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Abstract

Fluorescence properties of the newly discovered chlorophyll (Chl)d-dominated cyanobacterium,Acaryochloris sp. strain Awaji were examined
by a combination of steady state and the time-resolved fluorescence measurements.Acaryochloris sp. strain Awaji, in contrast toAcaryochloris
m
c was by time-
r
c
s tic
o
©

K

1

i
p
o
a
o
t
h
e
w
t
t

r
fl

o
nus

l

(PS)

S II

d that
l

r
o-
at
um

S

1
d

arina MBIC11017, exhibited photosystem (PS) II fluorescence at 745 nm at room temperature and at 750 nm at−196◦C with a few Chld
omponents in the shorter wavelength region of the maxima. PS I fluorescence was not detected by steady state measurements but
esolved spectroscopy as a transient component. The results clearly indicated diversity in the antenna systems in the genusAcaryochloris that
ontains Chld as major pigments. Delayed fluorescence was observed only in the Chla fluorescence region, consistent withA. marina. This strongly
uggested that the primary electron donor for the PS II reaction center should be Chla, which is identical to all other oxygenic photosynthe
rganisms.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Chlorophylls play important roles, such as light harvesting
n antenna systems and electron transfer in reaction centers in
hotosynthetic organisms[1]. Most oxygenic photosynthetic
rganisms contain chlorophyll (Chl)a as predominant pigments,
nd Chlb, Chlc and Chld are also present in addition to Chla in
xygenic photosynthetic organisms (Scheme 1) [2]. It is known

hat Chlb molecules work as antenna pigment in green algae and
igher plants, and Chlc, in brown algae, diatom and dinoflag-
llates[2]. Since Qy bands of Chlb and Chlc locate at shorter
avelengths than that of Chla, Chl b and Chlc transfer exci-

ation energy to Chla with high efficiencies[3–7]. Although
he diversity of antenna systems containing Chlb and Chlc

Abbreviations: APC, allophycocyanin; Chl, chlorophyll; DF, delayed fluo-
escence; FR, far-red; PC, phycocyanin; PS, photosystem; TRFS, time-resolved
uorescence spectra
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molecules is well studied[8,9], little is known in respect t
antenna systems having Chld molecules because only one ge
is recognized as a Chld-dominated organism.Acaryochloris
marina is a cyanobacterium that contains Chld as a major Ch
pigment, along with a small amount of Chla [10]. In A. marina,
Chl d molecules work as antenna pigments in photosystem
I and in PS II[11] and as the primary electron donor of PS I[12],
whereas Chla molecules are the primary electron donor of P
[13,14]. Under a high light condition, additional Chla molecules
are accumulated in cells; therefore, it has been suggeste
the additional Chla molecules function as a quencher of Chd
[14].

In 2004, Murakami et al. discovered a Chld-dominated
cyanobacterium,Acaryochloris sp. strain Awaji (hereafte
referred asAcaryochloris Awaji) on the surface of a macr
phytic red algaAhnfeltiopsis flabelliformis, and concluded th
the real producer of ‘Chld in red algae’ was the cyanobacteri
that attached to the surface of red algae[15]. Acaryochloris
Awaji was classified to the same clade as that ofA. marina
MBIC11017 (hereafter referred asA. marina) based on the 16
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.09.031
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Scheme 1. Molecular structures of Chla and Chld. R stands for phytol chain.

rRNA sequence[15]; the difference between them was only
12 out of 1258 bases in the conserved region of 16S rRNA.
Compared withA. marina, Acaryochloris Awaji showed a red-
shifted fluorescence peak by spectroscopy under a microscope
[15]: 715 nm forA. marina and 729 nm forAcaryochloris Awaji.
This suggests a variation in the fluorescence properties of the
two strains of the genusAcaryochloris. Therefore in the present
study, we examined the fluorescence properties ofAcaryochlo-
ris Awaji by means of steady state and picosecond time-resolved
fluorescence spectroscopy. We discussed energy transfer and
charge recombination (electron transfer) processes in photosys-
tems having Chld molecules as a major pigment.

