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Abstract

Antenna components and the primary electron donor of the photosystem (PS) II in the Chlorophyll (Chl) d-dominating
prokaryote, Acaryochloris marina, were studied using time-resolved fluorescence spectroscopy in the ps time range. By
selective excitation of Chl a or Chl d, differences in fluorescence properties were clearly resolved. At physiological
temperature, energy transfer was confirmed by a red shift of emission maximum among PS II antenna components, and the
equilibrium of energy distribution among Chl ¢ and Chl d was established within 30 ps. A fluorescence component that can
be assigned to delayed fluorescence (DF) was observed at 10 ns after the excitation; however, it was not necessarily resolved
by the decay kinetics. At —196°C, a red shift of emission maximum was reproduced but the equilibrium of energy
distribution was not detected. DF was resolved in the wavelength region corresponding to Chl a by spectra and by decay
kinetics. The lifetime of the DF was estimated to be approx. 15 ns, and the peaks were located at 681 and 695 nm,
significantly shorter wavelengths than those of Chl d. These findings strongly suggest that an origin of DF is Chl a, and Chl ¢
is most probably the primary electron donor in the PS II reaction center (RC). These results indicate that the constitution of
PS II RC in this alga is essentially identical to that of other oxygenic photosynthetic organisms. © 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction synthetic prokaryote [1] in which chlorophyll (Chl) d
is a major antenna pigment (> 95%, [2]). The Chl «
Acaryochloris marina is a newly discovered photo- content is variable but always a minor component.

In addition to these two Chl species, A. marina con-

tains phycobiliproteins and carotenoids; however, in
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nm. In vivo, the absorption maximum of the cells is
found at approx. 715 nm, significantly longer than
that of Chl a. According to Miyachi et al. [4], Chl d
functions as an efficient antenna for both photosys-
tems (PSs), thus the energy transfer to the individual
reaction centers (RC) should be very efficient.

In intact cells of A. marina, several absorption
bands of Chls were resolved by the low-temperature
absorption spectra [5]: Chl a peaking at 670 nm, and
Chl d peaking at 694, 714, 726 and 740 nm. Multiple
chlorophyll forms in the in vivo absorption spectra,
as well as in the fluorescence spectra, are common to
this alga [5] as is also the case in other oxygenic
photosynthetic organisms [6]. There are several fluo-
rescence forms in A. marina cells at room temper-
ature. One is a peak at 720 nm, while another located
at approx. 695 nm was not clearly resolved. This
peak (720 nm) is wide and of high intensity. Yet
another longer wavelength emitting peak was ob-
served at approx. 750 nm. At —196°C, the 720 nm
peak was shifted to the red [5]; at 729 nm by the
excitation of Chl d (at 461 nm) and at 730 nm by the
excitation of Chl a (at 430 nm). A relatively high
fluorescence intensity was observed around 760 nm
by the excitation of Chl a. Other fluorescence com-
ponents were not found in the short-wavelength re-
gion of the peak.

A difference in the pigment species also affects the
constitution of the RC. According to Hu et al. [7],
isolated PS I particles showed a flash-induced differ-
ence maximum at approx. 740 nm. This strongly in-
dicates that the primary electron donor of RC, which
corresponds to P7go in other oxygenic photosynthetic
organisms, consists of Chl d, instead of Chl «. In
contrast, the primary electron donor of RC II is still
under debate. In general, it is hard to find a signal
from this component. There are not many data on
the PS 1II electron donor, unlike the case of P7gy in PS
L

Delayed fluorescence (DF) is one of the marker
signals from the primary electron donor of PS II
[8]. DF is found in isolated spinach chloroplasts
[9,10] and in the purified PS II RC complex (D;-
D,-cyt bssg) [10,11]. Lifetimes of DF are not neces-
sarily constant among preparations; in isolated
chloroplasts, it is approx. 20 ns [12,13], and it elon-
gates to 35 ns in the isolated PS II RC complex
[10,11]. Those lifetimes are easily distinguished

from other signals due to their characteristic long
lifetime. Even for Chl « in organic solvents, the life-
time is at most 6-7 ns [14], and it is difficult to con-
struct an artificial system with a longer lifetime than
a mean lifetime of a pigment in the monomeric state.
In this sense, the DF signal can be regarded as a
selective index for the PS II electron donor.

