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Various oxygen-utilizing electron sinks, including the soluble ﬂavodiiron proteins (Flv1/3), and the membrane-localized
respiratory terminal oxidases (RTOs), cytochrome c oxidase (Cox) and cytochrome bd quinol oxidase (Cyd), are present in the
photosynthetic electron transfer chain of Synechocystis sp. PCC 6803. However, the role of individual RTOs and their relative
importance compared with other electron sinks are poorly understood, particularly under light. Via membrane inlet mass
spectrometry gas exchange, chlorophyll a ﬂuorescence, P700 analysis, and inhibitor treatment of the wild type and various
mutants deﬁcient in RTOs, Flv1/3, and photosystem I, we investigated the contribution of these complexes to the alleviation of
excess electrons in the photosynthetic chain. To our knowledge, for the ﬁrst time, we demonstrated the activity of Cyd in oxygen
uptake under light, although it was detected only upon inhibition of electron transfer at the cytochrome b6 f site and in Δﬂv1/3
under ﬂuctuating light conditions, where linear electron transfer was drastically inhibited due to impaired photosystem I
activity. Cox is mostly responsible for dark respiration and competes with P700 for electrons under high light. Only the
Δcox/cyd double mutant, but not single mutants, demonstrated a highly reduced plastoquinone pool in darkness and
impaired gross oxygen evolution under light, indicating that thylakoid-based RTOs are able to compensate partially for each
other. Thus, both electron sinks contribute to the alleviation of excess electrons under illumination: RTOs continue to function
under light, operating on slower time ranges and on a limited scale, whereas Flv1/3 responds rapidly as a light-induced
component and has greater capacity.
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Cyanobacteria (oxygenic photosynthetic bacteria)
inhabit a range of highly variable aquatic and terrestrial
environments, which are diverse in light and in the
availability of nutrients. With the exception of Gloeobacter
spp., all cyanobacteria contain a series of internal thylakoid membranes, where a photosynthetic electron
transport chain is localized. This electron transport
chain consists of four major protein complexes: PSII,
cytochrome b6 f (Cyt b6 f), PSI, and ATP synthase, similar to that of eukaryotic photosynthetic organisms (Fig.
1). The photosynthetic electron transfer chain provides
energy (ATP) and reducing equivalents (reduced ferredoxin and NADPH) for carbon anabolism and other
vital processes.
Following the absorption of photons by the large
external light-harvesting antenna, the phycobilisome,
the excitation energy is directed to the reaction centers
of PSII and PSI, where charge separation occurs. In PSII,
this process is followed by splitting of water to molecular oxygen and protons, which are released into the
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Figure 1. Schematic diagram of the thylakoid membrane-localized photosynthetic and respiratory electron transfer chains. Lines
indicate electron transport; dotted lines indicate possible but poorly characterized electron transfer and proton pathways. Cox,
Cytochrome c oxidase; Cyd, cytochrome bd quinol oxidase; Cyt c6, cytochrome c6; Fd, ferredoxin; Flv2/4, flavodiiron proteins
2/4; Flv1/3, flavodiiron proteins 1/3; FNR, ferredoxin-NADP+ oxidoreductase; NDH-1, NAD(P)H dehydrogenase-like complex
type 1; NDH-2, NAD(P)H dehydrogenase type 2; Pc, plastocyanin; PQ, plastoquinone; PQH2, plastoquinol; SDH, succinate
dehydrogenase.

lumen, and extraction of electrons for the reduction
of P680+. Electrons ejected from P680, the primary
donor of PSII, are forwarded to pheophytin, then to
PQ molecules, QA and QB. Following double reduction and protonation, PQH2 diffuses from the QB
pocket into the membrane. PQH2 is oxidized by Cyt
b6 f, resulting in proton translocation to the lumen
and electron transfer to the lumen-localized soluble
electron carriers, Pc and Cyt c6. These small proteins
donate electrons to P700+, the oxidized primary
electron donor of PSI. Electrons extracted from P700
during charge separation are transferred via a chain
of cofactors incorporated in PSI to ferredoxin, a soluble
electron carrier on the cytosolic side of the thylakoid
membrane. The ferredoxin:NADP + oxidoreductase
concludes the linear electron transport chain by catalyzing the formation of NADPH. A proton gradient
established during photosynthetic electron transfer is
used by ATP synthase for the production of ATP.
In the model cyanobacterium Synechocystis sp. PCC
6803 (hereafter Synechocystis), the thylakoid membrane
is the site not just of photosynthesis but also of respiration (for review, see Vermaas, 2001; Mullineaux,
2014a; Lea-Smith et al., 2016). The respiratory electron
transfer chain transfers electrons extracted from organic
molecules into the PQ pool. NAD(P)H dehydrogenaselike complex type 1 (NDH-1), succinate dehydrogenase
(SDH), and possibly one to three different NDH-2s may
participate in PQ pool reduction (Mi et al., 1992; Howitt
et al., 1999; Cooley et al., 2000; Ohkawa et al., 2000).
PQH2 oxidation can then occur via either Cyt b6 f or
respiratory terminal oxidases (RTOs). In Synechocystis,
the cytochrome bd quinol oxidase (Cyd), encoded by
cydAB, reduces oxygen with electrons presumably taken
directly from the PQ pool (Berry et al., 2002). Although
Cyd does not pump protons across the membrane, it
contributes to the thylakoid membrane potential by releasing protons from PQH2 oxidation into the lumen and
by generating water using protons removed from the
cytoplasm (for review, see Hart et al., 2005). The aa3-type
cytochrome c oxidase (Cox) complex, encoded by
coxBAC, is situated only in the thylakoid membrane
and can accept electrons from Pc and Cyt c6 (Howitt

and Vermaas, 1998; Nomura et al., 2006; Lea-Smith et al.,
2013). Therefore, Cyt b6 f, the PQ pool, and Pc/Cyt c6 are
shared by both the photosynthetic and respiratory
electron transfer chains (Scherer, 1990). Cox is present
in all cyanobacteria sequenced thus far (Pils and
Schmetterer, 2001; Lea-Smith et al., 2013). Based on
similarity with better characterized aa3-type Cox complexes from other bacteria, Cox can potentially couple
the transfer of electrons to oxygen with the translocation of protons across the membrane (Iwata et al., 1995;
Brändén et al., 2006).
An additional electron transport chain is localized in
the cytoplasmic membrane, which lacks Cox (Huang
et al., 2002) and Cyt b6 f (Schultze et al., 2009). This
simpler pathway consists of electrons donated to PQ
by NDH-2 and/or SDH, followed by transfer from
PQH2 to RTOs. Localization of Cyd in the thylakoid
membrane has been conﬁrmed, but this complex also
may be present in the cytoplasmic membrane (Howitt
and Vermaas, 1998; Berry et al., 2002). Another RTO,
the alternative oxidase complex (ARTO), encoded by
ctaCIIDIIEII, probably oxidizes the PQ pool and has
been localized only to the cytoplasmic membrane in
Synechocystis (Huang et al., 2002; Pisareva et al., 2007).
Thus, ARTO does not have a signiﬁcant impact on
photosynthetic electron transfer (Abramson et al.,
2000; Lea-Smith et al., 2013). However, a recent study
suggested a possible role for ARTO in reductive iron
uptake (Kranzler et al., 2014). An additional quinol oxidase, which is closely related to the plastid terminal
oxidase (PTOX) of plants, has been identiﬁed in a range
of cyanobacteria but is not present in Synechocystis
(McDonald et al., 2011).
The main role of RTOs is to provide metabolic energy
required during dark periods (Matthijs and Lubberding, 1988). RTOs are not essential in Synechocystis when
cells are subjected to continuous moderate or high light
(Howitt and Vermaas, 1998; Pils and Schmetterer, 2001;
Lea-Smith et al., 2013) or 12-h-dark/12-h-moderate
light (40 mmol photons m22 s21) cycle regimes (LeaSmith et al., 2013). However, the presence of Cox is
essential for viability under low light (Kufryk and
Vermaas, 2006), and the presence of at least one

1308

Plant Physiol. Vol. 171, 2016

Downloaded on April 20, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.

