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Cyanobacteria perform photosynthesis and respiration in the thylakoid membrane, suggesting that the two processes are
interlinked. However, the role of the respiratory electron transfer chain under natural environmental conditions has not been
established. Through targeted gene disruption, mutants of Synechocystis sp. PCC 6803 were generated that lacked combinations
of the three terminal oxidases: the thylakoid membrane-localized cytochrome c oxidase (COX) and quinol oxidase (Cyd) and the
cytoplasmic membrane-localized alternative respiratory terminal oxidase. All strains demonstrated similar growth under
continuous moderate or high light or 12-h moderate-light/dark square-wave cycles. However, under 12-h high-light/dark
square-wave cycles, the COX/Cyd mutant displayed impaired growth and was completely photobleached after approximately
2 d. In contrast, use of sinusoidal light/dark cycles to simulate natural diurnal conditions resulted in little photobleaching, although
growth was slower. Under high-light/dark square-wave cycles, the COX/Cyd mutant suffered a significant loss of photosynthetic
efficiency during dark periods, a greater level of oxidative stress, and reduced glycogen degradation compared with the wild type.
The mutant was susceptible to photoinhibition under pulsing but not constant light. These findings confirm a role for thylakoid-
localized terminal oxidases in efficient dark respiration, reduction of oxidative stress, and accommodation of sudden light changes,
demonstrating the strong selective pressure to maintain linked photosynthetic and respiratory electron chains within the thylakoid
membrane. To our knowledge, this study is the first to report a phenotypic difference in growth between terminal oxidase mutants
and wild-type cells and highlights the need to examine mutant phenotypes under a range of conditions.

Cyanobacteria (oxygenic photosynthetic bacteria) rep-
resent an important lineage that diverged from others
early in evolution and today play a key role in global
ecology, most notably in marine systems (Zwirglmaier
et al., 2008). With the exception of the anomalous cyano-
bacterium Gloeobacter violaceus, they are unusual among
prokaryotes in possessing two distinct membrane sys-
tems: the thylakoid, containing an electron transfer chain
capable of both respiratory and photosynthetic func-
tions, and the cytoplasmic membrane, similar to that of
other Gram-negative bacteria, and the site of an additional
electron transfer chain, solely involved in respiration

(Smith and Howe, 1993; Vermaas, 2001). Respiration and
photosynthesis share many components in the thylakoid
membrane, including plastoquinone, the cytochrome b6 f
complex (cyt b6 f), and the soluble redox carriers plas-
tocyanin and cytochrome c6, suggesting that these two
processes are interlinked (Peschek et al., 2004). In the
model species Synechocystis sp. PCC 6803 (hereafter re-
ferred to as Synechocystis), plastoquinone is the electron
acceptor from either PSII or one of several dehydro-
genase complexes, which are linked to the oxidation of
NADPH, NADH, or succinate (Cooley and Vermaas,
2001; Ohkawa et al., 2001). Electrons are transferred
directly from plastoquinone to a cytochrome bd-quinol
oxidase complex (Cyd), encoded by cydAB (Berry et al.,
2002), or via cyt b6 f and the soluble redox carriers to
either PSI or an aa3-type cytochrome c oxidase complex
(COX), encoded by ctaCIDIEI (Howitt and Vermaas,
1998; Fig. 1). In addition, there is a third terminal oxidase,
the alternative respiratory terminal oxidase (ARTO),
encoded by ctaCIIDIIEII. The absence of a CuA- and
Mg2+-binding site in CtaCII (Howitt and Vermaas,
1998) and similarity to the subunits of the cytochrome
bo3 ubiquinol oxidase complex from Escherichia coli,
which has been shown to lack a cytochrome c-binding
site and to undergo reduction by a quinol molecule
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(Abramson et al., 2000), suggests that ARTO is reduced
by plastoquinol. A fourth terminal oxidase, the plasto-
quinol or plastid terminal oxidase (PTOX), has been
identified in the chloroplasts of red and green algae,
higher plants, and some cyanobacterial strains but is not
present in Synechocystis (McDonald et al., 2011).
Original studies suggested the presence of a respira-

