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Abstract Currently, cyanobacteria are regarded as poten-

tial biofuel sources. Large-scale cultivation of cyanobacteria

in seawater is of particular interest because seawater is a

low-cost medium. In the present study, we examined dif-

ferences in light-harvesting and energy transfer processes in

the cyanobacterium Synechococcus sp. PCC 7002 grown in

different cultivation media, namely modified A medium (the

optimal growth medium for Synechococcus sp. PCC 7002)

and f/2 (a seawater medium). The concentrations of nitrate

and phosphate ions were varied in both media. Higher

nitrate ion and/or phosphate ion concentrations yielded high

relative content of phycobilisome. The cultivation medium

influenced the energy transfers within phycobilisome, from

phycobilisome to photosystems, within photosystem II, and

from photosystem II to photosystem I. We suggest that the

medium also affects charge recombination at the photosys-

tem II reaction center and formation of a chlorophyll-con-

taining complex.

Keywords Energy transfer � Fluorescence � Nitrogen
deficiency � Phosphorus deficiency � Pigment–protein

complex � Time-resolved spectroscopy

Abbreviations

APC Allophycocyanin

Car Carotenoid

Chl Chlorophyll

FDAS Fluorescence decay-associated spectrum (spectra)

PBS Phycobilisome

PC Phycocyanin

PE Phycoerythrin

PS Photosystem

TRFS Time-resolved fluorescence spectrum (spectra)

Introduction

Cyanobacteria are promising agents of biofuel production

because they grow mainly in aquatic environments,

enabling year-long cultivation without requiring arable

land and portable water (Dismukes et al. 2008). Large-

scale cultivation of cyanobacteria in seawater is of partic-

ular interest because of the low cost of seawater (Mary

Leema et al. 2010; Aikawa et al. 2014). Cyanobacteria are

the most primordial of the oxygenic photosynthetic

organisms and are characterized by their phycobilisomes

(PBSs), unique antenna complexes of phycoerythrin (PE),

phycocyanin (PC), and allophycocyanin (APC) that absorb

visible light energy. The light energy was captured by PBS

transfers as excitation energy to chlorophyll (Chl) (Gantt

1981; Mimuro and Kikuchi 2003). It is well known that

changes in environmental conditions affect light-harvesting
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processes (Riethman et al. 1988; Cousins et al. 2014). In

different light environments, cyanobacteria change the

quality and quantity of their pigment–protein complexes

(Ghosh and Govindjee 1966; Bennett and Bogorad 1973;

Grossman et al. 1993; Stowe-Evans and Kehoe 2004;

Akimoto et al. 2012), and they change energy transfer

processes between pigment and protein complexes

(Boardman et al. 1966; Yokono et al. 2008; Akimoto et al.

2013). It is also known that red algae, which contain PBSs

for light harvesting, regulate energy transfer involving

PBSs under different light conditions (Su et al. 2010).

Allakhverdiev et al. (2002) reported that light-induced and

salt-induced stresses exert very different effects on the

cyanobacterium Synechocystis sp. PCC 6803; in particular,

strong light induces photodamage to photosystem II (PSII),

whereas salt stress inhibits the repair of PSII. The pigment

compositions of photosynthetic organisms also strongly

depend on the nutrient conditions. For instance, nitrogen,

sulfur, or phosphorus deficiency induces PBS degradation

in cyanobacterial cells (Allen and Smith 1969; Grossman

et al. 1993; Collier et al. 1994; Peter et al. 2010; Su et al.

2010), whereas iron deficiency leads to formation of Chl

a antenna complexes around PSI trimers (Bibby et al. 2001;

Michel and Pistorius 2004). However, although changes in

pigment constituents under nutrient stresses have been well

documented, the changes in energy transfer induced by

nutrients stresses remain incompletely understood.

