLLa:mmw:ﬁﬂmgwuﬁnluamﬂ@a‘ufl,ﬂa FIANIINAMNFDINITMENRINWNNN
At NTaYAVBINTENTHNWAINY TUIBIIWRIN WA NYIU TN A LG NI NLAFINRII
a g’ L =) A 1 Q Q 1 o v 1 g; 1
WNogTaLaz i waL mLmaowaamumﬂangnmuﬂ%’tumumo6] NINANITVBEI LRZANA
ANILNBATNTTY ﬁiawa‘lﬁ’tuﬂa@ﬁmﬁ@mmm@Lmauwﬁamuwaa%aaua%ﬂu{fuﬁﬂqw
I e oaa . _ X . f a T e
UANINANUINWRINUNAAINMTEUAL (Combustion) LraiwdsWaadartarinuuduliin
lumulafann  azinsdaaddaufiaSannszan (Greenhouse  gas) A belLn
& & a & @ & o o , , ,
asuawlaaan loa A wazla lulasiawaan boe aaﬂmmﬂnﬂmﬂﬂ ATAINENNRINAGD
a o i A T o <
mItianzlaniaw (Global warming) lag@assanuan Tdwansznudtldonauwd bulaines
o A o ' & ' o ' o A o A Aa
udu dasreslludesly dramsaansdsesfioiSeunszanuazyTuifaungdnssums
AANTIO  AINI luﬂagﬂumsﬁﬂmﬁuﬂiﬁ%LﬁaLmzmmewé'ommmmulugﬂLLmJ
6199 @Il 1N aTIMIITNAINTOLNAILAZAANANHADRILIARDN  WAIINY
% & { o v v a [ 1
1alas I uwaI I UNALNWENLINIIRTINT NN 1T MURGHATILINAAN DL LT
wasnulalasmwdunasnuniidnonmwgenlddianuiougefis 14165 Mikg e
lalasaudluiroindsngzena (clean fuel) Humonluds ludindu  wasiduliasda
FILIARDN Lfla’g]ﬂLmvlmﬁ”@%zlaaﬂ%wmﬂﬁwﬁ@ﬁmsﬁﬂuﬁ’]LLazmw%au LaidfnaSan
a A‘ ™ U = 2] I ¥ a v v
N3LANLNATW ﬁﬁ]ﬁ;uuﬁmﬂmwmmumnmm‘lﬂmwmﬂmﬁaLwaolwmﬂmu WAdUNUNNT
Nﬁ@ﬂ'&mgng UNITHUAZENINGIRATN LanTenuanaunladnuinasnwlalasiaunain
A Ada A Aa ' a . A & A A @ !
fiTIansanzenin lalasiaudinw (biohydrogen) tiasanniluliasdefsuiasauuinnin
a A Ada A A o v A A
ATUIWMINNLAN Il TIanzuITRRamlalasiaw  lawn  loenluwuuaiisys  way
A A o & v = o A A 0 o
LUATITINEINITDRILATIZAGIEILE uan leren Il U A ITyRIAITDUELO WA IS
A eda . Lo @ & v ' [
LLaam‘ﬂ@laJmJa%Jamovlmnn@LLazmiuauvl,@aanvl,smﬁl,ummﬂuﬂmﬂmmaawmmulugﬂ
ﬂQIﬂawﬂuﬂszuauﬂﬁsﬁammzﬁ@hmm ANNIFNNIONEN L laTLAUTININW LG HIUANTYIN 0
vadianlodlulasdiug  (nitrogenase) uwaztan ol lalasduma  (hydrogenase) Mgl
en o R =< a A A A A o v
mu,zgpﬁ]mmaulaﬂn‘mnavl,ﬂmmavaaImLﬁ]ummwmn%mimmﬂ‘nLimwammlmﬂu
WRITUNALNU IO UIAG

lalastawdluundswasnudsdn (Sustainable energy) 'Smmdwﬁoﬁﬁﬁ'ﬂﬂmwgo S
fasdafiasounaslNANUaRY ﬁ”ﬂeﬁvlaiﬂiLﬁ]uQnNﬁ@%ﬂﬁﬁnﬂm:mumsmoLﬂﬁLLaz
Fann FeiFreRsansondemalalasian teun laerluwuafise (Tamagnini et al., 2002,
Lopes Pinto et al., 2002) uazuuafissfiaansadaamnziaiouss udu laeluuwuaiice
gansanaalalasanldriunszuamwnissaensidousslasfionlod 2 sfiafodedldun
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awloiluwlassius (nitrogenase) Tswulu heterocyst (31]"7; 1) 284 losluuuafSouuuLEe
&8 (filamentous cyanobacteria) (Masepohl et al., 1997, Moezalaar et al., 1996, Orme-
Johnson, 1992) I@ﬂ‘ﬁliuLaqavl,uimmngﬂ%aaﬂﬂLﬂuLLaquLﬁUI@ﬂWwé’amu ATP (gﬂﬁ
2) toulmilulasfiug daznaudis 2 dau Ae lalulasdiua (dinittogenase; gnnaaIiauas
uwiasandu nifd uaz nifk) uazlalulasdiua Ianna (dinitrogenase reductase; fn
NAATRALALUUATREINE nifH) (;sfdﬁ 3)

wonbodlalasdiua (hydrogenase) %GWUVI,@DI%VL‘IIEI’IIuLLUﬂﬁL%Uﬁa’lﬂﬂmﬂa’]ﬂﬁufi’mﬁgd
Spirulina sp. taulodlalasdua utseanld 2 afia loun teulmiswine @lalasdius
(uptake dehydrogenase; QnnaaTaLAzULUATREIINDYU hupSL) Fanvledndelnanesdues
heterocyst vaslmenlusuafiiSouuuiduany  (Tamagnini et al, 2002) Iwsnlums
aandlaslalasian (gﬂﬁ 2 uas ;sﬂﬁ 3) uaztanbodsnesamia lalas3iua (reversible
hydrogenase; fnnaatiauazulaIRRaIINEU  hoxFUEYH) wiofFesundnin tawlnally
laSaduta lalasiiug (bidirectional hydrogenase) Fswuldfiiialaslanssfuvasmas
nalnamatuivieimasewlofEnesaida lelastua Selinmuunin duisgiwi

Jununidudisudianasauain NADH w3a H, (Boison et al., 1999) (31 3)

sUN 1 manguas heterocysts (Wagnas) luloinluwueiiGuriiaaislulasian
Anabaena strain PCC7120 (ﬁff’ltl) e Nostoc strain PCC73102 (171), — 10 Um
(Tamagnini et al., 2002)
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Nitrogenase

16ATP + 16H,0 + N, + 10H"+ 8¢'—> 16ADP + 16 PPi + 2NH, '+ H,

Hydrogenase

2H + 2¢ <> H,

31U 2 sunistefiuaastisennsslasenloilalasiiusuaz lulasiiug

u

(Tamagnini et al., 2002)
31U 3 euladineadasnulalasawuen
VORRY

3.1 e bl b las3Lua (nitrogenase)
Usznavudqralusdunuiatdan 3 a1uaa

1156w NifD, NifK waz NifH

Dinitrogenase  Dinitrogenase
reductase

3.2 Lanlodanine @lalasdiua (uptake
P . dehydrogenase) Usznauaislsfuniine

] 1 A a

o + 26 fag 2 §auda 11561 HupS waz Hupl
N T i) 3.3 aunlmilulaSatuia dlalastua
Uptake hyd S 2
praxe ycrogenase (bidirectional dehydrogenase) Usznauaae

o lUs@uwnsadan 4 aawda LUs6u HoxH,
Bidirectional hydrogenase

g, HoxY, HoxU .8 HoxF
Hae | S |~ NADH - . v .a .
e | GEAIE o, | w1ty UaILGLan o an9I8991n8Iau
IH + 2¢° % i NAD"

2254Da | i

nynaziluwas Anabaena strain PCC7120,

I Hydrogenase ! Diaphorase

Nostoc strain PCC 73102, A. variabilis
ATCC 29413, U8z A. variabilis ATCC
29413. (Datta et al., 2005)

wloflulassiwsuazianlodlolostma  vhouldlugnsfidnamneandion e
feosandaniuismmvhnuvasawlollds wananitthsunouenaudeiinadan i
2a9La% kN uarEINaNITENUAaANIAITWINANTNAS lalasian 81fl ANNLTULRS qmvxgﬁtﬁym
AMULAN ENTEMNTUAZUITNG 1K lavaad (Co) aathias (Cu) ludd@siu (Mo) finiAia (Ni)
WAAN (Fe) F9nd (Zn) unadamisasuan urasonmsiulasiaw Hudu J5eauwidsle
fatiudnmwaniznurasiismouandadnanmwlunindalalasiauiiniwainlomls
wuafiss  efildu  Synechococcus PCC7942 waalalasianldaluaniizfidmeain
sanGranuasfilufiugs (Asada and Miyake, 1999) vmuzfi Nostoc muscorum waa'laalund

usaNnNNIN liduas (Shah et al., 2003) luemaideaaniduisng Co, Cu, Mn, Zn, Ni, Fe

11



anuNduesnin 10 NadluansAnabaena  variabilis  ldsnansondalalasianle
(Serebryakova et al., 2000) Anabaena variabilis SPU003 wialalasaunldneldamngl
Lgﬂo 30 a9FLTRLTE (Moezelaar and Stal,1994, Flores and Herrero, 1994) mmz‘ﬁ Nostoc
muscorum SPU004 a’m’liﬂwamvlﬁﬂ’]Ulﬁqmﬁgﬁfgm 40 DIANTALTE (Datta et al., 2000)
Gloeocapsa alpicola W8s Synechocystis sp. PCC 6803 (Antal et al., 2005) NAg lalasian
Lﬁu%ﬂummﬂgﬂm%ﬂ pH 5.0-5.5 Gloeocapsa alpicola (Antal et al., 2005) Anabaena
cylindrica (Jeffries et al., 1978) WA®lTlATLAU MG IUFNIEANUTNLEILFINRIWTD
uwnssanmslulasian amsfi Nostoc punctiforme NHMS5 (Lindberg et al., 2004) fiza
towlmal hydrogenase Rnnanaa lalasianlalufidugsun

e lunuafiSoriaduwaanlidiamalsda Arthrospira sp. PCC8005 %%a‘ﬁ'ﬁﬂﬁuﬁ
N19N13ANI Spirulina ﬁiﬂsagmmumﬁm An2g/luAITU Cyanophyta, AANA Cyanophyceae,
aafinaf Oscillatoriales, WWAA Oscillatoriaceae La3LAL LA AN oluawsiasTa Zarrouk Nl
@1 pH LTudns Arthrospira sp. sansanaalalasaunldluannzdnaaneandiawnsiiug
wazlifuss (Aoyama et al, 1997, Behera et al, 2007) aghslsfiann Meswisaiy
miﬁﬂms:ﬁuiwLaqamaaﬁuﬁLﬁm‘*ﬂ’aﬂ@U@Nﬁ'ﬂﬂﬁﬂﬁﬂﬂ@ﬂﬁ]u%'amwmn Arthrospira
sp.  edlianningasin lulassnudsod anudnonwnisndalalosiauiininaas
Arthrospira sp. PCC8005 uaztawlmififgadasnumnaalalananluszduuoniiauas
Fineluana

12
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mqﬂsmaﬁmaamu%’s

=< o Aaa a \ a ~ A A A o AN A
An1auNNANTWAA BTN balaTlanTIAWan ke LuiuafS o shaLduwanu 1N i
\awalsTR Arthrospira sp. PCC8005

=< = a A A A o AN A ’~
AnwnILsadnanuadtnlalatdusan oo luwuanSoshalduanun ludiamalsds
Arthrospira sp. PCC8005
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A5n1snaand

v ]

1. mawwzideslgalunuaiiSariatdwaianbadiainalsda Arthrospira sp.

