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Introduction 

Summary 

• As the nonheterocystous diazotrophic cyanobacterium Trichodesmium lives 
both at the ocean surface and deep in the water column, it has to acclimate to 
vastly different irradiances. Here, we investigate its strategy of light acclimation in 
several ways. 
• In this study, we used spectrally ~esolved fluorescence kinetic microscopy to 
investigate the biophysics of photosynthesis in individual cells, analysed cell 
extracts for pigment and phycobiliprotein composition, measured nitrogenase 
activity and the abundance of key proteins, and assayed protein synthesis/degra
dation by radioactive labelling. 
• After acclimation to high light, Trichodesmium grew faster at 1000 ).lmol 
m-2 S-1 than at 100 ).lmolm-2 S-1. This acclimation was associated with decreas
ing cell diameter, faster protein turnover, the down-regulation of light-harvesting 
pigments and the outer part of the phycobiliprotein antenna, the up-regulation of 
light-protective carotenoids, changes in the coupling of phycobilisomes to the 
reaction centres and in the coupling of individual phycobiliproteins to the phyco
bilisomes. The latter was particularly interesting, as it represents an as yet unre
ported light acclimation strategy. 
• Only in the low light-acclimated culture and only after the onset of actinic light 
did phycourobilin and phycoerythrin contribute to photochemical fluorescence 
quenching, showing that these phycobiliproteins may become quickly (in seconds) 
very closely coupled to photosystem 11. This fast reversible coupling also became 
visible in the non photochemical changes of the fluorescence quantum yield. 

The biological fixation of atmospheric nitrogen is per
formed by certain cyanobacteria when bioavailable forms 
of nitrogen (mostly nitrate and ammonia) are limited. As 
the enzyme nitrogenase, which catalyses the fixation of di
nitrogen, is directly and irreversibly inactivated when 
exposed to oxygen (reviewed by Postgate, 1998), the pro
cess can only take place under anaerobic conditions. Dif
ferent cyanobacteria have evolved different ways to protect 

the nitrogenase from oxygenic damage (reviewed by Ber
man-Frank et al, 2003). A spatial separation of oxygen
evolving and nitrogen-fixing processes is found in hetero
cystous cyanobacteria (e.g. Anabaena, Nostoc; Alien & Ar
non, 1955); a temporal separation of the two processes 
(photosynthesis in the photoperiod, nitrogen fixation in 
the night) in the same cells occurs in Cyanotheca and Lyn
gbya Gones, 1990). Cyanobacteria of the genus Trichodes
mium, inhabiting oligotrophic tropical and subtropical 
seas and contributing the largest part of nitrogen fixation 
in the oceans (Capone et al., 1997, 2005; Westberry & 
Siegel, 2006), do not possess heterocysts; and nitrogen A tribute in memory of our friend Ivan SetHk (1928-2009). 
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fixation is not restricted to the dark period. Although there 
is no permanent cell differentiation separating photosyn
thesis from nitrogenase, nitrogenase is expressed in only a 
subset (10-20%) of cells within a filament (trichome) 
(Fredriksson & Bergman, 1995). Protection from irrevers
ible damage by oxygen involves two main processes. Dur
ing the period of nitrogen fixation, the respiration rate is 
much higher (Kana, 1993; Carpenter & Roenneberg, 
1995), but the oxygen-consuming, photosystem II (PSII)
dependent Mehler reaction seems to have a much higher 
impact (Kana, 1993). This reaction also provides energy 
for nitrogen fixation. In this way, in Trichodesmium, nitro
gen fixation is dependent on PSII-mediated photosynthesis 
and can therefore be blocked by PSII inhibitors, such as 3-
(3.4-dichlorophenyl)-I,I-dimethylurea (Berman-Frank 
et al., 2001). 

Previous experiments using fluorescence kinetic micros
copy (FKM; Kilpper et al., 2000a, 2007a) have shown that 
PSII activity in Trichodesmium is homogeneously high in all 
cells of a trichome during most of the day (Berman-Frank 
et al., 2001; Kilpper et al., 2004, 2008, 2009). During 
nitrogen fixation, cells with an elevated basic chlorophyll 
(Chi) fluorescence yield (Fo), called 'bright cells', appear 
(Berman-Frank et al., 2001). Two types of such 'bright 
cells' were found, but only one type is connected with nitro
gen fixation (type I) (Kilpper et al., 2004). The other type 
(type II, 'very bright cells') can also occur without the pres
ence of nitrogenase activity, but are related to stress (Kilpper 
et al., 2004, 2008). In addition, cells with unusually low 
fluorescence and photochemical fluorescence quenching 
were found during and directly after the diazotrophic per
iod (Kilpper et al., 2004). Reversible switches between dif
ferent fluorescence levels can, in part, occur very rapidly 
(Kilpper et al., 2004, 2009), excluding pigment or protein 
synthesis as their cause. Using spectrally resolved, single-cell 
measurements of fluorescence kinetics by fluorescence 
kinetic microscopy (Kilpper et aI., 2007a), it has been 
shown recently that these changes in Fo are caused by revers
ible coupling of phycobiliproteins (Kilpper et al., 2009). 
This indicates a transition of the classical state, that is move
ment of the complete phycobilisomes between photosystem 
I (PSI) and PSII, and reversible coupling of individual iso
forms, in particular phycourobil,in (PUB). Moreover, it 
involves coupling to either PSI or PSII, as well as complete 
uncoupling. In this way, it was found that the diazotrophic 
bright I cells are characterized by a large PSII-associated 
antenna with a high proportion of PUB, whereas the bright II 
cells are characterised by completely uncoupled phycobili
proteins dissociated from the phycobilisome complex. 

In the current study, we evaluated how Trichodesmium 
erythraeum IMSJOl acclimates to different irradiances, and 
how this affects the whole process of regulation of photo
synthesis for nitrogen fixation. We used spectrally resolved, 
single-cell measurements of fluorescence kinetics by FKM 

and analysed them quantitatively for contributions of indi
vidual components of the antenna in order to determine 
whether reversible (un)coupling also plays a role in the 
acclimation to different light regimes. Further, we used 
radioactive labelling experiments to trace protein synthesis 
and degradation rates, and employed Western blots to ana
lyse the changes in protein expression levels in response to 
the different light regimes. 

