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Abstract

Oxygenic photosynthetic organisms perform photosynthesis efficiently by distributing captured light energy to photosystems
(PSs) at an appropriate balance. Maintaining photosynthetic efficiency under changing light conditions requires modifica-
tion of light-harvesting and energy-transfer processes. In the current study, we examined how green algae regulate their
light-harvesting functions in response to different light qualities. We measured low-temperature time-resolved fluorescence
spectra of unicellular green algae Chlamydomonas reinhardtii and Chlorella variabilis cells grown under different light
qualities. By observing the delayed fluorescence spectra, we demonstrated that both types of green algae primarily modified
the associations between light-harvesting chlorophyll protein complexes (LHCs) and PSs (PSII and PSI). Under blue light,
Chlamydomonas transferred more energy from LHC to chlorophyll (Chl) located far from the PSII reaction center, while
energy was transferred from LHC to PSI via different energy-transfer pathways in Chlorella. Under green light, both green
algae exhibited enhanced energy transfer from LHCs to both PSs. Red light induced fluorescence quenching within PSs in
Chlamydomonas and LHCs in Chlorella. In Chlorella, energy transfer from PSII to PSI appears to play an important role in
balancing excitation between PSII and PSI.

Keywords Light harvesting - Energy transfer - Light adaptation - Green algae - Photosystem

Abbreviations RC Reaction center
Car Carotenoid TRFS Time-resolved fluorescence spectrum (spectra)
Chl Chlorophyll
DF Delayed fluorescence
FDAS  Fluorescence decay-associated spectrum Introduction

(spectra)
LED Light-emitting diodes Oxygenic photosynthetic organisms capture light energy via
LHC Light-harvesting chlorophyll protein complex light-harvesting antennas, and convert it to electron flow in
LHCSR Light-harvesting complex stress-related the reaction center (RC) of photosystems (PSs). Because
PBS Phycobilisome electron transfer is shared between two PSs (PSII and PSI)
PC Phycocyanin via the cytochrome bg/f complex, the preservation of excita-
PE Phycoerythrin tion balance between PSII and PSI is extremely important
PS Photosystem for ensuring efficient photosynthesis (Blankenship 2014;
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Mirkovic et al. 2017). Oxygenic photosynthetic organisms
expand the available wavelength of light via specific light-
harvesting antennas. Cyanobacteria and red algae contain
large light-harvesting antennas called phycobilisomes
(PBSs), which absorb visible light and comprise an allophy-
cocyanin core surrounded by rods containing phycocyanin
(PC) only or a combination of phycoerythrin (PE) with PC
(Gantt 1981). Green algae and land plants possess a light-
harvesting chlorophyll (Chl) protein complex (LHC) which
contains Chl a, Chl b, and carotenoid (Car) (Liu et al. 2004).
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Photosynthetic organisms regulate the quantity and/or qual-
ity of pigment—protein complexes and interactions among
the pigment—protein complexes in response to changing light
conditions. The regulatory mechanisms for specific light
qualities have been studied for some photosynthetic organ-
isms (Ghosh and Govindjee 1966; Ley and Butler 1980;
Myers et al. 1980; Melis and Harvey 1981; Kowallik and
Schiirmann 1984; Manodori and Melis 1986; Humbeck et al.
1988; Chow et al. 1990; Cunningham et al. 1990; Aizawa
et al. 1992; Melis et al. 1996; Murakami 1997; Chen et al.
2010; Akimoto et al. 2012, 2013; Markou 2014; Ueno et al.
2015).