The Function of Terminal Oxidases in Cyanobacteria

thylakoid-based RTO (Cyd or Cox) is required for
survival under a 12-h-dark/12-h-high light (150 mmol
photons m22 s21) square cycle regime (Lea-Smith et al.,
2013).
Studies of RTO mutants by gas exchange under light
are complicated in oxygenic photosynthetic organisms
due to the oxygen-evolving activity of PSII and the
existence of other processes capable of oxygen photoreduction. The Flavodiiron proteins Flv1 and Flv3 are
responsible for the majority of oxygen uptake in the
light in cyanobacteria (Helman et al., 2003, 2005;
Allahverdiyeva et al., 2011; Ermakova et al., 2014).
These proteins likely form a functional couple (Flv1/3)
and reduce oxygen directly to water, conceivably using
NADPH formed as a result of linear electron transfer
(Vicente et al., 2002; Helman et al., 2003). Moreover,
cyanobacteria possess an active photorespiratory metabolism (Eisenhut et al., 2006, 2008), and photorespiratory oxygen uptake plausibly contributes to the
total oxygen uptake in the light and in particular during
inorganic carbon limitation (Allahverdiyeva et al.,
2011). Therefore, the roles of individual RTOs and their
relative importance compared with other electron sinks
under light conditions are poorly studied. In this work,
we used the wild type and various mutants of Synechocystis in combination with speciﬁc inhibitors targeting electron transfer chain components to address
the role of RTOs in the light. We demonstrate that Cyd
is the key RTO under light, capable of light-induced
oxygen uptake under suboptimal conditions. By contrast, Cox is responsible for the majority of dark respiration but also can contribute to the regulation of
electron ﬂow to PSI under light in speciﬁc cases.

RESULTS
Light-Induced Oxygen Uptake in Synechocystis Cells in
the Absence and Presence of Inhibitors

For a precise study of oxygen uptake in Synechocystis
cells, we used membrane inlet mass spectrometry
(MIMS) and 18 O 2 -enriched oxygen. In contrast to a
classical oxygen electrode, which only measures net
oxygen production under illumination, MIMS analysis
can differentiate between gross oxygen produced by
PSII and oxygen uptake under illumination based on
increase of 16O2 and decrease of 18O2, respectively, in the
reaction medium. When oxygen exchange was monitored in cultures during the dark-to-light (400 mmol
photons m 22 s 21) transition, the wild type demonstrated strong oxygen uptake of 34.6 6 6.7 mmol oxygen
mg21 chlorophyll [Chl] h21 under illumination, which
was drastically higher than the oxygen uptake of the
cells in darkness (8.3 6 1.2 mmol oxygen mg21 Chl h21;
Fig. 2; averaged values and SDs are provided in Table I;
Supplemental Fig. S1). The difference between light and
dark oxygen uptake rates is deﬁned as the lightinduced oxygen uptake rate. The Δﬂv1/3 mutant lacking the Flv1 and Flv3 proteins demonstrated a slightly

Figure 2. Rates of oxygen exchange in wild-type (WT) and Δcyd
mutant cells incubated in darkness for 5 min and then illuminated
with a strong white light (400 mmol photons m22 s21) for the next
5 min. Black bars and gray bars indicate the rates of total oxygen
uptake by cells in darkness and in the light, respectively; white bars
indicate the gross oxygen production rate. Measurements were
performed either in the absence of inhibitors (control) or in the
presence of 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone
(DBMIB) or DBMIB + 2-N-heptyl-4-hydroxyquinoline N-oxide
(HQNO). Values are means 6 SD; n = 3 to 5.

higher oxygen uptake rate in darkness than the wild
type (10.8 6 1.6 mmol oxygen mg21 Chl h21) and a
similar oxygen uptake rate in the light to that in darkness (Supplemental Fig. S1). Thus, a strong lightinduced oxygen uptake component observed in the
wild type was missing in the Δﬂv1/3 mutant. This was in
line with previous reports, demonstrating that oxygen
uptake in wild-type Synechocystis was strongly stimulated
in the light due to Flv1/3 activity occurring downstream
of PSI (Helman et al., 2003, 2005; Allahverdiyeva et al.,
2011, 2013, Mustila et al., 2016).
To investigate a possible role of RTOs functioning at
the PQ pool level and to exclude any contribution of
Flv1/3 to light-induced oxygen uptake, we performed
MIMS experiments in the presence of DBMIB, an inhibitor of PQH2 oxidation at the site of Cyt b6 f (Draber
et al., 1970; Yan et al., 2006). In wild-type cells, in the
presence of DBMIB, the dark oxygen uptake rate was
10.1 6 1.5 mmol oxygen mg21 Chl h21, whereas in the
light, the rate of total oxygen uptake was 2-fold higher
than that in darkness (21.1 6 2.8 mmol oxygen mg21 Chl
h21; Fig. 2; Table I). This demonstrates that a strong
light-induced oxygen uptake occurs in wild-type cells
in the presence of DBMIB. To clarify the origin of this
oxygen uptake, we supplemented the cells, in addition
to DBMIB, with 2,6-dichloro-p-benzoquinone (DCBQ),
an artiﬁcial acceptor of electrons from PSII (Graan and
Ort, 1986). Under these conditions, light-induced oxygen uptake was completely eliminated (Supplemental
Fig. S2A), implying strong competition between DCBQ
and an unknown acceptor that can mediate the lightdriven ﬂow of electrons to oxygen.
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Table I. Oxygen exchange rates of wild-type and mutant cells
Rates are in mmol oxygen mg21 Chl h21. Values are means 6 SD, n = 3 to 5. Asterisks indicate statistically significant differences compared with the
wild type (P , 0.05). N/A, not applicable.
Conditions

Control

Parameters

Oxygen uptake

Oxygen production
DBMIB

Oxygen uptake

Oxygen production
DBMIB + HQNO

Oxygen uptake

Components

Dark
Light induced
Total light
Gross
Net
Dark
Light induced
Total light
Gross
Net
Dark
Light induced
Total light