Among the most useful techniques for investigating

energy transfer processes in photosynthetic systems is

time-resolved fluorescence spectroscopy. The transition

energies of some Chls in PSI and PSII are lower than those

of the primary electron donors, so these Chls operate as

energy sinks. Chls are named after their fluorescence peak

wavelengths, for example, F685 (PSII), F695 (PSII), and

F730 (PSI) (Goedheer 1972; Nakayama et al. 1979; Gov-

indjee 2004). The energy transfer between photosynthetic

pigments is estimated by monitoring the fluorescence

intensities of PE, PC, APC, and Chls over time. In addition,

the energy transfer between two PSs can be elucidated

from the delayed fluorescence (tens of nanoseconds) at

77 K. The delay at this temperature manifests from charge

recombination at the PSII reaction center. Whereas the

lifetime of fluorescence from an isolated PSI does not

exceed 5 ns (Mimuro et al. 2010), intact cells contain

components with long lifetimes in the PSI fluorescence

region (Yokono et al. 2011). This behavior indicates

energy transfer from PSII to PSI (spillover) in intact cells.

Previously, we reported that energy transfer in the

cyanobacterium Arthrospira platensis depends on the cul-

tivation medium (Arba et al. 2013). In our previous study,

pre-cultivated A. platensis cells were cultured in the opti-

mal A. platensis growth medium or in seawater medium. In

the seawater medium, the relative intensities of low-energy

Chl and PBS decreased while that of carotenoid (Car)

increased. Time-resolved fluorescence measurements

revealed lower efficiencies of PBS–PSs and PSII–PSI

energy transfers in the seawater medium than in the opti-

mal medium. It was revealed that light energy not con-

sumed in photosynthesis remained unquenched in the A.

platensis cells grown in seawater medium. In the present

study, we examine energy transfer in the cyanobacterium

Synechococcus sp. PCC 7002 cells grown in different

media by means of time-resolved fluorescence spectros-

copy. We also investigate the effects of nitrate and phos-

phate ions on the energy transfer processes within and

between PBS, PSI, and PSII.

Materials and methods

Culture conditions

The cyanobacteria Synechococcus sp. PCC 7002 was

obtained from the Pasteur Culture Collection (Paris,

France). Cells were pre-cultured in 500 mL Erlenmeyer

flasks containing 250 mL of modified medium A (hereafter

referred to as A) (Aikawa et al. 2014) (Supplementary

Table S1), agitated at 100 rpm under continuous illumi-

nation of 50 lmol photons m-2 s-1. Pre-cultivation was

continued for 7 days in air at (30 ± 2) �C in an NC350-HC

plant chamber (Nippon Medical and Chemical Instruments,

Osaka, Japan). Light intensity was measured in the middle

of the medium by an LI-250A light meter (LI-COR, Lin-

coln, Nebraska, USA) equipped with an LI-190SA quan-

tum sensor (LI-COR). To study the differences in energy

transfer between the standard and seawater media, pre-

cultured cells were inoculated into A (brackish water

medium; salinity 2.7 %) or f/2 medium (seawater medium;

salinity 4.0 %, hereafter referred to as F) (Guillard and

Ryther 1962) (Supplementary Table S2). The dried bio-

mass concentration of the inoculum was 0.01 g dry-cell

weight L-1, and the culture conditions were those of the

pre-cultivation. Next, we focus on differences between the

concentrations of the common major components: nitrogen

and phosphorus (Supplementary Tables S1 and S2). To

examine the effects of nitrogen and/or phosphorus con-

centration on the energy transfer processes, the NaNO3 and

KH2PO4 levels in the media were varied as described

below. For the A-based media (A, An, Ap, and Anp), the

NaNO3 and KH2PO4 levels were, respectively, set to

(A) 1.0 g L-1 and 50 mg L-1, (An) 75 and 50 mg L-1,

(Ap) 1.0 g L-1 and 5.0 mg L-1, and (Anp) 75 and 5.0 mg

L-1. Note that in the An and Ap media, the NaNO3 level

and KH2PO4 level, respectively, were reduced to that in F,

while Anp was deficient in both NaNO3 and KH2PO4. For

the F-based media (F, FN, FP, and FNP), the NaNO3 and
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KH2PO4 levels were, respectively, set to (F) 75 and 5.0 mg

L-1, (FN) 1.0 g L-1 and 5.0 mg L-1, (FP) 75 and 50 mg

L-1, and (FNP) 1.0 g L-1 and 50 mg L-1. In the FN and

FP media, the NaNO3 level and KH2PO4 level, respec-

tively, were increased to that in A, while both of NaNO3

and KH2PO4 were enriched in FNP.