The PC/Chl a ratio in the cyanobacterium Synechococ-
cus sp. PCC 6301 is reported to be reduced under light that
excites PSII (yellow and orange lights) and increased under
red light, which excites PSI (Ghosh and Govindjee 1966;
Myers et al. 1980; Manodori and Melis 1986). The cyano-
bacterium Arthrospira platensis grown under light that PBS
does not absorb (blue and far-red lights) was found to exhibit
an increased PC/Chl a ratio (Chen et al. 2010; Akimoto et al.
2012; Markou 2014). Red alga Porphyridium cruentum was
found to exhibit decreased and increased PE/Chl a ratio
under green- and red-light cultivation, respectively (Ley
and Butler 1980; Cunningham et al. 1990). Red alga Cyan-
idioschyzon merolae, whose pigment composition is similar
to that of typical cyanobacteria due to a lack of PE, exhib-
ited a reduced PC/Chl a ratio under yellow and red light,
whereas the opposite response was observed under blue and
green light (Ueno et al. 2015). Unicellular green algae Chlo-
rella vulgaris, Scenedesmus obliquus, and Chlamydomonas
reinhardtii (hereafter, Chlamydomonas) grown under red
light exhibited an increased Chl a/Chl b ratio (Kowallik and
Schiirmann 1984; Humbeck et al. 1988; Melis et al. 1996),
while land plant Pisum sativum L. showed the opposite
response (Melis and Harvey 1981; Chow et al. 1990). In
cyanobacteria and red algae, the PSI/PSII ratio was found
to increase and decrease under light that excites PSII (green,
yellow, and orange lights) and PSI (red light), respectively
(Myers et al. 1980; Manodori and Melis 1986; Cunningham
et al. 1990; Aizawa et al. 1992; Murakami 1997). Green
algae and land plants induced lower PSI/PSII ratios under
red light compared with light that excites PSII (Melis and
Harvey 1981; Chow et al. 1990; Melis et al. 1996; Murakami
1997).

Not only the alteration of pigment and protein composi-
tion but also the regulation of energy distribution may occur
for a long-term adaptation. Previously, we investigated the
excitation energy-transfer processes of A. platensis and C.
merolae grown under light with different qualities (Akimoto
et al. 2012, 2013; Ueno et al. 2015). A. platensis regulated
both the energy transfer from PBS to PSI and that from
PSII to PSI (spillover) to balance excitation between both
PSs (Akimoto et al. 2013). In C. merolae, energy-transfer
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processes to PSI were sensitive to yellow and red light; yel-
low light promoted both the energy transfer from PBS to
PSI and from PSII to PSI, while red light suppressed the
spillover (Ueno et al. 2015). However, in the case of green
algae, the relationship between light qualities and energy-
transfer processes is poorly understood for a long-term adap-
tation. In the present study, we examined how green algae
modify their light-harvesting and energy-transfer processes
under different light qualities. We measured steady-state
absorption spectra, steady-state fluorescence spectra with
absolute intensity, and time-resolved fluorescence spectra
(TRFS) at 77 K of unicellular green algae Chlamydomonas
and Chlorella variabilis (hereafter, Chlorella) cells grown
under white (W) and monochromatic (blue [B], green [G],
and red [R]) light-emitting diodes (LEDs). Moreover, by
combining absolute steady-state fluorescence spectra and
TREFS, we constructed fluorescence decay-associated spectra
(FDAS) with absolute amplitude.

Materials and methods
Cultivation conditions

Chlamydomonas and Chlorella cells were cultured at 25 °C
with 100 rpm agitation under 50 umol photons m=2s~! con-
tinuous illumination by W-LED in air in 250-mL Erlenmeyer
flasks containing 100 mL liquid medium. The cultured
cells were repeatedly inoculated into fresh medium, liquid
high-salt medium (Sueoka 1960) (Chlamydomonas), and C
medium (Ichimura 1971) supplemented with 20 mM serine
(Chlorella), at an optical density of 750 nm (OD55,)=0.04 at
7-day intervals. Cells inoculated in fresh medium were then
transferred and cultivated under different light qualities
(50 umol photons m~2 s~! continuous illumination). Cells
cultivated for 6 days were used for measurements. We used
cells grown under W-LED as a control. The spectral profiles
of LEDs used for cultivation and absorption spectra of the
control cells at 77 K are presented in Fig. 1. The B-, G-,
and R-LEDs peaked at 477, 514, and 666 nm, respectively.
The cellular absorption spectra indicated that B-LED was
absorbed by Chl b (Soret) and Car, G-LED was absorbed
by Car, and R-LED was absorbed mainly by Chl a (Qy) and
slightly by Chl b (Qy).