PCC8005

W9 toenluwuafiSoriaduaan liiiamnalsSa Arthrospira sp. PCC8005 luavins
¥ & v A @ 2
\RB9Tagas Zarouk  MuldussWgaaismiaud Talanuiduuas 40 pmol photons/m’/s h

A A o A ' [ a Aa & o A

aunnAnauanaifl 32°C uaziimandiaaaaia Tanaaiydulazesdadioiaiasailn
lalWlafiiwasfinnuenindu 730 wilwaas SMIUaNTIzIATLa (stress conditions) LEASEN
& & & Aa A v . oa g a
wealuamsiaeasa Zarrouk (Z2) NN TURsuwUasan1izlann Aiesuesarmisiass Ala
PIFNIEMINGRDY ANWANLINAVBIUITIGUTBMNTAIMIT 1IN TURHUURAITI98IMT

& xS &
asuaulasmiltihananglas Wialasuazglasaunuasdsznevluanivame azanalu
1030 (ZN,) MIzamgFained (ZN,-S-deprived) N1zUnaniwaandiau nizeasly
a a A A : . a A @ Aa 6 [}
fnannaeuiniae NaCl #381i1e1a sorbitol  N13LANRNT Reductants  #38633078  Lo%
dithiothreitol or B-mercaptoethanol lmenluuuafiZasfiaiduanan laifiamnalsda Arthrospira
sp.  PCC8005 Nllunisnanasnisildiuanuauiasnziain Professor  Kirsi  Lehto,
Laboratory of Plant Physiology and Molecular Biology, Department of Biochemistry and
Food Chemistry, University of Turku, Finland

[ 3 a M 1 .
2. n1sanmaistantaanlgalwnuanisariatdwanun ladiainalsda Arthrospira

sp. PCC8005
uAuiras e lusuafiSosfialduanon liliainalsds Arthrospira sp. PCC8005 11

5202 logarithmic phase snlUdwwdesfianuss  4000xg 15 wifl  vuasutln
TulasawmaInind InEnsITTRseInaIINaNAa15LEuedI853 Hot phenol (Jantaro et
al. 2006) sLTasALTITIIRINAzNE NtsENvarar ldanRATUESIIIwe 1 ml
L@ Resuspension buffer (10 mM sodium acetate buffer pH 4.5, 0.3 M sucrose) SIEFValop)
250 pl uazldy 250 mM EDTA buffer pH 8.0 U3unas 75 pl ﬁnﬂﬂ?uﬂuvl’?ﬁqmﬂgﬁﬁauﬂu
1281 5 WA LGN Lysis buffer (2% SDS, 10 mM sodium acetate buffer pH 4.5) U3u1a3 375
ul uaztiudadi 65°C s 3 wfl wasaniia 1in phenol (pH 6.5, 65°C) 151183 700 i
waztingadn 3 wifl ntwrinlimasiEuasriufisne Freeze aluminium block (s 10

aa

Jh duiiuasazanslgdauunmaiaIadawasiIINaANuI? 12,000xrpm 5 WAl AU

fsazaudulalanaaatTuasAIsnaaalni 3nUWLGN Phenol:Chloroform:lsoamyl alcohol
(25:24:1) A3as 1 wih adld wanwquih lddwniesi 12,000xrpm 5 A LAY
fsazaudulalavaoaTuasiidnaaalni nniuanaznanasidwalasidy 0.1 invad

P3nasgarnevesvednainaudls 3 M sodium acetate buffer, pH 6.0 uaz 2.5 1vinaad
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U301938@7n8842891Ma2618 cold ethanol Ui -20°C 1fluaan 30 Wil wasanintian
uwissfi 12,000xrpm 20 wift (4°C) inaulaiis 1y pellet udrd98nASIee 70% ethanol
Twndesit 12,000xrpm 2 WAt 1AL pellet udWnlFUHS azansaznauasiwadan Storage
buffer (20 mM sodium phosphate buffer, pH 6.5) U31163 50 pl ’S‘Qﬂ%mmua:m’mﬁqﬂ%‘

gasasiawamissninslnlafiinasnanue1iaan 260 wlwluas ATIINOUUNINANT
LAuaalgazmlIrtaadlaninInesds

3. nﬂstm%ﬂmaﬁtgma‘lﬁ’n%qﬂ'ﬁ(

¥ 50 ug vasasiSwefianalatnaduwanidn 10xBuffer USuMas 5 ul, RQ RNase-Free
DNase 130107 5 pl uaztiudanasgarisldidu 50 pl Uadi 37 avenaidumuiam 3
%"ﬂmLﬁaﬁﬁ@ﬁﬁmaﬁﬂmﬁauag NN BIARINFNGINGNINLEY 40 MM Tris-HCI
pH 8.0 Y311a13 200 pl anuee Phenol:Chloroform:lsoamy! alcohol (25:24:1) U331a3 250 pl

JunI894N1a210133 12,000xrpm 5 w9 LAussazaelasivunlanaaaisuasitivasalng

anaznauanilanedis 0.1 Wivediinasgarineadve e INGNdIs 3 M sodium acetate

buffer, pH 5.2 uazl@u 0.6 wiwaaﬂ%mmq@ﬁwmawadmméﬁU Isopropanol 1uf -20°C

Juwaan 30 wfl wasannunshandwwdssn  12,000xrpm 20 wfl (4°C) inaulahis a9
¢ & a & o 3 A A A & ¢ <

AZNaUNTLAKLOBNAIIAIY 70% ethanol Ui 12,000xrpm 2 wIN LALAZNOKOTLAY

LAY IALAI azanuaznanansiduiadie Storage buffer (20 mM sodium phosphate buffer,
= =) ) Q( v =Y { {

pH 6.5) 50 pl TaLunmuazanuLIgntvasanfidmadismunlnslulafiinainanusniniu

260 ‘W]I%LN@]? AIIIRDUATUNTN 813LauLa6 2 EJ?JZﬂ’]I‘SﬁL"ﬂ ﬂaLgﬂIﬂi‘V\l 230w

4. Reverse Transcription-Polymerase Chain Reactions (RT-PCR)

i 5 lulasnsuvasanfiiwainazanadiasii Mili-Q U5y 23 i ﬂuﬁqmﬂgﬁ 65 °C
Huan 10 wfudrsowindadunem 2 wift  hasszawonfiuendy 50 pmol
29 IWsuesA 1IN Igesd) (forward Uaz reverse wsluad) wiTudSinasgarieldidu
33 ul iasazaensnualaaslu Ready-To-Go You-Prime First-Strand Beads Kit
(Amersham Biosciences) éigaﬁo"l'?ﬁqmﬁgﬁﬁaa 1wl niwagun quitudad 37 °C
Huan 60 Wil wasaniwihasazay (cDNA) asnanluifuusiuuuiiiorin Polymerase
chain reaction (PCR) dald (pre-denaturation “7{ 95°C, 2 W7, 34 YaU U@ denaturation
ﬁ 95OC, 1 mﬁ, annealing ‘ﬁl 55°C,1 mﬁ, extension ﬁ 72°C, 1.30 mﬁ, sauq@ﬁw
extension at 72°C, 2 w1fl) aTameugmMNLAzUTINAIEwadInazm lsmaadianinine3
Gk
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TwswasdanTudulalasdiugvastoorluiuaniIosiatduaranlidiainalids
Arthrospira sp. PCC8005 31ngudiaya NCBI lasiSuuiivunusauiluaves Artrospira
platensis NIES-39 Las Synechocystis sp. PCC6803 G35

No. Name Sequence (5’-3’) Length
1 3-HoxE GTCAGGATGCCCTAATCGAA 20
2 5-HoxE = CCACTTTTGCAGTCGTGCTA 20
3 3-HoxF  TAGGTAGCCGCATCTTTGGT 20
4 5-HoxF TTCCAAATCAGCAGGGGTAG 20
5 3-HoxH TTGTCGCTGATGGTTTGAGT 20
6 5-HoxH CTTCGGGGATTTCATTACCA 20
7 3'-HoxU TTTTAGAAGCCGCCAAAGAG 20
8 5-HoxU TCAACACATTTACCGCAGGA 20
9 3-HoxY CTGGATGAATGGCTGATTGA 20

10 5-HoxY  CATTTTCCCTTCCACCAAAG 20

[ Aaa ¢ A A

5. MMIRTIIAnaafIfYaISasatiialalasdiwa

% Aaada a € A A = (% = 6V 1 Aaaa

TausndlavasinesadidalalasiumadslasnIninnAuuuie srunsals 1 UHAT
sznaueag 10 mM methyl viologen, 100 mM sodium dithionite, 50 mM phosphate buffer
pH 7.5 WA 32 asrmraldaruazyinmmaassnldanizlsnaaneandian waadliaves

6= € Aa A A o dl a J ] Aa A ar

awbkradsnasadida lalasimadiuimann 1 lulasluavaslalasiauniiietundaiafniuvas

A 1 A ]
analslasdanitaniinan (Tamagnini et al. 1997)

6. n1sasradSannlalasion

Juifiuimasnainuisy 4000xg 15 wift azapaznowaadesamassaasudlaly
279 vial VW9 20 ml ﬁmmﬁ'l'?ﬁqmﬁgﬁmwaﬂ 32 avenaiBoa moldussngaaismaud
F98nuTuUR 40 pmol photons/m’/s a1anazlifoeandaulasnuioaninawdnly
Tu vial eunufifhaeandian SaUsunmialalasawsislasunlninmfuuusie duwim
Woutunawlalasauinaspudefadniuvssnaalifladdeniisnihonm  (Allahverdiyeva
et al. 2010)
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7. AswiilSumaaalsilas
[ A 6 v s a A 6 v
ananaalsWases 90% methanol (Meeks et al., 1971) uaziavsunmaaalsWasenss
WnInslwinsunsnanueIntm 665 wiluiues

8. MIIAIITHHA

MIIAYT M IuaaIaanvadd% hox lasdSuuisunuiin 23s rRNA (internal control)
WaMNENTaILaUAEuadin AIST program uazdwInali relative expression JadaHa
Student's ttest NGy 3 @redieanmiInesasiueniulagdass  (independent
biological replications) LL@ia:@qhaﬂﬁdgﬂf@@hﬂ’ﬁazawamdﬁfaﬂ 3 A% (independent technical

. . (3 ' i d 1 a o 0/ Aaa { s 2 {
replications) fnwammndLade + S.D. Tedldadmamynvsianseuiulaiie P < 0.05
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AaNIINA|aId Ltaz‘immﬁwamﬁmﬂam

Aa a { a <
1. mse3guaznsuaalalasuiianaalagazninsidamanasldluains
&
HN

a a A a v t:ll 1 a .