tory chain in the Synechocystis cytoplasmic membrane
consisting of dehydrogenase complexes donating elec-
trons to plastoquinone, followed by transfer to cyt b6 f,
plastocyanin, and/or cytochrome c6, and terminating in
COX. This was based on the detection of COX subunits
via immunogold labeling using an anti-COX antibody
in salt-stressed cells (Peschek et al., 1994). However,
these results have been questioned due to the possible
cross reactivity of the antibody with ARTO subunits
as well as a lack of confirmation of membrane purity

(Schultze et al., 2009). In the latter studies, cyt b6 f sub-
units were only detected in the thylakoid membrane
(Schultze et al., 2009). The purity of these membrane
fractions was confirmed by probing with thylakoid-
and cytoplasmic membrane-specific antibodies. In addi-
tion, proteomic studies have detected cyt b6 f subunits in
purified thylakoid membrane fractions (Srivastava et al.,
2005; Agarwal et al., 2010) but not in cytoplasmic
membranes from Synechocystis cultured under normal
(Huang et al., 2002) and salt-stressed (Huang et al.,
2006) conditions. This suggests the presence of a sim-
pler respiratory chain in the cytoplasmic membrane, in
which electrons donated to plastoquinone by dehydro-
genase complexes are transferred directly to plastoquinol-
reduced terminal oxidases. The main electron donors are
likely to be either one or more of three different type 2
NAD(P)H dehydrogenases (Howitt et al., 1999) or succi-
nate dehydrogenase, since antibodies raised against var-
ious subunits of type 1 NAD(P)H dehydrogenase have
detected these proteins only in the thylakoid membrane
and not the cytoplasmic membrane (Ohkawa et al.,
2001; Zhang et al., 2004). Synechocystis has multiple type
1 NAD(P)H dehydrogenase complexes with distinct
roles in respiration, preferentially utilizing NADPH as a
substrate, cyclic electron flow via the oxidation of reduced
ferredoxin, or CO2 fixation (Mi et al., 1995; Ohkawa et al.,
2000).

COX has been confirmed as a terminal oxidase in the
thylakoid membrane, because subunits of this complex
cannot be deleted in a PSI-deficient strain (Howitt and
Vermaas, 1998). Cyd has also been localized to the
thylakoid membrane based on inhibitor studies. The addi-
tion of 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone,
which inhibits cyt b6f and pentachlorophenol, a Cyd in-
hibitor, results in complete suppression of plastoquinol
oxidation (Berry et al., 2002). Deletion of Cyd and addi-
tion of 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone
also results in the same effect. In the same study, ARTO
was unable to oxidize plastoquinol in a COX/Cyd mu-
tant, suggesting that it cannot substitute for Cyd in the
thylakoid membrane. Proteomics studies on purified
membrane fractions have confirmed the presence of the
CtaCII subunit of ARTO in the cytoplasmic membrane
(Huang et al., 2002, 2006; Pisareva et al., 2007) but not in
the thylakoid membrane (Srivastava et al., 2005; Agarwal
et al., 2010) of Synechocystis. However subunits of the
other terminal oxidases were not identified in these same
studies (Srivastava et al., 2005; Agarwal et al., 2010),
suggesting that terminal oxidases are present in low
abundance in both membranes. It has also been proposed
that Cyd is localized to the cytoplasmic membrane
(Howitt and Vermaas, 1998). In Synechococcus sp. PCC
7002 (hereafter referred to as Synechococcus), which lacks
Cyd, a faster PSI reduction rate was observed in an
ARTO-deficient mutant, supporting localization in the
thylakoid membrane and a role as a possible Cyd sub-
stitute (Nomura et al., 2006).

