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Abbreviations 

CCM carbon concent ra t ing mechanism  

DCMU 3-(3 ,  4 -dichlorophenyl ) -1 ,  1 -d imethylurea  

ETR elect ron  t ranspor t  ra te  

Flv  f lavodi i ron  pro te in  

MV methyl  v io logen  

NDH-1 type 1  NAD(P)H dehydrogenase  

OCP orange ca ro tenoid pro te in  

OD opt ica l  densi ty  

PAR photosynthet ic  ac t ive  rad ia t ion  

PFD photon  f lux  densi ty  

PSI  Photosys tem I  

PSII  Photosys tem II  

SD standard  devia t ion  

WT the  wi ld - type ce l l s  
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Abbreviations concerned with chlorophyll f luorescence 

measurements 

Fm maximum f luorescence  determined  under  ox idized  p las toquinone 

condi t ions  

Fm’  maximum f luorescence  determined  under  reduced  p lastoquinone 

condi t ions  

Fo  minimum fluorescence  under  oxid ized  p lastoquinone pool  

condi t ions  

Fo’  min imum f luorescence  under reduced  plas toquinone pool  

condi t ions  

Fs  f luorescence  under  s tead y-s ta te  condi t ions  

Fv/Fm chlorophyl l  f luorescence  parameter  represent ing  the  maximum 

quantum yie ld  of  Photosys tem II  ca lcu la ted  as  (Fm -Fo) /Fm  

NPQ chlorophyl l  f luorescence  parameter  represent ing  the  level  of  

non-photochemical  quenching calcu la ted  as  (Fm -Fm’) /Fm’  

NPQ D a r k  NPQ determined wi th  dark  accl imated  ce l l s  

NPQ L L  NPQ determined wi th  low l ight  accl imated  ce l ls  

Φ f , D  ch lorophyl l  f luorescence  parameter  represent ing  the  energy 

dis t r ibut ion  to  n on-regula ted  energy diss ipat ion ca lcu la ted as  

Fs /Fm 

Φ N P Q  ch lorophyl l  f luorescence  parameter  represent ing  the  energy 

dis t r ibut ion  to  regula ted  energy d iss ipat ion  ca lcu la ted  as  

Fs/Fm’ -Fs /Fm 

Φ P S I I  ch lorophyl l  f luorescence  parameter  represent ing  the  effec t ive  

quantum yie ld  of  e lec t ron t ransport  in  photosys tem II  ( i . e .  the  

energy d is t r ibut ion  to  photosynthes i s )  ca lcu lated  as  (Fm’ -Fs) /Fm’  

qN chlorophyl l  f luorescence  parameter  represent ing  the  level  of  

non-photochemical  quenching calcu la ted  as  1 - (Fm ’ -Fo’) / (Fm -Fo)  

qP  chlorophyl l  f luorescence  parameter  represent ing  the  level  of  

photochemical  quenching calcu la ted  as  (Fm’ -Fs) / (Fm’ -Fo’)  

rETR re la t ive  ra te  of  e lec t ron  t ransport  





General Introduction 

1 

 

General Introduction 

Photosynthes i s  i s  a  process  conver t ing l ight  energy absorbed by 

photosynthet ic  organisms to  che mical  energy.  ATP and NADPH produced by 

photosynthet ic  e lec t ron t ransport  (Fig. 1 )  are  ut i l ized  to  f ix  CO 2  to  

carbohydrate  through the  reduct ive  pentose  phosphate  cycle ,  so  ca l led  Calv in  

cycle .  Carbohydrate  produced by photosynthet ic  organisms i s  the  basi s  of  the  

pr imar y product ion  of  the  ecosys tem on ear th .  Land p lants  cer ta in ly cont r ibute  

to  photosynthes i s  but  near l y hal f  of  the  to tal  pr imary product ion  on  ear th  was 

repor ted to  be  produced by oceanic  a lgae  (Fie ld e t  a l .  1998) .  To  unders tand  the  

ecosys tem and the  global  c l imate  change on  ear th ,  the  precise  es t imat ion  of  

a lgal  photosynthes i s  i s  qui te  impor tant .  Si gni f icance  of  a lgal  photosynthes i s  i s  

not  l imi ted  to  the  inf luence  to  the  ecosys tem on ear th .  The abi l i t y of  a lgae  to  

conver t  l igh t  energy to  chemical  energy is  expected  to  be  used  for  supplying the  

energy resources  fo r  fu ture  mankind.  The mechanism of  o i l  p roduct ion  by micro  

a lgae ,  such  as  Botryococcus  brauni i ,  has  been  ex tens ively s tudied  to  rep lace  the  

l imited  resources  of  foss i l  fuel s  by a lga l  o i l  (Chis t i  2007;  Schenk e t  a l .  2008 ) .  

Compared  wi th  the  bioethanol  produced f rom land  crops ,  there  are  severa l  

advantages  of  the  b iofuel  produced f rom micro  a lgae .  It  i s  possib le to  harves t  

a lgal  o i l  al l  yea r  round and to  ut i l ize  sea  water  as  cu l ture  medium.  On the  o ther  

hand,  there  are  a l so  problems,  such  as  a  h igh  cos t  or  the  necess i ty of  CO 2  

supply for  h igh  eff ic iency product ion .  Precise  es t imat ion  of  a lgal  

photosynthes is  i s  a l so essent ial  for  effec t ive  product ion  of  biofuel .  

There  are  severa l  ways  to  evaluate  photosynthes i s .  In  the  past ,  

photosynthes is  has  been  determined  by gas -exchange measurements ,  such  as  

CO2 -  or  O 2 -exchange.  In  recent  year s ,  ch lorophyl l  f luorescence  has  been  

ut i l i zed  for  a  non -dest ruct ive  and  easy methods  to  determine photosynthes i s .  

Al ready in  1931,  i t  had  been  repor ted that  a  t rans ien t  k inet ics  of  chlorophyl l  

f luorescence  fo l lowing i l lum inat ion  of  dark -accl imated  leaves  ref lec ted  the  

condi t ion  of  photosynthes i s  (Kautsky and  Hirsch  1931) .  Subsequent ly,  

ch lorophyl l  f luorescence  measurements  have been develope d as  an  indicator  for  

photosynthet ic  e lec t ron  t ranspor t  in  photosynthet ic  organisms  (Krause  and  Weis  

1991;  Govindjee  1995;  Campbel l  et  a l .  1998) .  The genera l  pr incip le  of  

ch lorophyl l  f luorescence  measurement  could be  brief ly descr ibed  as  fol lows  

( the  deta i l s  are  descr ibed  in  In t roduct ion  of  Chapter III ) .  
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Fig. 1  A scheme of  e lec t ron  t r anspor t  chain of  photosynthes i s .  Mn ,  

manganese  c lus ter  ( the  s i te  of  photosynthet ic  ox ygen evolut ion) ;  P680 ,  

the  react ion  center  chlorophyl l  of  PSII;  Pheo ,  the  pr imary e lec t ron  

acceptor  pheophyt in  of  PSII;  Q A ,  t he  secondary e lec t ron  acceptor  

quinone of  PSII;  QB ,  the  terminal  e lec t ron  acceptor  plas toquinone of  

PSII;  PQ,  p lastoquinone;  FeS ,  an  i ron -su l fur  c lus ter ;  Cytb 6 / f ,  

cytochrome b 6 / f  complex ;  PC ,  p las tocyanin  (a  t ype  I  copper  pro te in  

which t ransport s  e lec t ron f rom cytochrome f  to  P700) ;  P700 ,  the  react ion  

center  chlorophyl l  o f  PSI;  A o ,  the  pr imary e lec t ron accep tor  ch lorophyl l  

of  PSI;  Fd ,  fer redoxin  (an  i ron-sul fur  prote in) ;  FNR ,  fer redoxin :NAD P+  

ox idoreductase  

 

Not  a l l  the  l igh t  energy absorbed  by chlorophyl l  i s  ut i l ized  for  

photosynthes is ,  and  the  excess  energy i s  e i ther  d i ss ipated  as  heat  or  emit ted  as  

f luorescence  (Fig. 2 ) .  In  o ther  words ,  the  to ta l  absorbed  energy i s  equal  to  the  

sum of  the  energy u t i l ized  for  photosyn thes i s ,  heat  d i ss ipat ion  and  f luorescence  

emiss ion .  S ince  photosynthes i s  co mpetes  wi th  heat  d i ss ipat ion  and  f luorescence  

emiss ion ,  quenching of  f luorescence ,  i . e .  the  decrease  in  the  yie ld  of  

f luorescence ,  i s  caused  by the  increase  in  energy u t i l iza t ion  for  photosynthes i s  

(photochemical  quenching)  and/or  by the  increase  in  heat  d i ss ipat ion  
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(non-photochemical  quenching) .  S ince  most  of  ch lorophyl l  f luorescence  i s  

emit ted  f rom chlorophyl l s  of  Photosys tem II  (PSII)  a t  room temperature  

(Krause  and  Weis  1984;  Krause  and  Weis  1991) ,  in format ion  of  PSII  e ff ic iency 

could  be  obta ined  f rom c hlorophyl l  f luorescence  i f  we can  dis t inguish  the  two 

causes  of  the  decrease  in  chlorophyl l  f luorescence  yi e ld ,  i . e .  photochemical  

quenching and  non -photochemical  quenching.  

 

 

Fig. 2  A scheme of  the  fa te  of  absorbed  l ight  energy b y chlorophyl l s .  

Absorbed  energy i s  e i ther  ( i )  u t i l i zed  for  photosynthes is ,  ( i i )  d i ss ipated 

as  heat ,  o r  ( i i i )  emi t ted  as  f luorescence .  

 

The problem to  d i s t inguish  the  two quenching mechani sms had  been 

reso lved  by in t roducing a  sa tura t ing pulse .  Appl ica t ion  of  the  l igh t  pulse ,  which  

is  s t rong enough to  suppress  photochemical  quenching  through fu l l  reduct ion  of  

Q A ,  the  e lec t ron  acceptor  of  P SII  ( see  Fig. 1 ) ,  bu t  i s  too  short  to  induce 

addi t ional  non-photochemical  quenching ,  gives  only  informat ion of  

non-photochemical  quenching developed before  the  appl ica t ion  of  l igh t  pulse .  

Once the  degree  of  non -photochemical  i s  determined ,  the  degree  of  

photochemical  quenching can  be  a l so  ca lcu la ted .  This  method,  so  ca l led 

quenching anal ys i s ,  has  be en successfu l ly appl ied to  many photosynthet ic  

organisms in  the  combinat ion  with  Pulse  Ampli tude  Modula t ion  (PAM) 

chlorophyl l  f luorometer,  in  which  the  modula ted  measur ing l ight  was  employed  

to  increase  sensi t ivi ty and  to  exclude the  d i rec t  effec t  of  ac t in ic  l igh t  on  

f luorescence  s ignal  (Schreiber  1986;  Schreiber  e t  a l .  19 86)  (Fig. 3 ) .  
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However,  the  appl ica t ion  of  PAM analys i s  to  micro  a lgae  i s  somet imes  

compl ica ted ,  ref lec t ing the  fac t  tha t  PAM chlorophyl l  f luorescence  

measurement  has  been  or iginal ly deve loped for  land  p lants  (Schreiber  e t  a l .  

1995;  Campbel l  e t  a l .  1998) .  Especia l ly in  cyanobacter ia  tha t  are  

photosynthet ic  prokaryotes ,  problems in  PAM chlorophyl l  f luorescence  

measurement  i s  more  conspicuous  (Campbel l  e t  a l .  1998) ,  s ince  cyanobacter ia  

have no  organel le  and  photosynthes i s  could  be  affec ted  by the  condi t ion of  

other  metabol ic  pathways ,  poss ibly resul t ing in  the change of  ch lorophyl l  

f luorescence .  In  par t icu lar,  cyanobacter ial  resp i ra tory e lec t ron  t ransport  chain  

shares  severa l  components  such  as  p las toquinone (PQ) with  photosynthet ic  

e lec t ron  t ranspor t  chain  (Aoki  and  Katoh  1982;  Peschek and  Schmet terer  1982;  

see  the  scheme in Fig. 4 ) .  In  the dark where  photosynthes is  is  not  conducted  

and resp i ra t ion  dominates ,  t he PQ pool  i s  reduced  by the  type  1  NAD(P)H 

dehydrogenase  (NDH -1)  complex  in  the  resp i ra tory chain  in  cyanobacter ia ,  

whi le  the  pool  i s  ox id ized  in  land  plants .  Therefore ,  d i fferent  methods of  PAM 

chlorophyl l  f luorescence  measurement  f rom those  in  land p lants  must  be  

adopted  in  cyanobacter i a  to  e l iminate  the  influence  of  resp i ra t ion  on 

photosynthes is  (Campbel l  and  Öquis t  1996;  Campbel l  e t  a l .  1998 ) .  Another  

fac tor  compl ica t ing PAM chlorophyl l  f luorescence  measurement  in  

cyanobacter ia  i s  f luorescence  f rom pigments  except  for  ch lorophyl l s  b ind ing to  

PSII .  One  of  the  cyanobacter ia l  p igments  di s turb ing  PAM chlorophyl l  

f luorescence  measurement  i s  phycobi l ins ,  which  i s  a  l igh t -harves t ing antenna  

for  PSII  and  h ighl y f luorescent  (Campbel l  e t  a l .  1998;  El  Bissa t i  and  Kir i lovsky 

2001) .  In  addi t ion  to  p hycobi l ins ,  ch lorophyl l s  b inding to  Photosys tem I  (PSI)  

might  a l so affec t  PAM chlorophyl l  f luorescence  s ignals ,  s ince  PSI b inds  up  to  

90% of  the  tota l  chlorophyl l s  and the  ra t io  of  PSI/PSII  i s  h igh  in  cyanobacter ia  

compared  to  land  plants  (Campbel l  e t  a l .  1996;  Campbel l  e t  a l .  1998) .  Since  the  

yi e ld  of  f luorescence  f rom phycobi l ins  or  PSI ch lorophyl l s  does  not  depend on  

the  condi t ion  of  PSII  and  i s  constant ,  the  condi t ion  of  photosynthes i s  evaluated  

by the  change in  f luorescence  yie ld  upon satura t ing pulse  could  be  misevaluated  

(Campbel l  et  a l .  1998) .  
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Fig. 3  An example  of  quenching  analys i s  by PAM chlo rophyl l  

f luorometer  in  the  cyanobacter ium Synechocys t i s  sp .  PCC 6803.  

Fluorescence  level  is  recorded  a long with  the  t ime course  (black  so l id  

l ine) .  Black  inver ted  t r iangles  r epresen t  the  t ime of  the  i l luminat ion  by 

sa tura t ing pulse .  Fluorescence  level  i s  increased  f rom Fs  level  

( represented  by b lue  c i rc les )  to  Fm’ level  ( represented  by red  c i rc les )  

fo l lowed by the  i l luminat ion  with  sa tura t ing pulse ,  upon suppress ion  of  

photochemical  quenching.  Green  dashed  l ine  represents  the  Fm level  

determined  under  i l luminat ion  in  the  presence  of  DCMU.  
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Fig. 4  Scheme of  the  e lec t ron  t ranspor t  chain  between photosynthes is  

and resp i ra t ion  in  cyanobacter ia .  PSII,  Photos ys tem II ;  PSI ,  Photosys tem 

I  in  photosynthet ic  elec t ron  t ranspor t  chain .  NDH,  type  1  NAD(P)H 

dehydrogenase;  Cox,  cytochrome c  ox idase  in  resp i ra tory e lec t ron  

t ranspor t  chain .  Photosynthet ic  e lec t ron  t ranspor t  chain  shares  severa l  

components  such  as  plas toq uinone (PQ)  with  resp i ra tory chain .  

 

 In  sp i te  of  the  problems of  PAM chlorophyl l  f luorescence  measurement  

in  cyanobacter ia  as  descr ibed  above,  many researchers  in  the  f ie ld  of  a lga l  

photosynthes is  are  using PAM chlorophyl l  f luorescence  t echnique.  Actual l y,  

among the  papers  publ i shed  in  las t  year  in  the  f ie ld of  a lgal  photosynthes i s  

(~3 ,900 papers ) ,  a pproximate ly 20% papers  used  or  a t  l eas t  refer  to  PAM 

f luorescence  measurements .  Under  such  c i rcumstances ,  i t  i s  impor tant  to  

es tabl i sh the  method to  accura te ly es t imate  algal  photosyn thes i s  by chlorophyl l  

f luorescence  measurements .  To achieve  the  goal ,  i t  i s  essent ia l  to  unders tand  

the  inf luence  of  not  only photosynthes is  but  other  metabol ic  pathways  on  

chlorophyl l  f luorescence  in  a lgae  and  cyanobacter ia .  In  th i s  s tudy,  I  (1 )  

inves t igated  interac t ions between photosynthes i s  and  o ther  metabol ic  pathways ,  

(2)  examined the inf luence  of  the  in teract ions on  ch lorophyl l  f luorescence  

measurement ,  and  (3)  developed  so lu t ions  of  problems of  the  chlorophyl l  

f luorescence  measurement  in  cyanobacter ia .  Among  cel lular  metabol ic  

pathways  in  cyan obacter ia ,  I  focused  on  the  two,  respi ra t ion and  CO 2  

concent ra t ing mechanism  (CCM),  tha t  are  c losely involved  in  photosynthet ic  
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e lec t ron  t ranspor t ;  resp i ra t ion  shares  severa l  components  of  e lec t ron  t ranspor t  

chain  with  photosyn thes i s  and  inorganic  carbon con cent ra ted  in  ce l l  by CCM is  

f ixed  by u t i l iza t ion  with  NADPH produced by photosynthet ic  e lec t ron  t ranspor t .  

I  descr ibed  the  inf luence  of  respi ra t ion  (Chapter I )  and  CCM (Chapter II )  

on photosynthes i s  in  the  cyanobacter ium Synechocys t i s  sp .  PCC 6803,  and  

f inal ly gave so lu t ions  of  problems of  the  ch lorophyl l  f luorescence  measurement  

caused  by the  interact ions  among cel lular  metabol ic  pathways  in  cyanobacter ia  

(Chapter III ) .  
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Chapter I 

Influence of Respiration on Photosynthesis  

Introduction 

 There  are  a lways  in teract ions  among cel lu lar  metabol ic  pathways ,  

a l though each  metabol ic  pathway such  as  photosynthes i s  or  resp i ra t ion  i s  of ten 

independent ly desc r ibed  in  tex tbooks .  Sublocal iza t ion  of  the  pathways ,  e .g .  

photosynthes is  in  ch loroplas ts  and  r espi ra t ion  in  mi tochondria ,  does  not  

complete ly prevent  in teract ions  between them.  In  the  case  of  prokaryotes ,  the  

s i tua t ion  i s  more  d i rec t  and  pronounced,  with  no  organel le  for  sublocal iza t ion  

of  each  metabol ic  pathway.  For  example ,  the  cyanobacter ia l  pho tosynthet ic  

e lec t ron t ransport  chain chares  severa l  components ,  i . e .  plas toquinone (PQ),  

cytochrome b6 / f  complexes  and  plas tocyanin ,  wi th  the  resp i ra tory e lec t ron 

t ranspor t  chain  (Aoki  and  Katoh  1982;  Peschek and  Schmet t erer  1982;  see  a l so  

Fig. 4  in  General Introduction ) .  There  should  be  a  s imi lar  in teract ion  

among o ther  metabol ic  pathways ,  a lbei t  in  a  less  d i rec t  way compared  wi th the  

case  of  resp i ra t ion  and  photosynthes i s .  

 The in teract ion  of  photosynthes is  and resp i ra t ion in  cyanobacter ia  was  

or iginal ly proposed  60 years  ago  based  on the  inhibi tory e ffec t  of  l igh t  on  the 

resp i ra tory ox ygen uptake  (Brown and Webster  1953;  Hoch e t  al .  1963;  Jones  

and  Myers  1963) .  The effec t  of  r esp i ra t ion  on  the  redox  s ta te  of  photosynthet ic  

e lec t ron  carr iers  i s  d i rec t ly shown by the  determinat ion  of  the  absorpt ion  

kinet ics  of  cytochrome b 6 / f  (Hi rano  e t  a l .  1980)  or  P700 (Nanba and  Katoh  

1984)  in  a  thermophi l ic  cyanobacte r ium.  The presence  of  resp i ra tory e lec t ron 

f low in  the  dark  a l so  prevents  the  ful l  ox idat ion  of  P Q (Schreiber  e t  a l .  1995;  

Campbel l  and  Öquist  1996;  Sonoike  e t  al .  2001) .  It  was  demonst ra ted  that  the  

redox  s ta te  of  the  photosynthet ic  e lec t ron  t ransfer  chain  i s  modi fied  in  the 

absence  of  t ype  1  NAD(P)H dehydrogenase  (NDH -1)  complexes  in  the  

resp i ra tory chain ,  based  on the  absorpt ion  k inet ics  of  P700 (Mi  e t  a l .  1992)  or  

on the  f luorescence  kinet ics  of  ch lorophyl l  (Mi  e t  al .  1994) .  Thus ,  i t  i s  no  

wonder  that  chlorophyl l  f luorescence  k inet ics  are  affec ted  by the  d i s rupt ion  of  

genes  encoding subuni t s  of  NDH -1.  However,  i t  i s  noteworthy that  the  

di s ruptant  of  ndhF1  gene  showed the  most  prominent  phenotype in  the  induct ion  
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kinet ics  of  ch lorophyl l  f luorescence  among the  d i s ruptants  of  genes ,  inc luding  

those  respons ib le  for  photos ynthes i s ,  when I  sea rched  the  database ,  Fluorome 

(h t tp : / / /www.photosynthes i s . jp / f lurome/ ) .  

 Fluorome i s  the  database  of  th e  dark - l ight  induct ion  k inet ics  of  

ch lorophyl l  f luorescence ,  so -cal led  Kautsky induct ion  (an  example  i s  presented 

in  Fig. I -9 ) .  The measurements  of  c h lorophyl l  f luorescence  including the 

Kautsky curve  has  been  widely used for  the  analys i s  of  photosynthes i s  

(Govindjee  1995) .  Previously,  a  Kautsky induct ion  curve  database  of  

cyanobacter ia l  d i s ruptants  of  500  genes  created  by random mutagenes is  using  

t ransposon was  made  by Ozaki  e t  a l .  (2007) .  S ince  h igh - throughput  analys i s  

was  a imed a t  in  the  s tudy,  each  d is ruptant  used  for  the  Fluorome analys i s  was  

not  necessar i l y segregated  to  guarantee  the  fu l l  inact ivat ion  of  each  gene.  The  

effec t  of  the  gene dis rupt ion  on  chlorophyl l  f luorescence  k inet ics  could  be  

quant i ta t ively anal yzed  based  on  the  squared  devia t ion  f rom the  k inet ics  of  the  

wild - type ce l l s  (Ozaki  and  Sonoike  2009) .  Among the  500 d is ruptants  analyzed  

in  the  previous  work ,  as  wel l  as  among 750 dis ruptants  analyzed  in  th e  updated 

database  (Fluorome ver.  2 .01  updated  on  October  28 ,  2011) ,  the  most  prominent  

di fference  was  observed  in  the  d i s ruptant  of  the  ndhF1  gene .  NdhF1 i s  a  subuni t  

of  NDH-1L complexes  serv ing for  r esp i ra tory e lec t ron  t rans fer  (Schluchter  e t  a l .  

1993;  Bat tch ikova and Aro  2007) .  It  was ra ther  unexpected  that  the  d i s rupt ion  

of  a  gene involv ing resp i ra t ion  showed the  most  prominent  phenotype,  

consider ing that  many genes  involved  in  photosynthes i s  were  a l so included in  

the  Fluorome database .  It  could  be  assu med that  the  expl ic i t  phenotype of  the  

ndhF1  d i s ruptant  would  be  due to  the  speci f ic  in teract ion  between resp i ra t ion  

and  photosynthes i s .  

 In  thi s  chapter,  I  revealed th e  mechanism by which  the genes involved  in  

resp i ra t ion  could  affec t  ch lorophyl l  f luorescence  to  the  greates t  degree .  

Fur thermore ,  the  present  s tudy showed that  the  mi sevaluat ion  of  photosynthes i s  

could  be  caused  by modi f ied  ch lorophyl l  f luorescence ,  a l though chlorophyl l  

f luorescence  i s  widely used  for  the  es t imat ion  of  the  eff ic iency and  act iv i ty of  

photosynthes is .  I  found that  the  defect  in  resp i ra t ion  induced  a  large  

modi f ica t ion  in  ch lorophyl l  f luorescence  spect ra  through the  s ta te  t ransi t ion ,  

the  mechanism of  energy red is t r ibut ion  between two photosys tems  (Fig. 5 ) ,  as  

l everage.  The  es t imat ion of  the  photosynthet ic  ra te of  cyanobacter ia  by 

chlorophyl l  f luorescence  measurements  requi res  carefu l  evaluat ion  when the 
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redox  s ta te  of  the  PQ pool  is  modi f ied  by the  defect  in  respi ra t ion .  