Measurements and analyses

Steady-state absorption spectra were measured using a spec-
trometer equipped with an integrating sphere at 77 K (JASCO
V-650/ISVC-747; Ueno et al. 2015). Steady-state fluores-
cence spectra with an absolute intensity of 77 K were meas-
ured with a spectrofluorometer equipped with an integrating
sphere (JASCO FP-6600/ILFC-543L; Ueno et al. 2018). The
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Fig. 1 Absorption spectra of Chlamydomonas (black line) and Chlo-
rella (gray line) cells grown under white LEDs (Car carotenoid, Chl
chlorophyll) (a), and emission spectra of white LEDs (cyan line),
blue LEDs (blue line), green LEDs (green line), and red LEDs (red
line) (b)

excitation wavelength was 460 nm, resulting in LHC excita-
tion. TRFS were measured from 660 to 750 nm at 1-nm inter-
vals using a time-correlated single-photon counting system at
77 K (Akimoto et al. 2012). The excitation wavelength was
459 nm. The repetition rate of the pulse train was 3 MHz. The
time interval for data acquisition was set to 2.4 or 24.4 ps/
channel (total time window =10 or 100 ns, respectively). For
steady-state and time-resolved fluorescence measurements,
homogenous ice was obtained by adding polyethylene gly-
col (average molecular weight 3350, final concentration 15%
[w/v], Sigma-Aldrich, St Louis, MO, USA) to a sample solu-
tion at 77 K (final ODgg,=1.5). Obtained fluorescence spectra
were corrected using a substandard lamp with a known profile.
The measured fluorescence rise and decay curves from three
biological replicates were summed and fitted globally by sums
of exponentials with common time constants, as follows:

6
_ _t
F(t, 1) = Z;An(/l) exp < Tn>, (1)

where A (4) is the amplitude at different detection wave-
lengths and 7, is the time constant. The amplitudes of these
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Fig.2 Steady-state absorption spectra of Chlamydomonas (a) and
Chlorella (b) cells grown under different light qualities at 77 K. The
spectra are normalized by the Chl a Qy band. The black, blue, green,
and red lines indicate the cells grown under white, blue, green, and
red LEDs, respectively. The spectra are averages of three different
biological replicates

exponential components as a function of emission wave-
length provided FDAS.

Results
Steady-state absorption spectra

Figure 2 shows the steady-state absorption spectra at 77 K
of Chlamydomonas and Chlorella cells grown under differ-
ent light qualities. All spectra were normalized by the Chl
a Qy band. Chl a exhibited the Soret band (~440 nm) and
the Qy band (~ 680 nm), while Chl b exhibited absorption
peaks at ~470 and ~ 650 nm, corresponding to the Soret
band and the Qy band, respectively. The peak at ~490 nm
was assigned to Car. The peak at ~470 nm exhibited not only
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Chl b absorption but also Car absorption. Two absorption
peaks at ~470 nm and ~490 nm were found in Chlorella,
while these peaks formed one band in Chlamydomonas.
The Chl b/Chl a ratio was larger in Chlamydomonas than
in Chlorella (Table 1). Compared with the W-grown cells,
the light quality affected the relative Car and Chl b con-
tent and growth (OD;5,) (see Table 1). In Chlamydomonas,
the Chl b/Chl a ratio decreased under R-LED and the ratio
was slightly reduced under B- and G-LED conditions. The
Car/Chl a ratio also decreased under B- and R-LED con-
ditions. For Chlorella, the Chl b/Chl a ratio was reduced
under R-LED like Chlamydomonas, while the ratio slightly
increased under B- and G-LED conditions. The cell growth
of Chlamydomonas was reduced, but that of Chlorella did
not change under monochromatic LEDs.

Steady-state fluorescence spectra

To examine the energy distribution from LHC to both
PSs, we measured low-temperature steady-state fluores-
cence spectra on LHC-selective excitation. Figure 3 shows
steady-state fluorescence spectra of Chlamydomonas
and Chlorella with 460-nm excitation. The spectra were
normalized to the intensity of excitation light absorbed
into samples. The spectra were divided into two fluores-
cence regions: PSII (€700 nm) and PSI (>700 nm). Two
fluorescence bands below 700 nm have been reported to
originate from CP43 (~ 685 nm) and CP47 (~695 nm) in
PSII (Andrizhiyevskaya et al. 2005; Shibata et al. 2013),
while a maximum above 700 nm is reported to derive
from red-Chl in PSI (Garnier et al. 1986; Ihalainen et al.
2005). PSI fluorescence band at ~714 nm was observed in

Table 1 Relative intensities of the carotenoid band (~490 nm) and
the chlorophyll (Chl) b Qy band (~650 nm) to the Chl a Qy band
(~678 nm) in the absorption spectra and optical density at 750 nm
(OD;5) of Chlamydomonas and Chlorella cells grown under different
light qualities