Measurements and analysis

Steady-state absorption spectra were measured at room

temperature by a spectrometer equipped with an integrating

sphere (JASCO V-650/ISV-722). Steady-state fluorescence

spectra were measured at 77 K by a spectrofluorometer

(JASCO FP-6600/PMU-183). Time-resolved fluorescence

spectra (TRFS) were measured at 77 K by a time-corre-

lated single-photon counting system (Akimoto et al. 2012).

The excitation source was the second harmonic (400 nm)

of a Ti:Sapphire laser, which simultaneously excites all

pigments. The time interval of data acquisition was set to

2.4 or 24.4 ps/channel. For the TRFS measurements, a

homogenous ice was obtained by adding polyethylene

glycol (average molecular weight 3,350, final concentra-

tion 15 % (w/v), Sigma-Aldrich, USA) to the sample

solutions. All samples were prepared under dimly lit con-

ditions. To precisely understand excitation relaxation in

Synechococcus sp. PCC 7002 cells, we carried out a global

analysis and obtained fluorescence decay-associated spec-

tra (FDAS) as previously reported (Yokono et al. 2008;

Akimoto et al. 2012). The fluorescence rise and decay

curves at different wavelengths were fitted by sums of

exponentials with common time constants. The FDAS of

each time constant was obtained from the amplitude versus

wavelength plot. In FDAS, positive and negative ampli-

tudes indicate fluorescence decay and rise over time,

respectively.

Results

Absorption spectra

Figure 1 shows the absorption spectra of Synechococcus

sp. PCC 7002 cells grown in different media. All absorp-

tion spectra were normalized by the Chl Qy (0,0) absorp-

tion band. The relative intensities of the Car and PBS bands

(Car/Chl and PBS/Chl, respectively) depend on the culti-

vation media. Table 1 summarizes the intensities of the Car

and PBS band (relative to the Chl Qy (0,0) band) and the

peak wavelengths of the Chl Qy (0,0) band. As the Car

band we selected the 490-nm band, which is not readily

absorbed by PC, APC, or Chl (Mimuro and Kikuchi 2003).

The Qy (1,0) absorption band of Chl is around 630 nm.

Here, to estimate the intensities of the PBS band in

Synechococcus sp. PCC 7002 cells, we assumed that the

intensity ratio of the Qy (1,0) band to the Qy (0,0) band is

identical in protein and solution. To locate the peak posi-

tion of the Qy (0,0) band in solution at its peak wavelength

in the cells, we red-shifted the absorption spectrum of Chl

a in solution. By this procedure, the absorbance of the Qy

Fig. 1 Absorption spectra of Synechococcus sp. PCC 7002 cells

grown in A-based media (a) and F-based media (b): A (brackish water

medium, blue solid line), An (nitrogen-deficient A, blue-dotted line),

Ap (phosphorous-deficient A, blue broken line), Anp (nitrogen and

phosphorous-deficient A, blue dot-dashed line), FNP (nitrogen and

phosphorous-enriched F, red solid line), FP (phosphorous-enriched F,

red-dotted line), FN (nitrogen-enriched F, red broken line), and F

(seawater medium, red dot-dashed line)

Table 1 Intensities of the carotenoid (Car) band (*490 nm) and the

phycobilisome (PBS) band (*630 nm) relative to the chlorophyll

(Chl) Qy (0,0) band in absorption spectra of Synechococcus cells

grown in different media

PBS/Chl Car/Chl Chl Qy peak (nm)

A 0.88 0.76 680

An 0.44 0.82 680

Ap 0.64 0.82 679

Anp 0.66 0.79 679

FNP 0.93 1.2 671

FP 0.39 2.3 675

FN 0.68 1.4 672

F 0.22 1.8 675

Peak wavelengths of the chlorophyll Qy (0,0) band are also listed
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(1,0) band around 630 nm was estimated as *0.15. The

net values listed in Table 1 are the PBS/Chl values,

obtained by subtracting 0.15 from the apparent relative

absorbance around 630 nm (Fig. 1). The relative intensity

of PBS was lower in the F medium than in the A medium

(0.22 vs. 0.88), while that of Car was higher (1.8 vs. 0.76).

