
The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  ofPlantPhysiologists

Plant E!fClelt Plo,siol. 12:311"316(1971)

Effect of  carbon  diexide concentration

pigmentation  in the blue-green alga

Aizacustis nidutans

on

J. H. ELEy

Botany  Departrnent,

Lexington, KentuckyUniversity

 o{'  Kentuck>'

40506, U,S, A,

fRec.eivedDccember25,  1970)

   The  pigment  contcnt  in thc  blue-green a]ga  Anaaystis nidulans  was  founcl to be de-

pendent  upon  COz  concentration  during growth,  In ce]ls  grown  with  1%  C02  in air

the  total  pigrnent  eonstituted  20.5Q,t, of  the  dry weight  while  it was  only  11.1%  of  dry

weight  of  cclls  grown  in air  (O,039'. C02). 
'l'his

 decrease in total piginent was  found to
bc almost  cntircly  ascribable  Lo decreasc in phycocyanin.  Since light absorbed  by

phycocya,nin has been  shown  to  pravide nearly  equal  rates  of  photoreuctions I and  II,

the  
"C02

 control"  of  phycocyanin  is vie",cd  as  an  efilrctive  means  of  rcgulation  of  tlte

photoreactions without  upsetting  the  batance of  operation  of  the  two  phoi/orcactions,

    Pigm ¢ ntation  studies  oii the  blue-green aiga  Anaop:stis nidu.tans  grown  under

various  light intensities of  white  light havc ]rcvcaled  the  operation  of  the  so-called
``sun-and-shade

 phenomenon'' in which  pig!ncnt eontent  varies  invcrscly with  Iight

intensity (1). Such  changes  in pigrncnt density allow  cells  to increase thejr pigment
content  under  low light intensity in ordcr  to capture  more  ot'  the available  1{ght.

pt(yers and  Kratz  (1) demonstrated  this increase in pigmentation for both chlorophyll
a  and  for the  primary  acccssory  pigment,  phycocyanin, with  no  significant  changc

in thc  chlorophyl],/phycocyanin  ratio.

   jones and  ){yers i(2)  observed  that  .{naopsltLf  cells  grown in red  light, which

provided  excess  quanta  to chlorophyll,  had a  decreasc in chlorophyll  content  to about

one-fourth  with  no  significant  change  in the  content  of  the  phycocyanin  or  the  total

carotenoid.  These investigators interpreted this as  a  mechanism  to prevent pigment
systcm  ] ft'om receiving  quanta in excess,  and  thus  maintaining  the balance of'

energy  input to  bot.h of  the  pigment  systeins.

    It has thus  been shown  that  Ana-/stis nidulans  can  ehange  its pigmentation  i"

response  to changes  in light intensity and  wavclcngth  in order  to ailow  the maximum

Iight capture  and  to maintain  a  balancc of  quanta  input to the  two  photoreactions.
The  present report  describes chan.cres  in thc  pigrncnt composition  efAnagJstis  nidulans

caused,  not  by  the  wavelength  of  light or  its intcnsity, but by  C02  coneentratiori

during growth,

Materials  and  metheds

    Anau,stiy nidztlans  Drouet  (Kratz and  Allen strain)'  zzJas

ofKratz  and  ]v･Iyers (3) in a  continuous  culture  apparatus  /C4)cultllredat  370C.in

 medium  C

 IIIumination

Sll
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was  provided  by  six  20-w cool  white  fluorescent lamps  surrounding  the  chambers

and  providing approximately  400  ft-candles (appreximately 13× 103 ergslcm2fsec

from 300  to 800  nm)  at  the  culture  surface.  Aeration  was  with  air  or  with  1%  C02
in air  obtained  from a  gas-mixer. The  C02-chamber  was  harvested at  l2 or  24-hr
intervals by  draining two-thirds  of  the  suspension  and  adding  fresh sterile  medium  to

the  remaining  cells. The  air-chamber  was  treated  in a  similar  manner  except  the

culture  was  harvested at  2 to 4 day intervals, The  specific  growth  rate  (1> in air

(O.l5) was  approximately  one-tenth  of  that  obtained  in the  prcsence of  1%  C02

(1.44).
    Pigment analyses  were  bascd on  OD  measurements,  obtaincd  in a  Beckman
DB-G  spectrophetometer  with  ten-inch  recorder,  using  whole  cell  suspensions,

aqueous  extracts  after  sonication,  and  the  800/, acetone  extracts  as  described

previously by  Myers  and  Kratz  (1). Four  25ml  aliquots  of  freshly harvested
suspension  were  centrifuged  and  washed  once  with  distilled water.  After a  second

centrifugation  of  the  washed  cell  suspension,  one  aliquot  was  quantitatively trans-

ferred to a  preweighed  tare, dried to constant  weight  and  reweighed  for dry weight
determination. A  second  aliguot  was  resuspended  in a  known  volumc  ofwater  and

used  for determination of  the  whole  cell  absorption  spectra  from  400  to 730 nm.