2. Materials and methods

2.1. Algal culture

Acaryochloris sp. strain Awaji was isolated from a red alga
A. flabelliformis [15] and grown in IMK-medium (Nihon Phar-
maceutical Co., Japan)[11,13]based on natural seawater under
12-h light:12-h dark condition. Culture bottles were settled on
the shelf in an incubator and illuminated from the top. Air was
not supplied. Cells were grown under two light conditions; one
for growth under far-red light (hereafter referred as FR-light) to
excite predominantly PS I, and the other for growth under light
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2.2. Steady state and time-resolved spectroscopy

Steady state absorption and fluorescence spectra were
recorded under a microscope (Olympus BX50) using a light-
guided multi-channel photodiode array detector (PMA-11,
Hamamatsu Photonics, Japan). Excitation wavelength for flu-
orescence spectra was 435 nm (bright line of mercury lamp).
Steady state fluorescence spectrum at liquid nitrogen temper-
ature (−196◦C) was measured with a fluorescence spectrom-
eter (Hitachi 850, Japan), in combination with a custom-made
Dewar bottle[13]. Time-resolved fluorescence spectra (TRFS)
and fluorescence decay curves were measured with a picosec-
ond time-correlated single-photon counting system[13,16]. The
light source was a Ti:Sapphire laser (Spectra-Physics Tsunami,
USA), and the second harmonic of the Ti:Sapphire laser gener-
ated by a BBO crystal (425 nm) was used for excitation pulses.
We employed a microchannel plate photomultiplier (Hama-
matsu R3809, Japan) as a detector, combined with a monochro-
mator (Nikon P-250, Japan). Measurements of TRFS at−196◦C
were carried out with a custom-made Dewar system[13]. For
low temperature fluorescence spectroscopy, polyethylene glycol
(average molecular weight, 3350, Sigma) was added to obtain
homogeneous ice (final concentration, 15%). Fluorescence life-
times were estimated by an iterative convolution calculation, and
the time resolution was 3 ps.
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room
t ely
onger than the yellow region (hereafter referred as W-ligh
xcite both PS I and PS II. For the former, a glass plate
R-70, Toshiba, Japan) was used in combination with a fa
nriched fluorescent lamp (FL20S FR-74, Toshiba Electro
apan). For the latter, a yellow acryl filter (Sumipex #200, S
tomo Chemical, Japan) was used in combination with a no
ype fluorescent lamp (FL40SW, NEC, Japan). Temperatu
rowth was 22◦C. The growth rate ofAcaryochloris Awaji was
ery low; doubling time was longer than 5 days. Therefore
ntermediate(s) for pigment biosynthesis might accumulat
s reported for other cyanobacteria.

A. marina MBIC11017 was used as a reference. Cells w
rown in IMK-medium based on artificial seawater under inc
escent light. Air was continuously supplied through a fi
Millex, Millipore, USA). Growth temperature was 22◦C.

Cells were harvested from culture bottles and used wit
ny treatment.
,
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. Results

.1. Steady state absorption and fluorescence spectra

Fig. 1 shows absorption spectra ofAcaryochloris Awaji at
oom temperature measured under a microscope. Cells g
nder W-light showed the absorption maximum at appr
ately 706 nm with several additional components in both w

ength regions of the maximum, i.e. 695, 714 and 738 nm. I
oret region, the maximum was located at 460 nm, which c

rom Chl d. Absorption of carotenoids was clearly obser
t approximately 500 nm. These features were retained in
rown under FR-light; an additional feature was a small b
t 650 nm that may be ascribed to phycobiliproteins. A long

n the Qy region of Chld was common to both types of cells th
ndicate multiple Chld bands. This was striking difference fro
hat ofA. marina together with a blue-shifted maximum.

