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Abstract The diazotrophic cyanobacterium Trichodesmium

is a major contributor to marine nitrogen fixation. We analyzed

how light acclimation influences the photophysiological per-

formance of Trichodesmium IMS101 during exponential

growth in semi-continuous nitrogen fixing cultures under light

levels of 70, 150, 250, and 400 lmol photons m-2 s-1, across

diel cycles. There were close correlations between growth rate,

trichome length, particulate organic carbon and nitrogen

assimilation, and cellular absorbance, which all peaked at

150 lmol photons m-2 s-1. Growth rate was light saturated

by about 100 lmol photons m-2 s-1 and was photoinhibited

above 150 lmol photons m-2 s-1. In contrast, the light level

(Ik) to saturate PSII electron transport (e- PSII-1 s-1) was

much higher, in the range of 450–550 lmol photons m-2 s-1,

and increased with growth light. Growth rate correlates with

the absorption cross section as well as with absorbed photons

per cell, but not to electron transport per PSII; this disparity

suggests that numbers of PSII in a cell, along with the energy

allocation between two photosystems and the state transition

mechanism underlie the changes in growth rates. The rate of

state transitions after a transfer to darkness increased with

growth light, indicating faster respiratory input into the inter-

system electron transport chain.

Keywords Light � Electron transport � Trichodesmium �
State transition

Abbreviations

PAR Photosynthetically active radiation (400–700 nm)

PSII Photosystem II

PSI Photosystem I

PBS Phycobilisome

PQ Plastoquinone

PUB Phycourobilin

PEB Phycoerythrobilin

PEC Phycoerythrocyanin

PC Phycocyanin

ETR Electron transport rate

POC Particulate organic carbon

PON Particulate organic nitrogen

Introduction

Trichodesmium. spp are the most abundant diazotrophic

cyanobacteria (Zehr 2011) in oligotrophic tropical and sub-

tropical surface waters (Capone et al. 1997). They release

about 50 % of their recently fixed N2 as dissolved organic N

(DON) (Glibert and Bronk 1994), thereby contributing sub-

stantial fertilization to oligotrophic waters. Nitrogenase can be

inactivated by O2 (Gallon 1992), nevertheless the non-het-

erocystous Trichodesmium produce O2 and fix N2 under light

in the same trichome (Dugdale et al. 1961; Capone et al.

1997). The cells that perform N2 fixation functions, known as

diazocytes, show induction of respiratory and nitrogen
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fixation enzymes (Sandh et al. 2012) and higher rates of N2

fixation, peaking at midday concurrently with a drop in O2

evolution (Berman-Frank et al. 2001).

Trichodesmium. spp are distributed in the upper layers of

the euphotic zone in oligotrophic waters, with the highest

Trichodesmium densities often found at a depth of 20–40 m

(Capone et al. 1997). They are often exposed to high levels of

solar radiation while forming blooms in surface waters. Pre-

vious studies showed that light compensation points for pho-

tosynthesis ranged from 100 to 200 lmol photons m-2 s-1

(Carpenter and Roenneberg 1995; LaRoche and Breitbarth

2005), corresponding to fairly shallow compensation depths.

Photosynthesis became saturated across a wide range of PAR

(142–687 lmol photons m-2 s-1) (Kana 1993; Villareal

1995; LaRoche and Breitbarth 2005), but Trichodesmium

colonies did not show photoinhibition of O2 evolution in the

field even under natural sunlight up to 2,500 lmol photons

m-2 s-1 (Carpenter et al. 1993; Lewis et al. 1988). However,

light saturation for the cyanobacteria’s growth was much

lower, ranging from 100 to 180 lmol photons m-2 s-1

(Breitbarth et al. 2008; Goebel et al. 2008; Garcia et al. 2011).

Consequently, Trichodesmium may possess unique strategies

to cope with different light regimes.

Photoautotrophs can adapt rapidly to light changes by the

regulation of the distribution of absorbed energy between

PSII and PSI, termed a state transition. Two primary, but not

exclusive, mechanisms by which state transitions are con-

trolled in cyanobacteria are ‘‘mobile Phycobilisome’’ (van

Thor et al. 1998; Sarcina et al. 2001) or ‘‘energy spillover’’

from PSII to PSI (Bruce et al. 1989). Studies using fluo-

rescence kinetic microscopy (FKM; Küpper et al. 2004)

showed that the basal chlorophyll fluorescence yield (Fo)

increased during N2 fixation, implying a reversible excitonic

coupling of an individual phycobiliprotein, in particular

phycourobilin (PUB) (Küpper et al. 2009). Such a rapid

reversible switch could change during light acclimations

and correlate with measured state transitions in Trichodes-

mium (Andresen et al. 2010).

