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ABSTRACT: T he un icellu lar a lg a  Nannochloropsis sp. (Eustigm atophyta) is a  rich  source of lipids, 
p o ly u n sa tu ra ted  fatty  acids (such as e icosapen taeno ic  acid) an d  caro teno ids (violaxanthin), w hich  
m akes it v a lu ab le  for h u m an  consum ption, aq u acu ltu re  an d  biofuel production . M ass p roduction  of 
Nannochloropsis sp. can  b e  easily  ach ieved  in  h ig h -ra te  algal ponds (HRAP), in  flat p an e l pho tob io 
reacto rs (FPP) or in  tu b u la r photobioreactors. W hile easy  to opera te , th e se  system s are  p ro n e  to u n 
favorab le g row th  conditions, w hich  affect productivity . In the  p re se n t study, w e cu ltiva ted  N an
nochloropsis sp. in  2 ou tdoor p roduction  system s an d  m onito red  pho tosyn thetic  activity. U nfavorable 
conditions (stressors), such as h ig h  te m p era tu re  an d  h igh  pH  in com bination  w ith  h ig h  irrad iance, 
w ere  in d u ced  in  FPP, causing  a substan tia l reduc tion  in  the  pho tosyn thetic  rate . T he m easu rem en ts  
of Nannochloropsis sp. pho tosyn thetic  activity  u sing  several chlorophyll fluo rescence tech n iq u es as 
w ell as oxygen  p roduction  m e asu rem en ts  show ed  th a t th is species is ab le  to w ith stan d  h ig h  irra d i
ance levels. A lthough  som e pho to d am ag e d u e  to h ig h  irrad iance  w as found, th e  cu ltu res rap id ly  
recovered . Nannochloropsis sp. coped  w ell w ith  h ig h  pH  conditions u n d e r physio logical te m p e ra 
tures. H ow ever, a tem p era tu re  rise above 32°C w as detrim en ta l, w ith  rep a ir  p rocesses b e in g  un ab le  
to k ee p  up  w ith  th e  ra te  of dam age . T he cu ltu res in  th e  FPP w ere  m ore p ro n e  to d am ag e  by ex trem e 
tem p era tu re s  th a n  those in  the  HRAP d u e  to th e  h ig h  surface:volum e ratio, w hich  com plicated  te m 
p e ra tu re  reg u la tio n  w ith in  the  physiological range .
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P hotosynthetic ra te  • U nfavorable conditions • Q uan tum  yield

------------------------------------ Resale or republication not perm itted  without written consent of the pu b lish er------------------------------------

INTRODUCTION

T he un icellu lar a lg a  Nannochloropsis sp. (Eustig
m atophyta; h e re a fte r  Nannochloropsis) is recogn ized  
as an  excellen t source of e icosapen taeno ic  acid  (EPA)

(20:5co3, an  essen tia l p o ly u n sa tu ra ted  fatty  acid) an d  
caro teno ids (especially violaxanthin) for h u m an  co n 
sum ption  as w ell as for an im al feeds (aquaculture). 
Recently, th e re  has  also b e e n  an  in c re ase d  in te rest in 
this g en u s  for b iofuel p roduction  d u e  to its h ig h  lipid
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conten t. M ass p roduction  of Nannochloropsis can  be 
easily  ach ieved  in  h ig h -ra te  a lgal ponds (HRAP) 
(Sukenik  1999), in  vertical flat p an e l pho tob io reacto rs 
(FPP) (Zuo & Richm ond 1999) or in  tu b u la r pho tob io 
reacto rs (Chini Z ittelli e t al. 1999). All th ese  production  
system s m ay b e  m a in ta in ed  outdoors, an d  opera tional 
conditions can  b e  op tim ized  to prov ide m axim um  p ro 
duction  ra tes for ex ten d e d  periods (Tredici & C hini Z it
telli 1998, B orow itzka 1999, U gw u et al. 2008). H ow 
ever, th e se  cu ltivation  system s are  p ro n e  to techn ical 
failures such as tem porary  m alfunction ing  of control 
dev ices (i.e. te m p era tu re  an d  pH  control, reg u la tio n  of 
C 0 2 supply), an d  th ese  can  have effects on  the  p h y si
ology of the  a lg ae  th a t m ay b e  ex a ce rb a te d  by  h igh  
irrad iance  at ce rta in  tim es of th e  day  or u n d e r p a r tic u 
lar clim atic conditions. Such failu res could  cause  
a b ru p t ch an g es in  en v ironm en ta l conditions th a t could 
lead  to red u c ed  production . U nfavorable g row th  co n 
ditions can  b e  m onito red  (using various dev ices such 
as pH  m eters, therm ocouples, etc.) an d  the ir effect on 
productiv ity  assessed  by m e asu rem en ts  of ph o to sy n 
thetic  activity. Rapid resto ra tion  afte r opera tional fa il
u re  can  le ad  to g rad u a l recovery  of pho tosyn thetic  
activity an d  g row th  rate . H ow ever, it is im portan t to 
u n d e rs ta n d  the  ex ten t to w hich  fluctuations in  co n d i
tions can  p ertu rb  pho tob io reacto r system s an d  how  
fast th e  a lg ae  can  recover afte r norm al conditions are 
restored .

W e exposed  th e  a lg a  Nannochloropsis to a w ide 
ran g e  of stress conditions in  2 ou tdoor p roduction  sys
tem s an d  m onito red  the  cu ltu res ' pho tosyn thetic  ac tiv 
ity upon  stress in troduction  an d  du rin g  th e  su b seq u en t 
recovery  phase . Stressors, such as h ig h  tem p era tu re  
an d  h ig h  pH  in com bination  w ith  h ig h  irrad iance , w ere  
in d u ced  in  ou tdoor cultu res, an d  th e ir  effect on  p h o to 
synthesis w as m onito red  by pu lse  am p litude m o d u 
la ted  (PAM) fluorom etry.