Importantly, in the presence of DBMIB, the gross oxygen evolution rate of wild-type cells decreased signiﬁcantly (from 193.3 6 20.1 mmol oxygen mg21 Chl h21 in
the control cells to 24.2 6 3.1 mmol oxygen mg21 Chl h21;
Fig. 2; Table I), becoming nearly equal to the total oxygen
uptake rate under the light. Consequently, the rate of net
photosynthesis in the presence of DBMIB was close to
zero (Table I).
Next, we used HQNO, an inhibitor of Cyd (Pils et al.,
1997). Supplementation of the DBMIB-treated cells with
HQNO also completely eliminated the light-induced
component of oxygen uptake (Fig. 2; Table I). Thus,
the rate of oxygen uptake was observed to be similar
between darkness and light, suggesting that Cyd is responsible for the light-induced fraction of oxygen uptake
under the studied conditions. The addition of HQNO
alone to the wild-type cells did not signiﬁcantly affect
total oxygen uptake under light (Supplemental Fig. S2B),
presumably due to the compensatory effect of other
oxygen-consuming pathways, such as Cox and Flv1/3.
It is important to note that the addition of DBMIB
also increased dark oxygen uptake in wild-type Synechocystis cells (from 8.3 6 1.2 to 10.1 6 1.5 mmol oxygen
mg21 Chl h21; Table I), which is in line with a previous
report (Zhang et al., 2013). This result raises the question of whether DBMIB itself could act as an electron
shuttle to oxygen (Bukhov et al., 2003; Belatik et al.,
2013), thus making interpretations difﬁcult. In order to
clarify the origin of increased oxygen uptake in the
presence of DBMIB, the wild-type cells were further
treated with KCN, which is an inhibitor of both Cyd
and Cox (Howitt and Vermaas, 1998). The addition of
KCN to the DBMIB-treated wild-type cells completely
abolished the light-induced component of oxygen uptake, suggesting a role for RTOs (Supplemental Fig.
S2C). However, oxygen uptake in darkness decreased
only slightly in the presence of KCN, demonstrating a
residual oxygen uptake with a rate of about 7.4 mmol
oxygen mg21 Chl h21 occurring similarly under both
darkness and light conditions in DBMIB-supplemented
cells (Supplemental Fig. S2C). This suggests the existence

Wild Type

Δcyd

Δcox

Δcox/cyd

8.3 6 1.2
26.3 6 6.9
34.6 6 6.7
193.3 6 20.1
158.6 6 19.3
10.1 6 1.5
11.6 6 2.3
21.5 6 2.8
24.2 6 3.1
2.9 6 0.2
12.9 6 0.3
N/A
12.3 6 0.6

5.1 6 0.8*
35.3 6 8.3*
40.5 6 7.5
190.7 6 26.4
150.3 6 19.2
13.1 6 1.3
N/A
7.0 6 0.8*
5.5 6 1.3*
N/A
11.3 6 3.5
N/A
7.0 6 1.1

3.5 6 0.5*
38.4 6 5.5*
41.5 6 5.1*
190.25 6 18.1
148.7 6 15.1
12.8 6 3.1
7.9 6 0.6 *
20.7 6 2.5
19.8 6 3.8*
N/A
10.9 6 3.9
N/A
10.8 6 3.4

0.3 6 0.2*
24.7 6 3.0
24.9 6 3.0
184.9 6 21.5
159.6 6 22.5
9.3 6 1.3
N/A
7.7 6 1.9*
2.75 6 0.4*
N/A
10.2 6 0.2*
N/A
9.8 6 0.5

of background oxygen uptake in the presence of DBMIB.
Importantly, this background oxygen uptake is insensitive to light and, therefore, would not affect the interpretation of light-induced oxygen uptake in the wild
type. To clarify further the effect of this compound, we
measured oxygen evolution rates of wild-type cells
supplemented with different DBMIB concentrations using
a Clark-type electrode. With increasing DBMIB concentrations, the net oxygen production decreased gradually
to almost zero at a concentration of 25 mM DBMIB
(Supplemental Fig. S2D), which is in line with the MIMS
experiments (Table I) and suggests that DBMIB acts as an
electron transfer inhibitor in Synechocystis cells. Our results
differ from those of Belatik et al. (2013), who described
high oxygen production rates even at low DBMIB
concentrations and concluded that DBMIB could act as
electron acceptor for PSII in spinach (Spinacia oleracea)
thylakoids. This discrepancy could be due to different
experimental setups and the different organisms used.

Light-Induced Oxygen Uptake in Synechocystis Cells
Deﬁcient in RTOs

In order to conﬁrm the results obtained with the inhibitors, we subjected mutants deﬁcient in Cyd, Cox,
and Cox/Cyd to MIMS analysis, ﬁrst in the absence of
inhibitors (Table I). Dark respiration was reduced in
the Δcyd and Δcox mutants and almost abolished in
Δcox/cyd. Interestingly, light-induced oxygen uptake
was signiﬁcantly higher in both the Δcyd and Δcox
mutants compared with the wild type, presumably
due to up-regulation of the other RTO pathway (Fig. 2;
Table I). In line with this, Δcox/cyd demonstrated nearly
similar light-induced oxygen uptake rates to the wild
type. Likewise, the total light oxygen uptake also was
increased in the single mutants, whereas a substantial
decrease was observed in Δcox/cyd compared with the
wild type. All RTO-deﬁcient mutants demonstrated
similar gross and net oxygen production rates to wildtype cells (Table I).
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In the presence of DBMIB, the rate of dark oxygen
uptake was similar between all strains, whereas the
light-induced oxygen uptake was completely inhibited
in the Δcyd and Δcox/cyd mutants and also signiﬁcantly
reduced in Δcox (Table I). Overall, this resulted in a
greatly reduced rate of total oxygen uptake under light
in Δcyd and Δcox/cyd but not in Δcox. DBMIB also
caused a drastic reduction in gross oxygen production
in Δcyd and Δcox/cyd, so that the rates were equal to the
total oxygen uptake rates under light, as observed in
wild-type cells. The addition of HQNO to the DBMIBtreated cells did not alter oxygen uptake rates in Δcyd
cells. Similar to the wild type, the addition of DBMIB
and HQNO to Δcox eliminated light-induced oxygen
uptake detected in the presence of DBMIB only. These
results correlated with the experiments performed on
wild-type cells with inhibitors and conﬁrmed that Cyd
is responsible for the majority of light-induced oxygen
uptake in the presence of DBMIB.

The Impact of RTOs under Fluctuating Light Conditions

It was reported recently that the Dﬂv1/3 mutant exposed to ﬂuctuating light (FL) conditions exhibited
extensive damage to PSI, a drastic decrease in net photosynthesis, and a KCN-sensitive component of lightinduced oxygen uptake (Allahverdiyeva et al., 2013).
To address a possible role of Cyd in light-induced oxygen
uptake under FL conditions, MIMS analysis was undertaken in wild-type and Δﬂv1/3 cells incubated under the
FL 20/500 regime (20 mmol photons m22 s21 background
light interrupted by 30-s pulses of 500 mmol photons m22
s21 light every 5 min) for 3 d. The samples were analyzed
either in the absence (control) or presence of HQNO,
following illumination of the cells with strong white light
of 400 mmol photons m22 s21. In wild-type cells, the
addition of HQNO did not signiﬁcantly affect the lightinduced fraction of oxygen uptake (Fig. 3). Interestingly,
the addition of HQNO to Δﬂv1/3 cells acclimated to FL
conditions resulted in an 86% inhibition of the lightinduced oxygen uptake rate, indicating a signiﬁcant
contribution of Cyd to oxygen uptake in the light.
To investigate further a possible role for Cyd and Cox
in the acclimation of cyanobacterial cells to FL, the
growth of RTO-deﬁcient mutants was monitored under
the FL 20/500 regime for several days. No signiﬁcant
differences were observed in the growth of the mutants
compared with wild-type cells (Fig. 4A). Previously, it
has been shown and we have also conﬁrmed that the
Δcox/cyd double mutant is not viable when subjected to
a 12-h-dark/12-h-high light (150 mmol photons m22 s21)
square-wave cycle regime (Lea-Smith et al., 2013;
Supplemental Fig. S3A). Interestingly, when the duration of alternating dark and high-light phases was decreased to 5 min (5 min of dark/5 min of high light at
200 mmol photons m22 s21), the Δcox/cyd mutant survived (Fig. 4B). However, the growth of this strain and
of the Δcox mutant was slower after 7 d compared with
the wild type and Δcyd.

