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Abbreviations

Abbreviations

CCM carbon concentrating mechanism
DCMU 3-(3, 4-dichlorophenyl)-1, 1-dimethylurea
ETR electron transport rate

Flv flavodiiron protein

MV methyl viologen

NDH-1 type 1 NAD(P)H dehydrogenase
ocCp orange carotenoid protein

OD optical density

PAR photosynthetic active radiation
PFD photon flux density

PSI Photosystem I

PSII Photosystem II

SD standard deviation

WT the wild-type cells
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Abbreviations

Abbreviations concerned with chlorophyll fluorescence

measurements

Fm
Fm’
Fo

Fo’

Fs
Fv/Fm

NPQ

NPQDark
NPQrLr
Of.p

LORNF)

Dpsir

gqN

rETR

maximum fluorescence determined under oxidized plastoquinone
conditions

maximum fluorescence determined under reduced plastoquinone
conditions

minimum fluorescence under oxidized plastoquinone pool
conditions

minimum fluorescence under reduced plastoquinone pool
conditions

fluorescence under steady-state conditions

chlorophyll fluorescence parameter representing the maximum
quantum yield of Photosystem II calculated as (Fm-Fo)/Fm
chlorophyll fluorescence parameter representing the level of
non-photochemical quenching calculated as (Fm-Fm’)/Fm’

NPQ determined with dark acclimated cells

NPQ determined with low light acclimated cells

chlorophyll fluorescence parameter representing the energy
distribution to non-regulated energy dissipation calculated as
Fs/Fm

chlorophyll fluorescence parameter representing the energy
distribution to regulated energy dissipation calculated as
Fs/Fm’-Fs/Fm

chlorophyll fluorescence parameter representing the effective
quantum yield of electron transport in photosystem II (i.e. the
energy distribution to photosynthesis) calculated as (Fm’-Fs)/Fm’
chlorophyll fluorescence parameter representing the level of
non-photochemical quenching calculated as 1-(Fm’-Fo’)/(Fm-Fo)
chlorophyll fluorescence parameter representing the level of
photochemical quenching calculated as (Fm’-Fs)/(Fm’-Fo”)

relative rate of electron transport






General Introduction

General Introduction

Photosynthesis is a process converting light energy absorbed by
photosynthetic organisms to chemical energy. ATP and NADPH produced by
photosynthetic electron transport (Fig. 1) are utilized to fix CO2 to
carbohydrate through the reductive pentose phosphate cycle, so called Calvin
cycle. Carbohydrate produced by photosynthetic organisms is the basis of the
primary production of the ecosystem on earth. Land plants certainly contribute
to photosynthesis but nearly half of the total primary production on earth was
reported to be produced by oceanic algae (Field et al. 1998). To understand the
ecosystem and the global climate change on earth, the precise estimation of
algal photosynthesis is quite important. Significance of algal photosynthesis is
not limited to the influence to the ecosystem on earth. The ability of algae to
convert light energy to chemical energy is expected to be used for supplying the
energy resources for future mankind. The mechanism of oil production by micro
algae, such as Botryococcus braunii, has been extensively studied to replace the
limited resources of fossil fuels by algal oil (Chisti 2007; Schenk et al. 2008).
Compared with the bioethanol produced from land crops, there are several
advantages of the biofuel produced from micro algae. It is possible to harvest
algal oil all year round and to utilize sea water as culture medium. On the other
hand, there are also problems, such as a high cost or the necessity of CO»
supply for high efficiency production. Precise estimation of algal
photosynthesis is also essential for effective production of biofuel.

There are several ways to evaluate photosynthesis. In the past,
photosynthesis has been determined by gas-exchange measurements, such as
CO2- or Oz-exchange. In recent years, chlorophyll fluorescence has been
utilized for a non-destructive and easy methods to determine photosynthesis.
Already in 1931, it had been reported that a transient kinetics of chlorophyll
fluorescence following illumination of dark-acclimated leaves reflected the
condition of photosynthesis (Kautsky and Hirsch 1931). Subsequently,
chlorophyll fluorescence measurements have been developed as an indicator for
photosynthetic electron transport in photosynthetic organisms (Krause and Weis
1991; Govindjee 1995; Campbell et al. 1998). The general principle of
chlorophyll fluorescence measurement could be briefly described as follows

(the details are described in Introduction of Chapter Ill1).
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Fig. 1 A scheme of electron transport chain of photosynthesis. Mn,

manganese cluster (the site of photosynthetic oxygen evolution); P680,
the reaction center chlorophyll of PSII; Pheo, the primary electron
acceptor pheophytin of PSII; Qa, the secondary electron acceptor
quinone of PSII; Qs, the terminal electron acceptor plastoquinone of
PSII; PQ, plastoquinone; FeS, an iron-sulfur cluster; Cytbs/f,
cytochrome bs/f complex; PC, plastocyanin (a type I copper protein
which transports electron from cytochrome fto P700); P700, the reaction
center chlorophyll of PSI; Ao, the primary electron acceptor chlorophyll
of PSI; Fd, ferredoxin (an iron-sulfur protein); FNR, ferredoxin:NADP"

oxidoreductase

Not all the light energy absorbed by chlorophyll is utilized for
photosynthesis, and the excess energy is either dissipated as heat or emitted as
fluorescence (Fig. 2). In other words, the total absorbed energy is equal to the
sum of the energy utilized for photosynthesis, heat dissipation and fluorescence
emission. Since photosynthesis competes with heat dissipation and fluorescence
emission, quenching of fluorescence, i.e. the decrease in the yield of
fluorescence, is caused by the increase in energy utilization for photosynthesis

(photochemical quenching) and/or by the increase in heat dissipation
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(non-photochemical quenching). Since most of chlorophyll fluorescence is
emitted from chlorophylls of Photosystem II (PSII) at room temperature
(Krause and Weis 1984; Krause and Weis 1991), information of PSII efficiency
could be obtained from chlorophyll fluorescence if we can distinguish the two
causes of the decrease in chlorophyll fluorescence yield, i.e. photochemical

quenching and non-photochemical quenching.
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Fig. 2 A scheme of the fate of absorbed light energy by chlorophylls.
Absorbed energy is either (i) utilized for photosynthesis, (ii) dissipated

as heat, or (iii) emitted as fluorescence.

The problem to distinguish the two quenching mechanisms had been
resolved by introducing a saturating pulse. Application of the light pulse, which
is strong enough to suppress photochemical quenching through full reduction of
Qa, the electron acceptor of PSII (see Fig. 1), but is too short to induce
additional non-photochemical quenching, gives only information of
non-photochemical quenching developed before the application of light pulse.
Once the degree of non-photochemical 1is determined, the degree of
photochemical quenching can be also calculated. This method, so called
quenching analysis, has been successfully applied to many photosynthetic
organisms in the combination with Pulse Amplitude Modulation (PAM)
chlorophyll fluorometer, in which the modulated measuring light was employed
to increase sensitivity and to exclude the direct effect of actinic light on
fluorescence signal (Schreiber 1986; Schreiber et al. 1986) (Fig. 3).



General Introduction

However, the application of PAM analysis to micro algae is sometimes
complicated, reflecting the fact that PAM chlorophyll fluorescence
measurement has been originally developed for land plants (Schreiber et al.
1995; Campbell et al. 1998). Especially in cyanobacteria that are
photosynthetic prokaryotes, problems in PAM chlorophyll fluorescence
measurement is more conspicuous (Campbell et al. 1998), since cyanobacteria
have no organelle and photosynthesis could be affected by the condition of
other metabolic pathways, possibly resulting in the change of chlorophyll
fluorescence. In particular, cyanobacterial respiratory electron transport chain
shares several components such as plastoquinone (PQ) with photosynthetic
electron transport chain (Aoki and Katoh 1982; Peschek and Schmetterer 1982;
see the scheme in Fig. 4). In the dark where photosynthesis is not conducted
and respiration dominates, the PQ pool is reduced by the type 1 NAD(P)H
dehydrogenase (NDH-1) complex in the respiratory chain in cyanobacteria,
while the pool is oxidized in land plants. Therefore, different methods of PAM
chlorophyll fluorescence measurement from those in land plants must be
adopted in cyanobacteria to eliminate the influence of respiration on
photosynthesis (Campbell and Oquist 1996; Campbell et al. 1998). Another
factor complicating PAM chlorophyll fluorescence measurement in
cyanobacteria is fluorescence from pigments except for chlorophylls binding to
PSII. One of the cyanobacterial pigments disturbing PAM chlorophyll
fluorescence measurement is phycobilins, which is a light-harvesting antenna
for PSII and highly fluorescent (Campbell et al. 1998; El Bissati and Kirilovsky
2001). In addition to phycobilins, chlorophylls binding to Photosystem I (PSI)
might also affect PAM chlorophyll fluorescence signals, since PSI binds up to
90% of the total chlorophylls and the ratio of PSI/PSII is high in cyanobacteria
compared to land plants (Campbell et al. 1996; Campbell et al. 1998). Since the
yield of fluorescence from phycobilins or PSI chlorophylls does not depend on
the condition of PSII and is constant, the condition of photosynthesis evaluated
by the change in fluorescence yield upon saturating pulse could be misevaluated
(Campbell et al. 1998).
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Fig. 3 An example of quenching analysis by PAM chlorophyll
fluorometer in the cyanobacterium Synechocystis sp. PCC 6803.
Fluorescence level is recorded along with the time course (black solid
line). Black inverted triangles represent the time of the illumination by
saturating pulse. Fluorescence level 1is increased from Fs level
(represented by blue circles) to Fm’ level (represented by red circles)
followed by the illumination with saturating pulse, upon suppression of
photochemical quenching. Green dashed line represents the Fm level

determined under illumination in the presence of DCMU.
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Fig. 4 Scheme of the electron transport chain between photosynthesis
and respiration in cyanobacteria. PSII, Photosystem II; PSI, Photosystem
I in photosynthetic electron transport chain. NDH, type 1 NAD(P)H
dehydrogenase; Cox, cytochrome ¢ oxidase in respiratory electron
transport chain. Photosynthetic electron transport chain shares several

components such as plastoquinone (PQ) with respiratory chain.

In spite of the problems of PAM chlorophyll fluorescence measurement
in cyanobacteria as described above, many researchers in the field of algal
photosynthesis are using PAM chlorophyll fluorescence technique. Actually,
among the papers published in last year in the field of algal photosynthesis
(~3,900 papers), approximately 20% papers used or at least refer to PAM
fluorescence measurements. Under such circumstances, it is important to
establish the method to accurately estimate algal photosynthesis by chlorophyll
fluorescence measurements. To achieve the goal, it is essential to understand
the influence of not only photosynthesis but other metabolic pathways on
chlorophyll fluorescence in algae and cyanobacteria. In this study, I (1)
investigated interactions between photosynthesis and other metabolic pathways,
(2) examined the influence of the interactions on chlorophyll fluorescence
measurement, and (3) developed solutions of problems of the chlorophyll
fluorescence measurement in cyanobacteria. Among cellular metabolic
pathways in cyanobacteria, I focused on the two, respiration and CO;

concentrating mechanism (CCM), that are closely involved in photosynthetic
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electron transport; respiration shares several components of electron transport
chain with photosynthesis and inorganic carbon concentrated in cell by CCM is
fixed by utilization with NADPH produced by photosynthetic electron transport.
I described the influence of respiration (Chapter 1) and CCM (Chapter II)
on photosynthesis in the cyanobacterium Synechocystis sp. PCC 6803, and
finally gave solutions of problems of the chlorophyll fluorescence measurement
caused by the interactions among cellular metabolic pathways in cyanobacteria

(Chapter II1I).
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Influence of Respiration on Photosynthesis

Introduction

There are always interactions among cellular metabolic pathways,
although each metabolic pathway such as photosynthesis or respiration is often
independently described in textbooks. Sublocalization of the pathways, e.g.
photosynthesis in chloroplasts and respiration in mitochondria, does not
completely prevent interactions between them. In the case of prokaryotes, the
situation is more direct and pronounced, with no organelle for sublocalization
of each metabolic pathway. For example, the cyanobacterial photosynthetic
electron transport chain chares several components, i.e. plastoquinone (PQ),
cytochrome bs/f complexes and plastocyanin, with the respiratory electron
transport chain (Aoki and Katoh 1982; Peschek and Schmetterer 1982; see also
Fig. 4 in General Introduction). There should be a similar interaction
among other metabolic pathways, albeit in a less direct way compared with the
case of respiration and photosynthesis.

The interaction of photosynthesis and respiration in cyanobacteria was
originally proposed 60 years ago based on the inhibitory effect of light on the
respiratory oxygen uptake (Brown and Webster 1953; Hoch et al. 1963; Jones
and Myers 1963). The effect of respiration on the redox state of photosynthetic
electron carriers is directly shown by the determination of the absorption
kinetics of cytochrome bs/f (Hirano et al. 1980) or P700 (Nanba and Katoh
1984) in a thermophilic cyanobacterium. The presence of respiratory electron
flow in the dark also prevents the full oxidation of PQ (Schreiber et al. 1995;
Campbell and Oquist 1996; Sonoike et al. 2001). It was demonstrated that the
redox state of the photosynthetic electron transfer chain is modified in the
absence of type 1 NAD(P)H dehydrogenase (NDH-1) complexes in the
respiratory chain, based on the absorption kinetics of P700 (Mi et al. 1992) or
on the fluorescence kinetics of chlorophyll (Mi et al. 1994). Thus, it is no
wonder that chlorophyll fluorescence kinetics are affected by the disruption of
genes encoding subunits of NDH-1. However, it is noteworthy that the

disruptant of ndhFI gene showed the most prominent phenotype in the induction



Chapter |

kinetics of chlorophyll fluorescence among the disruptants of genes, including
those responsible for photosynthesis, when I searched the database, Fluorome
(http:///www.photosynthesis.jp/flurome/).

Fluorome 1is the database of the dark-light induction kinetics of
chlorophyll fluorescence, so-called Kautsky induction (an example is presented
in Fig. 1-9). The measurements of chlorophyll fluorescence including the
Kautsky curve has been widely used for the analysis of photosynthesis
(Govindjee 1995). Previously, a Kautsky induction curve database of
cyanobacterial disruptants of 500 genes created by random mutagenesis using
transposon was made by Ozaki et al. (2007). Since high-throughput analysis
was aimed at in the study, each disruptant used for the Fluorome analysis was
not necessarily segregated to guarantee the full inactivation of each gene. The
effect of the gene disruption on chlorophyll fluorescence kinetics could be
quantitatively analyzed based on the squared deviation from the kinetics of the
wild-type cells (Ozaki and Sonoike 2009). Among the 500 disruptants analyzed
in the previous work, as well as among 750 disruptants analyzed in the updated
database (Fluorome ver. 2.01 updated on October 28, 2011), the most prominent
difference was observed in the disruptant of the ndhF I gene. NdhF1 is a subunit
of NDH-1L complexes serving for respiratory electron transfer (Schluchter et al.
1993; Battchikova and Aro 2007). It was rather unexpected that the disruption
of a gene involving respiration showed the most prominent phenotype,
considering that many genes involved in photosynthesis were also included in
the Fluorome database. It could be assumed that the explicit phenotype of the
ndhF1 disruptant would be due to the specific interaction between respiration
and photosynthesis.

