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Abstract Photosynthetic organisms change the quantity

and/or quality of their pigment–protein complexes and the

interactions among these complexes in response to light

conditions. In the present study, we analyzed light adap-

tation of the unicellular red alga Cyanidioschyzon merolae,

whose pigment composition is similar to that of cyano-

bacteria because its phycobilisomes (PBS) lack phycoery-

thrin. C. merolae were grown under different light

qualities, and their responses were measured by steady-

state absorption, steady-state fluorescence, and picosecond

time-resolved fluorescence spectroscopies. Cells were

cultivated under four monochromatic light-emitting diodes

(blue, green, yellow, and red), and changes in pigment

composition and energy transfer were observed. Cells

grown under blue and green light increased their relative

phycocyanin levels compared with cells cultured under

white light. Energy-transfer processes to photosystem I

(PSI) were sensitive to yellow and red light. The contri-

bution of direct energy transfer from PBS to PSI increased

only under yellow light, while red light induced a reduction

in energy transfer from photosystem II to PSI and an

increase in energy transfer from light-harvesting chloro-

phyll protein complex I to PSI. Differences in pigment

composition, growth, and energy transfer under different

light qualities are discussed.
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Abbreviations

APC Allophycocyanin

Car Carotenoid

Chl Chlorophyll

FDAS Fluorescence decay-associated spectrum (spectra)

LED Light-emitting diodes

LHC Light-harvesting chlorophyll protein complex

PBS Phycobilisome

PC Phycocyanin

PE Phycoerythrin

PS Photosystem

TRFS Time-resolved fluorescence spectrum (spectra)

Introduction

Oxygenic photosynthetic organisms have two photosys-

tems, photosystem I (PSI) and photosystem II (PSII), which

convert light energy to electron flow at their reaction

centers. PSI and PSII cooperate, with PSII providing the

electrons required for NADPH production in PSI. Hence,
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maintaining the excitation energy balance between PSI and

PSII is extremely important. Because the reaction centers

respond to limited wavelengths of light (around 440 and

680 nm), photosynthetic organisms extend their available

wavelength region by assembling unique antenna pigment–

protein complexes. Cyanobacteria and red algae have

phycobilisome (PBS) on thylakoid membrane surfaces,

which absorbs light energy in the visible region and effi-

ciently transfers this energy to chlorophyll (Chl) in the

thylakoid membrane (Gantt 1981). PBS comprises a core

of allophycocyanin (APC) and rods containing phycocya-

nin (PC) only or a combination of phycoerythrin (PE) with

PC (Gantt 1981; Mimuro and Kikuchi 2003). It is reported

that the structure of PBS in red algae is different from that

in cyanobacteria (Gantt 1981; Arteni et al. 2008). Unlike

cyanobacteria, red algae possess an antenna for PSI in

thylakoid membrane: light-harvesting chlorophyll protein

complex I (LHCI). Red algal LHCI contains Chl a and

carotenoid (Car), exhibiting a 671-nm absorption peak at

room temperature (Wolfe et al. 1994).

Photosynthetic organisms adapt to light quality by

changing the quantity and/or quality of their pigment–pro-

tein complexes, and the interactions among these complexes.

For example, the PC to Chl a ratio in the cyanobacterium

Anacystis nidulans reduces under strong orange light and

increases under strong red light (Ghosh and Govindjee,

1966). The cyanobacterium Fremyella diplosiphon, which

can control its PE content, exhibits the short-wavelength

form of PC (PC615) under red-light cultivation without

changing its PC and APC energy-transfer processes (Yokono

et al. 2008). In studies on the relationship between light

quality and gene expression control mechanism, the cyano-

bacterium F. diplosiphon contains RcaE, which is related to

the chromatic adaptation (Kehoe and Grossman 1996).

Subsequent genetic analysis suggested that RcaE controls

the expression of PC genes via phosphorylation of two

response regulators, RcaF and RcaC, under red light (Gutu

and Kehoe 2012). On the other hand, as for adaptation of red

algae to light quality, changes in pigment content and

ultrastructure of PBS have been reported (Cunningham et al.