M3 ko lwwuefisoriaiduaan bifiainals@a Arthrospira sp. PCC8005 lu
91WNILRBY Zarrouk UATRNWTLAEY Zarrouk NmTAuTguandianuduiueng giwLaa s
a9z 4 wohdSinanamaniduasldluenmades zarouk Snadedainisadyvedise

. { v = a & & ,
lenlunuaiii3e Arthrospira sp. PCC 8005 11808l Tu1a4MauAdniNTuasue 0 audls 15
a a Q/ 1 a g a A' J o Q 1 =3 { v v =3 1
fadniudadas danmaaiyiialuauiiey adslsnaulaanududusasmguminginiy
20 U8ANINGERAAT AAMIATYNANINAINNIUN 6 2BINIIALY UEAIINLTUUVRING
=3 dy Aa a ] a 6 = a =3 A A J A
wanluamnisalidnTwadensiaigresssd TS mumamaniiiugsinenalding
laaasidatan lodluisuumMIFIATIERAISLEITBITAAN A INAADNITIITWVDILTAS ALY
Ansnuwlilusadvas Anabaena PCC 7120 (Saxena, 2006) Was Synechocystis sp. E35
(Demirel et al., 2009) 1Juaw
o a , 4 & r

lvenluuuaiii3e Arthrospira sp. PCC 8005 fiidedluanmaiass Zarrouk 121051901%13

Tulasian @N,) susandalalasiaudinwlaluaniziUsannmseandianiazsnizi
A v ) =) 1 a =3

lifiuas Tasmanszdunisinuwsesenladlalastiug laswuddSnusgumanlueinis

Wwesdinnudadanisinwuedenlod lalasiiwauaziiusasnnnaa lalasianiinin

' AV A = g X & a v & a '
wuhluanzflifinamanluemadns 2N, uiussdamansneiy ldadulndudwuiiue
adddvasenladlalasfiusuazdnnnindalalasiauaaasliaifiouiuaniizdnd (3U4 5)
ganmindalalasauiinmwaniindn WaiutTnumngudnadluamadessa ZN, aud

0 U9 15 JaanIudafas I@Uwudwﬂ%mmm@lmﬁn 15 JaAnsudafatnauasluvinlwiaasa s
é’@ﬁﬂ’lmﬁmvl,ai@mm%m’lwgaq@whﬁ'u 437 * 015 lulasluadaiiadaniuaaalidagsa

fﬂmuaxwuLLaﬂaﬁﬁmaaLauVLSﬁﬂaI@ﬁLuagaq@whﬁ'u 047 * 0.02 lulasluadedadniu
analsiasdatnlus NamsmaaaLLamlﬁLﬁu’hﬂ%mmm@;mgﬂﬁmmzawﬁwa@iamiw%q
284l lusuafisy waadinvasanlod lalasduauazda TN lalasiandinw Nean
SsunounihiiwuinlsenlwuuafiSs Spiruling maxima sanawdalalasaudinwldgeis
fauaz 120 (Janssen et al., 2010) Iuma:ﬁﬁm'ﬂ,awmqmﬁﬂaavl,ﬂlummn‘gm agglsneny
Iwloenlunuailise Anabaena PCC 7120 wuinmudumquadnas i ludTunnugeiinadaua
ARIAUDILaW kT LA LA RRNNNTFILATIZRMIBLEILAT A INAWIVBILEINaLITa  (Saxena,
2006)
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OD-y,

0.0 : M M 1 M M 1 M M 1 M " 1

0 3 6 9 12 1

th

Growth date (Day)

A & a A A A o AN A A
3N 4 wavasmamandaniaaiyveslomlusnafiGosiaduaon ifiiamalsda
Arthrospira sp. PCC8005 lua1m13land Zarrouk Almadumauidnianududuasih o

faansudadas, (Q), 5 Hadnsudedas (@, control), 7.5 Fadnsudaday (L), 10 Fadnsuda

2D

a3 (A\), 125 Fadnsudedas (O), 15 fadnsudedas (M), 20 JafnTudedas (A), 25

aansudadas (¢). (Means + S.D. n =3).

22D
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o
L=

by
o

w
A=

0 5 8 15 20 25

H; production (mmnol Hy ing Chlath-1)

Fe**concentration{mg L)

1 L 1 L 'l 1 1 1

0 3 10 15 20

L

[ E ]
lJ.

Fe?* concentration {me L)

gﬂ‘ﬁ' 5 wavaImamandanndalalanauiinmuuaziewladlalafug iwadgnuylu
91%15LAB4 Zarrouk ‘ﬁ'vl,&iﬁLméidﬁwlmmﬂﬂmmu @N,) neldaniizfidsiaantneg
2ONTLAW "l&iﬁLLaaLLa:ﬁmiLawm@;mﬁﬂﬁmwmﬁuﬁué’aﬁ 0 JadnINADAAT, 5 UaANINAORAT,
7.5 UaANINGaRaT, 10 UaaNINGaRAT, 12.5 UaanINGafas, 15 UaanINaaaas, 20 YaanIu

GaRnAT, 25 VaansNAedaT lwmauaadlavadenlaidlalasdiuaazldans Methyl viologen
MV) Hluaal#dianasan (Means £ S.D. n =3).
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1 I3 a 1 [ a

2. wazaswmavaImIIAsuanuazlSamnglagdadnmnaalalasioudinin

lasundiaas koen lusuafiiSuaunsaassansuan lasan loanials luaisuaiua (HCO,)
luamaidsanamaaiyld vennnitlaluuuafiGeussfiadiaansaldiamalaana
A A 1 a | 1 6 2
oanlaluanagd anfinglas Wialas nuanlas uazuaalamduundsamsanivenlduas

1 s a na' 13/ a
WUIDATIMIHNAR b LaTLAUTIMWANTUINNAZUNG (Baebprasert et al., 2010, Khetkorn
et al., 2010) loenlunuafiSoaiaiguaon liiianals@a Arthrospira sp. PCC8005 813150
Winlddndluanznlifiusauazannisalinglasnienyalasduundionisariven
wnwluasuaiua a1 lsnany Arhrospira ldsananlfihanaluanagisuglasmduunds

6 dl' a v 6 d' I a A a v v A - .

pwnITuawiamaaiyld adazifswiufinies iy ldtaiuszansluiiga (Mahling
et al, 2005) uwaninidawuingasniaosluamiadseniimadungloanianialasiu

' 6 Aa A v a :’ 6
UAEIDIMITANTUBU (ZN,Co) munTnndalalasiaudinwld waznaiduhananglasisadil
dannmnialalasiaudinwganiima@uihonanialos usaslwiawin Arthrospira 1%
nalamduunasormisarfveulunsndalalananlddninihaanialas (3U 6) A

6 A

Lfﬂf%‘llﬂdﬁ’]@]’]aﬂaiﬂﬁﬁ 01%  Nidnaslua1wns ZN,C, ﬂszéjuiﬁLsﬁaaqué‘@liﬂﬂWiwﬁm
Vlaimmu%'smwvlﬁgaqmmﬁu 3.61 T 0.17 lulasluadaiadnsunaalsWasdat iy GINa
g o [ ao v AR A a .
MInaaiiaanafasnuwiIdsnaunininanslulosluwuafiiss Nostoc sp. strain Cc
(Baebprasert et al., 2010) wae Synecocystis sp. PCC 6803 (Tredici et al., 1990) TINIFD4
v & a a a v Aa ¥ = \ &

mzlwu‘gl,w:uNamwa"LaIQSLaumamw%mluama:wummaﬂgIﬂaLﬂuLLmoamﬁﬂﬁuau
L EUN BE9 LAY LﬁaLﬂummLiuﬁumaangiﬂagoﬂdﬂ 0.2% WUINDAIINIINES lalasian
A A & & | A aa AR A o o o

FInwaaad (3UN 7) oradunaunnnaadduiasuitinanuedTuiNe SN NE I wITaL

v A o Aa & ¢ A o a
Lﬁﬁﬂaﬂl’)LW@%’]ﬂQIﬂﬁﬂNﬂ?iazaﬂJﬂqUl%L‘Iiaﬂﬂaﬂ%aﬂL‘ﬁaﬂLW@iﬂHﬁﬁN@!ﬂaaﬁIﬂJ@]ﬂ
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4.0

3.0 |
2.0
1.0
0.0

Conirol C-deprived .10 % 1.111% 1. 111%e Sucrose
Glucose Fructose

H. production (nmeol H. mg Chla! h!)

gﬂ‘ﬁ' 6 WATDILREITINAIWIIAITLE: m‘fwmaﬂgiﬂa ﬁwmwaﬂ;aimmmzﬁﬁmaﬁma ¢ia
sasnandalalesianiininvesloo luuuafSorfieduamefilifiamalsds Arthrospira
sp. PCC8005 muldansfitsannmaaandion lifiuas mvuals a1w1889 Zarrouk
WNUEE control 8IMITLRBY Zarrouk ﬁvliiﬁLma'am@gmmﬂﬂmwmmmﬁal ZN, WaLa1y
|88l Zarrouk ‘ﬁl‘l&iﬁmeﬂld‘ﬁ’]@la’]%’livLuI@liLﬁ]uLLﬂzﬂ’lguEluLLYmﬁ’JEl ZN,C, 738 C-deprived

(Means £ S.D. n =3)

22



1.0

H, production (nmol H, mg Chla*h?)

0.0 1 1 1 1 1 1 1 1 1
0.00 0.20 0.40 0.60 0.80 1.00

3UN 7 wavasenuduiuvesihaanglag (%) dedamindalalasauiinmwseslom
TuuwuafiSoriaduanof lidiamnals@a Arthrospira sp. PCC8005 Aaldanizivsaann

foaandian luiusgs (Means + S.D. n =3)
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3. HA2DINLDBISNAWBLAZNLDBANLWINADDAINNIINAR LT ATLIRTININ
A A g A \ a [ a ~
mMafonulasiieTasanmafsslinadamaaiyuazaanninaa lalasiauiiniwued
I lunuafiSoaiaduaon bidiainalsds Arthrospira  sp.  PCC8005 WLazisueduuad
ANAILRLINILANLT 5.0 DINLAT11.0 INaGaaaIINIINEA lalaTlangINIW WUN631NT
NRA LA ARTININANRI a1 W T R WN TSI dNLaTEINI1 5.0 LAZAAIINITNRG

= a £ ' a 2 A g Aaa e o
1alavauTrn WAL IBTIINLET 6.0 DINLET 9.0 LauaIMITRLINANLET 9.0 LTI

mindalalanaudinmwgegarinnu 2.99 £ 0.18 lulasluadaladniuasalsiadederlu
(U1 8) adslsfanunsiiafiasluamandsigindt 10,0 danmwdalalasiauiinin
ao A ' Aa A a a o i
AARY TENWIVIU WU IMLARISERFINNTONER balasiautinw ety Clostedium  sp.,
Kiebsiella sp. uaz Streptococcus sp. W lalasaudinwldagiluanznanmsaoeiifiies
| dy a v p.?v = c.l' a v v e 6
tHunsa wananinuwisgbesanwmadfsuidssdiasmauwanaianinaugua s unines
e A o - o oe
G000INNNINAA LlaTIARTIAIN WUINDATINITHAR bTlaTand 1N W ANIUAIUAN LB
mouanidu 5.0 fefites 11.0 lapfifiandu 11.0 wadldnnniinda lalasaudinngsge
1 a 1 a A 0/ a 1 0'/ { J v & 1

whiu 3.10 £ 025 lulasluadefiadniuaaalsilasedetalug (3U0 8) Dausasldiiuiiain
Arthrospira 813050880 LalasiauiinwlenfAlasas 9nn nanmInaaastaannaaInUNanTs
NaaaInauniANAnE LwTasa11sne Tetraspora sp. CU2551 (Maneeruttanarungroj et al.,
2010)
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4.0