In this study, we grew Trichodesmium erythraeum

IMS101 under sub-saturating, saturating, and super-satu-

rating levels of photosynthetically active radiation (PAR)

to examine its energy transfer kinetics and photochemical

performance when growing at different rates with propor-

tional changes of particulate organic N and C.

Materials and methods

Culturing conditions

Trichodesmium erythraeum IMS101 was originally isolated

from the North Atlantic Ocean. It was maintained in exponential

growth phase under 4 different light levels (70, 150, 250,

400 lmol photons m-2 s-1 PAR) in YBCII medium (Chen

et al. 1996) at 25 �C with a 12 L/12 D cycle (light from 08:00 to

20:00) for at least 20 days prior to the experiments described

below. PAR levels of 70, 150, 250, 400 lmol photons m-2 s-1

PAR were achieved using neutral density screening within a

plant growth chamber (GXZ, Ningbo, China), and the light

intensity was measured with a LI-COR 2p PAR sensor

(PMA2100, Solar light, USA). The culture medium was diluted

every 4 days so that the cell density was maintained within a

range of 1 9 104 - 5 9 104 cells per ml, in an exponential

growth phase. Cell densities were determined by measuring the

number and the length of the filaments using an inverted

microscope and average cell length was determined with a

subsample of the culture. The average number of cells per fil-

ament was obtained from the averages of filament length and

cell length. Three independent cultures under each light level

were run and used to measure the growth rate and all subsequent

physiological parameters. The specific growth rate (l, d-1) was

estimated as l = (lnC2 - lnC1)/(t2 - t1), where C1 and C2

were the cell numbers per ml at time t1 and t2, respectively.

To measure particulate organic carbon (POC) and

nitrogen (PON), 100–200 ml samples were filtered onto

pre-combusted GF/F filters (450 �C, 5 h), dried at 60 �C

and subjected to CHNS/O elemental analyses (PerkinEl-

mer, USA). Blank values of pre-combusted GF/F filters

were subtracted to achieve cellular POC or PON. The

production rates of POC and PON were derived as follows:

Production rate pmol C or N cell�1d�1
� �

¼ content pmol C or N cell�1
� �

� l d�1
� �

:

Chlorophyll fluorometry

PSII fluorescence induction profiles from Trichodesmium

erythraeum IMS101 were measured using a Fluorescence

Induction and Relaxation Fluorometer (FIRe, Satlantic,

Halifax, Canada) using blue (450 nm with 30 nm band-

width) to excite chl a and green (530 nm with 30 nm

bandwidth) to excite phycobilisomes. We applied a saturat-

ing (5 9 104 lmol photons m-2 s-1), single turnover flash

(120 ls) that saturates PSII photochemistry, and generates a

fluorescence induction curve, detected with a long-pass

cutoff filter at a wavelength of 680 nm. We used MATLAB

software to run the FIReWORX script (Audrey Barnett,

http://sourceforge.net/projects/fireworx/) with instrument-

specific light calibration factors (Satlantic) to extract the

fluorescence parameters, FO and FM, the minimal and

maximum chlorophyll fluorescence yield in the dark-adapted

(8 min) state [arbitrary units (a.u.)]; FS and FM
0, the steady

state and maximum chlorophyll fluorescence yield in the

light-adapted state; rPSII and rPSII
0 the effective absor-

bance cross section of PSII (A2 quantum-1) in the dark-

or light-acclimated states; and sQa� , re-oxidation time of
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Qa- (ls). rPSII and sQa� were estimated from the FIRe

fluorescence induction and relaxation data following the

model of Kolber et al. (1998). The dark-adapted quantum

yield was calculated as FV/FM = (FM - FO)/FM; while

the effective quantum yield UPSII = (FM
0 - FS)/FM

0 for

growth light-adapted cells.

Light response curves

The PSII-specific electron transport rate (e- PSII-1 s-1) of

the cells grown under different light levels was estimated

as ETRPSII = UPSII 9 rPSII
0 9 PFD (Huot and Babin

2010), where UPSII is the effective quantum yield of PSII at

the actinic light level; PFD is the actinic light intensity

(lmol photons m-2 s-1), applied in increments up to

2,000 lmol photons m-2 s-1 for a duration of 20 s of each

light step; rPSII
0 the effective absorption cross section of

the photosystem II (PSII) reaction centers measured under

the growth light level, using a green excitation flash.

To analyze the PSII electron transport rate curves, the

model of Platt et al. (1980), ETR = ETRmax 9 (1 - exp

(-a 9 E/ETRmax)) 9 exp(-b 9 E/ETRmax) was employed

to obtain the light saturation parameter (Ik) and a, the initial

slope of the light curve before the onset of saturation, b, the

photoinhibition parameter.