 

 

Fig. 5  A scheme o f  s ta te  t ransi t ion ,  which  i s  the  mechanism regula t ing 

dis t r ibut ion  of  exci ta t ion  energy between Photosys tem II  (PSII)  and  

Photosys tem I  (PSI) ,  in  cyanobacter ia .  Movement  of  phycobi l isome,  the  

l igh t -harves t ing an tenna,  between PSII  and  PSI i s  invo lved  in  s ta te  

t ransi t ion ,  which  i s  regula ted  by the  redox s ta te  of  p lastoquinone (PQ) in  

cyanobacter ia  (Mul l ineaux  and  Al len  1986;  Mul l ineaux  e t  a l .  1997) .  

When PSI i s  predominant ly  exci ted  and  the PQ pool  i s  ox idized,  

phycobi l i some b inds  to  PSII  and  d is t r ibutes  exci ta t ion  energy to  PSII ,  

resu l t ing in  h igh  yi e ld  of  chlorophyl l  f luorescence ,  s ince  most  of  

ch lorophyl l  f luorescence  i s  emit ted  f rom chlorophyl l s  of  PSII  a t  room 

temperature  (Krause  and  Weis  1984;  Krause  and  Weis  1991) .  On the  other  

hand,  when PSII  i s  more  exci t ed  and  the  PQ pool  i s  reduced ,  

phycobi l i some migra tes  to  PSI and  dis t r ibutes  more  energy to  PSI,  

resu l t ing in  low yie ld  of  ch lorophyl l  f luorescence .  

Results 

The dis rupt ion  of  ndhF1  gene  in  the  ce l l s  of  Synechocys t i s  sp .  PCC 6803 

induced  a  dras t ic  change  in  the  chlorophyl l  f luorescence  k inet ics  upon 

i l luminat ion .  The re lat ive  height  of  the  f luorescence  peak  a t  around 0 .4  s  af ter  

the  onset  of  ac t in ic  l igh t  i l luminat ion observed  in  the  ndhF1  d i s ruptant  i s  far  

higher  than  that  of  any o ther  d i s ruptants  (Fluorome:  The Cyanobacter ia l  

Chlorophyl l  Fluorescence  Database ,  see  a l so  Fig. I -9  and  compare  red  l ines  
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with  black  l ines )  when f luorescence  kinet ics  are  searched  in  Fluorom e,  the  

cyanobacter ia l  ch lorophyl l  f luorescence  database .  The re la t ive  c hange f rom Fo 

( ini t i al  f luorescence  level )  to  Fp  (peak  f luorescence  level ) ,  i . e .  ( Fp-Fo) /Fp ,  i s  

presumably supposed to  ref lec t  photosynthet ic  eff ic iency s imi lar ly to  the  case  

of  Fv/Fm calcula ted  as  (Fm -Fo) /Fm.  Thus ,  the  large  (Fp -Fo) /Fp  in  the  ndhF1  

d i s ruptant  might  indicate  a  h igher  photosynthet ic  eff ic iency in  the ndhF1  

d i s ruptant  t han  in  the  wild - type ce l l s ,  which i s  ra ther  surpr i s ing.  

 

Table I-1  Photosynthet ic  parameters  determined by chlorophyl l  

f luorescence  measu rements  of  ce l l s  of  the  wild - type and  the  ndhF1  

d i s ruptant  under  the  growth  l ight  condi t ion  (50  μmol  m - 2  s - 1 ) .  

Condition Parameter  
Wild-type 

cells  
ΔndhF1  

Dark,  

Light /DCMU 
Fv/Fm* 0 .510 ±  0.033  0 .616 ±  0.009  

    Dark  accl imated  Φ P S I I  0 .391  ±  0.042  0 .551 ±  0.013  

 
Φ N P Q  0 .119  ±  0.015  0 .066 ±  0.005  

 
Φ f , D  0 .490  ±  0.033  0 .384 ±  0.009  

    Light  accl imated  Φ P S I I  0 .406  ±  0.042  0 .519 ±  0.009  

(growth  l ight )  Φ N P Q  0 .107  ±  0.019  0 .061 ±  0.005  

 
Φ f ,  D  0 .487  ±  0.024  0 .420 ±  0.005  

 
qP  0 .879 ±  0.021  0 .890 ±  0.006  

 
Fv ' /Fm '  0 .402 ±  0.053  0 .560 ±  0.013  

 
qN 0 .259 ±  0.031  0 .173 ±  0.010  

*Fm was  determined  under  i l luminat ion  in  the  presence  of  DCMU.  

 

 

The photosynthet ic  parameter,  Fv/Fm,  was  ac tual ly h igher  in  the  ndhF1  

d i s ruptant  than  in  the  wi ld - t ype  ce l l s .  Φ P S I I ,  the  effec t ive  quantum yie ld  of  

e lec t ron  t ranspor t ,  was  a l so  h igher  in  the  ndhF1  d i s ruptant  under  the  growth 

l igh t  condi t ion  (50  μmol  m - 2  s - 1 )  (Table I -1 ) .  The increase  in  quantum yie ld  in  

the  ndhF1  d is ruptant  was  al so  observed under  other  l igh t  condi t ion s than the 

growth  l ight  condi t ion .  With  increas ing ac t in ic  photon  f lux  dens i t ies  (PFD) ,  

Φ P S I I  decreased  both in  the  wi ld - type ce l l s  and in  the  ndhF1  d i s ruptant  due  to  
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the  c losure  of  Photosys tem II  (PSII)  r eact ion center  (Fig. I -1 ) .  The ndhF1  

d i s ruptant  a lways  showed higher  photosynthet ic  eff ic iency than  the  wild - type  

ce l l s ,  wi th  a smal ler  d i fference  under h igher  ac t inic  l igh t  ( Fig. I -1 ) .  In  o ther  

words ,  the  ndhF1  d i s ruptant  showed higher  photosynthesi s  judging f rom the  

f luorescence  measurements .  

 

 

Fig. I -1  Act inic  l igh t  dependence  

of Φ P S I I ,  a  ch lorophyl l  f luorescence  

parameter  indicat ing the  effec t ive  

quantum yie ld  of  e lec t ron  

t ranspor t .  Cel l s  were  grown a t  30 o C 

and bubbled  wi th  a i r  under  

cont inuous  i l luminat ion  a t  50  μmol  

m - 2  s - 1  for  24  h .  Black  c i rc les ,  the  

wild - type ce l l s ;  red t r iangles ,  the  

ndhF1  d is ruptant .  Ver t ica l  bars  

indicate  the  SD (n=3) .  

 

The photosynthet ic  ox ygen -evolv ing  ra te  determined  by ox ygen  

e lec t rode,  however,  indicates  tha t  the  photosynthet ic  ac t ivi ty i s  h igher  in  the  

wild - type ce l l s  than  in  the  ndhF1  d i s ruptant  i r resp ect ive  of  the  PFD of  the  

ac t inic  l igh t  (Fig. I -2A ) .  The ra te  of  ox ygen evolu t ion  under  sa tura ted  l ight  

condi t ions  in  the  ndhF1  d i s ruptant  was  about  hal f  of  tha t  in  the  wi ld -type ce l l s  

as  wel l  as  under  l igh t - l imi t ing condi t ions .  The resul t s  of  the  photosynthet ic  

ox ygen-evolv ing ra te  sugges t  that  the  ndhF1  gene  d is rupt ion  induces  a  decrease  

in  photosynthet ic  ac t iv i ty ra ther  than  an  increase .  The re la t ive  ra te  of  e lec t ron  

t ranspor t  ( rETR) was  es t imated  f rom chlorophyl l  f luorescence  measurements  

and  compared  wi th  the  ra t e  of  ox ygen evolu t ion  (Fig. I -2B ) .  The rETR could 

be  ca lcu la ted  as  the  product  of  Φ P S I I  and  PFD of  the  ac t in ic  l igh t .  Act in ic  l igh t  

dependence of  ox ygen evolu t ion  (Fig. I -2B ,  f i l l ed  ci rc les )  and  that  of  rETR 

(open c i rc les )  was  s imilar  in  the  wi ld - type ce l l s .  In  the  ndhF1  d i s ruptant ,  

however,  the  ra te  of  ox ygen evolu t ion  was cons iderably lower  than the  

corresponding rETR (Fig. I -2B ,  red  t r iangl es ) .  The ox ygen -evolv ing act iv i ty  

is  shown on  a  ch lorophyl l  bas i s  in  Fig. I -2 ,  but  the  s i tua t ion  i s  the  same i f  the  
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ac t ivi ty i s  shown on  an  opt ica l  dens i ty  (OD) bas i s  ( Fig. I -3 ) .  To  exclude the 

poss ibi l i t y of  secondary mutat ion  in  the  or iginal  ndhF1  d i s ruptant ,  I  de termined  

the  ox ygen evo lu t ion  of  another  dele t ion  mutant  of  ndhF1  made by Ohkawa e t  a l .  

(2000) .  The resu l t s  are  bas ica l ly the  same:  lower  ox ygen evolut ion  than  the  

wild - type ce l l s  (Fig. I -4A )  and a  h igher  rETR than the  wild - type ce l l s  (Fig. 

I -4B ) .  The apparent  increase  of  the  Fv /Fm,  Φ P S I I  o r  rETR in  the  ndhF1  

d i s ruptant  (Table I -1 ,  Figs. I -1 and 2B )  could  not  be  s imply due to  the  

increase  in  photosynthes i s .  

 

 

Fig. I -2  Light  curve  of  photosynthes is  es t imated by ox ygen evolut ion or  

ch lorophyl l  f luo rescence .  (A )  The ra te  of  photosynthes i s  determined  by 

the  ox ygen evolut ion  ra te  with  an oxygen e lec t rode.  Black  ci rc les ,  the  

wild- type ce l l s ;  red  t r iangles ,  the  ndhF1  d i s ruptant .  Ver t ica l  bars  

indicate  the  SD (n=3) .  (B )  Compar i son  of  the  ra te  of  photosynthes is  

determined  by an  ox ygen e lec t rode ( f i l l ed  symbols )  and chlorophyl l  

f luorescence  (open  symbols ) .  The rETR was  ca lcu lated  as  

rETR=PAR×Φ P S I I .  Black  c i rc les ,  the  wild - type ce l l s ;  red  t r iangles ,  the  

ndhF1  d is ruptant .  Ver t ica l  bars  indicate  the  SD (n=3) .  
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Fig. I -3  The ra tes  of  

photosynthes is  of  the  wi ld - type  

ce l l s  (b lack  c i rc les )  and  the  ndhF1  

d i s ruptant  ( red  t r iangles )  

ca lcu la ted on  OD bas i s .  Other  

exper imenta l  condi t ions  are  the  

same as  Fig. I -2A .  

 

 

Fig. I -4  The ra tes  of  photosynthes i s  es t imated by ox ygen evolu t ion ( A )  

or  by chlorophyl l  f luorescence  (B )  of  the  wi ld - type ce l l s  (black  c i rc les )  

of  the  di s ruptant  of  the  ndhF1  gene  wi th  erythromycin  res i s tan t  car t r idge  

(p ink  t r iangles ) .  O ther  exper imenta l  condi t io ns  are  the same as  Fig. 

I=2 .  

 

 To  c lar i fy the  cause  of  the  apparent  in crease  of  Φ P S I I  in  the  ndhF1  

d i s ruptant ,  the  energy d is t r ibut ion  to  photosynthes i s  ( Φ P S I I) ,  to  regula ted 

energy d iss ipat ion ( Φ N P Q )  or  to  non-regula ted  energy d is t r ibut ion  ( Φ f , D )  was  

examined  by chlorophyl l  f luorescence  measurement  (Fig. I -5 ) .  The sum of  

Φ P S I I ,  Φ N P Q  and Φ f , D  i s  uni ty,  so  that  i t  i s  pos s ible  to  es t imate the  energy 
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di s t r ibut ion  between photosynthes i s  and d iss ipat ion as  heat  of  f luorescence  

(Hendr ickson e t  a l .  2004) .  The apparent  increase  of  Φ P S I I  in  the ndhF1  

d i s ruptant  was  accompanied  by the  decrease  of  Φ N P Q  and  Φ f , D  (Fig. I -5B ,  

Table I -1 ) ,  sugges t ing that  the  decrease  of  the  energy d iss ipat ion  would  be  the  

cause  of  the apparent  increase  of  Φ P S I I .  Genera l ly speaking,  the  amount  of  

phycobi l i some or  Photosys tem I (PSI)  re la t ive  to  PSII  wou ld  affec t  the  level  of  

Φ f , D ,  no t  tha t  of  Φ N P Q ,  s ince  the  yi e ld  of  f luorescence  f rom phycobi l i some or  

f rom PSI i s  not  usual ly regula ted  in  respons e  to  envi ronmenta l  condi t ions .  

Al though the  cont r ibut ion  of  these  fac tors  i s  re la t ively smal l  in  the  case  of  l and 

plants ,  i t  could  not  be  ignored  in  the  case  of  cyanobacter ia  tha t  conta in  h igh  

amounts  of  phycobi l ipro te in  with  a h igh PSI/PSII  ra t io  (Campbel l  et  a l .  1996) .  

As for  phycobi l i some content ,  however,  there  seems to  be  only a  smal l  

di fference  between  the  wild - type ce l l s  and  the  ndhF1  d is ruptant .  When 

absorpt ion spect ra  of  in tac t  ce l l s  were  determined ,  the  height  of  the  peak  a t  

around 620 nm due to  phycocyanin  absorbance re la t ive  to  that  around 675 nm 

due to  ch lorophyl l  absorbance showed <10% di ffer ence  between the  two s t ra ins  

(Fig. I -6 ) .  

 

 

Fig. I -5  The energy d is t r ibut ion  to  photosynthes is  ( Φ P S I I ;  g reen) ,  to  

regula ted  energy d iss ipat ion  ( Φ N P Q ;  pa le  yel low)  or  to  non -reguated  

energy d iss ipat i on  (Φ f , D ;  b lue) .  (A )  The wi ld - type ce l l s .  (B )  The ndhF1  

d i s ruptant .  
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Fig. I -6  Absorpt ion  spect ra  of  

in tac t  ce l ls  ad jus t  to  OD 7 5 0 =0.2  in  

growth  medium.  Black  so l id  l ine ,  

the  wi ld - type ce l l s ;  red  broken l ine ,  

the  ndhF1  d i s ruptan t .  

 

 Photosys tem s toich iomet ry (PSI/PSII  r a t io)  could be  determined  by low 

temperatu re  ch lorophyl l  f luorescence  spect ra  wi th  chlorop hyl l  exci tat ion ,  s ince  

the  effec t  of  s ta te  t r ansi t ion ,  regula ted  by mobile  phycobi l i somes  between PSII  

and  PSI (Mul l ineaux e t  a l .  1997 ;  see  Fig. 5 ) ,  i s  l imited  under  ch lorophyl l  

exci tat ion .  The height  of  the  PSII  f luorescence  peak  a t  around 695 nm re la t ive 

to  the  PSI peak  a t  around 725 nm was  s l ight ly d i fferen t  depending on  the  

condi t ion  of  the  ce l ls ,  e .  g .  da rk -accl imated  or  l igh t -accl imated,  but  the  ac tual  

PSI/PSII  ra t io  seems to  be  more  or  l ess  s imilar  between t he  wild - type ce l l s  (Fig. 

I -7A )  and  the  ndhF1  d i s ruptant  (Fig. I -7B ) .  

 However,  the  low temperature  ch lorophyl l  f luorescence  spect ra  showed a  

large  d i fference  depending on  the  condi t ion  of  the  ce l ls  upon phycobi l i some 

exci tat ion ,  under  which  s ta te  t rans i t ion  could  be  more  c lea r ly observed .  When 

the  spect ra  were  de termined  in the  ce l ls  i l luminated  in  the  presence  of  3 - (3 ,  

4 -dichlorophenyl ) -1 ,  1 -d imethylurea  (DCMU) ,  which  i s  the  inhib i tor  of  

e lec t ron  t rans fer  f rom Q A  to  QB  ( see  Fig. 1  in  General Introduction )  and  

oxid izes  the  PQ pool  in  the  l igh t ,  the  re la t ive  height  of  the  PSII  f luorescence  

peak  to  that  of  the  PSI f luorescence  peak  i s  high  (Fig. I -8A ,  red  so l id  l ine) ,  

sugges t ing that  the  ce l l s  are  in  S ta te  1  ( refer  to  Fig. 5 )  due  to  the  oxidat ion  of  

the  PQ pool .  Upon dark  accl imat ion of  the  wild - type ce l l s ,  the re la t ive PSII  

f luorescence  decreased  e i ther  in  the  absence  or  in  the  presence  of  KCN ( Fig. 

I -8A ,  b lack  broken l ine  and  b lack  sol id  l ine ,  respect ively) ,  sugges t ing  the  

induct ion  of  S tate  2  through  the reduct ion of  the  PQ pool  by NDH -1 complexes .  
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The re la t ive  PSII  f l uorescence  of  l igh t -accl imated  ce l ls  i s  in  between the  two 

(Fig. I -8A ,  red  broken l ine) .  The low temperature  f luorescence  spect ra  of  

dark-accl imated  ce l ls  of  the  ndhF1  d i s ruptant  in  the  absence  of  KCN (Fig. 

I -8B ,  b lack  broken l ine)  showed a  much h igher  PSII peak  than  that  of  the  

dark-accl imated ce l ls  in  the presence  of  KCN ( Fig. I -8B ,  b lack  so l id  l ine)  and  

was  s imi lar  to  that  of  the i l luminated  ce l l s  in  the  presence  of  DCMU (Fig. 

I -8B ,  red  so l id  l ine) .  Thus,  the  dark  accl imat ion  does  not  l ead  to  the  reduct ion  

of  the  PQ pool  in  the  ndhF1  d i s ruptant .  The resu l ts  c lear ly showed that  the yie ld  

of  PSII  f luorescence  could be  affec t ed  by the  change  in  the  ac t iv i ty o f  

resp i ra t ion through s ta te  t ransi t ion .  Fur thermore ,  the  l igh t -accl imated  ce l ls  of  

the  ndhF1  d i s ruptant  a l so  showed a lmost  s imilar  f luorescence  spect ra  to  those  

of  dark -accl imated  ce l l s ,  which  cont ras ts  wi th  the  case  of  the  wi ld - type ce l l s .  

The resul t s  sugges t  tha t  the  absence  of  NDH-1L could  affec t  not  only the  redox 

condi t ion  of  the  PQ pool  in  the  dark  but  a l so  that  in  the  l igh t .  The change in  the  

redox  condi t ion  of  the  PQ pool  must  be  the  cause  of  the  apparent  h igh  Φ P S I I  in  

the  ndhF1  d i s ruptant  (Fig. I -1 )  as  wel l  as  the large  Kaut sky induct ion  of  the 

ndhF1  d i s ruptant .  The assumpt ion was suppor ted  by the  fac t  tha t  the large  

induct ion  of  chlorophyl l  f luorescence  in  the  ndhF1  d i s ruptant  (Fig. I -9 ,  red 

l ines)  was effec t ively suppressed  by the  addi t ion of  KCN ( Fig. I -9 ,  ye l low 

l ines) ,  whi le  the  f luorescence  k inet ics  of  the  wi ld - type ce l ls  were  not  affec ted  

so much by the  addi t ion  of  KCN (Fig. I -9 ,  b lack  and  b lue  l ines) .  Al though the  

apparent  h igher  sensi t ivi ty of  the  ndhF1  d is ruptant  to  KCN could be  induced  by 

some change in  the  terminal  ox idase ,  the  target  of  KCN inhib i t ion ,  i t  would  be  

s implest  to  assume a  more  d i rec t  effec t  of  the  NDH -1L func t ion  on  the  PQ pool .  
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Fig. I -7  77 K chlorophyl l  f luorescence  emiss ion  spect ra  with  

ch lorophyl l  exci ta t ion  a t  43 5  nm in  the  wild - type ce l l s  (A )  and  the  ndhF1  

d i s ruptant  ce l l s  (B ) .  Black  so l id  l ine ,  dark -accl imated  ce l ls  in  the  

presence  of  0 .2  mM KCN;  b lack  broken l ine ,  dark -accl imated  ce l l s  

wi thout  any addi t ion;  red  broken l ine ,  growth  l ight -accl imated  ce l l s ;  and  

red  so l id  l ine ,  i l luminated  ce l l s  in  the  presence  of  10  μM DCMU. Each  

f luorescence  spect rum was  normalized  a t  the  PSI f luorescence  peak  a t  

around 725 nm.  The height  of  the PSII  f luorescence  peak  a t  around 695 

nm re la t ive  to  the  PSI peak  a t  around 725 nm  ref lec t s  photosys tem 

sto ich iomet ry (PSI/PSII  r a t io) .  The average of  spec t ra  of  three  

independent  cu l tures  i s  presented .  

 

 

650 700 750
0

0.5

1

Wavelength (nm)

R
e
la

ti
v
e
 F

lu
o
re

s
c
e
n
c
e
 I

n
te

n
s
it
y A

650 700 750
0

0.5

1

Wavelength (nm)
R

e
la

ti
v
e
 F

lu
o
re

s
c
e
n
c
e
 I

n
te

n
s
it
y B



Chapter I 

20 

 

 

Fig. I -8  77  K Chlorophyl l  f luo rescence  emiss ion  spect ra  wi th  

phycocyanin  exci ta t ion  a t  625  nm in  the  wi ld - type ce l l s  (A )  and  the  

ndhF1  d i s ruptant  ce l l s  (B ) .  Black  so l id  l ine ,  dark -accl imated  ce l l s  in  the  

presence  of  0 .2  mM KCN;  b lack  broken l ine ,  dark -accl imated  ce l l s  

wi thout  any addi t ion;  red  broken l ine ,  growth  l ight -accl imated  ce l l s ;  and  

red  so l id  l ine ,  i l luminated  ce l l s  in  the  presence  of  10  μM DCMU. Eac h  

f luorescence  spect rum was  normalized  a t  the  PSI f luorescence  peak  a t  

around 725 nm.  The height  of  the PSII  f luorescence  peak  a t  around 695 

nm (FP S I I)  re la t ive  to  the  PSI peak  a t  around 725 nm  (FP S I)  ref lec t s  energy 

dis t r ibut ion  to  PSII  tha t  depends  on  s ta te  t rans i t ion  regula ted  by the  

redox  s ta te  of  the  PQ pool .  In  o ther  words ,  h igh  F P S I I /FP S I  ra t io  indicates  

the  ox idat ion  of  the  PQ pool ,  whi le  low F P S I I /FP S I  r a t io  indicates  the 

reduct ion  of  the  PQ pool .  The average of  spect ra  of  three  independent  

cu l tures  i s  presented .  
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Fig. I -9  Chlorophyl l  f luorescence  

kinet ics  (so ca l led  Kautsky curve)  

of  the  wi ld - type  ce l ls  and  the  

ndhF1  d i s ruptant  in  the  presence  or  

absence  of  KCN.  Black  l ines ,  the  

wild - type ce l l s ;  b lue  l ines ,  the  

wild - type ce l l s  in  the  presence  of  

KCN;  red  l ines ,  the  ndhF1  

d i s ruptant ;  ye l low l ines ,  the  ndhF1  

d i s ruptant  in  the  presence  of  KCN.  

Cel l s  were  dark  accl imated  for  15  

min  pr ior  to  the  measurem ent .  

Fluorescence  k inet ics  of  f ive  

cyanobacter ia l  pa t ches  of  each  

condi t ion  are  presented  a s  f ive  

l ines .  The f luorescence  in tensi ty  

was  normal ized  a t  the  onset  of  

ac t inic  i l luminat ion .  

Discussion 

Respiration affects chlorophyll f luorescence through state 

transition 

 The resul t s  presented  here  c lear ly show that  the  defect  in  respi ra t ion  

could  induce a  very b ig change in  the  induct ion k inet ics  of  chlorophyl l  

f luorescence  through the  redox  s ta te  of  the  PQ pool .  The  interact ion  between 

photosynthes is  and  respi ra t ion  i t se l f  i s  no t  surpr i s ing ,  s ince  the  PQ pool  is  

shared  by photosyn thes i s  and  respi ra t ion  in  cyanobacter i a  (Aoki  and Katoh  

1982;  Peschek and  Schmet terer  1982) .  However,  the  very large  effec t  of  

di s rupt ion of  the  ndhF1  gene  on chlorophyl l  f luorescence  i s  unexpected .  