Materials and Methods 

Cultivation 

Trichodesmium erythraeum strain IMS 1 0 1 was grown in a 
continuous chemostat culture with a growth medium 
(called YBCHK) containing the following components: 
420 mM NaCI, 10 mM KCI, 20 mM MgCI2, 10 mM 
CaCI2, 25 mM MgS04, 2.5 mM NaHC03, 780 J..tM KBr, 
50 J..tM KH2P04, 68 J..tM NaF, 25 J..tM LiCI, 2 J..tM RbCI, 
1 J..tM Fe-EDTA, 450 nM NaI03, 80 nM Na2Mo04, 20 nM 
MnCh, 7 nM NiS04, 2.5 nM Co Ch, 1 nM CUS04' dis
solved in re-distilled water. The pH was adjusted to 8.2 
with NaOH and the medium was sterilized by autoclaving. 
The flow rate of the medium was chosen to achieve an opti
cal density at 750 nm (OD750 nm) of the cultures of 0.5, 
resulting (dependent on the level of growth irradiance, see 
below) in a flow of c. 0.25-1.5 I d-I in 4 I chemostats (spe
cific growth rate J..t = dilution rate D = 1.5 I d- I X 4 I-I = 
0.38 d- I). The chemostats were aerated with air and the 
cultures were maintained in a 12 h : 12 h light: dark cycle 
(light from 08:00 to 20:00 h local time). The photon flux 
density during the light period followed a sinusoidal cycle 
simulating natural conditions. The experiment was repli
cated with two independent chemostats per irradiance level. 
From each chemostat, at least three complete daily cycles 
were sampled, distributed over a period of c. 1 month, 
which means that, altogether, six sets of cell populations 
were sampled per irradiance. We chose two different light 
conditions representing the irradiances that Trichodesmium 
meets in the ocean: high light (HL) with a peak intensity of 
c. 1000 J..tmol m -2 s -I, similar to irradiances at the water 
surface, and low lightCLL, 100 J..tmol m -2 S-I), representing 
conditions deeper in the water column where Trichodesmium 
can still grow. The light source was a panel of osRAJv.fSl 
Dulux L 55 W/12-950 (Osram GmbH, Munich, Germany, 
http://www.osram.com) fluorescent tubes. The LL condi
tions used in this study are also similar to the irradiances used 
in most other Trichodesmium laboratory studies found in the 
literature, including our earlier studies (Berman-Frank et al., 
2001; Kilpper et al., 2004). In our more recent studies, we 
employed irradiances between the two extremes used now 
(Kilpper et al., 2008 used 300 J..tmol m-2 S-I peak irradi
ance at noon; Kilpper et al., 2009 employed 600 J..tmol 
m-2 S-I peak irradiance at noon). 



Sampling times for in vivo measurements 

Samples for the measurement of nitrogenase activity and 
FKM analyses were taken five times a day: 07:00 h in the 
dark before the onset of the light period; 10:00 h before 
pigment and enzyme synthesis; 13:30 h in the middle of 
the light period; 17:00 h, the time of nitrogenase decline; 
and 20:30 h after the end of the light period. 

Analysis of Chi, carotenoids and phycobilisomes in cell 
extracts 

ChI and carotenoids were extracted with 100% acetone 
after filtering 40 or 80 ml (depending on OD) of culture 
through 25 mm GF/F glass fibre filters (Whatman, Dassel, 
Germany, http://www.whatman.com). freezing the filters in 
liquid nitrogen and lyophilizing them. After 1 d of extrac
tion at 4°C in the dark,' absorbance spectra from 350 to 
750 ~m were recorded in 0.2 nm intervals at an optical 
bandwidth (slit) of 1 nm. From these spectra, carotenoids 
and ChI were analysed using the Gauss-Peak-Spectra 
method of Kiipper et al. (2007b). 

Phycobiliproteins were extracted after completion of the 
acetone extraction described above, which removed, to
gether with the pigments, the membranes from the cells. 
This pretreatment made the phycobilisomes easily accessible 
for extraction by incubation with phosphate-buffered saline 
(40 g 1-1 NaCl; 1 g 1-1 KCl; 7.2 g 1-1 NazHP04; 1.2 g 1-1 
KH2P04) for 1 d at 4°C in the dark. The spectra of these 
extracts were recorded in the same way as those of the ace
tone extracts. The contents of the different phycobiliproteins 
were determined in the same way as ChI and carotenoids, 
using the Gauss-Peak-Spectra obtained from purified Tricho
desmium phycobiliproteins (Kiipper et al., 2009). 

Preparation of samples for FKM measurements 

Depending on the OD of the culture, 2-5 ml of cell sus
pension were taken from the chemostat cultures and filtered 
through a membrane filter to remove the medium. The cells 
were resuspended by washing the filter in 50 J.llofYBCHK 
placed on the window of the measuring chamber (details in 
Kiipper et al., 2000a, 2004, 2008). Fifty microlitres of aga
rose (1.5% SeaKem Gold agarose in YBCHK) were mixed 
with the medium drop containing the cyanobacteria and 
covered with gas-permeable cellophane. The chamber was 
temperature controlled and the medium was pumped 
through at 30 ml min-1 (27°C), as described previously 
(Kiipper et al., 2000a, 2004, 2008, 2009). 

FKM measurements 

The spectrally resolved fluorescence kinetics on a single
cell level were measured as described in Kiipper et al. 