MATERIALS AND METHODS

A lgal mass production system s. Field experim en ts 
w ere  ca rried  out at the  facilities of th e  N ational M ari- 
cu ltu re  C en te r (NCM), Israel O ceanograph ic  and  
L im nological R esearch, Eilat, Israel (29° 3 3 '5 .48" N, 
34° 58 '25 .27" E) for 3 consecutive days from  1 -3  April 
2008. O utdoor cu ltu res of th e  a lga  Nannochloropsis 
w ere  cu ltiva ted  in  2 m ass p roduction  system s. A 
h ig h -ra te  algal po n d  (HRAP), w h ich  is a concrete  
racew ay  po n d  of 60 m 2 th a t is e q u ip p ed  w ith  a  p a d 
d le w heel, w as m a in ta in ed  at a w a te r  level of 35 cm 
an d  p rov ided  w ith  C 0 2 v ia a  solenoid  valve ac tiva ted  
by a pH  contro ller set to pH  8.4 (see Fig. 3.5 in 
S uken ik  1999). T he cu ltu re  w as d ilu ted  daily  by 
rep lac in g  10%  of the  HRAP volum e w ith  fresh

m edium  an d  evaporation  w as co m p en sa ted  for by  the  
add ition  of tap  w ater. T he cu ltu re  m ed ium  w as com 
posed  of 70%  seaw ate r an d  30%  tap  w ate r to p ro 
duce a salinity  of 28 ppt, an d  w as fertilized  w ith  
2 m M  (NH4)2S 0 4, 0.2 m M  H 3P 0 4, an d  0.02 mM  
F e2(S 0 4)3. T he HRAP w as o p e ra ted  continuously  for 
4 w k  prior to th e  m easu rem en ts. T he o ther p ro d u c 
tion system  w as com prised  of a flat p an e l pho tob io 
reac to r (FPP) m ade  of a m etal fram e th a t h e ld  a flat 
p lastic b a g  (5 x 200 x 100 cm, w  x 1 x h) w ith  a to tal 
volum e of 100 1 (Boussiba & Z arka  2005). T he N a n 
nochloropsis cu ltu re  from  th e  HRAP w as u se d  to 
inocu late  th e  FPP a w ee k  prior to the  m easu rem en ts. 
T he FPP cu ltu re  w as b u b b le d  w ith  C 0 2-en riched  
(-0 .5% ) air at th e  ra te  of 5 1 m k r 1 to m ain ta in  tu rb u 
lence an d  to k eep  the  pH  b e tw e en  7.5 an d  8.2. In an  
a ttem p t to avoid ex trem e tem p era tu re s  in  the  FPP 
cu ltu re, am b ien t seaw ate r w as c ircu la ted  in  'cooling 
fingers ' im m ersed  in  th e  cultu re. T he cu ltu re  pH  an d  
tem p era tu re  w ere  m onito red  continuously. Incident 
solar irrad ian ce  w as m easu red  w ith  a  pyranom eter 
(Li-Cor) an d  d a ta  w ere  lo gged  every  5 m in w ith  a 
d a ta  logger (Li-Cor 1000). A conversion factor of 1 W 
n r 2, eq u a lin g  4.5 pm ol pho ton  n r 2 s-1, an d  a con tri
bu tion  of 40%  of photosyn thetically  active rad ia tion  
(PAR) to to ta l solar irrad iance , w ere  u sed  to exp ress 
the  d a ta  as PAR in pm ol pho ton  n r 2 s_1.

M easurem ents of photosynthetic activity. Sam ples 
from  bo th  HRAP an d  FPP cu ltu res w ere  co llected  at 6 to 
8 h  in te rvals for 51 h, w hich  re p re se n te d  >2 com plete 
consecutive d iu rn a l cycles. T he pho tosyn thetic  activity 
of the  cu ltu re  w as m easu red  u sing  a continuous bypass 
from  th e  cu ltivation  un its  to a flow -th rough  W ater PAM 
fluorom eter (W ater PAM, H einz Walz) p ro g ram m ed  to 
ru n  rap id  ligh t-response  curves (RLC). S am ples w ere  
sim ultaneously  co llected  from  bo th  HRAP an d  FPP, 
d a rk  a d a p te d  for 15 to 20 min, an d  ev a lu a ted  for the ir 
pho tosyn thetic  capac ity  u sing  2 o ther fluorom eters: the  
D ual PAM (Heinz Walz) to estim ate  Photosystem  I an d  
II (PSI an d  PSII) yields, an d  th e  A q u ap en  AP 100 (Pho
ton System s Instrum ents) to m easu re  chlorophyll fluo
rescen ce  induction  curves. S ubsam ples w ere  o b ta in ed  
for th e  m easu rem en t of pho tosyn thetic  oxygen  evo lu 
tion u sing  an  oxygen  e lec trode  in  conjunction  w ith  a 
ligh t source th a t p rov ided  PAR at d iffe ren t in tensities 
(D ubinsky e t al. 1987).