Diel patterns in photochemical yield of PSII and light–

dark relaxation kinetics

To assess the diel variation in the PSII fluorescence

parameters of Trichodesmium IMS101 cells grown under

different light levels, the photochemical measurements

were measured every 2 h during a 14 h period (from 1 h

before the onset of light to 1 h after the onset of darkness).

The cells were harvested from each of their growth light

levels and fluorescence induction curves in their light-

acclimated state were measured immediately under their

respective growth light levels. Subsequently, the cells were

placed in darkness and exposed to a series of single turn-

over flashes. The fluorescence induction curves achieved

steady state after 5 min of darkness in all cases. The dark-

adapted state fluorescence parameters were extracted from

a fluorescence induction curve recorded after 8 min of

darkness.

Light to dark state transitions were analyzed based upon

room temperature Chl fluorescence transients (Mullineaux

and Allen 1986). The cyanobacterial cells under growth

level illumination, which are in state I, transit to state II

upon a shift to darkness. The kinetics of state I to state II

transitions were determined by monitoring the progressive

decrease in FV/FM during the transition to dark. The state

transition kinetics were fit using an exponential decay time

series model as follows: y = y0 ? a 9 exp (-k 9 t), then

the T1/2 = ln(2)/k, where T1/2 is the time required for yield

decay to half of its initial value, y0 is the yield that reached

a steady value.

Optical absorption cross section

Chlorophyll-specific absorption cross section (a*) was

measured using the ‘‘quantitative filter technique’’

(Mitchell 1990). Cellular absorption spectra were deter-

mined by collecting cells onto GF/F filters, and scanning

each filter from 400 to 750 nm using a 1-nm slit width in a

spectrophotometer fitted with an integrating sphere

(Lambda950, PerkinElmer, USA). The same filters soaked

in the medium without cells were used as blanks; all filters

were analyzed immediately. The chl-specific absorption

coefficient normalized to chl a, a*(k) (m2(mg chl a)-1),

was calculated accordingly to

a�ðkÞ ¼ 2:3 ODfiltðkÞ � ODfiltð750Þ½ �
b V=Að Þ chl að Þ ;

where 2.3 converts from log base 10 to log base e, V (m3) is

the volume filtered, and A (m2) is the sample area on the

filter, correction factor (b) accounts for the amplified

optical path length associated with the glass-fiber filter

according to Cleveland and Weidemann (1993), (chl a) is

the chl a concentration. For comparison among the dif-

ferent light acclimations, the optical absorption spectrum

(a*) was normalized (Ciotti et al. 2002) using the mean

absorption (�a�) computed between 400 and 700 nm

following

�a� ¼ 1

300

X700

400

a�ðkÞDk:

The optical absorption cross section normalized to cell

numbers (�a�cell; lm2 cell-1) was calculated as following:

�a�cell lm2 cell�1
� �

¼ �a�ðm2ðmg chl aÞ�1Þ
� chl a ðmg chl a cell�1Þ � 1012:

The photons absorbed per day was calculated as

Absorbed photons ¼ �a�cell lm2cell�1
� �

� lmol photons PAR m�2 d�1:

The maximum quantum yield of PSII e- generated (PSII

e- generated per unit quanta absorbed) (um, e- quanta-1)

was calculated as

um ¼ a=�a�ðFalkowski and Raven 2007Þ;

where a is the initial slope of PSII ETR curve, giving um as

(e- PSII-1 s-1/lmol photons PAR m-2 s-1)/(m2 (mg chl

a) -1). Provided each PSII center has a fixed number of

chlorophyll molecules (36 chl per PSII reaction center)
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(Richier et al. 2012), we can eliminate (mg chl a)-1 and

(PSII-1), thus obtaining a unit conversion coefficient

K = 0.0308. The unit of um is then (PSII e- generated per

unit quanta absorbed).

Chl a was extracted in 100 % methanol overnight and

quantified from the absorption spectra (400–700 nm)

obtained with a spectrophotometer according to Ritchie

(2006).

Statistics

The data were expressed as mean values ± SD (n = 3) for

the three independent replicate cultures. Statistical signifi-

cance of the data was analyzed with one-way ANOVA and

Tukey test at a significance level of p \ 0.05.