(2007a, 2009), with excitation at 400-505 nm (blue) or 
340-390 nm (UV) and fluorescence detection from 515 
to 800 nm, adjusted by the exciting light-emitting diodes 
(LEDs) and filter sets (Kiipper et al., 2008; UV excitation 
added as new). All measurements were performed follow
ing a previously optimized protocol (Kiipper et al., 2007a, 
2008). The protocol was optimized so that the times of 
dark relaxation and actinic irradiance were sufficient to 
reach a 'steady state' in terms of switching between dark
adapted and light-adapted (and vice versa) states. Further, 
it was optimized in terms of irradiance levels (measuring 
nonactinic light, medium-intensity noninhibitory actinic 
light, nondamaging saturating light but sufficient to close 
all reaction centres) and in the spacing of the flashes of sat
urating light that are needed for the analysis of photo
chemical and nonphotochemical quenching. Details on 
ChI fluorescence kinetic measurements in general, includ
ing the explanation of the technical terms and different 
types of light needed for measurement, can be found in 
recent reviews, such as Maxwell & Johnson (2000). Each 
measurement lasted 300 s. Fm was measured by providing 
a saturating light pulse of c. 4000 J.lmol m -z s -1 and 
600 ms in the third second of measurement. After 90 s of 
darkness, Fo was measured for 5 s (5 J.lmol m-z 

S-I, tested 
to be nonactinic for Trichodesmium). This was followed by 
100 s of actinic light with an irradiance of 400 
J.lmol m-z 

S-1 to analyse the Kautsky induction. To mea
sure the dark relaxation, 100 s without actinic light were 
recorded. Additional 600 ms saturating pulses were given 
during the exposure to actinic light (to measure 
photochemical quenching), as well as in the relaxation 
period (to measure nonphotochemical quenching). For 
the analysis of the spectral kinetics, the excitation range 
(400-505 nm) was recorded, together with the fluores
cence range (505-800 nm) as an internal standard of 
reflected light used to calculate the relative fluorescence 
quantum yields. In the system used for our previous 
study (Kiipper et aI., 2009), the light source consisting 
of two white LEDs exhibited a slight shift of the spec
trum between the measuring, actinic and saturating light 
pulses because of the heating of the LEDs. This made 
the measurements of photochemical quenching unreli
able, as discussed in that publication, so that we did not use 
the photochemical quenching data at that time. In the pres
ent work, the two white LEDs were replaced by an array of 
five LEDs (UV, blue, green, white, far red) each for the 
actinic/saturating and measuring light pulses, with individ
ual timing and intensity control of each LED. This modifica
tion drastically reduced the spectral shift problem, so that we 
could include the photochemical quenching measurements 
in our results. The kinetics were analysed as described in 
Kiipper et al. (2007a, 2009) using FluorCam7 software 
from Photon Systems Instruments (Brno, Czech Republic, 
http://www.psi.cz). 



Nitrogenase activity 

Nitrogenase activity was measured using the acetylene 
reduction assay (Dilworth, 1966). Fifteen millilitre sam
ples were taken five times a day (see above) and incubated 
in 70 ml serum bottles. Ten millilitres of acetylene were 
added to the 55 ml air in the bottles. The samples were 
incubated for 1 h in an incubator with the same tempera
ture and light: dark cycle as the main cultures. Both 
acclimation states (HL and LL cultures) were measured at 
both irradiance levels in order to determine how long
term acclimation processes changed the efficiency of nitro
gen fixation (i.e. nitrogen fixation 'output' compared with 
light 'input') at the respective irradiance levels. After the 
incubation time, 2 ml of the gas was taken out and analy
sed by gas chromatography (Hewlett Packard HP 5890 
Series II (Agilent Technologies, Inc., Santa Clara, CA, 
USA), equipped with flame ionization detector and 
packed steel 1.8 m column with Porapak N). The same 
was performed with a control containing only 15 ml of 
YBCHK medium to check for acetylene reduction not 
produced by Trichodesmium. 

Protein extraction and immunoblot analysis 

Protein sample preparation for immunoblot analysis was 
performed as described in Kiipper et al. (2008). All ianti
bodies were applied in dilutions recommended by the man
ufacturer. 

Labelling of proteins with 35S-methionine 

For pulse labelling, 100-150 ml of cultures grown in LL 
(100 /lmol m-2 S-I) or HL (1000 /lmol m-2 S-I) condi
tions were harvested at the end of the dark phase (07:00 h), 
in the middle (13:30 h) and at the end (17:00 h) of the 
light phase, and the cells were collected by filtration on a 
nucleopore track-etch membrane with 5 /lm pores (What
man). The collected cells were resuspended in fresh 
YBCHK medium to a ChI concentration of 3 /lg ml- I and 
incubated under LL or HL conditions, respectively, for 1 h 
before the addition of 20 /lCi ml- I 35S-methionine (spe
cific activity, 43475 TBq mmol-I, 1175 Ci mmol- I

; 

Hartmann Analytic (Braunschweig, Germany». Mter 1 h 
labelling at growth light intensities, the cells were collected 
by filtration and stored at -20°C before protein extraction. 

For pulse-chase experiments, 100-150 ml of cultures 
grown at LL or HL conditions were harvested at the end of 
the dark phase (07:00 h), the cells were collected by filtra
tion and labelled by the addition of 20 /lCi ml- I 355_ 
methionine as described above. The collected labelled cells 
(pulse) were resuspended in fresh YBCHK medium with 
2 mM of nonradioactive methionine to a Chi concentration 
of 1 /lg ml- I, and incubated at both growth light intensities 

for 1-8 h (chase). The collected cells were stored at -20°C 
before protein extraction. The incorporation of radioactiv
ity into proteins was measured by scintillation counting. 

To test whether the methionine content and uptake dif
fered in LL and HL cultures, total free amino acids were iso
lated before and after the addition of 2 mM cold 
methionine and analysed by thin layer chromatography. 
Preliminary data revealed (Fig. SI, see Supporting Informa
tion) that comparable amounts of free methionine were 
present in LL and HL cultures. In addition, methionine 
uptake did not differ significantly in the two cultures 
(Fig. 51). 