1990; Abe et al. 1994; Tsekos et al. 2002), while the gene

expression control mechanism and changes in energy

transfer are still unknown. The red alga Porphyridium

cruentum increases and reduces its PSI/PSII ratio under red-

light and green-light cultivation, respectively (Cunningham

et al. 1990). In the red alga Porphyra yezoensis, orange light

(which excites PSII) induces an increase in PE and a decrease

in PC; the reverse response occurs under red light (which

excites PSI) (Abe et al. 1994). Monochromatic light alters

the structure, shape, and size of PBS in the red algaPorphyra

leucosticta; the PBS density is much higher under blue-light

cultivation than under red- or green-light cultivation (Tsekos

et al. 2002).

Previously, we analyzed the energy-transfer processes

in the cyanobacterium Arthrospira platensis grown under

different light qualities (Akimoto et al. 2012, 2013). Both

the energy transfers from PBS to PSI and from PSII to

PSI were modified to maintain the excitation balance

between PSI and PSII (Akimoto et al. 2013). On the other

hand, in response to altered PE levels, the red algae P.

cruentum, Bangia fuscopurpurea, P. yezoensis, Chondrus

giganteus, and Prionitis crispata maintain their excitation

balance by adjusting only the energy transfer from PSII to

PSI (Yokono et al. 2011). Therefore, it was suggested that

the light adaptation mechanism in cyanobacteria differs

from that in red algae. In the present study, we examine

how the unicellular red alga C. merolae responds to light

quality by investigating the energy-transfer processes in

cells grown under different light qualities. The pigment

composition of C. merolae (Chl a, Car, and PBS com-

posed of PC and APC) is similar to those of typical

cyanobacteria. The differences in pigment composition,

growth, and energy transfer under different light qualities

are analyzed by steady-state absorption, steady-state

fluorescence, and time-resolved fluorescence spectroscopy

techniques.

Materials and methods

Cultivation conditions

Cyanidioschyzon merolae cells were initially cultured in

200-mL Erlenmeyer flasks containing 100 mL Allen

medium adjusted to pH 3.1 (Enami and Fukuda 1975) at

40 �C with 100 rpm agitation. The pre-cultivation was

performed under 40 lmol photons m-2 s-1 continuous

illumination by white light-emitting diodes (LED) in air

in an incubator (SLI-450 N, EYELA, Tokyo, Japan). The

cultured cells were repeatedly inoculated into fresh

medium at an optical density at 750 nm (OD750) of 0.04

at 7-day intervals (a control). C. merolae cells inoculated

in fresh medium were then transferred and cultivated

under different light qualities (four LED colors) for

6 days (40 lmol photons m-2 s-1 continuous illumina-

tion). Figure 1 shows the spectral profiles of the LEDs

used for cultivation and an absorption spectrum of the

control cells at 77 K (-196 �C). Blue, green, yellow, and

red LEDs emit a single peak at 460, 515, 590, and

666 nm, respectively. From the cellular absorption spec-

trum, we observe that blue (B) light is absorbed by Car

and Chl (Soret), green (G) light is absorbed by Car,

yellow (Y) light is absorbed mainly by PBS (PC) and

slightly by Car, and red (R) light is absorbed by Chl (Qy)

and PBS (APC).
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Measurements and analyses

Steady-state absorption spectra were measured by a spec-

trometer equipped with an integrating sphere (JASCO V-650/

ISVC-747) at 77 K. Steady-state fluorescence spectra were

measured by a spectrofluorometer (JASCO FP-6600/PMU-

183), also at 77 K. The excitation wavelength was 600 nm,

which mainly excites PC. Time-resolved fluorescence spectra

(TRFS) were measured with a time-correlated single-photon

counting system at 77 K (Akimoto et al. 2012). The excitation

wavelength was 400 nm, which simultaneously excites all

pigments. Homogenous ice was obtained by adding polyeth-

ylene glycol (average molecular weight 3,350, final concen-

tration 15 % (w/v), Sigma-Aldrich, St Louis, MO, USA) to a

sample solution at 77 K. The time interval for data acquisition

was set to 2.4 or 24.4 ps/channel. The repetition rate of the

pulse train was 2.9 MHz, which does not affect measurements

up to 100 ns (24.4 ps/channel 9 4,096 channels). Fluores-

cence rise and decay curves were measured at 1 nm intervals

(620–770 nm). The fluorescence behaviors were unchanged

in repeated measurements, confirming constant sample con-

ditions throughout the TRFS measurements.