Similar behaviors were reported by Arba et al. (2013), who

compared the pigment ratios between A. platensis grown in

seawater and optimal medium.

In the A-based media, deficiencies of nitrogen and/or

phosphorus significantly altered the PBS/Chl ratio but

scarcely affected the Car/Chl ratio. The PBS/Chl ratio was

severely reduced in cells grown in nitrogen-poor, phos-

phate-sufficient medium (An-grown cells); conversely, the

PBS/Chl ratio was insensitive to nitrate ion concentration

under phosphorous-deficient conditions (Ap-grown and

Anp-grown cells). In the F-based media, both the Car/Chl

and PBS/Chl ratios were largely altered by the changing

nutrient conditions; nitrogen enrichment increased the

PBS/Chl ratio and decreased the Car/Chl ratio, whereas

phosphorous enrichment increased the PBS/Chl ratio. By

enriching the F medium with both nitrate and phosphorous

(FNP-grown cells), the relative PBS content was increased

to that of the A-grown cells, although the relative Car

content remained larger than in the A-grown cells. The

PBS/Chl ratios decreased to 0.44 and 0.39 in the An-grown

and FP-grown cells, respectively, whereas the ratios were

0.64 and 0.68 in Ap-grown and FN-grown cells, respec-

tively. These results indicate that the relative amount of

PBS was reduced to a greater extent by nitrogen-deficient

than by phosphorus-deficient conditions.

The wavelength of the Chl Qy band was more than 5 nm

shorter in the F-based media than in the A-based media.

Among the A-based media, the wavelengths of the Chl Qy

band were essentially the same (679–680 nm; see Table 1).

On the other hand, in the F-based media, nitrogen enrich-

ment caused a 3–4-nm blue shift of the Chl Qy band (cf. F

and FN or FP and FNP in Table 1), whereas phosphorous

enrichment did not affect the peak wavelength (cf. F and

FP or FN and FNP in Table 1). These behaviors indicate an

increase in the relative content of higher energy Chls in the

cells grown in F-based media, and that (an) ion(s) not

containing nitrogen or phosphorous affect(s) the quantity of

low-energy Chls.

Steady-state fluorescence spectra

Steady-state fluorescence spectra of Synechococcus sp.

PCC 7002 cells grown in the different media are shown in

Fig. 2. The excitation wavelengths were 440 nm (Chl

a Soret band) and 590 nm (PC band). The fluorescence

spectra of the cells grown in the A-based media were little

affected by the media composition (blue lines, Fig. 2).

Excitation at 440 nm (solid lines, Fig. 2) induced a large

peak around 720 nm in the PSI fluorescence region, with

two faint shoulders around 685 and 695 nm in the PSII

fluorescence region. Under 590 nm excitation (dotted lines,

Fig. 2), additional bands were found in the 630–670-nm

region, in which PC and APC peaked around 650 and

665 nm, respectively. The enhanced fluorescence intensity

around 750 nm is attributable to the PSII fluorescence tail,

whose relative intensity increases under 590 nm excitation

(PC excitation). On the other hand, the fluorescence spectra

of the cells grown in the F-based media were highly

dependent on medium composition (red lines, Fig. 2). The

relative intensities of the PSII to PSI fluorescences were

larger than those of cells grown in the A-based media; this

tendency was increased by nitrogen enrichment (FN-grown

and FNP-grown cells). In the spectra excited at 590 nm

(dotted lines, Fig. 2), the relative intensity of PC to APC is

reduced in cells grown in the nitrogen-deficient media (F

and FP), reflecting the lower content of PC in these cells

(Fig. 1). In addition, the relative intensities of APC to PSII

fluorescences increased in cells grown in nitrogen-deficient

media (F and FP), indicating reduced energy transfer effi-

ciency from APC to Chl. The two peaks found in the

[700 nm region were assigned to the tails of the PSII and

APC fluorescences (Yokono et al. 2008).