The functions of the terminal oxidases have been in-
vestigated in Synechocystis and Synechococcus (Howitt and
Vermaas, 1998; Pils and Schmetterer, 2001; Hart et al.,

Figure 1. Schematic diagrams of the photosynthetic electron transport
chain (A) and respiratory electron chains (B). Components shared by
both processes are indicated with asterisks, and terminal oxidase
complexes are highlighted in boldface type. Individual subunits are
only shown for terminal oxidase complexes. The localization of NAD
(P)H dehydrogenase (NDH2), succinate dehydrogenase, and Cyd in
the cytoplasmic membrane has not been confirmed. [See online article
for color version of this figure.]
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2005; Nomura et al., 2006). The activity of Cyd increased
when cyt b6 f was inhibited in Synechocystis, implicating
a role for Cyd in preventing overreduction of the plas-
toquinone pool (Berry et al., 2002). COX possibly func-
tions as a terminal electron sink under conditions of low
PSI activity or to prevent overreduction of the soluble
redox carriers (Howitt and Vermaas, 1998). This was
further supported by investigations in Synechococcus,
in which deletion of COX and COX/ARTO resulted in
1.7- and 2.2-fold increases, respectively, in the reduction
rate of PSI (Nomura et al., 2006). Alternative electron
sinks, such as the Flv2/Flv4 complex, which accepts
electrons directly from PSII (Zhang et al., 2012), the hy-
drogenase complex, nitrate reductase, or carbon fixation,
may compensate for the loss of terminal oxidase activity,
as demonstrated by increased hydrogen production in a
Synechocystis COX/Cyd-deficient strain (Gutthann et al.,
2007). Energization of both the thylakoid and cyto-
plasmic membrane electron transfer chains is important
under conditions of salt stress in Synechocystis (Jeanjean
et al., 1990, 1993; Peschek et al., 1994) and Synechococcus
sp. PCC 6311 (Fry et al., 1986), possibly to provide a
proton gradient for Na+/H+ transporters localized in
the cytoplasmic membrane under conditions when pho-
tosynthetic activity is low (Hagemann, 2011). The role
and membrane localization of PTOX, which in cyano-
bacteria is predominantly found in marine strains, have
not been investigated but may provide an additional
electron sink under iron-deprived conditions, when
cyt b6f and PSI are limited (Bailey et al., 2008). Deletion
of PTOX in Arabidopsis (Arabidopsis thaliana) results
in a variegated phenotype, with leaves characterized by
distinct green and white patches containing either nor-
mal chloroplasts or pigment-deficient chloroplasts (Carol
et al., 1999). This phenotype was observed under con-
tinuous light at 50, 150, and 450 mmol photons m22 s21

and in an 8-h-light/16-h-dark cycle at 150 and 450 mmol
photons m22 s21 (Rosso et al., 2009). The variegated
phenotype was exacerbated at higher light intensities.
No phenotypic difference was observed between the
mutant strain and the wild type under an 8-h-light
(50 mmol photons m22 s21)/16-h-dark cycle when the
mutant was grown at 25°C, but variegation was apparent
when the temperature was lowered to 12°C. High light,
continuous illumination, and/or low temperature were
all observed to increase the proportion of closed PSII
reaction centers and, therefore, the excitation pressure
in the mutant and led to impaired thylakoid membrane
biogenesis (Rosso et al., 2009). In several plant species,
up-regulation of PTOX has been observed in response
to adverse conditions, such as exposure to high-light
stress in low or elevated temperature environments
(Streb et al., 2005) or under salt stress (Stepien and
Johnson, 2009). Deletion of the PTOX2 gene in Chlamy-
domonas reinhardtii, encoding PTOX, confirmed a role in
preventing overreduction of the plastoquinone pool in
the light (Houille-Vernes et al., 2011). The mutant dem-
onstrated reduced fitness compared with the wild-type
under illumination, although growth was not examined
under varying environmental conditions.