Sample Relative intensities OD;5,
Car/Chl a Chl b/Chl a

C. reinhardtii
White 0.95+0.01 0.78 £0.02 0.639+0.003
Blue 0.89+0.01 0.72+0.02 0.385+0.007
Green 0.94+0.01 0.75+0.01 0.421+0.017
Red 0.89+0.01 0.63+0.01 0.321+0.004

C. variabilis
White 0.97+0.01 0.58+0.01 0.810+0.003
Blue 0.93+0.01 0.62+0.00 0.777 +0.003
Green 0.93+0.01 0.61+0.01 0.803+0.003
Red 0.98+0.01 0.55+0.00 0.793+0.021

OD;5, after 6 days of cultivation is shown. All values are the
means + SDs of three biological replicates
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Fig.3 Steady-state fluorescence spectra of Chlamydomonas (a) and
Chlorella (b) cells grown under different light qualities at 77 K. The
excitation wavelength was set to 460 nm. The spectra are normalized
to the intensity of the excitation light absorbed by the sample. The
black, blue, green, and red lines indicate the cells grown under white,
blue, green, and red LEDs, respectively. The spectra are averages of
three different biological replicates

Chlamydomonas, while a clear peak at ~722 nm was found
in Chlorella, indicating that Chlorella exhibited lower-
energy red-Chl compared with Chlamydomonas. Absolute
fluorescence intensities of CP43, CP47, and PSI are sum-
marized in Table 2. For Chlamydomonas, all fluorescence
bands increased under G-LED, PSII bands increased under
B-LED, and fluorescence bands except CP43 were reduced
under R-LED. For Chlorella, all fluorescence bands
increased under G-LED like Chlamydomonas. However,
the effects of B- and R-LED conditions were different from
those in Chlamydomonas: all fluorescence bands except
CP43 increased under B-LED, while PSII bands became
larger under R-LED in Chlorella.
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Table 2 Fluorescence intensities of CP43, CP47, and PSI in Chla-
mydomonas and Chlorella cells grown under different light qualities

Sample CP43 CP47 PSI

C. reinhardtii
White 12.5+0.6 10.4+0.3 6.90+0.34
Blue 14.6+0.9 12.1+1.0 7.27+0.54
Green 159+1.0 13.5+0.2 8.22+0.28
Red 12.0+0.0 8.13+0.03 5.52+0.16

C. variabilis
White 16.0+0.4 14.7+0.6 254+0.9
Blue 16.2+0.2 15.6+0.1 28.5+0.8
Green 182+1.3 17.0+1.1 27.5+1.5
Red 185+1.1 15.7+0.8 25.7+0.6

The wavelengths of CP43, CP47, and PSI in Chlamydomonas were
687, 698, and 714 nm, respectively. The wavelengths of CP43, CP47,
and PSI in Chlorella were 687, 699, and 722 nm, respectively. The
PSI fluorescence intensity was determined by subtracting 0.2 X CP43
fluorescence intensity from the observed fluorescence intensity at the
PSI peak (Yokono et al. 2015a). All values are the means=+SDs of
three biological replicates. Individual values are based on Fig. 3

Fluorescence decay-associated spectra (FDAS)

To examine the net changes of amplitudes in steady-state
fluorescence spectra, we measured TRFS and constructed
FDAS through a global analysis of TRFS. Figure 4 shows
the FDAS of Chlamydomonas and Chlorella on 459-nm
excitation. To fit the fluorescence rise and decay curves in
both green algae, six time constants were necessary: 25-30,
140-160, 700-860 ps, 1.9-2.2, 6.0-6.1, and 29-31 ns in
Chlamydomonas, and 25-35, 140-170, 960-1000 ps,
2.5-2.6, 6.0-6.1, and 30-32 ns in Chlorella. FDAS were
normalized to the integrated intensity of absolute steady-
state fluorescence spectra (Fig. 3). Hence, the differences
of amplitudes in FDAS reflect absolute intensity changes.
First, we discuss the changes of FDAS based on the
results of the control cells shown in Fig. 4a. In the first
FDAS, the positive band was observed below ~680 nm,
while the negative bands were found at ~688 and ~710 nm
in Chlamydomonas (~720 nm in Chlorella). These pairs
of positive and negative bands indicate the energy trans-
fer from LHC to both PSs (Wlodarczyk et al. 2016). The
negative bands were more enhanced in Chlorella compared
with Chlamydomonas. In the second FDAS, there were two
positive amplitudes at 686 and 710 nm. Previous studies
have reported that the former mainly comes from trapping
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Fig.4 Fluorescence decay-associated spectra (FDAS) of Chla-
mydomonas and Chlorella cells grown under different light qualities
at 77 K: FDAS of Chlamydomonas (black) and Chlorella (gray) cells
grown under white LEDs (a), FDAS of Chlamydomonas cells grown
under monochromatic LEDs (b), and FDAS of Chiorella cells grown
under monochromatic LEDs (c¢). The excitation wavelength was