Result

Growth and C:N ratio

The specific growth rates and the trichome length of

Trichodesmium IMS101 both reached a maximum under a

growth light of 150 lmol photons m-2 s-1 and then

decreased under higher PAR levels (Fig. 1a). The maximum

growth rate was 0.29 (SD ± 0.05) d-1, which coincided

with the longest average filament length of 882

(SD ± 78) lm. There was no significant (p = 0.113)

change in the growth rate between 150 and 250 lmol pho-

tons m-2 s-1 but the growth rate was significantly lower at

the sub-saturating 70 lmol photons m-2 s-1 (p = 0.005)

and at the super-saturating 400 lmol photons m-2 s-1

(p = 0.014), compared to the values at 150 lmol photons

m-2 s-1. The filaments were significantly shorter under

400 lmol photons m-2 s-1 (p \ 0.01), but no significant

change in trichome length was found among the other 3 light

levels. Overall, growth rates correlate well with filament

length (Fig. 1b), suggesting a possibility to estimate popu-

lation growth rates from single-point measures of filament

length, at least when the cultures are not nutrient limited.

The rates of particulate organic carbon (POC) and particu-

late organic nitrogen (PON) production both peaked at

150 lmol photons m-2 s-1 with values of 1.92 ± 0.25 and

0.36 ± 0.04 pmol cell-1 d-1, respectively, and were sig-

nificantly lower at the sub-saturating 70 lmol photons

m-2 s-1 (p = 0.007, p = 0.001, respectively) and at the

super-saturating 400 lmol photons m-2 s-1 (p \ 0.001)

(Fig. 2a). The C:N ratio showed the lowest value in the cells

grown at 150 lmol photons m-2 s-1, with significantly

higher values at sub-saturating light of 70 lmol photons

m-2 s-1 (p = 0.002) and super-saturating 400 lmol pho-

tons m-2 s-1 (p \ 0.001) (Fig. 2b).

Optical and functional absorbance cross sections

The spectrally averaged chlorophyll-specific optical cross

section for light (400–700 nm) normalized to chlorophyll

a, ā*, was 0.024 (SD ± 0.004) m2 (mg chl a)-1 in the cells

grown under 70 lmol photons m-2 s-1 and 0.034

(sd ± 0.003) m2 (mg chl a)-1 in the cells grown under

400 lmol photons m-2 s-1 (Fig. 3a), as cellular chloro-

phyll content dropped with increasing growth light from

1.3 (SD ± 0. 2) pg cell-1 for 70 to 0.9 (SD ± 0. 3) pg

cell-1 for 400 lmol photons m-2 s-1 cells. Interestingly,

growth rate showed a strong correlation with the optical

absorption cross section per cell, with the fastest growing

cells having the largest optical absorption area per cell

(Fig. 3b). The optical absorption spectra revealed the

expected series of peaks in the visible wavelengths

including chl a at 437 and 664 nm, phycourobilin (PUB) at

495 nm, phycoerythrobilin (PEB) at 545 nm, phy-

coerythrocyanin (PEC) at 569 nm, and phycocyanin (PC)

a

b

Fig. 1 a Specific growth rate and trichome length of Trichodesmium

erythraeum IMS101 grown across a range of photosynthetically

active radiation (PAR). b Trichome length of T. erythraeum IMS101

as a function of growth rate. Growth light levels are indicated beside

the symbols (lmol photons m-2 s-1). The values are mean ± SD

(n = 3, triplicate cultures)
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at 627 nm (Fig. 3a). The ratio of the maximal peak of PUB

to PEB was 1.6:1.0 in the high-light grown cells, and was

about 10 % higher than in the low-light grown cells

(Fig. 3a).

Photochemical performance

The effective photochemical quantum yields for PSII

electron transport measured under the growth light levels

showed the expected negative correlation with growth light

(Fig. 4a), decreasing from about 0.52 (average derived

from the blue and green excitations) under the lowest,

down to 0.19 under the highest light levels. The apparent

yield was moderately higher when measured with the green

excitation of phycobilisomes than when measured with the

blue direct excitation of chlorophyll, by about 19 % under

all growth light levels (Fig. 4a). The functional absorption

cross sections of PSII (rPSII
0) under all growth light levels

were about 3 times larger when measured with the green

than with the blue excitation light (Fig. 4b, shown as open

symbols). The rPSII
0 measured with green excitation

(530 nm with 30 nm bandwidth) decreased by about 36 %

during a light to dark transition, averaged across all culture

growth light levels (Fig. 4b, shown as circles), reflecting

large changes in the excitation connectivity of green-

absorbing phycobilisomes to PSII. In contrast, for the blue

excitation (450 nm with 30 nm bandwidth), rPSIIblue
0 only

decreased about 14 % (Fig. 4b, showed as squares),

reflecting modest drops in blue excitation delivery to PSII

during the state transition, consistent with a modest

increase in excitation spillover from PSII to PSI during a

light to dark transition. The re-oxidation time of Qa-(s)

measured at 15:00 became longer with increasing growth

light levels, reflecting the onset of saturation of electron

transport away from PSII under higher growth light levels

(Fig. 4c).