Figure 3. Rates of total oxygen uptake in darkness (black bars) and in
the light (gray bars) in the wild type (WT) and Δflv1/3 acclimated for 3 d
to a fluctuating light FL 20/500 regime (20 mmol photons m22 s21 background light interrupted by 30-s pulses of 500 mmol photons m22 s21 light
every 5 min). Measurements were performed using MIMS on cells incubated in darkness for 5 min and then illuminated with a strong white
light (400 mmol photons m22 s21) for 5 min either in the absence (control)
or in the presence of HQNO. Values are means 6 SD, n = 3. The asterisk
indicates a statistically significant difference between measurement with
HQNO compared with control samples (P , 0.05).

Gas-Exchange Analysis of the PSI-Less Mutant

A possible role of RTOs in light-stimulated electron
transfer to oxygen in the PSI-less mutant (Shen et al.,
1993), which lacks functional PSI, also was studied by
MIMS gas-exchange analysis. The ΔPSI cells demonstrated strong light-induced oxygen uptake, which was
insensitive to HQNO. However, this could be completely abolished by the addition of KCN (Fig. 5). These
results indicated that, in the cells lacking functional PSI,
it is not Cyd but Cox that shuttles electrons to oxygen
during sudden, strong illumination.
Response of Photosynthesis in RTO-Deﬁcient Mutants to
Increasing Light Intensities

To characterize the impact of RTOs on photosynthetic electron transfer, rapid light curves, representing
the response of photosynthetic parameters to gradually
increasing light intensities, were recorded (Fig. 6).
During the experiment, the cells were illuminated with
actinic light of different intensities for 60 s, and a saturating pulse was applied at the end of each light period.
The Y(II) and the Y(ND) were speciﬁcally addressed to
monitor the status of the intersystem electron transfer
chain. The Δcox mutant was similar to the wild type in
the dynamics of Y(II), while Δcyd and Δcox/cyd demonstrated a decrease of Y(II) under increasing light intensities (Fig. 6A). In Δcyd cells, a decrease in PSII yield
was observed under light intensities ranging from 57 to
220 mmol photons m22 s21. The Δcox/cyd double mutant already displayed a decrease in PSII yield at the
lower light intensities, starting at 10 mmol photons
m22 s21 (Fig. 6A).
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exhibited light sensitivity under these conditions, and
all cultures reached a similar optical density at 750 nm
(OD750) after 2 d of growth.
Analysis of the PQ Pool Redox Status in RTO-Deﬁcient
Mutants in Darkness

Next, we studied the PQ pool redox state in RTOdeﬁcient mutants in darkness and under far-red (FR)
illumination using Chl ﬂuorescence analysis (Fig. 7).
The dark-adapted cells of the wild type, Δcox, and Δcyd
demonstrated similar levels of minimal ﬂuorescence
(F0) in the dark, whereas Δcox/cyd cells had a signiﬁcantly higher F0 level (Supplemental Table S1). Next, a
saturating pulse was applied to the cells to obtain the
maximum ﬂuorescence signal in darkness (FmD). All
strains demonstrated similar FmD values (Supplemental
Table S1). The double mutant retained a higher level of
ﬂuorescence in the dark compared with the wild type,
while the Δcox cells exhibited a slower relaxation of
saturating pulse-induced ﬂuorescence during the subsequent dark period (Fig. 7).

Figure 4. Growth of the Synechocystis wild type (WT) and RTOdeficient mutants under FL 20/500 (20 mmol photons m22 s21 background light interrupted every 5 min with 30-s high light pulses of
500 mmol photons m22 s21; A) or 5-min-dark/5-min-high light (200 mmol
photons m22 s21; B) square-wave cycles monitored by optical density (OD)
measurements at 750 nm. Values are means 6 SD, n = 3.

The dynamics of Y(ND) was again similar between
wild-type and Δcox cells: Y(ND) rose gradually as the
light intensity increased (Fig. 6B). Interestingly, in Δcyd
and Δcox/cyd mutant cells, Y(ND) rose faster than in the
wild type and signiﬁcantly exceeded the wild type
values at 58 mmol photons m22 s21 (Fig. 6B). However
under higher light intensities, starting from 220 mmol
photons m22 s21, there was a slight but statistically
signiﬁcant difference (P , 0.05) in Y(ND) between Δcyd
and Δcox/cyd. This result suggests that, under high
light, the reduced electron ﬂow to P700 in the Δcyd
mutant was presumably due to increased competition
for electrons between PSI and Cox. No signiﬁcant difference between the wild type and RTO-deﬁcient mutants was observed in acceptor side limitation of PSI [Y
(NA)] (Supplemental Fig. S4).
To investigate whether the sensitivity of the Cyddeﬁcient mutants to increasing light intensities would
affect the growth of cells under high light, we grew highly
diluted cultures of the wild type and RTO-deﬁcient mutants at a continuous light intensity of 500 mmol photons
m22 s21 (Supplemental Fig. S3B). None of the mutants

Figure 5. MIMS analysis of oxygen uptake by PSI-less mutant cells in
the absence (control) and presence of HQNO and HQNO plus KCN.
Oxygen uptake was monitored for 5 min in darkness and 5 min under a
light intensity of 150 mmol photons m22 s21. Arrows indicate the beginning of illumination. The slope of the curves does not provide a
precise quantitative measure of the rate of oxygen consumption until it
is corrected for the isotopic ratio (16O/18O).
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mutant immediately returned to its initial higher level,
demonstrating rapid reduction of the PQ pool in darkness. The Δcox cells demonstrated only a transient increase and subsequent relaxation of the ﬂuorescence level
after the termination of FR illumination.
Characterization of PSII Functional Status in RTODeﬁcient Mutants

To analyze in detail the functional status of PSII in
the RTO-deﬁcient mutants, the maximum quantum
yield of PSII was ﬁrst measured with the Dual-PAM
ﬂuorometer in the presence of 3-(3,4-dichlorophenyl)1,1-dimethylurea (DCMU). The values did not differ
signiﬁcantly between the wild type and mutants
(Supplemental Table S1). This is in line with the MIMS
data showing nearly similar gross oxygen production
in all studied RTO-deﬁcient mutants compared with
the wild type (Table I).
Next, the status of the PSII acceptor and donor sides
in these strains was precisely addressed by comparing
the relaxation kinetics of the ﬂash-induced ﬂuorescence
yield. Following a single-turnover ﬂash, relaxation of
the variable ﬂuorescence yield in darkness reﬂects the
QA2 reoxidation via forward QA-to-QB electron transfer
and back recombination with S2/3 states of the wateroxidizing complex of PSII. The ﬂuorescence relaxation

Figure 6. Rapid light curves of the wild type (WT) and RTO-deficient
mutants: effective yield of PSII [Y(II); A] and donor side limitation of PSI
[Y(ND); B]. Values are means 6 SD, n = 3. Asterisks indicate statistically
significant differences compared with the wild type (P , 0.05).