The fluorescence decay-associated spectra (FDAS) were

constructed from a global analysis of the fluorescence

kinetics (Akimoto et al. 2012). The fluorescence rise and

decay curves were fitted by sums of exponentials with

common time constants as follows:

Fðt; kÞ ¼
X6

n¼1

AnðkÞ exp � t

sn

� �
ð1Þ

The amplitudes (An(k)) specify the FDAS for each time

constant. Positive and negative amplitudes indicate fluo-

rescence decrease and increase over time, respectively. The

fluorescence quantum yield differs between the PSII and

PSI fluorescences; to remove this effect, the PSII and PSI

fluorescence intensities were divided by their correspond-

ing mean lifetimes (Yokono et al. 2011).

Results

Absorption spectra of C. merolae grown under different

light qualities

Figure 2 shows the absorption spectra of the C. merolae cells

grown under different light qualities. All spectra were nor-

malized by the Chl Qy band. Chl exhibited the Soret band

(410–440 nm) and the Qy band (670–680 nm), while PC

peaked in the 600–640 nm range. APC did not peak in the

absorption spectra of the cells, but has a transition energy

between the Chl Qy band and the PC band (Mimuro and

Kikuchi 2003). The two peaks at 470 and 500 nm were

assigned to Car. The light quality affected the relative Car and

PC contents of the cells (see Table 1). The relative amount of

PC varied from 0.93 (R-light grown cells) to 1.29 (B-light

grown cells). Compared with the control cells, the relative PC

amount increased in the B-light and G-light grown cells, and

decreased in the Y-light and R-light grown cells. On the other

hand, the relative amount of Car ranged from 0.94 (Y-light

grown cells) to 1.11 (G-light grown cells). The relative Car

content was reduced only in Y-light grown cells.

Steady-state fluorescence spectra of C. merolae grown

under different light qualities

Figure 3 shows the steady-state fluorescence spectra of the C.

merolae cells grown under different light qualities. All

Fig. 1 Spectral profiles of light-emitting diodes (LED) used for

cultivation and an absorption spectrum of the control cells: a white

LED (W), b four single-color LEDs (B, blue; G, green; Y, yellow; R,

red), and c absorption spectrum of the control cells (Car, carotenoid;

Chl, chlorophyll; PBS, phycobilisome)
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fluorescence spectra were normalized by the PC fluorescence

peak. The spectra are divided into three fluorescence regions:

PBS, PSII, and PSI. In the PBS fluorescence region, the two

peaks around 655 and 663 nm were assigned to PC and APC,

respectively. The core antenna complexes of the PSII reaction

center, CP43 and CP47, exhibited two peaks around 685 and

695 nm, respectively, while red-Chl in PSI peaked around

730 nm. The light quality altered the relative intensities of the

pigments. In particular, the relative intensity of APC

decreased in cells grown under monochromatic LEDs. The

PSI/PSII intensity ratio was elevated in the SF of the Y-light

grown cells, but was almost invariant in the other samples

(Table 2).

Fluorescence decay-associated spectra of C. merolae

grown under different light qualities

To precisely examine the energy transfer, we obtained the

FDAS thorough a global analysis (Eq. 1) of TRFS (Sup-

plementary Fig. S1). Figure 4 shows the FDAS of C.

merolae cells grown under different light qualities. In the

first FDAS (45–70 ps), a positive and negative peak (*641

and *667 nm, respectively) appeared in the PBS region of

all samples except the R-light grown cells. Such a positive–

negative pair of peaks indicates energy transfer from PC to

APC (PC ? APC energy transfer). Moreover, the contri-

bution of the positive and negative peaks was larger in the

B- and G-light grown cells than in the control cells. The

R-light grown cells alone exhibited a positive APC band. In

all other samples, a negative peak appeared around 686 nm

in the PSII region; the control and R-light grown cells

exhibited an additional positive peak around 680 nm. The

Fig. 2 Absorption spectra of C. merolae cells grown under different

light qualities. Black line indicates the control. The colored lines

indicate the color of the light source used for cultivation. The spectra

are normalized by the Chl Qy band

Table 1 Relative intensities of the carotenoid (Car) band (*500 nm)

and the phycocyanin (PC) (*620 nm) to the chlorophyll (Chl) Qy

band (*677 nm) in the absorption spectra of C. merolae cells grown

under LEDs of different colors: blue (B), green (G), yellow (Y), and

red (R)