We therefore measured the time-resolved fluores-
cence spectrum (TRFS) in the ps and ns time range
of cells of the Chl d-dominating alga, A. marina, in
which the organization of PS II still remains unclear.
The main function of PS II is to generate a high
redox potential to oxidize water, and it is generally
accepted that the PS II organization was modified in
the course of evolution to produce such a high po-
tential. We found DF in A. marina peaking shorter
than 700 nm with a lifetime of 15 ns. Such a compo-
nent was not found in the wavelength region of Chl d
emission.

2. Materials and methods
2.1. Algal culture

A. marina was grown in an oblong flask containing
500 ml of the K+ESM medium [15] under white
fluorescent light (80 uE/(m? s), 12 h/12 h light/dark
cycle) at 28°C. The medium was stirred with gentle
air bubbling. Cells at the stationary growth phase
were harvested and used for measurements without
any treatment.

2.2. Spectroscopy

The TRFS and fluorescence lifetime were meas-
ured with the time-correlated single-photon counting
apparatus described previously [16]. The light source
was a Ti-Sapphire laser (Mira, Coherent, USA) and
its second harmonic was generated by an LBO crys-
tal. Fluorescence at the right angle to the excitation
beam was detected by a micro-channel plate photo-
multiplier (R-1564-05U, Hamamatsu Photonics, Ha-
mamatsu, Japan) after passing through an appropri-
ate filter(s) (Toshiba, Tokyo, Japan) and a
monochromometer (P-250, Nikon, Tokyo, Japan).
The time zero was set to the time when an excitation
pulse showed the maximum counts on a time-to-am-
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plitude converter. Since an excitation pulse (pulse
width of 150 fs) was observed with a width of ap-
prox. 30 ps on a time-to-amplitude converter, a neg-
ative time was assigned to a signal prior to the max-
imum of excitation pulse. Spectral and time
resolution was 1.5 nm per channel and 2.6 ps per
channel, respectively. An ambiguity of the location
of the fluorescence peak was £ 1 nm. A spectral sen-
sitivity of the detector system was not corrected (see
Section 3). All spectral data were transferred to a
microcomputer and processed. Fluorescence lifetimes
were estimated by a convolution calculation [16].

Cell density was adjusted to less than 3 pg/ml Chl.
Measurements were carried out at 22°C and —196°C.
For the low temperature spectroscopy, a homemade
Dewar bottle and its container were used. Fluores-
cence from the front surface was detected. Polyeth-
ylene glycol (average molecular weight 3000) was
added to a cell suspension (final concentration,
15%) to obtain homogeneous ice at —196°C.

3. Results

3.1. The excitation wavelength dependence of TRFS
at physiological temperature

A. marina possesses two kinds of Chls, Chl d
(>95%) and Chl a. Since the Chl d is a major pig-
ment and the two Chls have different spectroscopic
characteristics, it was possible to selectively excite
Chl d; however, this was not necessarily the case
for Chl a. Chl a was sensitized by excitation at 440
nm, but more than half of the light was absorbed by
Chl d. The resulting TRFS, nevertheless, showed a
clear difference (Fig. 1). The fluorescence maximum
was observed at 720 nm soon after the excitation of
Chl a at 440 nm as shown by a vertical line in Fig. 1
(left), and the peak location remained constant up to
1 ns (data not shown). The relative intensity in the
short wavelength region of the peak (typically at 700
nm) was high (about 25% of the peak) at —21.1 ps
and decreased to 18% in approx. 30 ps. In contrast,
the relative intensity in the red region of the peak
(typically at 750 nm), was approx. 13% at the begin-
ning, and it grew to 20% of the peak after 30 ps.
After this time, the time-dependent spectral change
was not detected (data not shown), indicating that
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Fig. 1. TREFS of intact cells of A. marina at physiological tem-
perature (22°C) in the short time range. Spectra were obtained
by excitation at 440 nm (mainly Chl q, left), and at 398 nm
(preferentially Chl d, right). Figures on the left stand for times
after the excitation. Spectra at every 2.6 ps were recorded. A
definition of a negative time is given in Section 2. Spectra were
normalized to the maximum intensity of individual spectra. A
vertical line shows the location of the fluorescence maximum at
the longest time in the figure.

thermal equilibrium of the energy distribution was
established in about 30 ps.