Results and Discussion 

Growth and visual appearance of the cells 

Contrary to many other organisms, Trichodesmium cells 
acclimated to HL (1000 /lmol m-2 

S-I) did not suffer from 
this irradiance in terms of growth inhibition. Compared 
with the LL (100 /lmol m-2 

S-I) treatment, they grew on 
average c. 40% faster (not shown), with a maximal growth 
rate of c. 0.4 d- I

. This is not surprising in view of the natu
ral habitat of this organism, where it can form blooms on 
the surface of tropical oceans that reach irradiances over 
1000 /lmol m-2 

S-I at noon. At the same time, the growth 
reduction of 40% at 10 times lower irradiance means that 
Trichodesmium could also acclimate well to rather low irra
diances, which it encounters when living deeper in the water 
column outside the bloom periods. 

These two acclimation states were characterized by visu
ally different appearances of the cultures and individual 
cells. First, the LL culture had a red-brown colour, whereas 
the HL culture had a yellow-brown colour (not shown). 
Second, the filaments of the LL culture were longer, and 
their cells were much thicker compared with the HL culture 
(Fig. 1). Further, the cells of the LL culture were less vacuo
lated, but filled with more thylakoids instead (Fig. 1). 

Nitrogen fixation 

The nitrogenase activity of the cultures grown in HL 
showed the pattern reported in the past for Trichodesmium 
(Kiipper et al., 2004, 2008, 2009), whereas the pattern in 
the LL-grown culture was slightly different (Fig. 2). In both 
cultures, there was no nitrogenase activity bef~)fe the start of 
illumination (07:00 h), but, with th~ beginning of the light 
period, activity was induced (10:00 h). The highest nitroge
nase activity was measured in HL-acclimated culture in the 
middle of the light period (13:30 h), and this activity 
decreased afterwards (17:00 h). In the LL-acclimated 
cultures, nitrogenase activity increased gradually during 
the light phase, reaching a maximum in the after
noon (17:0q h) and decreasing thereafter (Fig. 2). At the 



Fig. 1 Morphology of low light 
(100 J.lmol m-2 S-1) and high light 
(1000 J.lmol m-2 s-1)-acciimated filaments of 
Trichodesmium. The images were taken 
using fluorescence kinetic microscopy with 
bright-field illumination. 

beginning of the dark period (20:30 h), there was still slight 
nitrogenase activity in all samples. Interestingly, these diur
nal activity patterns were maintained independently of the 
irradiance level during the 1 h incubation for measuring the 
nitrogenase activity, that is the LL culture exhibited maxi
mal nitrogenase activity at 17:00 h even when incubated in 
HL conditions, and the HL culture exhibited maximal 

. nitrogenase activity at 13:30 h even when incubated in LL 
conditions. This showed that nitrogenase activity is regu
lated not by the irradiance that the cells are currently receiv
ing, but by the overall diurnal activity cycle that changes 
only slowly (range of days to weeks) during acclimation to a 
different irradiance level. Further, the HL conditions in the 

incubator (of both theHL and LL cultures) during nitrogen 
fixation led to a higher nitrogenase activity, even in LL
acclimated culture, showing that the nitrogenase activity in 
this culture was light limited in terms of its dependence on 
energy supply from photosynthesis. In addition, in earlier 
experiments with the diazotrophic cyanobacteria Nostoc and 
Anabaena (Quesada et aI., 1998), maximum irradiance 
(maximal natural sunlight at noon, c. 1700 j.tmol m-2 

S-I) 

led to maximum nitrogenase activity. Although, in our 
experiments on nitrogenase activity measurement during 
LL incubation, both cultures performed almost equally in 
terms of nitrogen fixation, during HL incubation the HL
acclimated culture showed higher nitrogenase activity. This 
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Fig. 2 Nitrogenase activity (measured as acetylene reduction 
activity, ARA) of the studied chemostat cultures. The cultures 
showed the typical daily trends; the data points shown represent 
the mean (± SE) of three measurements of each of the two 
independent chemostats. HL, high light; LL, low light. 

revealed that HL acclimation had a greater impact on the 
efficiency of metabolism (usage of available light and nutri
ents) than did LL acclimation. 

ChI, carotenoid and phycobiliprotein content 

The concentrations of ChI and p-carotene-like pigments 
(p-carotene, P-cryptoxanthin and zeaxanthin, quantified 
together because of identical spectra; see Kiipper et al., 
2007b) decreased in the HL-acclimated compared with 
the LL-acclimated culture. However, the decrease in ChI 
was much stronger (Fig. 3a). This makes sense because the 
p-carotene-like carotenoids are well known to act more as 
quenchers of excess excitation energy than as antennae for 
light harvesting. Keto-carotenoids (mainly echinenone), 
also known to act as quenchers of excess energy, were 
more abundant in HL- compared with LL-acclimated cul
ture. As a result of the decrease in the other pigments (see 
above) in the HL culture, keto-carotenoids reached c. 15% 
of the total pigment in this culture, but only c. 6% in the 
LL culture. 

Similar to Chls and carotenoids, the abundance of phyco
biliproteins was much lower in HL- than in LL-acclimated 
cultures (Fig. 3b). This was caused by a strong decrease in 
allophycocyanin (APC), phycocyanin (PC), phycoerythrin 
(PE) isoform 1 (PEl) and PUBs - to about the same extent 
for all these phycobiliproteins (see Kiipper et al., 2009 for 
the characterization of all Trichodesmium phycobilipro
teins). The abundance of isoforms PE2 and PE3 (labelling 
according to Kiipper et al., 2009), by contrast, hardly chan
ged at all: that is, relative to the other isoforms, they became 
more abundant in HL-acclimated culture. Obviously, 
Trichodesmium decreases mainly the outer part of the 
phycobilisomes when it diminishes the energy uptake. 
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Fig. 3 Pigment (a) and phycobiliprotein (b) concentrations. Means 
(+ SE) of all five samples taken during the day, on at least four mea
suring days, for each of the at least two chemostats used for each 
irradiance (i.e. at least 40 samples averaged per point). Values for 
'Chlorophyll' are the sum of chlorophyll a and all chlorophyll a deg
radation products (chlorophyllide a, pheophytin a and oxidation 
products). APC, allophycocyanin; PCs, phycocyanins; PEi, 2, 3, phy
coerythrin isoformsi, 2 and 3; PUBs, phycourobilins. 