Wavelength (nm)

Wavelength (nm)

459 nm. The amplitudes were normalized to the integrated intensity
of steady-state fluorescence spectrum (Fig. 3). The blue, green, and
red lines indicate the cells grown under blue, green, and red LEDs,
respectively. The black and gray lines are FDAS of the control cells in
b, c, respectively
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at PSII RC (Caffarri et al. 2011), while the latter exhibits
fluorescence from PSI red-Chl (Wlodarczyk et al. 2015).
The amplitude of the PSII band was twice as large in Chlo-
rella than in Chlamydomonas, while the PSI band was more
enhanced in Chlamydomonas. In the third FDAS, two peaks
were observed around 688 and 715 nm. The wavelengths
of the peaks were longer than those in the second FDAS,
indicating the presence of another low-energy Chl. In the
fourth FDAS, two clear bands around 685 and 695 nm and a
shoulder at ~715 nm were observed in Chlamydomonas. In
Chlorella, a clear PSI band was found with two other small
bands in the PSII fluorescence region. These results suggest
the presence of further lower-energy Chl. The amplitude
of the ~695 nm band was coincident between both green
algae, while the positive amplitude of PSI fluorescence was
similar to those in the second and third FDAS in Chlorella,
and the amplitude gradually decreased from the second to
fourth FDAS in Chlamydomonas. The fifth FDAS exhib-
ited fluorescence from the final acceptor of energy-transfer
pathways. Since the final acceptor does not transfer energy
to other pigments, the lifetime is similar to that of free Chl
a. The amplitudes of the peak bands were very small com-
pared with the sum of all amplitudes in the corresponding
peaks. Therefore, the effect of this component on steady-
state fluorescence appears to be limited. The sixth FDAS
revealed delayed fluorescence (DF), which is thought to
originate from charge recombination at PSII RC (Mimuro
et al. 2007). DF was observed only in the PSII fluorescence
region in Chlamydomonas, while Chlorella exhibited DF in
both the PSII and PSI fluorescence regions. In addition, the
CP47/CP43 intensity ratio in Chlorella was higher than that
in Chlamydomonas.

Compared with W-grown cells, the monochromatic-LED
grown cells exhibited large changes in energy-transfer pro-
cesses (Fig. 4b, c). In the B-grown Chlamydomonas cells,
the negative band in the first FDAS and the positive band in
other FDAS were enhanced in the PSII fluorescence region.
However, the increase of the positive band was smaller in
the second FDAS than in the other FDAS. The G-grown
Chlamydomonas cells exhibited increased negative ampli-
tude in the first FDAS and increased positive amplitude in
other FDAS in the PSII and PSI fluorescence regions. The
amplitude of the PSII band increased and the time constant
became shorter in the third FDAS of the R-grown Chla-
mydomonas cells. Moreover, the band around 695 nm was
reduced in the fourth FDAS. In the DF spectra (the sixth
FDAS), the monochromatic-LED grown Chlamydomonas
cells showed no clear PSI fluorescence and the CP47/
CP43 intensity ratio decreased only in the R-grown Chla-
mydomonas cells. Under a monochromatic LED, Chlorella
exhibited enhanced negative amplitude in the first FDAS
and positive amplitude in the other FDAS in the PSII fluo-
rescence region. However, the increased positive amplitude
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from the third FDAS to the second FDAS was smaller in the
B-grown Chlorella cells than in the G- and R-grown Chlo-
rella cells. In the PSI fluorescence region, the negative band
in the first FDAS was enhanced under B- and R-LED con-
ditions. The positive bands in the second and fourth FDAS
were increased under B-LED, while the G-grown Chlorella
cells exhibited enhanced bands in the fourth FDAS. The
R-grown Chlorella cells exhibited decreased positive ampli-
tudes in the second and third FDAS. In addition, the band at
~680 nm was increased under R-LED conditions. The PSI/
PSII intensity ratio in the DF spectra (the sixth FDAS) of
the monochromatic-LED grown Chlorella cells was similar
to that of the control cells.