On the other hand, a peak was observed at 720 nm
by excitation of Chl 4 at 398 nm, the same wave-
length as that sensitized by Chl « (Fig. 1, right). A
marked difference was the relative fluorescence inten-
sity in the wavelength region longer than that of the
maximum, for example at 750 nm. This emission
came from Chl d, as judged by the locations, and
the relative amplitude was approx. 35% in the initial
time range, and decreased to 20% in 30 ps. At 30 ps
after the excitation, however, this higher emission
was no longer observed; the emission spectra sensi-
tized by Chl d were superimposable to those sensi-
tized by Chl a. This clearly indicates the thermal
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Fig. 2. TRFS of intact cells of A. marina at physiological tem-
perature (22°C) in a long time range. Spectra were obtained by
excitation at 440 nm (mainly Chl a, left), and at 398 nm (pref-
erentially Chl d, right). Figures on the left stand for times after
the excitation. Spectra at every 25.3 ps were recorded. A defini-
tion of a negative time is given in Section 2. Spectra were nor-
malized to the maximum intensity of individual spectra. A ver-
tical line shows the location of the fluorescence maximum at
the longest time in the figure. Other experimental conditions
were the same as shown in Fig. 1.

equilibrium of energy distribution among all antenna
components. Essentially identical [17] or similar [18]
equilibration processes were observed in other cases.

On a longer time scale, a difference in the TRFS
due to different excitation wavelengths was observed
only in the initial time range (Fig. 2). Before the
maximum of the excitation pulse, which was shown
as a negative time (i.e., —51 ps), the peak was ob-
served at 715 nm by excitation at 440 nm (Chl a),
and the bandwidth of the emission band was wide
(Fig. 2, left), indicating that Chl d was also excited
by this condition. This was reasonable because more
than 95% of total Chl was Chl d; thus even by the

excitation at 440 nm, Chl d absorbed a certain
amount of light. A significant fluorescence intensity
was observed in the wavelength shorter than the
peak, i.e. from 650 to 700 nm. This indicates the
presence of a component(s) in this region, and this
most probably comes from Chl a. Upon excitation of
Chl d (398 nm), a peak was detected at 725 nm and a
relative intensity in the wavelength region longer
than the peak was also high (Fig. 2, right). The
peak wavelength was shifted to the blue in a short
time, and reached 720 nm, the same wavelength as
that excited at 440 nm. In the time range from 0 ps
to 5 ns, there is essentially no difference. This was a
good index of the thermal equilibration of the energy
migration among antenna components. At 15 ns
after the excitation, the relative intensity in the wave-
length region from 650 to 700 nm increased, indicat-
ing an appearance of a new band(s). This probably
corresponded to DF from the PS II (see later).

3.2. Decay kinetics of fluorescence components at
room temperature

Decay kinetics of fluorescence detected at several
wavelengths are shown in Fig. 3. Differences in the
decay kinetics due to a difference in the excitation
wavelength were negligible, thus decay curves sensi-
tized by Chl d are shown in the figure. A time reso-
lution in this analysis was 25.3 ps per channel, thus a
very short-lived component could not be resolved,
even if present. The main fluorescence lifetime was
approx. 2 ns in the decays at several wavelengths
from 695 to 760 nm (Table 1). In addition, there
were two components whose lifetimes showed a clear

Table 1
Fluorescence lifetimes of 4. marina at physiological temperature
(22°C)

Wavelength (nm) T (ps) Ay Ty (ps) Az T3 (ps) Az

695 64 0.539 901 0.230 2154 0.231
715 86 0.440 883  0.251 2031 0.309
725 46 0.566 822  0.196 1993 0.238
740 25 0.792 709  0.090 1941 0.117
750 24 0.839 621  0.071 1937 0.090
760 33 0.796 631 0.091 1951 0.113

These lifetimes were obtained by the excitation of Chl d at 398
nm. A stands for a normalized amplitude of individual compo-
nents.
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Fig. 3. Fluorescence decay profiles of intact cells of A. marina at 22°C. Decay kinetics were measured under excitation at 398 nm.
The time resolution in these analyses was 25.3 ps per channel. The maximum fluorescence count was adjusted to 10000 in each meas-
urement. Figures above decay curves stand for wavelengths of decay measurements. Fluorescence lifetimes were estimated by a convo-

lution calculation and shown in Table 1.