Abundance and turnover rates of proteins 

The steady-state level of selected proteins was measured by 
immunoblotting in LL- and HL-acclimated cultures at dif
ferent,times of the day. As shown in Fig. 4, the abundance 
and accumulation kinetics of several proteins differed for 
these two cultures. 

The anti-B-PE antibody recognized two protein bands 
with apparent molecular masses of 18 and 15 kDa present 
in both cultures (Fig. 4a, bands U and L). As the annota
tion of PE genes is not completed in the Trichodesmium 
genomic database (Cop eland et al, 2006), an assignment of 
these bands to genes is currently not possible. However, 
these bands were also found in our study involving the puri
fication of the phycobiliproteins from Trichodesmium: the 
15 kDa band represents isoforms 1, 2a and 2b, described in 
this article, and the 18 kDa band represents PE3 and PUBs 
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Fig. 4 Steady-state levels of selected photosynthetic and metabolic proteins in low-light (LL)- and high-light (HL)-acclimated Trichodesmium 
cultures assayed by immunoblotting. (a) Cells were grown in a 12 h light: 12 h dark photoperiod (light from 08:00 h to 20:00 h) and accli
mated to LL (100 J.lmol m-2 S-1) or HL (1000 J.lmol m-2 S-1) conditions as described in Materials and Methods. Aliquots of cultures were col
lected during the end of the dark phase (07:00 h), at the beginning (10:00 h), the middle (13:30 h) and the end (17:00 h) of the light phase, 
and at the beginning of the dark phase (20:30 h); proteins were isolated and used for immunoblotting. The gels were loaded on an equal pro
tein basis. The following antibodies were applied: anti-B-phycoerythrin (PE), anti-allophycocyanin/phycocyanin (APC), anti-phycocyanin (PC), 
anti-D1 protein from the PSII reaction centre (D1), anti-33 kDa protein from the oxygen-evolving complex of PSII (PsbO) and anti-H subunit 
of nitrogenase (NifH). L, lower band; M, middle band; U, upper band. (b) Relative grey scale values were used for a semi-quantitative estima
tion of immunoblot signals. Maximal signal intensities were set as 100%; the values shown are the means + SE of three independent replicate 
samples [the blots in (a) are from one of theml. Although the chemistry behind any detection on Western blots is not a linear function of pro
tein abundance, the results of background-corrected densitometric scanning shown here provide an indication of the increasing/decreasing 
trends. 

(KUpper et al., 2009). The latter react only weakly with this 
antibody, as described previously, but their very large 
amount in Trichodesmium may still mean that they are the 
main contribution to this band. This would also explain 
why the 18 kDa protein band was the most abundant in 
the LL-acclimated culture and strongly reduced (75% of the 
LL value) in HL-acclimated cells - this would be consistent 
with the decrease in PUBs detected spectroscopically (see 
above). Comparable immunoblot signals were obtained for 
the 15 kDa band in LL- and HL-acclimated cultures. 

The APC antibody cross-reacted with three protein bands 
of c. 21, 18 and 15 kDa in LL-acclimated cultures (Fig. 4a, 
bands U, M and L in the APC blot). According to the sup
plier, this antibody recognizes not only APC (one Cl. and 
two P subunits are encoded by the genome of Trichodesmi
um), but also PC (one Cl. and one P subunit are present in 
Trichodesmium; one is recognized by this antibody, labelled 

PC2 in KUpper et al., 2009), and possibly also phycocyano
bilin lyase (one Cl. and one P subunit are annotated in the 
Trichodesmium genome). Interestingly, the 21 kDa band 
was reduced by 50-75% in HL- compared with LL-accli
mated cells (Fig. 4b). The larger amounts of the 21 kDa 
(A)PC and PE/PUB detected in LL- compared with HL
acclimated cultures may be connected with the acclimative 
reduction of the antenna size under HL conditions. Wes
tern blots with the PC-specific antibody revealed the pres
ence of two poorly resolved bands with apparent molecular 
masses of c. 15 kDa (Fig. 4a), which may correspond to Cl. 

(17.4 kDa) and P (18.0 kDa) subunits of PC (labelled PC1 
and PC2 in our earlier publication; KUpper et al, 2009). 

Three PsbA genes (PsbAI-3) , encoding almost identical 
copies. of the 32 kDa D 1 protein from the PSII reaction 
centre, were detected in the genome of Trichodesmium (Co
peland et al., 2006). Although two copies (Terry 0182 and 



Terry 0183) are identical in their amino acid composition, 
the third copy (Terry 4763) encodes a protein with 99% 
identity to the two other copies. The Dl antibody raised 
against the N-terminus of the D 1 protein cross-reacted with 
two protein bands of 32 kDa (top band marked with U) 
and 20 kDa (bottom band marked with L) in LL-accli
mated cultures (Fig. 4a). Interestingly, the lower 20 kDa 
band was almost completely missing in HL-acclimated cul
tures (Fig. 4a,b). Although the top band corresponds to the 
molecular mass of the D 1 protein in Trichodesmium, the 
identity of the lower band is not clear. 

Similar amounts and accumulation kinetics of D 1 protein 
were detected in LL- and HL-acclimated cultures, with the 
smallest amount of this protein present at the beginning of 
the light phase and its gradual accumulation during the day 
until the dark phase. Two different strategies were reported 
for the expression of PsbA genes in cyanobacteria exposed to 
HL. One characterized in Synechocystis PCC6803 and Glo
eobacter violaceus PCC7421 involves the increased expres
sion of one type of Dl protein to cope with the increased 
rate of damage. The other strategy, in Synechococcus 
PCC7942 and Anabaena PCC7120, is to replace the existing 
Dl protein (Dl:1 form) with a new Dl form (Dl:2) for the 
duration of the stress, thereby altering PSI! photochemistry 
(Sicora et al., 2009). However, all three PsbA genes present 
in Trichodesmium encode the D 1:2 form, which argues 
against the latter strategy. Similar amounts of PsbO protein 
of the oxygen-evolving complex associated with PSI! were 
detected in LL and HL cultures (Fig. 4a,b). 