Fig. 2shows fluorescence spectra ofAcaryochloris Awaji at
oom temperature measured under a microscope. When g
nder FR-light, the fluorescence peak was detected at 74
ith a shoulder at approximately 728 nm. The third pea
10 nm was cryptic but most probably present. Contrarily, w
rown under W-light, at least two peaks were detected at ap

mately 710 and 744 nm; the 730 nm band was not cle
esolved but its presence was likely. To this extent, three flu
ence bands were common to both types of cells. A fluoresc
and at approximately 675 nm was small but clear in the W-
rown cells; this was a clear difference between the two t
f cells.

It is known that in cyanobacteria, a fluorescence peak at
emperature comes from Chla and is detected at approximat
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Fig. 1. Absorption spectra ofAcaryochloris Awaji measured by microspec-
trophotometry: (a) cells grown under W-light and (b) those under FR-light. Cells
are sticky toward each other; therefore, the absorption spectrum was measured
only under a microscope with use of a light guide and a detector (Hamamatsu
Photonics, PMA-11, Japan).

685 nm. The magnitude of variation is small, usually within a
few nanometers. This shows a conserved molecular architecture
of the PS II in cyanobacteria, and this is also applicable to Chla/b
organisms (green algae and higher plants). In the case ofAcary-
ochloris Awaji, a large red-shift of the fluorescence maximum
was observed from 685 nm in other cyanobacteria to 745 nm, and
was assigned to replacement of Chla with Chl d, which was not
surprising. However, the presence of plural PS II fluorescence
components was unique.

Fig. 2. Steady state fluorescence spectra ofAcaryochloris Awaji at room tem-
p (solid
l 5 nm.

Fig. 3. Steady state fluorescence spectra at−196◦C: (a)A. marina, (b) Acary-
ochloris Awaji grown under W-light and (c) those grown under FR-light. Exci-
tation wavelength was 470 nm (solid line), 495 nm (broken line) and 550 nm
(dashed dotted line). A difference spectrum is shown as a dotted line in (a).

Fig. 3 shows fluorescence spectra ofA. marina andAcary-
ochloris Awaji cells at−196◦C. Three peaks were located at
647, 670 and 731 nm forA. marina cells, and two peaks at 670
and 750 nm forAcaryochloris Awaji cells. Besides these peaks,
weak bands were observed around 710 and 760 nm for the for-
mer, and around 647, 710 and 770 nm for the latter. ForA. marina
cells, the 731 nm band was assigned to fluorescence from PS II,
and the 760 nm band to PS I fluorescence[13]. This assignment
was confirmed by excitation wavelength dependence of fluores-
cence intensities. The 760 nm band ofA. marina cells decreased
in its relative intensity to the 731 nm band upon excitation of
phycocyanin (PC) at 550 nm, whereas it increased upon exci-
tation of carotenoid (495 nm) or Chld (470 nm). Therefore, it
can be concluded that the 760 nm band ofA. marina cells is due
to fluorescence from Chld molecules that do not accept excita-
tion energy from phycobiliproteins, i.e. Chld molecules in PS
I. The PS I fluorescence band ofA. marina cells, which was
obtained as a difference spectrum between the spectra upon the
phycobiliproteins and Chld excitations, showed a broad band
at 760 nm (Fig. 3a). In addition to a decrease in the fluores-
cence intensity of the 760 nm band, the 647 nm, and the 670 nm
erature measured by microspectrophotometry: cells grown under W-light
ine) and those under FR-light (broken line). Excitation wavelength was 43
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bands increased in their intensities, indicating that these bands
are responsible for the fluorescence of PC or allophycocyanin
(APC).