Time-resolved fluorescence spectra and florescence

decay-associated spectra

Figure 3 depicts the TRFS of Synechococcus sp. PCC 7002

cells grown in the different media. The TRFSs of A-grown

cells and F-grown cells are clearly different. The spectra of

A-grown cells initially features two broad bands around

650 and 700 nm, assigned to the PBS and Chl fluores-

cences, respectively. After 9.8 ps, the fluorescence was

dominated by PSI. On the other hand, in the F-grown cells,

the origin of the main fluorescence bands changed over

time; the PSII fluorescence maximum immediately after

excitation was followed by dominant fluorescences from

the red Chls of PSI up to *4 ns. In the later time region,

the fluorescence was maximized in the APC fluorescence

region (669 nm). This indicates that some excitation

energy was trapped in APC and did not transfer to Chl.

In the global analysis, the TRFS differences between the

cells grown in different media are represented by combi-

nations of differences in the FDAS time constants and the

spectral shapes of FDAS. The FDAS of Synechococcus sp.

PCC 7002 cells grown in different media are shown in

Fig. 4. In the A-grown cells, energy was transferred from

PC to APC with a time constant of 15 ps. Energy transfer

from PBS to PSII was completed in 35 ps, and the PSI red

Chls sequentially received excitation energy with time

constants of 15 and 35 ps. In addition, delayed
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fluorescence (lifetime exceeding 10 ns) was recognized in

the PSII and PSI fluorescence regions. This delayed fluo-

rescence originates from charge recombination at the PSII

reaction center (Mimuro et al. 2007). Therefore, existence

of the PSI fluorescence in the final FDAS (C10 ns) indi-

cates energy transfer from PSII to PSI in the A-grown

cells. On the other hand, the second phase of the energy

transfer to PSI was slower in the F-grown cells, occurring

with a time constant of 80 ps. The 6th FDAS (at 6.6 ns)

was dominated by APC fluorescence, indicating that

energy transfer from APC to PSII was suppressed in the

F-grown cells. In contrast to the excitation relaxation in the

A-grown cells, no delayed fluorescence was observed in

these cells.

Fig. 2 Steady-state

fluorescence spectra of

Synechococcus sp. PCC 7002

cells grown in different media.

Each spectrum is normalized by

its maximum intensity.

Excitation wavelength is

440 nm (solid line) or 590 nm

(dotted line)
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The time courses of the TRFS for cells grown in

A-based media were similar (blue lines, Fig. 3), except in

the later post-excitation time period (20–24 ns), when the

relative intensities of the APC fluorescence increased under

deficient nitrate ion and/or phosphate ion conditions (An,

Ap, and Anp). When both ions were deficient (Anp), the

increase in the relative intensity of the APC fluorescence

was apparent at an earlier period (9.4–11 ns). In contrast,

the TRFS of cells grown in the F-based media were clearly

different (red lines, Fig. 3). Especially, in nitrogen-enri-

ched media (FN, FNP), the relative intensities of the PSI to

PSII fluorescences increased more slowly than in the

nitrogen-deficient media (F, FP). The FN-grown and FNP-

grown cells also exhibited PBS fluorescence from the ini-

tial time period. After 1.5 ns, the contribution of the APC

fluorescence was reduced under high nitrate ion conditions

(FN, FNP). Delayed fluorescence appeared in the PSII

fluorescence region in the FN-grown, FP-grown, and FNP-

grown cells, although its contribution was small in the FP-

grown cells.