The amount of the H subunit of the nitrogenase (NifH) 
was highest during the peak of the nitrogen-fixing period, as 
observed earlier (Kiipper et al., 2008): that is, c. 13:30 h in 
the HL culture and 17:00 h in the LL culture (Fig. 4a,b). 

The incorporation of radioactivity into newly synthesized 
proteins was measured in LL- and HL-acclimated cultures 
at different times of the day by pulse labelling of cells with 
35S-methionine. No differences in the protein pattern were 
observed between the collected samples after Coomassie 
staining (Fig. 5a, top panel). Autoradiograms (Fig. 5a, mid
dle panel) and the counting of incorporateq radioactivity 
into proteins (Fig. 5a, bottom panel) revealed major quanti
tative differences between LL- and HL-acclimated cultures. 
Only slight differences in the incorporation of radioactivity 
into total proteins were measured in the LL-acclimated cul
ture at the beginning, middle and end of the light phase 
(Fig. 5a, bottom panel). The incorporation was 30% of the 
maximal value at the beginning of the light phase, decreased 
slightly in the middle of the day (27% of the maximal 
value) and increased again at the end of the light phase 
(35% of the maximal value), when nitrogen fixation was 
maximal (Fig. 2). No qualitative differences in the pattern 
of labelled proteins were observed between these three sam
ples (Fig. 5a, middle panel). Much higher incorporation of 
radioactivity into total proteins was measured for HL-

acclimated cells at the beginning and in the middle, but not 
at the end, of the light phase, when compared with LL
acclimated cultures (Fig. 5a, middle and bottom panels). 
The highest incorporation was measured in the middle of 
the light phase (this value was set as 100%), when nitrogen 
fixation was maximal (Fig. 2), and incorporation decreased 
at the end of the light phase to 12% (Fig. 5a, bottom 
panel). Interestingly, an additional protein with an apparent 
molecular mass of 15 kDa was strongly labelled in HL
acclimated compared with LL-acclimated cells (Fig. 5a, 
middle panel; protein band marked with a star). 

The protein degradation rates were measured in LL- and 
HL-acclimated cultures by pulse labelling of proteins with 
35S-methionine at the beginning of the light phase and their 
chase during the whole light period. No significant differ
ences in the protein pattern were observed between the col
lected saPlples after Coomassie staining (Fig. 5b, top 
panel). Autoradiograms revealed stronger protein labelling 
in HL-acclimated cultures when compared with LL-accli
mated cells, which is in agreement with the results of pulse 
labelling (Fig.5a, bottom panel). Remarkably, comparable 
degradation kinetics were observed for LL- and HL-accli
mated cultures during the first 2 h of chase, where 3-5% of 
labelled proteins were degraded (Fig. 5b, bottom panel). 
During the 4 and 8 h of the chase period, 10% and 23% of 
labelled proteins were degraded in LL-acclimated and 21 % 
and 46% in HL-acclimated cultures, respectively. Although 
the labelling of some proteins remained constant during the 
whole chase period, others were very unstable and degraded 
rapidly (Fig. 5b, middle panel, marked by arrows). Much 
higher protein synthesis and degradation rates measured in 
HL-acclimated than in LL-acclimated cultures can be 
related to a greater damage of proteins under HL conditions 
and their replacement by de novo synthesized molecules 
(Singh et aI., 2008). Interestingly, the highest turnover of 
proteins was assayed during the period of maximal nitrogen 
fixation (14:30-15:30 h) in HL-acclimated cultures. This 
might serve as a quality control in order to keep the system 
healthy for efficient nitrogen fixation. Interestingly, the 
15 kDa protein strongly labelled in HL-acclimated cultures 
was stable during the whole chase period and degraded only 
at the end of the light phase (Fig. 5b, middle panel, the pro
tein band marked by a star). 

Biophysics of photosynthesis 

The biophysical characteristics of the photosynthetic light 
reactions were studied by spectrally resolved fluorescence 
kinetics with subsequent deconvolution into the contribu
tions of Chi-binding proteins (inner antenna + reaction 
centres) and individual phycobiliproteins, as established in 
our previous study (Kiipper et aI., 2009). This resulted in 
amplitudes of fluorescence kinetic parameters (e.g. ~), q" 
Q.,p) for each of these components, shown in the y axes of 
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Fig. 5 Protein synthesis and degradation rates of cells from low light (ll)- and high light (Hl)-acclimated cultures. (a) Cells were labelled with 
35S-methionine (pulse) at growth light intensities for 1 h at the beginning (08:00-09:00 h, line 1), in the middle (14:30-15:30 h, line 2) and at 
the end (18:00-19:00 h, I,ine 3) of the light phase; the total proteins were extracted, separated by SOS-PAGE and stained with Coomassie (top 
panel). Radioactively labelled proteins were visualized by autoradiography (middle panel). The gels were loaded on an equal protein basis. A 
star marks a 15 kOa protein strongly labelled in Hl-acclimated cells. The incorporation of radioactivity into total proteins was quantified by 
scintillation counting (bottom pane/). The maximal cpm values were set as 100%. (b) Cells were labelled with 35S-methionine (pulse) at growth 
light intensities for 1 h at the beginning of the light phase (08:00-09:00 h), and then chased in the presence of non radioactive methionine at 
the same light intensity for the different times indicated. Total proteins were extracted, separated by SOS-PAGE and stained with Coomassie 
(top panel). Radioactively labelled proteins were visualized by autoradiography (middle panel). The gels were loaded on an equal protein basis. 
The star marks a 15 kOa protein strongly labelled in Hl-acclimated cells and arrows mark degraded proteins. The incorporation of radioactivity 
into total proteins was quantified by scintillation counting (bottom panel). The cpm values of pulse samples were set as 100%. II (n = 3), Hl 
(n = 4). 