Flow-through Water PAM  fluorometry: This te c h 
n iq u e  involves the  use  of a h igh ly  sensitive chlorophyll 
fluorom eter d es ig n ed  for continuous m onitoring  of 
p h y top lank ton  pho tosyn thetic  activity. T he fluo rom e
te r consists of a w aterp roo f m easu rin g  h e a d  covered  by 
a flow -th rough  ch am ber an d  is o p e ra ted  in  conjunction  
w ith  th e  s ta n d a rd  PAM control un it v ia  a p ersona l com 
p u te r  u sing  the  W in C ontrol softw are (Heinz Walz). 
T he flow -th rough  ch am b er w as co n n ected  to a  p e r i
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staltic pum p th a t con tinuously  p u m p ed  algal cu ltu re 
from  th e  pho tob io reacto r into th e  m easu rin g  h ead . In 
situ  RLCs w ere  acq u ired  by sa tu ra ting -pu lse  analysis 
u n d e r  in c reasin g  irrad iances (using a  30 s illum ination  
period). This p ro ced u re  p rov ided  a series of ph o to sy n 
thetic  q u an tu m  yields (PQY), w h ich  w ere  m easu red  in 
th e  am b ien t lig h t-a d ap te d  state , Fv'/F m', as a function 
of th e  actinic ligh t intensity . Fv7Fm' is eq u a l to 
(Fm'-F 0')/F m' r w h ere  Fv' is th e  variab le  fluo rescence in 
ligh t-acc lim ated  cells, Fm' is the  m axim um  fluo res
cence from  ligh t-acc lim ated  cells, an d  F0' is the  m in i
m um  fluorescence from  ligh t-acc lim ated  cells. T hree  
rep lica te  RLCs w ere  m easu red  for b o th  p roduction  sys
tem s at each  sam pling  tim e. O n several occasions, in 
situ varia tions in  Fv'/F m' w ere  follow ed by a series of 
repe titive  sa tu ra tin g  pu lses se p a ra te d  from  each  o ther 
by 2 to 3 min.

PS I and PSII efficiency: C h an g es in  absorp tion  effi
ciency of PSI an d  PSII w ere  m easu red  sim ultaneously  
b ased  on  th e  pu lse m odulation  p rincip le  w ith  the  dual 
w av e len g th  ap p ro ach  u sing  th e  D ual PAM fluorom eter 
(K lugham m er & S ch reiber 2008). B ecause the  PSI 
signal w as ra th e r low, the  m easu rem en t re q u ire d  -10- 
fold sam ple concen tra tion  u sing  a bench top  cen trifuge 
(6 m in at 1000 x g). T he com plete opera tion  of RLC 
reco rd in g  took  15 m in an d  w as perfo rm ed  on sam ples 
after d a rk  adap ta tion . Thus, th e  o b ta in ed  RLCs d id  not 
show  th e  in situ activity  b u t w ere  m ore likely to 
exp ress p o ten tia l pho tosyn thetic  activity  (W hite & 
C ritchley  1999). At each  sam pling  tim e, 3 rep licate  
RLCs w ere  m e asu red  u sing  inc reasing  actinic light 
steps, each  lasting  30 s. All RLCs w ere  fitted  u sing  an 
exponen tia l m odel (W ebb e t al. 1974). A fter d a rk  a d a p 
tation, the  m axim um  q u an tu m  efficiency of PSII in 
th e  d a rk -a d a p te d  state, Fv/F m (w here Fv is th e  variab le  
fluorescence in  d ark -acc lim ated  cells an d  Fm is the 
m axim um  fluorescence from  d ark -acc lim ated  cells), 
w as calcu lated . T he effective q u an tu m  efficiencies of 
PSI an d  PSII (<£>PSi an d  ©Psn), m e asu red  w ith  th e  D ual 
PAM fluorom eter, w ere  ca lcu la ted  as A F /Fm' = 
(Fm'- F s)/Fm'r w h ere  AF is th e  ch an g e  in  fluorescence 
em ission from  d ark -acc lim ated  cells an d  Fs is the  fluo
rescen ce  em itted  d u e  to the  D ual PAM m easu ring  
light. T he re la tive  elec tron  transpo rt ra tes  (rETR) of PSI 
an d  PSII w ere  ca lcu la ted  as ©PSI or <£>Psn x PAR 
(Krom kam p & Forster 2003).

Fluorescence Induction curves: T he rap id  fluo res
cence induction  k inetics (the so-called  K autsky curve) 
of all oxygenic pho tosyn thetic  o rganism s show  a 
polyphasic rise (chlorophyll fluo rescence transien t) 
b e tw e en  the  initial (F0) an d  the  m axim um  (Fm) fluo res
cence y ield  d u ring  the  first second  of illum ination  
(N eubauer & S ch reiber 1987). T hese  p h ases w ere  d e s 
ig n a ted  as O, J, I an d  P (or the  inflection points on  the 
fluorescence induction  curve), an d  can  b e  v isualized

using  a logarithm ic tim e scale (S trasser e t al. 1995). 
T he inflection  point J  (2 ms) rep rese n ts  the  d o u b le 
reduc tion  of e lec tron  carrie rs  Ph, QA an d  Q B, w hile  the  
I step  (30 ms) is co n n ected  to a 3 -electron  reduc tion  of 
the  PSII e lec tro n  carrie rs to d iffe ren t redox  sta tes of the  
reaction  cen te r com plex, w h ich  red u ces  th e  PQ pool 
(Strasser e t al. 2004, L azár 2006). T he I step  p robab ly  
reflects th e  h e te ro g en e ity  of th e  PQ pool, w ith  fast- 
red u c in g  an d  slow -reducing  PSII cen ters. T he drop  in 
the  induction  curve b ey o n d  th e  P step  ind icates tha t 
the  PQ pool is b e in g  re-ox id ized  d u e  to the  d em an d  for 
red u c in g  equ iv a len ts  from  th e  C alvin-B enson cycle.

A po rtab le  fluorom eter (A quapen  AP 100) w as u sed  
to follow  th e  po lyphasic rise of chlorophyll fluo res
cence in  bo th  ou tdoor cultures. D ark -ad ap ted  (15 min) 
sam ples w ere  d ilu ted  to a  final concen tra tion  of 
-200  m g dw  P 1 (-3 .5  m g  chi P 1; see 'C hlorophyll co n 
cen tra tion  an d  o ther b iochem ical p aram ete rs ')  an d  
w ere  p laced  in  a 3 ml fluorescence cu v e tte  th a t w as 
m oun ted  in  front of th e  detector, w hile  red  lig h t-em it
ting  d iodes (LEDs) supp lied  sa tu ra tin g  ligh t in tensity  
from  bo th  sides of the  cuvette  p e rp en d icu la r to the  
detector. Rapid fluorescence induction  cu rves w ere  
reco rd ed  in  the  tim e ran g e  b e tw e en  50 ps an d  2 s from 
the  onse t of the  sa tu ra tion  ligh t level. T h ree  curves 
w ere  reco rd ed  an d  av e rag ed  for each  sam ple.