X,Vhitc translucent lucite (Cadillac Plastics No. X'V-7328) imrnersed in the  cuvettes

served  to minimize  scattering  by the  Shibata technique  (5). The  OD  reading  at

730 nm  was  substracted  from all wavelengths  as  a  uniform  scattering  correction.

A  third  aliquot  was  resuspended  in 8e%  acetone  fbr 5 min  and  centrifuged.

After a  second  and  third  extraction  the  supernatants  containing  the chlorQphyll  and

carotenoid  were  combined  and  made  up  to known  volume  to obtain  the  absorption

spectra.  The  blue cells  remaining  after  extraction  with  80%  acetone  shewed  a

characteristic  phycocyanin  absorption  with  no  trace  of  chlorophyll  er  carotenoid

absorption,  A  fourth aliquot  was  resuspended  in water  and  subjected  to sonication

for 1O min  in a  Biosonic III cell  disintegrator, fbllowed by  centrifugation  at  1O,OOO × g
for le min,  The  clear  blue-green supernatant  was  made  up  to known  volume  and

its absorption  spectrum  was  determined,

Results

    Fig. I shows  a  typical  absorption  spectrum  of  intact cells from Anaaystis

nidulans  grown  under  air  or  1 %  C02  in air.  The  traces  represent  the elbsorbance of

a  1,O cm  layer containing  1,O mg  dry weight  ofcells  per ml.  Cell densit>r at  harvest
was  O.32 mg  dry  weight  per ml  fbr the  COz-grown  cells  and  O.26 mg  dr}T weight  per
ml  for the  air-grown  cells. At  these  nearly  equal  cell  densities, the  efllective  light

intensities are  approximately  equal  and  therefore  the pigmentation difibrences are

not  due  to diflerential absorption  of  light quanta.
    The  pigmentation  diflerences for the  two  cell  types  shown  in Fig. 1 can  be
clearly  seen  with  the unaided  eye:  C02-grown  cel]s  appear  dark  blue-green while
air-grown  cells  are  yellow-green and  might  easily  be mistaken  fbr a  cuiture  of  green
algae,  As a  first approximation  for pigment  variation,  the  ratio  of  whole  cell

absorption  peaks at  678nm  (chlorophyll), 625nm  (phycocyanin) and  490nm

(carotenoids) may  be compared  fbr air-  and  C02-grown  cells, As  shown  in Table
1, COz-grown  cells  show  a  chlorophyll!phycocyanin  absorption  ratio  of  O.80 and  a
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Fig. 1. Absorption spectrafor cells groLvn tvith air  <sotid
line) andcelis  grown with  1%  C02 in air (broken line>.

Growth under  400 ft-candles of  white  light at  S7eC.

Curves  are  adjusted  to give OD  of  a  1,O cm  layer

containing  1.0 mg  dry weight  of  cells  per  ml.  Scat-

tering was  minimized  by use  of  3 mm  Iucite difl

fusion plates,

carotenoid/phycocyanin  absorption  ratie  of  O.50 which  agrec  closely  with  values

reported  by Jones and  Myers  (2) fer C02-grown  cells. Air-grown  cclls, however,
show  a  marked  decrease in the  phycocyanin  peak  at  625 nm  and  exhibit  an  increase

in the  carotenoid  pcak at  49e  nm,  Thus, cells  grown  under  low C02  have chloro-

phylllphycocyanin and  carQtenoidfphycocyanin  absorption  ratios  of  1,27 and  1.17
respectively,

    More  detailed analyses  of  the  pigmentation  diflbrences wcre  made  on  data

obtained  on  the  extracted  pigments, Fig. 2A  shows  the  abserption  spectra  of  80%
acetone  extracts  from  the two  cell  types.  The  spectra  diflbr primarily in increased

absorption  by carotenoids  C480 nm)  in the case  of  air-grown  cells, Fig. 2B  shows

the  absorption  spectra  of  the  total aqueous  extracts  after  sonication,  Here the  ex-

t.racted pigments show  a  major  decrease in phycocyanin absorptiori  (618 nm)  for
air-grown  cells.