During the early stages, the PBS fluorescence region of

the A-grown cells was relatively unaffected by media

composition (blue lines, Fig. 4). This indicates that the

energy transfer processes in PBS are not largely affected

by nitrate ion or phosphate ion concentrations in the

A-based media. In the 6th FDAS (4.4–6.6 ns), the fluo-

rescence peak of lower energy Chl shifted to a shorter

wavelength (*716 nm) in the An-grown and Anp-grown

cells. It appears that the reddest Chl (F735, which emits at

735 nm) is not easily formed under nitrogen-deficient

conditions. All of the A-based media demonstrated

delayed fluorescences in both the PSII and PSI fluores-

cence regions. This suggests that energy is transferred

from PSII to PSI in the A medium even under nitrogen-

deficient and/or phosphorous-deficient condition(s). In the

1st and 2nd FDAS (15–25 and 50–80 ps, respectively) of

the FN-grown, FP-grown, and FNP-grown cells, clear

peaks appear in the PBS fluorescence region, which are

absent in the spectra of F-grown cells (red lines, Fig. 4).

This indicates that additional nitrate ion and/or phosphate

ion triggers some energy transfer processes in PBS. The

APC fluorescence is diminished in the 6th FDAS of FN-

grown and FNP-grown cells (at 5.4 and 5.5 ns, respec-

tively). Therefore, we have confirmed that adding nitrate

ion to the F medium increases the efficiency of energy

transfer from APC to Chl. In the FN-grown, FP-grown,

and FNP-grown cells, delayed fluorescence was mainly

observed in the PSII fluorescence region (C10 ns).

Therefore, energy may not be preferentially transferred

from PSII to PSI in these cells.

Fig. 3 Time-resolved fluorescence spectra of Synechococcus sp. PCC 7002 cells grown in different media. Excitation wavelength is 400 nm
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Discussion

Changes in energy transfer from phycobilisome

Clear changes in the relative absorbance of PC (Fig. 1)

reveal that the relative PBS contents depend on the nitrate

and phosphate ion concentrations. The nitrogen-deficient

condition induced a larger decrease in the PBS/Chl ratio

than the phosphorus-deficient condition did (Table 1). This

result suggests deficiencies of phosphorus and nitrogen in

Anp and F, respectively, although the concentrations of

nitrogen and phosphorus nutrients are the same in Anp and

F. This difference might be caused by differences in con-

centrations of ions that do not contain nitrogen or phos-

phorous. Nitrogen and/or phosphorus deficiencies in the

A-based media reduced the relative intensities of PBS

absorption, as reported for other cyanobacteria: Anacystis

nidulans (Synechococcus sp. PCC 6301) under nitrogen-

deficient conditions (Allen and Smith 1969; Grossman

et al. 1993), Synechococcus sp. PCC 7942 under nitrogen-,

sulfur-, or phosphorus-deficient conditions (Collier et al.

1994), and Spirulina platensis (A. platensis) under nitrate-

deficient conditions (Peter et al. 2010). However, nitrogen

and/or phosphorous deficiency little affected the FDAS in

the PBS fluorescence region of the Synechococcus sp. PCC

7002 cells (blue line, Fig. 4). Nutrient deficiencies in the

A-based media caused a reduction in the relative PBS

content without changing the energy transfer in PBS. On

the other hand, the relative PBS content was increased by

adding nitrate ion and/or phosphate ion to the F medium

(Fig. 1; Table 1). However, the relative fluorescence

intensity from phycobiliprotein, which is not involved in

energy transfer processes, increased in the later time region

of the TRFS (20–24 ns) and in the FDAS with the longest

lifetime (C10 ns) (Figs. 3 and 4). Therefore, the increased

PBS content induced by the nitrogen and/or phosphorous

enrichment likely does not improve the light harvesting by

PC in the F-based medium. Phycobiliproteins not involved

in energy transfer were also identified in A. platensis cells

grown in seawater medium (Arba et al. 2013).