In this chapter, [ revealed the mechanism by which the genes involved in
respiration could affect chlorophyll fluorescence to the greatest degree.
Furthermore, the present study showed that the misevaluation of photosynthesis
could be caused by modified chlorophyll fluorescence, although chlorophyll
fluorescence is widely used for the estimation of the efficiency and activity of
photosynthesis. I found that the defect in respiration induced a large
modification in chlorophyll fluorescence spectra through the state transition,
the mechanism of energy redistribution between two photosystems (Fig. 5), as
leverage. The estimation of the photosynthetic rate of cyanobacteria by

chlorophyll fluorescence measurements requires careful evaluation when the

10
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redox state of the PQ pool is modified by the defect in respiration.

State 1 State 2

Phycobilisome

Reduced

—>
PQ Redox

Fig. 5 A scheme of state transition, which is the mechanism regulating
distribution of excitation energy between Photosystem II (PSII) and
Photosystem I (PSI), in cyanobacteria. Movement of phycobilisome, the
light-harvesting antenna, between PSII and PSI is involved in state
transition, which is regulated by the redox state of plastoquinone (PQ) in
cyanobacteria (Mullineaux and Allen 1986; Mullineaux et al. 1997).
When PSI is predominantly excited and the PQ pool is oxidized,
phycobilisome binds to PSII and distributes excitation energy to PSII,
resulting in high yield of chlorophyll fluorescence, since most of
chlorophyll fluorescence is emitted from chlorophylls of PSII at room
temperature (Krause and Weis 1984; Krause and Weis 1991). On the other
hand, when PSII is more excited and the PQ pool is reduced,
phycobilisome migrates to PSI and distributes more energy to PSI,

resulting in low yield of chlorophyll fluorescence.

Results

The disruption of ndhF1 gene in the cells of Synechocystis sp. PCC 6803
induced a drastic change in the chlorophyll fluorescence kinetics upon
illumination. The relative height of the fluorescence peak at around 0.4 s after
the onset of actinic light illumination observed in the ndhFI disruptant is far
higher than that of any other disruptants (Fluorome: The Cyanobacterial

Chlorophyll Fluorescence Database, see also Fig. 1-9 and compare red lines

11
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with black lines) when fluorescence kinetics are searched in Fluorome, the
cyanobacterial chlorophyll fluorescence database. The relative change from Fo
(initial fluorescence level) to Fp (peak fluorescence level), i.e. (Fp-Fo)/Fp, is
presumably supposed to reflect photosynthetic efficiency similarly to the case
of Fv/Fm calculated as (Fm-Fo)/Fm. Thus, the large (Fp-Fo)/Fp in the ndhF1
disruptant might indicate a higher photosynthetic efficiency in the ndhF1I

disruptant than in the wild-type cells, which is rather surprising.

Table 1-1 Photosynthetic parameters determined by chlorophyll
fluorescence measurements of cells of the wild-type and the ndhFlI

disruptant under the growth light condition (50 pmol m=2 s™!).

. Wild-type
Condition Parameter AndhF1
cells
Dark,
] Fv/Fm* 0.510 +£ 0.033 0.616 + 0.009

Light/DCMU

Dark acclimated ®psir 0.391 +£ 0.042 0.551 £ 0.013
dnro 0.119 £ 0.015 0.066 + 0.005
O p 0.490 + 0.033 0.384 + 0.009

Light acclimated ®psir 0.406 + 0.042 0.519 +£ 0.009

(growth light) dnpo 0.107 + 0.019 0.061 + 0.005
(O 0.487 £ 0.024 0.420 = 0.005
qP 0.879 £ 0.021 0.890 = 0.006
Fv'/Fm' 0.402 £ 0.053 0.560 £ 0.013
qN 0.259 £ 0.031 0.173 £ 0.010

*Fm was determined under illumination in the presence of DCMU.

The photosynthetic parameter, Fv/Fm, was actually higher in the ndhF1I
disruptant than in the wild-type cells. ®psi, the effective quantum yield of
electron transport, was also higher in the ndhFI disruptant under the growth
light condition (50 pmol m™2 s’!) (Table 1-1). The increase in quantum yield in
the ndhF1 disruptant was also observed under other light conditions than the
growth light condition. With increasing actinic photon flux densities (PFD),
®psi1 decreased both in the wild-type cells and in the ndhF1 disruptant due to

12
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the closure of Photosystem II (PSII) reaction center (Fig. 1-1). The ndhF1I
disruptant always showed higher photosynthetic efficiency than the wild-type
cells, with a smaller difference under higher actinic light (Fig. 1-1). In other
words, the ndhF1 disruptant showed higher photosynthesis judging from the

fluorescence measurements.

0.6\ ; : Fig. 1-1 Actinic light dependence

of ®psii, a chlorophyll fluorescence

parameter indicating the effective

0 quantum yield of electron
- transport. Cells were grown at 30°C
e‘g and bubbled with air under
ool continuous illumination at 50 pmol

m2 s! for 24 h. Black circles, the
wild-type cells; red triangles, the
ndhF1 disruptant. Vertical bars
00_\\ 102 163 indicate the SD (n=3).

Photon Flux Density (umol m™ s™)

The photosynthetic oxygen-evolving rate determined by oxygen
electrode, however, indicates that the photosynthetic activity is higher in the
wild-type cells than in the ndhF1 disruptant irrespective of the PFD of the
actinic light (Fig. 1-2A). The rate of oxygen evolution under saturated light
conditions in the ndhF1I disruptant was about half of that in the wild-type cells
as well as under light-limiting conditions. The results of the photosynthetic
oxygen-evolving rate suggest that the ndhF1 gene disruption induces a decrease
in photosynthetic activity rather than an increase. The relative rate of electron
transport (rETR) was estimated from chlorophyll fluorescence measurements
and compared with the rate of oxygen evolution (Fig. 1-2B). The rETR could
be calculated as the product of ®psi1 and PFD of the actinic light. Actinic light
dependence of oxygen evolution (Fig. 1-2B, filled circles) and that of rETR
(open circles) was similar in the wild-type cells. In the ndhFI disruptant,
however, the rate of oxygen evolution was considerably lower than the
corresponding rETR (Fig. 1-2B, red triangles). The oxygen-evolving activity

is shown on a chlorophyll basis in Fig. 1-2, but the situation is the same if the

13
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activity is shown on an optical density (OD) basis (Fig. 1-3). To exclude the
possibility of secondary mutation in the original ndhF1I disruptant, [ determined
the oxygen evolution of another deletion mutant of ndhF1 made by Ohkawa et al.
(2000). The results are basically the same: lower oxygen evolution than the
wild-type cells (Fig. 1-4A) and a higher rETR than the wild-type cells (Fig.
1-4B). The apparent increase of the Fv/Fm, ®psiy or rETR in the ndhF1I
disruptant (Table 1-1, Figs. 1-1 and 2B) could not be simply due to the

increase in photosynthesis.
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Fig. 1-2 Light curve of photosynthesis estimated by oxygen evolution or
chlorophyll fluorescence. (A) The rate of photosynthesis determined by
the oxygen evolution rate with an oxygen electrode. Black circles, the
wild-type cells; red triangles, the ndhFI disruptant. Vertical bars
indicate the SD (n=3). (B) Comparison of the rate of photosynthesis
determined by an oxygen electrode (filled symbols) and chlorophyll
fluorescence (open symbols). The rETR was calculated as
rETR=PARXx®psy;. Black circles, the wild-type cells; red triangles, the
ndhF1 disruptant. Vertical bars indicate the SD (n=3).
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Fig. 1-4 The rates of photosynthesis estimated by oxygen evolution (A)
or by chlorophyll fluorescence (B) of the wild-type cells (black circles)
of the disruptant of the ndhF1 gene with erythromycin resistant cartridge

(pink triangles). Other experimental conditions are the same as Fig.
1=2.

To clarify the cause of the apparent increase of ®psii in the ndhFI
disruptant, the energy distribution to photosynthesis (®psi1), to regulated
energy dissipation (®npg) or to non-regulated energy distribution (®fp) was
examined by chlorophyll fluorescence measurement (Fig. 1-5). The sum of

®psi, Pnpqo and drp is unity, so that it is possible to estimate the energy

15
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distribution between photosynthesis and dissipation as heat of fluorescence
(Hendrickson et al. 2004). The apparent increase of ®psiy in the ndhF1I
disruptant was accompanied by the decrease of ®npg and ®¢p (Fig. 1-5B,
Table I1-1), suggesting that the decrease of the energy dissipation would be the
cause of the apparent increase of ®psi;. Generally speaking, the amount of
phycobilisome or Photosystem I (PSI) relative to PSII would affect the level of
®¢,p, not that of dnpq, since the yield of fluorescence from phycobilisome or
from PSI is not usually regulated in response to environmental conditions.
Although the contribution of these factors is relatively small in the case of land
plants, it could not be ignored in the case of cyanobacteria that contain high
amounts of phycobiliprotein with a high PSI/PSII ratio (Campbell et al. 1996).
As for phycobilisome content, however, there seems to be only a small
difference between the wild-type cells and the ndhFI disruptant. When
absorption spectra of intact cells were determined, the height of the peak at
around 620 nm due to phycocyanin absorbance relative to that around 675 nm
due to chlorophyll absorbance showed <10% difference between the two strains
(Fig. 1-6).

Dpg+Pnpat Py p
o
[9;]

1000 2000 0 0 1000 2000

Photon Flux Density (rmol m? s Photon Flux Density (umol m?s™)

Fig. I-5 The energy distribution to photosynthesis (®psir; green), to
regulated energy dissipation (®Pnpq; pale yellow) or to non-reguated
energy dissipation (®¢p; blue). (A) The wild-type cells. (B) The ndhF1

disruptant.
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Fig. 1-6 Absorption spectra of

£ intact cells adjust to OD750=0.2 in
0.04} / : growth medium. Black solid line,
the wild-type cells; red broken line,
o the ndhF1 disruptant.
20.02}
<

0 1 1 1
400 500 600 700
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Photosystem stoichiometry (PSI/PSII ratio) could be determined by low
temperature chlorophyll fluorescence spectra with chlorophyll excitation, since
the effect of state transition, regulated by mobile phycobilisomes between PSII
and PSI (Mullineaux et al. 1997; see Fig. 5), is limited under chlorophyll
excitation. The height of the PSII fluorescence peak at around 695 nm relative
to the PSI peak at around 725 nm was slightly different depending on the
condition of the cells, e. g. dark-acclimated or light-acclimated, but the actual
PSI/PSII ratio seems to be more or less similar between the wild-type cells (Fig.
I-7A) and the ndhF1 disruptant (Fig. 1-7B).

However, the low temperature chlorophyll fluorescence spectra showed a
large difference depending on the condition of the cells upon phycobilisome
excitation, under which state transition could be more clearly observed. When
the spectra were determined in the cells illuminated in the presence of 3-(3,
4-dichlorophenyl)-1, I1-dimethylurea (DCMU), which 1is the inhibitor of
electron transfer from Qa to Qs (see Fig. 1 in General Introduction) and
oxidizes the PQ pool in the light, the relative height of the PSII fluorescence
peak to that of the PSI fluorescence peak is high (Fig. I-8A, red solid line),
suggesting that the cells are in State 1 (refer to Fig. 5) due to the oxidation of
the PQ pool. Upon dark acclimation of the wild-type cells, the relative PSII
fluorescence decreased either in the absence or in the presence of KCN (Fig.
I-8A, black broken line and black solid line, respectively), suggesting the
induction of State 2 through the reduction of the PQ pool by NDH-1 complexes.
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The relative PSII fluorescence of light-acclimated cells is in between the two
(Fig. 1-8A, red broken line). The low temperature fluorescence spectra of
dark-acclimated cells of the ndhFI1 disruptant in the absence of KCN (Fig.
I1-8B, black broken line) showed a much higher PSII peak than that of the
dark-acclimated cells in the presence of KCN (Fig. 1-8B, black solid line) and
was similar to that of the illuminated cells in the presence of DCMU (Fig.
1-8B, red solid line). Thus, the dark acclimation does not lead to the reduction
of the PQ pool in the ndhF1 disruptant. The results clearly showed that the yield
of PSII fluorescence could be affected by the change in the activity of
respiration through state transition. Furthermore, the light-acclimated cells of
the ndhF1 disruptant also showed almost similar fluorescence spectra to those
of dark-acclimated cells, which contrasts with the case of the wild-type cells.
The results suggest that the absence of NDH-1L could affect not only the redox
condition of the PQ pool in the dark but also that in the light. The change in the
redox condition of the PQ pool must be the cause of the apparent high ®psyy in
the ndhF1 disruptant (Fig. 1-1) as well as the large Kautsky induction of the
ndhF1 disruptant. The assumption was supported by the fact that the large
induction of chlorophyll fluorescence in the ndhF1 disruptant (Fig. 1-9, red
lines) was effectively suppressed by the addition of KCN (Fig. 1-9, yellow
lines), while the fluorescence kinetics of the wild-type cells were not affected
so much by the addition of KCN (Fig. 1-9, black and blue lines). Although the
apparent higher sensitivity of the ndhF1 disruptant to KCN could be induced by
some change in the terminal oxidase, the target of KCN inhibition, it would be

simplest to assume a more direct effect of the NDH-1L function on the PQ pool.
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Fig. 1-7 77 K chlorophyll fluorescence emission spectra with
chlorophyll excitation at 435 nm in the wild-type cells (A) and the ndhF1
disruptant cells (B). Black solid line, dark-acclimated cells in the
presence of 0.2 mM KCN; black broken line, dark-acclimated cells
without any addition; red broken line, growth light-acclimated cells; and
red solid line, illuminated cells in the presence of 10 uM DCMU. Each
fluorescence spectrum was normalized at the PSI fluorescence peak at
around 725 nm. The height of the PSII fluorescence peak at around 695
nm relative to the PSI peak at around 725 nm reflects photosystem
stoichiometry (PSI/PSII ratio). The average of spectra of three

independent cultures is presented.
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Fig. 1-8 77 K Chlorophyll fluorescence emission spectra with
phycocyanin excitation at 625 nm in the wild-type cells (A) and the
ndhF1 disruptant cells (B). Black solid line, dark-acclimated cells in the
presence of 0.2 mM KCN; black broken line, dark-acclimated cells
without any addition; red broken line, growth light-acclimated cells; and
red solid line, illuminated cells in the presence of 10 uM DCMU. Each
fluorescence spectrum was normalized at the PSI fluorescence peak at
around 725 nm. The height of the PSII fluorescence peak at around 695
nm (Fpsi) relative to the PSI peak at around 725 nm (Fpsi) reflects energy
distribution to PSII that depends on state transition regulated by the
redox state of the PQ pool. In other words, high Fpsii/Fpsi ratio indicates
the oxidation of the PQ pool, while low Fpsii/Fpsi ratio indicates the
reduction of the PQ pool. The average of spectra of three independent

cultures is presented.
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12 . . . Fig. 1-9 Chlorophyll fluorescence

kinetics (so called Kautsky curve)
of the wild-type cells and the
ndhF1 disruptant in the presence or
absence of KCN. Black lines, the
wild-type cells; blue lines, the
wild-type cells in the presence of
KCN; red lines, the =ndhFlI
disruptant; yellow lines, the ndhF1

Relative Fluorescence Intensity

disruptant in the presence of KCN.

Cells were dark acclimated for 15

min prior to the measurement.
Fluorescence kinetics of five
cyanobacterial patches of each
condition are presented as five
lines. The fluorescence intensity
was normalized at the onset of

actinic illumination.