Sample Car/Chl PC/Chl OD750

C 1.00 1.00 1.00

B 1.06 1.29 0.80

G 1.11 1.09 0.94

Y 0.94 0.95 0.94

R 1.02 0.93 1.14

C indicates the control (growth under white LED). Optical density at

750 nm (OD750) after 6 days cultivation is also listed. Individual

values are normalized by the corresponding control values

Fig. 3 Steady-state fluorescence spectra of C. merolae cells grown

under different light qualities. Black line indicates the control. The

colored lines indicate the color of the light source used for cultivation.

The spectra are normalized by the PC fluorescence peak around

655 nm. The excitation wavelength is 600 nm

Table 2 PSI/PSII intensity ratio in steady-state fluorescence (SF) and

delayed fluorescence (DF) of C. merolae cells grown under LEDs of

different colors: blue (B), green (G), yellow (Y), and red (R)

Sample PSI/PSII in SF PSI/PSII in DF

C 0.68 1.04

B 0.68 1.12

G 0.68 1.04

Y 0.89 1.18

R 0.67 0.64

C indicates the control (growth under white LED)
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686 and 680 nm peaks were assigned to PSII and to LHCI

(Marquardt and Rhiel 1997), respectively. However, the

positive 680 nm peak was not evident in cells grown under

blue, green, or yellow light. The FDAS of all cells showed

a negative peak around 725 nm and an upward curve

around 700 nm in the PSI region. The amplitudes around

700 nm were positive in the control, R- and Y-light grown

cells, and negative in the B- and G-light grown cells. The

peak around 700 nm is contributed by the antenna Chls in

PSI (Mimuro et al. 2010) and the negative peak around

725 nm arises from red-Chl in PSI. The time constant was

shorter in cells grown under single-color LEDs than in the

control cells, indicating that growth under single-colored

light accelerates energy transfer in the cells. In the second

FDAS (140–170 ps), fluorescence in the PSII and PSI

regions was observed in all cells grown under monochro-

matic light (appearing as positive peaks around 687 and

720 nm, respectively). In contrast, the control cells

exhibited negative amplitudes at wavelengths exceeding

731 nm, indicating slower energy transfer between red-

Chls of different energies in the control cells than in cells

grown under monochromatic LEDs. This inference is

confirmed by the longer time constant in the first FDAS of

the control cells than in any of the experimental cells

(Fig. 4). In the third and fourth FDAS (590–800 ps and

1.6–2.0 ns, respectively), the peaks in each fluorescence

region were red-shifted under all light conditions. In the

fifth component (2.5–5.4 ns), all samples peaked in the PSI

region (around 733 nm). On the other hand, a clear APC

peak (at 669 nm) appeared in the PBS fluorescence region

of all cells grown under monochromatic light. This peak

was absent in the control sample. Long-lived (delayed)

fluorescence is evident in both the PSI and PSII regions of

the final FDAS (15–21 ns). Delayed fluorescence origi-

nates from charge recombination at the PSII reaction center

(Mimuro et al. 2007), which occurs over a lifetime

exceeding that of isolated Chl (*5 ns). Whereas the

fluorescence lifetime of isolated PSII is 15–25 ns (Mimuro

et al. 2007), that of isolated PSI is below 1 ns (Mimuro

et al. 2010). Therefore, if PSI and PSII exist as independent

entities, PSII alone contributes to the delayed fluorescence.

On the other hand, when PSII and PSI combine into PSII–

PSI supercomplexes, delayed fluorescence occurs in the

PSI region (Yokono et al. 2011). As energy transferring

Fig. 4 Fluorescence decay-associated spectra of C. merolae cells grown under LEDs of different colors: blue (B), green (G), yellow (Y), and red

(R). C indicates the control. Dotted lines are magnified spectra (magnification stated in the panels)

Photosynth Res (2015) 125:211–218 215

123



from PSII to PSI (PSII ? PSI energy transfer) makes a

greater contribution than energy remaining within PSII, the

relative intensity of PSI to PSII increases in the final

FDAS. Therefore, by comparing the PSI/PSII intensity

ratios, we can estimate the contribution of the PSII ? PSI

energy transfer. Among the examined light conditions, the

PSI/PSII ratio was lowest in the R-light grown cells and

highest in the Y-light grown cells (Table 2). These results

indicate that PSII ? PSI energy transfer makes its smallest

contribution in the R-light grown cells, and its largest in the

Y-light grown cells. The spectral shapes of each pigment in

the third and fourth FDAS (590–800 ps and 1.6–2.0 ns) did

not show clear cultivation light dependence, suggesting

that adaptation to light quality occurs by altered energy

transfer in the first and second FDAS (the 45–70 and

140–170 ps), and in the fifth and final FDAS (2.5–5.4 and

15–21 ns).