    Concentrations ofchlorophyll  a  and  total  carotcnoid  were  estimated  in the 80%

acetone  extracts  (l), using  extinction  coeMcients  of  82.04 at  663 nm  and  200 at  460

nm  fbr chlorophyll  and  total carotenoid  respectively  (6). Estimation ofphycocyanin
concentration  was  macle  on  the  aqueous  extracts  by  use  of  the  following equatien  in
which  correction  is made  for chlorophyll  absorption  (i) :

        OD  phycecyanin==  1.016 OD"s-O,203  OD677

opctsof C02Table

 1

 on  Pigment composition

                           Pigment  concentrations  Pigment

,g.rdO},II,it.h., 
Relha,tip'hCt,Pae"k

 . chl, 
i"c.9,i,g{7--Wi////l't'

 "'EE.'t-.i' chl ,
 

rap'//'Oy-S","

 c..

           678  4co
           62tt 

'6'2-S"

1%  CO,  O.80  0.50 L97 O. 75 l7.7 20,5 1:  9.0 : O.4

  Air  1.27 1.17 1,79 L05  8.2  11.1 1:  `l.6:  D.6

a bb 

'ra"tl'6's-at
 tl/ET ;/i{･eiEl]gths sh6'Wfi  l'fi n'mM  a's obtained  on  whole  cell  suspensions.

b
 From  OD  measurements  at  66S nm  on  80D/o acetone  extracts;  %  chlorophyll'=  OD663/O.8024,

C
 From  OD  measurements  at  460 i}in  on  80?.r.' acetone  extracts;  W6 carotenoldu--OD46ot2.0,

d
 From  OD  measurements  at  618 nm  and  677 llm  on  aqueous  extracts;  %  phycocyanin=l.O16

 OD,,,-O.203  OD,,,/O.079.
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Fig. 2. Absoiption spectra of extracts  .fi'om celts groten tvith air

(sotid line) and  cells grozvn with  IOi'6 C02  in air <breken line).

A: 80%  acetene  extracts.  B: aqueous  cxtracts  after  sonica-'

tion.  Curves are  adjusted  te give OD  of  a  1.0cm  layer

containing  1.0 mg  dry weight  of  cclls  pcr ml,

Phycocyanin  content  is then  determined from the  specific  absorption  coeMcient  of

7.9 at  6I8 nm  (7),
    Results, given in Tab]e  l , show  total pigment  content  of  20.5%  ofthe  dry weight
fbr COz-grown  cells  versus  11.1%  fbr air-grown  cellg.  With  C02-grossTn ceJls of

Anacystis, Myers  andi  Kratz  (1) reported  22,e?(, of  the dry weight  as  pigment. From
their raw  data one  may  calculate  a  ratio  of  chlorophyll  a to phycocyanin as  1 : 9.3
and  chlorophyllato  carotenoid  as1:O.4.  [Fhese values  are  very  close  to eur  own

observations  in which  we  find a  ratio  of  chlorophyll  a  to phycocyanin  as  I : 9.0 andi
that  of  chlorophyll  a  to carotenoid  as  1:O.4.  In contrast,  when  grown  in air,

Anaaystis shows  a  reduction  in phycocyanin  content  so  that  the  ratio,of  chlorophyll  a

to phycocyanin  is rcduced  to  1 : 4,6l in six  separate  experiments  the  ratio  was  always

x-rithi-n  l:4,5 to 1:4,7. Moreover, the  redt[ction  in phycocyanin  content  is

primarily responsible  fbr the  decrease in total  pigment  as  observed  in air-grown  cells.

    As  m ¢ diurn C  is poQrly buflbred, it seemed  possible that  the  pigment  diflk]rences
between  the air  and  C02-grown  cells  might  in reality  be a  pH  eflect.  In mcdium  C,
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the air-grown  cultures  had, at  harvest, a  pH  bctween 8,9 and  9,S while  the pH  ot'

COL,-grown  cells was  maintained  near  8.0. To  increase the  budering  capacity,

O.05 M  HEPES  (N-2-hydroxyethy･lpiperazine-AV-2-ethanesulfbnic acid)  was  added

to the  medium.  The  addition  of  HEPES  maintained  the  pH  of  air-grown  cells  at

8.0-8.2 but the  pigmentation  remained  unaltered.  We  therefore  suggest  that  the

pigment  diflbrcnces between the  air  and  the  C02-grown  cells  js a  C02  eflect  and  not

a  pH  eflbct.