Actual ly,  the  effec t  of  di s rupt ion  of  the  ndhF1  gene  on  the  ch lorophyl l  

f luorescence  induc t ion  kinet ics  i s  the  larges t  among the  750 d is ruptants  

analyzed  in  the  Fluorome ( the  cyanobacter ia l  ch lorophyl l  f luorescence  

database) .  It  i s  wor th  not ing  that  the  second larges t  change  in  the  f luorescence  
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kinet ics  i s  induced  by the  d i s rupt ion  of  the  ndhD1  gene ,  when the  s imi lar i t y o f  

the  k inet ics  in  the Fluorome i s  analyzed  by the  ‘der ivat ive  compar i son ’ (Ozaki  

and  Sonoike  2009) .  Both  NdhF1 and NdhD1 were  repor ted  to  form an  NDH -1L 

complex  involved  in  respi ra tory e lec t ron  t ransfer  (Bat tch ikova and Aro  2007;  

Ohkawa e t  a l .  2000;  Bat tch ikova e t  a l .  2011) .  Al though the  ex tent  of  the  change  

in  the  f luorescence  k inet ics  in  the  Fluorome could  not  be  d i rec t ly compa red  

with  d i fferent  d i s ruptants  due  to  poss ib le  d i fferences  in  segregat ion ,  the  effec t  

of  the  di s rupt ion  of  ndh  genes  seems to  be ra ther  pecul iar.  The defects  in  

resp i ra tory e lec t ron  t ransfer  have an  obviously great  impact  on  chlorophyl l  

f luorescence  in  cya nobacter ia ,  a l though the  respi ra tory ra t e  i s  usual ly about  one  

order  smal ler  than  the  maximum photosynthes is  ra t e .  The chlorophyl l  

f luorescence  measurements  would  a lso  be  usefu l  not  only for  the analys i s  of  

photosynthes is  but  a lso  for  tha t  of  respi ra t ion ,  a t  l eas t  in  the  case  of  

cyanobacter ia .  

 The s t r ik ing change in  the  ch lorophyl l  f luorescence  observed  on  

dis rupt ion  of  the  ndh  genes  (Fluorome,  see  a l so Fig. I -9 )  seems to  be  induced 

by the  change  in  s ta te  t ransi t ion  (Figs. I -7 and 8 ) .  It  was  shown that  the  main  

component  o f  non-photochemical  quenching (NPQ) in  cyanobacter ia  was  not  

energy-dependent  quenching but  s tate  t ransi t ion  ( Campbel l  and  Öquis t  1996) .  

Under  Sta te  2  cond i t ions ,  the  energy f low to  PSI,  which  has  a  low yie ld  of  

f luorescence  wi th  negl igib l e  var iab le  f l uorescence ,  should  resu l t  in  h igher  NPQ 

as  wel l  as  a  lower  Φ P S I I .  S ince  the  s ta te  t ransi t ion  is  regula ted  by the  redox  s ta te  

of  the  PQ pool  (Mul l ineaux  and  Al len  1986) ,  resp i ra tory e lec t ron  t ransfer  

should  affec t  the  s ta te  t rans i t ion .  The inac t ivat ion  of  NDH-1complexes  

involving e lec t ron  t ransfer  f rom NAD(P)H to  PQ would  resul t  in  the  oxidat ion  

of  the  PQ pool ,  l eading to  the  t ransi t ion  to  Sta te  1 ,  where  the  yie ld  of  

ch lorophyl l  f luorescence  i s  h igh .  Energy a l locat ion  to  PSII  induced  in  Sta te  1  

should  cause  the  increase  in  Fv,  l eading to  the  apparent  increase  of  Fv/Fm as  

wel l  as  tha t  of  Φ P S I I .  Al though the  ndhF  d i s ruptant  i s  locked  in  S ta te  1 ,  the  

mechanism of  the  s ta te  t rans i t ion  i s  not  per turbed ,  s ince  the  d is ruptant  could  be  

brought  in  S ta te 2  by the  addi t ion  of  KCN. The mutant  M55,  which  lacks the  

funct ional  ndhB  gene  v i tal  for  the  assembly of  NDH -1 complexes  (Zhang e t  a l .  

2004) ,  was a l so reported  to  be locked  in Sta te  1 even  af ter  dark  accl imat ion  

(Schreiber  e t  al .  1995) .  Apparent ly,  respi ra t ion ,  though i ts  ra te  i s  far  lower  than  

that  of  photosynthesi s ,  could affec t  ch lorophyl l  f luorescence  us ing the  s ta te  
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t ransi t ion  as  leverage.  

Validity of  the chlorophyll f luorescence parameter  

 Chlorophyl l  f luorescence  i s  widely used  for  the  assessment  of  

photosynthes is .  The f luorescence  parameter,  Fv/Fm,  is  a  measure  of  the  

maximum quantum yie ld  of  PSII  (Ki ta j ima and But l er  1975) ,  whi le the  ETR is  a  

measure  of  the  ra te  of  photosynthet ic  e lec t ron  t ransfer  (Genty e t  a l .  1989) .  

These  parameters  were ,  however,  developed mainly for  l and  p lants ,  and  caut ion 

is  necessary for  the i r  appl ica t ion  to  a lgae  and  cyanobacter ia .  For  example ,  

f luorescence  could  not  be  a t tained  to  the  maximum level  by the  appl ica t ion  of  a  

sa tura t ing pulse  to  dark  accl imated  cyanobacter ia l  ce l l s  ( see  Fig. 3  in  

General Introduction ) ,  s ince  dark  accl imat ion induce the  reduct ion of  the  

PQ pool  ins tead  of  the  ox i dat ion  of  i t  in  cyanobacter ia  (Schreiber  e t  a l .  1995;  

Campbel l  and  Öquis t  1996;  Sonoike  e t  a l .  2001) .  The addi t ion  of  DCMU in  the  

presence  of  l igh t  to  oxid ize  PQ pool  is  necessar y to  obta in  a  t rue  Fm level .  

Fv/Fm presented  in  Table I -1  in  thi s  s tudy was  de termined using such  

procedure .  It  was  a l so  shown that  the  development  of  NPQ is  very rap id  in  a lgae  

and  cyanobacter ia ,  r esul t ing in  the  requi rement  for  specia l  care  to  determine the  

maximum f luorescence  yie ld  (Schreiber  e t  al .  1995) .  

 On the  o ther  hand,  pa r t icular  a t ten t ion  has  not  been  paid  to  the  use  of  

ETR and Φ P S I I  as  indicators  of  the  rate  and yie ld  of  photosynthes i s  in  

cyanobacter ia .  I t  i s  ev ident ,  howev er,  tha t  the  ETR or  Φ P S I I  i s  no t  re l iable  to  

es t imate  photosynthes is  in  cyanobacter ia .  The ndhF1  d is ruptant  showed lower  

ox ygen-evolv ing ac t iv i ty wi th  higher  level  of  Φ P S I I  o r  rETR compared  wi th  the  

wild - type ce l l s  (Figs. I -1 and 2 ) .  A par t  of  the  di screpancy could be  ascr ibed 

to  the  ox ygen consumption  react ion  such  as  the  Mehler  react ion in  the  

di s ruptant .  The photosynthet ic  ox ygen evolut ion concomi tant  with  ox ygen 

consumption  should  resu l t  in  the  apparent  low photosynthet ic  ac t iv i ty.  

Al though the  precise  nature  of  the ox ygen consumpt ion react ion  is  unknown,  

e lec t ron  t ransfer  to  molecular  ox ygen a t  t he  reducing s ide  of  PSI would  be  a 

poss ible  candidate .  Speci f ic  f lavoprote ins  are  repor ted  to  be  involved  in  the  

Mehler  react ion of  Synechocys t i s  sp .  PCC 6803 (Helman e t  a l .  2003) .  A 

heterodimer  of  the  two f lavoprote ins ,  Flv1  and  Flv3 ,  funct ions  in  the  

"Mehler- l ike"  react ion  leading  to  the  suppression  of  photorespi ra t ion  under  low 

inorganic  carbon condi t ions  (Allahverd iyeva e t  a l .  2013 ;  Fig. 6 ) .  It  would  be  
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wor th  to  examine the  express ion  of  these  f lavoprote ins  in  the  ndhF1  d i s ruptant .  

Respi ra t ion  a l so consumes  ox ygen,  but  the  ra te  of  respi ra t ion  is  low in  the  

mutant ,  a t  l east  in  the  dark  ( 30.8±15.7  μmol  e lec t ron  mgChl - 1  h - 1 ,  compared  to  

the  value  of  111 ±  9  μmol  e lec t ro  mgChl - 1  h - 1  in  the  wi ld - type ce l ls ) .  

 

 

Fig. 6  Scheme of  the  elec t ron  t ranspor t  chain involved  in  O 2  evolu t ion 

or  O 2  consumpt ion .  Flv1/3 ,  f lavodi i ron  pro teins  funct ioning in  

"Mehler- l ike"  react ion .  See  Fig. 4  in  General Introduction  for  the 

other  abbrevia t ions .  

 

 While  enhanced  oxygen consumption  could  expla in the cause  of  the  

lower  ox ygen -evolv ing act ivi ty,  i t  could  not  ful ly expla in  the  h igher  rETR 

determined by chlorophyl l  f luorescence  measurements .  Al though increased  

e lec t ron  f low to  ox ygen may resu l t  in  an  increase  in  rETR under  l igh t -sa tura t ing 

condi t ions ,  the  d i fference  in  Φ P S I I  be tween the  wi ld - type  ce l l s  and  the  ndhF1  

d i s ruptant  i s  more  evident  in  the  l igh t - l imi t ing condi t ion  (Fig. I -2 ) ,  sugges t ing  

that  some o ther  fac tor  is  involved .  The increased  rETR in  th e  ndhF1  d is ruptant  

could  be  ascr ibed  in  par t  to  the  decreased  level  of  NPQ in  the  ndhF1  d is ruptant ,  

as  di scussed  above.  The PQ pool  i s  more  ox idized  in  the  ndhF1  d i s ruptant  than  

in  the  wild - type ce l l s  under  the  growth  l ight  as  wel l  as  in  the  dark  ( Fig. I -8B ) ,  

and  that  could  be  the  cause  of  the  increased  rETR in  the  ndhF1  d i s ruptant .  A 

s imilar  d i screpancy between ox ygen -evolv ing act iv i ty and  the  ch lorophyl l  

f luorescence  measurements  was repor ted for  a  desiccat ion - tolerant  
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cyanobacter ium under  s t ress  condi t ions (Oha d e t  a l .  2010) ,  a l though the  

mechanism would be  to ta l ly d i fferent  f rom the case  of  the  ndhF1  d is ruptant .  

The main  componen t  of  NPQ was  shown to  be  s ta te  t rans i t i on  in  cyanobacter i a  

(Campbel l  and  Öquis t  1996) ,  so  tha t  one  must  be  caut ious in  us ing the 

ch lorophyl l  f luorescence  parameter  t o  es t imate  photosynthes i s  in  mutants  

defect ive  in  s ta te  t ransi t ion ,  such  as  the  d is ruptants  of  ndh  genes  examined in  

th i s  work .  In  the  case  of  resp i ra tory mutants ,  the  addi t ion  of  KCN or  

i l luminat ion  wi th b lue  l igh t ,  which  predominant ly exci tes  PSI in  cyanobacter ia  

(d iscussed  in  Chapter III ) ,  would  be  one of  the  ways  to  solve  the  problem,  as  

shown in  Figs. I -8 and 9 .  

Materials and Methods 

Strains and growth conditions  

 The ndhF1  d i s ruptant ,  which  was  or iginal ly used  for  the  co l lec t ion  of  the  

f luorescence  k inet ics  in  Fluorome,  had  been  const ructed  by t ransposon 

mutagenes is  of  Synechocys t i s  sp .  PCC 6803 (Ozaki  et  a l .  2007) .  The t ransposon,  

which confers  ch loramphenicol  res i s tance  o n  cyanobacter ia ,  was inser ted  a t  

pos i t ion  2 ,857,968 in  the  genome according to  the  number ing in  Cyanobase  

(h t tp : / /genome.microbedb. jp /cyanobase / ) ,  which is  91  nucleot ides  downst ream 

of  the  in i t i a l  ATG of  the  coding region of  the  ndhF1  gene .  To exclude the  

poss ibi l i t y of  a  second mutat ion in  the  d is ruptant ,  another  ndhF1  d is ruptant  (No.  

5-20) ,  a  k ind  gi f t  f rom professor  Ogawa,  was  used .  To cons t ruct  th i s  di s ruptant ,  

an  erythromycin  resi s tance  casse t te  was  inser ted  in to  the  Stu I s i te  (530 bases  

downst ream of  the  ini t i a l  ATG) of  the  ndhF1  gene .  The wi ld - type ce l l s  and  the  

di s ruptant  were  grown a t  30 o C in  BG11 medium (Al len  1968) ,  buffered  wi th  20  

mM TES-KOH (pH 8 .0)  and  bubbled  wi th  a i r  under  cont inuous  i l luminat ion  of  

50 μmol  m - 2  s - 1  for  24  h .  Chloramphenicol  a t  25  μg ml - 1  o r  er ythrom ycin  a t  25  

μg ml - 1  was added to  the  cu l ture  medium for  the  growth  of  di s ruptants .  

Chlorophyll f luorescence measurement  

 Chlorophyl l  f luorescence  was measured  wi th a  pulse -ampli tude  

f luorometer  (WATER -PAM, Walz ) .  The OD of  the  ce l l  suspension  a t  750  nm was  

ad jus ted  to  0 .2  and  dark  accl imated  for  10  min  pr ior  to  measurements .  Minimal  
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f luorescence  (Fo) ,  f luorescence  under  s teady -s ta te  co ndi t ions  (Fs) ,  the  

maximum f luorescence  of  l igh t -accl imated  ce l l s  (Fm ’ )  and  the  maximum 

f luorescence  determined  in  the  presence  of  DCMU (Fm) were  used  for  

ca lcu la t ion  of  parameters ;  qP=(Fm ’ -Fs) / (Fm ’ -Fo ’ ) ,  qN=1-(Fm ’ -Fo ’ ) / (Fm-Fo)  

(van  Kooten  and  Snel  1990) ,  Φ P S I I=(Fm ’ -Fs) /Fm ’ (Genty e t  a l .  1989;  Bi lger  e t  a l .  

1995) ,  Φ N P Q =Fs/Fm ’ -Fs /Fm and Φ f ,  D =Fs/Fm (Hendr ickson e t  a l .  2004) .  Fo ’ was  

ca lcu la ted  as  Fo ’ =Fo/ (Fv/Fm+Fo/Fm ’ )  (Oxborough and Baker  1997) .  A 0 .8  s  

f lash of  sa tura t ing  l ight  was  given  to  determine Fm ’ a f ter  i l luminat ion  by 

act inic  l igh t  for  2  min  30  s .  Fm was  measured  in  the  presence  of  20  μM DCMU 

with  i l luminat ion  by act inic  l igh t  and  sa tura t ing l ight .  The rETR was  ca lcu la ted 

as  rETR=Φ P S I I×PAR (photosynthet ic  ac t ive  rad ia t ion) .  Al though i t  i s  poss ible  t o  

ca lcu la te  the  absolu te  value  of  the  ETR wi th  severa l  assumpt ions ,  such  

assumptions used  for  the  measurements  of  l and  plants  could  not  be appl ied to  

cyanobacter ia .  Thus ,  only the  rETR was  presented in  thi s  s tudy.  PAR was  

determined  in  a  cuvet te  f i l l ed  wi t h  water  by a  spher ica l  micro -sensor 

(US-SQS/L,  Walz )  with  a  l igh t  meter  (LI -250,  LI-COR Biosciences) .  

 Chlorophyl l  induct ion  kinet ics  (Kautsky k inet ics )  were  det ermined  by a  

f luorescence  CCD camera  (FluorCam 700MF,  Photon  Sys tem Ins t ruments )  as  

descr ibed p revious ly (Ozaki  e t  a l .  2007) .  To examine the  effec t  of  KCN, 10  μ l  

of  100 mM KCN solu t ion  was  dropped on a  cyanobacter ia l  pa tch  grown on an  

agar  p la te  jus t  befo re  dark  accl imat ion .  

Assay of  oxygen-evolving activity 

 Ox ygen evolut ion of  in tac t  ce l l s  was  mea sured  in  the  presence  of  1  mM 

NaHCO 3  wi th  an  ox ygen e lec t rode (Ox ygraph,  Hansatech  Ins t ruments )  under  

i l luminat ion f rom a  l igh t  source  (P ICL -NRX, Nippon P.  I . )  at  25 o C. The OD of  

the  ce l l  suspens ion a t  750 nm was  ad justed  to  0 .2  in  growth medium. PAR was  

determined  as  above.  

Absorption spectra 

 Absorpt ion  spect ra  were  measured  with  a  spect rophotometer  (V-650,  

JASCO) equipped with  an integra t ing sphere  ( ISV-722,  JASCO).  The absorp t ion 

of  the  ce l l  suspens ion  (OD 7 5 0 =0.2)  was  determined  in  a  cuvet te  wi th  l igh t  path 

length  of  5  mm.  
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77 K fluorescence emission spectra  

 77  K f luorescence  emiss ion  spect ra  were  measured  wi th  a  f luorescence  

spect rometer  (FP -8500,  JASCO) with  a  low temperature  a t t achment  (PU-830,  

JASCO).  Cel l  suspension  were  ad justed  to  a  concent ra t ion  of  10  μg chlorophyl l  

ml - 1 .  P r ior  to  the  measurements ,  the  ce l l s  were  e i ther  dark  accl imat ed  wi thout  

any addi t ion ,  dark  accl imated  in  the  presence  of  0 .2  mM KCN,  i l luminated  at  50  

μmol  m - 2  s - 1  wi thout  any addi t ion  or  i l luminated  a t  550 μmol  m - 2  s - 1  in  the  

presence  of  10  μM DCMU, for  10  min .  The samples  were  exci ted  by the  l igh t  a t  

435 nm for  ch lorophyl l  exci ta t ion  or  625 nm for  phycocyan in  exci ta t ion  with  an  

exci tat ion s l i t  width of  10  nm. The f luorescence  spect ra  were  recorded  with a  

f luorescence  s l i t  width  of  2 .5  nm and a  reso lut ion  of  0 .2  nm.  The spect ra  were  

recorded  f ive  t imes for  one  sample ,  and  the  averages  of  the  data  of  three  

independent  cu l tures  were  presented .  The spect ra  were  corrected  for  the  

sensi t iv i ty of  the  photomul t ip l ier  and  the  spect rum of  the  l igh t  source  us ing a  

secondary s tandard l ight  source  (ESC -842,  JASCO).  Each  f luorescence  

spect rum was  normalized  a t  the  PSI f luorescence  peak .  

Contents  in  Chapter  I  had  been  publ ished  in  2013 as  a  paper  t i t l ed  

“Disrupt ion of  the  ndhF1  gene  affec t s  chlorophyl l  f luorescence  

through s ta te  t ransi t ion  in  the  cyanobac ter ium  Synechocys t i s  sp .  

PCC 6803” in  Plant  & Cel l  Phys io logy  54:  1164-1171 (doi :  

10 .1093/pcp/pct068)  by Oxford  Univers i t y Press .  
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Chapter II 

Influence of CO2  Concentrating Mechanism on 

Photosynthesis  

Introduction 

Yield  of  ch lorophyl l  f luorescence  of  photosynthet ic  organ isms rapid ly 

changes  as  photosynthes i s  i s  affec ted  by envi ronmenta l  fac tors  or  by ce l lu lar  

metabol ism (Govindjee  1995) .  Such  chan ges  of  f luorescence  yie ld  could  be  

used to  analyze  photosynthet ic  e lec t ron  t ranspor t  (Krause  and Weis  1991) .  In  

cyanobacter ia ,  resp i ra t ion and  photosynthes i s  share  severa l  components  of  

e lec t ron t ranspor t  chain such  as  p lastoquinone (PQ) and cytochrome b 6 / f  

complex  (Aoki  and Katoh 1982;  Peschek and  Schmet terer  1982 ,  see  a lso  Fig. 4  

in  General Introduction )  so  that  not  only photosynthes i s  but  a l so  

resp i ra t ion  could  di rec t ly affec t  ch lorophyl l  f luorescence .  In  fac t ,  i t  was  

demonst ra ted  that  the  t ype  1  NAD(P)H dehydrogenase  (NDH -1)  complex  

serv ing for  cyanobacter ia l  resp i ra tory e lec t ron t ransport  donates  e lec t ron  to  the  

PQ pool  and  affec t s  ch lorophyl l  f luorescence  (Mi  e t  a l .  1992) .  

 In  cyanobacter ia ,  mos t  of  the  ndh  genes encoding the  subuni ts  of  the  

NDH-1 complex  ex is t  as  a  s ingle  copy in  the  genome,  but  s ix  ndhD  genes 

(ndhD1 -ndhD6 )  and  three  ndhF  genes  (ndhF1 ,  ndhF3  and  ndhF4 )  are  found in  

Synechocys t is  sp .  PCC 6803 (Kaneko e t  a l .  19 96;  Bat tchikova e t  a l .  2011 ;  

Cyanobase ,  h t tp : / /www.kazusa .or. jp /cyano/ ) .  Cyanobacte r ia  have funct ional l y 

di s t inct  NDH-1 complexes  with  d i fferen t  se t  of  NdhD and NdhF subuni t s .  This  

divers i t y in  Ndh subuni t s  and  mult ip l ic i t y of  funct ions  of  NDH -1 complexes  

have been  revealed  by inves t igat ing the  pheno type of  ndh  mutants .  NDH-1L 

complex  and  NDH-1L’ complex  which  conta in  NdhF1/D1 and NdhF1/D2 

respect ively (Zhang et  a l .  2004;  Bat tch ikova e t  a l .  2011) a re  essent ia l  for  the  

cycl ic  e lec t ron  t ranspor t  around P hotosys tem I (PSI)  as  wel l  as  the  respi ra tory 

e lec t ron t ranspor t ,  s ince  the  ndhD1 /D2  double  d i s ruptant  l acking the  NDH -1L 

complexes  exhibi t s  low ra te  of  ox ygen uptake  in  the  dark  and  the  h igh  level  of  

oxid ized  PSI react ion center  (P700 + )  under  weak far  red  l igh t  (Ohkawa e t  a l .  

2000a) .  In  addi t ion  to  resp i ra tory and  PSI cycl ic  e lec t ron  t ranspor t ,  

cyanobacter ia l  NDH -1 complexes are  involved  in  carbon concent ra t ing  
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mechanism (CCM) (Ogawa 1991) .  NDH -1MS and NDH-1MS ’ complexes  are  

considered  to  be  essent ia l  for  CCM, based  on  the  resu l t s  tha t  double  di s ruptant  

of  NdhD3/D4 subuni t s  showed decrease  in  CO 2  uptake  (Ohkawa e t  a l .  2000a;  

Shibata  e t  a l .  2001;  Maeda e t  a l .  2002) .  NDH -1MS or  NDH-1MS ’ complex  

consis ts  of  NDH-1M subcomplex  and NDH -1S or  NDH-1S ’ subcomplex  

(Herranen  e t  a l .  2004) .  The subuni t s  composing NDH -1M subcomplex  are  

common to  those  composing NDH -1L complex  except  for  NdhD1 and NdhF1 in  

the  NDH-1L complex  (Bat tch ikova e t  a l .  2005) .  NDH -1S subcomplex  or  

NDH-1S ’ subcomplex  has  NdhD3 and NdhF 3 or  NdhD4 and NdhF4,  

respect ively.  

  

 

Fig. 7  A scheme of  cyanobacterial  

NDH-1 complex  refer r ing to  

Bat tch ikova e t  a l .  (2011) .  NDH -1M 

subcomplex  is  common to  a l l  4  

funct ional ly and  s t ructura l l y 

di s t inct  NDH-1 complexes .  NdhD 

and NdhF subuni t s  are  d i fferen t  

among the  4  complexes;  NDH -1 L 

complex  has  NdhD1/F1 subuni t s ,  

NDH-1L’ has  NdhD2/F1,  NDH -1MS 

has  NdhD3/F3 and NDH -1MS’ has  

NdhD4/F4,  respect ively.  

 

 S ince  P700 i s  ox idized  under  weak far  red  l ight  in  the  ndhD1 /D2  

d i s rup tant  (Ohkawa et  a l .  2000a)  and  that  the  ndhF1  d is ruptant  i s  locked  in  

Sta te  1  in  the  dark  (Ogawa e t  a l .  2013;  Chapter I ) ,  the  ndhD1  and  ndhF1  

genes  which  compose the  NDH -1L complex  must  have great  inf luence  on  

photosynthet ic  e lec t ron  t ranspor t  a long with  t he  respi ra tory e lec t ron  t ranspor t .  