The most intense band was shifted to the red by 19 nm in
the spectrum of the FR-light grownAcaryochloris Awaji cells
(750 nm), compared with that ofA. marina cells (731 nm), and
the 750 nm maximum was close to theA. marina PS I fluo-
rescence (760 nm) band rather than theA. marina PS II band.
However, the 750 nm band was assigned to the PS II fluores-
cence because it exhibited strong fluorescence upon excitation
by PC. The 750 nm band has a tail to the red side, and the rel-
ative intensity of the 750 nm band and this tail did not depend
on the excitation wavelength. This is in striking contrast to the
fluorescence behavior ofA. marina cells. No fluorescence band
that could be responsible for PS I fluorescence was observed by
steady state excitation forAcaryochloris Awaji cells, however,
its presence was suggested by TRFS (see Section3.2).

At room temperature, fluorescence spectra ofAcaryochloris
Awaji varied according to the light condition for growth (Fig. 2).
However, at−196◦C, there was a minor difference in spectra;
the main fluorescence was observed at 750 nm for both types of
cells, except for minor bands in the short-wavelength region of
the maximum (Fig. 3).

3.2. Time-resolved fluorescence spectra

d
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peak at 745 nm with a broad band in the short-wavelength region;
peaks were recognized at 718 and 734 nm. These three corre-
sponded to the fluorescence bands detected at room temperature
(Fig. 2) with a slight variation in wavelengths. When increasing
the time delay, the blue side of the 745 nm band decreased in
its intensity, resulting in a dynamic red-shift with a spectral nar-
rowing. After approximately 400 ps, the maximum was located
at 749 nm as observed in the steady state fluorescence spectra at
−196◦C (Fig. 3), indicating that the Chld molecules, which emit
the 749 nm fluorescence, work as energy sinks in PS II ofAcary-
ochloris Awaji. On the other hand, in the wavelength region
longer than 750 nm, the relative intensities varied with time; a
relative intensity at 778 nm decreased from 0.12 (92–120 ps)
to 0.06 (3.8–4.3 ns) for the W-light grownAcaryochloris Awaji
cells, and from 0.14 (92–120 ps) to 0.06 (3.8–4.3 ns) for the
FR-light grownAcaryochloris Awaji cells. This behavior is con-
sistent with TRFS ofA. marina cells where the PS I band was
recognized around 760 nm at 50 ps, and vanished at the later time
stage[13]. Even though the PS I fluorescence ofAcaryochloris
Awaji cells was not detected in the steady state measurements
(Fig. 3b), it was recognized in TRFS as a short-lived component
with low intensity. In addition to these results, the spectra of
the W-light grownAcaryochloris Awaji cells exhibited an addi-
tional peak at 670 nm. The relative intensity of the 670 nm band
to that of the PS II band increased with time, suggesting that the
670 nm pigments do not contribute to energy transfer in PS II.
A
t latter
c rown
c d.

F
c

TRFS ofAcaryochloris Awaji cells grown under W-light an
R-light conditions are depicted inFig. 4a and b, respectivel
fter normalization to the maximum intensities in individ
pectra. At the very beginning, both types of cells exhibit

◦
ig. 4. Time-resolved fluorescence spectra ofAcaryochloris Awaji at −196 C: (a
onditions. Excitation wavelength was 425 nm.
fter 15 ns, the FR-light grownAcaryochloris Awaji cells emit-
ed fluorescence at approximately 630 and 670 nm; the
orresponded to the component observed in the W-light g
ells, however, the origin of the former was not yet identifie
) cells grown under W-light conditions and (b) those grown under FR-light
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Table 1
Analyzed fluorescence lifetimes and their amplitudes for W-light and FR-light grownAcaryochloris Awaji cells at−196◦C

Sample Wavelength
(nm)

Lifetime (Amplitude)

(ps) (ps) (ns) (ns) (ns)

Acaryochloris Awaji W-light grown cells 670 – 300 (0.115) 4.33 (0.254) 7.80 (0.631) –
685 – 210 (0.200) 2.04 (0.133) 6.59 (0.619) 11.5 (0.048)
720 35 (0.810) 290 (0.124) 2.27 (0.025) 7.03 (0.041) –
750 – 920 (0.402) 2.12 (0.564) 4.85 (0.034) –
778 30 (−0.557) 510 (0.683) 2.00 (0.298) 4.80 (0.019) –