Discussion

Respiration affects chlorophyll fluorescence through state
transition

The results presented here clearly show that the defect in respiration
could induce a very big change in the induction kinetics of chlorophyll
fluorescence through the redox state of the PQ pool. The interaction between
photosynthesis and respiration itself is not surprising, since the PQ pool is
shared by photosynthesis and respiration in cyanobacteria (Aoki and Katoh
1982; Peschek and Schmetterer 1982). However, the very large effect of
disruption of the ndhFI gene on chlorophyll fluorescence is unexpected.
Actually, the effect of disruption of the ndhFI gene on the chlorophyll
fluorescence induction kinetics is the largest among the 750 disruptants
analyzed 1in the Fluorome (the cyanobacterial chlorophyll fluorescence

database). It is worth noting that the second largest change in the fluorescence
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kinetics is induced by the disruption of the ndhDI gene, when the similarity of
the kinetics in the Fluorome is analyzed by the ‘derivative comparison’ (Ozaki
and Sonoike 2009). Both NdhF1 and NdhD1 were reported to form an NDH-1L
complex involved in respiratory electron transfer (Battchikova and Aro 2007;
Ohkawa et al. 2000; Battchikova et al. 2011). Although the extent of the change
in the fluorescence kinetics in the Fluorome could not be directly compared
with different disruptants due to possible differences in segregation, the effect
of the disruption of ndh genes seems to be rather peculiar. The defects in
respiratory electron transfer have an obviously great impact on chlorophyll
fluorescence in cyanobacteria, although the respiratory rate is usually about one
order smaller than the maximum photosynthesis rate. The chlorophyll
fluorescence measurements would also be useful not only for the analysis of
photosynthesis but also for that of respiration, at least in the case of
cyanobacteria.

The striking change in the chlorophyll fluorescence observed on
disruption of the ndh genes (Fluorome, see also Fig. 1-9) seems to be induced
by the change in state transition (Figs. I-7 and 8). It was shown that the main
component of non-photochemical quenching (NPQ) in cyanobacteria was not
energy-dependent quenching but state transition (Campbell and Oquist 1996).
Under State 2 conditions, the energy flow to PSI, which has a low yield of
fluorescence with negligible variable fluorescence, should result in higher NPQ
as well as a lower ®@psi1. Since the state transition is regulated by the redox state
of the PQ pool (Mullineaux and Allen 1986), respiratory electron transfer
should affect the state transition. The inactivation of NDH-Icomplexes
involving electron transfer from NAD(P)H to PQ would result in the oxidation
of the PQ pool, leading to the transition to State 1, where the yield of
chlorophyll fluorescence is high. Energy allocation to PSII induced in State 1
should cause the increase in Fv, leading to the apparent increase of Fv/Fm as
well as that of ®psii. Although the ndhF disruptant is locked in State 1, the
mechanism of the state transition is not perturbed, since the disruptant could be
brought in State 2 by the addition of KCN. The mutant M55, which lacks the
functional ndhB gene vital for the assembly of NDH-1 complexes (Zhang et al.
2004), was also reported to be locked in State 1 even after dark acclimation
(Schreiber et al. 1995). Apparently, respiration, though its rate is far lower than

that of photosynthesis, could affect chlorophyll fluorescence using the state
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transition as leverage.

Validity of the chlorophyll fluorescence parameter

Chlorophyll fluorescence is widely used for the assessment of
photosynthesis. The fluorescence parameter, Fv/Fm, is a measure of the
maximum quantum yield of PSII (Kitajima and Butler 1975), while the ETR is a
measure of the rate of photosynthetic electron transfer (Genty et al. 1989).
These parameters were, however, developed mainly for land plants, and caution
is necessary for their application to algae and cyanobacteria. For example,
fluorescence could not be attained to the maximum level by the application of a
saturating pulse to dark acclimated cyanobacterial cells (see Fig. 3 in
General Introduction), since dark acclimation induce the reduction of the
PQ pool instead of the oxidation of it in cyanobacteria (Schreiber et al. 1995;
Campbell and Oquist 1996; Sonoike et al. 2001). The addition of DCMU in the
presence of light to oxidize PQ pool is necessary to obtain a true Fm level.
Fv/Fm presented in Table I-1 in this study was determined using such
procedure. It was also shown that the development of NPQ is very rapid in algae
and cyanobacteria, resulting in the requirement for special care to determine the
maximum fluorescence yield (Schreiber et al. 1995).

On the other hand, particular attention has not been paid to the use of
ETR and ®psii as indicators of the rate and yield of photosynthesis in
cyanobacteria. It is evident, however, that the ETR or ®psir is not reliable to
estimate photosynthesis in cyanobacteria. The ndhF1 disruptant showed lower
oxygen-evolving activity with higher level of ®psi1 or rETR compared with the
wild-type cells (Figs. 1-1 and 2). A part of the discrepancy could be ascribed
to the oxygen consumption reaction such as the Mehler reaction in the
disruptant. The photosynthetic oxygen evolution concomitant with oxygen
consumption should result in the apparent low photosynthetic activity.
Although the precise nature of the oxygen consumption reaction is unknown,
electron transfer to molecular oxygen at the reducing side of PSI would be a
possible candidate. Specific flavoproteins are reported to be involved in the
Mehler reaction of Symechocystis sp. PCC 6803 (Helman et al. 2003). A
heterodimer of the two flavoproteins, Flvl and FIv3, functions in the
"Mehler-like" reaction leading to the suppression of photorespiration under low

inorganic carbon conditions (Allahverdiyeva et al. 2013; Fig. 6). It would be
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worth to examine the expression of these flavoproteins in the ndhF 1 disruptant.
Respiration also consumes oxygen, but the rate of respiration is low in the
mutant, at least in the dark (30.8+15.7 umol electron mgChl™! h™!, compared to
the value of 111 £ 9 pmol electro mgChl™! h™! in the wild-type cells).

Respiration
NADPH NADP*

Mehler-like
Photosynthesis reaction

H,0 ) NADPHMHZO
o, A e ~EEKC,, .. o

PQ

0, H0

Fig. 6 Scheme of the electron transport chain involved in Oz evolution
or Oz consumption. Flvl/3, flavodiiron proteins functioning in
"Mehler-like" reaction. See Fig. 4 in General Introduction for the

other abbreviations.

While enhanced oxygen consumption could explain the cause of the
lower oxygen-evolving activity, it could not fully explain the higher rETR
determined by chlorophyll fluorescence measurements. Although increased
electron flow to oxygen may result in an increase in rETR under light-saturating
conditions, the difference in ®psi1 between the wild-type cells and the ndhFI
disruptant is more evident in the light-limiting condition (Fig. 1-2), suggesting
that some other factor is involved. The increased rETR in the ndhFI disruptant
could be ascribed in part to the decreased level of NPQ in the ndhFI disruptant,
as discussed above. The PQ pool is more oxidized in the ndhF 1 disruptant than
in the wild-type cells under the growth light as well as in the dark (Fig. 1-8B),
and that could be the cause of the increased rETR in the ndhFI disruptant. A
similar discrepancy between oxygen-evolving activity and the chlorophyll

fluorescence measurements was reported for a desiccation-tolerant
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cyanobacterium under stress conditions (Ohad et al. 2010), although the
mechanism would be totally different from the case of the ndhFI disruptant.
The main component of NPQ was shown to be state transition in cyanobacteria
(Campbell and Oquist 1996), so that one must be cautious in using the
chlorophyll fluorescence parameter to estimate photosynthesis in mutants
defective in state transition, such as the disruptants of ndh genes examined in
this work. In the case of respiratory mutants, the addition of KCN or
illumination with blue light, which predominantly excites PSI in cyanobacteria
(discussed in Chapter 1ll), would be one of the ways to solve the problem, as
shown in Figs. 1-8 and 9.

Materials and Methods

Strains and growth conditions

The ndhF1 disruptant, which was originally used for the collection of the
fluorescence kinetics in Fluorome, had been constructed by transposon
mutagenesis of Synechocystis sp. PCC 6803 (Ozaki et al. 2007). The transposon,
which confers chloramphenicol resistance on cyanobacteria, was inserted at
position 2,857,968 in the genome according to the numbering in Cyanobase
(http://genome.microbedb.jp/cyanobase/), which is 91 nucleotides downstream
of the initial ATG of the coding region of the ndhFI gene. To exclude the
possibility of a second mutation in the disruptant, another ndhF 1 disruptant (No.
5-20), a kind gift from professor Ogawa, was used. To construct this disruptant,
an erythromycin resistance cassette was inserted into the Stul site (530 bases
downstream of the initial ATG) of the ndhF1 gene. The wild-type cells and the
disruptant were grown at 30°C in BG11 medium (Allen 1968), buffered with 20
mM TES-KOH (pH 8.0) and bubbled with air under continuous illumination of
50 umol m™? s! for 24 h. Chloramphenicol at 25 pg ml™! or erythromycin at 25

ng ml-!' was added to the culture medium for the growth of disruptants.

Chlorophyll fluorescence measurement
Chlorophyll fluorescence was measured with a pulse-amplitude
fluorometer (WATER-PAM, Walz). The OD of the cell suspension at 750 nm was

adjusted to 0.2 and dark acclimated for 10 min prior to measurements. Minimal
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fluorescence (Fo), fluorescence wunder steady-state conditions (Fs), the
maximum fluorescence of light-acclimated cells (Fm’) and the maximum
fluorescence determined in the presence of DCMU (Fm) were used for
calculation of parameters; qP=(Fm’-Fs)/(Fm’-Fo’), qN=1-(Fm’-Fo’)/(Fm-Fo)
(van Kooten and Snel 1990), ®psii=(Fm’-Fs)/Fm’ (Genty et al. 1989; Bilger et al.
1995), ®npo=Fs/Fm’-Fs/Fm and ®¢, p=Fs/Fm (Hendrickson et al. 2004). Fo’ was
calculated as Fo’ =Fo/(Fv/Fm+Fo/Fm’) (Oxborough and Baker 1997). A 0.8 s
flash of saturating light was given to determine Fm’ after illumination by
actinic light for 2 min 30 s. Fm was measured in the presence of 20 uM DCMU
with illumination by actinic light and saturating light. The rETR was calculated
as TETR=®ps11XPAR (photosynthetic active radiation). Although it is possible to
calculate the absolute value of the ETR with several assumptions, such
assumptions used for the measurements of land plants could not be applied to
cyanobacteria. Thus, only the rETR was presented in this study. PAR was
determined in a cuvette filled with water by a spherical micro-sensor
(US-SQS/L, Walz) with a light meter (LI-250, LI-COR Biosciences).
Chlorophyll induction kinetics (Kautsky kinetics) were determined by a
fluorescence CCD camera (FluorCam 700MF, Photon System Instruments) as
described previously (Ozaki et al. 2007). To examine the effect of KCN, 10 pl
of 100 mM KCN solution was dropped on a cyanobacterial patch grown on an

agar plate just before dark acclimation.

Assay of oxygen-evolving activity
Oxygen evolution of intact cells was measured in the presence of | mM
NaHCO3; with an oxygen electrode (Oxygraph, Hansatech Instruments) under
illumination from a light source (PICL-NRX, Nippon P. I.) at 25°C. The OD of
the cell suspension at 750 nm was adjusted to 0.2 in growth medium. PAR was

determined as above.

Absorption spectra
Absorption spectra were measured with a spectrophotometer (V-650,
JASCO) equipped with an integrating sphere (ISV-722, JASCO). The absorption
of the cell suspension (OD750=0.2) was determined in a cuvette with light path

length of 5 mm.
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77 K fluorescence emission spectra
77 K fluorescence emission spectra were measured with a fluorescence
spectrometer (FP-8500, JASCO) with a low temperature attachment (PU-830,
JASCO). Cell suspension were adjusted to a concentration of 10 ug chlorophyll
ml-'. Prior to the measurements, the cells were either dark acclimated without
any addition, dark acclimated in the presence of 0.2 mM KCN, illuminated at 50

! "in the

pmol m™? s! without any addition or illuminated at 550 umol m™2 s
presence of 10 uM DCMU, for 10 min. The samples were excited by the light at
435 nm for chlorophyll excitation or 625 nm for phycocyanin excitation with an
excitation slit width of 10 nm. The fluorescence spectra were recorded with a
fluorescence slit width of 2.5 nm and a resolution of 0.2 nm. The spectra were
recorded five times for one sample, and the averages of the data of three
independent cultures were presented. The spectra were corrected for the
sensitivity of the photomultiplier and the spectrum of the light source using a
secondary standard light source (ESC-842, JASCO). Each fluorescence

spectrum was normalized at the PSI fluorescence peak.

Contents in Chapter I had been published in 2013 as a paper titled
“Disruption of the ndhF1 gene affects chlorophyll fluorescence
through state transition in the cyanobacterium Synechocystis sp.

PCC 6803” in Plant & Cell Physiology 54: 1164-1171 (doi:
10.1093/pcp/pct068) by Oxford University Press.
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Chapter Il

Influence of CO2 Concentrating Mechanism on
Photosynthesis

Introduction

Yield of chlorophyll fluorescence of photosynthetic organisms rapidly
changes as photosynthesis is affected by environmental factors or by cellular
metabolism (Govindjee 1995). Such changes of fluorescence yield could be
used to analyze photosynthetic electron transport (Krause and Weis 1991). In
cyanobacteria, respiration and photosynthesis share several components of
electron transport chain such as plastoquinone (PQ) and cytochrome bs/f
complex (Aoki and Katoh 1982; Peschek and Schmetterer 1982, see also Fig. 4
in General Introduction) so that not only photosynthesis but also
respiration could directly affect chlorophyll fluorescence. In fact, it was
demonstrated that the type 1 NAD(P)H dehydrogenase (NDH-1) complex
serving for cyanobacterial respiratory electron transport donates electron to the
PQ pool and affects chlorophyll fluorescence (Mi et al. 1992).

In cyanobacteria, most of the ndh genes encoding the subunits of the
NDH-1 complex exist as a single copy in the genome, but six ndhD genes
(ndhDI1-ndhD6) and three ndhF genes (ndhF1, ndhF3 and ndhF4) are found in
Synechocystis sp. PCC 6803 (Kaneko et al. 1996; Battchikova et al. 2011;
Cyanobase, http://www.kazusa.or.jp/cyano/). Cyanobacteria have functionally
distinct NDH-1 complexes with different set of NdhD and NdhF subunits. This
diversity in Ndh subunits and multiplicity of functions of NDH-1 complexes
have been revealed by investigating the phenotype of ndh mutants. NDH-1L
complex and NDH-1L’ complex which contain NdhF1/D1 and NdhF1/D2
respectively (Zhang et al. 2004; Battchikova et al. 2011) are essential for the
cyclic electron transport around Photosystem I (PSI) as well as the respiratory
electron transport, since the ndhDI1/D2 double disruptant lacking the NDH-I1L
complexes exhibits low rate of oxygen uptake in the dark and the high level of
oxidized PSI reaction center (P700%) under weak far red light (Ohkawa et al.
2000a). In addition to respiratory and PSI cyclic electron transport,

cyanobacterial NDH-1 complexes are involved in carbon concentrating

29



Chapter Il

mechanism (CCM) (Ogawa 1991). NDH-1MS and NDH-1MS’ complexes are
considered to be essential for CCM, based on the results that double disruptant
of NdhD3/D4 subunits showed decrease in CO2 uptake (Ohkawa et al. 2000a;
Shibata et al. 2001; Maeda et al. 2002). NDH-1MS or NDH-1IMS’ complex
consists of NDH-1M subcomplex and NDH-1S or NDH-1S’ subcomplex
(Herranen et al. 2004). The subunits composing NDH-1M subcomplex are
common to those composing NDH-1L complex except for NdhD1 and NdhF1 in
the NDH-1L complex (Battchikova et al. 2005). NDH-1S subcomplex or
NDH-1S’ subcomplex has NdhD3 and NdhF3 or NdhD4 and NdhF4,

respectively.