On the  o ther  hand,  d i s rupt ions  of  ndhD3 /D4  genes  hard ly a ffec t  PSI cycl ic  

e lec t ron t ransport  (Ohkawa e t  a l .  2000a)  in  sp i te  of  i t s  presumed involvement  in  

CO2  up take  (Ogawa 1985;  Li  and  Canvin  1998;  Maeda e t  a l .  2002) .  Apparent ly,  

the  essent ia l  ro le  of  NdhD3/D4 subuni t s  in  CCM could not  be  ascr ibed  sole ly to  

the  funct ion  in  PSI cycl ic  e lec t ron  t ranspor t .  It  i s  sugges ted  that  the  

CupA/CupB pro tein  in  the  NDH -1S/S ’ subcomplex  conver t s  CO 2  to  HCO 3
-  whi le 
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the  NDH-1M subcomplex  i s  involved  in  PSI cycl ic  e lec t ron  t ranspor t  (Pr ice  e t  

a l .  2002;  Zhang e t  a l .  2004) .  However,  i t  i s  no t  c lear  whether  the NdhF3/F4 and  

NdhD3/D4 subuni ts  could  affec t  the  photosynthet ic  e lec t ro n  t ranspor t .  

 In  th i s  chapter,  I  moni tored  a  f luorescence  parameter,  NPQ,  which  

represents  the  s tate  t rans i t ion  that  is  t r iggered  by the  reduct ion  of  PQ pool  in  

cyanobacter ia ,  to  invest igate  the  effec t  of  the  defect  in  e i ther  resp i ra t ion  or  

CCM on photosyn thet ic  e lec t ron t ransfer.  It  was  revealed  that  NPQ measured  

both  in  the  dark  and  l ight  was  lower  in  the  ndhD1 /D2  and  ndhF1  d i s ruptants  

compared wi th the  wild - type ce l l s  due to  insuff ic ien t  e lec t ron supply to  the PQ 

pool  in  respi ra tory elec t ron  t ranspor t .  M oreover,  I  found that  NPQ in the  

ndhD3 /D4  and  ndhF3 /F4  d i s ruptants  under  low l ight  cond i t ion  was  lower  than 

that  in  the  wild - type ce l l s  wi th  apparent  increase  in  PSI content .  The resu l t  

ind icates  that  the  di s rupt ion  of  NdhD and NdhF subuni t s  essent ia l  for  CCM 

affects  the redox  s tate  of  the  PQ pool  in  the l igh t  through the  change in  

photosys tem s to ich iomet ry  ( i . e .  PS I/PSII  ra t io) ,  whi le  d is rupt ion  of  genes  

essent ia l  for  resp i ra t ion ox idizes  the  PQ pool  both  in  the  dark and  under  the  low  

l ight  condi t ion .  Meas ur ing  NPQ,  ref lec t ing  the  redox  s tate  of  the  PQ pool ,  in  

the  dark  and  in  the  l igh t  is  a  s imple method to evaluate  the  condi t ion  of  both 

resp i ra t ion  and  photosynthes i s .  

Results 

I  have shown in  Chapter I  tha t  chlorophyl l  f luorescence  of  

cyanobacter ia  was  quenched upon reduct ion  of  PQ pool  due  to  the  resp i ra tory 

e lec t ron  t ransfer  in  the  dark ,  which  could  be  diminished  by the  d is ruptant  of  the  

ndhF1  gene  coding a  subuni t  of  NDH -1 complex  serv ing for  resp i ra t ion  (Ogawa 

e t  al .  2013) .  The dis rupt ion of  the  ndhF1  gene  of  the  cyanobacter ium 

Synechocys t is  sp .  PCC 6803 affec t s  not  only the  quenching of  ch lorophyl l  

f luorescence  in  the  dark ,  but  a l so  that  in  the  low l ight  ( Fig. II -1 ,  red  t r iangles  

compared  to  black  c i rc les ) .  In  th i s  s tudy,  s ince  the  red  ac t inic  l igh t  (LEDs  

peaking a t  660  nm) was  used  for  pulse -ampli tude  ch lorophyl l  f luorescence  

measurement ,  i t  i s  assumed that  the  quenching of  the ch lorophyl l  f luorescence  

was  pr imar i ly induced  by s ta te  t rans i t ion  but  n ot  by the  ac t ion  of  orange 

caro tenoid  prote in  (OCP) ,  which  induces  f luorescence  quenching upon  

i l luminat ion  by h igh  in tensi t i es  of  b lue  l igh t  (Ki r i lovsky 2007) .  The level  of  
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f luorescence  quenching es t imated  as  NPQ=(Fm -Fm ’ ) /Fm ’ was  h igh  in  the  dark  

and  decreased  to  lower  levels  under  low l ight  condi t ion ,  but  then  increased  

again  under  h igher  photon  f lux  dens i ty (PFD),  giv ing concave dependency ( Fig. 

II -1 ,  b lack  c i rc les  for  the  wi ld - type ce l ls ) .  This  resul t  indicates  tha t  PQ pool  i s  

reduced  in  the  dark and  un der  high  l ight  whi le  oxid ized under  low l ight  

condi t ion .  Similar  resu l t s  have been  repor ted  for  qN (Campbel l  and  Öquis t  

1996;  Sonoike  e t  a l .  2001) ,  which  i s  another  parameter  represent ing chlorophyl l  

quenching calcu la ted  as  1 - (Fm’ -Fo ’ ) / (Fm-Fo) ,  a l so  ref lec t ing s ta te  t rans i t ion  

(Campbel l  and  Öquis t  1996) .  The d is rupt ion of  the  ndhF1  gene  s igni f icant ly 

decreased  the  NPQ level  in  the  dark  ( Fig. II -1 ,  red  t r iangles )  as  repor ted  

ear l ier  (Ogawa e t  a l .  2013) ,  and  the  d i fference  between the  values  in  the  

wild - type ce l l s  and  those  in  the  ndhF1  d is ruptant  pers i s ted  even  in  the  l igh t ,  

a l though the  d i ffe rence  became s imilar  wi th  higher  ac t inic  l igh t  PFD.  

Apparent ly,  the  defect  in  respi ra t ion  could  affec t  photosynthesi s  in  the  l igh t  as  

wel l  as  in  the  dark  as  shown in Chapter I .  

 To explore  the  funct ional  d ivergence of  the  NDH subuni t s ,  I  a l so  

examined the  ac t inic  PFD dependency of  NPQ in  the  d i s ruptant  of  ndhF3 /F4  

genes ,  which  i s  repor ted  to  have defec t  in  CO 2  uptake  (Ohkawa e t  a l .  2000a;  

Shibata  e t  a l .  2001;  Maeda e t  a l .  2002) .  The ndhF3 /F4  d i s ruptant  showed to tal ly 

di fferent  dependency f rom that  of  the  di s ruptant  of  ndhF1  gene:  NPQ in  the  

dark  (NPQ D a r k )  of  the  ndhF3 /F4  d i s ruptant  was  s imi lar  to  that  of  the  wild - type 

ce l l s  whi le  NPQ under  low l ight  (NPQ L L )  was  lower  than  that  of  the  wi ld - type 

ce l l s ,  showing s teep  decrease  f rom NPQ D a r k  to  NPQ L L  (Fig. II -1 ,  green  

diamonds) .  Since  main  component  of  the  NPQ in  cyanobacter ia i s  s ta te  

t ransi t ion  (Campbel l  and  Öquist  1996)  and the  s ta te  t rans i t ion i s  regula ted  by 

the  redox  s ta te  of  PQ pool  (Mull ineaux and  Allen  1986) ,  the  levels  of  NPQ 

could  be  used  to  roughly es t imate  the  re la t ive  redox  s ta te  of  the  PQ pool .  The 

resu l t s  obta ined  in  Fig. II -1  sugges t  tha t ,  in  the  d i s ruptant  of  ndhF3 /F4  genes ,  

the  redox s ta te of  PQ pool  is  s imi lar  to  that  of  the  wi ld - type ce l l s  in  the dark  

and  more  ox idized under  low l ight  than  in  the  wi ld - type ce l l s .  
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Fig. II -1  The response  of  NPQ ,  

which  ref lec t s  the  re la t ive  redox  

s ta te  of  the  PQ pool ,  to  the  ac t inic  

photon f lux  dens i t ies  of  the  ce l l s  

grown a t  pH 8 .  NPQ in  the  dark  (a t  

0  μmol  m - 2  s - 1 )  was  determined  b y 

the  second sa tura t ing pulse  in  the  

dark  as  descr ibed  in  Mater ia ls  and  

Methods .  Black  c i rc les ,  the  

wild - type ce l l s ;  red t r iangles ,  the  

ndhF1  d is ruptant ;  g reen  d iamonds ,  

the  ndhF3 /F4  d i s ruptant .  High  NPQ 

indicates  reduced  PQ pool ,  whi le  

low NPQ indicates  ox id ized PQ 

pool .  

 

The levels  of  NPQ of  the  wild - type ce l l s ,  the ndhF1  d is ruptant ,  

ndhD1 /D2  d is ruptant ,  ndhF3 /F4  d i s ruptant  and  ndhD3 /D4  d is ruptant  in  the  dark  

as  wel l  as  under  low l ight  were  compared  in  Fig. II -2 .  The levels  of  NPQ D a r k  o f  

the  ndhF1  and  ndhD1 /D2  d i s ruptants  were  lower  than  that  of  the  wi ld - type ce l l s ,  

whi le  those  of  the  ndhF3 /F4  and  ndhD3 /D4  d i s ruptants  were  s imi lar  to  tha t  of  

the  wi ld - type ce l l s  (Fig. II -2 ,  b lack  bars ) .  The NdhF1 subuni t ,  together  wi th 

the  NdhD1 or  NdhD2 subuni t ,  composes  the  NDH -1L or  NDH-1L’ complex  (Fig. 

7 )  par t icipat ing in  resp i ra tory and  PSI cycl ic  e lec t ron  t ranspor t  (Zhang e t  a l .  

2004;  Bat tch ikova e t  al .  2011) .  Thus ,  i t  i s  reasonable  to  assume that  the  lowered 

NPQ D a r k  in  the  ndhF1  and  ndhD1 /D2  d i s ruptants  ref lec t s  the  oxidat ion  of  the  PQ 

pool  due to  the  insuff ic ien t  e lec t ron  supply f rom NDH -1 complexes  to  PQ pool  

in  resp i ra tory e lec t ron  t ranspor t .  It  has  been  a l so  shown in  Chapter I  tha t  the  

PQ pool  of  the  ndhF1  d i s ruptant  i s  oxid ized  in  the  dark ,  based  on  the 

ch lorophyl l  f luorescence  spect ra  determined  a t  77  K (Ogawa e t  a l .  2013) .  

Cont rary to  the  case  of  the  ndhF1  and  ndhD1 /D2  d i s ruptants ,  the  NdhF3/D3 or  

NdhF4/D4 subuni t s ,  which  compose the  NDH -1MS or  NDH-1MS ’ complex 

respect ively (Fig. 7 )  and  are  repor ted  to  be  essent ia l  for  CO 2  up take  (Herranen  

e t  a l .  2004;  Bat tchikova e t  a l .  2011) ,  apparent ly do  not  cont r ibute  to  the  

reduct ion  of  PQ pool  in  the  dark judging f rom the  s imi lar  NPQ D a r k  to  the  



Chapter II 

34 

 

wild - type ce l l s  observed  in  the  ndhF3 /F4  and ndhD3 /D4  d i s ruptants .  

 On the  other  hand,  NPQ L L  o f  a l l  the  ndh  mutants  examined were  low er  

than  that  of  the  wi ld - type ce l l s  (Fig. II -2 ,  whi te  bars ) .  In  o ther  words ,  l a rger  

decrease  of  NPQ upon i l luminat ion  ( f rom NPQ D a r k  to  NPQ L L )  was  observed  only 

in  the  ndhF3 /F4  and  ndhD3 /D4  d is ruptants ,  and not  in  the  ndhF1  and ndhD1 /D2  

d i s ruptants .  Cons ider ing the  repor ted  ro le  of  NDhF3/F4/D3/D4 subuni t s ,  the  

change in  NPQ upon the  t rans i t ion  f rom dark  to  l igh t  could  be  ascr ibed  to  the  

l imita t ion  in  CO 2 .  

 

 

Fig. II -2  NPQ,  which  

ref lec t s  the  re la t ive  redox  

s ta te  of  the  PQ pool ,  

de termined  in  the  

wild- type ce l l s  (WT) and  

ndh  mutants  grown a t  pH 

8  determined  in  the  dark  

(b lack  bars )  or  under  the  

low l ight  (100 μmol  m - 2  

s - 1 ,  whi te  bars ) .  Resul ts  

are  averages  ±SD of  

measurements  of  three  

independent  cu l tures .  

 

 I f  the  NPQ D a r k  ref lec t s  resp i ra tory e lec t ron  t ransfer  to  PQ,  i t  should  be 

increased  by the  addi t ion of  K CN, an  inhib i tor  of  t erminal  ox idase  that  media tes  

resp i ra tory removal  of  e lec t rons  f rom the  PQ pool .  In  fac t ,  NPQ D a r k  o f  the  

ndhF1  d is ruptant  was  increased  by the  ad di t ion  of  KCN (Fig. II -3A ) .  The 

effec t  of  KCN on the  ndhF3 /F4  d i s ruptant  was  much smal ler.  As  for  CO 2  

l imita t ion ,  i t  would  be  re l ieved  under  a lkal ine  pH condi t ion ,  s ince  inorganic  

carbon should be  suppl ied  in  the  form of b icarbonate  a t  h igh  pH. Thus ,  i f  th e  

decrease  of  NPQ upon l ight  i l luminat ion  ( i . e . ,  the  d i fference  between NPQ D a r k  

and NPQ L L ;  in  o ther  words ,  the  d i fference  of  redox  s ta te  of  the  PQ pool  between 

dark  and  low l ight )  ref lec t s  CO 2  l imi ta t ion ,  i t  should  be  affec ted  by the  changes 

in  the growth  pH.  When the  ce l l s  were  grown a t  pH 8 ,  the  re la t ive  di fference 

between NPQ D a r k  and NPQ L L  ca lcu la ted  as  (NPQ D a r k -NPQ L L ) /NPQ L L  was  smal l  

0

0.1

0.2

0.3

0.4

N
P

Q

W
T

Δ
n
d
h
F
1

Δ
n
d
h
D
1

/D
2

Δ
n
d
h
F
3

/F
4

Δ
n
d
h
D
3

/D
4



Chapter II 

35 

 

in  the  wi ld - type ce l l s  as  wel l  as  in  the  ndhF1  d is ruptant  whi le  i t  was large  in  the  

ndhF3 /F4  d i s ruptant  (Fig. II -3B ,  g ray bars ) ,  ref lec t ing the  ac t in ic  l ight  

dependency of  NPQ shown in  Fig. II -1 .  Upon the  sh i f t  o f  growth  pH to  9 ,  

however,  the  re la t ive  d i fference  between NPQ D a r k  and  NPQ L L  o f  the  ndhF3 /F4  

d i s ruptant  became a lso  smal l  (Fig. II -3B ,  do t ted  bars ) .  These  resu l t s  support  

the  assumpt ion  that  the  lowered  NPQ D a r k  in  the  ndhF1  d i s ruptant  represents  the  

l imita t ion  in  resp i ra t ion  whi le  the  large  di fference  between NPQ D a r k  and NPQ L L  

in  the  ndhF3 /F4  d i s ruptant  is  ascr ibed  to  the  l imita t ion  in  CO 2  as  inorganic  

carbon source .  

 

   

Fig. II -3  (A )  Effect s  of  KCN on NPQ D a r k  in  the  wild - type ce l l s ,  the  

ndhF1  d is ruptant  or  the  ndhF3 /F4  d i s ruptant .  Black  bars ,  no  addi t io n;  

hatched  bars ,  in  the  presence  of  0 .1  mM KCN.  (B )  Effect s  of  growth  pH 

on the  re la t ive  d i fference  between NPQ D a r k  and  NPQ L L  ca lcu lated  as  

(NPQ D a r k -NPQ L L) /NPQ L L  in  the  wi ld - type ce l l s ,  the  ndhF1  d i s ruptant  or  

the  ndhF3 /F4  d i s ruptant .  Gray bars ,  grown a t  pH 8;  dot ted  bars ,  grown a t  

pH 9.  Resul t s  are  averag es  ±SD of  measurements  of  three  independent  

cu l tures .  

 

 As  a  cause  of  the  decrease  of  NPQ in  the  ndhF3 /F4  and  ndhD3 /D4  

d i s ruptants  upon dark  to  l igh t  t ransi t ion ,  i t  i s  na tura l  to  assume that  

photosynthet ic  machiner y i s  somehow affected  in  these  d i s ruptant s .  Decrease  in  

Photosys tem II  (PSII)  ac t iv i ty o r  increase  in  PSI ac t iv i ty would  be  the  s imples t  

assumption  as  a  cause  of  ox idat ion  of  the  PQ pool  in  the  l igh t  re la t ive  to  in  the  
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dark .  Thus ,  I  inves t igated  photosys tem sto ich iomet ry (PSI/PSII  ra t io)  in  the  

wild - type ce l l s  and  the  ndh  mutants  by 77  K fluorescence  emission  spect ra  with  

ch lorophyl l  exci ta t ion  (Fig. II -4A ) .  The peak  height  around 725 nm 

f luorescence  emi t ted  f rom PSI re la t ive  to  that  around 695 nm f luorescence  

emit ted  f rom PSII  was  higher  in  the  ndhF3 /F4  d i s ruptant  (Fig. II -4A ,  green  

dot ted  l ine)  than  that  in  the  wi ld - type ce l ls  (b lack  so l id  l ine)  or  in  the  

ndhD1 /D2  d i s ruptant  ( yel low broken l ine) .  The ra t io  of  the  heights  of  two 

f luorescence  peaks ,  F P S I /FP S I I ,  could  be  used as  an  indicator  of  PSI /PSII  ra t io  

and  the  re la t ionship  between F P S I /FP S I I  and  chlorophyl l  content  per  ce l l  i s  

plo t ted  in  Fig. II -4B .  F P S I /FP S I I  ra t io  is  higher  both  in  the  ndhF3 /F4  d i s ruptant  

(Fig. II -4B ,  open  green  d iamond)  and  in  the  ndhD3 /D4  d is ruptant  (open  blue 

square)  compared  with  the  wi ld -type  ce l l s  (open  b lack  c i rc le) .  This  increase  o f  

the  F P S I /FP S I I  ra t io  i s  accompanying the  increase  in  the  ch lorophyl l  content  per  

ce l l ,  sugges t ing that  the  increase  of  the  PSI content ,  no t  the  decrease  of  the  

PSII  content  i s  the  cause  o f  the  increase  in  the  F P S I /FP S I I  ra t io ,  s ince  PSI 

genera l ly b inds  up to  90% of  the  to tal  ch lorophyl l  in  cyanobacter ia .  

Fur thermore ,  in  the  ndhF3 /F4  d i s ruptant ,  both  the  chlorophyl l  content  and the  

PSI/PSII r a t io  were  decreased  by the  e lev at ion  of  growth  pH to 9  (c losed  green  

diamond) ,  sugges t ing that  PSI content  i s  regula ted  b y the  amount  of  avai lab le  

inorganic  carbon source .  The ndhF1  d i s ruptant  grown a t  pH 9 showed lower  

FP S I /FP S I I  ra t io  (c losed  red  t r iangle)  compared  wi th  other  d i s ruptants  wi th  

smal ler  ch lorophyl l  content .  This  may be  due to  the  increase  in  PSII content  but  

the  mechanism of  th is  change i s  not  c lear.  

In  any event ,  the  above resu l t s  sugges t  that  the  decrease  of  NPQ upon 

dark  to  l igh t  t ransi t ion  observed  in  the  ndhF3 /F4  and  ndhD3 /D4  d i s ruptants  i s  

caused  by the  increased  content  of  PSI in  the  d i s ruptants .  To  ver i fy the  

re la t ionship  between PSI/PSII  ra t io  and  re la t ive  NPQ change upon dark  to  l igh t  

t ransi t ion ,  (NPQ D a r k -NPQ L L) /NPQ L L  i s  plo t ted  against  F P S I /FP S I I  ra t io  (Fig. 

II -5 ) .  Pos i t ive  corre la t ion  (R 2 =0.769)  was  observed  confi rming the  

re la t ionship .  
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Fig. II -4  (A )  77  K chlorophyl l  f luorescence  emiss ion  spect ra  wi th  

ch lorophyl l  exci ta t ion  a t  435  nm.  Pr ior  to  measurements ,  the  ce l l s  were  

i l luminated  at  550 μmol  m - 2  s - 1  for  10  min in  the  presence  of  10 μM 

DCMU. Each f luo rescence  spect rum was  normal ized  a t  the  PSII  

f luorescence  peak  a t  around 695 nm.  The averaged  spect ra  of  a t  l eas t  

th ree  independent  cul tures  are  presented .  Black  so l id  l ine ,  the  wi ld - type 

ce l l s ;  ye l low broken l ine ,  the  ndhD1 /D2  d i s ruptant ;  green  do t ted  l ine ,  the  

ndhF3 /F4  d i s ruptant .  (B )  Fluorescence  peak  ra t io  (F P S I /FP S I I) ,  which  is  

an  indicator  of  PSI/PSII  ra t io ,  plo t ted  agains t  ch lorophyl l  content  per  a  

ce l l ,  which  i s  an  indicator  of  PSI content .  F P S I /FP S I I  was  ca lcula ted  f rom 

77 K chlorophyl l  f luorescence  emission  spect ra  wi th  ch lorophyl l  

exci tat ion  at  435  nm.  Black  c i rc les ,  the  wild - type ce l l s ;  red  t r iangles ,  the  

ndhF1  d i s ruptant ;  ye l low inver ted  t r iangle ,  the ndhD1 /D2  d i s ruptant ;  

green  d iamonds ,  the  ndhF3 /F4  d is ruptant ;  b lue  square ,  t he  ndhD3 /D4  

d i s ruptant .  Open s ymbols  represent  ce l ls  grown a t  pH 8 ,  whi le  c losed  

symbols  represent  ce l l s  grown a t  pH 9 .  Resul ts  are  averages  ±SD of  

measurements  of  a t  l eas t  th ree  independent  cul tures .  
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Fig. II -5  Rela t ive  NPQ di fference  

between dark  and  low l ight  

ca lcu la ted  as  

(NPQ D a r k -NPQ L L) /NPQ L L  p lo t ted  

agains t  PSI/PSII  ra t io .  Black  

c i rc les ,  the  wild - type ce l l s ;  red  

t r iangles ,  the  ndhF1  d i s ruptant ;  

ye l low inver ted  t r iangle ,  the  

ndhD1 /D2  d i s ruptant ;  green  

diamonds ,  the  ndhF3 /F4  d i s ruptant ;  

blue  square ,  the  ndhD3 /D4  

d i s ruptant .  Open symbols  represent  

ce l l s  grown a t  pH 8 ,  whi le  c losed  

symbols  represent  ce l l s  grown a t  

pH 9 .  Resul ts  are  averages  ±SD of  

measurements  of  a t  l eas t  th ree  

independent  cu l tures .  

Discussion 

Evaluation of  photosynthetic and respiratory condition by 

chlorophyll f luorescence 

 In  th i s  s tudy,  effec ts  of  gene d is rupt ion  and growth  condi t ion  on  the  

photosynthet ic  and  respi ra tory e lec t ron t ransfer  was  evaluated  by the  two 

di fferent  parameters  of  ch l orophyl l  f luorescence ,  NPQ D a r k  and NPQ L L .  NPQ D a r k ,  

the  level  of  NPQ of  dark  accl imated  ce l l s ,  p r imar i ly ref lec t s  the  condi t ion  of  

s ta te  t rans i t ion  in  the  dark  that  i s  regu lated  by the  redox  s tate  of  PQ pool .  The 

assumption  i s  suppor ted  by the  decrease  of  NPQ D a r k  upon PQ oxidat ion  by the  

di s rupt ion  of  the  ndhF1  gene  or  ndhD1 /D2  genes  (Fig. II -2 ) ,  as  wel l  as  b y th e  

increase  of  NPQ D a r k  upon PQ reduct ion  by the  addi t ion  of  KCN in  the  ndhF1  

d i s ruptant  (Fig. I I -3A ) .  The effec t  of  the  defect  in  resp i ra t ion  on  s ta te  

t ransi t ion  was  or iginal ly repor ted  in  the  M55 mutant  def ic ient  in  ndhB  gene .  