Discussion

    The  complex  coritrol  of  pigmcntation  in algae  in ;esponse to  illumination
intensity and  MJ･ave]ength  has received  recent  attention  byJones  and  Myers  (2) who

reported  only  small  variations  in thc ratio  ofabsorptions  for chlorophyll/phyg[}cyanin
under  white  light illumination. Their data suggest  that  Anacivslis nidulans  has a

suMcient  balance  of  chloroph}rjl  and  phycocyanin absorptions  and  the  authors  sug-

gest that  no  serious  change  in this absorption  ratio  should  eccur  by any  illumination
likely to bc cxperienced  in nature  or  by any  change  in cell  concentration.  Their
findings are  also  in agreement  with  the  earlier  findings nf  Myers  and  Kratz  (1) who

observed  a  decrease in the  total  pigment  caused  by a  tcn-fbld  increase in light
intensity but  found  oniy  minor  changes  in the  pigment  ratios.  Jones and  Myers  (2)
found a  change  in the  ratio  only  in the  special  case  ol' illuminaLion by  red  light, and
the  change  was  in the direction of  restoring  the  chloi'ophylllphycocyanin  absorption

ratio.  Ghosh  and  Govindjee  (8) have  also  reported  similar  changes  in pigment
ratios  in Anac.vsti,f c:aused  by illumination with  l{ght of  diflbrent colors.

    The  pr¢ sently  described 
``C02

 conrrol;'  is viewed  as  a  means  of  regulation  ot'

quanta  input to malntain  the photoreactions at  a  rate  comparable  with  the  dark
reactions.  The  fact that  the air-grown  cells  i･vere  Iimited in growth  by the  availa-

bility erC02  is revealc.d  by  a  specific  growth  rate  approximatcly  tcn-tbld lower
than  that  of  the (.102-grown celts. Air-grown cells  were  thus  limited by the  dark
reactions  of  photosynthesis and  not  hy the iight reactions  which  r ¢ ceived  quanta  in
excess  ofthat  required  fbr the  maintcnance  of  the  dark  reactions.  Air-grown cells
mi.crht  therefore  reduce  their  pigment  content  in oi'der  to cflbct  the reduced  quanta
input comparablc  to  the  iimiting dark  reactions,  Iiideed, our  results  indicating a
total pigment  content  of20.59,'b  of  thc dry weight  for C02-grown  cclls  versus  11.193
fbr air-grown  cells  support  this hypothesis, Such  a  control  iyt. similar  to the  

"sun-

and-shadc  controV'.  There  is, howevcr,  one  major  difl12rence between  the 
CCsun-

andi-shad ¢  contrel''  of  pigmentation  and  the  presently clescribed  
"C02

 control:'.

In the  fbrmer, the  pigmentation  cha]'igcs  occur  ivithout  aflle}cting  the  ratio  of  chloro-

phyll to phycocyanin, presumably maintainin.cr  a  balance of  quanta  input･ to drive
the two  photoreactio"s. The  

[LC02
 control'',  in contrast,  involves pigmc.'ntation

changcs  which  result  in alteration  ofthe  ratieof  chlorophyll  to phycocyanin,  As
shex･vn  in Table  l, the  low pigincntation in air-grown  cells  is ah'nost  entirely  as-

cribable  t() a  rcduction  in thc  phycocyanin  content  ancl  not  to a  uniform  decrease
in all of  the  pigments.

    XVe inust  turn  thereforc; to thequestien  of  quanta  clistribution  in Anacvstis as  in-
vestigatcd  fi'om Emcrson  enhancement  studies.  Enhancement  data  obtained  on

COz-grown  cells  have shown  lar.cre cnhancement  valucs  in the regions  of  maximuin
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chlorophyll  absorption  indicating that  absorption  energy  is supplied  in excess  to

photoreaction I (9),
    In the  region  of  maximum  phycocyanin absorption,  however, enhancement

values  are  very  low indicating that  the  two  light reactions  are  closely  ba}anced,

Such low  enhancement  values  lead to the  suggestion  that  phycocyanin  may  absorb

quanta for each  of  the  photoreactions and  thus  may  provide a  balance of  operation

between  them.

    The  present work  appears  to lead toward  a  conclusion  that  the  
"C02

 control''

of  pigmentation acting  through  phycocyanin  might  allow  adjustment  of  the  light

reactions  to  match  the  dark reactions  by which  the  C02  ls fixed and  reduced,  and

might  do so  without  upsetting  the  balance between the two  photoreactions,
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