Due to the high ﬂow of electrons to the electron transport chain from respiratory complexes, cyanobacterial
cells are usually in state II during dark periods
(Mullineaux and Allen, 1986) and, therefore, demonstrate low FmD values. In order to induce a state II-tostate I transition, cells were then exposed to FR light for 8 s
to preferentially excite PSI and facilitate the oxidation of
the PQ pool. FR light application did not affect the ﬂuorescence level in the wild type and single mutants; however, it resulted in a sudden drop of ﬂuorescence in the
Δcox/cyd double mutant, to a level slightly above those of
wild-type and single mutant cells (Fig. 7). The FR lightmediated decrease of ﬂuorescence suggested a highly
reduced PQ pool in Δcox/cyd cells in darkness, which is in
agreement with an earlier study by Howitt et al. (2001).
When a saturating pulse was applied over an FR light
background, all strains demonstrated an increased maximum ﬂuorescence level (Fig. 7; Supplemental Table S1).
Afterward, the relaxation of ﬂuorescence was again
recorded in darkness. The ﬂuorescence levels of wild-type
and Δcyd cells dropped down to a value similar to their
initial F0 levels. The ﬂuorescence signal of the Dcox/cyd

Figure 7. Fluorescence analysis of wild-type (WT) and RTO-deficient
mutant cells. Fluorescence was recorded in darkness (F0; black bars on
the time scale) and under far-red (FR) light. Saturating pulses indicated
by flashes were fired to monitor FmD and maximum fluorescence level
under the FR background (FMFR). The values are provided in Supplemental
Table S1. Samples were adjusted to a Chl concentration of 15 mg mL21 and
dark adapted for 10 min before the measurements. A representative curve
of three independent experiments is shown. r.u., Relative units.
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kinetics was comparable for wild-type and Δcyd cells
(Supplemental Fig. S5A), while Δcox showed a slower
ﬂuorescence decay and the Δcox/cyd mutant demonstrated a drastically slower decay (Fig. 8A). These data
indicated modiﬁed electron transfer at the PSII acceptor
side in Δcox, which is exacerbated further in the Δcox/cyd
mutant cells. Interestingly, the ﬂuorescence relaxation
curve of Δcox/cyd displayed a slight wave phenomenon,
showing a dip at the time point of approximately 50 ms
and a transient rise of ﬂuorescence at about 1 s after the
ﬂash. Deák et al. (2014) recently observed a similar kinetics of ﬂuorescence relaxation in Synechocystis cells
when the electron ﬂow to oxygen was inhibited under
anoxic conditions. This was due to transient oxidation
of the highly reduced PQ pool by PSI, followed by its
rereduction from cytosolic components via the NDH-1
complex.
In order to clarify whether the slower relaxation kinetics of the Δcox and Δcox/cyd mutants was due to a

reduced PQ pool or to structural modiﬁcations in the
PSII complex, strong FR illumination was applied to cells
just before ﬂuorescence measurements. Preillumination
of the Δcox/cyd cells with FR light, preferentially exciting
PSI and thus oxidizing the PQ pool, signiﬁcantly accelerated the ﬂuorescence decay, bringing the curve closer
to that of Δcox cells (Fig. 8A). However, after 10 s of
darkness, the ﬂuorescence level of the Δcox/cyd cells
again started to increase. These results strongly suggest
that a slowdown of the QA reoxidation rate in Δcox/cyd
was predominantly due to a highly reduced PQ pool in
darkness. However, FR illumination did not signiﬁcantly affect the ﬂuorescence relaxation kinetics of the
Δcox cells (Supplemental Fig. S5B).
In the presence of DCMU, which blocks electron
transfer at the QB site, QA2 reoxidation occurs via charge
recombination with the donor side components, mostly
the S2 state of the water-oxidizing complex (Vass et al.,
1999). Interestingly, in the presence of DCMU, Δcox/cyd
still demonstrated slightly slower ﬂuorescence relaxation
compared with the wild type, likely indicating the accumulation of PSII centers with a modiﬁed donor side in
the mutant cells. The Δcox and Δcyd cells showed a similar relaxation kinetics proﬁle to the wild type (Fig. 8B).

The P700 Redox State in the RTO-Deﬁcient Mutants

The redox state of P700 was monitored during
dark-light-dark transitions by the application of strong
FR light (Fig. 9). The kinetics of P700 oxidation and
rereduction was similar between wild-type and Δcyd
cells. The Δcox mutant demonstrated a small lag phase
during the oxidation of P700 and faster rereduction
compared with the wild type. Drastically slower oxidation and faster rereduction were recorded for the
Δcox/cyd mutant as compared with the wild type and
single mutants (Fig. 9). This is in line with the ﬂuorescence analysis results, implying a highly reduced
PQ pool in Δcox/cyd cells in darkness. However, the
maximum amount of oxidizable P700 did not differ
signiﬁcantly between the wild type and RTO-deﬁcient
mutants (Supplemental Table S1).

The PSII-PSI Ratio in the RTO-Deﬁcient Mutants

Figure 8. Relaxation of the flash-induced fluorescence yield in darkness. QA2 reoxidation was monitored from dark-adapted wild-type
(WT; black squares), Δcox (red circles), Δcox/cyd (green diamonds), and
Δcox/cyd (purple diamonds) cells preilluminated with FR light for 30 s
(A) and in the presence of 20 mM DCMU (B). Values are means 6 SD,
n = 3. The F0 and Fm values were normalized to 0 and 1, respectively, to
facilitate comparison of the kinetics. r.u., Relative units.

In order to determine whether the modiﬁed redox
state of the PQ pool observed in the double mutant
during dark-to-light transitions affected energy transfer
between photosystems, the 77 K ﬂuorescence emission
spectra of the wild type and RTO-deﬁcient mutants was
analyzed. Spectra of mutant cells excited with either
440-nm (Chl excitation) or 580-nm (phycobilisome excitation) light did not differ from the wild-type spectra
(Supplemental Fig. S6), suggesting the absence of signiﬁcant changes in the PSII-PSI ratio and in energy
transfer from phycobilisomes to the reaction centers of
photosystems. In addition, total protein fractions were
isolated from the cells grown under continuous light
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Cyd Contributes to the Redox Poise of the PQ Pool
under Light

Figure 9. P700 oxidoreduction. P700 oxidation and rereduction in
wild-type and mutant cells was illuminated with strong FR light for 5 s.
Cells are as follows: wild type (black), Δcox (blue), Δcyd (green), and
Δcox/cyd (red). Curves were normalized to the same amplitude to facilitate comparison of the kinetics. Representative curves of three independent experiments are shown. r.u., Relative units.