Discussion

Cultivation light induced changes in pigment

composition and growth

The relative PC content differed between cells grown under

white light and monochromatic LEDs (Table 1). It appears

that cells balance their harvesting of light energy by

increasing their relative amount of PC under blue and green

light (which does not excite the PBS band), and decreasing

it under yellow and red light (which excites the PBS band).

On the other hand, the cyanobacterium A. platensis

increases the relative PC content under low red light

(Akimoto et al. 2013). This difference might come from the

presence of LHCI in red algae; only red algae possess

LHCI which can absorb red light. The relative Car content

was also affected by light quality (Table 1), but the two

factors are not simply correlated, as is the case for the

cyanobacterium A. platensis (Akimoto et al. 2013). Car

functions as a quencher or an energy donor of Chl

depending on the light conditions. Therefore, light quality

might alter the function as well as the content of the cel-

lular pigments.

The OD750 values (which correlate with growth) dif-

fered among the samples, being smallest in the B-light

grown cells (80 % of the control cells). However, these

differences were considerably smaller than those found in

the cyanobacterium A. platensis (Akimoto et al. 2012),

whose OD750 under blue light was reduced to 16 % that of

white-LED grown cells. This suggests quenching of the

PSI Chls in the B-light grown cells. However, the

quenching characteristics were not analyzed in the FDAS

of C. merolae cells grown under blue light (Fig. 4).

Energy transfer in PBS

Compared with white-light cultivation, the PC content was

elevated under the B- and G-light cultivations, and reduced

under the Y- and R-light cultivations. On the other hand,

the steady-state fluorescence spectra (Fig. 3) revealed that

the relative intensity of APC decreased in all cells grown

under single-color LEDs (Table 2). In the first FDAS

(Fig. 4) of B- and G-light grown cells, the amplitudes of

the positive and negative peaks were larger than in the

control cells, suggesting greater contribution of energy

transfer in PBS at higher relative amounts of PC (Table 1).

A positive APC band was observed only in the R-light

grown cells. These results suggest that the PC ? APC

energy transfer was the dominant fast-phase energy transfer

(40–70 ps) in all cells except the R-light grown cells, in

which PC ? APC energy transfer was accompanied by

APC ? Chl energy transfer. Cells grown under colored

light (but not the control cells) displayed a clear APC

fluorescence peak in the PBS region of their fifth FDAS.

These results indicate that APC pigments, which transfer

energy to Chl with low efficiency, existed in non-negligible

quantities in cells grown under single-color LEDs. Con-

versely, in the control cells, excitation energy was trans-

ferred directly from PBS to Chl without loss. Therefore, it

seems that the unicellular red alga C. merolae undergoes

defective APC ? Chl energy transfer under monochro-

matic light. In contrast, the cyanobacterium A. platensis

exhibits long-lived PC fluorescence but no long-lived APC

fluorescence, indicating no APC ? Chl energy transfer

defect in this organism (Akimoto et al. 2012). These dif-

ferences might originate from structural differences in the

PBS between the alga and cyanobacterium (Misumi et al.

2005) and/or the special environment inhabited by C.

merolae (Ciniglia et al. 2004).

Energy transfer processes to PSI

In red algae, PBS is integrated into antenna pigment–pro-

tein complexes for PSII (Gantt 1981; Mimuro and Kikuchi

2003). However, PBS is also known to transfer energy to

PSI. Therefore, we may conceive two energy transfer

pathways after PBS excitation: PBS ? PSI energy transfer

(Mullineaux 1992) and PBS ? PSII energy transfer (But-

ler and Kitajima 1975; Bruce et al. 1985). Figure 5 plots

the PSI/PSII intensity ratios in the SF versus those in DF

for cells grown under different light qualities. Liu et al.