This  mutant ,  l acking both  NDH -1L and NDH-1M complexes  (Zhang e t  a l .  2004) ,  

i s  locked  in Sta te  1  (Fig. 5 )  in  the  dark  as  wel l  as  under  i l luminat ion  by blue 
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l igh t  tha t  se lec t ively  exci t es  PSI (Schreiber  e t  al .  1995) .  Effect  of  resp i ra tory 

change on  the  redox  s ta te  of  PQ pool  w as d i rec t ly revealed  by the  measurements  

of  ch lorophyl l  f luorescence  spect ra  a t  l iquid  n i t rogen  temperature  in  Chapter 

I  (Ogawa e t  a l .  2013) .  Defect  in  NDH -1 complex  was  a l so  repor ted  to  affec t  the  

redox  s ta te  of  Q A  and  P700 (Mi e t  a l .  1994) .  In  thi s  context ,  i t  i s  worth  to  

ment ion that  the  cta  d is ruptants  having defects  in  terminal  ox idase  showed 

dis t inct ive  f luorescence  induct ion  k inet ics  (Ozaki  e t  a l .  2007) .  Ins tead  of  usua l  

increase  of  ch lorophyl l  f luorescence  upon l ight  i l luminat ion ,  these cta  mutants  

showed temporal  decrease  of  f luorescence  wi thin  100 ms  upon weak act in ic  

i l luminat ion .  The decrease  of  f luorescence  can  be  induced  e i ther  by the  increas e  

of  non-photochemical  quenching or  photochemical  quenching.  Increase  o f  

non-photochemical  quenching  may not  be  the  case ,  s ince  i t  was  shown  to 

decrease  upon l ight  i l luminat ion  as  observed  in  Figs. II -1 and 2 .  Thus ,  the 

temporal  decrease  of  f luorescence  ob served  in  the  cta  d is ruptants  must  be due  

to  increase  of  photochemical  quenching  induced  b y the  oxidat ion  of  PQ pool  by 

PSI.  Apparent ly,  the  f luorescence  k inet ics  was affec ted  not  only b y the  changes  

in  the  ups t ream respi ra tory components  but  a l so  by the  c hanges  in  the  

downst ream respi ra tory components .  Fur thermore ,  the resul t s  obta ined  here ,  

together  wi th  the  Kautsky f luorescence  induct ion  of  cta  mutants  (Ozaki  e t  a l .  

2007) ,  may provide  the  tool  to  analyze  the  condi t ion  of  terminal  oxidase .  

 Cont rary to  the  effec t s  of  the  di s rupt ion  of  the  ndhF1  gene  or  the  

ndhD1 /D2  genes ,  NPQ D a r k  i s  no t  much a ffec ted  by the  d i s rupt ion  of  ndhF3 /F4  o r  

ndhD3 /D4  gene .  Instead ,  ex tent  of  the  decrease  f rom NPQ D a r k  to  NPQ L L  was  

largel y affec ted  (Fig. II -2 ) .  These  genes  encode subuni t s  tha t  compose NDH -1  

complexes  essent ia l  for  CCM (Zhang e t  al .  2004;  Herranen  et  a l .  2004) ,  based 

on the  phenotype that  the  d is ruptants  of  these  genes  could  not  t ake  up  CO 2  

(Ohkawa e t  a l .  2000a;  Shibata  e t  al .  2001;  Maeda e t  a l .  2002) .  Si nce  CO 2  

l imita t ion  should decrease  the  demand of  ATP and reducing equivalent  

consumed in  Calv in  cycle ,  defects  in  CO 2  up take might  lead  to  the  increased  

proton  gradient  across  thylakoid  membranes  and  NPQ.  However,  thi s  i s  not  the 

case ,  s ince  NPQ under  l igh t  condi t ion  decreased ,  not  increased ,  by the  

di s rupt ion  of  ndhF3 /F4  o r  ndhD3 /D4  genes  (Fig. II -2 ) .  

 Al ternat ively,  o ther  regula t ing  mechan isms could  be  involved .  S ince 

PSI/PSII  ra t io  was  repor ted  to  increase  under  low CO 2  condi t ion (Manodor i  and  

Meli s  1984 ;  Murakami  e t  a l .  1997) ,  i t  i s  reasonable  to  assume that  PSI content  
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is  a l so  increased  in  the  ndhF3 /F4  and  ndhD3 /D4  d is ruptants ,  and  thi s  ac tual ly i s  

the  case  (Fig. II -4B ) .  The phys io logical  re levance of  t he  increased  PSI has  

been  expla ined  as  the  fo l lowing.  Energy requi rement  for  t ranspor t ing HCO 3
-  

in to  ce l l s  under  low CO 2  s t ress  condi t ion  may e levate  the  cycl ic  e lec t ron  

t ranspor t  to  the  l inear  one ,  and  as  a  resul t  the  e lec t ron  t ranspor t  chain  between 

PSII  and  PSI may be  reduced ,  and  th i s ,  in  turn ,  induces  the  increase  of  PSI  

content  (Murakami  and  Fuj i ta  1993;  Murakami  e t  a l .  1997) .  This  model  i s  

consis tent  with  the  report  tha t  CO 2  uptake  i s  a l so suppor ted by PSI e lec t ron  

t ranspor t  (Ogawa e t  a l .  1985;  Li  and  Canvin  1998;  Maeda e t  a l .  2002)  and  tha t  

the  ra te  of  cycl ic  e l ec t ron  t ransport  i s  h igher  under  low CO 2  condi t ion  (Deng e t  

a l .  2003;  Zhang e t  a l .  2004) .  Causal  re la t ionship  could  be  reverse ,  however,  and  

the  increase  in  PSI due to  energy requi rement  for  CCM may be  the  f i rs t  event ,  

and  th i s ,  in  turn ,  increase  the  ac t ivi ty of  cycl ic  e lec t ron  t ransport .  

 At  a l l  events ,  the  resul t s  presented  here  show that  the  defects  in  CCM in  

the  ndhF3 /F4  and  ndhD3 /D4  d i s ruptants  affec t  ch lorophyl l  f luorescence  

through the  change  in  PSI s to ich iomet ry.  I t  should  be  a l so  noted  that  the  

di fference  between NPQ D a r k  and  NPQ L L  became larger  upon dis rupt ion  of  the  

pmgA  gene  (Sonoike  e t  a l .  2001) ,  which  resul t s  in  the  insuff ic ien t  suppress ion 

of  PSI content  under  h igh  l ight  condi t ion  (Hihara  e t  a l .  1998) .  Another  

photosys tem s to ich iomet ry mutant ,  the  di s ruptant  of  s l l1961  gene ,  was  shown to  

share  many charact er i s t ics  of  ch lorophyl l  f luorescence  k inet ics  wi th  the  pmgA  

d i s ruptant  (Fuj imo ri  e t  a l .  2005) .  Al though the  ac tual  mechanism of the pmgA  

gene  or  the  s l l1961  gene  funct ion  i s  s t i l l  not  known,  PSI content  i s  higher  in  

these  mutants  compared  wi th the  wild - type ce l l s  (Hihara  e t  a l .  1998;  Fuj imori  e t  

a l .  2005) .  Thus,  the  d i fference  between  NPQ D a r k  and  NPQ L L  seems to be  usefu l  

for  the  detec t ion  of  the  c hange in  PSI content  as  wel l  as  any ph ys io logical  

a l tera t ion  that  i s  accompanying the  change in  photosys tem sto ich iomet ry,  such  

as  changes  in  CO 2  avai lab i l i t y.  

 The defect s  in  NDH-1L and NDH-1L’ complexes by the  di s rupt ion  of  

ndhF1  and  ndhD1 /D2  genes  decrease  both  NPQ D a r k  and  NPQ L L  due  to  the  PQ 

oxidat ion  in  the  da rk  and  in  the  l igh t  by the  decreased  ac t iv i ty of  r esp i ra tory 

e lec t ron  t ranspor t  (Fig. II -2 ) .  Fur thermore ,  (NPQ D a r k -NPQ L L) /NPQ L L  i s  smal l  

in  the  ndhF1  and  ndhD1 /D2  d i s ruptants  (Figs. II -2 and 5 ) ,  sugges t ing the  

smal l  di fference  of  the  redox  s ta te  of  the  PQ pool  between in  the  dark  and  in  the  

l igh t .  On the  other  hand,  the  defect  in  NDH -1MS and NDH-1MS ’ complexes due 
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to  the  d is rupt ion  of  the  ndhF3 /F4  and ndhD3 /D4  genes  resu l t s  in  the  large  

di fference  between  NPQ D a r k  and  NPQ L L  (Figs. II -2 and 5 ) ,  sugges t ing that  

the  PQ pool  i s  oxid ized  only in  the  l ight .  In  th i s  way,  i t  would  be  possib le  to  

judge which  type  of  the  NDH -1 complex  i s  involved  in  a  phenomenon by s imply 

measur ing the  two parameters ,  NPQ D a r k  and  NPQ L L .  

 I t  must  be noted ,  however,  tha t  th i s  t ype  of  evaluat ion  is  not  val id  when 

severa l  d i fferent  ce l lu lar  metabol ic  pathways  are  s imul taneously a l tered .  I t  was  

poin ted  out  tha t  PFD that  gives  minimum qN in  the  ac t in ic  l igh t -dependent  

curves  of  qN was  p roport ional  to  gr owth  PFD (Campbel l  and  Öquis t  1996 )  and  

th i s  seems to be  due to  the  increased  non -photochemical  quenching under  Sta te  

2 in  the dark  a t  l eas t  in  par t  (Sonoike  e t  al .  2001) .  Apparent ly,  the  growth l ight  

condi t ion  s igni f icant ly affec t s  both  photosynthes i s  and  respi ra t ion ,  l eading to  

the  a l tered  redox  condi t ion  of  PQ and chlorophyl l  f luorescence .  Increased  

NPQ D a r k  o f  the  ce l ls  grown under  h igh  l ight  condi t ion  could  be  explained  by the  

re la t ive  increase  of  respi ra tory ac t ivi ty due to  the  suppress ion  of  

photosynthes is  under  h igh  l ight .  The d i fference  between NPQ D a r k  and NPQ L L  i s  

l a rger  in  the  ce l l s  grown under  h igh  l ight  condi t ion  than  in  the  ce l l s  grown 

under  moderate  l ight  condi t ion  (Sonoike  e t  a l .  2001) .  This  i s  ra ther  hard  to  

explain ,  s ince  PSI/PSII ra t ion mus t  be  lower  in  the  ce l l s  grown under  high  l igh t  

condi t ion  (Hihara  and  Sonoike  2001) .  High  l ight  response  of  cyanobacter ia  i s  

qui te  complica ted  phenomenon involv ing many acc l imatory processes  

(Muramatsu  and  Hihara  2012) and  dissect ion  of  such  complica ted  pro cesses  are  

apparent ly not  possib le  by the  s imple  compar i son of  the  two chlorophyl l  

f luorescence  parameters .  

Growth pH affects light -response of  NPQ through the change in 

photosystem stoichiometry  

 Increase  of  the  PSI content  induced  by the  d i s rupt ion of  ndhF3 /F4  genes  

is  l ess  obvious  when cel l s  were  grown a t  a lkal ine  pH at  9  ( Fig. II -4B ,  green  

diamonds) .  Apparent ly,  the  increased  supply of  the  inorganic  ca rbon as  a  form 

of  HCO 3
-  must  re l ieve  the  ce l l s  f rom insuff ic ient  CO 2  avai lab i l i t y caused  by the  

gene d i s rupt ion .  On the  other  hand,  e levat ion  in  growth  pH did  not  much affec t  

the  PSI content  in  the  wild - type ce l l s  (Fig. II -4B ) .  Since  the  wi ld -type ce l ls  

could  u t i l i ze  CO 2  as  inorganic  carbon source  for  photosyn thes i s  in  cont ras t  to  

the  case  of  the  ndhF3 /F4  d is ruptant ,  i t  i s  natura l  to  assume that  increased  
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supply of  HCO 3
-  due  to  elevat ion in  pH did not  have great  inf luence  on the  

avai labi l i t y of  inorganic  carbon in  the  case  of  the  wi ld - type  ce l ls .  These  resu l t s  

sugges t  tha t  the  avai lab i l i t y of  inorganic  car bon,  not  pH or  concent ra t ion  of  

CO2  i t se l f ,  i s  the  fac tor  tha t  regula tes  s to ich iomet ry of  PSI.  

 The e levat ion  in  growth  pH did  not  affec t  a  l igh t - response  of  NPQ in  the  

wild - type ce l l s  (Fig. II -3B ) .  This  is  apparent ly cons is ten t  with  the  repor t  t ha t  

CO2  supply does  not  affec t  the  t ypica l  pat tern  of  qN versus  l igh t  where  qN 

decreases  to  a  minimum around growth  l ight  condi t ion  ( Campbel l  and  Öquist  

1996) .  In  the case  of  CCM mutants ,  however,  s i tuat ion seems to be  di fferen t .  

Light  response  of  NPQ is  a l tered  by the  di s rupt ion  of  ndhF3 /F4  and  ndhD3 /D4  

genes ,  and  the  change was  fur ther  modi f ied by the  sh i f t  o f  pH f rom 8  to  9 ( Figs. 

II -2 and 3B ) .  Apparent ly,  the  amount  of  avai lab le  inorgan ic  carbon affec t s  the  

l igh t  response  curve  of  NPQ only when cel l s  cannot  u t i l i ze  CO 2  by the  defects  

in  CO 2  up take .  Synechocys t i s  sp .  PCC 6803 possesses  f ive  sys tems for  inorganic  

carbon acquis i t ion  (Price  e t  a l .  2008) ;  two CO 2  up take  systems (Shibata e t  a l .  

2001)  and  three  HCO 3
-  t ranspor ters  (Omata  e t  a l .  1999;  Shibata  et  a l .  2002;  

Price  e t  a l .  2004) .  Use  of  mutants  defect ive  in  these  sys tems for  inorgan ic  

carbon uptake ,  together  wi th the  d i fferent  growth  condi t ion of  pH or  CO 2  

concent ra t ion ,  would  enable  us  to  analyze  the  effec t s  of  inorganic  carbon 

uptake  on  cyanobacter ia l  photosyn thes i s ,  and  for  tha t  purpose ,  de terminat ion  of  

NPQ D a r k  and  NPQ L L  would  be  a  rap id  method to  moni tor  the  effec t s  on 

photosynthes is  non -dest ruct ively.  

Materials and Methods 

Strains and growth conditions  

 The wi ld - type ce l l s  and the  ndh  gene  dis ruptants  of  Synechocys t i s  sp .  

PCC 6803 were  grown a t  30 o C in  BG11 medium,  buffered  with  20  mM TES -KOH 

(pH 8 .0)  or  20 mM CHES -KOH (pH 9.0)  and  bubbled wi th a i r  for  24 h  under  

cont inuous  i l luminat ion  using f luorescent  lumps  f rom two s ides .  PFD of  the  

growth  l ight  was  de termined  wi th  a  l ight  meter  (LI -250,  LI-COR Biosciences) .  

Growth  l ight  PFD was 50  μmol  m - 2  s - 1  when determined  by a  f la t  sensor  

(QUANTUM, LI-COR Biosciences)  fac ing to  one s ide ,  which  corresponds  to  

120 μmol  m - 2  s - 1  de termined  by a  spher ica l  micro -sensor  (US-SQS/L,  Walz )  to  
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detec t  the  l igh t  f rom al l  d i rec t ions.  The ndhF1  d i s ruptant  was  cons t ructed  by 

t ransposon mutagenes is  and  conferred  res is tance  to  ch loramphenicol  (Ozaki  e t  

a l .  2007) .  Other  ndh  gene  d is ruptants ,  a  kind  gi f t  f rom Professor  Teruo Ogawa,  

were  const ructed  by inser t ing casse t tes  tha t  confer  r es is tance  to  severa l  

di fferent  ant ib io t ics  (Ohkawa e t  a l .  2000b) .  The cons t ructs  used  to  genera t e  

s ingle  mutants  were  a lso  used to  genera te  double  mutants  (Ohkawa e t  al .  2000a ;  

Bernát  e t  a l .  2011) .  The ndhD1  and  ndhD2  genes  double  d is ruptant  ( the  

ndhD1 /D2  d i s ruptant ) ,  the  ndhD3  and ndhD4  genes  double  d is ruptant  ( the  

ndhD3 /D4  d i s ruptant )  and  the  ndhF3  and  ndhF4  genes  double  d i s ruptant  ( the  

ndhF3 /F4  d i s ruptant )  were  res i s tan t  to  kanamycin /chloramphenicol ,  

kanamycin /spect inomycin  and  kanamycin/hygromycin ,  respect ively,  and  were  

main ta ined in  the  presence  of  appropr ia te an t ibio t ics .  Concent ra t ion  of  the  

ant ib iot ics  in  the  cu l ture  medium is  as  fol lows:  Chloramphenicol  a t  25  μg ml - 1 ,  

kanamycin  a t  20  μg  ml - 1 ,  spect inomycin  a t  20  μg ml - 1  or  hygromycin  a t  20  μg  

ml - 1 .  The ant ib iot ics  were  added to the  pre -cul ture  medium but  not  to  the  

cu l ture  medium used  for  the  measurements  of  ch lorophyl l  f luorescence .  

Chlorophyll f luorescence measurements  

 Chlorophyl l  f luorescence  was  measured  as  descr ibed  in  Ogawa e t  a l .  

2013 using a  pulse -ampli tude  ch lorophyl l  f luorometer  (WATER -PAM, Walz ) .  

The peak  wavelength  of  the  measur ing  l ight  LEDs i s  650  nm and that  of  the  

ac t inic  l igh t  LEDs is  660  nm.  The maximum fluorescence  of  l igh t -accl imated  

ce l l s  (Fm ’ )  and the maximum f luorescence  determined in the  presence  of  DCMU 

(Fm) were  used  for  ca lcu la t ion  of  NPQ as  (Fm -Fm’ ) /Fm ’ (Bi lge r  and  Björkman 

1990) .  A 0 .8  s  pulse  of  sa tura t ing l ight  f rom 660 nm LEDs was  given  to  

determine Fm ’ a f ter  i l luminat ion  by act in ic  l igh t  for  150  s .  PFD of  the  ac t in ic  

l igh t  was  determined  in  a  cuvet te  f i l l ed  wi th  water  using a  spher ica l  

micro -sensor  (US-SQS/L,  Walz )  wi th  a  l igh t  meter  (LI -250,  LI-COR 

Biosciences) .  Fm was  measured  in  the  presence  of  20  μM DCMU wi th  

i l luminat ion  by the  ac t inic  l igh t  and  the  sa tura t ing l i ght .  The response  of  NPQ 

to  the  ac t in ic  PFD (Fig. II -1 )  was  measured  with  changing in  ac t in ic  l ight  

in tens i ty cont inuously f rom dark  to  h igh  l ight .  NPQ in  the  dark  was  determined 

by the  second sa tura t ing pulse  appl ied  af ter  150 s  fol lowing the  f i rs t  pu lse  in  

the  dark ,  in  order  to  make the  in terval  of  the  sa tura t ing pulse  constant  between  

the  measurements  in  the  dark  and  in  the  l igh t .  
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Fluorescence emission spectra determined at 77 K  

 The ra t io  of  PSI/PSII was  es t imated by 77  K f luorescence  emiss ion  

spect ra  measured  as  descr ibed  in  Ogawa e t  a l .  2013 using a  f luorescence  

spect rometer  (FP -8500,  JASCO) with  a  low temperature  a t tachment  (PU -830,  

JASCO).  The cel ls  were  i l luminated  by whi te  l igh t  f rom  a  l igh t  source  (Cold  

Spot ,  P ICL-NRX,  Nippon P.  I . )  in  the  presence  of  10  μM  DCMU for  10 min  pr ior  

to  the  measurements .  PFD of  the  i l luminat ion was  determined  as  550 μmol  m - 2  

s - 1  by a  f la t  sensor  (QUANTUM, LI -COR Biosciences)  with  a  l igh t  meter  

(LI-250,  LI-COR Biosciences) .  The samples  were  exci ted by the  l igh t  at  435  nm 

for  chlorophyl l  exci ta t ion  with  an exci tat ion s l i t  wid th of  10 nm. The ra t io  of  

PSI/PSII  was  evaluated  by the  ra t io  of  PSI f luorescence  peak  (F P S I )  and  PSII  

f luorescence  peak  (F P S I I ) .  

Estimation of  the chlorophyll content per cell  

 Chlorophyl l  content  per  ce l l  was  es t imated  by chlorophyl l  concent ra t ion  

(μg ml - 1 )  per  OD of  the  ce l l  suspension  a t  750  nm.  Chlorophyl l  was  ex t rac ted  

in to  methanol  and  chlorophyl l  concent ra t ion  (μg ml - 1 )  was  determined  as  

descr ibed  in  Grimme and Boardman 1972.  The OD of  the  ce l l  suspens ion  a t  750  

nm and the  absorbance of  the  chlorophyl l  so lut ion a t  665  nm were  measured 

with  a  spect rophotometer  (V-650,  JASCO).  

Contents  in  Chapter  I I  had  been  publ ished  in  2015 as  a  paper  

t i t l ed “Dissect ion  of  resp i ra t ion  and  photosynthes i s  in  the  

cyanobacter ium  Synechocys t is  sp .  PCC 6803 by the  analys i s  of  

chlorophyl l  f luorescence”  in  Journal  of  Photochemist ry and  

Photobio logy B:  Biology  144:  61-67  (doi :  

10 .1016/ j .photobio l .2015.02 .005 )  by Elsevier.  
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Chapter III 

Problems and Its Solutions of Chlorophyll Fluorescence 

Measurements in Cyanobacteria  

Introduction 

Chlorophyl l  f luorescence  has  been  wide ly used  to  assess  the  condi t ion  of  

photosynthes is  mainly due to  the  non -dest ruct ive  nature  of  the  measurements  

(Krause  and  Weis  1991;  Govindjee  1995;  Campbel l  e t  a l .  1998) .  S ince  the  yie ld  

of  f luorescence  f rom Photosys tem II (PSII)  i s  much h igher  than  that  f rom 

Photosys tem I (PSI)  a t  room temperature ,  to ta l  f luorescence  main ly ref lec t s  the  

condi t ion  of  PSII .  Chlorophyl l  f luorescence  i s  h igh  when the  PSII  e lec t ron  

acceptor,  Q A  (Fig. 1  in  General Introduction ) ,  i s  reduced ,  whi le  i t  i s  low 

when Q A  i s  ox idized .  In  o ther  words ,  under  the  la t ter  condi t ion where  the  PSII  

react ion center  i s  open ,  energy could  be  used for  photosyn thes i s  and  the  yie ld  

of  f luorescence  i s  low  (see  Fig. 2  in  General Introduction ) .  S ince  

ut i l i zat ion  of  absor bed  energy for  photosynthes i s  co uld  compete  wi th  heat  

di ss ipat ion  or  f luorescence  emission ,  the  change in  the  yield  of  ch lorophyl l  

f luorescence  ref lec t s  tha t  of  photosynthesi s  or  of  heat  d i ss ipat ion .  Thus ,  the  

decrease  in  the  yie ld  of  f luorescence  ( i . e .  f luorescence  quenching)  could  be  

induced  e i ther  by photochemical  quenching due to  energy u t i l iza t ion for  

photosynthes is  or  by non -photochemical  quenching due to  energy d iss ipat ion  as  

heat .  These  two types  of  quenching can  be  di s t inguished  by applying shor t  

sa tura t ing pulses ,  which are  too  shor t  to  induce non -photochemical  quenching 

but  are  suff ic ien t  to  reduce Q A  fu l ly and  suppress  photochemical  quenching  

(Schreiber  e t  a l .  1986;  Krause  and Weis  1991) .  In  the  absence  of  

non-photochemical  quenching (e .  g .  as  in  dark-accl imat ion  leaves  of  l and  

plants ) ,  the  f luorescence  yie ld  i s  a t  i t s  minimum (Fo)  whi le  the  appl ica t ion  of  a  

sa tura t ing pulse  induces  the  max imum level  of  f luorescence  (Fm),  providing  

informat ion  on  the  max imum photosynthet ic  eff ic iency of  PSII  as  Fv /Fm 

calcula ted  as  (Fm -Fo) /Fm (Ki ta j ima and But ler  1975) .  Heal thy p lant  l eaves  

a lways  give  Fv/Fm values  of  0 .8 -0 .85 .  