(50 mmol photons m22 s21) and probed with a range of
antibodies. The amount of PsaB and PsbA (D1), proteins in the reaction centers of PSI and PSII, respectively, were similar between all strains (Supplemental
Fig. S7). Likewise, amounts of the ATP synthase
b-subunit and Flv2, Flv3, and Flv4 were similar between all strains.
DISCUSSION

The intersystem electron transport chain of photosynthetic organisms plays an important role the in
regulation of the photosynthetic apparatus. The Cyt b6 f
complex in higher plants is known to act in photosynthetic control, regulating electron ﬂow to PSI (Nishio
and Whitmarsh, 1993; Joliot and Johnson, 2011; Suorsa
et al., 2013). In Synechocystis, the presence of thylakoid
membrane-localized terminal oxidases, Cyd and Cox,
strongly suggests that RTOs may regulate the intersystem electron transport, not only under dark conditions but also during light periods. In Synechocystis, the
total oxygen uptake in the light could consist of two
components: the respiratory component and the lightinduced component. The respiratory component can be
detected in darkness but also could contribute to the
total oxygen uptake observed under light, whereas the
light-induced component can only be monitored upon
the application of light and is estimated by subtracting
the respiratory component from total oxygen uptake
under light. Shifting cells from darkness to dim light
is known to inhibit oxygen uptake by RTOs (Kok
effect), likely because of the higher afﬁnity of PSI for
electrons from Pc and Cyt c6 (Kok, 1949). However,
accurately determining the contribution of speciﬁc
respiratory RTOs to the total oxygen uptake under
moderate or high light is a challenge, mainly because
it is not known how their relative activity changes
under different conditions.

It was generally accepted that the addition of DBMIB
should maintain a reduced PQ pool during periods of
illumination by blocking electron transport at the site of
Cyt b6 f (Draber et al., 1970; Yan et al., 2006). Therefore,
in numerous studies, DCMU or DBMIB was added to
cyanobacterial cells in order to simulate either an oxidized or a reduced redox state of the PQ pool (Hihara
et al., 2003; Huang et al., 2003). However, recent data
obtained via HPLC demonstrated that, in wild-type
Synechocystis cells, the PQ pool is not as highly reduced during illumination in the presence of DBMIB
as previously thought (Schuurmans et al., 2014). Here,
we demonstrate that, following the inhibition of linear electron transport with DBMIB, wild-type cells of
Synechocystis are capable of light-induced oxygen uptake, indicating the presence of an alternative electron
exit route from the PQ pool to oxygen in the light (Fig.
2). The observed stimulation of oxygen reduction in the
light was completely missing after the addition of HQNO
to DBMIB-treated wild-type and Dcox cells as well as in
the Δcyd and Δcox/cyd cells subjected to DBMIB only
(Fig. 2; Table I). Thus, Cyd contributes to the lightinduced oxygen uptake observed in the wild type
when linear electron transport is limited.
Earlier studies already suggested that Cyd is involved
in the oxidation of the PQ pool (Schneider et al., 2001,
2004; Berry et al., 2002). However, those studies were
based on an indirect ﬂuorescence method. Through application of the 18O2 isotope and the MIMS technique, we
could directly demonstrate the oxygen uptake activity of
Cyd (Fig. 2) and also conﬁrmed that Cyd accepts electrons directly from the PQ pool, since the addition of
DCBQ eliminated Cyd-mediated light-induced oxygen
uptake (Supplemental Fig. S2A). In the presence of
DBMIB, the rates of total oxygen uptake in the light were
similar to the rates of gross oxygen production by PSII.
Therefore, the rate of net photosynthesis was close to
zero in the wild type and the single mutants (Table I).
Importantly, the gross oxygen production rates were
about 4 times higher in the wild-type and Δcox cells
compared with Δcyd and Δcox/cyd, suggesting that the
quinol-oxidizing activity of Cyd contributes to the alleviation of PSII acceptor side limitation and facilitates
gross oxygen production in the presence of DBMIB. This
is corroborated by earlier reports that demonstrated an
increased level of Cyd associated with an impairment of
the Cyt b6 f complex in mutants lacking LepB1 and PetC1
(Tsunoyama et al., 2009; Zhang et al., 2013).
A decrease of the effective PSII yield in the Δcyd and
Δcox/cyd mutant cells upon a sudden increase in light
intensity indicates that, in the absence of Cyd, electrons
accumulate in the PQ pool and affect the Y(II) levels
(Fig. 6A). These data also demonstrate that PQH2 oxidation by Cyt b6 f is the rate-limiting step in the linear
electron transport under suboptimal conditions. Conservation of the PQH2 oxidizing terminal oxidases,
Cyd, ARTO, or PTOX, in all sequenced cyanobacteria
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that are potentially exposed to high light further emphasizes the importance of an alternative electron exit
pathway to that provided by Cyt b6 f (Lea-Smith et al.,
2013). An example occurs in the marine cyanobacterium Synechococcus WH8102, which exhibits a signiﬁcant ﬂow of electrons to oxygen, likely via PTOX, and is
caused by the highly reduced state of the PQ pool due
to the shortage of Cyt b6 f and PSI in an iron-limited
environment (Bailey et al., 2008). Moreover, Δcyd develops high PSI donor side limitation more rapidly
under elevated light intensities (Fig. 6B), due to upregulated Cox activity, as shown by the increased
light-induced oxygen uptake rate in this strain (Table I).
Previous studies also suggest that the activity of RTOs
in the light might be regulated by the redox state of Pc
and Cyt c (in the case of Cox) and, plausibly, by the
redox state of the PQ pool (in the case of Cyd, PTOX,
and possibly ARTO; Ardelean and Peschek, 2011).

Interplay between Cyd and Flavodiiron Proteins

It is clear that both Flv1 and Flv3 are responsible for
the light-induced oxygen uptake in Synechocystis at least
during dark-to-high light transitions (Supplemental Fig.
S1; Helman et al., 2003; Allahverdiyeva et al., 2011).
Helman et al. (2005) estimated that, in low-CO2-grown
cells of Dﬂv3, RTOs redirect 6% of electrons originating
from water splitting to oxygen in the light. Thus, upon
the application of strong light, the mutant retains the
respiratory component of oxygen uptake driven by
RTOs as an alternative sink for light-driven electrons.
In agreement with this, under FL conditions, where
the electron transfer chain is drastically inhibited in
Δﬂv1/3 due to damage to PSI (Allahverdiyeva et al.,
2013), the Δﬂv1/3 mutant showed an HQNO-sensitive
light-induced oxygen uptake (Fig. 3). This is yet another
demonstration of Cyd-driven light-induced oxygen uptake when cells are grown under suboptimal conditions,
despite the absence of changes in cyd transcript level
under FL (Mustila et al., 2016).
It was reported previously that light-induced oxygen uptake in the Δﬂv1/3 cells under FL functioned at
full capacity when cells were exposed to background
dim light (20 mmol photons m22 s21) and that this did
not increase further upon the application of high-light
pulses. Therefore, Cyd cannot rescue the fatal Δﬂv1/3
phenotype (Allahverdiyeva et al., 2013). The unambiguous importance of Flv1 and Flv3 under FL indicates
that they function on a fast time scale downstream of
PSI and have a higher capacity as an electron sink
under these conditions compared with the RTOs. In
part, this could be due to the soluble nature of Flv1 and
Flv3, which would facilitate a rapid association with
NADPH and allow large amounts of protein to accumulate in the cytosol. In contrast, RTOs are membrane
localized and may be limited in number, due to the
highly crowded nature of the thylakoid membrane.
Following rapid light changes, a time-consuming redistribution of protein complexes occurs within the

membrane in order to facilitate efﬁcient electron transfer
(Liu et al., 2012; Mullineaux, 2014b).
Cox Is Mostly Active in Dark Respiration and Can Be
Substituted by Cyd under Light Conditions