Both dark-adapted FV/FM (Fig. 5a, b) and effective

quantum yields (UPSII, Fig. 5c, d) were higher in the cells

grown at lower light levels, with the highest values in the

a

b

Fig. 2 a Particulate organic carbon (POC) and nitrogen (PON)

production rate. b The C:N ratio (mol:mol) of Trichodesmium

erythraeum IMS101 grown under different light levels. The values are

mean ± SD (n = 3, triplicate cultures)

a

b

Fig. 3 a Chlorophyll a specific absorption spectrum (a*) of Trich-

odesmium grown at 70 and 400 lmol photons m-2 s-1. The

absorption peaks of PUB (495 nm), PEB (545 nm), PEC (569 nm),

PC (627 nm), and chl a (437 and 664 nm) are indicated. Shaded areas

indicate the blue (450 nm with 30 nm bandwidth) and green (530 nm

with 30 nm bandwidth) excitation regions used for Fluorescence

Induction and Relaxation measurements. b Growth rate as a function

of optical cross section normalized to cell numbers (�a�cell), fit with an

exponential model (solid line). Growth light levels are indicated

beside the symbols (lmol photons m-2 s-1)
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cells acclimated to the lowest light level. This was true for

the yields obtained either with blue (Fig. 5a, c) or green

(Fig. 5b, d) excitation lights. The dark-adapted quantum

yield FV/FM was lower compared to the effective quan-

tum yields of the cells exposed to the light levels by about

39–52 %, reflecting a transition from dark state II to

illuminated state I, consistent with the changes in rPSII
0 to

rPSII (Fig. 4b). In terms of the diel variations in the yield,

FV/FM started to increase 5 h after the onset of illumi-

nation in the cells grown under light levels of

70–250 lmol photon m-2 s-1 (Fig. 5a, b), and showed a

further increase upon the transition back to darkness. The

effective yield, UPSII, however, increased soon after the

onset of illumination in the cells grown under light levels

of 150–400 lmol photon m-2 s-1 (Fig. 5c, d), with peaks

at about 7 h after light onset and thereafter declined with

time in the cells grown at light levels above 150 lmol

photons m-2 s-1 (Fig. 5c, d).

Kinetics and diel patterns of state transitions

FV/FM decreased rapidly when the cells were transferred

from their growth light levels to darkness (Fig. 6a). For the

cells grown under 400 lmol photons m-2 s-1, the FV/FM

declined sharply within 50 s after the onset of darkness and

then leveled off. However, for the cells grown under lower

light levels, the decline in FV/FM was slower. When the

half time (T1/2) for the drop of the yield due to the transi-

tion from illuminated state I to dark state II was plotted for

the cells grown under different light levels over the light

period, the higher the growth light level the shorter the T1/2

(Fig. 6b). The T1/2 values increased in late afternoon in the

cells grown under the 70 and 150 lmol photons m-2 s-1.

This diel pattern disappeared in the cells grown under

400 lmol photons m-2 s-1, which maintained a short state

transition T1/2 across the diel cycle.

Electron transport

The electron transport rate (ETR, e- PSII-1 s-1) plotted

versus instantaneous actinic light showed that light use

efficiency for the ETR (a) and ETRmax decreased with

increasing growth light levels (Fig. 7a, Table 1). The sat-

urating light levels (Ik = ETRmax/ETR (a)) were higher in

the cells grown under higher light levels (Table 1), while

the achieved electron transport rates per PSII under the

culture growth light level, which were extracted from the

PSII ETR curves, remained steady at *80 (e- PSII-1 s-1)

across a wide range of growth light from a growth satu-

rating 150 to a growth inhibitory light level of 400 lmol

photons PAR m-2 s-1 (Fig. 7b).

The cellular absorbance of photons per day increased

with increasing light levels, with the value of 3 9 10-11

mol photons PAR absorbed cell-1 d-1 at the optimum

growth light of 150 lmol photons PAR m-2 s-1 (Fig. 8a),

but the maximal generation of PSII e- per quantum (um,

e- quanta-1) decreased from 0.8 to 0.2 with increasing

growth light levels (Fig. 8b).