For cells grown in the F medium, large APC fluores-

cence appeared in the later time region of the TRFS (after

3.5 ns) and in the 6.6-ns FDAS (Figs. 3 and 4), indicating

suppression of the energy transfer from APC to Chl. The

Fig. 4 Fluorescence decay-associated spectra of Synechococcus sp. PCC 7002 cells grown in different media, obtained by global analysis of the

time-resolved fluorescence spectra (Fig. 3). Dotted lines are magnified spectra; the magnification factor is shown in each window
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APC fluorescence was unaffected by phosphorus enrich-

ment (FP-grown cells) but was reduced by nitrogen

enrichment, along with increased PSII fluorescence (see

5.4 ns FDAS of the FN-grown cells and 5.5 ns FDAS of

the FNP-grown cells). In contrast, the PSI fluorescence was

unaltered by enrichment of either nutrient. In the 6th

FDAS of the cells grown in A-based media (Fig. 4), the

APC and PSII fluorescences were accompanied by PSI

fluorescence. Therefore, it appears that nitrogen enrich-

ment selectively improves the energy transfer route from

APC to PSII. In a previous report, no energy transfer from

PSII to PSI was detected in a supercomplex of PBS, PSI,

and PSII (known as the PSI–PBS–PSII supercomplex)

from Synechocystis sp. PCC 6803 (Liu et al. 2013). If also

true in Synechococcus sp. PCC 7002, PSII cannot share the

energy accepted from PBS with PSI. In the FN-grown and

FNP-grown cells, light harvesting by PBS alone might

disrupt the excitation energy balance between PSI and

PSII.

Changes in energy transfer

within and between photosystems

In the 5th FDAS of all cells except the F-grown cells

(FDAS with a time constant of 1.1–2.0 ns), the amplitude

of the 695-nm band (CP47) was much larger than that of

the 685-nm band (CP43); in the F-grown cells, both

amplitudes were comparable (Fig. 4). When two PSII

monomer units combine, the Chl exhibiting the 685-nm

band transfers energy to the Chl exhibiting the 695-nm

band. Therefore, it is suggested that interaction is minimal

between the PSII monomers of cells grown in the F med-

ium but can be promoted by nitrogen or phosphorus

addition. The F-grown cells alone emitted no delayed

fluorescence, indicating a change in charge recombination

at the PSII reaction center. At present, we cannot easily

determine the effects of nitrogen and phosphorus by cor-

relating the energy and electron transfers; however, we can

infer that some pigment–pigment and complex–complex

interactions have been altered in the PSII of F-grown cells.

The cells grown in all other media exhibited delayed

fluorescence (Figs. 3 and 4). In the delayed fluorescence

spectra, the relative intensity of the PSI to PSII fluores-

cences (PSI/PSII) was roughly classifiable into three cate-

gories: (i) PSI/PSII[ 1 (cells grown in A-based media),

(ii) PSI/PSII * 1 (FP-grown cells), and (iii) small PSI/

PSII (FN-grown and FNP-grown cells). The PSI/PSII value

in the delayed fluorescence reflects the relative amount of

PSII that transfers energy to PSI (the PSI–PSII supercom-

plex); the larger the PSI/PSII, the higher the ratio of PSI–

PSII supercomplex to isolated PSII (Yokono et al. 2011).

Since energy is transferred from PSII to PSI within 100 ps

(Yokono et al. 2011), the relative amount of PSII tied up in

the PSI–PSII supercomplex should be determinable from

the PSI/PSII ratio in the 3rd and 4th FDAS, although these

ratios are inflated by PSI fluorescence emitted after the

direct excitation of PSI. In the 3rd and 4th FDAS (Fig. 4),

the PSI fluoresced at much higher amplitude than the PSII

fluorescence in group (i), but the amplitudes were com-

parable in group (iii). The PSI/PSII ratio in group (ii) was

intermediate between those of groups (i) and (iii).

Assuming that the above analysis is applicable to the

F-grown cells, we can estimate the relative content of the

PSI–PSII supercomplex in the F-grown cells. Examining

the 3rd and 4th FDAS of the F-grown cells (Fig. 4), we find

that the amplitude is much higher in the PSI fluorescence

than in the PSII fluorescence, consistent with group (i).

While energy might be actively transferred from PSII to

PSI in the F-grown cells, this cannot be confirmed from the

delayed fluorescence.