Photosynthetic oxygen evolution: Photosynthesis 
an d  d ark  resp ira tion  ra te s  in  response  to irrad iance  lev 
els w ere  m e asu red  as ch an g es in  oxygen  concen tra tion  
u sing  a po larog raph ic  oxygen  e lec trode  (C lark type, 
Yellow S prings 5331), w h ile  illum ination  of the  algal 
sam ple w as p rov ided  by  a Light P ipette  (Brammer, Illu- 
m inova) as p rev iously  d escrib ed  by  D ubinsky e t al. 
(1987). T he ligh t in tensity  w as m e asu red  w ith  a light 
m eter (LI-250A) co n n ected  to a q u an tu m  sensor (LI- 
190, Li-Cor). S am ples co llected  from  the  HRAP or FPP 
w ere  d ilu ted  tw ice w ith  fresh  m edium , b u b b le d  w ith  a 
stream  of N2 to red u c e  the  in itial o xygen  concentra tion , 
in se rted  into the  incubation  ch am ber (-15  ml) an d  
s tirred  for te m p era tu re  equ ilib ra tion  (25°C) in  th e  dark . 
A fter 20 m in of d a rk  incubation, resp ira tion  w as m e a 
su red  for 120 s. N et pho tosyn thetic  ra tes  w ere  m e a 
su red  in  th e  incubation  ch am b er at a seq u en ce  of 9 
ligh t in tensities (6, 44, 80, 130, 166, 280, 350, 580 an d  
740 pm ol pho ton  n r 2 s_1) p rov ided  by  th e  Light P ipette  
as describ ed  by  Ben-Zion & D ubinsky (1988). E ach  illu 
m ination  period  la s ted  for 120 s. G ross photosynthetic  
ra te  w as ca lcu la ted  from  av e rag e  v a lues for the  oxygen  
evolution  ra te  du rin g  each  illum ination  p eriod  an d  d ark  
resp ira tion  ra te  m easu red  prior to the  illum ination. P ho
tosynthetic  pa ram ete rs  (a, Pmax, an d  Lk) w ere  ca lcu la ted  
by fitting  the  m e asu red  P vs. I d a ta  to th e  P latt & Jassb y  
(1976) hyperbolic  ta n g en t m odel.

C hlorophyll concentration and other b iochem ical 
param eters. S ubsam ples w ere  co llected  from  bo th  the
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FPP an d  HRAP system s. P hotosynthetic p igm ents w ere  
ex trac ted  from  cells u sing  100%  m ethano l an d  co l
lec ted  after cen trifugation . S pectra  of th e  su p e rn a tan ts  
w ere  d e te rm in e d  u sing  a UV/VIS spectropho tom eter 
(Shim adzu UV 1240) an d  chlorophyll a (chi a) and  
ca ro teno id  concen tra tions w ere  ca lcu la ted  accord ing  
to L ich ten tha ler (1987). A bsorption  coefficients of the 
cells w ere  m e asu red  as d escrib ed  by  S h ibata  e t al. 
(1954) u sing  s ta n d a rd  A4 p a p e r  m oun ted  in  front of a 
cuve tte  ho lder as a ligh t diffuser. Cells w ere  coun ted  
w ith  a haem ocytom eter. Biomass dry  w eigh ts w ere  
es tim ated  by  filtering  a know n volum e of cu ltu re 
th ro u g h  p re -d ried  an d  p re -w e ig h e d  G F/C  filters 
(W hatm an). T he filters w ith  th e  sam ple w ere  w e ig h ed  
after d ry ing  for 1 h  at 110°C.

RESULTS AND DISCUSSION  

Physicochem ical param eters and stress conditions

D iurnal v a ria tio n s in  PAR d u rin g  th e  3 d  study  
p erio d  a re  p re se n te d  in  Fig. 1A, in d ic a tin g  typ ical 
sp rin g  rad ia tio n  a t th e  s tudy  site, w ith  a  m axim um  
PAR of 2000 pm ol p h o to n  n r 2 s_1 at 13:00 h  local 
tim e. T he te m p e ra tu re  of th e  HRAP cu ltu re  f lu c tu 
a te d  b e tw e e n  11°C in  th e  ea rly  m o rn in g  an d  23°C 
d u rin g  th e  ea rly  a fte rn o o n  (13:00 h). T he pH  v aried  
b e tw e e n  7.0 at n ig h t an d  8.3 (the con tro lle r se ttin g  
point) at noon  a n d  d u rin g  th e  ea rly  afte rn o o n  
(Fig. 1B,C). T he te m p e ra tu re  of th e  FPP cu ltu re , on 
th e  o th e r h an d , in c re ase d  to 40°C d u rin g  th e  ea rly  
a fte rn o o n  on  th e  th ird  day, as th e  cooling  system 's 
cap ac ity  fa iled  to cope w ith  th e  ex tre m e  h e a t flux. 
D uring  th e  ea rly  m o rn in g  hours, th e  te m p e ra tu re  of 
th e  FPP cu ltu re  d e c re a se d  to 15°C. D uring  th e  d a y 
ligh t hou rs of th e  first an d  second  day, th e  FPP c u l
tu re  pH  w as a llow ed  to in c re a se  (due to p h o to sy n 
th e tic  co nsum ption  of C 0 2) a n d  re a c h e d  pH  10 (at 
17:00 h  on  D ay 2), b u t w as m a in ta in ed  at 8.2 d u rin g  
th e  th ird  ex p e rim en ta l d ay  by th e  ad d itio n  of C 0 2 
en ric h ed  air. A t n igh t, th e  pH  g rad u a lly  d e c re a s e d  to 
a  m in im um  v a lu e  of 7.9 (Fig. 1B,C). T he re la tive ly  
s tab le  pH  an d  te m p e ra tu re  cond itions in  th e  HRAP 
cu ltu re  w e re  co m p ared  w ith  those  of th e  FPP c u l
tu re ; th e  d iffe ren ces b e tw e e n  th e  2 system s are  
show n in  th e  top  p an e ls  of Fig. IB ,C . D uring  the  
a fte rn o o n  hou rs of D ay 3, th is com parison  in d ic a ted  
ex trem ely  h ig h  te m p e ra tu re  cond itions in  th e  FPP 
cu ltu re  w h ile  'n o rm a l pH  cond itions ' w e re  m a in 
ta in ed . T hus, it w as p ossib le  to se p a ra te  te m p e ra tu re  
s tress from  h ig h  p H /lo w  C 0 2 stress. In add ition , 
p o ten tia l s tress  cond itions from  th e  com b in ed  effects 
of su p ra-o p tim al te m p e ra tu re  an d  pH  w e re  id e n ti
fied  in  th e  FPP cu ltu re  d u rin g  th e  a fte rn o o n  of Day 2.