wavelength dependence. At a wavelength shorter
than 725 nm, two components with lifetimes of 890
ps and approx. 75 ps were detected. On the other
hand, in the wavelength region longer than 740 nm,
a short-lived component was clearly observed in the
initial phase of the decay curve and its lifetime was
resolved to be 28 ps. In addition, a 625 ps lifetime
component was also detected. Presence of a very
short-lived component in the wavelength region lon-
ger than the emission maximum was reported on PS
I particles from spinach chloroplasts [19] and in cells
of Chlorella pyrenoidosa [20], and this was assigned
to PS I emission at room (or physiological) temper-
ature [12] (35 ps for PS I particles and 100 ps for
Chlorella cells), even though it was not resolved by
the TRFS. It is reasonable to adopt this assignment
in the case of A. marina based on the lifetime and
fluorescence wavelength. Thus, the main fluorescence
at 720 nm most probably originated from PS II Chl
d. In this aspect, fluorescence properties of antennae
were essentially identical to those of other organisms
except for the red shift of the emission, which was a
consequence of the replacement of the main pigment
with Chl d. Yet, a long-lived component correspond-
ing to DF was not resolved (Table 1).

3.3. The TRFS at —196°C

At —196°C, the main emission was observed from
a red-shifted component at 726 nm by the excitation
of both Chl d (398 nm) and Chl « (440 nm) (Fig. 4).
In addition, there was a clear difference in the spectra
by a selective excitation. By Chl «a excitation, the
bandwidth at the initial time range was wide, sug-
gesting the presence of plural components, and a
characteristic band around 765 nm was observed
(Fig. 4, left). The bandwidth of the main band be-
came narrow with time, and shifted to the red up to
730 nm, which is consistent with the peak at the
steady state [5]. This suggests that TRFS did not
suffer from a distortion by the spectral sensitivity
of our apparatus. After 51 ps of excitation, a new
band appeared around 756 nm and increased with
time. Based on the location, it could be assigned to
PS I emission. By Chl d excitation (at 398 nm), suc-
cession of fluorescence spectra was essentially identi-
cal to that sensitized by Chl a excitation (Fig. 4,
right). A feature of the emission was the presence
of the band at 785 nm only in the initial time region
of the excitation. It disappeared within 20 ps and did
not reappear. The main emission was located at 728
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Fig. 4. TRFS of intact cells of 4. marina at —196°C in the
short time range. Spectra were obtained by excitation at 440
nm (mainly Chl a, left), and at 398 nm (preferentially Chl d,
right). Figures on the left stand for times after the excitation.
Spectra at every 2.6 ps were recorded. Spectra were normalized
to the maximum intensity of individual spectra. A vertical line
shows the location of the fluorescence maximum at the longest
time in the figure. Arrows indicate fluorescence components
specific to PS 1. Other experimental conditions were the same
as shown in Fig. 1.

nm, thus it was very hard to assign this long-wave-
length component to a vibrational band of the main
emission, because the maximum was located at the
same wavelength as that by Chl « excitation. Because
this band has never been reported by the steady-state
spectrum, its origin was not clear at this experimental
stage. Band narrowing and red shift of the emission
maximum clearly indicate a heterogeneity of the
emission band; the main fluorescence at 730 nm
might originate from the PS II component (Chl d).
The PS 1 emission appeared around 756 nm, as
shown in Fig. 4. It was promoted by Chl d excita-
tion, as was expected from the pigment composition

of PS I. This band, however, was different from the
band around 785 nm; thus the origin of the 785 nm
band sensitized by Chl d excitation is still unclear. In
TRFS in a long time scale (Fig. 5), the initial emis-
sion component sensitized by Chl ¢ was a red-shifted
one (Fig. 5, left), in contrast to the Chl d excitation
(Fig. 5, right). This observation is consistent with the
steady-state spectrum [5]. A probable interpretation
of this difference was that a part of Chl a is coupled
with Chl d whose energy level is lower than that of
bulk Chl d in PS II. Under the low temperature
condition, an equilibrium of energy migration was
not the case, contrary to the observations at 22°C.
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Fig. 5. TRFS of intact cells of 4. marina at —196°C in the
long time range. Spectra were obtained by excitation at 440 nm
(mainly Chl a, left), and at 398 nm (preferentially Chl d, right).
Figures on the left stand for times after the excitation. Spectra
at every 25.3 ps were recorded. Spectra were normalized to the
maximum intensity of individual spectra. A vertical line shows
the location of the fluorescence maximum at the longest time in
the figure. Other experimental conditions were the same as
shown in Fig. 1.
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Fig. 6. Fluorescence decay profiles of intact cells of 4. marina at —196°C. Decay kinetics were measured under excitation at 398 nm.
The time resolution in these analyses was 50.6 ps per channel. The maximum fluorescence count was adjusted to 10000 in each meas-
urement. Numbers above decay curves stand for wavelengths of decay measurements.