Discussion

Differences of light-harvesting and energy-transfer
processes between two unicellular green algae

Green algae contain Chl a, Chl b, and Car as photosynthetic
pigments. A previous study reported that synthesized Car
was no different between Chlamydomonas and Chlorella
(Kunugi et al. 2016). However, the absorption spectra of the
control cells were different (Fig. 2). In Chlamydomonas and
Chlorella, only LHCs contain Chl » (Kunugi et al. 2016).
Therefore, the Chl b/chl a ratio in an absorption spectrum
corresponds to the relative amount of LHC to PS. In the
current study, we found that the ratio was larger in Chla-
mydomonas than in Chlorella (Fig. 2; Table 1), indicating
that Chlamydomonas exhibited a larger LHC/PS ratio. In
the 450-500 nm region of the absorption spectra, Chla-
mydomonas and Chlorella exhibited one band and two
bands, respectively (Fig. 2). These differences could origi-
nate from the relative amount of LHC to PS and the compo-
sition of Car. Thus, light-harvesting ability appeared to differ
between the two green algae grown under W-LED.

In addition to light-harvesting ability, energy-transfer pro-
cesses also differed between the two green algae (Fig. 4a).
The negative bands were more enhanced in Chlorella com-
pared with Chlamydomonas (the first FDAS), indicating that
more energy was transferred from LHCs to PSs in Chlorella.
In the DF spectra, clear PSI fluorescence was observed in
Chlorella but not in Chlamydomonas (the sixth FDAS).
These results indicate that spillover occurs in Chlorella,
whereas the contribution was particularly small in Chla-
mydomonas, as observed in a land plant Arabidopsis thali-
ana (Yokono et al. 2015a). Moreover, in the sixth FDAS,
the CP47/CP43 intensity ratio was larger in Chlorella than
in Chlamydomonas, indicating that more energy was trans-
ferred between the neighboring PSII monomers in Chlorella,
as observed in diatoms (Yokono et al. 2015b). The largest
difference was the magnitude of positive amplitude in the
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second FDAS assigned to the trapping of PSII, suggesting
that Chlorella uses light energy more efficiently than Chla-
mydomonas. In the PSI fluorescence region, Chlorella exhib-
ited similar amplitude in the second to fourth FDAS, while
the amplitudes gradually decreased from the second to fourth
FDAS in Chlamydomonas. These differences appear to come
from the energy-transfer pathways from LHCs to PSI. How-
ever, in the case of Chlorella, the energy-transfer pathways
via spillover could also contribute to the differences.

Regulation of light-harvesting and energy-transfer
processes under different light qualities

Compared with W-grown cells, the monochromatic-LED
grown cells exhibited modified light-harvesting and energy-
transfer processes (Figs. 2, 3, 4). Under different light quali-
ties, cyanobacteria and red algae have been reported to regu-
late the contribution of spillover, and to change the PSI/PSII
intensity ratio in DF (Akimoto et al. 2012, 2013; Ueno et al.
2015). However, neither of the green algae examined in the
current study showed a clear change in the intensity ratio
(the sixth FDAS in Fig. 4b, c). The responses of these green
algae are similar to the previously reported responses of
cyanobacterium Prochlorococcus, which possesses unique
antenna Pcb containing both Chl a-and Chl b-type Chls, but
not PBS (Hamada et al. 2017). It has been suggested that
Prochlorococcus controls its light-harvesting antennas with
a small modification of both PSs in response to light condi-
tions (Hamada et al. 2017). Therefore, two unicellular green
algae could regulate the associations between LHCs and PSs
under different light qualities.