Acaryochloris Awaji FR-light grown cells 670 – 250 (0.287) 1.98 (0.288) 5.98 (0.425) –
685 – 400 (0.224) 1.76 (0.303) 5.22 (0.424) 12.8 (0.049)
720 30 (0.917) 360 (0.046) 2.35 (0.022) 6.68 (0.015) –
750 30 (−0.801) 710 (0.251) 1.86 (0.656) 3.48 (0.093) –
778 40 (−0.956) 520 (0.715) 1.99 (0.252) 3.15 (0.033) –

Excitation wavelength was 425 nm.

3.3. Fluorescence rise and decay kinetics

Fluorescence rise and decay curves ofAcaryochloris Awaji
cells were measured at several wavelengths typical to specific
molecular species or spectral components of Chld (Fig. 5). Life-
times analyzed by convolution calculations are summarized in
Table 1. A short time constant of 30–40 ps was resolved at longer
than 720 nm, indicating a fast relaxation process among Chl
d molecules. On the other hand, a long-lived component was
resolved in fluorescence decay curves at 685 nm: 11.5 ns for the

F
g

W-light grown cells and 12.8 ns for the FR-light grown cells.
This was also the case inA. marina where a 15 ns component
was resolved on the decay at 685 nm[13]. A clear difference in
dynamics betweenAcaryochloris Awaji andA. marina cells was
recognized in the wavelength region longer than the respective
fluorescence maxima; the fluorescence kinetics of the W-light
grownAcaryochloris Awaji cells at 778 nm and that of the FR-
light grownAcaryochloris Awaji cells at 750 and 778 nm con-
tained a rise component(s), whereasA. marina cells did not show
any rise component longer than 3 ps in the wavelength regions
examined[13]; 3 ps was a time resolution of our measuring sys-
tem. The rise time of the 778 nm band for the W-light grown
Acaryochloris Awaji cells and those of the 750 and 778 nm
bands corresponded to a decay time of 30–35 ps at 720 nm
(Table 1).

In the short-wavelength region of the respective maxima,
Acaryochloris Awaji cells showed a clear difference in their
fluorescence component depending on the light-condition for
growth; the W-light grownAcaryochloris Awaji cells exhibited
the 670 nm band, whose contribution, contrarily, was very small
in the FR-light grownAcaryochloris Awaji cells during all time
regions examined (Fig. 4). This band had a relatively long life-
time whose amplitude was considerably large (7.80 ns, 63.1%),
and located at a longer wavelength than that of APC. There-
fore, the 670 nm band, especially at the later time stage, was
not assigned to phycobiliproteins but to a biosynthetic interme-
d nsfer
s

4

4
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W and
ig. 5. Normalized fluorescence decay curves observed at−196◦C: (a) W-light
rownAcaryochloris Awaji and (b) FR-light grownAcaryochloris Awaji.
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ystem.

. Discussion

.1. Energy migration and transfer

Acaryochloris Awaji showed three fluorescence bands
196◦C in TRFS irrespective of their growth conditions,
-light or FR-light grown; those were located at 715, 731

49 nm, all of which were assigned to PS II, even though t
as a large red-shift of the main peak. Short-wavelength co
ents remained until at approximately 100 ps, indicating a
nergy flow from these components. In addition to these
resence of PS I fluorescence was clearly indicated by a tra
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increase in the relative intensities at approximately 778 nm. Dif-
ferences in TRFS by growth conditions were ascribed to the
relative intensities of individual components. On the other hand,
A. marina showed a fluorescence maximum at 729 nm in its
TRFS[13]. It showed a short-wavelength component(s); how-
ever, that was not resolved as a clear peak, suggesting that the
energy flow from this component was fast. These components
were assigned to PS II Chld. In the longer wavelength region
of the maximum, a peak at 760 nm was transiently detected,
and this was assigned to PS I fluorescence. Since its lifetime
was short, it did not last until a late time region. This was in
contrast to the TRFS of other cyanobacteria in which PS I flu-
orescence in 720–735 nm remains as a major component[14].
As a consequence, a simple red-shift of the maximum in a few
nm was observed in the TRFS ofA. marina. A difference in the
TRFS betweenAcaryochloris Awaji andA. marina was clearly
detected in the time-dependent behavior of the short-wavelength
component(s).