Discussion

The specific growth rate showed a close correlation with

trichome length. The highest growth rate was associated

with the highest POC and PON production rates which

peaked at 150 lmol photons m-2 s-1. Increased C:N ratios

with light levels outside the optimal growth range of

150–250 lmol photons m-2 s-1 demonstrated a declining

proportion of N assimilation over C assimilation. The C:N

ratios obtained under different light levels in this study

ranged from 5.88 at the optimal growth light (SD ± 0.05)

up to 9.78 (SD ± 0.45) at the highest growth light level,

a

b

c

Fig. 4 a The photochemical quantum yield (UPSII), b functional

absorption cross section of PSII photochemistry measured under dark

(rPSII) or under growth light (rPSII’), c reoxidization time for Qa- (s)

measured with growth light levels. These parameters were measured

in the dark (D) or under growth light levels (L) using either green or

blue excitation at 7 h into the light period at 15:00. Some invisible

error bars are \ 7 % of the mean values (n = 3, triplicate cultures)
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somewhat extending the Trichodesmium C:N ratios of

4.7–7.3 reported previously (LaRoche and Breitbarth

2005). Light regulates the photosynthetic machinery and

differentially influences C and N assimilation. It should be

noted that the POC and PON production rates do not rep-

resent the rates of carbon and nitrogen fixation during the

light period, since the POC and PON assimilation are the

net carbon and nitrogen retention, after carbon and nitrogen

losses either in the dark or during the light period (Mul-

holland and Bernhardt 2005; Garcia et al. 2011).

Total optical absorption cross section normalized to

chlorophyll a increased with growth light. These changes

reflect a decrease in the ‘‘package effect’’ (Dubinsky et al.

1986), a spectral flattening due to distribution and packing

density of pigments within the cell. In the green region of

the spectrum, the dip in the cross section values of high-

light grown cells could result from both a decreased

package effect and to variations in the relative abundance

of each of the individual proteins that constitute the

ensemble of the phycobilisomes. The Trichodesmium cells

grown under the high light level showed a higher optical

absorption of PUB (phycourobilin), reflected in the ele-

vated peak ratio of PUB to PEB (phycoerythrobilin)

(Fig. 3a). The changes in apparent composition of the

phycobilisome are consistent with those reported

previously (Andresen et al. 2010), implying increased

photoprotection associated with the increased PUB (Subr-

amaniam et al. 1999).

PSII function showed strong correlations with growth

light levels. The photochemical quantum yield under

growth light, as expected, decreased with increased growth

light levels and showed diel changes that likely reflect

changes in the downstream metabolic removal of electrons

from PSII and/or diel changes in the number of functional

PSII reaction centers relative to downstream electron sinks

(Levitan et al. 2010). The maximal quantum yield for PSII

photochemistry also showed diel changes with a dip during

late morning (Fig. 5) implying suppressed PSII function

during the hours of increased N2 fixation (Küpper et al.

2004). The blue light functional absorbance cross section,

rPSIIblue, for PSII was, as expected, steady across the

growth lights since a given PSII has a fixed number of

chlorophyll molecules (36 chl per PSII reaction center)

(Richier et al. 2012), and the small rPSIIblue values (Fig. 4b)

primarily represent direct excitation of PSII chlorophylls

(Fig. 3a). In contrast, rPSIIgreen decreased with increasing

growth light, likely reflecting a drop in phycobilisome

absorbance per PSII center. Interestingly, growth rate did

not correlate with PSII electron transport (e- PSII-1 s-1)

across the different growth light levels (Fig. 7a), but

a b

c d

Fig. 5 Diel changes in dark-adapted quantum yield (FV/FM) and

light-adapted quantum yield (UPSII) of T. erythraeum IMS101 grown

under the different PAR levels (values and symbols in a, lmol pho-

tons m-2 s-1). The quantum yield (UPSII) was obtained using either

blue (450 nm with 30 nm bandwidth) (a, c) or green (530 nm with

30 nm bandwidth) (b, d) light for saturating pulse excitation, with

actinic light set at the growth light level for the particular culture. For

determination of FV/FM cultures were transferred to darkness for

8 min. The light period started at 08:00 and ended at 20:00 (indicated

by the bar on top of the upper graph). The values are mean ± SD

(n = 3, triplicate cultures)
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growth rate did correlate closely with the optical absorption

cross section per cell (Fig. 3b) and photons absorbed per

cell (Fig. 8a). Clearly light capture is the ultimate driver of

growth in these photosynthetic and N2-fixing cells. How-

ever, the fraction of absorbed photons that trigger PSII

electron transport decreased with increasing growth light

levels (Fig. 8b), indicating that the cells regulate the light

use efficiency to sustain steady electron transport rates per

PSII across optimal and super-saturating growth light lev-

els (Fig. 7b). The decoupling of growth rate from achieved

electron transport per individual PSII center (Figs. 1, 7)

likely reflects changes in PSII content per cell as well as

changes in the cellular quota of organic C and N with

increasing growth light levels.