3.0 |

2.0

H. production (umol H. mg Chlatht)

0.0 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L

31]"7;8 naUosRLaTdasanInaalalasauiinmwaaslasonTuuuafiSoriaduaoilyd
iawnalsBa Arthrospira sp. PCC8005 mglaaniizfiUneaanfaoandion lufuas dmiuna
°11aaﬂLam’éuﬁumaﬁgnﬂﬂummﬂ'gm Zarrouk “?'ivl,u'ﬁLmddm@;mmﬂﬂmwu (ZN,) W&y
UsuldfiRienans giuacud pH 50 -11.0 (@) §FmsunauasfiaznonendedannIsnge
lalasiangrnw Lsﬁaéi’gﬂu'umﬂlﬁam’;zﬁﬂsmmnﬁwaan%wu laduasluansazans
TiWadeait pH 5.0 uaz pH 6.0.1% 50 mM acetate buffer pH 7.0, 8.0 Waz pH 9.0 19 50 mM
Tris buffer, pH 10.0 a8z pH 11.0 1% 50 mM phosphate buffer (O) (Means £ S.D. n =3)
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%] a 6 [] %] 6 1 (%] a
4. Nmmem'a'%fﬂfaml,amn'nxnﬁmﬂu,‘sm@yﬁaMamaam'm'lwam‘la'[mwu%amw
NWITHAAWAUNRRA LI LA URAILALRAWITNT IAALT S UUDIBLANATAWINNIZLIUNNT
‘lﬁuaz%fu%Lﬁnmaumadl,ﬁnaa’muquﬂ’liﬁnmmadLau"lﬁnﬁvl,aimﬁmmm:éﬁmmwﬁm
lalasandrnw SLﬁﬂmauﬁaQlugﬂé’ﬁ@a%zgnﬁnﬁumnmeua'ﬁaumsé‘umﬂzﬁmaa
& A o o Aa € & 3 & e o . P
LTAR me:@waomsmsﬁmsfl,u,l,smaLwwgwumamzﬂsumimn’mmma@manmau
Y A a & A a & o & Ao A=
’L%ﬂuiﬂmaumﬂﬂmmuaaaulumamwawamiuLaqa"laI@iLﬁ]umum AU LINUIFL I
ldifendi3ddaasrfiafia B-Mercaptoethanol uaz Dithiothereitol W MARBUINDQNATEINA
Aa €1 w a a A A P’ o AN A ’~
A dFdaaaInIsHaalalasiandininyad oo luiuaiisordatduaanludiainalsds
Arthrospira sp. PCC8005 WANNINARBIWLIN a1 3Laed ZN, NANILANGITAT -

Mercaptoethanol e NN TNt 1.5 Hadluars susainsannsnaatalasiandininle

§9%19 1.5 wiﬂ@Uﬁé’mwmmﬁmiﬂmmu%mwgaq@whﬁu 390 * 0.15 lulasluadia
A A o A 6 1 < A a e Aa 6 . . . A v v Aa A
FaANTNARa lINAa6 0T LN VUSNNILANAITAT Dithiothereitol NANVTNTH 1.5 NaRla
& P ' o o P’ = o =] '
a3 Lifinadensifsnudasdasinisnda lalasiaudiniwainin (3Uf 9) uazwuiinis
LANAMUTNTUVBIAITAD B-Mercaptoethanol  WaE@3@T Dithiothereitol NANULTNT
P1NN7 1.5 TRALNAITINDI 5 WaAluan3 LUFINasdanITANNNNITNEA bElaTauTININNANIT
g o @ ' v A= & '
NARBINFIAARBINUKNANINARBINaURTNANAN I Ll saas Iy Tetraspora sp. CU2551
(Maneeruttanarungroj et al., 2010) W&EAIINANULTNTUNLANIZTNVDIAITNTUNRFBEAT
mInaalalasiandiniw
£ 4 \ \ o & . e o a
Tuamaidssnaunsanimgdainasuazlulasian (ZN,-S-deprived) LoAdNaATINEY
¥ . L. 9w a
1alasawdrn T wuna I@mwmﬂmﬂn(ﬂLmaaLLiﬁwyﬁaLW@%LL&:MI@?LW%:V]']Mm@]ms
a A & J 1 v = o ng/ 1 A & U o
NRADLANATOWNINTY FINA LALAW LN 1o LA T AV BUINARLIBANIFIBLANATaUIAN U
A a A o 2 A \ [ & v
TﬂmaumaiﬂmmuaaamwaaswﬂuLaqavl,aimmu FITNANTENUADIZUUNIFILATIER AL
LRITa9 e T wluafS s NaIRITuRNaURUN LRI IFIARINNIT A I auYaIBLanaTa kY
JTUUNSRILATIZRIBUFIVE bren Luuuafitse Gloeocapsa alpicola, Synechocystis sp.
PCC6803 (Antal and Lindblad, 2005) 8z Anabaena siamensis TISTR8012 (Khetkorn et al.,
2010) LANDANNTHAN FTLATARTIA N 15190 1 wRAILALAWI Iwa1wI TR ZN,-S-
deprived LmaadaaINIKAa lalasiaudinuwgsta 1.4 v wodhdannaniaalalasa
TNV BILTAANLRLI a1 TR LS ZN, ﬁﬁm‘nﬁumqmﬁﬂﬁ"lﬁﬁnﬂmsﬂszﬂau FeSO, Was
FeCl, likalaiuanenenu iasniaoslua1misitns ZN,-S-deprived TalimaLiumainan 15.0

a '

NAANITNARAATLAZAIIAT B-Mercaptoethanol ANNALTNTH 1.5 AR luaS auNTaLANSAT
mswﬁm"laimmu%amwvlﬁgaﬁq@whﬁ'u 591 * 014 lulasluadaiadnsunaalilasda
< A o a A & ' A A A o Aa A
T304 emamwmmamvlaimmummwugomﬂéﬁmimmﬂwLiwumaumwmamaiwa
Nodularia sp. SR5a Waz Calothrix sp. XPORK1A (Allahverdiyeva et al., 2010) wae el
WUANISELTAALAED Synechocystis sp. PCC6803 (Baebprasert et al., 2010)
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h
=

—&—Beta-Alercaptoethanol

—O—dithivthreitol

H. production (nmmol H. mg Chla! hl)

2.0 1 L L 1 L [] 1 L L
0.0 1.0 2.0 3.0 4.0 50

Concentration {mb

& TEFETIAT AT I T

gﬂﬁ 9 HABIRISAITAesa T MINAe lalasiauianwaeslsan luuuefiSsrfiadusoflaid
\awnalsda Arthrospira sp. PCC8005 meldanizfidsaantsoandian laiduss LBARGN
Ualwenrnsiaes Zarrouk ﬁ"l,ajﬁLmdam@;mmﬂﬂmwu (ZN,) wasfimaudisaadasit -
mercaptoethanol (@) or dithiothreitol (O) fiauidudusns giueasit 0, 0.25, 0.5, 1.0, 1.5,

waz 5.0 fadlusns 1uan 24 $9lug (Means £ S.D. n =3).
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T WBI Arthrospira sp. PCC8005

9

o Aa

M135191 1 Namaam@;mﬁn ﬁ’wyfi‘mwg%uam

6 1 a
1 fani1suaalalasian

Conditions

Hydrogen production
(umol mgCha*h™)

ZN,
ZN, + 15 mg L™ Fe** (FeSO,)

ZN, + 15 mg L™ Fe®* (FeCly)

ZN, - S-deprived

ZN, - S-deprived + 15 mg L™ Fe** (FeSO,)

ZN, + 1.5 mM B-mercaptoethanol

ZN, - S-deprived + 15 mg L™ Fe?" (FeSO,)
+ 1.5 mM B-mercaptoethanol

ZN, + 1.5 mM dithiothreitol

ZN, - S-deprived + 15 mg L™ Fe?" (FeSO,)
+ 1.5 mM dithiothreitol

2.76 +0.16
4.37+0.15
4.31+ 0.16
3.93+0.15
453 +0.16
3.91+£0.15

5.91+0.14

3.20+0.17

422 +0.17
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5. HA2DIADHINAIIAMNDDAINNIINAR LTLATLINTININ
A A A @ AV A A i g
loenluuuaiiGeriaiduaonldfiiamnalsda Arthrospira sp. PCC8005 nnidsdlua1nns
mg Aa a A A3 i A o a Y & ‘
B89 ZN, AinTLaNnaa NaCl #3aiiiana sorbitol L& 9anNzaaalu@N AN LTS WU
Q =Y =) a 1 =Y L= v =Y J
seauaasluasalszunm 5 Nafearluadanilansy ﬂsz@;um‘swam"[aimwu%amwgwu
U3zunw 35% nan1zdn@ LL@iLﬁaLﬁum’]uLiTuﬂiTuaaaIsJaﬁ%agaﬂiﬂ 5 Jafaoxluada
Alanin mandalalasiaudinwsassadiisiass (U 10) kansnasesiiaannsadny
NAMINARBInawAtNRNANI LU Synecheystis sp. PCC6803 (Baebprasert et al., 2010) lag
Unfus1011uaIuaNIzaUaasluaIaNAaININRerIaULIIa o a sl UANILFINANTEND
] a a =) a 6 a A a - [
TasavedatuuaIsEAingLazdiaivadsas ke luwwuanisoaiu1sndsua lalaanitaing
o o XL ' @ { [ Aa '
mimmymumalsl,ul,sﬁaa’%%amuaamimnmwammvlﬂLﬁaaiwaau@aaaaiu@nsz%awa
& awo v A ) . s A & Aa
AOIULRZNBUDNLTAS NRINTUIFBABURUNANLIN Arthrospira maxima MA89luaIwIINE
A U % 6 A :’ ! =1 ] 6
indaanuLiudugs 0.25-1.0 Tuans Inmsazauinaad nIuis 4 winanelulrasuas

YSuRsunavadsumeluaadlagaanInaa lalasiaudinin (Ananyev et al., 2008)
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—e—Nacl

—O—Sorhitol

H, production (umol H, mg Chlo* h')

2.0 L 1 1 1 L 1 L
0 10 20 30 40

Osmolality (mosmol K 1%
NAIOTINT (TI0201 V7 -

gﬂﬁ 10 HavadaaaluaIAdadnIMINAe lalasiaudimwed oo luiuaiSusialduany
Alifianalsta Arthrospira sp. PCC8005 meldsnsidsaanmaoandian lifuss
Lsﬁaﬁgﬂﬂwlummﬂgm Zarrouk ﬁ"lsjﬁLmdqummﬂﬂmwu (ZN,) wazdinsLduinae
NaCl w301ihana Sorbitol AiANUITITUAN G]ﬁ'uéﬁf: NaCl (@) 0, 2, 4, 8, 18, and 36 Uad
aaaluadanlaniy wia sorbitol (O) 0, 3, 5 10, 19, and 38 Uadeaxluadenlansy tdutian