Photosynthetic quantum yields (PQY)

P hotosynthetic  responses to the  w ide ran g e  of e n v i
ro n m en ta l conditions th a t d ev e lo p ed  in  the  2 p ro d u c 
tion system s are  p re se n te d  in  Fig. 2, w h ich  com pares in 
situ  PQY values (acquired  u sing  flow -th rough  W ater 
PAM fluorom etry  an d  ex p ressed  as Fv'/Fm') s im u ltan e
ously m e asu red  in  th e  FPP an d  HRAP cultures. The 
g rea te s t d iffe rences in  th e  in situ  PQY b e tw e en  the  
FPP an d  HRAP cu ltu res w ere  o bserved  b e tw e en  12:00 
an d  18:00 h  (on Days 2 & 3). D uring th ese  sam pling  
tim es, the  in situ  PQY of th e  FPP cu ltu re  w as m uch 
low er th a n  th a t of the  HRAP cu lture. Both h igh  irra d i
ances an d  h ig h  tem p era tu re s  could  h av e  cau sed  this 
d rop  in  Fv'/F m' b e tw e en  14:00 an d  17:00 h  in  th e  FPP. 
W hile h ighest irrad iances w ere  o bserved  at 13:00 h, 
the  PAR values d ro p p ed  from  1911 pm ol pho ton  n r 2 s_1 
at 14:00 h  to 875 pm ol pho ton  n r 2 s_1 at 17:00 h, su g 
g es tin g  th a t th e  rise in  te m p era tu re  w as the  m ain  fac
tor responsib le  for th e  la rg e  drop  in  Fv'/F m' ob se rv ed  in 
the  FPP. M orris & K rom kam p (2003) s tud ied  th e  effect 
of te m p era tu re  on the  pho tosyn thetic  perfo rm ance  of 
the  ben th ic  d ia tom  Cylindrotheca closterium  an d  
rep o rted  a sharp  drop  in  Fv/F m an d  a less sharp  
d ec rease  in  m axim um  pho tosyn thetic  oxygen  evo lu 
tion (Pmax) at a tem p era tu re  >30°C. T he cum ulative 
d a ta  of in situ  PQY p re se n te d  on a log scale aga inst 
cu ltu re  tem p era tu re  ind icate  th e  te m p era tu re  to le r
ance of Nannochloropsis (Fig. 3). Relatively h igh  in situ 
PQY values w ere  m a in ta in ed  over a w ide  ran g e  of 
tem p era tu re s  (from 11 to 32°C). H ow ever, PQY values 
dec lined  significantly  at th e  h ig h e r tem p era tu re s  tha t 
w ere  m easu red  in  th e  FPP cu ltu re  (Fig. 3) b e tw e en  
14:00 an d  17:00 h  on D ay 3.

P hotosynthetic  fluo rescence param ete rs  w ere  m e a 
su red  u sing  th e  D ual PAM fluorom eter after d a rk  
ad ap ta tio n  for 15 m in at room  te m p era tu re  (Fig. 4). The 
Fv/F m values (PQ4 y ield  of PSII in  th e  d a rk -a d a p te d  
state) m e asu red  by th is p ro ced u re  for the  2 production  
system s w ere  sim ilar to, or h ig h e r than , the  co rre 
spond ing  va lues  m easu red  in situ  w ith  th e  W ater PAM 
fluorom eter. S im ilar Fv/F m values  w ere  also reco rd ed  
for th e  FPP an d  HRAP sam ples co llected  at n igh t or in 
the  early  m orn ing . D uring th e  a fte rnoon  on Days 1 an d  
2, the  d a rk  ad ap ta tio n  period  w as sufficient to allow  
full recovery  of the  cu ltu re  to the ir d a rk  Fv/F m values. 
T he d iffe rences b e tw e en  th e  HRAP an d  th e  FPP cu l
tu re  w ere  m inor an d  bo th  cu ltu re  system s show ed  sim 
ilar tren d s afte r d a rk  adap ta tion . This show ed th a t the  
d ec rease  in  Fv'/F m' m e asu red  w ith  th e  flow -through  
W ater PAM fluorom eter at m idday  w as m ost likely a 
com bination  of dynam ic dow nregu la tion , w h ich  is 
p robab ly  re la ted  to the  xan thophy ll cycle causing  
en e rg y  q u en ch in g  (qE), an d  chronic d o w nregu la tion  
(ql, see  'In -line chlorophyll fluorescence an d  flúores-
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light-adapted  Nannochloropsis cultures cultivated in  a flat- 
panel photobioreactor (FPP) and in a h igh rate  algal pond 
(HRAP). In situ m easurem ents w ere done using flow-through 
Water PAM (pulse am plitude modulation) fluorometry. Note 
tha t th e  PQY values are  p resen ted  on a logarithm ic 