 In  the  case  of  the cyanobacter ium Synechocys t i s  sp .  PCC 6803,  however,  

the  s i tua t ion  i s  qui te  d i fferent  f rom that  of  l and p lants .  S imple  ap pl ica t ion  of  a  
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sa tura t ing pulse to  dark -accl imated  cyanobacter ia l  ce l l s  gives  an apparent  

Fv/Fm value  of  0 .4 .  In  cyanobacter ia ,  the  resp i ra tory e lec t ron  t ransport  chain  

shares  severa l  components  such  as  p las toquinone (PQ) wi th  the  photosynthet ic  

e lec t ron  t ranspor t  chain  (Aoki  and  Katoh  1982;  P eschek and  Schmet terer  1982 ;  

Fig. 4  in  General Introduction ) ,  and  the  PQ pool  i s  reduced  even  in the  

dark-accl imated  ce l l s .  The redox  s ta te  of  the  PQ pool  affec t s  ch lorophyl l  

f luorescence  quenching in  cyanobacter ia ,  s i nce  the  main  component  of  

cyanobacter ia l  non -photochemical  quenching i s  not  energy -dependen t  

quenching but  the  s ta te t rans i t ion (Campbel l  and Öquis t  1996) ,  which i s  

regula ted  by the  redox  s ta te  of  the  PQ pool  (Mull ineaux  and  Al len  1986) .  Thus ,  

Sta te  2 i s  i nduced by the  reduct ion of  the  PQ pool  in  dark -accl imated 

cyanobacter ia l  ce l l s ,  and  the  max imum f luorescence  level  cannot  be  obta ined  b y 

dark  accl imat ion ,  in  cont ras t  to  the  case  of  l and  p lants .  In  the  case  o f  

cyanobacter ia ,  Fm should  be  determined under  i l luminat ion in  the  presence  of  

DCMU, which  inhib i t s  elec t ron  t ransfer  f rom Q A  to  QB  (see  Fig. 1  in  General 

Introduction ) ,  thus  oxidiz ing the  PQ pool  to  e l iminate  the  reducing pressure  

f rom respi ra tory e lec t ron  t ranspor t  ( Campbel l  and Öquis t  1996 ) ,  resul t ing in  

Sta te  1 .  On the  o ther  hand,  the  f luorescence  level  in  the  dark  has  of ten  been  

regarded  as  Fo  in  cyanobacter ia  as  wel l  as  in  land  plants ,  a l though 

photochemical  quenching mus t  be  par t ly suppressed  and  S ta te  2  par t l y induced  

in  the  dark  due to  the  reduct ion  of  the  PQ pool .  In  fac t ,  under  background 

i l luminat ion  of  weak b lue  l igh t ,  which  preferent ia l l y exci tes  PSI,  the  yie ld  of  

minimum f luorescence  was  h igher  than  in  the  dark ,  and  appl ica t ion  of  a  

sa tura t ing pulse  a l so gave a  h igher  yi e ld  of  max im um f luorescence  under 

background weak blue  l igh t  than  in  the  dark  (Schreiber  e t  a l .  1995;  El  Bissa t i  e t  

a l .  2000 ;  see  a l so  Fig. III -1 ) ,  sugges t ing suppression  of  Sta te  2  by background 

weak b lue  l igh t .  The resul t  shows that  back ground weak  blue  l igh t  might  be  

necessary to  obta in the  ‘ t rue ’ Fo  in  cyanobacter ia .  

 Evaluat ion  of  photosynthet ic  condi t ions  by chlorophyl l  f luorescence  

measurement  becomes  fur ther  compl ica ted  due to  the  influence  of  resp i ra t ion  in  

cyanobacter ia .  I  have repor ted  that  the  photosynthet i c  e lec t ron  t ransport  ra t e  

evaluated  by chlorophyl l  f luorescence  measurement  is  underes t imated  due to  

reduct ion  of  the  PQ pool  by resp i ra t ion  in  Synechocys t is  sp .  PCC 6803 (Ogawa 

e t  a l .  2013;  see  a l so  Figs. I -1 and 2  in  Chapter I ) .  This  indicates  that  the 

inf luence  of  resp i ra t ion  on  photosynthesi s  would  d i s turb  the  precise  es t imat ion  
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of  photosynthes i s  by chlorophyl l  f luorescence  measurements  in  cyanobacter i a .  

Fur thermore ,  the  presence  of  a  large  amount  of  phycobi l ins ,  which are  h ighly 

f luorescent  even  under  funct ional  condi t ions ,  a l so  leads  to  the  misevaluat ion  of  

photosynthes is .  The influence  of  f l uorescence  f rom phycobi l ins  on  the  

ch lorophyl l  f luorescence  measurement  would  not  be  negl ig ib le  in  c yanobacter i a .  

I t  has  been  repor ted  that  the  minimum chlorophyl l  f luo rescence  level  in  the  

dark  i s  dependent  on the  phycocyanin /chlorophyl l  ra t io ,  and in  an  ex t reme case ,  

the  minimum fluorescence  i s  very low in  a  mutant  of  Synechococcus  sp .  PCC 

7942 lacking  phycocyanin  (Campbel l  et  a l .  1998) .  Similar  low chlorophyl l  

f luorescence  in  a  phycobi l isome - less  mutant  was  a l so  repor ted  in  Synechocys t i s  

sp .  PCC 6803 (El  Bissa t i  and  Kir i lovsky 2001) .  As  a  r esu l t ,  the  values  of  the  

photosynthet ic  parameters  es t imated  f r om chlorophyl l  f luorescence  yie ld 

changed according to  the  change in  ph ycocyanin  content  (Campbel l  e t  a l .  1998;  

El  Bissa t i  and Kiri lovsky 2001) .  Fur thermore ,  f luorescence  f rom PSI 

ch lorophyl l  might  a lso  affec t  the  f luorescence  s ignals  in  cyanobacter ia ,  s in ce  

PSI genera l ly b inds  up  to  90% of  the  tota l  ch lorophyl l  and  the  cont r ibut ion  of  

PSI to  the  to ta l  f luorescence  s ignals  i s  much h igher  in  cyanobacter ia  than  in  

land p lants  (Campbel l  e t  a l .  1998) .  

 A s imi lar  problem is  a l so  observed  in  land p lants ,  a lbei t  t o  a  lesser  

ex tent .  At  wavelength  longer  than  700 nm,  PSI s igni f icant ly cont r ibutes  to  the  

level  of  f luorescence  even  in  land  p lants  ( Genty e t  a l .  1990;  Pfündel  e t  a l .  2013 ) .  

I t  was  repor ted that  the  inf luence  of  non -photochemical  quenching on  the  

minimum f luorescence  emission a t  730 nm is  smal ler  than that  a t  690 nm in  

Hordeum vulgare  due  to  a h igher  cont r ibut ion of  PSI f luorescence  in  the  longer  

wavelength  region  (Genty e t  a l .  1990) .  To  correct  the  inf luence  of  PSI  

f luorescence ,  Pfündel  e t  a l .  (2013)  compared  the  determined  quenched 

minimum fluorescence  (Fo’ )  l evel  and the  es t imated  Fo ’ l evel  ca lcu la ted  by the  

equat ion  developed by Oxford  and  Baker  (1997) .  By assuming that  the  

di fference  between the  two values  came f rom the  PSI f luorescence  level ,  they 

es t imated  the  cont r ibut ion  of  PSI f luorescence ,  which  turned  out  to  be  about  

25% of  tota l  f luorescence  in  C 3  p lan ts  (Pfündel  e t  a l .  2013 ) .  Theoret ica l ly,  th is  

method could  a l so  be appl ied for  the  es t imat ion  of  the  cont r ibut ion of  the  

phycobi l i ns  and  PSI f luorescence  in  cyanobacter ia .  In  non -diazot rophic  

cyanobacter ia ,  which  cannot  u t i l ize  molecular  d in i t rogen ,  the  degradat ion  of  

phycobi l i some i s  induced  under  n i t rogen -def ic ien t  condi t ions ,  a  phenomenon 
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tha t  is  ca l led b leaching or  ch lorosi s  because  of  the  yel low  color  of  the  ce l l  

cu l ture  (Al len  and  Smith  1969;  Grossman e t  a l .  1993) .  Al though the  

phycobi l i some contents  were  repor ted  to  change dynamical ly upon ni t rogen  

s tarvat ion  in  cyanobacter ia ,  i t  was  vi r tual ly impossib le  to  es t imate  the  

eff ic iency pf  PSII  photo chemis t ry under  n i t rogen  s tarvat ion  by chlorophyl l  

f luorescence  measurements .  This  problem might  be  so lved  by the  es t imat ion  of  

the  basal  f luorescence  level  f rom phycobi l i somes  and  PSI.  

 In  th i s  chapter,  I  t r i ed  to  exclude  the  fac tors  which  d is turb  the  

ch lorophyl l  f luorescence  measurements .  Background i l luminat ion  with  weak 

blue  l igh t  dur ing the  measurements  re l ieved the  inf luence  of  resp i ra tory 

e lec t ron chain  on  chlorophyl l  f luorescence .  Fur thermore ,  I  e s t imated  the  

cont r ibut ion of  the  basal  f luorescence  b y applying the method of  Pfündel  e t  a l .  

(2013)  to  the  cyanobacter ium Synechocys t i s  sp .  PCC 6803 grown in  the  

presence  of  var ious  conc ent ra t ions  of  ni t rogen .  When the  levels  of  Fo  under  

weak b lue  l igh t  and  Fm under  i l luminat ion  in  the  presence  of  DCMU were  

corrected  for  the  basal  f luorescence  in  the  ca lcu lat ion  of  the ch lorophyl l  

f luorescence  parameters ,  the  ‘ t rue ’ max imum quantum yie ld of  PSII was  around 

0 .8  under  n i t rogen -suff ic ient  condi t ions,  which  was  s imi lar  to  the  value  

observed  in  land  plants .  The re su l t s  ind icate  that  subt rac t ion  of  basal  

f luorescence  f rom phycobi l ins  or  PSI i s  es sent ia l  for  the  precise  evaluat ion  of  

the  photosynthet ic  condi t ion  of  cyanobacter ia l  ce l l s .  

Results 

The levels  of  ch lorophyl l  f luorescence  were  compared  in  t he  ce l l s  of  the  

cyanobacter ium Synechocys t is  sp .  PCC 6803 dark -accl imated  for  10  min  and  

those  under  weak background i l luminat ion  wi th b lue l ight  ( Fig. III -1  and  

Table III -1 ) .  The minimum f luorescence  and  max imum flu orescence  upon a  

sa tura t ing pulse  were  h igh er  in  the  ce l l s  under  weak b lue  l igh t  than  those  in  the  

dark ,  sugges t ing that  the  chlorophyl l  f l uorescence  was  a l ready quenched in the  

dark (Schreiber  e t  a l .  1995;  El  Bissa t i  and Kir i lovsky 2001) .  The cause of  th i s  

quenching in  the  dark  was  ascr ibed  to  the  reduct ion  of  the  PQ pool  by 

resp i ra tory NAD(P)H dehydrogenase  (NDH) complexes  (Mi  e t  a l .  1992;  Mi e t  a l .  

1994) .  Appl ica t ion of  weak blue  l igh t  preferent ia l l y exci tes  PSI,  ox idizes  the  

PQ pool  and  e l iminates  the  quenching of  chlorophyl l  f luorescence ,  s ince  PSI 
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genera l ly b inds  up  to  90% of  the  tota l  ch lorophyl l  in  cyanobacter ia .  On the  

other  hand,  s t rong blue  l igh t  a t  740 μmol  m - 2  s - 1  induced  non-photochemical  

quenching due to  the  photoprotect ive system regula ted  by the  orange caro tenoid  

prote in  (OCP)  (Wilso n e t  al .  2006;  Ki r i lovsky 2007) .  S ince  NPQ,  a  chlorophyl l  

f luorescence  parameter  ref lec t ing non -photochemical  quenching,  showed a  

minimum value  under  approx imate ly 60 -70  μmol  m - 2  s - 1  (Fig. III -2 ) ,  I  used  

blue  l igh t  a t  70  μmol  m - 2  s - 1  to  ox idize  the  PQ pool  without  s igni f icant  

f luorescence  quenching b y OCP.  A simi lar  weak blue  l ight  a t  80  μmol m - 2  s - 1  

was  a lso  used  for  the  induct ion  of  Sta te  1 in  the  absence  of  chlorophyl l  

f luorescence  quenching due to  OCP (Wilson  e t  a l .  2006;  Ki r i lovsky 2007) .  

When cel l s  were  i l luminated  with  background  weak b lue  l igh t  (70  μmol  m - 2  s - 1 )  

during the  measurement ,  di fference  in  Φ P S I I ,  a  parameter  r epresent ing e ffec t ive  

quantum yie ld  of  e lec t ron t ransfer  through PSII ,  be tween the wi ld -type ce l l s  

and  the  ndhF1  d i s ruptant  (see  Fig. I -1  in  Chapter I )  was  smal ler  than  that  in  

the  absence  of  background b lue  l igh t  ( Fig. III -3 ) .  This  sugges ts  tha t  

background i l luminat ion  wi th  weak b lue  l igh t  re l ie ves  inf luence  of  resp i ra tory 

chain  on  photosynthesi s  and  that  i t  i s  usefu l  for  e l iminat ing  the  inf luence  of  

resp i ra t ion  on  chlorophyl l  f luorescence  measurements .  The  observed  effec t  of  

weak blue  l igh t  was ,  however,  much larger  a t  the max imum fluorescence  level  

(14-18% change)  t han  a t  the  minimum fluorescence  level  (3 .0 -3 .7% change 

(Table III -1 ) .  I  have assumed that  th i s  di screpancy could  be  par t l y ascr ibed  to  

the  ‘basal  f luorescence ’ f rom phycobi l i ns  or  PSI ch lorophyl l s .  In  the  presence  

of  substant ial  basal  f luorescence ,  quenching of  f luorescence  should  be 

underes t imated more  in  terms  of  the  minimum f luorescence  than  the  max imum 

f luorescence ,  s ince  the  re la t ive  cont r ibut ion  of  the  basal  f luorescence  i s  s mal ler  

in  the  f luorescence  a t  the  max imum level .  
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Fig. III -1  A typica l  example  of  the  measurement s  of  f luorescence  levels  

presented in  Table III -1 .  F luorescence  level  was recorded a long wi th  

the  t ime course  (black  sol id  l ine)  by using a  PAM f luorometer.  Black  

inver ted  t r iangles  represent  the t ime of  the  i l luminat ion with  sa tura t ing  

pulse  to  determine max imum f luorescence  level  ( represented by red  

c i rc les ) .  Minimum f luorescence  level  was  determined  jus t  before  the  

appl ica t ion of  the sa tura t ing pulses  (bl ue  c i rc les ) .  Green  dashed  l ine  

indicates  the  f luorescence  level  determined  under  i l luminat ion  in  the  

presence  of  DCMU. Bars  on  the  top  represent  the  l igh t  regime dur ing the  

measurement ;  black ,  blue  or  red  bar  represents  dark ,  i l luminat ion  wi th  

weak b lue  l i gh t  or  i l luminat ion  wi th  ac t in ic  l igh t ,  respect ively.  

 

Table III -1  Minimum or  maximum f luorescence  levels  normal ized  b y 

chlorophyl l  concent ra t ion .  

Condition 
Minimum 

f luorescence level  

Maximum 

f luorescence level  

Dark accl imated  91 .2  ±  6 .1  159 ±  5  

Under  weak b lue  l ight  94 .2  ±  6 .5  184 ±  8  

Light /DCMU -  194 ±  9  

Calcula ted  Fo '*  84 .9  ±  4 .9  -  

*Calcula ted  according to  Equat ion  1  (see  a lso  Oxborough & Baker  1997) .  
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Fig. III -2  The response  of  NPQ, a 

ch lorophyl l  f luorescence  parameter  

ca lcu la ted as  (Fm -Fm’) /Fm,  to  the  

photon  f lux  densi t ies  of  b lue  l igh t .  

Cel l s  were  grown under  

ni t rogen-suff ic ien t  condi t ions for  

24  h .  Averages  ±SD for  three  

independent  cu l tures  are  presented .  

 

 

Fig. III -3  The response  of  Φ P S I I  to  

the  photon  f lux  densi t ies  of  ac t in ic  

l igh t  in  the  wi ld - type ce l l s  (black  

c i rc les )  and  the  ndhF1  d i s ruptant  

( red  t r iangles ) .  Cel l s  were  dark  

accl imated  for  10  min  pr ior  to  the  

measurements  (open  symbols ) ,  o r  

i l luminated wi th  background weak 

blue  l ight  (70 μm ol  m - 2  s - 1 )  pr ior  to  

the  measurements  as  wel l  as  dur ing 

the  measurements  (c losed  

symbols ) .  Averages  ±SD for  three  

independent  cu l tures  are  presented .  

Data  of  open  symbols  are  taken  

f rom Ogawa e t  a l .  2013 (see  a l so  

Fig. I -1  in  Chapter I ) .  
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I  t es t ed  th is  hypothes is  us ing the  equat ion  to  es t imate  the  Fo ’ va lue  f rom 

Fo,  Fm and Fm ’ va lues  developed by Oxborough and Baker  (1997) .  

Fo =
Fo

Fv Fm⁄ + Fo Fm′⁄
 (1)  

 This  equat ion i s  based on the  assumpt ion that  Fo  or  Fm is  quenched to  

the  level  of  Fo ’ o r  Fm ’ ,  respect ively,  by the  same increase  in  the  ra te of  thermal  

decay.  Appl ica t ion  of  thi s  equat ion  to  cyanobacter ia  i s  not  so  s imple ,  s ince  the  

f luorescence  level  of  cyanobacter ia l  ce l ls  was  a l ready quenched in  the  dark ,  as  

ment ioned above.  Thus ,  the  f luorescence  level  of  the  dark -accl imated  ce l l s  

could  not  be  used  as  the  Fo  value .  Here  I regarded  the  minimum f luorescence  

level  under  weak blue  l igh t  as  Fo ,  and  that  in  the  da rk  as  quenched Fo’ .  

S imi lar ly,  I  r egarde d the max imum f luorescen ce  level  obta ined in  the presence  

of  DCMU under  ac t in ic  l igh t  as  Fm,  and  that  in  the  dark  as  quenched Fm ’ .  The 

theore t ica l  Fo ’ l evel  ca lcula ted  f rom the  Fo value  under  weak b lue l igh t ,  the  Fm 

value  under  i l luminat ion  in  the  presence  of  DCMU and the  Fm ’ va lue  in  the  dark 

appeared  to  be  smal ler  than  the  observed  Fo ’ de termined  in  the  dark  (Table 

III -1 ) .  P fündel  et  a l .  (2013)  expla ined  the  di fference  between measured  Fo ’ and  

ca lcu la ted  Fo ’ in  Arabidops is  thal iana  and  Zea mays  by the  presence  of  PSI  

f luorescence .  They in t roduced  the  term of  PSI f luorescence  in t o  Equat ion  1  and  

es t imated  the  cont r ibut ion  f rom PSI f luorescence .  Fol lowing the  method of  

Pfündel  e t  a l .  (2013) ,  I  assumed that  th i s  d i fference  i s  caused  by the  basal  

f luorescence  f rom phycobi l i ns  and/or  PSI ch lorophyl l .  On such an  assumption ,  

the  magni tude of  the  basal  f luorescence  (def ined  as  ‘ f ’ here in)  could  be  

es t imated  by so lv ing the  equat ion  below:  

Fo′ − 𝑓 =
Fo − 𝑓

Fv (Fm − 𝑓)⁄ + (Fo − 𝑓) (Fm′ − 𝑓)⁄
 (2)  

 I t  mus t  be  noted  that  a l l  the  var iab les  except  for  f  can  be  d i rec t ly 

measured  and  that  thi s  equat ion  can  be  so lved  for  f  b y an  analyt ica l  method as  

in  the  fo l lowing (see  a l so Pfündel  e t  a l .  2013) .  

𝑓 =
Fo′Fm − FoFm′ − √(𝐹𝑚 − 𝐹𝑜)(𝐹𝑚′ − 𝐹𝑜′)(𝐹𝑜 − 𝐹𝑜′)(𝐹𝑚 − 𝐹𝑚′)

(𝐹𝑚 − 𝐹𝑚′) − (𝐹𝑜 − 𝐹𝑜′)
 (3)  

 To ver i fy th i s  hypo thes i s ,  the  ce l lu lar  p hycobi l in  content  was  modi fied  

by changing the  n i t rogen  avai lab i l i t y in  the  growth  cul ture  o f  the 

cyanobacter ium.  The phycocyanin  content  per  ce l l  decl ined  a long wi th  the  
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decrease  in  the  concent ra t ion  of  ni t rogen  in  the  growth  medium, whi le  the  

ch lorophyl l  content  was  less  affec ted  ( Fig. III -4A )  as  reported  ear l ier  (Allen 

and Smi th 1969;  Grossman e t  a l .  1993;  Salmon e t  a l .  2013) .  Since  the  

phycocyanin /chlorophyl l  ra t io  decreased  wi th  decreas ing n i t rogen  

concent ra t ion  (Fig. III -4B ) ,  the  basal  f luorescence  must  a lso  decrease .  I t  

seems tha t  th i s  was  the  case ,  and  the  decrease  of  the  basal  f luorescence  was  

c lear ly observed  under  low phycocyanin /chlorophyl l  condi t ions ,  i . e .  

ni t rogen-def ic ien t  condi t ions (Fig. II I -5 ) ,  indicat ing the  val id i ty of  Equat ion 

2  in  cyanobacter ia  as  wel l  as  in  land  p lants .  It  mus t  be  noted  that  photosys tem 

sto ich iomet ry,  i . e .  the  PSI/PSII r a t io ,  was  more  or  l ess  cons tant  regard less  of  

the  n i t rogen  concen t ra t ion in  the  growth medium ( Fig. III -6 ) ,  in  accordance  

with  ear l ier  repor t s  on the photosys tem sto ich iomet ry in  the  absence  of  ni t rogen  

(Li  and  Sherman 2002;  Sato  e t  a l .  2008) .  Thus ,  the  cont r ibut ion  of  the  PSI 

f luorescence  to  the  basal  f luorescence  shoul d  be  ra ther  l imi ted .  Fur thermore ,  

the  basal  f luorescence  was  a lmost  negl igib le  in  the  ce l l s  wi th  the lowes t  amount  

of  phycocyanin  (Fig. III -5 ) .  It  seems that  mos t  of  the  basal  f luorescence  in  

cyanobacter ia  could  be  a t t r ibuted  to  the  f luorescence  f rom phycobi l i ns  under  

the  ex per imenta l  condi t ions  in  thi s  s tudy.  

Presumably ref lec t ing the  decrease  of  f luorescence  f rom phycobi l i ns ,  the  

Fo  under  weak b lue  l igh t  and Fm under  i l luminat ion in  the  presence  of  DCM U 

also  s igni f icant ly decreased  a long wi th  the  decrease  of  the  

phycocyanin /chlorophyl l  ra t io ,  due  to  a  high  (>60%) cont r ibut ion  of  

f luorescence  f rom phyco bi l ins  (Fig. III -7 ,  f i l l ed  symbols ) .  However,  when 

‘ t rue ’ Fo  and  Fm values  were  ca lcu la t ed  by subt rac t ing basal  f luorescence  as  

Fo- f  and  Fm- f ,  the  effec t  of  the  phycocyanin /chlorophyl l  ra t io  was  much smal ler  

than  the  apparent  Fo  and  Fm e specia l ly in  the  case  of  Fo - f  (Fig. III -7 ,  open  

symbols ) .  The correct ion  using Equat ion  2  theref ore  appears  to  be  necessar y to  

es t imate  the  ‘ t rue ’ Fo  values  for  ce l l s  wi th  d i fferent  contents  of  phycocyanin .  
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Fig. III -4  Change  in  the  content  of  photosynthet ic  pigments  due  to  

ni t rogen  def ic iency.  (A )  Absorpt ion  spect ra  of  ce l l s  grown with  di fferent  

ni t rogen  concent ra t ions  for  48  h.  The opt ica l  dens i t ies  of  the  ce l l  

cu l tures  a t  750  nm were  ad jus ted  to  0 .2  for  th e  measurements .  A b lack  

l ine ,  b lue  l ine  or  red  l ine  represents  ce l ls  grown in  growth  medium 

contain ing 0 .247,  0 .0247 or  0 .00  g l - 1 ,  respect ively.  (B )  The  

phycocyanin /chlorophyl l  ra t io  of  ce l l s  grown wi th  di ffe rent  ni t rogen  

concent ra t ions  for  24  or  48  h .  