Origin of the high-energy chlorophylls

The Chl Qy band appears at shorter wavelengths in the

F-grown cells than in the A-grown cells (Fig. 1; Table 1).

This blue shift of the Chl Qy band is explained by two

possible mechanisms, replacement of Chls with higher

energy Chls in the pigment–protein complexes that also

exist in the A-grown cells or formation of additional

pigment–protein complexes containing higher energy

Chls, which are absent in the A-based media. A sequential

energy transfer to PSI red Chl appears in the 1st and 2nd

FDAS (Fig. 4). For example, positive–negative peak pairs

locate around 693 and 707 nm in the 1st FDAS and

around 704 nm and 722 nm in the 2nd FDAS of the

A-grown cells. This sequential energy transfer was rec-

ognized in other cells but was distinctly different between

cells grown in A-based and F-based media. Only cells

grown in the F-based media exhibited two positive peaks

in the 2nd FDAS; the peak at shorter wavelength was

absent in the FDAS of cells grown in A-based media. This

indicates that cells grown in the F-based media transfer

energy to PSI red Chl via an alternative pathway

involving a higher energy Chl. However, if this higher

energy Chl forms part of the PSI complex, its fluorescence

should appear in the 1st FDAS and disappear in the 2nd

FDAS (Mimuro et al. 2010). A more likely explanation is

that cells grown in F-based media form additional pig-

ment–protein complexes containing higher energy Chls,

which transfer energy to PSI. The formation of the

additional pigment–protein complexes around PSI might

relate to the suppression of PSII–PSI energy transfer in

the FN-grown, FP-grown, and FNP-grown cells. In this

context, enriching the F medium with nitrogen and/or

phosphorus might enhance formation of the additional

pigment–protein complex. This idea is supported by the
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shortened wavelength of the Chl Qy peak in FN-grown

and FNP-grown cells (Table 1), indicating that more of

the additional pigment–protein complexes exist in these

cells than in the other cell groups. This hypothesis also

fits the reduced PSI/PSII ratio in the delayed fluorescence

of FN-grown and FNP-grown cells (Fig. 4).

Under iron-deficient conditions, antenna complexes

containing Chl a, CP43’ are formed around the PSI trimers

of cyanobacterial cells (Bibby et al. 2001; Michel and

Pistorius 2004). No additional pigment–protein complexes

formed in the An-grown, Ap-grown, and Anp-grown cells,

indicating that formation of complexes containing higher

energy Chls is not triggered by nitrogen or phosphorus

deficiency per se. To elucidate how and why additional

pigment–protein complexes form in the F-based media, we

should examine the effects of ions not containing nitrogen

or phosphorous.

Summary

We examined the effects of nitrogen and phosphorus on the

light-harvesting and energy transfer processes of Syn-

echococcus sp. PCC 7002 cells grown in optimal medium

(A) and a seawater medium (F). The energy transfer pro-

cess within PSII and charge recombination at the PSII

reaction center were suppressed in the F-grown cells. The

relative PBS content of cells was increased by higher

concentrations of nitrate and/or phosphate ions. Although

reducing the relative quantity of PBS did not significantly

affect the PBS energy transfer in the A-grown cells,

increasing the relative quantity of PBS did not necessarily

improve PBS light harvesting in the F-grown cells. The

energy transfer from APC to Chl was improved only by

improving the energy transfer from APC to PSII. In addi-

tion, cells grown in F-based media produced considerable

amounts of pycobiliprotein, which is not involved in the

energy transfer chain. The PSII–PSI energy transfer was

retained in the A-based media, regardless of nitrate and

phosphate ion concentration. On the other hand, additional

pigment–protein complexes containing Chl were formed in

the F-based media, especially when supplemented with

nitrogen. These complexes suppress the energy transfer

from PSII to PSI. Therefore, we suggest that in cells grown

in F medium enriched with nitrogen and/or phosphorus,

PBS acts as a light-harvesting complex for PSII alone,

while the new Chl-containing complex plays an antenna

role for PSI. The effects of ions not containing nitrogen or

phosphorous were also discussed.
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