In the case ofA. marina, there was a fluorescence compo-
nent assigned to PS I at 760 nm. When we resolved the rise and
decay kinetics at this wavelength, we were not able to detect a
rise term (data not shown). Since the absorption fraction of the
long-wavelength component is small, it is natural to assume an
energy transfer from a short-wavelength component(s), result-
ing in the presence of a rise term in its kinetics, even though
the bulk of Chl is excited. Compared with this general phe-
n n
t
r lls.
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This value is almost the same as reported forA. marina cells,
0.82–1.02[14]. Therefore, the extremely small contribution of
the PS I fluorescence inAcaryochloris Awaji cells would not be
due to PS I content, but to the content of the Chld molecules with
a longer wavelength form in PS I. In the case ofGloeobacter
violaceus, a cyanobacterium, PS I fluorescence was completely
missing due to the lack of the red Chla molecules[17]. The
existence of PS I fluorescence in the TRFS ofAcaryochloris
Awaji ensured the existence of red Chld molecules. It was
found that the architectures of antenna systems inAcaryochlo-
ris Awaji are different from those inA. marina; the low-energy
Chl d molecules of PS I are present in bothAcaryochloris Awaji
andA. marina, whereas those of the PS II are present only in
Acaryochloris Awaji.

Fluorescence spectra of the two types ofAcaryochloris Awaji
at room temperature appeared differently; a contribution of the
short-wavelength forms was very large for the W-light grown
cells, and very limited for the FR-light grown ones. At room
temperature, it is reasonable to assume thermal equilibrium
among Chl molecules[18], and this is applicable toAcaryochlo-
ris Awaji. Therefore, fluorescence from short-wavelength forms
was reasonable, however, was weak in the FR-light grown cells.
This might be due to a fast energy transfer to the non-fluorescent
or short-lived PS I Chld, or a low content of the short-wavelength
form(s) of PS II Chld. Absorption spectra of the two types
of cells are similar to each other (Fig. 1), suggesting that the
d -
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d that
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omenon, the kinetics ofA. marina PS I were peculiar. O
he contrary, in the decay kinetics at 778 nm ofAcaryochlo-
is Awaji, a rise term was resolved for both types of ce
his rise term could be assigned to the energy transfer t
Chl d, however, we concluded that the rise term(s) inAcary-
chloris Awaji would be assigned to energy migration in PS
hl d based on the following results. In the case ofA. marina,
S I fluorescence was detected both in steady state and

esolved spectra, but a rise term was not resolved. InAcary-
chloris Awaji, the PS I fluorescence component was me
etected as an increase in the relative intensities at 778 nm
RFS.

Energy transfer times among PS II Chld of Acaryochloris
waji varied depending on growth conditions; in the initial ti
ange, the short-wavelength region of the 750 nm maximum
arger in its relative intensity in the FR-light grown cells than
he W-light grown ones. It was, therefore, found that the en
ransfer in PS II occurred slower in FR-light grown cells. T
as confirmed from the facts that the rise terms were det
t 750 and 778 nm for the FR-light grown cells with a lon

ime at 778 nm than that observed for the W-light grown c
nd that a rise time was resolved only at 750 nm in the W-
rownAcaryochloris Awaji cells.