NDH-1L NDH-1MS Fig. 7 A scheme of cyanobacterial

NDH-1M subcompl NDH-1M subcompl .
e eameE G NDH-1 complex referring to

? Battchikova et al. (2011). NDH-1M
subcomplex is common to all 4
T Q functionally and structurally
At B|D3 F3 L

\ distinct NDH-1 complexes. NdhD
NDH-1L’ NDH-1MS' and NdhF subunits are different

NDH-1M subcomplex NDH-1M subcomplex

among the 4 complexes; NDH-1L

? complex has NdhDI/F1 subunits,
NDH-1L’ has NdhD2/F1, NDH-1MS

3 @ has NdhD3/F3 and NDH-1MS’ has
A® B |D4 F4
: NdhD4/F4, respectively.

Since P700 is oxidized under weak far red light in the ndhDI/D2
disruptant (Ohkawa et al. 2000a) and that the ndhFI disruptant is locked in
State 1 in the dark (Ogawa et al. 2013; Chapter 1), the ndhDI and ndhF1I
genes which compose the NDH-IL complex must have great influence on
photosynthetic electron transport along with the respiratory electron transport.
On the other hand, disruptions of ndhD3/D4 genes hardly affect PSI cyclic
electron transport (Ohkawa et al. 2000a) in spite of its presumed involvement in
CO: uptake (Ogawa 1985; Li and Canvin 1998; Maeda et al. 2002). Apparently,
the essential role of NdhD3/D4 subunits in CCM could not be ascribed solely to
the function in PSI cyclic electron transport. It is suggested that the
CupA/CupB protein in the NDH-1S/S’ subcomplex converts CO2 to HCO3™ while
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the NDH-1M subcomplex is involved in PSI cyclic electron transport (Price et
al. 2002; Zhang et al. 2004). However, it is not clear whether the NdhF3/F4 and
NdhD3/D4 subunits could affect the photosynthetic electron transport.

In this chapter, I monitored a fluorescence parameter, NPQ, which
represents the state transition that is triggered by the reduction of PQ pool in
cyanobacteria, to investigate the effect of the defect in either respiration or
CCM on photosynthetic electron transfer. It was revealed that NPQ measured
both in the dark and light was lower in the ndhD1/D2 and ndhF1 disruptants
compared with the wild-type cells due to insufficient electron supply to the PQ
pool in respiratory electron transport. Moreover, I found that NPQ in the
ndhD3/D4 and ndhF3/F4 disruptants under low light condition was lower than
that in the wild-type cells with apparent increase in PSI content. The result
indicates that the disruption of NdhD and NdhF subunits essential for CCM
affects the redox state of the PQ pool in the light through the change in
photosystem stoichiometry (i.e. PSI/PSII ratio), while disruption of genes
essential for respiration oxidizes the PQ pool both in the dark and under the low
light condition. Measuring NPQ, reflecting the redox state of the PQ pool, in
the dark and in the light is a simple method to evaluate the condition of both

respiration and photosynthesis.

Results

I have shown in Chapter 1 that chlorophyll fluorescence of
cyanobacteria was quenched upon reduction of PQ pool due to the respiratory
electron transfer in the dark, which could be diminished by the disruptant of the
ndhF1 gene coding a subunit of NDH-1 complex serving for respiration (Ogawa
et al. 2013). The disruption of the ndhFI gene of the cyanobacterium
Synechocystis sp. PCC 6803 affects not only the quenching of chlorophyll
fluorescence in the dark, but also that in the low light (Fig. 11-1, red triangles
compared to black circles). In this study, since the red actinic light (LEDs
peaking at 660 nm) was used for pulse-amplitude chlorophyll fluorescence
measurement, it is assumed that the quenching of the chlorophyll fluorescence
was primarily induced by state transition but not by the action of orange
carotenoid protein (OCP), which induces fluorescence quenching upon

illumination by high intensities of blue light (Kirilovsky 2007). The level of
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fluorescence quenching estimated as NPQ=(Fm-Fm’)/Fm’ was high in the dark
and decreased to lower levels under low light condition, but then increased
again under higher photon flux density (PFD), giving concave dependency (Fig.
I1-1, black circles for the wild-type cells). This result indicates that PQ pool is
reduced in the dark and under high light while oxidized under low light
condition. Similar results have been reported for qN (Campbell and Oquist
1996; Sonoike et al. 2001), which is another parameter representing chlorophyll
quenching calculated as 1-(Fm’-Fo’)/(Fm-Fo), also reflecting state transition
(Campbell and Oquist 1996). The disruption of the ndhF1 gene significantly
decreased the NPQ level in the dark (Fig. IlI-1, red triangles) as reported
earlier (Ogawa et al. 2013), and the difference between the values in the
wild-type cells and those in the ndhF1 disruptant persisted even in the light,
although the difference became similar with higher actinic light PFD.
Apparently, the defect in respiration could affect photosynthesis in the light as
well as in the dark as shown in Chapter I.

To explore the functional divergence of the NDH subunits, I also
examined the actinic PFD dependency of NPQ in the disruptant of ndhF3/F4
genes, which is reported to have defect in CO, uptake (Ohkawa et al. 2000a;
Shibata et al. 2001; Maeda et al. 2002). The ndhF3/F4 disruptant showed totally
different dependency from that of the disruptant of ndhFI1 gene: NPQ in the
dark (NPQpark) of the ndhF3/F4 disruptant was similar to that of the wild-type
cells while NPQ under low light (NPQrLrL) was lower than that of the wild-type
cells, showing steep decrease from NPQpax to NPQrr (Fig. II-1, green
diamonds). Since main component of the NPQ in cyanobacteria is state
transition (Campbell and Oquist 1996) and the state transition is regulated by
the redox state of PQ pool (Mullineaux and Allen 1986), the levels of NPQ
could be used to roughly estimate the relative redox state of the PQ pool. The
results obtained in Fig. I1-1 suggest that, in the disruptant of ndhF3/F4 genes,
the redox state of PQ pool is similar to that of the wild-type cells in the dark

and more oxidized under low light than in the wild-type cells.
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Fig. I1-1 The response of NPQ,

which reflects the relative redox

state of the PQ pool, to the actinic
photon flux densities of the cells
grown at pH 8. NPQ in the dark (at
0 pmol m? s’!') was determined by
the second saturating pulse in the
dark as described in Materials and
Methods. Black circles, the
wild-type cells; red triangles, the

0 162 _ 16'{2 p ndhF1 disruptant; green diamonds,
Photon Flux Density (umol m *s ) the ndhF3/F4 disruptant. High NPQ
indicates reduced PQ pool, while
low NPQ indicates oxidized PQ

pool.

The levels of NPQ of the wild-type cells, the ndhFI disruptant,
ndhD1/D2 disruptant, ndhF3/F4 disruptant and ndhD3/D4 disruptant in the dark
as well as under low light were compared in Fig. 11-2. The levels of NPQpark of
the ndhF1 and ndhD1/D2 disruptants were lower than that of the wild-type cells,
while those of the ndhF3/F4 and ndhD3/D4 disruptants were similar to that of
the wild-type cells (Fig. 11-2, black bars). The NdhF1 subunit, together with
the NdhD1 or NdhD2 subunit, composes the NDH-1L or NDH-1L’ complex (Fig.
7) participating in respiratory and PSI cyclic electron transport (Zhang et al.
2004; Battchikova et al. 2011). Thus, it is reasonable to assume that the lowered
NPQpark in the ndhF1 and ndhD1/D2 disruptants reflects the oxidation of the PQ
pool due to the insufficient electron supply from NDH-1 complexes to PQ pool
in respiratory electron transport. It has been also shown in Chapter | that the
PQ pool of the ndhFI disruptant is oxidized in the dark, based on the
chlorophyll fluorescence spectra determined at 77 K (Ogawa et al. 2013).
Contrary to the case of the ndhF1I1 and ndhD1/D2 disruptants, the NdhF3/D3 or
NdhF4/D4 subunits, which compose the NDH-1MS or NDH-1MS’ complex
respectively (Fig. 7) and are reported to be essential for CO, uptake (Herranen
et al. 2004; Battchikova et al. 2011), apparently do not contribute to the
reduction of PQ pool in the dark judging from the similar NPQpark to the
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wild-type cells observed in the ndhF3/F4 and ndhD3/D4 disruptants.

On the other hand, NPQrr of all the ndh mutants examined were lower
than that of the wild-type cells (Fig. 11-2, white bars). In other words, larger
decrease of NPQ upon illumination (from NPQpark to NPQrL) was observed only
in the ndhF3/F4 and ndhD3/D4 disruptants, and not in the ndhF1 and ndhD1/D2
disruptants. Considering the reported role of NDhF3/F4/D3/D4 subunits, the
change in NPQ upon the transition from dark to light could be ascribed to the

limitation in CO».

Fig. 11-2 NPQ, which
reflects the relative redox
state of the PQ pool,
determined in the
wild-type cells (WT) and
ndh mutants grown at pH
8 determined in the dark

(black bars) or under the
2

low light (100 pmol m-

s’!, white bars). Results

are averages *SD of

AndhF1
AndhD1/D2
AndhF3/F4
A ndhD3/D4

measurements of three

independent cultures.

If the NPQpark reflects respiratory electron transfer to PQ, it should be
increased by the addition of KCN, an inhibitor of terminal oxidase that mediates
respiratory removal of electrons from the PQ pool. In fact, NPQpark of the
ndhF1 disruptant was increased by the addition of KCN (Fig. 11-3A). The
effect of KCN on the ndhF3/F4 disruptant was much smaller. As for CO»
limitation, it would be relieved under alkaline pH condition, since inorganic
carbon should be supplied in the form of bicarbonate at high pH. Thus, if the
decrease of NPQ upon light illumination (i.e., the difference between NPQpark
and NPQvrr; in other words, the difference of redox state of the PQ pool between
dark and low light) reflects CO> limitation, it should be affected by the changes
in the growth pH. When the cells were grown at pH 8, the relative difference
between NPQpark and NPQrr calculated as (NPQpark-NPQrLrL)/NPQrL was small
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in the wild-type cells as well as in the ndhF1 disruptant while it was large in the
ndhF3/F4 disruptant (Fig. 11-3B, gray bars), reflecting the actinic light
dependency of NPQ shown in Fig. II-1. Upon the shift of growth pH to 9,
however, the relative difference between NPQnpark and NPQrr of the ndhF3/F4
disruptant became also small (Fig. 11-3B, dotted bars). These results support
the assumption that the lowered NPQpark in the ndhF 11 disruptant represents the
limitation in respiration while the large difference between NPQpark and NPQrr

in the ndhF3/F4 disruptant is ascribed to the limitation in CO2 as inorganic

JF

carbon source.

LA

WT AndhF1 AndhF3/F4 WT AndhF1  AndhF3/F4
Fig. I11-3 (A) Effects of KCN on NPQpark in the wild-type cells, the
ndhF1 disruptant or the ndhF3/F4 disruptant. Black bars, no addition;
hatched bars, in the presence of 0.1 mM KCN. (B) Effects of growth pH
on the relative difference between NPQpark and NPQrr calculated as
(NPQpark-NPQrLL)/NPQvrL in the wild-type cells, the ndhF1 disruptant or
the ndhF3/F4 disruptant. Gray bars, grown at pH 8; dotted bars, grown at
pH 9. Results are averages +SD of measurements of three independent

cultures.

As a cause of the decrease of NPQ in the ndhF3/F4 and ndhD3/D4
disruptants upon dark to light transition, it is natural to assume that
photosynthetic machinery is somehow affected in these disruptants. Decrease in
Photosystem II (PSII) activity or increase in PSI activity would be the simplest

assumption as a cause of oxidation of the PQ pool in the light relative to in the
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dark. Thus, I investigated photosystem stoichiometry (PSI/PSII ratio) in the
wild-type cells and the ndh mutants by 77 K fluorescence emission spectra with
chlorophyll excitation (Fig. I1-4A). The peak height around 725 nm
fluorescence emitted from PSI relative to that around 695 nm fluorescence
emitted from PSII was higher in the ndhF3/F4 disruptant (Fig. 11-4A, green
dotted line) than that in the wild-type cells (black solid line) or in the
ndhDI1/D2 disruptant (yellow broken line). The ratio of the heights of two
fluorescence peaks, Fpsi/Fpsii, could be used as an indicator of PSI/PSII ratio
and the relationship between Fpsi/Fpsii and chlorophyll content per cell is
plotted in Fig. I11-4B. Fpsi/Fpsi ratio is higher both in the ndhF3/F4 disruptant
(Fig. 11-4B, open green diamond) and in the ndhD3/D4 disruptant (open blue
square) compared with the wild-type cells (open black circle). This increase of
the Fpsi/Fpsii ratio is accompanying the increase in the chlorophyll content per
cell, suggesting that the increase of the PSI content, not the decrease of the
PSII content is the cause of the increase in the Fpsi/Fpsii ratio, since PSI
generally binds up to 90% of the total chlorophyll in cyanobacteria.
Furthermore, in the ndhF3/F4 disruptant, both the chlorophyll content and the
PSI/PSII ratio were decreased by the elevation of growth pH to 9 (closed green
diamond), suggesting that PSI content is regulated by the amount of available
inorganic carbon source. The ndhF1 disruptant grown at pH 9 showed lower
Fpsi/Fpsii ratio (closed red triangle) compared with other disruptants with
smaller chlorophyll content. This may be due to the increase in PSII content but
the mechanism of this change is not clear.

In any event, the above results suggest that the decrease of NPQ upon
dark to light transition observed in the ndhF3/F4 and ndhD3/D4 disruptants is
caused by the increased content of PSI in the disruptants. To verify the
relationship between PSI/PSII ratio and relative NPQ change upon dark to light
transition, (NPQpark-NPQrr)/NPQrr is plotted against Fpsi/Fpsii ratio (Fig.
I11-5). Positive correlation (R?=0.769) was observed confirming the

relationship.
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Fig. 11-4 (A) 77 K chlorophyll fluorescence emission spectra with
chlorophyll excitation at 435 nm. Prior to measurements, the cells were
illuminated at 550 pmol m™2 s! for 10 min in the presence of 10 uM
DCMU. Each fluorescence spectrum was normalized at the PSII
fluorescence peak at around 695 nm. The averaged spectra of at least
three independent cultures are presented. Black solid line, the wild-type
cells; yellow broken line, the ndhD1/D2 disruptant; green dotted line, the
ndhF3/F4 disruptant. (B) Fluorescence peak ratio (Fpsi/Fpsii), which is
an indicator of PSI/PSII ratio, plotted against chlorophyll content per a
cell, which is an indicator of PSI content. Fpsi/Fpsit was calculated from
77 K chlorophyll fluorescence emission spectra with chlorophyll
excitation at 435 nm. Black circles, the wild-type cells; red triangles, the
ndhF1 disruptant; yellow inverted triangle, the ndhDI/D2 disruptant;
green diamonds, the ndhF3/F4 disruptant; blue square, the ndhD3/D4
disruptant. Open symbols represent cells grown at pH 8, while closed
symbols represent cells grown at pH 9. Results are averages +SD of

measurements of at least three independent cultures.
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. . Fig. 11-5 Relative NPQ difference

I ] between dark and low light
I AElE_ : calculated as

] (NPQpark-NPQrLL)/NPQrL plotted
] against PSI/PSII ratio. Black
0.5k circles, the wild-type cells; red
I triangles, the ndhFI1 disruptant;

O
I ~ 1 yellow inverted triangle, the
or : 1 ndhDI1/D2 disruptant; green
—f_" | diamonds, the ndhF3/F4 disruptant;
5 6 7 blue square, the ndhD3/D4

Fesi/Fpsi disruptant. Open symbols represent

(NPQDaI’k_NPQLL)/N PQLL

cells grown at pH 8, while closed
symbols represent cells grown at
pH 9. Results are averages =SD of
measurements of at least three

independent cultures.