scale

cence induction  kinetics'). H ow ever, the  d ark  a d a p ta 
tion tim e w as ra th e r  short to allow  full re laxation  of qE. 
If any  d am ag e  occurred , it d id  not last long, since h igh  
values of Fv/F m w ere  a lread y  m e asu red  aga in  by  the 
even ing . H ow ever, m uch  low er Fv/F m values w ere

reco rd ed  in  th e  FPP sam ples co llected  d u ring  th e  a fte r
noon  of Day 3. D ifferent to the  HRAP sam ples, FPP 
sam ples co llected  at 16:00 an d  18:00 h  w ere  u n ab le  to 
fully recover afte r 15 m in of d a rk  adap ta tion , th e re b y  
show ing  signs of tru e  p h o to d am ag e (Fig. 4).

In-line ch lorophyll fluorescence and fluorescence  
induction kinetics

T he in situ  recovery  process of th e  FPP cu ltu re  (on 
Day 3 at 16:00 h) exposed  to h ig h  tem p era tu re  (42°C) 
ex ten d e d  for a long  period , as d em o n stra ted  by the  
fluorescence reco rd  of repe titive  sa tu ra tion  pu lses 
im posed  at 150 s in te rvals (Fig. 5). T he fluo rescence 
em ission from  ligh t-acc lim ated  cells (F' values) g ra d u 
ally increased , concom itan t w ith  an  inc rease  in  th e  Fm' 
values, as th e  cu ltu re  te m p era tu re  d ec reased  la te r tha t 
ev en in g  an d  th e  recovery  p rocess continued . The 
recovery  k inetics of F' an d  Fm' rev e a le d  a b iphasic  
p a tte rn , w h ich  w as especially  visible in  the  p a tte rn  of 
PQY values an d  th e  re laxation  of nonpho tochem ica l 
q u en ch in g  (NPQ; Fig. 5C). T he first fast p h ase  of 
recovery  m ight b e  re la ted  to th e  re laxa tion  of en e rg y  
quench ing , p resu m ab ly  fac ilita ted  by  the  xan thophy ll 
cycle. The slow er p h ase  is m ost likely d u e  to PSII 
rep a ir  processes. P ho todam age to PSII is know n to 
q u en c h  PSII fluo rescence an d  is th e re fo re  also ca lled
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chronic d ow nregu la tion  or ql. In this case, th e  h ig h e r 
am ount of th e  m odified  PSII cen te rs on  th e  afte rnoon  of 
Day 3 m ust th u s have b e e n  cau sed  by  the  h ig h e r te m 
p e ra tu re  values, as the  irrad iances on  all experim en tal 
days w ere  similar. T hese  m odified  PSII cen ters, w hich  
are  inactive in  elec tron  transport, can  actually  prov ide 
som e p ro tec tion  aga inst h ig h  ligh t b ecau se  they  d iss i
p a te  ab so rb ed  ligh t as h e a t (Chow e t al. 2002). In a d d i
tion, a dow nshift in  fluorescence w as o bserved  follow 
ing  ea ch  sa tu ra tion  pu lse. T he PQY values in c reased  
as th e  cu ltu re  te m p era tu re  d ec reased  by  5.6°C (from 
41 to 35.4°C; Fig. IB) d u rin g  the  2 h  afte r 16:00 h. D ur
ing  this tim e, th e re  w as an  exp o n en tia l d ec rease  in 
NPQ, a lth o u g h  no steady  sta te  va lues w ere  a tta in ed  by 
th e  e n d  of the  m e asu rem en ts  (Fig. 5C). T he inc rease  in 
th e  F' s ignal is a ttr ib u ted  to h ig h -te m p era tu re  stress.
T he brief d rop  in  chlorophyll fluorescence (so-called 
low  w aves) im m ediate ly  afte r app lica tion  of the  sa tu 
ra tin g  ligh t pu lse  (Fig. 5A) usually  ap p ears  u n d e r 
stress (high tem p era tu re , lack  of C 0 2) an d  m igh t be 
cau sed  by  an  in te rp lay  b e tw e e n  PSII an d  PSI e lec tron  
transport. T he prim ary  cause  is usually  a lim itation  in 
ca rbon  fixation (C alvin-B enson cycle) as the  low  w aves 
in  chlorophyll fluorescence k inetics ind icate  d ep riv a 
tion of b icarb o n ate  in  the  reaction  cen te r of PSII 
(X yländer & H ag en  2002). C an  such  a local depriva tion  
be in d u ced  by  h ig h  tem pera tu re?  A H C 0 3~ deficiency 
could  b e  m ore p ro n o u n ced  at h ig h e r te m p era tu re s  due 
to the  low er solubility of C 0 2 an d  tem p era tu re  in a c ti
vation  of in te rn a l carbonic anhydrase.