24 F1l39 (Means & S.D. n =3).
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6. NITUANIDBNVAIL® hox HNITABDUAKDIADANIILLATLA

lumsansnsuaadaanvadiin hox acltin 23S rRNA (HudwdTaufisy (internal
control) sfAa1siEueanemas loenluuueiSorfiiodusoi lifiamelsds Arthrospira sp.
PCC8005 Alaealuowng zN, meldanzdsannfaoandion liuas ﬁmuﬁ'mm
WARN HIBAIIAT muﬁg\ima:mwmm@;%’mw& INNTEII9FE cDNA 618 Reverse
transcriptase LAz ANSIWIBALEWLATIH PCR 13auifinunisuansaanuasiin hox HUE® 23S
rRNA wazd1wamtdn relative expression HANTINARDINLIN 81 hox ﬁmmamaaﬂﬁtﬁ'wﬁu
Lfiaﬁmﬂa&]'ﬁ’]@mﬁﬂ W38@23029 (dithiothreitol #3a B-mercaptoethanol) IWHINIEANTA
ngdainas (gﬂﬁ 11) WUILTa8 Arthrospira sp. PCC8005 fagsluenyis ZN,-S deprived
meldnsisaanimassndion liduss LLa:ﬁmiLﬁ'uﬁmmﬁﬂ 15.0 UaANIUADRATUAS
\fuda38e B-Mercaptoethanol innadndu 1.5 Fadluas nazgulinisuaadaaniu hoxH,
hoxE, uaz hoxY SiuTudszanm 3.5 Wined Ny uam’mﬁwmwLfial,ﬁwﬂ'%mmm@l
wanasluavnaanada ZN, Gaue 0 Iufle 25 TaAnsudeans MlwAanasuudams
URAIDONVBIDY hoxH, hoxE, Waz hoxYI@U"?'immmeTuﬁmmﬁﬂ 15 §adniudafey NIz
NIUEAIBBNVBIEW hoxH, hoxE, ez hoxY gaﬁq@ (31]17; 12) LﬁaLﬁ'uﬂ%mmﬁﬂmaﬂQIﬂam
TwasiRD9Ta ZN,C, aoud 0 awds 0.3% vhlwiAamsasuudasnisuaasaonaasiu
hoxH, hoxE, Waz hoxYI@ﬂﬁmmLiwﬁumaaiﬁmwaﬂgiﬂaﬁ 0.1% Manadluorns ZN,C,
NILAUNILEAIBANYBIEH hoxH, hoxE, hoxY goﬁq@ (gﬂﬁ' 13) WaindSunaunaa NaCl a9
Tuanwnsiasate ZN, aaud 0 ande 3 Sadluad vlwiAensiaswulssmsuaasaanyes
B hoxH, hoxE, uaz hoxY lasfinuiduduvaiinde Nacl 2 Dadluanifiauasluannis
ZN, NIZGWNIURAIBDNYBIDU hoxH, hoxE, hoxY gaﬁq@ (gﬂﬁ' 14) INHANITNANDIFLLA
lé7rtaduasunanleun TIALARN m{ﬂmaﬂgiﬂauazmﬁa NaCl HNwadan1suaasaanuaddn
hox @smaendasiunmInanssnawnsiniinanunly Anabaena siamensis TISTR 8012
(Khetkorn et al., 2012)
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S SF SFM  SFD F ctrl

YT S o G w—— —|
hoxtd IR
TR = = = — — —
25
4.0
m hoxH
O hoxE
N m hoxY
= 3.0
=
5-'
@
& 2.0 |
=
=¥}
a1
1.0 +

control S SF SFM SFD F

A @ A A A A o AV A a
3UN 11 waumsuaassanvaddu hox  vadlomluwuefiSosiaidusanlidiamalss
Arthrospira sp. PCC8005 muldanizfidnaanioeandiau Lifluas :aunsisiaainis
lulasiau (control)  1aURFITIGRIMITIUIATIIULAZTIGTAINET (S) 21AUNEITINIWNT

g 6 A =3 a a g 1A '
lulasauuazmgdanasinmainmgnin 150 Hadniudedas (SF) 110unaII9I"1T

g 6 AI =3 a A g A v Aa 6 A A 6
Tulasiauuazmadanesimafumanin 150 Jadniudefauazdd3dad 1.5 Tadluans
289 B-Mercaptoethanol (SFM) %38 1.5 Aadluanives dithiothreitol (SFD) LRSINAUARITG
23 lulaanuazinmuiusgnan 15.0 Sadniudefasnails 23S RNA Wubuanasgiu

WIsuiiey (Means £ S.D. n =3).
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5 10 15 20 25 mg/mlFe?

hoxH — « wue’ il S
oy
235

2.00

—@— hoxH

1.00

Relative expression

0.00

Fe concentration (mg/ml)

3UN 12 wraumsuaassanvaddn hox  vadlomluwuefiFsiaidusanlidiamalss
Arthrospira sp. PCC8005 muldanizfidnaanioeandiau Lifluas :aunsisiaainis
VLuIQSLauLLa:ﬁnwsLﬁuﬁmmﬁmﬁ'@u,@'i 009250 NaRNITNGARAT NILlT 23S rRNA tiludn

V9IWLIBUNBY (Means & S.D. n =3).
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0 0.1 0.2 0.3 %glucose

hoxt i
hox I

- = = -

2.0

——/ioxH

Relative expression

0 0.1 0.2 0.3

Glucose concentration (%)

3UN 13 3:AUNTUEAIBENBIBU hox a4 lzenluiuafiFosiauanon liliamelids
Arthrospira sp. PCC8005 nmuldznziunaanninoeandian Tufiuss UAUREITINETWNT

lulasanuazimafiauiananglagaud 0% 89 0.3% It 238 RNA uBuunasgiu

WIsuiiey (Means £ S.D. n =3).
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0 1 2 3 mM NacCl

S~ -~

2.0
- jioxH

—a—Ji0xE

——10xY

Relative expression

0.0 I T T 1
0.0 1.0 2.0 3.0

NaCl concentration (mM)

3UN 14 szaumsuaadeenvaddu hox  vadlomluwuefiGsiadusenlidiamalsds
Arthrospira sp. PCC8005 muldannizfidnaanioeandiau Lifluas ;aunsisiaainis
Tulasauuazinisiiuinda NaCl aale 0 9 3.0 Uadluans Manld 23S rRNA tiludin

a3 UTBUBY (Means £ S.D. n =3).

35



a@wams‘nmaaa

loenlunuafiiSoaiaduanon liiiainalsGa Arthrospira sp. PCC8005 MLasdlannns
\RE9aunaITIga1m T ulasiauuazdainas (ZN-S  deprived) uaziinaifinsigindn 15
a A o A o Aa 6 d' % v Aa A 6 aql’ v
NadnTuAafaTLaTA13@T B-Mercaptoethanol Nanatudu 1.5  Jadluans Lassnele

gz UTanmT aandian TuNnad mminNﬁmvlaimwu%amw"léfﬂ%mmgdqmﬁaﬂé”mﬁ

mIndainnu 591 + 014 lalasluadedasnsuasalsiasaatalusuazduandiauas
Lauvlsnuﬂl,aimﬁmagaﬁq@ éTmﬁmma@vLaI@sLau%amwfﬁﬂué’m*mnwﬁmﬁgaLﬁa
wWisuisunuloonlunuafSosiaisadided  Synechocystis sp. PCC6803  Waz bwenlu
wuafiSusiaduaafidiamnals®a Nodularia sp. SR5a uaz Calothrix sp. XPORKIA wsiin
é‘m’mwwamvl,aimmm%amwéTavl,sJ'qoLmﬁummﬁmaa"lsnmimmﬂﬁﬁwﬁ@]LﬁumyﬁﬁLama
1% & Anabaena siamensis TISTR uaﬂmnf‘:ﬂ’awm']‘luamazﬁoﬂa'nuamnﬂLsﬁaﬁ
Arthrospira sp. PCC8005 azﬁé’@mﬂ’]iwﬁm"laiml,au%’smwqaﬁq@ FINUNTWRAIDONE Y
hoxH, hoxE, W8z hoxY Lﬂ'ugﬁuﬂixmm 3.5 g 9lnefAn LaalRiARIInURUNUS
seriansinuzadienladlalasduwalunmsnaalalasiauuaznsuaadeanszauinaaiin
hox Bafluduiinaasiauazudasimiwonlodlalassine
é’afumu’i%’ﬂuamﬂWmiﬁmiﬂhLﬂﬂluiaﬁﬂwaﬁuﬁq%ﬂaﬂiiuLﬁwuﬁﬂ%'uﬂE\iﬁuLﬁaLﬁuLLa

Aan A a A @ a = v £
ﬂmmjaaLau"l,sﬁﬁ'l,aimaLuaLLa:waa@mmmamVLaIQSLﬁ]umaﬂﬂwlﬁgamu
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ABSTRACT

The efficiency of hydrogen production by different cyanobacterial species depends on
several external factors. We report here the factors enhancing hydrogen production by
filamentous non-heterocystous cyanobacterium Arthrospira sp. PCC 8005. Cells adapted to
dark-anaerobic conditions produced hydrogen consistent with increased hydrogenase
activity when supplemented with Fe’'. Stimulation of hydrogen production could be
achieved by addition of reductants, either dithiothreitol or f-mercaptoethanol with higher
production observed with the latter. Additionally, Fe’" and B-mercaptoethanol added to
nitrogen- and sulphur-deprived cells significantly stimulated H, production with maximal
value of 5.91 + 0.14 umol H, mg Chla~* h™*. Glucose and a small increase of osmolality
imposed by either NaCl or sorbitol enhanced hydrogen production. High rates of hydrogen
production were obtained in cells adapted in nitrogen-deprived medium with neutral and
alkaline external pH, significant decrease of hydrogen production occurred under acidic
external pH.
Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

hydrogen as a by-product of fixing molecular nitrogen gas, is
localized in heterocysts of filamentous cyanobacteria as well

Photobiological hydrogen production is one of the attractive
renewable energy sources being considered nowadays as an
alternative source to the limited fossil fuels. Hydrogen seems
to be an ideal fuel since it is environmentally friendly and
clean-burning. Cyanobacteria are among the most ancient
oxygenic phototrophic organism on Earth, that can produce
molecular hydrogen from water by using energy from
sunlight. Most cyanobacteria are able to produce biochydrogen
mediated by several enzymes [1-3]. Nitrogenase, generating

* Corresponding author. Tel.: 466 2218 5424; fax: +66 2218 5418.

as in unicellular cyanobacteria [4]. Other enzymes involved
are the uptake hydrogenase which catalyses the hydrogen
consumption, and a bidirectional hydrogenase which cata-
lyses both consumption and production of hydrogen [3,5].
Arthrospira is an individual genus consisting of various
different species including A. maxima and A. platensis [6]. These
filamentous Arthrospira species are representatives of the non-
heterocystous cyanobacteria, that lack any heterocysts
(specialized thick-walled cells) or akinete differentiations
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which occur in some filamentous N,-fixing cyanobacteria [4].
These organisms show a vital gliding motility of filamentous
segment (trichomes) [7]. The genome sequence of cyanobac-
terium Arthrospira platensis NIES-39 and Arthrospira sp. PCC 8005
have been recently reported [8,9]. The Arthrospira is an attrac-
tive candidate for a cell factory for (edible) biomass production.
In addition, due toits ability to produce hydrogen, it may be also
usable for clean biohydrogen energy production [10—12].