Discussion

Evaluation of photosynthetic and respiratory condition by
chlorophyll fluorescence

In this study, effects of gene disruption and growth condition on the
photosynthetic and respiratory electron transfer was evaluated by the two
different parameters of chlorophyll fluorescence, NPQpark and NPQrr. NPQpark,
the level of NPQ of dark acclimated cells, primarily reflects the condition of
state transition in the dark that is regulated by the redox state of PQ pool. The
assumption is supported by the decrease of NPQpark upon PQ oxidation by the
disruption of the ndhF1 gene or ndhD1/D2 genes (Fig. 11-2), as well as by the
increase of NPQpark upon PQ reduction by the addition of KCN in the ndhF1I
disruptant (Fig. I1-3A). The effect of the defect in respiration on state
transition was originally reported in the M55 mutant deficient in ndhB gene.
This mutant, lacking both NDH-1L and NDH-1M complexes (Zhang et al. 2004),
is locked in State 1 (Fig. 5) in the dark as well as under illumination by blue
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light that selectively excites PSI (Schreiber et al. 1995). Effect of respiratory
change on the redox state of PQ pool was directly revealed by the measurements
of chlorophyll fluorescence spectra at liquid nitrogen temperature in Chapter
I (Ogawa et al. 2013). Defect in NDH-1 complex was also reported to affect the
redox state of Qa and P700 (Mi et al. 1994). In this context, it is worth to
mention that the cta disruptants having defects in terminal oxidase showed
distinctive fluorescence induction kinetics (Ozaki et al. 2007). Instead of usual
increase of chlorophyll fluorescence upon light illumination, these cta mutants
showed temporal decrease of fluorescence within 100 ms upon weak actinic
illumination. The decrease of fluorescence can be induced either by the increase
of non-photochemical quenching or photochemical quenching. Increase of
non-photochemical quenching may not be the case, since it was shown to
decrease upon light illumination as observed in Figs. Il1-1 and 2. Thus, the
temporal decrease of fluorescence observed in the cta disruptants must be due
to increase of photochemical quenching induced by the oxidation of PQ pool by
PSI. Apparently, the fluorescence kinetics was affected not only by the changes
in the upstream respiratory components but also by the changes in the
downstream respiratory components. Furthermore, the results obtained here,
together with the Kautsky fluorescence induction of cfa mutants (Ozaki et al.
2007), may provide the tool to analyze the condition of terminal oxidase.

Contrary to the effects of the disruption of the ndhFI gene or the
ndhD1/D2 genes, NPQpark 1s not much affected by the disruption of ndhF3/F4 or
ndhD3/D4 gene. Instead, extent of the decrease from NPQpark to NPQrLL was
largely affected (Fig. I1-2). These genes encode subunits that compose NDH-1
complexes essential for CCM (Zhang et al. 2004; Herranen et al. 2004), based
on the phenotype that the disruptants of these genes could not take up CO»
(Ohkawa et al. 2000a; Shibata et al. 2001; Maeda et al. 2002). Since CO>
limitation should decrease the demand of ATP and reducing equivalent
consumed in Calvin cycle, defects in CO2 uptake might lead to the increased
proton gradient across thylakoid membranes and NPQ. However, this is not the
case, since NPQ wunder light condition decreased, not increased, by the
disruption of ndhF3/F4 or ndhD3/D4 genes (Fig. 11-2).

Alternatively, other regulating mechanisms could be involved. Since
PSI/PSII ratio was reported to increase under low CO; condition (Manodori and
Melis 1984; Murakami et al. 1997), it is reasonable to assume that PSI content
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is also increased in the ndhF3/F4 and ndhD3/D4 disruptants, and this actually is
the case (Fig. 11-4B). The physiological relevance of the increased PSI has
been explained as the following. Energy requirement for transporting HCOj3~
into cells under low CO: stress condition may elevate the cyclic electron
transport to the linear one, and as a result the electron transport chain between
PSII and PSI may be reduced, and this, in turn, induces the increase of PSI
content (Murakami and Fujita 1993; Murakami et al. 1997). This model is
consistent with the report that CO> uptake is also supported by PSI electron
transport (Ogawa et al. 1985; Li and Canvin 1998; Maeda et al. 2002) and that
the rate of cyclic electron transport is higher under low CO:> condition (Deng et
al. 2003; Zhang et al. 2004). Causal relationship could be reverse, however, and
the increase in PSI due to energy requirement for CCM may be the first event,
and this, in turn, increase the activity of cyclic electron transport.

At all events, the results presented here show that the defects in CCM in
the ndhF3/F4 and ndhD3/D4 disruptants affect chlorophyll fluorescence
through the change in PSI stoichiometry. It should be also noted that the
difference between NPQpark and NPQrLrL became larger upon disruption of the
pmgA gene (Sonoike et al. 2001), which results in the insufficient suppression
of PSI content under high light condition (Hihara et al. 1998). Another
photosystem stoichiometry mutant, the disruptant of s///961 gene, was shown to
share many characteristics of chlorophyll fluorescence kinetics with the pmgA4
disruptant (Fujimori et al. 2005). Although the actual mechanism of the pmg4
gene or the s///961 gene function is still not known, PSI content is higher in
these mutants compared with the wild-type cells (Hihara et al. 1998; Fujimori et
al. 2005). Thus, the difference between NPQnpark and NPQrL seems to be useful
for the detection of the change in PSI content as well as any physiological
alteration that is accompanying the change in photosystem stoichiometry, such
as changes in CO2 availability.

The defects in NDH-1L and NDH-1L’ complexes by the disruption of
ndhF1 and ndhD1/D2 genes decrease both NPQpark and NPQrr due to the PQ
oxidation in the dark and in the light by the decreased activity of respiratory
electron transport (Fig. 11-2). Furthermore, (NPQpark-NPQrr)/NPQrr is small
in the ndhF1 and ndhD1/D2 disruptants (Figs. 11-2 and 5), suggesting the
small difference of the redox state of the PQ pool between in the dark and in the
light. On the other hand, the defect in NDH-1MS and NDH-1MS’ complexes due
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to the disruption of the ndhF3/F4 and ndhD3/D4 genes results in the large
difference between NPQpark and NPQrrL (Figs. 11-2 and 5), suggesting that
the PQ pool is oxidized only in the light. In this way, it would be possible to
judge which type of the NDH-1 complex is involved in a phenomenon by simply
measuring the two parameters, NPQpark and NPQrL.

It must be noted, however, that this type of evaluation is not valid when
several different cellular metabolic pathways are simultaneously altered. It was
pointed out that PFD that gives minimum N in the actinic light-dependent
curves of qN was proportional to growth PFD (Campbell and Oquist 1996) and
this seems to be due to the increased non-photochemical quenching under State
2 in the dark at least in part (Sonoike et al. 2001). Apparently, the growth light
condition significantly affects both photosynthesis and respiration, leading to
the altered redox condition of PQ and chlorophyll fluorescence. Increased
NPQpark of the cells grown under high light condition could be explained by the
relative increase of respiratory activity due to the suppression of
photosynthesis under high light. The difference between NPQpark and NPQvrr is
larger in the cells grown under high light condition than in the cells grown
under moderate light condition (Sonoike et al. 2001). This is rather hard to
explain, since PSI/PSII ration must be lower in the cells grown under high light
condition (Hihara and Sonoike 2001). High light response of cyanobacteria is
quite complicated phenomenon involving many acclimatory processes
(Muramatsu and Hihara 2012) and dissection of such complicated processes are
apparently not possible by the simple comparison of the two chlorophyll

fluorescence parameters.

Growth pH affects light-response of NPQ through the change in
photosystem stoichiometry

Increase of the PSI content induced by the disruption of ndhF3/F4 genes
is less obvious when cells were grown at alkaline pH at 9 (Fig. 11-4B, green
diamonds). Apparently, the increased supply of the inorganic carbon as a form
of HCO3™ must relieve the cells from insufficient CO; availability caused by the
gene disruption. On the other hand, elevation in growth pH did not much affect
the PSI content in the wild-type cells (Fig. 11-4B). Since the wild-type cells
could utilize CO;, as inorganic carbon source for photosynthesis in contrast to

the case of the ndhF3/F4 disruptant, it is natural to assume that increased
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supply of HCO3™ due to elevation in pH did not have great influence on the
availability of inorganic carbon in the case of the wild-type cells. These results
suggest that the availability of inorganic carbon, not pH or concentration of
CO; itself, is the factor that regulates stoichiometry of PSI.

The elevation in growth pH did not affect a light-response of NPQ in the
wild-type cells (Fig. 11-3B). This is apparently consistent with the report that
CO;2 supply does not affect the typical pattern of qN versus light where N
decreases to a minimum around growth light condition (Campbell and Oquist
1996). In the case of CCM mutants, however, situation seems to be different.
Light response of NPQ is altered by the disruption of ndhF3/F4 and ndhD3/D4
genes, and the change was further modified by the shift of pH from 8 to 9 (Figs.
11-2 and 3B). Apparently, the amount of available inorganic carbon affects the
light response curve of NPQ only when cells cannot utilize CO> by the defects
in CO; uptake. Synechocystis sp. PCC 6803 possesses five systems for inorganic
carbon acquisition (Price et al. 2008); two CO2 uptake systems (Shibata et al.
2001) and three HCO3" transporters (Omata et al. 1999; Shibata et al. 2002;
Price et al. 2004). Use of mutants defective in these systems for inorganic
carbon uptake, together with the different growth condition of pH or CO>
concentration, would enable us to analyze the effects of inorganic carbon
uptake on cyanobacterial photosynthesis, and for that purpose, determination of
NPQpark and NPQrr would be a rapid method to monitor the effects on

photosynthesis non-destructively.

Materials and Methods

Strains and growth conditions

The wild-type cells and the ndh gene disruptants of Symechocystis sp.
PCC 6803 were grown at 30°C in BG11 medium, buffered with 20 mM TES-KOH
(pH 8.0) or 20 mM CHES-KOH (pH 9.0) and bubbled with air for 24 h under
continuous illumination using fluorescent lumps from two sides. PFD of the
growth light was determined with a light meter (L1-250, LI-COR Biosciences).
Growth light PFD was 50 umol m™2 s! when determined by a flat sensor
(QUANTUM, LI-COR Biosciences) facing to one side, which corresponds to

2

120 pmol m™2 s°! determined by a spherical micro-sensor (US-SQS/L, Walz) to
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detect the light from all directions. The ndhFI disruptant was constructed by
transposon mutagenesis and conferred resistance to chloramphenicol (Ozaki et
al. 2007). Other ndh gene disruptants, a kind gift from Professor Teruo Ogawa,
were constructed by inserting cassettes that confer resistance to several
different antibiotics (Ohkawa et al. 2000b). The constructs used to generate
single mutants were also used to generate double mutants (Ohkawa et al. 2000a;
Bernat et al. 2011). The ndhDIl and ndhD2 genes double disruptant (the
ndhDI1/D2 disruptant), the ndhD3 and ndhD4 genes double disruptant (the
ndhD3/D4 disruptant) and the ndhF3 and ndhF4 genes double disruptant (the
ndhF3/F4 disruptant) were resistant to kanamycin/chloramphenicol,
kanamycin/spectinomycin and kanamycin/hygromycin, respectively, and were
maintained in the presence of appropriate antibiotics. Concentration of the
antibiotics in the culture medium is as follows: Chloramphenicol at 25 pg ml™!,
kanamycin at 20 pug ml™!, spectinomycin at 20 pg ml'! or hygromycin at 20 pg
ml-!. The antibiotics were added to the pre-culture medium but not to the

culture medium used for the measurements of chlorophyll fluorescence.

Chlorophyll fluorescence measurements

Chlorophyll fluorescence was measured as described in Ogawa et al.
2013 using a pulse-amplitude chlorophyll fluorometer (WATER-PAM, Walz).
The peak wavelength of the measuring light LEDs is 650 nm and that of the
actinic light LEDs is 660 nm. The maximum fluorescence of light-acclimated
cells (Fm’) and the maximum fluorescence determined in the presence of DCMU
(Fm) were used for calculation of NPQ as (Fm-Fm’)/Fm’ (Bilger and Bjorkman
1990). A 0.8 s pulse of saturating light from 660 nm LEDs was given to
determine Fm’ after illumination by actinic light for 150 s. PFD of the actinic
light was determined in a cuvette filled with water wusing a spherical
micro-sensor (US-SQS/L, Walz) with a light meter (LI-250, LI-COR
Biosciences). Fm was measured in the presence of 20 puM DCMU with
illumination by the actinic light and the saturating light. The response of NPQ
to the actinic PFD (Fig. I1-1) was measured with changing in actinic light
intensity continuously from dark to high light. NPQ in the dark was determined
by the second saturating pulse applied after 150 s following the first pulse in
the dark, in order to make the interval of the saturating pulse constant between

the measurements in the dark and in the light.
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Fluorescence emission spectra determined at 77 K

The ratio of PSI/PSII was estimated by 77 K fluorescence emission
spectra measured as described in Ogawa et al. 2013 using a fluorescence
spectrometer (FP-8500, JASCO) with a low temperature attachment (PU-830,
JASCO). The cells were illuminated by white light from a light source (Cold
Spot, PICL-NRX, Nippon P. I.) in the presence of 10 uM DCMU for 10 min prior
to the measurements. PFD of the illumination was determined as 550 pmol m™2
s’! by a flat sensor (QUANTUM, LI-COR Biosciences) with a light meter
(LI-250, LI-COR Biosciences). The samples were excited by the light at 435 nm
for chlorophyll excitation with an excitation slit width of 10 nm. The ratio of
PSI/PSII was evaluated by the ratio of PSI fluorescence peak (Fpsi) and PSII

fluorescence peak (Fpsin).

Estimation of the chlorophyll content per cell

Chlorophyll content per cell was estimated by chlorophyll concentration
(ug ml') per OD of the cell suspension at 750 nm. Chlorophyll was extracted
into methanol and chlorophyll concentration (pg ml') was determined as
described in Grimme and Boardman 1972. The OD of the cell suspension at 750
nm and the absorbance of the chlorophyll solution at 665 nm were measured
with a spectrophotometer (V-650, JASCO).