The contribution of Cyd to dark respiration seems to
be minor, since the redox state of the PQ pool in Δcyd
cells was not affected in darkness, as conﬁrmed via
P700 oxidoreduction (Fig. 9), QA2 reoxidation kinetics
(Fig. 8; Supplemental Fig. S5), and ﬂuorescence analysis
(Fig. 7). However, the presence of Cyd was beneﬁcial in
Δcox cells under light, since QA2 reoxidation and the
P700 oxidoreduction kinetics differed signiﬁcantly between Δcox and Δcox/cyd cells (Figs. 8 and 9). In contrast to Δcyd, deletion of Cox drastically decreased the
rate of dark respiration (Table I; Pils et al., 1997; Howitt
and Vermaas, 1998; Pils and Schmetterer, 2001) and had
a prominent effect on the redox state of the PQ pool in
darkness (Figs. 7–9) but not under illumination (Fig. 6).
Therefore, in Synechocystis, Cox can be efﬁciently
substituted by Cyd under illumination. Nevertheless,
in the PSI-less mutant of Synechocystis, Cox instead of
Cyd was the main RTO shuttling electrons to oxygen in
the light (Fig. 5). Since Cox is required for chemoheterotrophic growth of Synechocystis (Pils et al., 1997) and
the PSI-less mutant grows in the presence of Glc under a
low light intensity of 5 mmol photons m22 s21, it is
highly possible that Cox is the main thylakoid-localized
RTO in this mutant. However, since the PSI-less mutant
is highly sensitive to light (Shen et al., 1993), the contribution of Cox as an electron shuttle to oxygen is likely
to be less efﬁcient compared with PSI activity, or this
could be a transient phenomenon. It is possible that,
under speciﬁc conditions, Cox also produces reactive
oxygen species via a mechanism similar to PTOX in
plants (Heyno et al., 2009; Feilke et al., 2014; Yu et al.,
2014), thereby generating oxidative damage to the cells.
On the other hand, rapid light curve analysis demonstrated a slight but signiﬁcant difference in Y(ND)
values between Δcyd and Δcox/cyd cells under higher
light intensities, indicating competition between PSI
and Cox for electrons in the Δcyd mutant (Fig. 6B). Thus,
both Cyd and Cox have a role in regulating the amount
of electrons arriving to PSI in the light, although Cox
activity increases only in the absence of Cyd.
The Role of RTOs in Dark/Light Transitions

Despite strong evidence for thylakoid-based RTOs
regulating photosynthetic electron ﬂow, deletion mutants do not demonstrate a strong photoautotrophic
growth phenotype under continuous moderate light
(Howitt and Vermaas, 1998; Lea-Smith et al., 2013),
high light (Supplemental Fig. S3B; Lea-Smith et al.,
2013), and FL (Fig. 4A) intensity regimes. Thus, it is
likely that when the Flv1/3 complex is functioning
properly under illumination, RTOs are not essential.
However, during periods of darkness, only RTOs can
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oxidize the PQ pool, as demonstrated by the Δcox/cyd
mutant having a drastically slower oxidation and faster
rereduction rate of P700 and slower QA2 reoxidation
kinetics in the dark (Figs. 7–9). Importantly, the PQ pool
in the double mutant could be immediately oxidized by
the application of strong FR light (Figs. 7 and 8) but not
by the application of low light. The latter result could be
concluded from a decreased Y(II) in the light curve
analysis at 10 to 30 mmol photons m22 s21 light intensity
(Fig. 6A). However, in the same experiment under
moderate and high light intensities, Δcox/cyd behaved
similarly to the Δcyd cells.
Either Cox or Cyd is required for the survival of cells
under 12-h-high light/12-h-dark square-wave cycles
(Supplemental Fig. S3A; Lea-Smith et al., 2013) but
interestingly not under 12-h-high light/12-h-dark
sinusoidal-wave cycles (Lea-Smith et al., 2013) or 5-minhigh light/5-min-dark square-wave cycles (Fig. 4B).
Therefore, the importance of RTOs seems to depend on
both the length of the dark and light periods and the
amount of photodamage occurring during the light
period. Indeed, signiﬁcant reactive oxygen species production and inactivation of the PSII complex were
observed in the double mutant subjected to 12-h-high
light/12-h-dark square-wave cycles only at the end of a
long dark period, possibly due to an insufﬁcient amount
of ATP for PSII repair and an overreduced PQ pool
(Lea-Smith et al., 2013). Under 12-h-high light/12-h-dark
sinusoidal-wave cycles, (1) cells are not subjected to
rapid high-light exposure, reducing damage to PSII, and
moreover (2) damaged PSII centers have a possibility for
efﬁcient repair during a low-light phase before a dark
period; therefore, the cells have a reduced energy requirement for repair, which can be substituted by alternatives to dark respiration, most likely fermentation.
Under short dark/light periods (Fig. 4B), the cells
may be able to oxidize the PQ pool regularly, thus
generating ATP and reducing power that can be used in
darkness, although not as efﬁciently as the wild type,
since growth of the Δcox and Δcox/cyd mutants was
reduced after 7 d.

CONCLUSION

Through the use of well-deﬁned mutants and inhibitors combined with MIMS gas-exchange analysis, we
show the subtle effects of the loss of RTO complexes on
each part of the photosynthetic electron transfer chain.
Importantly, RTO-mediated respiratory oxygen uptake
can continue at a similar rate upon high-light illumination, thus contributing to oxidation of the PQ pool.
Cox is the most important RTO in dark respiration, but
it also competes with PSI for electrons, functioning as
a regulator of the electron ﬂow to this photosystem
under high light. Under illumination, Cyd is the major
RTO oxidizing PQH2. However, Cyd only up-regulates
oxygen photoreduction under certain conditions, speciﬁcally when Flv1 and Flv3 protein activity is insufﬁcient to prevent linear electron transport blockage at the

level of Cyt b6 f or PSI. Flv1 and Flv3 proteins are not
involved in dark respiration but are responsible for the
majority of the light-induced oxygen uptake component. Thus, both RTOs and Flv1/3 pathways play an
important role in the alleviation of excess electrons using oxygen as a terminal acceptor under illumination:
RTOs continue to function in the light, although operating on slower time ranges and on a limited scale,
whereas Flv1/3 responds rapidly as a light-induced
component and with greater capacity.