 

 

Fig. II I -5  The re la t ionship  

between the  change in  the  basal  

f luorescence  f ,  ca lcu lated  f rom 

Equat ion  2 ,  and  the  

phycocyanin /chlorophyl l  ra t io  of  

the  ce l l s  grown wi th  d i fferent  

ni t rogen  concent ra t ions  

(R 2 =0.867) .  
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Fig. III -6  The re la t ionship  

between the  ra t io  of  the  peak  height  

of  PSI f luores cence  and  PSI I  

f luorescence  (F P S I /FP S I I) ,  an  index  

for  the  PSI/PSII  ra t io ,  and  the  ra t io  

of  phycocyanin  and  chlorophyl l  of  

the  ce l l s  grown  with  d i fferent  

ni t rogen  avai lab i l i ty.  F P S I /F P S I I  was  

ca lcu la ted f rom the ch lorophyl l  

f luorescence  emiss ion  spect ra  of  

ce l l s  det ermined  a t  77  K.  Cel l s  

were  i l luminated by whi te  l igh t  in  

the  presence  of  DCMU for  10  min  

pr ior  to  the  measurements  to  lock  

the  ce l l s  in  Sta te  1 .  L ight  a t  435  nm 

was  used  for  the  measurements  to  

exci te  chlorophyl l  p referent ia l l y.  

 

 

Fig. III -7  The  re lat ionship 

between the  f luorescence  levels  

and  the  phycocyan in /chlorophyl l  

ra t io  of  the  ce l l s  grown wi th 

di fferent  n i t rogen  concent ra t ions .  

Fi l led  symbols ,  the  observed  

f luorescence  levels ;  open  

symbols ,  f luorescence  levels  

ca lcu la ted  by subt rac t ing the  

basal  f luorescence  f .  Black  

c i rc les ,  observed  Fo under  weak 

blue  l igh t  or  ca lcu la ted  Fo - f ;  red 

diamonds ,  observed  Fm under 

i l luminat ion  in  the  presence  of  

DCMU of  ca lcu la ted  Fm - f .  
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 As  regards  the  values  of  convent iona l  Fv/Fm calcula ted  as  apparent  

(Fm-Fo) /Fm,  they d id  not  show a  c lear  t endency in  the  course  of  the  decrease  in  

the  phycocyanin /chlorophyl l  ra t io  dur ing n i t rogen  s tarvat ion  ( Fig. III -8A ) .  On 

the  o ther  hand,  the  ra te  of  ph otosynthes is  es t imated  on  an  O 2  evolu t ion  per  

ch lorophyl l  basi s  in  the  presence  of  b icarbonate  as  an  e lec t ron  acceptor  was  

repor ted  to  decrease  to  50% upon n i t rogen  s tarvat ion  (e .g.  Li  and  Sherman  

2002) .  This  d i screpancy could  a l so  be  ascr ibed  to  the  prese nce  of  basal  

f luorescence .  Cel l s  under  ni t rogen -suff ic ien t  condi t ions  conta ins  a  large  

amount  of  phycocyanin ,  and  the  ca lcu la t ion  of  Fv/Fm would  be  underes t imated  

due to  the inf luence  of  basal  f luorescence  on Fm but  not  on  Fv [p lease  note  that  

both  Fm-Fo and (Fm- f ) - (Fo- f )  are  the  same Fv] .  On the  other  hand,  Fv/Fm would  

not  be  affec ted  very much b y basal  f luorescence  in  the  case  of  ce l l s  that  were  

grown under  n i t rogen -def ic ien t  condi t ions  wi th  minimum phycocyanin .  To 

e l iminate  such inter ference  f rom the  bas al  f luorescence ,  Fv/ (Fm - f )  was  plo t ted  

agains t  the  phycocyanin /chlorophyl l  ra t io ,  ins tead of  apparent  Fv/Fm.  The 

value  of  Fv/ (Fm - f )  in  ce l l s  grown under  n i t rogen -suff ic ien t  condi t ions  was  

around 0 .8 (Fig. III -8B ) ,  and  comparable  wi th the values  observed  in  land  

plants  (Krause  and Weis  1991;  Campbe l l  e t  al .  1998) .  It  was  a lso  revealed  that  

Fv/ (Fm- f )  decl ined  with  a  decrease  in  the  phycocyanin /chlorophyl l  ra t io  under  

ni t rogen-def ic ien t  condi t ions  (Fig. III -8B ) .  This  resul t  ind icates  tha t  

Fv/ (Fm- f )  i s  much more  appropr ia te  for  the  measure  of  the  ac tual  quantum yie ld 

of  PSII  than  the  convent ional  Fv/Fm.  

To explore the  cause of  the  reduced quantum yie ld  of  PSII,  the  

reox idat ion k inet ics  of  Q A
-  were  compared  between cel l s  grown under  

ni t rogen-suff ic ien t  condi t ion  and  n i t rogen -def ic ien t  condi t ions (Fig. III -9 ) .  

The ra te of  the  ini t i al  decrease  of  ch lorophyl l  f luorescence ,  which  represents  

the  ra te  of  e lec t ron  t ransfer  f rom Q A  t o  Q B  (Krause  and  Weis  1991) ,  was  not  

much affec ted  by the  n i t rogen  s tarvat ion ,  whi le  the  re la t ive  ampl i tude  of  the  

fas t  decay component  decreased  b y 23% in ce l l s  grown under  n i t rogen -def ic ient  

condi t ions  (Fig. II I -9 ,  open symbols;  Table III -2 ) .  In  the  presence  of  DCMU, 

an  inhibi tor  of  e lec t ron  t ranspor t  f rom Q A  to  Q B ,  the  s low component  due  to  

recombinat ion between Q A
-  and  the  donor  s ide  of  PSII  appeared  (Vass  e t  a l .  

1999) .  There  was  no obvious  di fference  in  these  s low fluorescence  decay 

kinet ics  between cel l s  grown under  n i t rogen-suff ic ien t  and  ni t rogen -def ic ien t  

condi t ions  (Fig. III -9 ,  f i l l ed  symbols ;  Table III -2 ) .  These  resu l ts  indicate  
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tha t  n i t rogen  s tarva t ion  par t l y a ffec t s  the  photochemis t ry of  PSII  but  the  large  

decrease  of  quantum yie ld  of  PSII ,  Fv/ (Fm - f )  (Fig. III -8B ) ,  could  not  be 

explained  by the  change observed  here .  

 

 

Fig. III -8  The re la t ionship  between max imum quantum yie ld  of  PSII  and  

the  phycocyanin /chlorophyl l  ra t io  of  the  ce l l s  grown in  the  cul ture  

medium wi th d i fferent  n i t rogen  concen t ra t ions .  (A )  Convent ional  Fv/Fm.  

(B )  Calcula ted  Fv/ (Fm - f )  subt rac t ing  the  basal  f luorescence  level .  Fo  

was  measured  under  i l luminat ion  by weak b lue  l igh t ,  and  Fm was  

measured  under  i l luminat ion  in  the  presence  of  DCMU to  e l iminate  the  

inf luence  of  resp i ra t ion .  
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Fig. III -9  Reoxidat ion  kinet ics  of  

Q A
-  in  the  absence  (open  symbols )  

or  presence  of  DCMU (f i l l ed  

symbols )  of  the  ce l l s  grown under  

ni t rogen-suff ic ien t  condi t ions 

(b lack  ci rc les )  or  

ni t rogen-def ic ien t  condi t ions  ( red  

diamonds)  for  24 h .  The level  of  the  

data  poin t  a t  5  s  and  the  level  of  the  

peak  were  regarded  as  0  and 1 ,  

respect ively,  for  normaliza t ion  of  

the  f luorescence  s ignals .  Resul t s  

are  averages  of  measurements  of  

three  independent  cul tures .  

 

Table III -2  Li fe t ime and ampl i tude  of  each  component  of  the  

f luorescence  decay kinet ics  shown in  Fig. III -9 .  

Growth Condition Component  Li fet ime 
Relative 

ampli tude  (%)  

+N No addi t ion  Fas t  0 .53  ±  0 .06  (ms)  78 .0  ±  2 .3  

  
Middle  6 .98  ±  0 .91  (ms)  9 .63  ±  0 .77  

  
Slow 1 .47  ±  1 .42  (s )  5 .93  ±  1 .10  

 
+DCMU Middle  256 ±  51  (ms)  16 .4  ±  3 .4  

  
Slow 1 .08  ±  0 .06  (s )  83 .0  ±  2 .8  

-N No addi t ion  Fas t  0 .52  ±  0 .12  (ms)  60 .6  ±  7 .5  

  
Middle  33 .2  ±  23.7  (ms)  8 .83  ±  4 .06  

  
Slow 1 .37  ±  0 .39  (s )  29 .0  ±  5 .4  

 
+DCMU Middle  160 ±  53  (ms)  20 .9  ±  8 .4  

    S low 0 .91  ±  0 .21  (s )  76 .7  ±  9 .4  
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Discussion 

Background weak blue light i l lumination as  a procedure to 

determine Fo and Fm in cyanobacteria  

 Fo  and  Fm are  the  two parameters  most  eas i ly determined  in  the  dark  in  

land p lants ,  making the  parameter  Fv/Fm=(Fm -Fo) /Fm useful  for  the  quick  

assessment  of  the  photosynthet ic  condi t ion .  Fo  can  be  measured  as  the  level  of  

f luorescence  of  the leaves that  have been  dark  accl imated ,  and  appl ica t ion  of  a  

sa tura t ing pulse  under  such  condi t ions  would  give  the  Fm value ,  s ince  the  PQ 

pool  could  be  fu l ly oxid ized  af ter  the  appropr ia te  dark  accl imat ion .  The  

s i tuat ion  for  cyanobacter ia  i s  to ta l l y  d i fferent  because  of  the  presence  of  

resp i ra tory e lec t ron  t ra nspor t  reducing  the  PQ pool  in  the  dark  ( Hi rano  e t  a l .  

1980;  Schreiber  e t  a l .  1995;  Campbel l  and  Öquis t  1996 ) .  Dark  accl imat ion  of  

cyanobacter ia l  ce l l s  does  not  ox id ize  the  PQ pool  but  ra ther  reduces  i t .  Ligh t  

i l luminat ion  in  the  presence  of  DCMU is  necessar y to  obta in  the  Fm value  in  

cyanobacter ia  (Campbel l  a nd Öquis t  1996;  Campbel l  e t  a l .  1998;  Sonoike  e t  a l .  

2001) .  It  was  repor ted that  b lue l igh t  i l luminat ion  a t  low in tensi t i es ,  which  

preferent ia l l y exci tes  PSI,  gave an  Fm value  s imi lar  to  the  values  obta ined in  

the  presence  of  DCMU (El  Bissa t i  e t  a l .  2000;  El  Bissa t i  and  Kir i lovsky 2001) ,  

and  could  be  a lso  used to  obta in  the  Fm value .  In  th i s  s tudy,  I  examined the  

di fference  in  Fm values  measured  under  blue  l igh t  i l luminat ion  or  in  the 

presence  of  DCMU. The maximum f luorescence  level  under  i l luminat ion of  

weak blue  l igh t  was s l ight ly but  s igni f icant ly lower  (4 .4 -6 .8%, Table III -1 )  

than  that  under  i l luminat ion  in  the  presence  of  DCM U. The resu l t  sugges ts  tha t  

the  weak b lue  l igh t  in  the  condi t ions  in  th i s  s tudy predominant ly exci tes  PSI bu t  

s l ight ly exci tes  PSI I  as  wel l .  I  use  the  value  obta ined  in  the  presence  of  DCMU 

as  Fm hereaf ter.  

 In  some ear l ier  s tudies ,  f luorescence  parameters  such  as  Fv/Fm were  

ca lcu la ted  based  on  the  ‘precise ’ Fm va lue  that  was  determined  in  the  presence  

of  DCMU, as  descr ibed above ( Campbel l  and Öquis t  1996;  Campbel l  e t  a l .  

1998;  El  Bissa t i  e t  a l .  2000) .  Even in  those  s tudies ,  however,  the  f luorescence  

level  determined in  the  dark -accl imated  ce l ls  was  used  as  Fo .  This  would not  be  

correct ,  a t  l eas t  in  theory,  s ince  the  Fo  level  should  be  quenched to the  Fo ’ l evel  

when the  PQ pool  i s  reduced .  Actual ly,  the  increase  in  the  f luorescence  leve l  
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was  observed  upon weak b lue  l igh t  i l luminat ion  in  the  dark -accl imated  

cyanobacter ia l  ce l l s  (Schreiber  e t  a l .  1995;  El  Bissa t i  e t  a l .  2000;  El  Bissa t i  and  

Kiri lovsky 2001;  Wilson e t  a l .  2006;  J a l le t  e t  a l .  2012) .  I  a lso  observed  a  3% 

increase  of  the  f luorescence  level  upon weak blue  l igh t  i l luminat ion  ( Table 

III -1 ) ,  sugges t ing the  quenching of  Fo  to  Fo’  in  the  dark .  This  level  of  Fo  under  

weak b lue  l igh t  may not  be  accura te  due  to  the  poss ible  exci ta t ion of  PSII  as  

observed  in  the  case  of  Fm.  Unfor tuna tely,  the  use  of  DCMU would not  be  a  

solu t ion  to  the  problem,  s ince  Q A  i s  reduced  in  the  presence  of  DCMU, resu l t ing  

in  decreased  photochemical  quenching while  Fo  requi res  max imum 

photochemical  quenching by def in i t ion .  Here ,  I  assumed that  the  Fo  level  under  

weak b lue  l igh t  cou ld  be  used  as  a  proxy of  the  ‘ t rue ’ Fo .  Two Fo ’ l evels  can  be  

ca lcu la ted by Equa t ion 1  f rom the  two corresponding Fm ’ va lues ,  one  un der  

weak b lue  l igh t  and  the  o ther  in  the  presence  of  DCMU. The d i fference  in  the  

two Fo ’ l evels  i s  only 0 .65 -0 .84%,  which  i s  much smal ler  than  the  or igina l  

di fference  of  Fm ’ (4 .4 -6 .8%).  Thus,  the  Fo  level  under  weak blue  l igh t  could be  

used as  the ‘ t rue ’ Fo  wi th an  er ror  of  <1%.  I use  the  value  obta ined  under  weak 

blue  l igh t  as  Fo  hereaf ter.  

 Al though I  used  only one cyanobacter ia l  species ,  Synechocys t i s  sp .  PCC 

6803,  in  thi s  s tudy,  i t  i s  known that  the  degree  of  s ta te  t ransi t ion  and  redox 

s ta te  of  the  PQ p ool  in  the  dark  var ies  among d i fferent  cyanobacter ia l  species ,  

p resumably due to  a  di fference  in  the ac t ivi ty of  resp i ra tory e lec t ron  t ransfe r.  

Even i f  the  ce l l s  are  grown a t  the  same temperature  under  the  same photon  f lux  

densi ty,  some cyanobacter ia  show a  h ighly reduced  PQ pool  and  are  in  S tate  2  in  

the  dark  whi le o thers  show an a lmost  ox id ized  PQ pool  and  are  in  S ta te 1  in  the  

dark ,  resul t ing in  d i fferent  l evels  of  s ta te  t rans i t ion .  However,  a  comparat ive  

s tudy us ing s ix  cyanobacter ia l  species  showed tha t  the  re la t ionship  between the  

redox s ta te of  the  PQ pool  and  s ta te  t ransi t ion  was ac tual ly  ident ica l  under  weak 

l ight  in  the  range between dark  and  growth  l ight ,  i r respec t ive  of  the  PQ redox 

condi t ion  in  the  dark  (Misumi  e t  a l .  2016) .  I  p resume that  background weak 

blue  l igh t  could  be  commonly used  for  the  es t imat ion of  the  Fo  level  in  most  of  

the  cyanobacter ia l  species ,  a l though the  quenched level  of  Fo ’ could  only be  

determined  in the  dark-accl imated  samples  in  l imi ted  cyanobacter ia l  species .  
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The method to estimate ‘true ’  Fo and Fm levels in 

cyanobacteria 

 As  ment ioned  above,  the  observed  di fference  between the  Fo ’ l evel  in  the  

dark  and  the  Fo  level  under  weak b lue  l igh t  (3%) i s  far  smal ler  than  the  

di fference  between the  Fm ’ l evel  in  the  dark  and  the  Fm level  observed  under  

weak b lue  l igh t  (16%).  This  cont roversy p rompted me to  assume a  di s turbance  

of  the  ch lorophyl l  f luorescence  measurements  by the  large  basal  f luorescence  

due to  phycobi l ins  in  cyanobacter ia .  In  th i s  s tudy,  I  es t imated  the  cont r ibut ion  

of  basal  f luorescence  us ing  Equat ion  2 ,  which  int roduces  basal  f luorescence  f  

in to  Equat ion  1  as  in  Pf ündel  e t  a l .  (2013) .  Upon appl ica t ion of  Equat ion  2  to  

cyanobacter ia ,  I  used  the  dark -accl imated  level  of  f luorescence  Fo ’ o r  Fm ’ ,  no t  

Fo  or  Fm, for  the  reasons descr ibed  above.  The  es t imated  basal  f luorescence  f  

showed a  s t rong cor re la t ion  wi th  the  phycocyanin /chlorophyl l  ra t io  (R 2 =0.867,  

Fig. III -5 )  ind icat ing that  the  basal  f luorescence  i s  usefu l  as  an  index  for  

es t imat ing the  level  of  f luorescence  f rom phycobi l ins .  The  cont r ibut ion  of  the 

es t imated  basal  f luorescence  f  to  the  Fo  level  was  more  than  60% in  the  ce l ls  

grown under  n i t rogen -suff ic ien t  condi t ions  (see  Fig. III -7 ) ,  whi l e  the  

es t imated  cont r ibut ion  of  PSI f luorescenc e  to  the  Fo  level  in  A.  thal iana  o r  in  Z.  

mays  was  only 24% or  50%,  respect ively (Pfündel  e t  a l .  2013) .  So  the  effec t  of  

the  basal  f luorescence  on  the  ca lcu lat ion  of  the  ch lorophyl l  f luorescence  

parameter  should  be  much larger  in  cyanobacter ia  than  in  land  p lants .  Indeed ,  

the  d i fference  between the  ‘apparent ’ Fv/Fm and ‘ t rue ’ Fv/Fm is  4% or  14% in  A.  

thal iana  o r  Z.  mays ,  respect ively (Pf ündel  e t  a l .  2013) ,  whi le  i t  was  up  to  50% 

in  Synechocys t i s  6803 cel l s  conta ining large  amount  of  phycocyanin  ( Fig. 

III -8A, B ) .  It  mus t  be  noted  tha t  the  ‘ t rue ’ va lue  of  Fv/Fm corrected  for  the  

basal  f luorescence ,  i . e .  Fv/ (Fm - f ) ,  was  around 0.8  under  n i t rogen -suff ic ien t  

condi t ions  (Fig. III -8B ) ,  which  i s  comparable  wi th the  value of  Fv/Fm in  land  

plants .  The resu l t  indicates  tha t  the  main cause  of  the low Fv/Fm value  observed 

in  cyanobacter ia  i s  the  basal  f luorescence  f rom the  phycobi l ins .  In  addi t ion  to  

the  phycobi l ins ,  PSI f luorescence  a l so potent ia l l y cont r ibutes  to  t he basal  

f luorescence  in  cyanobacter ia  in  sp i te  of  i ts  l ow yie ld  a t  room temperature  

(Krause  and  Weis  1984;  Krause  and  Weis  1991) ,  s ince  the  PSI/PSII  r a t io  is  

much h igher  in  cyanobacter ia  than  in  land  p lants  and >90% of  ch lorophyl l  

molecules  are  bound on  PSI (Campbel l  e t  a l .  1998) .  However,  the  PSI/PSII  r a t io  

was  not  affec ted  much under  n i t rogen -def ic ient  condi t ions  (Fig. III -6 ) .  The 



Chapter III 

62 

 

cont r ibut ion  of  PSI f luorescence  to  basal  f luorescence  f  seems to be  negl igib le  

in  cyanobacter ia ,  p resumably due to  the  low yie ld  of  ch lorophyl l  f luorescence .  

 In  an y event ,  the  ass umption  of  basal  f luorescence  in  combinat ion wi th 

weak b lue  l igh t  exci ta t ion  employed in  thi s  s tudy enables  us  to  ca lcu la te  ‘ t rue ’ 

Fo  and  Fm values ,  provided  that  the background weak b lue  l igh t  i l lu minat ion  

and  the  addi t ion  of  DCMU is  poss ib le .  The la t ter  r equi rement  may be 

di spensable ,  s ince  Fm values  could a l so be  es t imated  under  weak b lue  l igh t  

i l luminat ion  i f  we a l low a  5% error  level  as  descr ibed  above.  It  has  not  been 

poss ible  to  compare  the  absolu te  values  of  Fv/Fm between land  plants  and  

cyanobacter ia ,  wi th the  only except ion  of  phycobi l ine - less  cyanobacter ia  

mutants  (El  Bissa t i  and  Kir i lovsky 2001) ,  b u t  my method makes  i t  poss ib le  to  

es t imate the  absolu te values  of  Fv/Fm in cyanobacter ia  conta in ing di fferent  

quant i t i es  of  phycocyanin .  

Nitrogen deficiency lowers the maximum quantum yield of  PSII  

 The effec t  of  n i t rogen  def ic iency on  photosynthet ic  e lec t ron  t ranspor t  is  

somewhat  cont rovers ial .  There  are  report s  tha t  the ra te  of  photosynthet ic  

ox ygen evolut ion i s  decreased  by n i t rogen  def ic iency (Col l ie r  e t  a l .  1994;  G ör l  

e t  a l .  1998;  Li  and Sherman 2002;  Krasikov e t  a l .  2012) .  For  example ,  i t  was 

repor ted  that  the  ra te  of  O 2  evolu t ion  ( in  the  presence  of  b icarbonate  as  an  

ul t imate  e lec t ron  acceptor)  decreased  to  about  50% when cel l s  were  grown in 

ni t rogen-deple ted  medium (Li  and  Sherman 2002) .  It  was sugges ted  that  the  

decrease  in  the photosynthet ic  ox ygen evolut ion is  primar i ly caused  by the  

decl ine  in  CO 2  f ixa t ion  and photosynthet ic  e lec t ron  t ransfer  re ta ins  i t s  

funct ional i t y,  based  on the resu l t s  showing that  ce l l s  under  ni t rogen -suff ic ient  

condi t ions  and  those  under  n i t rogen -def ic ient  condi t ions  showed no  di fference 

i f  methyl  v iologen  (MV),  an  ar t i f ic ia l  e lec t ron acceptor  f rom PSI,  was  used  to  

moni tor  the  ra te  of  photosynthet ic  e lec t ron  t ransfer  (Kras ikov et  a l .  2012) .  

 On the  o ther  hand,  there  are  severa l  works  repor t ing a  decrease  in  Fv/Fm 

under  ni t rogen -def i c ien t  condi t ions  (Sauer  e t  a l .  2001;  Salomon e t  a l .  2013) .  

Since  these  values  were  determined  in  the  dark  where  the  PQ pool  i s  reduced  

due  to  respi ra t ion,  the  repor ted  decrease  in  the  ‘apparent ’ Fv/Fm do not  

necessar i l y indicate  the  decrease  in  the  maximum quantum yie ld  of  PSII  under  

ni t rogen-def ic ien t  condi t ions .  To  my knowledge,  my s tudy i s  the  f i rs t  a t tempt  to  

determine the  ‘ t rue ’ Fv/Fm value  in  ce l l s  grown under  n i t rogen -def ic ien t  
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condi t ions .  The resul t s  presented  here  c lear ly indicate  that  n i t rogen  def ic iency 

lowers  the ‘ t rue ’ Fv /Fm to hal f  of  th e  or iginal  value  (Fig. III -8B ) .  The resul t  

agrees  wel l  wi th  the  50% decrease  observed in  O 2  evolut ion upon n i t rogen 

def ic iency (Li  and  Sherman 2002) ,  a l though the  effec t  of  n i t rogen  def ic iency 

would  not  be  so  s imple  as  descr ibed  above (Kras ikov e t  a l .  2012) .  It  mus t  be  

noted  that  a  s igni f icant  change  in  the  ‘apparent ’ Fv/Fm was  not  observed  under  

ni t rogen  s tarvat ion  (Fig. III -8A ) ,  sugges t ing that  the  ‘apparent ’ Fv/Fm was  

underes t imated  under  n i t rogen -suff ic ien t  condi t ions  due to  the  basa l  

f luorescence  f rom phycocyanin .  As ment ioned  in the  previous sect ion ,  due  to  a  

large  cont r ibut ion  of  the  basal  f luorescence  to  f luorescence  s ignals  in  

cyanobacte r ia ,  subt rac t ion  of  the  basal  f luorescence  i s  essen t ia l  to  es t imate  the  

change in  the max imum quantum yie ld  of  PSII  in  the  presence  of  a  large  amount  

of  phycobi l ins  by chlorophyl l  f luorescence  measurements .  For  the es t imat ion  of  

PSII  eff ic iency of  the ce l l s  wi th di fferent  phycobi l i some contents  by 

chlorophyl l  f luorescence  measurements ,  i t  i s  necessar y to  use  Fv/ (Fm - f )  instead  

of  the  convent ional  Fv/Fm.  