B-LED is mainly absorbed by Chl b (see Fig. 1), caus-
ing PSII excitation. Both the unicellular green algae cells
grown under B-LED exhibited different changes of the
Chl b/Chl a ratio (Fig. 2; Table 1). This difference might
originate from the LHC/PS ratio under W-LED conditions
(Fig. 2; Table 1). However, compared with the change of
the PBS/Chl a ratio observed in cyanobacteria and red
algae (Ghosh and Govindjee 1966; Myers et al. 1980; Ley
and Butler 1980; Manodori and Melis 1986; Cunningham
et al. 1990; Akimoto et al. 2012, 2013; Ueno et al. 2015),
the change of the Chl b/Chl a ratio in the current study
was negligibly small. Both the B-grown Chlamydomonas
and Chlorella cells exhibited enhanced negative amplitude
in the first FDAS and positive amplitude in other FDAS
in the PSII fluorescence region (Fig. 4b, c), indicating an
increase of energy transfer from LHCII to PSII. However,
in Chlamydomonas, the increase of amplitude in the sec-
ond FDAS was smaller than that in the third and fourth
FDAS. This result suggests that more energy is transferred
from LHCII to Chl located in the distant place of PSII RC.
On the other hand, Chlorella exhibited a smaller increase
of amplitude in the third FDAS than in the second and

fourth FDAS, suggesting that more energy transferred to
PSII, but part of the energy flowed to lowest-energy Chl
within PSII. Car is reported to be present near the low-
est-energy Chl of CP47, and may function as a quencher
(Groot et al. 1995; Andrizhiyevskaya et al. 2005). Moreo-
ver, in the B-grown Chlorella cells, the positive bands in
the second and fourth FDAS increase with the enhance-
ment of the negative band in the first FDAS in the PSI flu-
orescence region. This result indicates that energy is trans-
ferred from LHC to PSI through different energy-transfer
pathways. Direct energy transfer from LHC to PSI is one
of the pathways to PSI. However, in the B-grown Chlo-
rella cells, spillover occurred (the sixth FDAS in Fig. 4c)
with an accompanying increase of energy transfer to PSII.
Hence, energy transfer from LHCII to PSI via spillover
may provide another pathway to PSI.

G-LED is mainly absorbed by Car (see Fig. 1), which
functions as both a sensitizer and quencher. Green algae con-
taining siphonaxanthin utilize green light for photosynthesis
because siphonaxanthin efficiently transfers energy to Chl
a (Akimoto et al. 2004, 2007). However, the green algae
used in this study do not contain siphonaxanthin (Kunugi
et al. 2016). G-grown Chlamydomonas and Chlorella cells
showed a different change of the Chl 5/Chl a ratio (Fig. 2;
Table 1), but the change was small, and similar to that of the
B-grown cells. The G-grown Chlamydomonas cells exhib-
ited enhanced negative bands in the first FDAS and positive
bands in other FDAS (Fig. 4b). This result indicates that
Chlamydomonas exhibited increased energy transfer from
LHCs to PSs under G-LED. In contrast, G-grown Chlorella
cells exhibited increased negative amplitude in the first
FDAS and positive bands in other FDAS in the PSII fluores-
cence region (Fig. 4c), reflecting the enhancement of energy
transfer from LHCII to PSII. The changes in the magnitudes
of the negative bands (the first FDAS in Fig. 4b, c) were
larger than those of the Chl 5/Chl a ratio in the absorption
spectra (Fig. 2; Table 1), suggesting that LHCs may have
switched from a “quenching” mode to a “light-harvesting”
mode in both green algae (Ruban et al. 2012; Ballottari
et al. 2014). In the PSI fluorescence region of Chlorella, the
amplitudes of positive bands in the fourth FDAS increased,
although those of the negative bands in the first FDAS did
not change. As mentioned above, the current results revealed
that spillover occurred in Chlorella (the sixth FDAS in
Fig. 4c). Since the peak wavelength of PSI fluorescence in
DF was between the PSI peaks in the third and fourth FDAS,
the spillover contributed to both red-Chl. Therefore, Chlo-
rella appears to transfer more energy from LHCII to PSI
via spillover, modifying the direct energy-transfer pathways
from LHC to PSI under G-LED. Thus, both the unicellular
green algae under G-LED cultivation exhibited an increase
in steady-state fluorescence of PSII and PSI (Fig. 3), but the
origins of these changes were different.
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R-LED is mainly absorbed by Chl a (see Fig. 1) and
excites PSI. Under R-LED, both green algae exhibited
decreased Chl b/Chl a ratios (Fig. 2; Table 1), in accord
with the findings of previous studies (Kowallik and Schiir-
mann 1984; Humbeck et al. 1988; Melis et al. 1996). In
the PSII fluorescence region of R-grown Chlorella cells, the
negative peak in the first FDAS and the positive peaks in
the second and third FDAS were enhanced (Fig. 4c). This
result indicates increased energy transfer from LHCII to
PSII. However, since the amplitudes around 695 nm were
similar to those in the control cells, the results suggested
that energy transfer to the lowest-energy Chl within PSII
was suppressed. The negative band in the PSI fluorescence
region was reduced (the first FDAS in Fig. 4c), indicating
the enhancement of direct energy transfer from LHC to PSI.
Nevertheless, the positive bands decreased in the second
and third FDAS, and did not change in the fourth FDAS. In
the case of Chlorella, not only direct energy transfer from
LHC to PSI but also energy transfer from LHCII to PSI via
spillover (see the sixth FDAS in Fig. 4c) contributes to PSI
bands. The increase of positive amplitude around 680 nm
comes from quenching within LHC. Therefore, it is consid-
ered that energy transfer from LHCII to PSI via spillover is
reduced by quenching, and moreover, direct energy-trans-
fer pathways from LHC to PSI are modified under R-LED
conditions. The lower CP47/CP43 intensity ratio in the DF
spectra of the R-grown Chlamydomonas cells indicates the
suppression of energy transfer between neighboring PSII
monomers under R-LED. Moreover, the time constant was
largely reduced in the third FDAS and the amplitude of the
CP47 band decreased in the fourth FDAS (Fig. 4b), suggest-
ing that fluorescence quenching might be induced within
PSs. The cation form of Chl, (Mohamed et al. 2016) and
Car located near the lowest-energy Chl (Groot et al. 1995;
Andrizhiyevskaya et al. 2005) within PSII, and the oxidized
PSI RC (Schlodder et al. 2011) are potential candidates for
quenching. A previous study of Chlamydomonas reported
that light-harvesting complex stress-related (LHCSR) pro-
teins function as quenchers in green algae (Peers et al. 2009).
However, the contribution of proteins is unlikely in the cur-
rent study because the light intensity for cultivation (50 umol
photons m~2 s~!) was too low to accumulate LHCSR pro-
teins (Tokutsu and Minagawa 2013; Dinc et al. 2016; Kim
et al. 2017), and R-LED does not induce the accumulation
of LHCSR proteins (Allorent et al. 2016; Petroutsos et al.
2016).