MATERIALS AND METHODS
Strains and Culture Conditions
The strains used in this study included Synechocystis sp. PCC 6803 (wild
type); mutants lacking respiratory terminal oxidases: Δcyd, Δcox, and Δcox/cyd
(all described previously by Lea-Smith et al. [2013]); mutant deﬁcient in ﬂavodiiron proteins: Δﬂv1/ﬂv3 (Allahverdiyeva et al., 2011); and the PSI-less
mutant (Shen et al., 1993). Cells were maintained in BG11 medium buffered
with 10 mM TES-KOH (pH 8.2) under continuous illumination of 50 mmol
photons m22 s21 (photosynthetically active radiation), 3% CO2, and 30°C with
gentle agitation (120 rpm). For all physiological experiments, cells were inoculated to OD750 = 0.5 to 0.6 and shifted to ambient CO2 conditions for 3 d before
measurements. Experimental cultures were cultivated in AlgaeTron AG130
growth chambers (PSI Instruments) under continuous illumination of 50 mmol
photons m22 s21 (provided by cool-white light-emitting diodes), unless mentioned otherwise. For the high-light growth experiments, a dilution series of cells
starting from OD750 = 0.1 were subjected to a light intensity of 500 mmol photons
m22 s21. For the MIMS measurements of FL-treated cells, cultures at OD750 = 0.5
to 0.6 were shifted to a light regime with a background light of 20 mmol photons
m22 s21 interrupted by 30-s pulses of 500 mmol photons m22 s21 light every 5 min
(FL 20/500). For the growth experiments under FL conditions, cells were subjected to FL 20/500 or a 5-min-dark/5-min-high light (200 mmol photons m22 s21)
light regime starting from OD750 = 0.1. For all activity measurements, cells were
harvested and resuspended in fresh BG11 medium at the desired Chl concentration and acclimated for 1 h under the respective growth conditions before the
measurements. The PSI-less mutant was grown in the presence of 5 mM Glc at a
light intensity of 5 mmol photons m22 s21. Oxygen evolution measurements with
Clark-type electrode are described in detail in Supplemental Methods S1.

MIMS
Online measurements of 16O2 (mass 32) production and 18O2 (mass 36)
consumption were monitored using mass spectrometry (model Prima PRO;
Thermo Scientiﬁc). The membrane inlet system consists of a thermo-regulated
DW1 oxygen electrode chamber, which is connected to the vacuum line of the
mass spectrometer via a gas-permeable thin Teﬂon membrane (1 mm stretch
membrane; YSI), which seals the bottom of the chamber. For analyses, 1.5 mL of
cell suspension at a Chl concentration of 15 mg mL21 was placed into the
measuring chamber and stirred continuously. Gases dissolved in the medium
diffuse through the Teﬂon membrane to the ion source of the mass spectrometer. Prior to the measurement, 18O2 (isotope purity greater than 98%; CK Gas
Products) was injected by bubbling at the top of the suspension until the concentrations of 16O2 and 18O2 were equal. Then, samples were measured for 5 min
in darkness to record oxygen consumption caused by respiration. Following this
period, actinic light (400 mmol photons m22 s21, or 150 mmol photons m22 s21 in the
case of the PSI-less mutant) was applied via a 150-W, 21-V EKE quartz halogenpowered ﬁber optic illuminator (Fiber-Lite DC-950; Dolan-Jenner). Gas-exchange
kinetics and rates were determined according to Beckmann et al. (2009). The ﬁnal
concentrations of inhibitors and electron acceptors used in MIMS experiments
were 25 mM DBMIB, 50 mM HQNO, 0.5 mM DCBQ, and 1 mM KCN. All the measurements were performed in the presence of 1 mM NaHCO3.

Protein Isolation, Electrophoresis, and Immunodetection
Total protein extracts of Synechocystis cells were isolated as described by
Zhang et al. (2009). Proteins were separated by 12% (w/v) SDS-PAGE
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containing 6 M urea, transferred to a polyvinylidene diﬂuoride membrane
(Immobilon-P; Millipore), and analyzed with protein-speciﬁc antibodies.
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Fluorescence Measurements
The Chl ﬂuorescence from intact cells was recorded with a pulse amplitudemodulated ﬂuorometer (Dual-PAM-100; Walz). Prior to measurements, cell suspensions at a Chl concentration of 15 mg mL21 were dark adapted for 10 min.
Saturating pulses of 5,000 mmol photons m22 s21 (300 ms) and strong FR light
(720 nm, 75 W m22) were applied to samples when required. The maximum
quantum yield of PSII was calculated as (Fm 2 F0)/Fm where Fm is a maximum level
of ﬂuorescence, measured in the presence of 20 mM DCMU from dark-adapted cells
upon the application of red actinic light of 200 mmol photons m22 s21 for 1 min.
The kinetics of the Chl ﬂuorescence decay after a single-turnover saturating
ﬂash was monitored using an FL 3500 ﬂuorometer (PSI Instruments) according
to Vass et al. (1999). Cells were adjusted to a Chl concentration of 7.5 mg mL21 and
dark adapted for 5 min before measurements. When indicated, measurements were performed in the presence of 20 mM DCMU. In some experiments,
cells were illuminated for 30 s with a strong FR light before application of
the ﬂash.
The ﬂuorescence emission spectra at 77 K were measured from intact cells
using a USB4000-FL-450 spectroﬂuorometer (Ocean Optics). Samples were removed from cultures, adjusted to a Chl concentration of 7.5 mg mL21, rapidly
frozen in liquid nitrogen, and excited with 580- or 440-nm light generated with
interference ﬁlters 10 nm in width.

P700 Oxidation and Rereduction
Oxidation and rereduction of P700 were monitored using a Dual-PAM-100
ﬂuorometer (Walz). Cell suspensions at a Chl concentration of 20 mg mL21 were
dark adapted for 2 min before measurements. For P700 oxidation, cells were
illuminated with strong FR light (720 nm, 75 W m22) for 5 s, and the subsequent
rereduction was recorded in darkness.

Light Curves
Rapid light curves were measured without dark adaptation of the cells using
standard protocols programmed into a Dual-PAM-100 ﬂuorometer (Walz) with
the 60-s illumination periods gradually increasing in light intensity. At the end
of each light period, a saturating pulse was applied to monitor the photosynthetic parameters. Y(II) was calculated as (Fm9 2 Fs)/Fm9. Y(ND) was calculated
as P/Pm. Y(NA) was calculated as (Pm 2 Pm9)/Pm. Fm’, the maximal level of
ﬂuorescence under light; Fs, the level of steady-state ﬂuorescence under light;
P, the level of P700 signal under light; Pm, the maximum level of oxidizable
P700; Pm’, the maximum level of oxidizable P700 under light.

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. MIMS analysis of oxygen uptake by wild-type
and Dﬂv1/3 cells during the dark-to-light transition.
Supplemental Figure S2. Rates of oxygen uptake and oxygen production
in wild-type Synechocystis cells.
Supplemental Figure S3. Growth of Synechocystis wild-type and RTOdeﬁcient mutant cells under different light conditions.
Supplemental Figure S4. Y(NA) of the wild type and RTO-deﬁcient mutants calculated from the rapid light curves.
Supplemental Figure S5. Relaxation of the ﬂash-induced ﬂuorescence
yield from the wild type and RTO mutants.
Supplemental Figure S6. Fluorescence emission spectra recorded at 77 K.
Supplemental Figure S7. Protein analysis of wild-type Synechocystis and
RTO-deﬁcient mutants.
Supplemental Table S1. Photosynthetic parameters of the wild type and
RTO-deﬁcient mutants.
Supplemental Methods S1. Oxygen evolution measurements with a Clarktype oxygen electrode.
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