 In  cont ras t  to  the  case  of  n i t rogen  def ic iency,  loss  of  phycobi l ipro te ins  

by dele t ion  of  genes encoding a l lophycocyanin  subuni ts  increases  the  value  of  

the  ‘apparent ’ Fv/Fm measured under  weak blue  l igh t  i l luminat ion  (Ajlan i  and  

Vernot te  1998;  El  Bissa t i  and  Kir i lovsky 2001) .  Apparent ly,  the  PSII  react ion  

cente r  i s  in tac t  in  th i s  case ,  and  the  change in  the  ‘apparent ’ Fv/Fm value 

measured  under  weak b lue  l igh t  s imply ref lec ted  that  the  change  in  basal  

f luorescence  i s  due  to  the  decrease  in  the  phycobi l i some content .  Thus ,  the  

cause  of  the  decrease  in  the  ‘ t rue ’ Fv/Fm in  ce l l s  gro wn under  

ni t rogen-def ic ien t  condi t ions  (Fig. III -8B )  should  be  ascr ibed  to  the  

impai rment  of  PSII  react ion  centers  but  not  to  the  degradat ion  of  phycobi l ins .  

Since  f luorescence  decay k inet ics  are  not  great l y affec ted by the  n i t rogen  

def i c iency in  both  the  absence  and  the  presence  of  DCMU ( Fig. III -9 ;  Table 

III -2 ) ,  the  main  cause  of  the  decrease  in  PSII quantum yie ld  i s  not  c lear.  

Materials and Methods 

Strains and growth conditions  

 The wild - type ce l l s  of  Synechocys t is  sp .  PCC 6803 were  gr own a t  30 o C 
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in  BG11 medium,  buffered  wi th  20  m M TES-KOH (pH 8 .0)  and  bubbled  wi th  ai r  

for  24  or  48 h  under  cont inuous i l luminat ion us ing f luorescent  l amps f rom two 

sides .  The photon  f lux  dens i ty of  the  growth  l ight  was  120 μmol  m - 2  s - 1  when 

measured  by a  s pher ica l  micro -sensor  (US-SQS/L,  Walz )  wi th  a  l igh t  meter  

(LI-250,  LI-COR Biosciences)  ins ide  the  growth  bot t les .  To  examine the  effec t  

of  ni t rogen -def ic ient  condi t ions,  ce l l s  were  grown wi th  BG11 medium wi th 

reduced  NaNO 3  contents  (0.0494,  0 .0247,  0 .0173,  0 .0124,  0 .00741,  0 .00247 or  

0 .00  g n i t rogen  l - 1 ;  the  or iginal  BG11 medium conta ins  0 .247 g n i t rogen  l - 1 ) .  

For  cu l tures  under  ni t rogen -def ic ien t  condi t ions ,  ce l l s  were  spun down wi th a  

cent r i fuge  (MX-305,  TOMY) a t  15 ,000 r.p .m.  for  6  min  and then  suspended  in  

BG11 medium wi thout  NaNO 3 .  This  procedure  was  repeated  once  more ,  and  then  

cel l s  were  t ransfer red  to  BG11 medium with  the  respect ive  NaNO 3  content .  

Pulse amplitude chlorophyll f luorescence measurements  

 Chlorophyl l  f luorescence  was  measured  us ing  a  pul se  ampli tude  

modula t ion  f luorometer  (WATER -PAM, Walz ) .  Cel l  cu l tures  wi th an  opt ica l  

densi ty of  0 .2  a t  750  nm were  used  for  the  measurements .  The opt ica l  dens i ty o f  

the  ce l l  cu l tures  was  determined  by a  spect rophotometer  (V-650,  JASCO).  Cel ls  

were  dark -accl imated  for  10  min  pr ior  to  the  measurement .  Af ter  i l luminat ion  

by red  measur ing l ight  for  1  min ,  the  f luorescence  level  was determined and  th i s  

l evel  was  regarded  as  Fo ’ in  the  dark  (please  note  that  i t  i s  not  Fo) ,  s ince  S ta te  2 

was  induced  in  the  dark  in  cyanobacter ia .  A 0 .8  s  sa tura t ing l ight  pulse  f rom 

660 nm l ight -emi t t ing  d iodes  (LEDs)  was  given  to  determine the  maximum 

f luorescence  level  under  th is  condi t ion ,  which  was correspondingl y regarded  as  

Fm ’ in  the  dark  (not  Fm).  Af ter  Fo ’ and  Fm ’ were  determined ,  Fo ,  the  minimum 

f luorescence  level  under  condi t ions  where  photochemical  quenching was  fu l ly  

induced  and  S ta te  2  was suppressed ,  was  determined  under  i l luminat ion  ( 70 

μmol m - 2  s - 1 )  wi th  b lue  l igh t  LEDs peaking a t  460 nm for  5  min.  Fm, the  

maximum f luorescence  level  under  condi t ions  where  photochemical  quenching 

and  Sta te  2  were  suppressed ,  was  measured  u nder  i l luminat ion  with  ac t in ic  l ight  

LEDs peaking a t  660 nm in t he presence  of  20  μM DCMU as descr ibed  in  Ogawa 

et  a l .  (2013) .  The photon  f lux  densi ty  of  t he  b lue  l igh t  was  determined  in  a  

cuvet te  f i l l ed  wi th  water  using a  spher i ca l  micro -sensor  (US-SQS/L,  Walz )  wi th 

a  l igh t  meter  (LI -250,  LI-COR Biosciences) .  For  ca lc ula t ion  of  NPQ as  

(Fm-Fm ’ ) /Fm ’ (Bi lger  and  Bj örkman 1990) ,  the  max imum f luorescence  level  in  
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the  dark  or  under  i l luminat ion  of  b lue  l igh t  was  used  for  Fm ’ ,  and  that  measured  

under  i l luminat ion  in  the  presence  of  DCMU was  used  for  Fm.  

Reoxidation kinetics of  QA
-  

 Reoxidat ion  k inet ics  of  Q A
-  were  measured  by us ing a  double -modula ted  

ch lorophyl l  f luorometer  (FL200/PS,  Photon Sys tem Inst ruments )  wi th  no  

addi t ion or  in  th e  presence  of  10 μM DCMU .  The chlorophyl l  concent ra t ion  of  

the  ce l l  suspension  was  ad jus ted  to  2  μg ml - 1 .  P r ior  to  the  measurements ,  ce l l s  

were  dark -accl imated  for  5  min .  T he  ce l l s  were  i l luminated wi th a  30 μs  

s ingle - turnover  f lash for  the  reduct ion of  Q A ,  and  subsequent  reox idat ion  

kinet ics  were  moni tored  for  60  s .  The measurement  of  each  independent  cu l ture  

was  repeated  four  t imes.  

Absorbance spectra 

 Absorbance spect ra  of  the  intac t  ce l l s  were  obta ined  wi th  a  

spect rophotometer  (V-650,  JASCO) equipped wi th an  in tegra t ing sphere  

( ISV-722,  JASCO) as  descr ibed in  Ogawa e t  a l .  (2013) .  Concent r a t ions  of  

phycocyanin  and  ch lorophyl l  es t imated  f rom the  absorbance spect ra  (Arnon e t  

a l .  1974)  were  used  to  evaluate  the  phycocyanin /chlorophyl l  ra t io .  

Estimation of  the chlorophyll content per cell  

 Chlorophyl l  in  ce l l s  was  ex t rac ted  into  methanol ,  and  t he  ch lorophyl l  

concent ra t ion  (μg ml - 1 )  was  determined  as  descr ibed  in  Grimme and Boardman 

(1972) .  The chlorophyl l  concent ra t ion  d iv ided  by the  opt ica l  dens i ty of  the  ce l l  

suspens ion  a t  750 nm was  used  as  the measure  of  the  ch lorophyl l  contents  per  

ce l l  (Ogawa and Sonoike  2015) .  

Chlorophyll emission spectra determined at 77 K  

 The PSI/PSII  ra t io  was  es t imated  f rom chlorophyl l  f luorescence  

emiss ion  spect ra  determined  at  77 K as  descr ibed in  Ogawa e t  a l .  (2013) and  

Ogawa and Sonoike  (2015)  using a  f luorescence  spec t rometer  (FP -8500,  

JASCO) wi th a  low temperature  a t tachment  (PU -830,  JASCO).  Cel ls  were  

i l luminated  by whi t e  l igh t  (50  μmol  m - 2  s - 1 )  f rom a  l igh t  source  (Cold  Spot ,  

P ICL-NRX,  Nippon P.  I . )  in  the  presence  of  10 μM DCMU  for  10  min  pr ior  to  

the  measurement  to  block  th e ce l l s  in  S ta te  1.  The samples  were  exci ted  by l igh t  



Chapter III 

66 

 

a t  435  nm with  an  exci tat ion  s l i t  width  of  10  nm.  The PSI/PSII  ra t io  was  

evaluated by d iv iding the  height  of  the  PSI f luorescence  peak  (F P S I )  by that  of  

the  PSII  f luorescence  peak  (F P S I I) .  

Contents  in  Chapter  II I  had  been  publ i shed  in  2016 as  a  paper  

t i t l ed “Effects  of  bleaching by n i t rogen  def ic iency on  the  

quantum yie ld  of  photosys tem II  in  Synechocys t is  sp .  PCC 6803 

revealed  by chlorophyl l  f luorescence  measurements”  in  P lant  & 

Cel l  Phys io logy 57:  558-567 (doi :  10.1093/pcp/pcw010)  by 

Oxford  Univers i t y P ress .  
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General Discussion 

Characteristics of  photosynthesis is largely modified by the 

interaction among cellular metabolic pathways in 

cyanobacteria 

 Cyanobacter ia  are  supposed  to  be  the  evolu t ional  or igin  of  ch loroplas t s  

(Giovannoni  e t  a l  .1988) ,  and  photosynthe t ic  machinery i s  wel l  conserved  

between cyanobacter ia  and  land  p lants  (Renger  and  Renger  2008) .  As  

prokaryotes ,  however,  cyanobacter ia  have no organel le ,  and  photosynthes i s  

coex is t s  wi th other  metabol ic  pathways  wi th in a  ce l l .  Thus ,  a l l  the  

cyanobacter ia l  ce l lu lar  metabol ic  pathways  must  have some kind  of  in teract ion  

with  photosynthes i s .  In  o ther  word ,  p hotosynthes i s  in  cyanobacter ia  could  be  

largel y modi f ied  by the  condi t ion of  other  metabol ic  pathways ,  which i s  qui te  

di fferent  f rom th e  case  in  land  plants .  

 I  examined the  inf luence  of  the  defect  in  resp i ra t ion (Chapter I ;  

Ogawa e t  a l .  2013)  or  tha t  in  CO2  concent ra t ing mechan ism (Chapter II ;  

Ogawa and S onoike  2015)  on  photosyn thet ic  condi t ion  in  the  cyanobacter ium 

Synechocys t is  sp .  PCC 6803 us ing chlorophyl l  f luorescence  and  o ther  

spect roscopic  measurements  as  wel l  as  e lec t rochemical  measurements .  I  

demonst ra ted  that  r espi ra t ion  affec ted  photosynthes is  through the  redox  s ta te  of  

the  p las toquinone (PQ) pool ,  resu l t ing  in  the  change  of  energy d is t r ibut ion  

between Photosys tem II  (PSII)  and  Photosys tem I (PSI)  ( Chapter I ) .  On the 

other  hand,  CO 2  concent ra t ing mechanism affected  the  PSI s toich iomet ry 

through the  content  of  avai lab le  inorganic  carbo n source  for  the  ce l l s  

presumably accompanying  the  change in  gene express ion (Chapter II ) .  These 

resu l t s  ind icate that  the mechanism,  by which  photosynthes is  is  affec ted  by 

other  metabol ic  pathways ,  i s  to ta l l y d i fferent  between the  case  of  resp i ra t ion  

and  that  of  CO 2  concent ra t ing mechanism:  resp i ra t ion  affec ts  the redox  s ta te  of  

the  PQ pool  through the  change  of  shor t - term response ,  whi le  CO 2  

concent ra t ing mechanism affect s  the  photosys tem s toich iomet ry through the  

change of  long- term accl imat ion .  

 The di fference  in  the  mode of  in teract ion  could  expla in  the  di fference  in  

the  inf luence  on  chlorophyl l  f luorescence  measurement  be tween resp i ra t ion  and 

CO2  concent ra t ing mechanism :  resp i ra t ion d is turbs  ch lorophyl l  f luorescence  
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measurement  whi le  CO 2  concent ra t ing  mechanism does  not .  Since  the  change in  

condi t ion  of  res p i ra t ion  is  ref lec ted  in  the  shor t - term response  mechanism of  

photosynthes is ,  the  in teract ion between resp i ra t ion  and  chlorophyl l  

f luorescence  could  be  dynamical ly changed  a long wi th  the  change in  measur ing  

condi t ions  such  as  photon f lux  dens i ty  of  ac t inic  l igh t  (Campbel l  and Öquis t  

1996) .  On the  o ther  hand,  the  change  in  the  condi t ion  of  CO 2  concent ra t ing  

mechanism,  which  i s  involved  in  the  long - term accl imat ion  accompanying the  

change  in  gene  expression ,  would  not  much affec t  the  ch lorophyl l  f luorescence  

measurement .  

I  a l so found that  not  only d i s rupt ions  of  genes  involved  in  metabol ic  

pathways  but  a l so  th ose  of  coding aminoacyl - tRNA s ynthase  involved  in  the  

t ransla t ion  could  affec t  photosynthes i s  through the  change in  the  s t romal  redox  

s ta tus  ( i . e .  the  ra t io  of  NADPH/NADP + ) ,  resu l t ing in  the  change of  the  

appearance  t ime o f  the  f i rs t  peak  in  the  dark - l ight  induct ion  curve  of  

ch lorophyl l  f luorescence .  T he resul t s  presented  here  indicate  that  

photosynthes is  in  cyanobacter ia  would  be  performed in accordance not  only  

with  other  metabol ic  pathways  but  a l so with  vi r tual ly  every bio logical  react ion.  

Problems in the application of  chlorophyll f luorescence 

measurements to cyanobacteria 

Chlorophyl l  f luorescence  ref lec t s  the  condi t ion  of  photosynthes i s  and  

can  be  qui te  eas i ly determined ,  so  that  i t  has  been  widel y use d  to  evaluate  the  

photosynthes is  in  the  f ie lds  of  p lant  phys io logy,  ecology and  microbio logy 

(Krause  and  Weis  1991;  Govindjee  1995) .  However,  the  s i tua t ion  in  

cyanobacter ia  i s  sometimes  more  compl ica ted  than  in  land  plants  due  to  the  

inf luence  of  the in teract ion among cel lu lar  metabol ic  pathways  (Campbel l  e t  al .  

1998) .  Other  than  the  inf luence  of  respi ra t ion  d iscussed  above ,  f luorescence  

f rom phycobi l i some or  PSI would  cause  the  misevaluat ion  of  photosynthes i s  by 

chlorophyl l  f luorescence  measurement  (Campbe l l  e t  a l .  1998) .  In  th is  s tudy,  I  

developed  the  methods  to  precise ly evaluate  photosynthes i s  without  

di s turbances  f rom  respi ra t ion  or  f rom phycobi l i n  f luorescence ,  and  revealed  

that  the  value  of  Fv/Fm ,  a  most  f requent ly used  f luorescence  parameter  

represen t ing photochemical  eff ic iency of  PSII ,  was s imilar  between 

cyanobacter ia  and  land p lants .  Thus ,  the  longs tanding d iscrepancy between  

apparent  l arge  d i ffe rence  in  Fv/Fm and qui te  conserved  PSII react ion  centers  
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has  been  f inal ly d i spel led  by the  care fu l  exam inat ion  of  the  procedure  of  the  

ch lorophyl l  f luorescence  measurements .  

The effec t  of  o ther  metabol ic  pathways  than  photosynthes i s  on 

chlorophyl l  f luorescence  measurement ,  on  the  other  hand,  can  be  used  to  

evaluate  the  condi t ion  of  such  metabol ic  pathways .  For  example ,  d i s rupt ion  of  

many genes ,  which  are  not  di rec t ly involved  in  photosynthes is ,  resu l ted  in  the  

changes  in  dark - l ight  induct ion  curve  of  ch lorophyl l  f luorescence  in  the  

cyanobacter ium Synechocys t is  sp .  PCC 6803 (Ozaki  e t  a l .  2007) .  I  a l so  showed 

that  the  condi t ion  of  resp i ra t ion  or  CO 2  concent ra t ing mechanism could  be  

es t imated so lely b y the  measurements  of  NPQ,  the ch lorophyl l  f luorescence  

parameter  ref lec t ing the  redox  s ta te  of  PQ pool  in  cyanobacter ia  (Campbel l  and  

Öquis t  1996;  Ogawa and Sonoik e  2015;  Fig. II -2  in  Chapter II ) .  Needless  to  

say,  i t  i s  not  eas y to  evaluate  the  condi t ion  of  metabol i sm only b y chlorophyl l  

f luorescence ,  s ince  the  in teract ions  among metabol ic  pathways  in  a  

cyanobacter ia l  ce l l  i s  complica ted .  Chlorophyl l  f luorescence  measurement  is  

jus t  one  of  the  me thods  for  evaluat ing the  condi t ion  of  metabol i sm.  For  example ,  

l et ' s  cons ider  the  effec t  of  the  changes  in  aminoacyl - tRNA synthase  on  

photosynthes is .  As  ment ioned  above,  I  found that  d i s rupt ion  of  genes  encoding 

aminoacyl - tRNA synthase  affec ted  photosynthe t ic  e lec t ron  t ranspor t  chain  

poss ibly through the  change in  the  s t romal  redox  s ta te .  Al though th i s  pecul iar  

di scovery was  based  on  the  deta i led  examinat ion  of  the  ch lorophyl l  

f luorescence ,  o ther  exper imenta l  t echnique was  necessary to  reveal  the  

mechanism of  the  inf luence  of  t ransla t ion on photosynthes i s .  Chlorophyl l  

f luorescence  measurement  i s  a  non -des t ruct ive  and  easy method,  and  i t  i s  

sui tab le  for  the  f i rs t  s tep  of  analys i s .  I  be l ieve  that  my resul t s  obta ined  here  

cer ta in ly cont r ibute to  such  appl ica t io n  of  ch lorophyl l  f luorescence  

measurements  for  the  analys i s  of  in teract ion  among cel lu lar  metabol ic  pathways  

in  cyanobacter ia .  
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の NADH 脱水素酵素複合体がプラストキノンプールの酸化還元状態に与える影

響」 

日本植物学会第 76 回大会（兵庫県立大学姫路書写キャンパス）、2012 年 9 月 

 

（国内学会・ポスター） 

[1] ★小川敬子、鈴木健太、園池公毅「シアノバクテリアにおける翻訳関連遺伝

子の破壊の影響は光化学系Ⅰ還元側を通してクロロフィル蛍光に反映される」 

日本植物学会第 80 回大会（沖縄コンベンションセンター）、2016 年 9 月 

 

[2] ★小川敬子、鈴木健太、園池公毅「シアノバクテリアにおけるタンパク質翻

訳の阻害は呼吸活性を上昇させる」 

第 7 回日本光合成学会年会および公開シンポジウム（東京理科大学葛飾キャンパ

ス）、2016 年 5 月 

 

[3] ★小川敬子、園池公毅「フィコビリン量によらずシアノバクテリアの光化学

系Ⅱ量子収率をクロロフィル蛍光により見積もる方法」 

藍藻の分子生物学 2015（かずさアカデミアホール）、2015 年 11 月 

 

[4] ★小川敬子、園池公毅「窒素欠乏条件下におけるシアノバクテリアの光合成

量子収率の新しい評価法による解析」 

第 6 回日本光合成学会年会および公開シンポジウム（岡山国際交流センター）、

2015 年 5 月 

 

[5] ★小川敬子、園池公毅「シアノバクテリアの NPQ の光強度依存性を決める要

因の解析」 

第 5 回日本光合成学会年会および公開シンポジウム（近畿大学農学部奈良キャン

パス）、2014 年 5 月 

 

[6] ★小川敬子、園池公毅「シアノバクテリアの ndhF1 遺伝子の破壊は光合成速

度を見かけ上高くする」 

第 4 回日本光合成学会年会および公開シンポジウム（名古屋大学）、2013 年 5 月 
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Ｎｏ.3 

早稲田大学 博士（理学） 学位申請 研究業績書 
 

 

  

種 類 別  題名、 発表・発行掲載誌名、 発表・発行年月、 連名者（申請者含む） 

その他 
 

（国際会議・口頭） 

[1] Masahiro Misumi, Takako Ogawa, Hiroshi Katoh, Tatsuya Tomo and ★Kintake 

Sonoike “ Probing cyanobacterial redox and energy distribution by chlorophyll 

fluorescence” 

Finnish-Japanese symposium 2016 (Saariselkä, Finland), 09/2016 

 

[2] Masahiro Misumi, Takako Ogawa, Hiroshi Katoh, Tatsuya Tomo and ★Kintake 

Sonoike  “Variation of redox state of plastoquinone pool in cyanobacteria revealed by 

photochemical and non-photochemical quenching of chlorophyll fluorescence” 

International Conference Photosynthesis Research for Sustainability (Pushchino, Russia), 

06/2016 

 

[3] Takako Ogawa, Kenta Suzuki, Ayaka Aoki, Masahiro Misumi and ★Kintake 

Sonoike “Effects of metabolic modification on the redox state of photosynthetic electron 

transfer in cyanobacteria” 

The German-Japanese Binational Seminar 2015 "Harvesting Light: From light to 

biotechnological products" (Atami, Japan), 05/2015 

 

[4] Takako Ogawa, Teruo Ogawa, Masahiko Ikeuchi and ★Kintake Sonoike “Effect of 

cyanobacterial NDH complex on the redox state of plastoquinone pool” 

Japanese-Finnish Seminar 2012 “Photosynthetic Research for Sustainable Energy 

Production” (Naantali, Finland), 09/2012 
 

[5] ★Kintake Sonoike, Takako Ogawa, Tetsuyuki Harada and Hiroshi Ozaki “Probing 

metabolic interactions in cyanobacterial cells by chlorophyll fluorescence measurements” 

Binational Seminar Germany-Japan “Microalgal Products: From Metabolic Fundamentals 

to Promising Applications” (Freiburg, Germany), 10/2011 

 

（国際会議・ポスター） 

[1] Takako Ogawa, Masahiro Misumi and ★Kintake Sonoike “Estimation of 

photosynthesis by chlorophyll fluorescence measurements of cyanobacteria and 

eukaryotic algae” 

17th International Congress on Photosynthesis Research: Photosynthesis in a Changing 

World (MECC Maastricht, The Netherlands), 08/2016 

 

（国内学会・口頭） 

[1] ★園池公毅、三角将洋、鈴木健太、小川敬子、加藤浩、鞆達也「シアノバク

テリアと藻類における呼吸と光合成の相互作用」 

日本植物生理学会第 57 回年会（岩手大学上田キャンパス）、2016 年 3 月 
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Ｎｏ.4 

早稲田大学 博士（理学） 学位申請 研究業績書 
 

種 類 別  題名、 発表・発行掲載誌名、 発表・発行年月、 連名者（申請者含む） 

その他 
 

（国内学会・口頭） 

[2] ★鈴木健太、青木彩夏、小川敬子、園池公毅「シアノバクテリアにおいて呼

吸基質が光合成電子伝達に与える経路の解明」 

日本植物学会第 79 回大会（新潟コンベンションセンター）、2015 年 9 月 

 

[3] 小川敬子、★園池公毅「NDH 複合体の変異が光合成に与える影響」 

ラン藻の分子生物学 2013（かずさアカデミアホール）、2013 年 11 月 

 

（国内学会・ポスター） 

[1] ★鈴木健太、小川敬子、園池公毅「シアノバクテリアの呼吸鎖におけるプラ

ストキノンへの電子供給経路の解析」 

日本植物学会第 78 回大会（明治大学生田キャンパス）、2014 年 9 月 

 

（競争的資金） 

[1] 平成 26-28 年度 日本学術振興会特別研究員奨励費 DC1（250 万円） 

「クロロフィル蛍光を用いたシアノバクテリアの代謝系相互作用の定量的解析」 

 

 