Contents in Chapter II had been published in 2015 as a paper
titled “Dissection of respiration and photosynthesis in the
cyanobacterium Synechocystis sp. PCC 6803 by the analysis of
chlorophyll fluorescence” in Journal of Photochemistry and
Photobiology B: Biology 144: 61-67 (doi:
10.1016/j.photobiol.2015.02.005) by Elsevier.
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Problems and Its Solutions of Chlorophyll Fluorescence
Measurements in Cyanobacteria

Introduction

Chlorophyll fluorescence has been widely used to assess the condition of
photosynthesis mainly due to the non-destructive nature of the measurements
(Krause and Weis 1991; Govindjee 1995; Campbell et al. 1998). Since the yield
of fluorescence from Photosystem II (PSII) is much higher than that from
Photosystem I (PSI) at room temperature, total fluorescence mainly reflects the
condition of PSII. Chlorophyll fluorescence is high when the PSII electron
acceptor, Qa (Fig. 1 in General Introduction), is reduced, while it is low
when Qa is oxidized. In other words, under the latter condition where the PSII
reaction center is open, energy could be used for photosynthesis and the yield
of fluorescence is low (see Fig. 2 in General Introduction). Since
utilization of absorbed energy for photosynthesis could compete with heat
dissipation or fluorescence emission, the change in the yield of chlorophyll
fluorescence reflects that of photosynthesis or of heat dissipation. Thus, the
decrease in the yield of fluorescence (i.e. fluorescence quenching) could be
induced either by photochemical quenching due to energy utilization for
photosynthesis or by non-photochemical quenching due to energy dissipation as
heat. These two types of quenching can be distinguished by applying short
saturating pulses, which are too short to induce non-photochemical quenching
but are sufficient to reduce Qa fully and suppress photochemical quenching
(Schreiber et al. 1986; Krause and Weis 1991). In the absence of
non-photochemical quenching (e. g. as in dark-acclimation leaves of land
plants), the fluorescence yield is at its minimum (Fo) while the application of a
saturating pulse induces the maximum level of fluorescence (Fm), providing
information on the maximum photosynthetic efficiency of PSII as Fv/Fm
calculated as (Fm-Fo)/Fm (Kitajima and Butler 1975). Healthy plant leaves
always give Fv/Fm values of 0.8-0.85.

In the case of the cyanobacterium Synechocystis sp. PCC 6803, however,

the situation is quite different from that of land plants. Simple application of a
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saturating pulse to dark-acclimated cyanobacterial cells gives an apparent
Fv/Fm value of 0.4. In cyanobacteria, the respiratory electron transport chain
shares several components such as plastoquinone (PQ) with the photosynthetic
electron transport chain (Aoki and Katoh 1982; Peschek and Schmetterer 1982;
Fig. 4 in General Introduction), and the PQ pool is reduced even in the
dark-acclimated cells. The redox state of the PQ pool affects chlorophyll
fluorescence quenching in cyanobacteria, since the main component of
cyanobacterial non-photochemical quenching is not energy-dependent
quenching but the state transition (Campbell and Oquist 1996), which is
regulated by the redox state of the PQ pool (Mullineaux and Allen 1986). Thus,
State 2 is induced by the reduction of the PQ pool in dark-acclimated
cyanobacterial cells, and the maximum fluorescence level cannot be obtained by
dark acclimation, in contrast to the case of land plants. In the case of
cyanobacteria, Fm should be determined under illumination in the presence of
DCMU, which inhibits electron transfer from Qa to Qg (see Fig. 1 in General
Introduction), thus oxidizing the PQ pool to eliminate the reducing pressure
from respiratory electron transport (Campbell and Oquist 1996), resulting in
State 1. On the other hand, the fluorescence level in the dark has often been
regarded as Fo in cyanobacteria as well as in land plants, although
photochemical quenching must be partly suppressed and State 2 partly induced
in the dark due to the reduction of the PQ pool. In fact, under background
illumination of weak blue light, which preferentially excites PSI, the yield of
minimum fluorescence was higher than in the dark, and application of a
saturating pulse also gave a higher yield of maximum fluorescence under
background weak blue light than in the dark (Schreiber et al. 1995; El Bissati et
al. 2000; see also Fig. 111-1), suggesting suppression of State 2 by background
weak blue light. The result shows that background weak blue light might be
necessary to obtain the ‘true’ Fo in cyanobacteria.

Evaluation of photosynthetic conditions by chlorophyll fluorescence
measurement becomes further complicated due to the influence of respiration in
cyanobacteria. I have reported that the photosynthetic electron transport rate
evaluated by chlorophyll fluorescence measurement is underestimated due to
reduction of the PQ pool by respiration in Synechocystis sp. PCC 6803 (Ogawa
et al. 2013; sece also Figs. I1-1 and 2 in Chapter I). This indicates that the

influence of respiration on photosynthesis would disturb the precise estimation
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of photosynthesis by chlorophyll fluorescence measurements in cyanobacteria.
Furthermore, the presence of a large amount of phycobilins, which are highly
fluorescent even under functional conditions, also leads to the misevaluation of
photosynthesis. The influence of fluorescence from phycobilins on the
chlorophyll fluorescence measurement would not be negligible in cyanobacteria.
It has been reported that the minimum chlorophyll fluorescence level in the
dark is dependent on the phycocyanin/chlorophyll ratio, and in an extreme case,
the minimum fluorescence is very low in a mutant of Synechococcus sp. PCC
7942 lacking phycocyanin (Campbell et al. 1998). Similar low chlorophyll
fluorescence in a phycobilisome-less mutant was also reported in Synechocystis
sp. PCC 6803 (EI Bissati and Kirilovsky 2001). As a result, the values of the
photosynthetic parameters estimated from chlorophyll fluorescence yield
changed according to the change in phycocyanin content (Campbell et al. 1998;
El Bissati and Kirilovsky 2001). Furthermore, fluorescence from PSI
chlorophyll might also affect the fluorescence signals in cyanobacteria, since
PSI generally binds up to 90% of the total chlorophyll and the contribution of
PSI to the total fluorescence signals is much higher in cyanobacteria than in
land plants (Campbell et al. 1998).

A similar problem is also observed in land plants, albeit to a lesser
extent. At wavelength longer than 700 nm, PSI significantly contributes to the
level of fluorescence even in land plants (Genty et al. 1990; Pfiindel et al. 2013).
It was reported that the influence of non-photochemical quenching on the
minimum fluorescence emission at 730 nm is smaller than that at 690 nm in
Hordeum vulgare due to a higher contribution of PSI fluorescence in the longer
wavelength region (Genty et al. 1990). To correct the influence of PSI
fluorescence, Pfiindel et al. (2013) compared the determined quenched
minimum fluorescence (Fo’) level and the estimated Fo’ level calculated by the
equation developed by Oxford and Baker (1997). By assuming that the
difference between the two values came from the PSI fluorescence level, they
estimated the contribution of PSI fluorescence, which turned out to be about
25% of total fluorescence in C3 plants (Pfiindel et al. 2013). Theoretically, this
method could also be applied for the estimation of the contribution of the
phycobilins and PSI fluorescence in cyanobacteria. In non-diazotrophic
cyanobacteria, which cannot utilize molecular dinitrogen, the degradation of

phycobilisome is induced under nitrogen-deficient conditions, a phenomenon
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that is called bleaching or chlorosis because of the yellow color of the cell
culture (Allen and Smith 1969; Grossman et al. 1993). Although the
phycobilisome contents were reported to change dynamically upon nitrogen
starvation in cyanobacteria, it was virtually impossible to estimate the
efficiency pf PSII photochemistry under nitrogen starvation by chlorophyll
fluorescence measurements. This problem might be solved by the estimation of
the basal fluorescence level from phycobilisomes and PSI.

In this chapter, I tried to exclude the factors which disturb the
chlorophyll fluorescence measurements. Background illumination with weak
blue light during the measurements relieved the influence of respiratory
electron chain on chlorophyll fluorescence. Furthermore, I estimated the
contribution of the basal fluorescence by applying the method of Pfiindel et al.
(2013) to the cyanobacterium Synechocystis sp. PCC 6803 grown in the
presence of various concentrations of nitrogen. When the levels of Fo under
weak blue light and Fm under illumination in the presence of DCMU were
corrected for the basal fluorescence in the calculation of the chlorophyll
fluorescence parameters, the ‘true’ maximum quantum yield of PSII was around
0.8 under nitrogen-sufficient conditions, which was similar to the value
observed in land plants. The results indicate that subtraction of basal
fluorescence from phycobilins or PSI is essential for the precise evaluation of

the photosynthetic condition of cyanobacterial cells.

Results

The levels of chlorophyll fluorescence were compared in the cells of the
cyanobacterium Synechocystis sp. PCC 6803 dark-acclimated for 10 min and
those under weak background illumination with blue light (Fig. IIl-1 and
Table I11-1). The minimum fluorescence and maximum fluorescence upon a
saturating pulse were higher in the cells under weak blue light than those in the
dark, suggesting that the chlorophyll fluorescence was already quenched in the
dark (Schreiber et al. 1995; El Bissati and Kirilovsky 2001). The cause of this
quenching in the dark was ascribed to the reduction of the PQ pool by
respiratory NAD(P)H dehydrogenase (NDH) complexes (Mi et al. 1992; Mi et al.
1994). Application of weak blue light preferentially excites PSI, oxidizes the

PQ pool and eliminates the quenching of chlorophyll fluorescence, since PSI
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generally binds up to 90% of the total chlorophyll in cyanobacteria. On the

‘! induced non-photochemical

other hand, strong blue light at 740 umol m™2 s
quenching due to the photoprotective system regulated by the orange carotenoid
protein (OCP) (Wilson et al. 2006; Kirilovsky 2007). Since NPQ, a chlorophyll
fluorescence parameter reflecting non-photochemical quenching, showed a
minimum value under approximately 60-70 pmol m™2 s' (Fig. 111-2), I used

blue light at 70 umol m™2 s! to oxidize the PQ pool without significant

fluorescence quenching by OCP. A similar weak blue light at 80 pmol m™2 s°!
was also used for the induction of State 1 in the absence of chlorophyll
fluorescence quenching due to OCP (Wilson et al. 2006; Kirilovsky 2007).
When cells were illuminated with background weak blue light (70 umol m-2 s°!)
during the measurement, difference in ®psi;, a parameter representing effective
quantum yield of electron transfer through PSII, between the wild-type cells
and the ndhF1 disruptant (sece Fig. 1-1 in Chapter 1) was smaller than that in
the absence of background blue light (Fig. I11-3). This suggests that
background illumination with weak blue light relieves influence of respiratory
chain on photosynthesis and that it is useful for eliminating the influence of
respiration on chlorophyll fluorescence measurements. The observed effect of
weak blue light was, however, much larger at the maximum fluorescence level
(14-18% change) than at the minimum fluorescence level (3.0-3.7% change
(Table 111-1). [ have assumed that this discrepancy could be partly ascribed to
the ‘basal fluorescence’ from phycobilins or PSI chlorophylls. In the presence
of substantial basal fluorescence, quenching of fluorescence should be
underestimated more in terms of the minimum fluorescence than the maximum
fluorescence, since the relative contribution of the basal fluorescence is smaller

in the fluorescence at the maximum level.
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Fig. I11-1 A typical example of the measurements of fluorescence levels
presented in Table I11-1. Fluorescence level was recorded along with
the time course (black solid line) by using a PAM fluorometer. Black
inverted triangles represent the time of the illumination with saturating
pulse to determine maximum fluorescence level (represented by red
circles). Minimum fluorescence level was determined just before the
application of the saturating pulses (blue circles). Green dashed line
indicates the fluorescence level determined under illumination in the
presence of DCMU. Bars on the top represent the light regime during the
measurement; black, blue or red bar represents dark, illumination with

weak blue light or illumination with actinic light, respectively.

Table I11-1 Minimum or maximum fluorescence levels normalized by

chlorophyll concentration.

L Minimum Maximum
Condition
fluorescence level fluorescence level
Dark acclimated 91.2 £ 6.1 159 £ 5
Under weak blue light 94.2 + 6.5 184 £ 8
Light/DCMU - 194 + 9
Calculated Fo'* 84.9 + 4.9 -

*Calculated according to Equation 1 (see also Oxborough & Baker 1997).
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Fig. 111-2 The response of NPQ, a
chlorophyll fluorescence parameter
calculated as (Fm-Fm’)/Fm, to the
photon flux densities of blue light.
Cells were grown under
nitrogen-sufficient conditions for
24 h. Averages +£SD for three

independent cultures are presented.

Fig. 111-3 The response of ®psy; to
the photon flux densities of actinic
light in the wild-type cells (black
circles) and the ndhF1 disruptant
(red triangles). Cells were dark
acclimated for 10 min prior to the
measurements (open symbols), or
illuminated with background weak
blue light (70 umol m™2 s°!') prior to
the measurements as well as during
the measurements (closed
symbols). Averages =SD for three
independent cultures are presented.
Data of open symbols are taken
from Ogawa et al. 2013 (see also
Fig. I-1 in Chapter I).
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I tested this hypothesis using the equation to estimate the Fo’ value from
Fo, Fm and Fm’ values developed by Oxborough and Baker (1997).

Fo

Fo =
© = Fv/Fm + Fo/Fm’

(1)

This equation is based on the assumption that Fo or Fm is quenched to
the level of Fo’ or Fm’, respectively, by the same increase in the rate of thermal
decay. Application of this equation to cyanobacteria is not so simple, since the
fluorescence level of cyanobacterial cells was already quenched in the dark, as
mentioned above. Thus, the fluorescence level of the dark-acclimated cells
could not be used as the Fo value. Here I regarded the minimum fluorescence
level under weak blue light as Fo, and that in the dark as quenched Fo’.
Similarly, I regarded the maximum fluorescence level obtained in the presence
of DCMU under actinic light as Fm, and that in the dark as quenched Fm’. The
theoretical Fo’ level calculated from the Fo value under weak blue light, the Fm
value under illumination in the presence of DCMU and the Fm’ value in the dark
appeared to be smaller than the observed Fo’ determined in the dark (Table
I11-1). Pfiindel et al. (2013) explained the difference between measured Fo’ and
calculated Fo’ in Arabidopsis thaliana and Zea mays by the presence of PSI
fluorescence. They introduced the term of PSI fluorescence into Equation 1 and
estimated the contribution from PSI fluorescence. Following the method of
Pfiindel et al. (2013), I assumed that this difference is caused by the basal
fluorescence from phycobilins and/or PSI chlorophyll. On such an assumption,
the magnitude of the basal fluorescence (defined as ‘f° herein) could be

estimated by solving the equation below:

Fo—f

Fo = = R /tFm =) + (Fo — P/ (Fm — )

(2)

It must be noted that all the variables except for f can be directly
measured and that this equation can be solved for f by an analytical method as
in the following (see also Pfiindel et al. 2013).