F luorescence induction  curves of Nannochloropsis ra 
sam ples co llected  from  th e  FPP cu ltu re  on the  after- q.
noon of Day 3 (13:00 an d  15:00 h  sam ples), w h en  th e  g
cu ltu re  w as exposed  to h ig h  te m p era tu re  (42°C), q

exh ib ited  m axim um  chlorophyll fluo rescence-induced  jo
signals la sting  b e tw e en  20 an d  90 m s (data not shown), o
ind icating  strong  over-reduction  of th e  PSII accep to r ¿  
side. At 18:00 h  on  Day 3, th e  chlorophyll fluorescence 
induction  curve m easu red  in  the  FPP cu ltu re  d id  not 
show  significant recovery  as on  the  prev ious day, since 
no Fp p e a k  (i.e. the  norm alized  fluo rescence in tensity  
of the  P po in t in  the  O JIP transien t) w as d e tec ted  
(Fig. 6). Similarly, th e  V] an d  V¡ pa ram ete rs  (or the 
chlorophyll fluorescence yields at the  co rrespond ing  
points on  th e  fluo rescence induction  curve) d id  not 
recover tow ards d u sk  at 18:00 h  on  D ay 3 (i.e. they  
rem a in ed  re la tive ly  high; Fig 7B) co m p ared  to the  flu 
o rescence  induction  cu rve reco rd ed  on Day 2 (Fig. 7A). 
T hese  resu lts sug g est th a t h ig h -te m p era tu re  stress- 
in d u ced  d am ag e  h a d  not b ee n  fully re p a ire d  an d  the 
QB-n onreducing  cen te rs  persis ted . T he p a tte rn s  of the 
V], Vj an d  Fv/F m param ete rs  on  b o th  days show ed the 
m ost significant photo inhib ito ry  stress at 15:00 h, co n 
com itan t w ith  th e  te m p era tu re  m axim a in  th e  cu ltures.
This obse rva tion  can  b e  a ttr ib u ted  to con tinuous dam -
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Fig. 6. Nannochloropsis sp. Comparison of rapid  chlorophyll 
fluorescence induction kinetics m easured in  the culture from 
the flat panel photobioreactor (FPP) at 18:00 h  on Days 2 and 
3. The curves w ere 'double-norm alized' to the sam e level of 
F0 and Fm in  order to distinguish differences in  the in term edi
ate steps designated J  and I, w hich represen t various reduc
tion states of the electron carriers of the PSII complex, 

r.u.: relative units
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Fig. 7. Differences betw een  the flat panel photobioreactor 
(FPP) and the h igh rate  algal pond (HRAP) in  the fluorescence 
param eters Vj, V; and Fv/Fm of Nannochloropsis cultures m ea
sured at various times on (A) Day 2 and (B) Day 3. Differences 
are expressed as AVjr AV¡, AFv/Fm (FPP -  HRAP). The param e
ters Vj and V¡ w ere calculated as Vj = (Fj'F0)/(Fm'F0) and V¡ = 
(Fj-F0)/(Fm-F 0), respectively, w here F0, Fj, F¡ and Fm represen t 
chlorophyll fluorescence yields at the corresponding points 

on the fluorescence induction curve

ag e  to th e  D1 p ro te in  th a t is sluggishly  rep a ire d  du rin g  
the  early  afte rnoon  hours (Takahashi & M u ra ta  2008, 
Zhao e t al. 2008). Thus, th e  'JIP ' test can  b e  u sed  as a 
rap id  m onitor of pho tosyn thetic  activity, inc lud ing  the  
effects of various stressors on  th is process.
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Effective quantum efficien cies of PSII and PSI

For pho tosyn thesis to b e  efficient, a close coupling  
b e tw e en  PSII an d  PSI activity  is expected . Thus, w e 
com pared  th e  effective pho ton  yields of PSI an d  PSII 
as a function  of irrad ian ce  m e asu red  v ia  RLC (Fig. 8). 
D espite the  re la tive  noise in  th e  d a ta  (due to ra th e r 
low  signals a ttr ib u ted  to low  cell concentra tion), they  
show  th a t PSI activity  w as h ig h e r th a n  PSII activity, 
as alm ost all values lie above the  1:1 line (with a few  
exceptions b e in g  ev iden t in  th e  HRAP Day 2 data). 
This suggests th a t th e  ra te  of elec tron  tran sp o rt in 
PSI m ight b e  h ig h e r th a n  th a t in  PSII, p resum ably  
d u e  to cyclic elec tron  transpo rt a ro u n d  PSI. H ow ever, 
w h e th e r  th is is th e  case also d ep e n d s  on  th e  to tal 
ra te  of ligh t absorp tion  of PSI re la tive  to PSII. The

slope of th e  line d id  not dev ia te  significantly  from  1:1 
in  m ost cases (ANOVA linear reg ression  analyses) on 
Day 2. H ow ever, on  Day 3 w e found a d iffe ren t p a t
te rn  in  the  FPP cu ltu res at 15:00 h  co m p ared  to those 
at 18:00 h. W hen th e  q u an tu m  efficiencies of PSI 
w ere  la rg e r th a n  -0 .6 , th e re  w as no in c rease  in  the  
PSII efficiency. H ence, the  h ig h -te m p era tu re  stress, 
on  top of th e  h ig h  irrad iances, p robab ly  g e n e ra te d  2 
popu la tions of PSII reac tio n  cen ters: one th a t show ed  
a norm al variab le  fluo rescence an d  an o th er tha t 
show ed  a low  v ariab le  fluorescence. T he la tte r w ere  
likely to b e  th e  QB-n onreducing  (inactive) PSII c e n 
ters. W e ca lcu la ted  the  re la tive  ra te  of e lec tron  tra n s
port (rETR) of PSI an d  PSII by  m ultip ly ing  th e  irra d i
ance of th e  RLC w ith  the  m e asu red  efficiency of the  
respective  photosystem s of the  FPP on Day 3 (Fig. 9).

Results show  a b iphasic  p a tte rn  of 
rETR: in  the  07:00 h  sam ple, th e re  w as 
a good linear re la tionsh ip  b e tw e en  
rETR(II) an d  rETR(I). H ow ever, as a 
resu lt of the  com bined  ligh t an d  te m 
p e ra tu re  stress, the  lin ear rela tionsh ip  
b ro k e  dow n: rETR(II) h ard ly  in c reased  
any  further, w h ile  rETR(I) ex c ee d ed  a 
va lue  of 150 re la tive  un its (r.u.). This 
does not m ean  th a t only PSII w as 
affec ted  by the  stress conditions. W hile 
the  m axim um  ra te  of rETR(II) d e 
c re ase d  2-fold from  -225  to 110 r.u., 
the  m axim um  rETR(I) d ec reased  by 
-7 0 %  from  3 5 0 -400  to 2 3 0 -300  r.u. 
W hether this ind icates d am ag e  to PSI 
or active do w n reg u la tio n  rem ains 
unclear.