Figs 6-8. These fluorescence parameter ampliuides were 
measured for each cell at each of the five measurement time 
points during the day (x-axis of the graphs in Figs 6-8), so 
that the frequency of occurrence of a parameter value could 
be measured (encoded in colour in Figs 6-8). With this 
analysis, we found that acclimation to HL vs LL specifically 
changed the coupling of individual phycobiliproteins to the 
phycobilisome, and of the phycobilisomes to the reaction 
centres. 

Basic fluorescence yield (Fa) 

In principle, the fluorescence yields of all phycobiliproteins 
were increased in LL- compared with HL-acclimated cul-

tures (Fig. 6). However, there were large differences in the 
extent of this increase between individual phycobiliprotein 
types and isoforms. The smallest changes in response to 
HVLL acclimation were observed in the fluorescence yield 
of PE2; this was the isoform that generally contributed the 
least fluorescence. The most pronounced differences 
between the HL and LL cultures were found for PUBs and 
PEI. In both cases, LL cultures exhibited a much higher flu
orescence quantum yield. Furthermore, for PUBs, the peak 
of the elevated fluorescence quantum yield around noon 
was much more pronounced in LL- than in HL-acclimated 
cultures. This peak was caused by bright I cells, which have 
an increased quantum PUB yield as a result of an increased 
coupling of PUB to the psn reaction centre. Although 
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Fig. 6 Basic fluorescence yields Fa and 
Fa_UV: daily pattern of the relative frequen 
cies of the values of fluorescence kinetic 
parameters. The separation into the contribu
tions of the individual phycobiliproteins was 
performed by spectral deconvolution (see , 
Materials and Methods for details). The 
numbers at the colour scales show the 
relative frequencies represented by each 
colour. The numbers labelling the y-axis of 
the panels indicate the value of the parame
ter. Note that, in the phycocyanin (PC) and 
phycourobilin (PUB) plots of the high light 
(HL) cultures, one bright 11 cell is not visible 
because the values were far off the scale, and 
stretching the scale accordingly would have 
made the other differences invisible. The left 
column of the colour maps shows HL cu ltures 
and the right column shows low light (LL) 
cultures. (a) Fa measured with blue (400-
505 nm) excitation light. (b) Fa_UV 
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measured with UV (340-390 nm) measuring 
light. APe, allophycocyanin; PE1, PE2, 
phycoerythrin isoforms 1 and 2. 

large, differences between HL- and LL-acclimated cultures 
in the PUB contribution to Fo were found with both types 
of measuring light used: blue (Fig. 6a) and UV (Fig. 6b); 
however, differences in PEI could only be observed with 
UV excitation. This is not surprising as PEI is not effi
ciently excited by blue light, so that, in blue light, it can 
receive energy only by fluorescence resonance energy trans-

fer from PUBs, PE2 and PE3. The 365 nm UV light, by 
contrast, can excite all phycobiliproteins directly. 

Photochemical quenching (Fm-Fo, Fm'-Ft') 

In photochemical quenching (F,n - Fe» F,n'-F/), the first 
interesting observation was that, under certain conditions, 



LL 

Fig. 6 Continued. 
08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Local time 
08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Local time 

there was a contribution by phycobiliproteins, which was 
previously unknown. In all fluorescence kinetic measure
ments, PE contributed a strong peak at c. 575 nm to 
F.1l-Fo and F.n'-F.'. Based on the elevated Fo in cyanobac
teria compared with other photosynthetic organisms, it has 
so far been assumed that this is caused by phycobilisomes, 

and that these pigment-protein complexes do not exhibit 
any variable fluorescence yield (Campbell et al., 1998). Our 
observation of strong variable fluorescence at emission 
wavelengths at which Chi cannot possibly emit « 650 nm), 
and with the typical peak of PE (sometimes also PC 
and PUB) emission, demonstrates that the phycobilisomes 
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Fig. 7 Photochemical changes in the fluores
cence quantum yield: daily pattern of the rel
ative frequencies of the values of 
fluorescence kinetic parameters. The separa
tion into the contributions of the individual 
phycobiliproteins was performed by spectral 
deconvolution (see Materials and Methods 
for details) . The numbers at the colour scales 
show the relative frequencies represented by 
each colour. The numbers labelling the y-axis 
of the panels indicate the value of the param
eter. The left column of the colour maps 
shows high light (HL) cu ltures and the right 
column shows low light (LL) cu ltures. (a) In 
the dark-acclimated state at the beginning of 
the measurement protocol : Fv. (b) At the end 
of the 100 s actinic light period of the 
measurement protocol : Qpj = Fmj-Ft-i. 

of Trichodesmium are closely connected to PSII so that 
their fluorescence quantum yield reflects the redox status 
of the PSII reaction centre. This was previously known 
only for Chi-containing pigment-protein complexes, 
and it opens up the possibility to study changes in phyco-

bilisome coupling by monitoring their photochemical 
quenching. 

Although in HL-acclimated culture, the photochemical 
quenching of phycobiliproteins was still usually vety close 
to zero, except for the innermost part of the phycobilisome 



0.50 

0.45 

0.40 

0.35 
-q 
-l 
a 0.30 

0.25 

0.20 

-q 0.15 
'-l 
a 

0.10 

0.05 . 