_ Fo'Fm — FoFm' — J(Fm —Fo)(Fm' — Fo')(Fo — Fo')(Fm — Fm'")
B (Fm—Fm') — (Fo—Fo')

(3)

To verify this hypothesis, the cellular phycobilin content was modified
by changing the nitrogen availability in the growth culture of the

cyanobacterium. The phycocyanin content per cell declined along with the
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decrease in the concentration of nitrogen in the growth medium, while the
chlorophyll content was less affected (Fig. I11-4A) as reported carlier (Allen
and Smith 1969; Grossman et al. 1993; Salmon et al. 2013). Since the
phycocyanin/chlorophyll ratio decreased with decreasing nitrogen
concentration (Fig. 111-4B), the basal fluorescence must also decrease. It
seems that this was the case, and the decrease of the basal fluorescence was
clearly observed wunder low phycocyanin/chlorophyll conditions, 1i.e.
nitrogen-deficient conditions (Fig. I1l1-5), indicating the validity of Equation
2 in cyanobacteria as well as in land plants. It must be noted that photosystem
stoichiometry, i.e. the PSI/PSII ratio, was more or less constant regardless of
the nitrogen concentration in the growth medium (Fig. I11-6), in accordance
with earlier reports on the photosystem stoichiometry in the absence of nitrogen
(Li and Sherman 2002; Sato et al. 2008). Thus, the contribution of the PSI
fluorescence to the basal fluorescence should be rather limited. Furthermore,
the basal fluorescence was almost negligible in the cells with the lowest amount
of phycocyanin (Fig. I11-5). It seems that most of the basal fluorescence in
cyanobacteria could be attributed to the fluorescence from phycobilins under
the experimental conditions in this study.

Presumably reflecting the decrease of fluorescence from phycobilins, the
Fo under weak blue light and Fm under illumination in the presence of DCMU
also significantly  decreased along with the decrease of the
phycocyanin/chlorophyll ratio, due to a high (>60%) contribution of
fluorescence from phycobilins (Fig. 1I1-7, filled symbols). However, when
‘true’ Fo and Fm values were calculated by subtracting basal fluorescence as
Fo-f and Fm-f, the effect of the phycocyanin/chlorophyll ratio was much smaller
than the apparent Fo and Fm especially in the case of Fo-f (Fig. I11-7, open
symbols). The correction using Equation 2 therefore appears to be necessary to

estimate the ‘true’ Fo values for cells with different contents of phycocyanin.
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Fig. 111-4 Change in the content of photosynthetic pigments due to
nitrogen deficiency. (A) Absorption spectra of cells grown with different
nitrogen concentrations for 48 h. The optical densities of the cell
cultures at 750 nm were adjusted to 0.2 for the measurements. A black
line, blue line or red line represents cells grown in growth medium
containing 0.247, 0.0247 or 0.00 g 1!, respectively. (B) The
phycocyanin/chlorophyll ratio of cells grown with different nitrogen

concentrations for 24 or 48 h.

100k '. | Fig. III-5 The relationship
L , between the change in the basal
[T /
Py o®™g | fluorescence f, calculated from
o // .
§ ° ’,fo 1 Equation 2, and the
@ /,f. 1 phycocyanin/chlorophyll ratio of
2 ._,,/’/ | the cells grown with different
=0 ¢0-———9 . .
‘_J-’, ° ® { nitrogen concentrations
3 (R2=0.867).
o)
-
f—

°

o 5 10

Phycocyanin/Chl

54



Fesi/Fesi

©

200

Fluoresgence level
o
o

10

5
Phycocyanin/Chlorophyll

10

Chapter Il

Fig. [I11-6 The relationship
between the ratio of the peak height
of PSI fluorescence and PSII
fluorescence (Fpsi/Fpsir), an index
for the PSI/PSII ratio, and the ratio
of phycocyanin and chlorophyll of
the cells grown with different
nitrogen availability. Fpsi/Fpsi1 was
calculated from the chlorophyll
fluorescence emission spectra of
cells determined at 77 K. Cells
were illuminated by white light in
the presence of DCMU for 10 min
prior to the measurements to lock
the cells in State 1. Light at 435 nm
was used for the measurements to

excite chlorophyll preferentially.

Fig. [I11-7 The relationship
between the fluorescence levels
and the phycocyanin/chlorophyll
ratio of the cells grown with
different nitrogen concentrations.
Filled symbols, the observed
fluorescence levels; open
symbols, fluorescence levels
calculated by subtracting the
basal fluorescence f. Black
circles, observed Fo under weak
blue light or calculated Fo-f; red
diamonds, observed Fm wunder
illumination in the presence of
DCMU of calculated Fm-f.
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As regards the values of conventional Fv/Fm calculated as apparent
(Fm-Fo)/Fm, they did not show a clear tendency in the course of the decrease in
the phycocyanin/chlorophyll ratio during nitrogen starvation (Fig. I111-8A). On
the other hand, the rate of photosynthesis estimated on an O» evolution per
chlorophyll basis in the presence of bicarbonate as an electron acceptor was
reported to decrease to 50% upon nitrogen starvation (e.g. Li and Sherman
2002). This discrepancy could also be ascribed to the presence of basal
fluorescence. Cells under nitrogen-sufficient conditions contains a large
amount of phycocyanin, and the calculation of Fv/Fm would be underestimated
due to the influence of basal fluorescence on Fm but not on Fv [please note that
both Fm-Fo and (Fm-f)-(Fo-f) are the same Fv]. On the other hand, Fv/Fm would
not be affected very much by basal fluorescence in the case of cells that were
grown under nitrogen-deficient conditions with minimum phycocyanin. To
eliminate such interference from the basal fluorescence, Fv/(Fm-f) was plotted
against the phycocyanin/chlorophyll ratio, instead of apparent Fv/Fm. The
value of Fv/(Fm-f) in cells grown under nitrogen-sufficient conditions was
around 0.8 (Fig. 111-8B), and comparable with the values observed in land
plants (Krause and Weis 1991; Campbell et al. 1998). It was also revealed that
Fv/(Fm-f) declined with a decrease in the phycocyanin/chlorophyll ratio under
nitrogen-deficient conditions (Fig. 111-8B). This result indicates that
Fv/(Fm-f) is much more appropriate for the measure of the actual quantum yield
of PSII than the conventional Fv/Fm.

To explore the cause of the reduced quantum yield of PSII, the
reoxidation kinetics of Qa~ were compared between cells grown under
nitrogen-sufficient condition and nitrogen-deficient conditions (Fig. 111-9).
The rate of the initial decrease of chlorophyll fluorescence, which represents
the rate of electron transfer from Qa to Qg (Krause and Weis 1991), was not
much affected by the nitrogen starvation, while the relative amplitude of the
fast decay component decreased by 23% in cells grown under nitrogen-deficient
conditions (Fig. 111-9, open symbols; Table 111-2). In the presence of DCMU,
an inhibitor of electron transport from Qa to Qg, the slow component due to
recombination between Qa~ and the donor side of PSII appeared (Vass et al.
1999). There was no obvious difference in these slow fluorescence decay
kinetics between cells grown under nitrogen-sufficient and nitrogen-deficient

conditions (Fig. I11-9, filled symbols; Table I11-2). These results indicate
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that nitrogen starvation partly affects the photochemistry of PSII but the large
decrease of quantum yield of PSII, Fv/(Fm-f) (Fig. 111-8B), could not be

explained by the change observed here.
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Fig. 111-8 The relationship between maximum quantum yield of PSII and
the phycocyanin/chlorophyll ratio of the cells grown in the culture

medium with different nitrogen concentrations. (A) Conventional Fv/Fm.

(B) Calculated Fv/(Fm-f) subtracting the basal fluorescence level. Fo

was measured under illumination by weak blue light,

and Fm was

measured under illumination in the presence of DCMU to eliminate the

influence of respiration.
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Fig. 111-9 Reoxidation kinetics of
Qa™ in the absence (open symbols)
or presence of DCMU (filled
symbols) of the cells grown under
nitrogen-sufficient conditions
(black circles) or
nitrogen-deficient conditions (red
diamonds) for 24 h. The level of the
data point at 5 s and the level of the
peak were regarded as 0 and 1,
respectively, for normalization of
the fluorescence signals. Results
are averages of measurements of

three independent cultures.

I11-2 Lifetime and amplitude of each component of the

fluorescence decay kinetics shown in Fig. 111-9.

Growth Condition

Relative

Component Lifetime

amplitude (%)

+N

No addition

+DCMU

No addition

+DCMU

Fast
Middle
Slow
Middle
Slow
Fast
Middle
Slow
Middle

Slow

0.53 + 0.06 (ms) 78.0 2.3
6.98 £ 0.91 (ms) 9.63 = 0.77
1.47 £ 1.42 (s)  5.93 £ 1.10
256 £ 51 (ms) 16.4 + 3.4
1.08 £ 0.06 (s) 83.0 = 2.8
0.52 + 0.12 (ms) 60.6 + 7.5
33.2 £ 23.7 (ms) 8.83 + 4.06
1.37 £0.39 (s)  29.0 + 5.4
160 = 53 (ms)  20.9 + 8.4
0.91 £0.21 (s) 76.7+9.4
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Discussion

Background weak blue light illumination as a procedure to
determine Fo and Fm in cyanobacteria

Fo and Fm are the two parameters most easily determined in the dark in
land plants, making the parameter Fv/Fm=(Fm-Fo)/Fm useful for the quick
assessment of the photosynthetic condition. Fo can be measured as the level of
fluorescence of the leaves that have been dark acclimated, and application of a
saturating pulse under such conditions would give the Fm value, since the PQ
pool could be fully oxidized after the appropriate dark acclimation. The
situation for cyanobacteria is totally different because of the presence of
respiratory electron transport reducing the PQ pool in the dark (Hirano et al.
1980; Schreiber et al. 1995; Campbell and Oquist 1996). Dark acclimation of
cyanobacterial cells does not oxidize the PQ pool but rather reduces it. Light
illumination in the presence of DCMU is necessary to obtain the Fm value in
cyanobacteria (Campbell and Oquist 1996; Campbell et al. 1998; Sonoike et al.
2001). It was reported that blue light illumination at low intensities, which
preferentially excites PSI, gave an Fm value similar to the values obtained in
the presence of DCMU (EI Bissati et al. 2000; El Bissati and Kirilovsky 2001),
and could be also used to obtain the Fm value. In this study, I examined the
difference in Fm values measured under blue light illumination or in the
presence of DCMU. The maximum fluorescence level under illumination of
weak blue light was slightly but significantly lower (4.4-6.8%, Table 111-1)
than that under illumination in the presence of DCMU. The result suggests that
the weak blue light in the conditions in this study predominantly excites PSI but
slightly excites PSII as well. I use the value obtained in the presence of DCMU
as Fm hereafter.

In some earlier studies, fluorescence parameters such as Fv/Fm were
calculated based on the ‘precise’ Fm value that was determined in the presence
of DCMU, as described above (Campbell and Oquist 1996; Campbell et al.
1998; El Bissati et al. 2000). Even in those studies, however, the fluorescence
level determined in the dark-acclimated cells was used as Fo. This would not be
correct, at least in theory, since the Fo level should be quenched to the Fo’ level

when the PQ pool is reduced. Actually, the increase in the fluorescence level
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was observed upon weak blue light illumination in the dark-acclimated
cyanobacterial cells (Schreiber et al. 1995; El Bissati et al. 2000; El Bissati and
Kirilovsky 2001; Wilson et al. 2006; Jallet et al. 2012). I also observed a 3%
increase of the fluorescence level upon weak blue light illumination (Table
I11-1), suggesting the quenching of Fo to Fo’ in the dark. This level of Fo under
weak blue light may not be accurate due to the possible excitation of PSII as
observed in the case of Fm. Unfortunately, the use of DCMU would not be a
solution to the problem, since Qa is reduced in the presence of DCMU, resulting
in decreased photochemical quenching while Fo requires maximum
photochemical quenching by definition. Here, I assumed that the Fo level under
weak blue light could be used as a proxy of the ‘true’ Fo. Two Fo’ levels can be
calculated by Equation 1 from the two corresponding Fm’ values, one under
weak blue light and the other in the presence of DCMU. The difference in the
two Fo’ levels is only 0.65-0.84%, which is much smaller than the original
difference of Fm’ (4.4-6.8%). Thus, the Fo level under weak blue light could be
used as the ‘true’ Fo with an error of <1%. I use the value obtained under weak
blue light as Fo hereafter.

Although I used only one cyanobacterial species, Synechocystis sp. PCC
6803, in this study, it is known that the degree of state transition and redox
state of the PQ pool in the dark varies among different cyanobacterial species,
presumably due to a difference in the activity of respiratory electron transfer.
Even if the cells are grown at the same temperature under the same photon flux
density, some cyanobacteria show a highly reduced PQ pool and are in State 2 in
the dark while others show an almost oxidized PQ pool and are in State 1 in the
dark, resulting in different levels of state transition. However, a comparative
study using six cyanobacterial species showed that the relationship between the
redox state of the PQ pool and state transition was actually identical under weak
light in the range between dark and growth light, irrespective of the PQ redox
condition in the dark (Misumi et al. 2016). I presume that background weak
blue light could be commonly used for the estimation of the Fo level in most of
the cyanobacterial species, although the quenched level of Fo’ could only be

determined in the dark-acclimated samples in limited cyanobacterial species.
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The method to estimate f‘true’ Fo and Fm levels in
cyanobacteria

As mentioned above, the observed difference between the Fo’ level in the
dark and the Fo level under weak blue light (3%) is far smaller than the
difference between the Fm’ level in the dark and the Fm level observed under
weak blue light (16%). This controversy prompted me to assume a disturbance
of the chlorophyll fluorescence measurements by the large basal fluorescence
due to phycobilins in cyanobacteria. In this study, I estimated the contribution
of basal fluorescence using Equation 2, which introduces basal fluorescence f
into Equation 1 as in Pfiindel et al. (2013). Upon application of Equation 2 to
cyanobacteria, I used the dark-acclimated level of fluorescence Fo’ or Fm’, not
Fo or Fm, for the reasons described above. The estimated basal fluorescence f
showed a strong correlation with the phycocyanin/chlorophyll ratio (R?=0.867,
Fig. I11-5) indicating that the basal fluorescence is useful as an index for
estimating the level of fluorescence from phycobilins. The contribution of the
estimated basal fluorescence f to the Fo level was more than 60% in the cells
grown under nitrogen-sufficient conditions (see Fig. 111-7), while the
estimated contribution of PSI fluorescence to the Fo level in 4. thaliana or in Z.
mays was only 24% or 50%, respectively (Pfiindel et al. 2013). So the effect of
the basal fluorescence on the calculation of the chlorophyll fluorescence
parameter should be much larger in cyanobacteria than in land plants. Indeed,
the difference between the ‘apparent’ Fv/Fm and ‘true’ Fv/Fm is 4% or 14% in 4.
thaliana or Z. mays, respectively (Pflindel et al. 2013), while it was up to 50%
in Synechocystis 6803 cells containing large amount of phycocyanin (Fig.
I11-8A, B). It must be noted that the ‘true’ value of Fv/Fm corrected for the
basal fluorescence, i.e. Fv/(Fm-f), was around 0.8 under nitrogen-sufficient
conditions (Fig. I11-8B), which is comparable with the value of Fv/Fm in land
plants. The result indicates that the main cause of the low Fv/Fm value observed
in cyanobacteria is the basal fluorescence from the phycobilins. In addition to
the phycobilins, PSI fluorescence also potentially contributes to the basal
fluorescence in cyanobacteria in spite of its low yield at room temperature
(Krause and Weis 1984; Krause and Weis 1991), since the PSI/PSII ratio is
much higher in cyanobacteria than in land plants and >90% of chlorophyll
molecules are bound on PSI (Campbell et al. 1998). However, the PSI/PSII ratio

was not affected much under nitrogen-deficient conditions (Fig. I11-6). The

61



Chapter 11l

contribution of PSI fluorescence to basal fluorescence f seems to be negligible
in cyanobacteria, presumably due to the low yield of chlorophyll fluorescence.