The difference in the relative intensities of PS I fluoresce
etweenA. marina andAcaryochloris Awaji did not come from

he relative contents of PS I in individual cells. WhereaA.
arina cells clearly exhibited PS I fluorescence in the ste
tate and the transient fluorescence spectra[13], Acaryochloris
waji cells did only in TRFS (Figs. 3b and 4). It was reveale

rom pigment analyses that the PS I/PS II ratio ofAcaryochlo-
is Awaji cells was 0.89 (Murakami et al., unpublished da
S
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d

ifference in the relative content of PS II Chld was not signif
cant. Together with a slow energy migration among PS II

in the FR-light grown cells, we are tempted to conclude
he energy flow to PS I Chld is faster in the FR-light grow
ells.

.2. Primary electron donor of PS II

It is well known that delayed fluorescence (DF) origina
rom the charge recombination between the primary elec
onor and the primary electron acceptor in the PS II rea
enter. The lifetime of DF is longer than 10 ns; therefore,
an be easily distinguished from other fluorescence co
ents, because the lifetime of Chla is at most 6 ns even whe
nergy acceptors do not exist. A pigment content ofAcaryochlo-
is Awaji was preliminary surveyed and Chla was detected as
inor component, as in the case ofA. marina (Murakami et al.
npublished data). Therefore, DF from Chla is not enigmatic

n terms of pigment species.
In TRFS at the later time stage,Acaryochloris Awaji cells

howed two peaks at 670 and 749 nm (Fig. 4). However, in the
hl d fluorescence region (704–778 nm), the longest life
as analyzed to be in the range of 5–7 ns (Table 1), suggesting

hat the primary electron donor of PS II would not be Chd.
he DF was resolved in the decay at 685 nm (11.5 ns for th

ight grown cells and 12.8 ns for the FR-light grown ones,Fig. 5
ndTable 1). This long-lived component was not resolved
70 nm, suggesting that its bandwidth is not wide. There

t is reasonable to conclude that the DF was observed i
avelength region for Chla fluorescence, not in the wavelen

egion for Chld fluorescence. This is consistent with the res
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for A. marina cells (14.0 ns, 685 nm)[13,14]. In the TRFS, clear
peaks for DF of Chla were not recognized even in a time range
long after excitation due to high intensities from an unidentified
pigment(s), however, the DF was clearly resolved in the decay
curves (Fig. 5). The existence of DF, a long-lived component of
12–13 ns, indicates that the primary electron donor of PS II of
Acaryochloris Awaji would be Chla.

4.3. Diversity in the antenna system of Acaryochloris sp. in
the frame of cyanobacteria

It has been thought that the fluorescence properties of oxy-
genic photosynthetic organisms at room temperature, that is the
origin of PS II fluorescence at room temperature, are strictly
conserved. The 685 nm fluorescence is observed in almost all
oxygenic photosynthetic organisms in the group of cyanobac-
teria, red algae and Chla/b organisms (green algae and higher
plants). To date, no exception has been reported. Variation in
the location of the peak is limited to± a few nanometers. Even
though we do not clearly understand the reason or mechanism
of this conserved property, it is an easy assumption that the con-
served organization of PS II, especially a molecular arrangement
of the special pair, is one reason for this conserved property. This
expands to the fluorescence spectrum at cryogenic temperature;
at −196◦C, three bands are usually observed at 685, 695 and
720–735 nm with a variation of a few nanometers, with the for-
m
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still just a small difference (86 cm−1). These results indicate that
we do not yet have a general understanding of PS II fluorescence,
and the common fluorescence features at room temperature in the
oxygenic photosynthetic organisms remain to be better clarified;
surely, a topic for future studies.

5. Summary

We examined the fluorescence properties of the newly discov-
ered Chl d-dominating cyanobacterium,Acaryochloris sp. strain
Awaji, by comparing them with those ofA. marina MBIC11017.
As differences between two species it was found that: (1) the PS
II of Acaryochloris Awaji cells contains Chld molecules of lower
excitation energy that work as an energy sink, (2) as a common
characteristic, the red Chld in the PS I ofAcaryochloris Awaji
has a low content and (3) the primary electron donor of PS II
was Chla for Acaryochloris Awaji cells.
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