0 

Fig. 7 Continued. 
08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Local time 
08:00 10:00 12:00 14:00 16:00 18:00 20:00 

Local time 

(APC), a strong contribution of PE 1, PE2 and PUB to pho
tochemical quenching was observed in LL-acclimated cul
ture (Fig. 7). This was stronger (especially for PE2) for 
photochemical quenching in actinic light (F.n_i4- Ft-i4, 
Fig. 7b) compared with photochemical quenching in the 

dark-adapted state (Fv = F.n-Ft.J' Fig. 7a) and photochemi
cal quenching after 100 s re-relaxation in the dark 
(Fm_r3 - Ft-r3, Fig. 52, see Supporting Information) . In 
particular, at noon, in the LL-acclimated culture, there was 
a high abundance of cells with a strong contribution ofPE2 



to photochemical quenching in actinic light (PE2 panel on 
the right side of Fig. 7b). This enhanced contribution of 
the outer parts of the phycobilisomes to photochemical 
quenching is only possible if they are so tightly coupled to 
the PSII reaction centre that excitons can travel back from 
the reaction centre with high efficiency. Thus, the occurr-
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ence of stronger photochemical quenching by phycobilipro
teins in the LL- compared with HL-acclimated culture 
shows that LL acclimation involves stronger PSII associa
tion of phycobiliproteins. Further, the observation that this 
photochemical quenching is weaker in the dark-adapted 
state of the measurement (Fv) compared with the light-

LL 

Fig. 8 Nonphotochemical fluorescence 
changes. Differences between the Fm and Fm' 
values at the end of the 100 s actinic light 
period of the measurement protocol 
(Qnpj4 = Fm-Fmj4). They show a combina
tion of classical nonphotochemical quenching 
and effects caused by differential coupling of 
antenna complexes. The daily pattern of the 
relative frequencies of the values of the fluo
rescence kinetic parameters. The separation 
into the contributions of the individual 
phycobiliproteins was performed by spectral 
deconvolution (see Materials and Methods 
for details). The numbers at the colour scales 
show the relative frequencies represented by 
each colour. The numbers labelling the y-axis 
of the panels indicate the value of the para
meter. The left column of the colour maps 
shows the high light (HL) cultures and the 
right column shows the low light (LL) 
cultures. 



adapted state (Fm_i4-Ft--i4) shows that this enhanced 
phycobilisome coupling is reversible within < 100 sand 
only occurs when electron flow through the PSII ~ PSI 
electron transport chain is already running. 

Nonphotochemical changes in the fluorescence 
quantum yield (Fm-Fm') 

As analysed in our previous study, the nonphotochemical 
changes in the fluorescence quantum yield in Trichodesmi
um are a mixture of nonphotochemical quenching in the 
sense of enhanced energy dissipation by heat emission and 
alterations of the coupling of individual phycobiliproteins 
to the phycobilisomes and of the phycobilisomes to the 
reaction centres. This also explains the patterns of Fm - F.n' 
observed in the present study (Fig. 8, Fig. 53, see Support
ing Information). These parameters were usually positive 
for the ChI proteins, whereas an almost equal distribution 
of positive and negative values was found for the phycobili
proteins. Particularly strong (compared also with the Fo 
value of the same antenna component, Fig. 6a) nonphoto: 
chemical changes in the fluorescence quantum yield, with 
values of the same order of magnitude as Fo and scattered 
rather evenly over this amplitude range, were observed for 
PUB. The weakest changes were observed, 'by contrast; for 
Pc. This makes sense in view of the coupling/uncoupling 
events already mentioned above. 

The regulation of the PSII-associated phycobiliprotein 
antenna size seems to be achieved predominantly by revers
ible coupling of PU,B isoforms during the daily activity 
cycle (Klipper et al., 2009) and, judged by the comparison 
of the parameters measured here, also during acclimation to 
different irradiances. Coupled PUB will display a far lower 
fluorescence quantum yield than uncoupled PUB, and ( 
PSII-coupled PUB will exhibit more fluorescence than PSI
coupled PUB. Therefore, large changes in PUB fluorescence 
quantum yield were observed in response to HL vs LL accli
mation (Fig. 8) and before (Kiipper et al., 2009) the daily 
cycle. 

By contrast, PC is the second innermost component of 
phycobilisomes, just before APc. Thus, it will only show a 
change in quantum yield if it uncouples from APC (in vitro 
study; Gantt & Lipschultz, 1973). According to our current 
knowledge, this only happens during transition into the 
(apoptotic) bright II ('vety bright') state of Trichodesmium 
cells, as shown recently (Klipper et al., 2009). Therefore, it 
is not surprising that hardly any nonphotochemical changes 
in its quantum yield were observed (Fig. 8). 

APC, the innermost part of the phycobiliproteins, dis
played larger nonphotochemical changes in its fluores
cence quantum yield than did Pc. This can be explained 
by the fact that it is closest to ChI proteins, so that its 
quantum yield will be most influenced by their nonpho
tochemical quenching, and it shows a strong change in 

its quantum yield as a result of classical state transitions, 
that is migration of entire phycobilisomes between PSI 
and PSII, as well as phycobilisome uncoupling from the 
reaction centres. 

Conclusions 

The two light conditions used here represent the irradiances 
to which Trichodesmium is exposed in the ocean: the HL 
condition is close to the water surface and the LL condition 
is similar to that deeper in the water column. We found that 
Trichodesmium is able to acclimate well to high irradiance 
(1000 f!mol m-2 s-I), such that, in the final acclimated 
state, the cells grow more rapidly than under the low irradi
ances (100 f!mol m-2 S-I) used for Trichodesmium culture 
in many laboratories. According to our results, this is 
because Trichodesmium does not only apply the light accli
mation strategies found in many other cyanobacteria (e.g. 
down-regulation of the synthesis of light-harvesting pig
ments and phycobiliproteins, up-regulation of the synthesis 
of light-protective carotenoids), but also the following 
mechanisms: (1) at low irradiances, Trichodesmium in
creases its cell diameter to increase the light absorption per 
cell; (ii) Trichodesmium can overcompensate for enhanced 
photo inhibitory damage to proteins at high irradiance by 
enhanced synthesis; (3) Trichodesmium has a previously 
unreported strategy of short-term light acclimation: 
acclimation to low irradiance levels involves an enhanced 
coupling of PUBs to PSII rather than PSI; (4) finally, LL 
phycobilisomes in Trichodesmium can be so closely coupled 
to PSII that their fluorescence emission can exhibit photo
chemical quenching, opening up a new method for study
ing the energy transfer within phycobilisomes and towards 
the PSII reaction centre. 
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