3.4. Identification of DF by spectra and lifetimes

The TRFS of A. marina in a long time range
showed the presence of a long-lived fluorescence
component(s) in the wavelength region from 650 to
710 nm (Fig. 5), especially in the spectra after 5 ns of
the excitation. This was also confirmed by the fluo-
rescence decay curves (Fig. 6); a long-lived compo-
nent was detected at 660 and 700 nm, and a propor-
tion of the long-lived component was higher in the
decay at 700 nm. This long-lived component, how-
ever, was not necessarily observed in the decay at
wavelengths longer than 725 nm. A lifetime of this
long-lived component was estimated to be 15 ns both
at 660 and 700 nm, and this was assigned to DF. Its
lifetime was nearly equal to that found in spinach
chloroplasts (20 ns) [12,13]. In the spectra, the peak
of DF was clearly observed at 695 nm, and an addi-
tional band was also assumed in the wavelength
shorter than the peak. A relative intensity of the
short wavelength region (typically at 681 nm) to
the 695 nm band varied with time under the Chl d
excitation condition; the ratio was smaller in a short
time region (0.54 at 5.1 ns and 0.82 at 15.3 ns). In
contrast, the ratio was almost constant under the Chl
a excitation condition. This variation suggests that a

significant amount of prompt fluorescence was still
included in the spectra sensitized by Chl d, because
the relative intensity of DF is determined by the en-
ergy gap and relative contents of the component pig-
ments [16]. Thus, TRFS under the Chl a excitation
condition showed the correct DF spectra in the
wavelength region between 650 and 710 nm. The
location of the second peak was estimated to be at
681 nm with the relative intensity to the 695 nm band
of 0.78 £0.04. The main emission at 730 nm in the
TREFS might contain DF; even in that case, however,
the fraction of DF must be very small as shown by
the decay at 731 nm (Fig. 6).

The 15 ns lifetime component was not expected
from pheophytin (Pheo) a nor free Chl a, because
its lifetime was reported to be 6-7 ns in organic sol-
vents [14]. To our knowledge, there is no previous
report on the lifetime of Chl ¢ in organic solvents;
however, it could be 15 ns only when the extinction
coefficient of Chl d is 2.5 times smaller than that of
Chl a, which does not seem the case for Chl d. Thus,
the 681 and 695 nm bands were assigned to the DF
originating from Chl a. Among these two, the 681
nm component was assigned to be the real origin of
the DF; the observed intensity ratio at —196°C is
explained only under the assumption that the relative
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content of the 695 nm component is 300 times larger
than that of the 681 nm component. This was not the
case in intact cells.

4. Discussion

4.1. Origins of fluorescence and energy migration in
PSs

In 4. marina, Chl d is a dominant pigment and
distributes to both PSs as revealed by the fluores-
cence spectra at physiological temperature (Figs. 1
and 2, also see [4]). The main emission at 720 nm
was heterogeneous, thus a shift of the maximum was
clearly resolved by the TRFS (Fig. 2). An important
point was the presence of minor components in both
sides of the peak wavelength. In the short wavelength
region, an emission sensitized by Chl a was clear in
the initial stage, and this was also the case for the
long wavelength region, that is, around 760 nm by
the Chl d excitation. The latter most probably came
from PS I Chl d, as was observed in spinach chlo-
roplasts and algae in the Chl a/b pigment system.
The PS I emission at physiological temperature was
confirmed by a very short-lived component in the
decay kinetics (Fig. 3). The main peak of PS II
shifted from 720 nm at 22°C to 730 nm at —196°C.
The magnitude of the shift was about 190 cm™!, and
this value was similar to that observed in other oxy-
genic photosynthetic organisms (210 cm™!, 685 vs.
695 nm), in which two different molecular species
are responsible for individual emissions. Because
there was no indication of the plural PS II emission
bands in 4. marina at —196°C, a difference in the PS
II emission suggests the difference in the molecular
organization in this alga. At —196°C, the PS I fluo-
rescence was observed at 756 nm. A magnitude of a
red shift from PS II emission at physiological tem-
perature (720 nm) was about 660 cm™!, about two-
thirds of that for spinach chloroplasts (990 cm™', 685
vs. 735 nm). This suggests a difference in the depth of
the trap in the whole antenna system. The PS I emis-
sion at 756 nm was short-lived (the lifetime of the
major decay component was 0.9 ns); it was no longer
a major peak at times longer than 3 ns after the
excitation (Fig. 5). Compared with the 4.5 ns PS II
emission at —196°C, it disappeared in a short time