Summary
In the current study, we examined the light-harvesting func-
tion of two kinds of unicellular green algae Chlamydomonas

and Chlorella cells grown under various light qualities by
constructing absolute intensity FDAS from the combination
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of absolute steady-state fluorescence spectra and TRFS. By
observing the DF spectra (the sixth FDAS in Fig. 4), we
demonstrated that both types of unicellular green algae
regulate the interactions between LHCs and PSs. B-grown
Chlamydomonas cells transferred more energy from LHCII
to low-energy Chl located far from PSII RC (the second to
fourth FDAS in Fig. 4b). In B-grown Chlorella cells, the
energy transferred from LHCII mainly flowed to the lowest-
energy Chl of CP47 (the second to fourth FDAS in Fig. 4c).
Moreover, more energy transferred to PSI by direct energy
transfer from LHC to PSI and energy transfer from LHCII
to PSI via spillover (the second, fourth, and sixth FDAS in
Fig. 4c). Under G-LED, LHC changed to “light-harvesting”
mode to increase light-harvesting ability (Figs. 2, 4); Chla-
mydomonas exhibited enhanced energy transfer from LHCs
to PSs, while Chlorella exhibited increased energy transfer
from LHCII to PSII, but some of the energy was transferred
to PSI via spillover (the fourth FDAS in Fig. 4). R-grown
Chlamydomonas cells suppressed energy transfer between
the neighboring PSII monomers PSII (the sixth FDAS in
Fig. 4b). In addition, quenching occurred within PSs (the
third and fourth FDAS in Fig. 4b). Under R-LED, Chlorella
exhibited increased energy transfer from LHCs to PSs (the
first FDAS in Fig. 4¢) and suppressed energy transfer to the
lowest-energy Chl within PSII (the fourth FDAS in Fig. 4c).
Moreover, energy transfer from LHCII to PSI via spillover
was decreased by quenching within LHCs (the first FDAS
in Fig. 4c). Thus, spillover may play an important role in
balancing excitation between PSII and PSI in Chlorella.
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