In terms of state transitions, cyanobacteria are usually in

state II in the dark, due to respiratory electron flow into the

PQ pool, and in state I upon illumination due to high PSI

activity withdrawing electrons from the intersystem trans-

port chain, relative to PSII and respiratory activity in the

light (Mullineaux and Allen 1986; Mao et al. 2002; Bernát

et al. 2012). Cell transfer into darkness, with reduction of

the PQ pool by respiratory electron flow, triggers down-

regulation of PSII (Campbell et al. 1998), so that the

quantum yield of PSII in the dark is lower than that under

growth illumination (Figs. 5, 6a). A direct influence of

state transitions is also perceptible in the fact that the small

rPSIIblue changed only modestly during a transition from

a

b

Fig. 6 a Change in FV/FM over time upon a transition to darkness in

T. erythraeum IMS101. Cells were grown under 70 or 400 lmol pho-

tons m-2 s-1. At 11 h into the light period at 19:00, the cells were

transferred to darkness (downward arrow). Green saturation pulses

were given to probe FM every several seconds. FV/FM values were

normalized to the values at the beginning of the transition to darkness.

b Diel variation of the half time for decreases in FV/FM for cultures

grown at the different light levels, derived from fitted curves of

decreases of relative FV/FM during dark adaptation using an

exponential decay time series model. The values are mean ± SD

(n = 3, triplicate cultures)

a

b

Fig. 7 a Rapid light-response curves of PSII electron transport.

Electron transport rate (e- PSII-1 s-1) versus actinic light for cultures

grown at the different light levels (shown in values, lmol pho-

tons m-2 s-1). Fitted curves are plotted with the solid line using the

model from Platt et al. (1980). b Achieved PSII electron transport rate

at growth light versus culture growth light. PSII ETR values at each

growth light level were extracted from three replicate fits of each PSII

ETR curve
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light to dark (Fig. 4b) even though the quantum yield of

PSII changed sharply over the same transition (Fig. 6a).

The rPSIIgreen decreased slightly with increasing growth

light, and dropped sharply during a light to dark transition

(Fig. 4b), showing a drop in the excitation connection

between the phycobilisome and the PSII centers, in parallel

with the drop in PSII quantum yield (Fig. 6a). The small

decline in rPSIIblue might reflect a drop in the quantum

yield for blue light absorbed directly through PSII chlo-

rophyll, but given the spectral bandwidth, it could also

reflect changes in phycobilisome excitation transfer, as

manifested through the larger drop in green light absor-

bance cross section (Fig. 4b). These state transition prop-

erties imply that Trichodesmium might use both a

‘‘spillover’’ of energy from PSII Chl a to PSI Chl

a (McConnell et al. 2002), explaining the modest drop in

quantum yield under blue light, and a mobile phycobili-

some (Allen and Holmes 1986; Joshua and Mullineaux

2004) with changing coupling with PSII (Küpper et al.

2009; Andresen et al. 2010), explaining the change in

rPSIIgreen during state transitions.

In our experiments, the half time of the state transition,

T1/2, under actinic irradiances was 20–100 s, matching

previously published values in other cyanobacterial species

(Joshua and Mullineaux 2004; Mullineaux 2014b). The

phenomenon that high-light grown cells had faster state

transitions was true across the diel cycle (Fig. 6b). How-

ever, the Qa- re-oxidation rate (1/s) decreased with

increasing growth light levels, implying that the down-

stream capacity to remove electrons from Qa- is lower in

the cells grown under the high light levels, since the

downstream system was already nearly saturated under the

actinic light. Photosynthesis and respiration share the same

PQ pool in cyanobacteria and the redox state of the inter-

system electron transport chain regulates state transitions

(Mullineaux and Allen 1990; Mullineaux 2014a), therefore,

a faster state I to dark state II transition, combined with a

significant decrease in rPSIIgreen, could result from faster

dark respiration input into the intersystem electron trans-

port chain, possibly combined with a weaker PSII associ-

ation of phycobiliproteins in the cells grown under high

light levels (Mullineaux and Holzwarth 1990; Küpper et al.