(2013) detected no energy transfer from PBS to PSI via

PSII (PBS ? PSII ? PSI transfer) in the supercomplex

containing PBS, PSII, and PSI (the PBS–PSII–PSI super-

complex). Therefore, the PSI/PSII intensity in the SF

excited at the PBS band reflects the contributions of both

PBS ? PSI and PBS ? PSII energy transfers. As more of
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the PSI interacts with PBS, the PSI/PSII intensifies in the

SF. On the other hand, the PSI/PSII intensity in the DF

reflects only the contribution of the PSII ? PSI energy

transfer. In this case, as more of the PSII interacts with PSI,

the PSI/PSII intensifies in the DF. The PSI/PSII value was

almost invariant in the SF (0.67–0.68) of all cells except

those grown under yellow light (where it increased to

0.89), while in the DF, it varied from 0.64 (R-light grown

cells) to 1.04–1.18 (other cells) (Table 2). These results

indicate that the PBS ? PSI and PSII ? PSI energy

transfers are sensitive to yellow and red light, respectively.

The Y-light grown cells modified their PBS ? PSI energy

transfer more than their PSII ? PSI energy transfer,

whereas the R-light grown cells modified only their

PSII ? PSI energy transfer. In contrast, cyanobacteria

grown under different light qualities alter both their

PBS ? PSI and PSII ? PSI energy transfers (Akimoto

et al. 2013). In red algae closely related to C. merolae, the

PSII and PBS interact more strongly than in typical cya-

nobacteria and other red algae; hence, PBS is moved

between two photosystems only under temperature stress

(suboptimal temperature conditions) (Kaňa et al. 2014).

Therefore, it appears that C. merolae modifies the excita-

tion energy balance between PSII and PSI mainly by

altering the PSI–PSII interaction. If this modification fails

to balance the excitation energy between PSII and PSI,

more energy can be transferred to PSI through the excita-

tion energy of PBS (as observed in Y-light grown cells).

In red algae, unlike cyanobacteria, LHCI is incorporated

into antenna pigment–protein complexes for PSI (Wolfe

et al. 1994). No positive peak in the LHCI fluorescence

region appeared in the FDAS of the B-, G-, and Y-light

grown cells (Fig. 4), suggesting greater contribution from

the PBS ? PSII energy transfer than from LHCI to PSI

(LHCI ? PSI energy transfer) in the early time region of

the present study. On the other hand, a positive peak

assigned to LHCI fluorescence (*680 nm) appeared in the

spectra of control and R-light grown cells. The enhance-

ment of this peak in the spectrum of R-light grown cells

indicates that energy is predominantly transferred to PSI

via light harvesting by LHCI under red light cultivation.

Therefore, the R-light grown cells modify both their

PSII ? PSI (Fig. 5) and LHCI ? PSI energy transfers,

whereas the contribution of the PSII ? PSI energy transfer

was decreased, that of the LHCI ? PSI energy transfer

was increased. Neither the PBS ? PSI nor PBS ? PSII

energy transfers were affected by red light (Fig. 5).

Therefore, under red light cultivation, it appears that

excitation energy transferred from LHCI to PSI compen-

sates for the reduced energy transferred from PSII, while

the energy transferred from PBS is unaltered.

Summary

We analyzed light adaptation in unicellular red alga C.

merolae cells grown under different light qualities (white

light, and monochromatic blue, green, yellow, and red). The

OD750 values were not significantly altered by the cultivation

light color (Table 1). However, cultivation under single-

color LEDs induced defective APC ? Chl energy transfer

(the fifth FDAS in Fig. 4). Compared with the control cells,

the B- and G-light grown cells showed elevated PBS content

(Table 1), and facilitation of energy transfer in PBS (first

FDAS in Fig. 4). The pathway of energy transfer to PSI was

sensitive to yellow and red light (Fig. 5); yellow light

induced modifications of the PBS ? PSI energy transfer

(Fig. 5), while red light altered the PSII ? PSI and

LHCI ? PSI energy transfers (Fig. 5; first FDAS in Fig. 4).

Blue-light induced quenching, which was found in the cya-

nobacterium A. platensis (Akimoto et al. 2012), was not

recognized for the red alga C. merolae (Fig. 4).
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