Photosynthetic oxygen  evolution

Photosynthetic  capac ity  of th e  N a n 
nochloropsis cu ltu res m a in ta in ed  in 
the  2 p roduction  system s w as m e a 
su red  u n d e r a w ide ran g e  of irra d i
ance  levels. T he P vs. I experim en ts 
w ere  ru n  at various tim e in tervals for 3 
consecutive days. The resu lts  suggest 
th a t the  HRAP cu ltu re  w as acclim ated  
to low  ligh t conditions, w ith  Pmax v a l
ues  th a t w ere  low er th a n  those ca lcu 
la ted  for th e  FPP cu ltu re  (Fig. 10). 
Low er ligh t sa tu ra tion  p a ra m e te r  (Lk) 
va lues for the  HRAP cu ltu re  fu rthe r 
in d ica ted  cu ltu re  acclim ation to low  
ligh t conditions (data not shown). F ur
therm ore , the  HRAP cu ltu re  show ed  a 
re la tive ly  stab le  pho tosyn thetic  perfor-
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m anee, w h erea s  the  Pmax values m e asu red  in  th e  FPP 
cu ltu re  fluc tua ted  substan tia lly  d u ring  the  ex p e ri
m en ta l period, ind icating  its response  to varia tions in 
env ironm en ta l conditions. T he FPP cu ltu re  drastically  
resp o n d e d  to the  h ig h  te m p era tu re  conditions to 
w hich  it w as exposed  in  the  a fte rnoon  of Day 3. As 
d ep ic ted  in  the  P vs. I curves, a g rad u a l d ec rease  in 
th e  pho tosyn thetic  pa ram ete rs  w as reco rd ed  from  
13:00 to 18:00 h  (Fig. 11). T hese  resu lts also ind icate  
considerab le  irreversib le  d am ag e  cau sed  by the  h igh  
tem p era tu re , likely d u e  to the  occu rrence  of the  QB- 
n o n red u c in g  centers.

T he exposu re  of Nannochloropsis 
cu ltu res to a w ide ran g e  of en v iro n 
m en ta l conditions in  2 production  
system s d em o n stra ted  th a t th is sp e 
cies is ab le  to w ith stan d  h igh  irra d i
ances. A lthough  som e d o w n re g u la 
tion  w as seen  du e  to h ig h  irrad iance  
(and /o r h ig h  pH), th e  cu ltu res reco v 
e re d  quickly. W hile m uch  of the  
d am ag e  resto ra tion  h a d  a lready  
o ccu rred  by th e  ev en in g  of th e  day  
on w hich  th e  d am ag e  w as sustained , 
rep a ir  w as com pleted  by the  m o rn 
ing  of th e  follow ing day. T he irra d i
ance  conditions in  the  HRAP d im in 
ish ed  the  overall ra te  of d am ag e  as 
th e  effective level p e r  cell w as ra th e r 
low. In the  p rese n t study, w e 
im posed  h ig h  pH  values u n d e r a 
w ide ran g e  of tem p era tu res . It w as 
found  th a t Nannochloropsis cu ltu res 
coped  w ell w ith  h ig h  pH  values, as 

w as d em o n stra ted  ea rlie r (Sukenik  e t al. 1997). N ev e r
theless, th e  te m p era tu re  rise above 32°C w as ra th e r 
d e trim en ta l an d  rep a ir  p rocesses could  not k ee p  up  
w ith  th e  ra te  of dam age. This is in  ag re em e n t w ith  the  
findings of L ubián & M ontero  (1998). T he FPP cu ltu re  
w as m ore p ro n e  to supra-op tim um  tem p era tu res  
b ecau se  its h ig h  surface-to-volum e ratio  re n d e re d  the  
m a in ten an ce  an d  contro l of tem p era tu re  w ith in  a to le r
ab le  ran g e  difficult.

Several chlorophyll fluorescence tech n iq u es as w ell 
as the  oxygen  e lec trode  m ethod  w ere  show n to b e  re li
ab le  for th e  m easu rem en t of pho tosyn thetic  perfor-
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Fig. 10. Nannochloropsis sp. D iurnal changes in  the maximum photosynthetic rate (Pmax) of the cultures, m easured using an  oxy
gen electrode at various tim e intervals during 3 consecutive days in  the flat panel photobioreactor (FPP) and the high rate algal 

pond (HRAP). The bar on top indicates day (white) and night (black) periods; the vertical dashes indicate 2 h  intervals
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Fig. 11. Photosynthetic rate  as a function of photosynthetically 
active radiation (PAR) in  the Nannochloropsis sp. culture 
grown in the flat panel photobioreactor. M easurem ents w ere 
perform ed on culture sam ples prior to the high tem perature 
shock (13:00 h) and during the recovery process betw een 
15:00 and 18:00 h  as the culture tem perature declined from 

42 to 35°C

m anee of Nannochloropsis cu ltu res m a in ta in ed  u n d e r 
a w ide ran g e  of env ironm en ta l conditions. The ap p li
cation  of flow -th rough  W ater PAM fluorom etry  w as 
found  to b e  p re fe rab le  for rea l-tim e m onitoring  of the 
condition  of ou tdoor cultu res. C h an g es in  ph o to sy n 
thetic  activity w ere  easily  m onito red  an d  an a ly zed  on a 
rea l-tim e basis, w h ich  m ay help  in  the  optim al o p e ra 
tion of ou tdoor a lgal p roduction  system s.
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