In any event, the assumption of basal fluorescence in combination with
weak blue light excitation employed in this study enables us to calculate ‘true’
Fo and Fm values, provided that the background weak blue light illumination
and the addition of DCMU is possible. The latter requirement may be
dispensable, since Fm values could also be estimated under weak blue light
illumination if we allow a 5% error level as described above. It has not been
possible to compare the absolute values of Fv/Fm between land plants and
cyanobacteria, with the only exception of phycobiline-less cyanobacteria
mutants (EI Bissati and Kirilovsky 2001), but my method makes it possible to
estimate the absolute values of Fv/Fm in cyanobacteria containing different

quantities of phycocyanin.

Nitrogen deficiency lowers the maximum quantum yield of PSII

The effect of nitrogen deficiency on photosynthetic electron transport is
somewhat controversial. There are reports that the rate of photosynthetic
oxygen evolution is decreased by nitrogen deficiency (Collier et al. 1994; Gorl
et al. 1998; Li and Sherman 2002; Krasikov et al. 2012). For example, it was
reported that the rate of Oz evolution (in the presence of bicarbonate as an
ultimate electron acceptor) decreased to about 50% when cells were grown in
nitrogen-depleted medium (Li and Sherman 2002). It was suggested that the
decrease in the photosynthetic oxygen evolution is primarily caused by the
decline in CO:2 fixation and photosynthetic electron transfer retains its
functionality, based on the results showing that cells under nitrogen-sufficient
conditions and those under nitrogen-deficient conditions showed no difference
if methyl viologen (MV), an artificial electron acceptor from PSI, was used to
monitor the rate of photosynthetic electron transfer (Krasikov et al. 2012).

On the other hand, there are several works reporting a decrease in Fv/Fm
under nitrogen-deficient conditions (Sauer et al. 2001; Salomon et al. 2013).
Since these values were determined in the dark where the PQ pool is reduced
due to respiration, the reported decrease in the ‘apparent’ Fv/Fm do not
necessarily indicate the decrease in the maximum quantum yield of PSII under
nitrogen-deficient conditions. To my knowledge, my study is the first attempt to

determine the ‘true’ Fv/Fm value in cells grown under nitrogen-deficient
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conditions. The results presented here clearly indicate that nitrogen deficiency
lowers the ‘true’ Fv/Fm to half of the original value (Fig. I111-8B). The result
agrees well with the 50% decrease observed in Oz evolution upon nitrogen
deficiency (Li and Sherman 2002), although the effect of nitrogen deficiency
would not be so simple as described above (Krasikov et al. 2012). It must be
noted that a significant change in the ‘apparent’ Fv/Fm was not observed under
nitrogen starvation (Fig. II1-8A), suggesting that the ‘apparent’ Fv/Fm was
underestimated under nitrogen-sufficient conditions due to the basal
fluorescence from phycocyanin. As mentioned in the previous section, due to a
large contribution of the basal fluorescence to fluorescence signals in
cyanobacteria, subtraction of the basal fluorescence is essential to estimate the
change in the maximum quantum yield of PSII in the presence of a large amount
of phycobilins by chlorophyll fluorescence measurements. For the estimation of
PSII efficiency of the cells with different phycobilisome contents by
chlorophyll fluorescence measurements, it is necessary to use Fv/(Fm-f) instead
of the conventional Fv/Fm.

In contrast to the case of nitrogen deficiency, loss of phycobiliproteins
by deletion of genes encoding allophycocyanin subunits increases the value of
the ‘apparent’ Fv/Fm measured under weak blue light illumination (Ajlani and
Vernotte 1998; El Bissati and Kirilovsky 2001). Apparently, the PSII reaction
center is intact in this case, and the change in the ‘apparent’ Fv/Fm value
measured under weak blue light simply reflected that the change in basal
fluorescence is due to the decrease in the phycobilisome content. Thus, the
cause of the decrease in the ‘true’ Fv/Fm in cells grown under
nitrogen-deficient conditions (Fig. [111-8B) should be ascribed to the
impairment of PSII reaction centers but not to the degradation of phycobilins.
Since fluorescence decay kinetics are not greatly affected by the nitrogen
deficiency in both the absence and the presence of DCMU (Fig. 111-9; Table

I111-2), the main cause of the decrease in PSII quantum yield is not clear.

Materials and Methods

Strains and growth conditions
The wild-type cells of Synechocystis sp. PCC 6803 were grown at 30°C
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in BG11 medium, buffered with 20 mM TES-KOH (pH 8.0) and bubbled with air
for 24 or 48 h under continuous illumination using fluorescent lamps from two

‘I when

sides. The photon flux density of the growth light was 120 umol m™? s
measured by a spherical micro-sensor (US-SQS/L, Walz) with a light meter
(LI-250, LI-COR Biosciences) inside the growth bottles. To examine the effect
of nitrogen-deficient conditions, cells were grown with BG1l medium with
reduced NaNO3 contents (0.0494, 0.0247, 0.0173, 0.0124, 0.00741, 0.00247 or
0.00 g nitrogen 1°!'; the original BG11 medium contains 0.247 g nitrogen 1°').
For cultures under nitrogen-deficient conditions, cells were spun down with a
centrifuge (MX-305, TOMY) at 15,000 r.p.m. for 6 min and then suspended in
BG11 medium without NaNO3. This procedure was repeated once more, and then

cells were transferred to BG11 medium with the respective NaNO3 content.

Pulse amplitude chlorophyll fluorescence measurements
Chlorophyll fluorescence was measured using a pulse amplitude
modulation fluorometer (WATER-PAM, Walz). Cell cultures with an optical
density of 0.2 at 750 nm were used for the measurements. The optical density of
the cell cultures was determined by a spectrophotometer (V-650, JASCO). Cells
were dark-acclimated for 10 min prior to the measurement. After illumination
by red measuring light for 1 min, the fluorescence level was determined and this
level was regarded as Fo’ in the dark (please note that it is not Fo), since State 2
was induced in the dark in cyanobacteria. A 0.8 s saturating light pulse from
660 nm light-emitting diodes (LEDs) was given to determine the maximum
fluorescence level under this condition, which was correspondingly regarded as
Fm’ in the dark (not Fm). After Fo’ and Fm’ were determined, Fo, the minimum
fluorescence level under conditions where photochemical quenching was fully
induced and State 2 was suppressed, was determined under illumination (70
umol m™2 s') with blue light LEDs peaking at 460 nm for 5 min. Fm, the
maximum fluorescence level under conditions where photochemical quenching
and State 2 were suppressed, was measured under illumination with actinic light
LEDs peaking at 660 nm in the presence of 20 uM DCMU as described in Ogawa
et al. (2013). The photon flux density of the blue light was determined in a
cuvette filled with water using a spherical micro-sensor (US-SQS/L, Walz) with
a light meter (LI-250, LI-COR Biosciences). For calculation of NPQ as

(Fm-Fm’)/Fm’ (Bilger and Bjorkman 1990), the maximum fluorescence level in
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the dark or under illumination of blue light was used for Fm’, and that measured

under illumination in the presence of DCMU was used for Fm.

Reoxidation kinetics of Q,°

Reoxidation kinetics of Qa~ were measured by using a double-modulated
chlorophyll fluorometer (FL200/PS, Photon System Instruments) with no
addition or in the presence of 10 uM DCMU. The chlorophyll concentration of
the cell suspension was adjusted to 2 pg ml'. Prior to the measurements, cells
were dark-acclimated for 5 min. The cells were illuminated with a 30 pus
single-turnover flash for the reduction of Qa, and subsequent reoxidation
kinetics were monitored for 60 s. The measurement of each independent culture

was repeated four times.

Absorbance spectra

Absorbance spectra of the intact cells were obtained with a
spectrophotometer (V-650, JASCO) equipped with an integrating sphere
(ISV-722, JASCO) as described in Ogawa et al. (2013). Concentrations of
phycocyanin and chlorophyll estimated from the absorbance spectra (Arnon et

al. 1974) were used to evaluate the phycocyanin/chlorophyll ratio.

Estimation of the chlorophyll content per cell

Chlorophyll in cells was extracted into methanol, and the chlorophyll
concentration (pg ml') was determined as described in Grimme and Boardman
(1972). The chlorophyll concentration divided by the optical density of the cell
suspension at 750 nm was used as the measure of the chlorophyll contents per
cell (Ogawa and Sonoike 2015).

Chlorophyll emission spectra determined at 77 K

The PSI/PSII ratio was estimated from chlorophyll fluorescence
emission spectra determined at 77 K as described in Ogawa et al. (2013) and
Ogawa and Sonoike (2015) using a fluorescence spectrometer (FP-8500,
JASCO) with a low temperature attachment (PU-830, JASCO). Cells were
illuminated by white light (50 pmol m™2 s’!) from a light source (Cold Spot,
PICL-NRX, Nippon P. I.) in the presence of 10 uM DCMU for 10 min prior to

the measurement to block the cells in State 1. The samples were excited by light
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at 435 nm with an excitation slit width of 10 nm. The PSI/PSII ratio was
evaluated by dividing the height of the PSI fluorescence peak (Fpsi) by that of
the PSII fluorescence peak (Fpsii).

Contents in Chapter III had been published in 2016 as a paper
titled “Effects of bleaching by nitrogen deficiency on the
quantum yield of photosystem II in Synechocystis sp. PCC 6803
revealed by chlorophyll fluorescence measurements” in Plant &
Cell Physiology 57: 558-567 (doi: 10.1093/pcp/pcw010) by
Oxford University Press.
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General Discussion

Characteristics of photosynthesis is largely modified by the
interaction among cellular metabolic pathways in
cyanobacteria

Cyanobacteria are supposed to be the evolutional origin of chloroplasts
(Giovannoni et al .1988), and photosynthetic machinery is well conserved
between cyanobacteria and land plants (Renger and Renger 2008). As
prokaryotes, however, cyanobacteria have no organelle, and photosynthesis
coexists with other metabolic pathways within a cell. Thus, all the
cyanobacterial cellular metabolic pathways must have some kind of interaction
with photosynthesis. In other word, photosynthesis in cyanobacteria could be
largely modified by the condition of other metabolic pathways, which is quite
different from the case in land plants.

I examined the influence of the defect in respiration (Chapter I,
Ogawa et al. 2013) or that in CO2 concentrating mechanism (Chapter I11;
Ogawa and Sonoike 2015) on photosynthetic condition in the cyanobacterium
Synechocystis sp. PCC 6803 wusing chlorophyll fluorescence and other
spectroscopic measurements as well as electrochemical measurements. I
demonstrated that respiration affected photosynthesis through the redox state of
the plastoquinone (PQ) pool, resulting in the change of energy distribution
between Photosystem II (PSII) and Photosystem I (PSI) (Chapter I). On the
other hand, CO: concentrating mechanism affected the PSI stoichiometry
through the content of available inorganic carbon source for the cells
presumably accompanying the change in gene expression (Chapter Il). These
results indicate that the mechanism, by which photosynthesis is affected by
other metabolic pathways, is totally different between the case of respiration
and that of CO2 concentrating mechanism: respiration affects the redox state of
the PQ pool through the change of short-term response, while CO:
concentrating mechanism affects the photosystem stoichiometry through the
change of long-term acclimation.

The difference in the mode of interaction could explain the difference in
the influence on chlorophyll fluorescence measurement between respiration and

CO:2 concentrating mechanism: respiration disturbs chlorophyll fluorescence
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measurement while CO2 concentrating mechanism does not. Since the change in
condition of respiration is reflected in the short-term response mechanism of
photosynthesis, the interaction between respiration and chlorophyll
fluorescence could be dynamically changed along with the change in measuring
conditions such as photon flux density of actinic light (Campbell and Oquist
1996). On the other hand, the change in the condition of CO;, concentrating
mechanism, which is involved in the long-term acclimation accompanying the
change in gene expression, would not much affect the chlorophyll fluorescence
measurement.

I also found that not only disruptions of genes involved in metabolic
pathways but also those of coding aminoacyl-tRNA synthase involved in the
translation could affect photosynthesis through the change in the stromal redox
status (i.e. the ratio of NADPH/NADP"), resulting in the change of the
appearance time of the first peak in the dark-light induction curve of
chlorophyll fluorescence. The results presented here indicate that
photosynthesis in cyanobacteria would be performed in accordance not only

with other metabolic pathways but also with virtually every biological reaction.

Problems in the application of chlorophyll fluorescence
measurements to cyanobacteria

Chlorophyll fluorescence reflects the condition of photosynthesis and
can be quite easily determined, so that it has been widely used to evaluate the
photosynthesis in the fields of plant physiology, ecology and microbiology
(Krause and Weis 1991; Govindjee 1995). However, the situation in
cyanobacteria is sometimes more complicated than in land plants due to the
influence of the interaction among cellular metabolic pathways (Campbell et al.
1998). Other than the influence of respiration discussed above, fluorescence
from phycobilisome or PSI would cause the misevaluation of photosynthesis by
chlorophyll fluorescence measurement (Campbell et al. 1998). In this study, I
developed the methods to precisely evaluate photosynthesis without
disturbances from respiration or from phycobilin fluorescence, and revealed
that the value of Fv/Fm, a most frequently used fluorescence parameter
representing photochemical efficiency of PSII, was similar between
cyanobacteria and land plants. Thus, the longstanding discrepancy between

apparent large difference in Fv/Fm and quite conserved PSII reaction centers
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has been finally dispelled by the careful examination of the procedure of the
chlorophyll fluorescence measurements.

The effect of other metabolic pathways than photosynthesis on
chlorophyll fluorescence measurement, on the other hand, can be used to
evaluate the condition of such metabolic pathways. For example, disruption of
many genes, which are not directly involved in photosynthesis, resulted in the
changes in dark-light induction curve of chlorophyll fluorescence in the
cyanobacterium Synechocystis sp. PCC 6803 (Ozaki et al. 2007). I also showed
that the condition of respiration or CO: concentrating mechanism could be
estimated solely by the measurements of NPQ, the chlorophyll fluorescence
parameter reflecting the redox state of PQ pool in cyanobacteria (Campbell and
Oquist 1996; Ogawa and Sonoike 2015; Fig. 11-2 in Chapter 1l). Needless to
say, it is not easy to evaluate the condition of metabolism only by chlorophyll
fluorescence, since the interactions among metabolic pathways in a
cyanobacterial cell is complicated. Chlorophyll fluorescence measurement is
just one of the methods for evaluating the condition of metabolism. For example,
let's consider the effect of the changes in aminoacyl-tRNA synthase on
photosynthesis. As mentioned above, I found that disruption of genes encoding
aminoacyl-tRNA synthase affected photosynthetic electron transport chain
possibly through the change in the stromal redox state. Although this peculiar
discovery was based on the detailed examination of the chlorophyll
fluorescence, other experimental technique was necessary to reveal the
mechanism of the influence of translation on photosynthesis. Chlorophyll
fluorescence measurement is a non-destructive and easy method, and it is
suitable for the first step of analysis. I believe that my results obtained here
certainly contribute to such application of chlorophyll fluorescence
measurements for the analysis of interaction among cellular metabolic pathways

in cyanobacteria.
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