after the excitation. In the case of spinach chloro-
plasts, PS I emission whose lifetime is in a range of
2-3 ns was dominant up to 10 ns, and disappeared
around 20 ns when the DF from PS II became dom-
inant [12]. The short-lived PS I emission in 4. marina
is a feature of the antenna system of this alga. This
short lifetime might be due to a fast energy transfer
within the PS I antenna system. A similar TRFS was
observed in cells of dinoflagellate, Alexandorium ta-
marense (formerly called Protogonyaulux tamaren-
sis); the PS 1 emission has never been a dominant
emission component in the spectrum [21]. To our
knowledge, these two examples were rather excep-
tions among the oxygenic photosynthetic organisms
so far studied. In this sense, the fluorescence proper-
ties of 4. marina were different in some aspects from
those observed in other algal systems.

In the case of Anacystis nidulans (now called Syn-
echococcus sp. PCC 6301) [22,23] and Anabaena va-
riabilis [23], an uphill energy transfer was reported.
At room temperature, an emission of phycobilipro-
teins was observed by sensitization of Chl a. A mag-
nitude of the energy difference between Chl a and
allophycocyanin was approx. 550 cm™!. When the
same magnitude was applied to the 681 nm DF
band (see below), a 708 nm antenna pigment can
sensitize it. This indicates that an uphill energy trans-
fer from Chl d to Chl @ in A. marina is realistic.

4.2. DF as an indicator of PS Il RC

The absorption maximum of Chl 4 in diethyl ether
is located at 688 nm, thus this wavelength can be the
shortest absorption maximum in vivo. When the
Stokes shift and bandwidth are taken into account,
the expected shortest fluorescence maximum is lo-
cated around 695 nm in diethyl ether. The DF was
resolved at 681 and 695 nm by the spectrum (Fig. 5)
and by the decay kinetics (Fig. 6), and the former
was assigned to the real origin based on the pigment
content. The fluorescence excitation spectrum of in-
tact cells at —196°C showed that Chl a contributed
to the 681 nm emission (Mimuro et al., unpublished).
Based on the above observations, the primary elec-
tron donor of PS II is most probably assigned to Chl
a, common to other oxygenic photosynthetic organ-
isms (cf. [24]). Even if the observed DF did not come
from the primary electron donor of PS II, Chl «
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energetically coupled with the primary electron do-
nor is an origin of DF, which is probable for intact
cells. The Chl a/Pheo «a ratio in this alga was esti-
mated to be nearly equal to 2 under several growth
conditions (M. Kobayashi et al., personal communi-
cation), similar to the purple bacterial RC complexes
[25]. These findings strongly suggest that the PS II
RC complex in A. marina consists of four Chl a
molecules; two Pheo a molecules might also be lo-
cated in the PS II RC complex. Chl a content in
intact cells was estimated to be 3-5% [2]. If Chl dis-
tribution in A. marina is the same as that of cyano-
bacteria, PS I consists of about 130 Chl [26] and PS
I1, about 40 Chl [27]; this was close to the reported
value, 1 P749 per 180 Chl d [7]. This leads to the Chl «
content as minimum 2.5% of total Chl in this alga.
This finding was different from the constitution of PS
I where Chl d was replaced with Chl a for the pri-
mary electron donor [7]. Chl ¢ most probably con-
stitutes a PS II electron donor; a very high oxidation
potential is necessary for water oxidation and re-
placement with Chl d might not be able to generate
such a high potential. This point might be strength-
ened by the amino acid analysis of psbA and/or psbD
in the near future. In the case of PS I, the midpoint
potential of the primary donor was reported to be
lowered by the replacement with Chl d [7]. This
might be an unfavorable indicative for the PS II
primary electron donor. Until now, we have not
known of oxygenic photosynthetic organisms whose
PS 1I is constituted with pigment(s) other than Chl a,
even if we do not exclude the possibility that Chl d is
the primary electron donor. The PS II could be an
essential machinery for oxygenic photosynthesis, thus
this machinery was not modified even after the mod-
ification of the major antenna pigment.
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