The efficiency of hydrogen production by different cyano-
bacterial strains depends on several external factors. Many
nitrogen-fixing cyanobacteria can produce hydrogen under an
anaerobic atmosphere, and do very well under anaerobic
conditions. Some cyanobacteria have the enzymes for
nitrogen fixation and hydrogen production within heterocysts
to avoid inactivation of the enzymes by molecular oxygen [13].
For filamentous cyanobacteria lacking heterocysts, some have
developed behaviour of compartmentalizing nitrogen fixation
within indispensable regions of trichomes, while others acti-
vate its nitrogenase at night [14].

Previous studies have demonstrated that different growth
media, pH, and nutrient availability are key factors for
a successful hydrogen production by different cyanobacteria
[15]. Adequate metal concentration in the growth medium is
also needed for hydrogen production by filamentous Spirulina
maxima [9]. The N,-fixing cyanobacteria Anabaena variabilis
and Anabaena CH3 are able to use organic carbon substrates
for hydrogen production [16,17]. Nitrogen deprivation
enhanced the production of hydrogen in a unicellular cyano-
bacterium Synechocystis sp. PCC 6803 [18] and in a filamentous
cyanobacterium Anabaena siamensis TISTR 8012 [19]. As envi-
ronmental factors may often result in growth limitation and
consequent inhibition of hydrogen production, it is important
to find proper conditions to increase biohydrogen production.
In this study we have examined external factors such as
nitrate deprivation, sulphur deprivation, addition of iron,
organic carbon sources, pH variation, reductants and external
osmolality, affecting hydrogen production in the filamentous
non-heterocystous cyanobacterium Arthrospira sp. PCC 8005.

2. Materials and methods
2.1. Strain and cultivation

Arthrospira sp. PCC 8005 (hereafter called Arthrospira) was
photoautotrophically cultivated in 50 ml of Zarrouk medium
[20] under continuous cool white fluorescent lamps (40 pmolE
m~? s %) on a rotatory shaker at 120 rpm at 30 °C. Cell growth
was monitored by measuring the optical density at 730 nm
(ODy30). Other growth media used were ZNy (Zarrouk medium
without nitrate), ZNoCo (ZNp medium without Na,COs), ZNyCo
supplemented with different sugars (sucrose, fructose or
glucose), ZN, supplemented with FeSO,-7H,0, FeCl,-2H,0,
NaCl or sorbitol, B-mercaptoethanol or dithiothreitol, at
indicated concentrations. ZNy-S-deprived (ZNo medium with
the following modifications: MgSO,4-7H,0O replaced with
MgCl,-6H,0, Co(NOs),-6H,0O replaced with CoCl,-6H,0,
CuS0,4-5H,0 replaced with CuCl, and ZnSO,-7H,0 replaced
with ZnCl,-2H,0, all in equal molarity). The pH of culture
medium was adjusted to 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0 using

25%(v/v) HCl and 5 N NaOH to determine the influence of
initial cultivation pH. The effect of external pH was investi-
gated using cells grown in ZN, medium containing a pH
controlled buffer for 24 h (final concentration of the buffer was
50 mM, acetate buffer for pH 5.0 and 6.0; Tris buffer for pH 7.0,
8.0 and 9.0; sodium phosphate buffer for pH 10.0 and 11.0)
before measuring the H, production.

2.2. Chlorophyll a determination

The content of chlorophyll a (Chla) was determined using 90%
(v/v) methanol extracts [21].

2.3. Cell preparation

Arthrospira cells were harvested at mid-logarithmic growth
phase (6 days) by centrifugation at room temperature. After
twice washing with ZN, medium, the pellet was resuspended
in ZNy medium followed by 24 h cultivation. The pellets were
harvested and resuspended in 5 ml of ZNy medium. The vials
containing suspension were bubbled with argon for 5 min.
The vials were sealed with a rubber septum and an aluminium
lid before placing upside down in darkness under anaerobic
condition for 24 h prior to measurement of H, production.

2.4. Measurement of H, production

Gas samples (500 pl) from the head space of the vial were
withdrawn with a syringe. The samples were analysed by
a gas chromatography (Shimadzu, Kyoto, Japan, a Molecular
Sieve 5 A, 60/80 Mesh column) according to Baebprasert et al.
[18]. Conditions were as follows: carrier gas-argon, flow rate of
30 ml min—?, column oven at 50 °C and a thermal conductivity
detector at 100 °C. The hydrogen production rate is expressed
as pmol of H, evolved per mg of Chla per hour.

2.5. Hydrogenase activity determination

The hydrogenase activity was determined according to Baeb-
prasert et al. [18]. Briefly, the Arthrospira reaction mixture
(2 ml) contained 1 ml of cell suspensions in 25 mM potassium
phosphate buffer (pH 7.0), 5 mM methyl viologen, and 20 mM
sodium dithionite in a 10 ml glass vial under an argon atmo-
sphere, sealed with a rubber septum and an aluminium lid.
The vials were placed at room temperature for 10 min. The
hydrogenase activity is expressed as umol of H, evolved per
mg of Chla per hour.

3. Results and discussion
3.1. Growth and hydrogen production under iron
supplementation

Growth of Arthrospira was examined in Zarrouk medium in
the presence of different concentrations of iron (Fe®") as
shown in Fig. 1A. Supplementation of iron with increasing
concentration only slightly stimulated the growth of Arthro-
spira, except for those at very high concentration (20 and
25 mg L) which slightly reduced the growth rate.
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Fig. 1 — Influence of iron on Arthrospira sp. PCC 8005 growth
and its H, production. (A) Growth of Arthrospira sp. PCC 8005
in Zarrouk medium supplemented with various
concentrations of Fe?*: 0mg L™ (<), 5mg L™ * (@, control),
7.5mgL~*(0),10 mgL~*(A), 12.5 mg L™ (c), 15mg L~ (M),
20 mg L™ (A), 25 mg L~ '(#). (B) H, production and
hydrogenase activity were determined after incubation
under darkness and anaerobic conditions for 24 h using cells
adapted in ZN, medium, supplemented with various
concentrations of Fe?" as indicated. Inset: Bidirectional
hydrogenase activity measured as H, production using
methyl viologen (MV) as electron donor. Means + S.D. (n = 3).

Undoubtedly, availability of appropriate amount of iron is
beneficial for the growth of Arthrospira. However, excess of
iron may be harmful to the cell growth and photosynthetic
activity, as has been reported for Anabaena PCC 7120 [22] and
Synechocystis sp. E35 [23].

Arthrospira adapted under nitrate-deprivation condition
produced hydrogen consistent with hydrogenase activity in
the argon atmosphere under anaerobic-dark condition. No H,
production was observed in the presence of nitrate in Zarrouk
medium (data not shown). In the absence of iron, a small

amount of hydrogen was produced consistent with a low
hydrogenase activity (Fig. 1B). Hydrogen production by
Arthrospira increased with increasing amount of Fe*" in the
experimental range of the Fe?" supplementation up to
15.0 mg L' Under these conditions, the hydrogen yield
reached the maximum of 4.37 + 0.15 umol H, mg Chla—* h™?
with a maximum value of hydrogenase activity at
0.47 + 0.02 pmol H, mg Chla~* h™? (Fig. 1B, inset). Results
indicated that the activity of hydrogen production of Arthro-
spira could be improved by supplementation to the growth
medium with proper Fe?* concentration. This may be related
to the requirement of iron for the hydrogenase activity, as it
has been previously demonstrated that iron activates
hydrogenase isolated from Spirulina maxima, by over 120% [9].
Therefore it is likely that iron plays an important role for H,
evolution in Arthrospira. On the other hand, a further increase
in iron concentration resulted in inhibition not only in meta-
bolic enzyme activity but also the heterocyst differentiation in
Anabaena PCC 7120 [22].

3.2. Effect of different carbon sources and glucose
concentration on H, production

Cyanobacteria are capable of metabolizing both CO, and
bicarbonate ions (HCO3) as inorganic carbon sources to
support their growth. They are also able to use various organic
carbon sources such as glucose, fructose, galactose and
lactose for hydrogen production [18,19]. Arthrospira strains
have ability to grow in the dark heterotrophically on glucose
and fructose as carbon sources, but not on any of the disac-
charides. Cells of Arthrospira failed to grow with sucrose,
although they remained yellow-green for a long period [24]. In
the present study, Arthrospira was able to produce hydrogen
when grown in ZN,C, (C-deprived) medium, indicating that it
can use CO, as efficiently as the bicarbonate ions. Interest-
ingly, hydrogen production was significantly increased by
addition of glucose, while fructose hardly stimulated the
production, and sucrose suppressed it significantly (Fig. 2A). It
was found that glucose at 0.1% (w/v) yielded the highest H,
production at 3.61 + 0.17 umol H, mg Chla—* h~! (Fig. 2B). This
observation is in agreement with previous results using either
the N,-fixing cyanobacterium Nostoc sp. strain Cc or non-N,-
fixing cyanobacterium Synechocystis sp. PCC 6803, both of
which were able to utilize glucose for hydrogen production
[18,25]. Hydrogen production decreased with glucose
concentrations higher than 0.2% (Fig. 2B). At very high
concentration of glucose, cells might be forced to expend
needed energy to excrete sugar out of the cells and thereby
lower their capacity for H, production.

3.3. Effect of initial and external pH on H, production

It is important to adjust the pH value of the Arthrospira in an
optimal range to maintain hydrogen production. The changes
of initial cultivation pH between 5.0 and 11.0 affected the
hydrogen production by Arthrospira (Fig. 3). Hydrogen
production was drastically lowered at acidic initial pH 5.0. The
hydrogen yield increased as the initial pH increased from 6.0
to 9.0 and reached a maximum of 2.99 + 0.18 umol -
H, mg Chla * h! atinitial pH 9.0. Besides, an initial pH higher
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Fig. 2 — Effect of organic carbon source and glucose
concentrations on H, production by Arthrospira sp. PGC
8005. (A) H, production was determined after incubation
under darkness and anaerobic conditions for 24 h using cells
adapted in ZN, (control), ZN, medium lacking Na,CO;
(ZNoCo) (C-deprived) and ZN,C, medium supplemented with
either 0.1% glucose, fructose or sucrose. (B) Effect of glucose
concentration on H, production. Means = S.D. (n = 3).

than 10.0 resulted in a sharp decrease in hydrogen production
rate. Different responses to changes in initial cultivation pH
were reported for hydrogen-producing bacteria. For instance,
the favourable effect of a low initial cultivation pH on the
hydrogen yield was shown in mixed culture of Clostridium sp.,
Klebsiella sp. and Streptococcus sp. [26], and axenic culture of
Enterobacter cloacae IIT-BT 08 [27]. Additionally, the changes of
external pH also affected the hydrogen production by Arthro-
spira. The hydrogen yield increased as the external pH
increased from 5.0 to 11.0. The highest yield was
3.10 + 0.25 pmol H, mg Chla~* h™! at external pH 11.0. A
similar hydrogen yield between initial pH and external pH was
observed at pH 7.0 to 10.0. These results are most likely due to
the favourable adaptation of Arthrospira to alkaline growth
conditions. These results are in line with the previous study
demonstrating that hydrogen production of Tetraspora sp.
CU2551 increased with increasing external pH from 5.75 to

Fig. 3 — Effect of initial and external pH on H, production by
Arthrospira sp. PGC 8005. For initial pH, H, production was
measured from cells adapted in ZN, medium with initial
cultivation pH varying from 7.0 to 11.0 after 24 h incubation
under darkness and anaerobic conditions (®). For external
PH, the cultures were buffered with controlled buffer (final
concentration 50 mM, pH 5.0 and 6.0, acetate buffer; pH 7.0,
8.0 and 9.0, Tris buffer; pH 10.0 and 11.0, sodium
phosphate buffer) incubated under darkness and anaerobic
conditions before measuring the H, production (o).