2004; Andresen et al. 2010). Regardless of the light levels,

the diel changes in the state transition rate showed temporal

Table 1 The fitted parameters derived from electron transport rate

versus irradiance curves [i.e., a, the apparent photosynthetic effi-

ciency; ETRmax, the maximum rate of electron transport (e- PSII-1

s-1); Ik, the initial light saturation point] of cells grown at 70, 150,

250, and 400 lmol photon m-2 s-1, respectively

Growth light (lmol photons m-2 s-1) a ETRmax Ik (lmol photons m-2 s-1)

70 0.71 ± 0.01a 324 ± 9a 456 ± 16ab

150 0.57 ± 0.02b 265 ± 11b 465 ± 14b

250 0.41 ± 0.04c 215 ± 5c 524 ± 28 cd

400 0.27 ± 0.03d 148 ± 4d 547 ± 29d

The values are mean ± SD (n = 3, triplicate cultures). The superscripted letters indicate significant difference, p \ 0.05

a

b

Fig. 8 a Growth rate versus absorbed photons cell-1 day-1, the

X-axis plots = �a�cell (lm2 cell-1) 9 lmol photons PAR m-2 d-1.

Growth light levels are indicated beside the symbols (lmol pho-

tons m-2 s-1). b A plot showing the correlation between the

maximum quantum yield of PSII e- generated (um, e- quanta-1),

um ¼ a=�a� and culture growth light. The values are mean ± SD

(n = 3, triplicate cultures)
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patterns similar to FV/FM (Figs. 5a, b, 6b), indicating that

the redox poise of the PQ pool correlates with PSII func-

tion, since the redox poise of the PQ pool and the overall

cellular energy needs are the basic driving forces behind

acclimatory changes in the photosynthetic machinery

(Sherman et al. 1998; Mullineaux 2014a). Maximal PSII

electron transport rate (ETR) per PSII declined with

increasing growth light levels (Fig. 7a; Table 1). This

reflects the small decrease in rPSII with increasing growth

light, along with the much larger decrease in UPSII with

increasing growth light as PSII centers closed as down-

stream electron transport lagged behind excitation capture

under higher growth light intensities. The Ik values repre-

senting the light needed to saturate PSII ETR increased

modestly with growth light (Table 1). Interestingly, Ik for

PSII ETR significantly exceeded all growth light levels,

showing that PSII electron transport fell well below light

saturation across all the growth light levels. In contrast, the

KE light saturation level for growth rate was only about

100 lmol photons m-2 s-1 of PAR, consistent with the

PAR range of 100–180 lmol photons m-2 s-1 reported

previously in laboratory studies (Breitbarth et al. 2008;

Goebel et al. 2008; Garcia et al. 2011), while the growth

rate suffered significant photoinhibition by 400 lmol

photons m-2 s-1. Taken as a whole, the data suggest a

combination of some n-type (changes in photosynthetic

unit numbers) light acclimation with changes in the number

of PSI and PSII and phycobilisomes (Falkowski and Owens

1980; Levitan et al. 2010), as reflected in the increase in

optical absorbance cross section normalized to chl a, along

with some evidence for a moderate r-type (changes in

photosynthetic unit size) decrease in absorbance cross

section attributable to a drop in the size of the green

effective cross section measuring delivery of green exci-

tation via phycobilisomes to PSII (Richardson et al. 1983;

MacIntyre et al. 2002).

Growth rate could be correlated with differential energy

allocations among respiration, carbon or nitrogen assimi-

lation, and photoprotection processes. In our study, the

growth rate correlated well with trichome length, the

absorption cross section per cell as well as photons

absorbed per cell per day, but did not correlate with elec-

tron transport rate through each PSII unit. We suggest that

the cells at maximum growth rate may have the largest

numbers of photosynthetic units, reflected in the largest

absorption cross section per cell (Fig. 3b). The decoupling

of growth rate from individual PSII activity would thus

reflect changes in the stoichiometry of the two photosys-

tems, since Trichodesmium has a high activity of cyclic

electron transport around PSI, with PSI to PSII ratios

ranging from 1.3 to 4 (Berman-Frank et al. 2001; Levitan

et al. 2007, 2010). Acclimation by cyanobacteria to dif-

ferent light levels is often manifested in changes in

PSI:PSII ratio (Fujita 1997), and Trichodesmium in par-

ticular adjusts the stoichiometry of PSII and PSI in favor of

increasing PSI when grown under higher light (Levitan

et al. 2010). The higher PSI:PSII ratio directs more

absorbed light toward cyclic electron flow around PSI that

does not directly lead to carbon reduction (Falkowski and

Raven 2007).

Our study demonstrated that the diazotrophic cyano-

bacterium Trichodesmium modulates its photosynthetic

machinery both during a diel cycle and under increasing

light levels, with a faster state transition response under

high light. Moreover, it changes the numbers of photo-

synthetic optical absorption units with changes in growth

light.
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Bergman B, Falkowski P (2001) Segregation of nitrogen fixation

and oxygenic photosynthesis in the marine cyanobacterium

Trichodesmium. Science 294:1534–1537

Bernát G, Schreiber U, Sendtko E, Stadnichuk IN, Rexroth S, Rögner
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