Means = S.D. (n = 3).

9.30 [28]. Similar relationships between the effects of the
initial and external pH on hydrogen production have been
reported by Wu and Lin [29].

3.4. Effect of reductants and sulphur deprivation on H,
production

Several studies have shown that the electron sink generated by
reduction/oxidation status controls hydrogenases [30]. The
hydrogenase produces hydrogen from excess reductant which
is made available through the anaerobic fermentative break-
down of stored organic carbon. When excess reductant is
available, the cells may be able to effectively avoid excess
energy through the production of molecular hydrogen [31].
Fig. 4A shows that Arthrospira adapted in ZN, medium sup-
plemented with 1.5 mM B-mercaptoethanol had an increased
hydrogen production, 1.5-fold of that without supplementa-
tion, with amaximal value 0f 3.90 + 0.15 ymol H, mg Chla *h ™.
Cells adapted in ZN, medium supplemented with 1.5 mM
dithiothreitol also showed slight stimulation of hydrogen
production. No further increase of hydrogen production was
observed when the concentrations of these two reductants
were raised to 5 mM. These results are in agreement with
a previous study using Tetraspora sp. CU2551 [28].

Limited concentrations of macronutrients (nitrogen or
sulphur) induce a set of general responses in cyanobacteria
that could lead to elevated H, evolution. Nitrogen deprivation
triggers cells to generate electron sink providing excess elec-
tron for hydrogenase [30]. Sulphur is mainly required as
a nutrient for cell metabolism and was used as a tool in
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Fig. 4 — Effect of reducing agents and osmolality on H,
production. (A) Effect of reducing agents on H, production
by Arthrospira sp. PCC 8005. Cells were adapted in ZN,
medium supplemented with f-mercaptoethanol (@) or
dithiothreitol (o) with various concentrations (0, 0.25, 0.5,
1.0, 1.5, and 5 mM) for 24 h under darkness and anaerobic
conditions before being analysed for H, production.
Means = S.D. (n = 3). (B) Effect of osmolality on H,
production by Arthrospira sp. PCC 8005. Cells adapted in
ZN, medium supplemented with NaCl (®) (0, 2, 4, 8, 18,
and 36 mOsmol kg~?) or sorbitol (c) (0, 3, 5 10, 19, and

38 mOsmol kg ™) for 24 h under darkness and anaerobic
conditions to generate indicated osmolality followed by
the analysis of H, production. Means + S.D. (n = 3).

altering cellular metabolism, thus redirecting photosynthetic
electron transport towards hydrogen production in Gloeocapsa
alpicola and Synechocystis sp. PCC 6803 [32]. Recently the redi-
recting of electron flow towards hydrogenase and/or nitroge-
nase has been reported to increase hydrogen production in
Synechocystis sp. PCC 6803 and Anabaena siamensis TISTR 8012
[33,34]. The results in Table 1 revealed that cells adapted
under ZN,-S-deprived medium resulted in significantly
enhanced hydrogen production, approximately 1.4-fold

Table 1 — Hydrogen production of Arthrospira sp. PCC
8005 under applied conditions.

Conditions Hydrogen
production®
(vmol H, mg Chla * h™?
ZN, 2.76 + 0.16
ZNp + 15 mg L~ Fe?* (FeSO,-7H,0) 4.37 £ 0.15
ZNj + 15 mg L~ Fe** (FeCl,-2H,0) 4.31+0.16
ZN,-S-deprived 3.93 +0.15
ZNy-S-deprived + 15 mg L™" Fe" 4.53 +£0.16
(FeCl,-2H,0)
ZNy-S-deprived + 15 mg L™" Fe" 5.91 + 0.14
(FeCl,-2H,0) + 1.5 mM
B-mercaptoethanol
ZNy-S-deprived + 15 mg L~* Fe?' 4.22 +0.17

(FeCl,-2H,0) + 1.5 mM
dithiothreitol

a Means + S.D. (n = 3).

increase compared with ZN,-adapted cells. Supplementation
of iron generated from FeSO, or FeCl, into ZN,-adapted cells
enhanced regularly hydrogen production. Additionally,
a combination of ZN,-S-deprived cells, Fe?" (15.0 mg L") and
1.5 mM B-mercaptoethanol gave the highest H, production
with the value of 5.91 + 0.14 umol H, mg Chla ' h™? in the
present study.

3.5. Effect of osmolality on H, production

Arthrospira cells were adapted for 24 h in ZNy medium sup-
plemented with NaCl or sorbitol to generate different osmo-
lalities. An increase of about 35% of hydrogen production was
observed by the low osmolalities at about 5 mOsmol kg™*
(Fig. 4B). A sharp decrease in hydrogen production was
observed by increasing the osmolalities. These observations
are in agreement with previous results using unicellular non-
N,-fixing cyanobacterium Synechocystis sp. PCC 6803 [18]. It is
known that various stresses change the physiological and
biochemical responses and affect adversely growth and
photosynthesis of Spirulina platensis [35]. Cyanobacteria are
able to synthesize and take up a variety of proteins and
organic compatible solutes to balance the osmotic potential,
and to prevent influx of sodium ion under salt-stress condi-
tions or to protect membranes and proteins [36]. Elevated salt
concentration (0.25—1.0 M NacCl) in Arthrospira maxima growth
medium resulted in increased accumulation of sugars
(osmolytes) up to 4-fold with the consequent reduction of
hydrogen production [37].

3.6. Comparison of H, production between Arthrospira
sp. PCC 8005 and other cyanobacterial strains under
optimal conditions

Our results show that the non-N,-fixing filamentous cyano-
bacterium Arthrospira sp. PCC 8005 can evolve significant
amount of hydrogen, comparable to other Arthrospira species;
Arthrospira platensis NIES-46 and Arthrospira maxima CS-328
(Table 2). Arthrospira sp. PCC 8005 has the capacity to
produce 20-times and 8-times as much hydrogen as the N,-
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Table 2 — Comparison of H, production between Arthrospira sp. PGC 8005 and other cyanobacterial strains.

Organism Morphology Maximum H, Growth H, production
production condition condition
Arthrospira sp. Non-N,-fixing filamentous 2.76 pmol H, mg Air, Zarrouk medium, Ar, ZNy, 30 °C,
PCC 8005 with no heterocysts Chla *h? 30°C,40 pEm 257t Darkness
(This study) 5.91 pmol H, mg Air, Zarrouk medium, Ar, ZNy-S-deprived,
Chla *h? 30°C,40 pEm 25! 15 mg L~ Fe?*, 1.5 mM

Arthrospira platensis Non-N,-fixing filamentous

0.10 umol H, mg

B-mercaptoethanol
30 °C, Darkness

Air, SOT medium, N,, SOT medium,

NIES-46 [ref. [11]] with no heterocysts dry-wt*h~? 30 °C, 5 klx 30 °C, Darkness
Arthrospira maxima Non-N,-fixing filamentous 0.19mlH, g Air, Zarrouk medium, Ar, Zarrouk medium,
CS-328 [ref. [37]] with no heterocysts dry-wt*h? 1 uM Nit, 30 °C, 1 pM Nit, Darkness
12 h light/dark cycles
Anabaena siamensis N,-fixing filamentous with 8.68 umol H, mg Air, BG11,, 30 °C, Ar, BG11,, 30 °C,
TISTR 8012 [ref. [19]] heterocysts Chla*h? 40pyEm ?s ! 40pyEm ?s !
Calothrix sp. XPORK1A N,-fixing filamentous with 0.34 pmol H, mg Air, 7Z8x, 22 °C, Ar, 78x, 23 °C,
[ref. [38]] heterocysts Chla *h? 40pyEm st J0uEm 2s !
Nodularia sp. SR5a N,-fixing filamentous with 0.14 pmol H, mg Air, 7Z8xs, 22 °C, Ar, 78, 23 °C, Darkness
[ref. [38]] heterocysts Chla *h? 40pyEm st
Microcystis Syke 967/5 Non-N,-fixing unicellular 0.04 umol H, mg Air, 78, 22 °C, Ar, Z8, 23 °C, Darkness
[ref. [38]] Chla*h? 40pyEm ?s !
Synechocystis sp. PCC Non-N,-fixing unicellular 0.02 pmol H, mg Air, BG11, 30 °C, Ar, BG11,, 30 °C,
6803 [ref. [18]] Chla*h? 40pyEm ?s ! 40 pyEm ?st

fixing filamentous cyanobacterium Nodularia sp. SR5a [38] and
Calothrix sp. XPORK1A [38], but its production was about one-
third of that in the N,-fixing filamentous cyanobacterium
Anabaena siamensis TISTR 8012 under nitrogen deprived
conditions. However, the maximum H, production rates in
Arthrospira sp. PCC 8005 was 5.91 + 0.14 ymol H, mg Chla *h?*
under ZN,-S-deprived condition combined with 15 mg L tiron
supplementation and 1.5 mM B-mercaptoethanol. In addition,
Arthrospira sp. PCC 8005 produces higher amount of H, than
the unicellular cyanobacteria Synechocystis sp. PCC 6803 [18]
and Microcystis Syke 967/5 [38].

Changes in the composition of the growth medium and/or
the medium during hydrogen production affected the
hydrogen production rate depending on the strains. For
example, the hydrogen production rates were different among
the Arthrospira strains. Addition of either Ni** to the growth
medium of Arthrospira maxima CS-328 [37], or Fe*' to the
growth medium of Arthrospira sp. PCC 6803 (in this study), led
to an increase in H, production rate, by enhancing the
hydrogenase activity. These results demonstrate that opti-
mizing the external factors for improved hydrogen production
requires individual approaches for each promising hydrogen-
producing strain. Arthrospira sp. PCC 8005 is therefore an
attractive model strain suitable for further improvement of
photobiological hydrogen production employing metabolic
engineering approach as recently reported in Synechocystis sp.
PCC 6803 and Anabaena siamensis TISTR 8012 [33,34].

4, Conclusions

Arthrospira sp. PCC 8005 evolved H, continuously in nitrogen-
deprived Zarrouk medium under dark anaerobic conditions.
High rates of hydrogen production were obtained in cells
adapted in nitrogen- and sulphur-deprived medium

supplemented with iron and pB-mercaptoethanol. The rates of
hydrogen production by Arthrospira sp. PCC 8005 are not as
high as that by the heterocystous Anabaena siamensis TISTR
8012. Nevertheless, it is likely that a further increase in
hydrogen production rate could be achieved by means of
redirecting the electron supply towards the hydrogenase
either by genetic engineering or using metabolic inhibitors of
certain electron-competing pathways.
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a o ~ Yot A a
muscorum Wanma la Tasuiinmlaangamngi
40 99AUYAIFY  (Ernst et al., 1979) taziilsum
LnNngurgi 30 esrwayy sz 2.5 m
aa 4
(Shah et al., 2003) uendlnvestou lay
< @ @ = v .
lulaiSaduiialaTasdte  (bidirectional-hox-
hydrogenase) U943 Synechocystis sp. PCC 6803 T}V

A Y

]
*K A

Yuguniiaawa 30 odruwalte 99 60 8IA
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~

70 09AUFAITY  (Baebprsert et al., 2010) VYN
losen TunnaiSe Anabaena variabilis SPU 003 Ha@
Ml TastoudanmIdaiigangd 30 osrnwaide
(Datta et al., 2000) laon TununiiiSe Calothrix336/3
fidosluennsiaoase o QUNYN 23 DarLTaITY
wanfala Tasnudinmituiu 2 o RlkR
Calothrix336/3 TatA gUNYN 30 DIAUTAITY
(Allahverdiyeva et al., 2010)

3. anuilunsa-mae (pH) MIskaames
laTasnusinnves lser Tununfiise Anabaena
PCC 7120 @ pH 7.5 1 nnI#A pH 82 v
losg1 TunuAiSe Calothrix XPORKSE Wanmas
YgTasnudinmii pH 7.5 1An3di pH 6.8
(Allahverdiyeva et al., 2010)

4. wgsomsmiven laenTunuaiiiGe

wisaldharanaesiafunmasniveuly
mstiunswaamalaTasoudanm wu ey
WUANISY Anabaena variabillis 1182 Anabaena CH3
(Reddy et al., 1996; Chen et al., 2008)

Y )
maansnla Wuunasmsvouneldlunisnas

nnsald

Ma'la Tasiau Synechocystis sp. PCC 6803 14150
Y ? y v y
ldhaangla  headsnla uazihaaylng
& ' s A Y, A o
Wunnasasvewie ¥ lumsnannisla Tasau
~ Yy & 9 A o

Fanmla Fangla MwandaamalaTasouuin
7 .9 (Baebprasert et al., 2010)

5. unasemislulasiau  1515¢neu
TuTasulugdiulasd (NO.), Twasa (NO,) 1ag
o Tuile (NH,) THANTENUABDMITHAAN Y
TaTasnudininluloe Tunuaiise iesn

v v ¥
unad luTaswun@uiuas 1l luermsvzduda
nszuaums “unszionladlulasdm  (Rawson,
1985)

A W 3 o o =3
wou TuHledudamsmaruvesen ol luTasd

siszneululasd Tuasa uaz

voalwen Tuuunfse Anabaena cylindrica 12

Anabaena variabilis SPU 003 'wa”lﬁszﬁumi

wan laTasnudininanas (Lambert et al, 1979;
1 ==t d‘ a
Datta et al., 2000) 0813915natoanlIuia
~ dy dy 3| a a 4
wonTuienlues@eauseaddu 0.10 aa lyans
a [ =) - A
msmaanela Tasnudiamluloe Tunuaise
Y
Anabaena cylindrica ﬂﬁ'u'lngﬂs?uﬁq (Jeffries et al.,
1978) lu a1z lulasnudTinaanda (nitrogen
limitation) wuN lwen Tunuaiiise Gloeocapsa alpicola
= A Aaaa td 3w @
iamsivseaadavewsulsy  lulaisaduiia
¥
laTasdy  wndu (Sheremetieva et al., 2002)
M ueuAeINY WU FLAUNITI AIDDNVDY
= aaa L4 S o o
g1 hox wazueaalaveueulesy lulaSaduiia
leTasdw voalsenTuunafise Synechocystis sp.
v Y v
PCC 6803 twnAulunamafednuly aznd
UsaluTasousine (Antal et al., 2006)
6. 1HAIWIFEIN 519V19wHA Ty T
a9 a Y 1 n Y d‘
nuanisedeanslulsuaifesuanalula ieq
Y
AoussQatitunIm dysommuen uves
o 1 a
waduazinansznuaemnaans la 1asuainm
a 1 @ 4 < 3| 4
1wy uisgFaves uazan (Fe) 1Huoan
o o a =1 o
Usznou dnusnawenin lad (active site) Uo4
ulesilulastn vagh usnginha (Ni) tag
<3 I 4 o o a =1 4
man (Fe) iiluesrszney nauinaueniin lad
. . 3 o o a
(active site) vouou lwal 1yl adinia leTasdm
.. IS 9 A A
(Tamagnini et al., 2002) Wuau Ml”b’flﬂmmﬂmiﬂ
. . a o Y 1
Arthrospira maxima Waama'la lasauldunau
¥ v v
WernulFunamssiginmaluemsides (Carrieri
¢d' S A
et al., 2008) ﬂlmzﬂhl%ﬂﬂmmﬂmiﬂ Anabaena
. . A a dy A A a o <
cylindrica W30y U0 1MT@EINN 5.0 Haansuman
goaas  1wnsawdamslalasnuld 2 wves
loson Tununiiso Anabaena cylindrica 131y lu
Y 4 A a o <3 1A
01¥1IAE9NY 0.5 WaanSuvanaeans (Jeffries
et al., 1978) losen Tununiiise Gloeocapsa alpicola
1ag Synechocystis sp. PCC 6803 WITONAR
Y 1w ~ ' o o
loTasnuldiruiuly anziviauisigdanes
(sulfur deficiency) Meld azATMaiimu (CH)
(Antal and Linblad, 2005)
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‘/ﬂglﬁullﬂ’n ﬂquaﬂqaiﬂjl%u%jﬂqwmaq
Ao Oy o o A
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vy
A Sf

eulyilaTasd el 1§ anandaiiud
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= o w oA A ' A A
A Agedeos ludieua lyor TunuaiGen
wisanaalalasudiamld dalvuainse
A v A Aa a Y]
dnnate wwuin wnsondaals Tasaudinn’la
AU DI HUATISEN 1130 “UATITHAEIL 3
Rhodobacter sphaeroides wanla Tasudinnla
1 a =4 1
NNMS5808 A1BNTADUNSE (organic acids) 1FU N5A
aa Y Y =
ordan 7eld azlfeme wazlufin 9 (Nath
et al., 2005) uaniseyiia lildoonday Clostridium
acetobutylicum wWan'laTasnudiainldniu
v ¥
aszvdumsndameld anznliiu 9 Tawide
! ¥ &
nuafiSeazilasuihatangla Tliflune
4 o =y
msvoulavonlaauaz TuanalaTasouiinm
(Zhanga et al., 2006) wuAfise Klebsiella pneumoniae
v
o I~ 1
wrsaldinmangla Wuumasemsmiveu
A a = Yy Y
gaztiupanan lalasaudisinldanield
NIZUIUMINUNNQUNYN 37 oarnisaiiis  uag pH
T W 3|
AU 6.0 (Niu et al, 2010) (udu AszUIUMS
wan'laTasnuiinmved oo TunuanSeuay
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A Ao Y
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Cyanothece 7822 Heterocyst

Anabaena sp. PCC 7120 Heterocyst
Anabaena cylindrica IAMM-1 Heterocyst

Anabaena variabilis IAMM-58 Heterocyst

Anabaena cylindrica UTEX B 629 Heterocyst
Anabaena flos-aquae UTEX 1444 Heterocyst
Anabaena flos-aquae UTEX LB 2558 Heterocyst
Anabaenopsis circularis IAM M-13 Heterocyst

Nostoc muscorum 1AM M-14 Heterocyst

0.92 pmol/mg chl a/h
2.60 pmol/mg chl a/h
2.01 pmol/mg chl a/h
4.20 pmol/mg chl a/h
0.91 pmol/mg chl a/h
1.70 pmol/mg chl a/h
3.20 pmol/mg chl a/h
0.31 pmol/mg chl a/h

0.60 pmol/mg chl a/h

N, with 5% CO,
Air, 60 pE/mZ/s
Air, 60 pE/mZ/s
Air, 60 uE/mz/s
Air, 60 pE/m’/s
Air, 60 pE/m’/s
Air, 60 pE/m’/s
Air, 60 pE/m’/s

Air, 60 pE/mZ/s
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Nostoc linckia IAM M-30 Heterocyst 0.17 pmol/mg chl a/h Air, 60 uE/mZ/s

Nostoc commune 1AM M-13 Heterocyst 0.25 pmol/mg chl a/h Air, 60 uE/mZ/s

Anabaena variabilis PK84 Heterocyst 32.3 umol/mg chl a‘/h Argon environment.

Anabaena variabilis PK84 Heterocyst 167.6 pmol/mg chl a‘h 93%Ar, 5%N,, 2% CO,, 90 pE/mz/s

Anabaena variabilis PK84 Heterocyst 0.11 pmol/mg chl a/h Air, 2% CO,, 400 Wim®

Anabaena variabilis ATCC 29413 Heterocyst 45.16 pmol/mg chl a/h 93%Ar, 5%N,, 2% CO,, 90 pE/mZ/s

Anabaena variabilis ATCC 29413 Heterocyst 0.05 ymol/mg dry wt/h  Ar, 5% CO,, 5000 Ix /Tween 85 (77 mM)

Anabaena variabilis ATCC 29413 Heterocyst 39.40 umol/mg chl a/h  Argon environment

Anabaena variabilis 1403/4B Heterocyst 20.0 pmol/mg chl a/h 25 uE/mZ/s on top;13 uE/mz/s on bottom of bioreactor
Anabaena azollae Heterocyst 38.50 ymol/mg chl a/h  Argon environment.

Anabaena variabilis PK17R Heterocyst 59.18 pmol/mg chl a/h 93%Ar, 5%N,, 2% CO,, 90 pE/mz/s

Synechococcus PCC 6830 Non-heterocyst 0.26 pmol/mg chl a/h Ar with CO (13.4 pmol), CH, (1.34 pmol); darkness
Synechococcus PCC 602 Non-heterocyst 0.66 pmol/mg chl a/h Ar with CO (13.4 umol);20-30 pE/mz/s

Synechococcus PCC 6307 Non-heterocyst 0.02 pmol/mg chl a/h Ar (100%), 20-30 pE/mz/s

Synechoccus PCC 6301 Non-heterocyst 0.09 pmol/mg chl a/h Ar with C,H, (1.34 pmol), 20-30 p.E/mz/s

Microcystis PCC 7820 Non-heterocyst 0.16 pumol/mg chl a/h Ar with CO (13.4 umol), C,H, (1.34 pmol), 20-30 uE/mZ/s
Gloebacter PCC 7421 Non-heterocyst 1.38 umol/mg chl ah Ar with CO (13.4 umol), C,H, (1.34 pmol), 20-30 uE/mZ/s
Synechocystis PCC 6308 Non-heterocyst 0.13 umol/mg chl a‘h Ar with CO (13.4 pmol), C,H, (1.34 pmol), 20-30 pE/mz/s
Synechocystis PCC 6714 Non-heterocyst 0.07 pmol/mg chl a/h Ar with CO (13.4 pmol), 20-30 pE/mz/s

Aphanocapsa montana Non-heterocyst 0.40 pmol/mg chl a/h Ar (100%), 20-30 uE/mz/s

Oscillatoria limosa Non-heterocyst 0.83 pmol/mg chl a/h Air, 16h light, 8h dark
17;111: Dutta et al., 2005
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