Despite the effects of loss of terminal oxidases on
electron transfer, no significant effect on growth or via-
bility has been observed when these complexes are lost
in Synechocystis (Howitt and Vermaas, 1998; Pils and
Schmetterer, 2001) or Synechococcus (Nomura et al., 2006).
However, in contrast to the studies of PTOX in plants,
the cyanobacterial mutant strains were cultured only
under constant light levels, and there has been no in-
vestigation during dark periods or light/dark transi-
tions. Therefore, we examined the growth of terminal
oxidase mutants of Synechocystis under conditions more
representative of those seen in the natural environment,
where light conditions may rapidly change due to al-
tering cloud cover or obstruction by objects or other
organisms. Our results showed that loss of the thylakoidal
terminal oxidases was lethal when cells were rapidly
exposed to high light. This indicates a fundamental role
for these complexes in responding to sudden light stress.

RESULTS

Conservation of Terminal Oxidases in Cyanobacteria

As a first step to understand the role of terminal oxi-
dases in cyanobacteria, the sixty sequenced cyanobacte-
rial genomes in the National Center for Biotechnology
Information database were examined for the presence of
genes encoding terminal oxidases (Table I; Supplemental
Table S1). All strains contained at least one set of COX
genes, suggesting that this is the major terminal oxidase.
Seven strains contained only COX and none of the
plastoquinol-reduced terminal oxidases. Four of these
were Prochlorococcus spp. with a high ratio of chloro-
phyll b to divinyl chlorophyll a (a2). These species are
typically located in deep marine environments and are
exposed to low levels of illumination, in contrast to
Prochlorococcus spp. with a low ratio of chlorophyll b to
a2, which require higher light intensities for growth
(Rocap et al., 2002). Another cyanobacterium, UCYN-A,
lacks PSII (Zehr et al., 2008). The remaining two, Cya-
nothece spp. PCC 8801 and 8802, were isolated from rice
(Oryza sativa) fields in Taiwan, and it is not known
to what light levels they would routinely be exposed
(Huang and Chow, 1986). The remaining strains con-
tained genes for COX and at least one copy of ARTO
(16), Cyd (nine), or PTOX (nine). These data suggest that
the presence of COX and at least one plastoquinol-
reduced terminal oxidase is of physiological impor-
tance in cyanobacteria. The majority of the strains (15 out
of 19) that encode COX and more than one plastoquinol-
reduced terminal oxidase are either halotolerant, as in-
dicated by the presence of one or more of the nhaP genes,
encoding a cytoplasmic localized Na+/H+ transporter
(Hagemann, 2011), and/or nitrogen fixers, identified by
the presence of nifH, encoding the iron-containing com-
ponent of nitrogenase (Ben-Porath and Zehr, 1994). In
each case, it is possible that additional terminal oxidases
are required to provide sufficient ATP for Na+ export
under conditions where photosynthesis is reduced
(Hagemann, 2011) and to remove oxygen that may inhibit
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nitrogenase activity (Berman-Frank et al., 2001; Staal
et al., 2003).

Generation of Recombinant Strains of Synechocystis

Unmarkedmutants of Synechocystis lacking COX, ARTO,
or Cyd were constructed by disruption of ctaCIDIEI, ctaCII,
or cydAB, respectively, via a two-step homologous
recombination protocol. Plasmids in which the genes
of interest were disrupted with an npt1/sacRB cassette
were introduced into Synechocystis, and transformants
were selected in the presence of kanamycin. Following
complete segregation of strains, markerless constructs
containing deleted copies of the target genes and
lacking the npt1/sacRB cassette were introduced, and
cells were cultured in the presence of Suc to select for
recombination-mediated removal of the cassette.
Complete segregation was confirmed by PCR assays
with primers upstream and downstream of the respective
genes (Supplemental Fig. S1). Double and triple mutants
were generated and confirmed by the samemethods. The
double mutants, COX/ARTO and ARTO/Cyd, were
generated from the ARTO single knockout. The COX/
Cyd double mutant was generated from the COX
single knockout. The triple mutant was generated from
the ARTO/Cyd double mutant. The strains generated
in this study are listed in Supplemental Table S2. Un-
marked mutants were generated in order to minimize
effects on expression of downstream genes and to pyr-
amid mutations. Reverse transcription (RT)-PCR analysis
confirmed that trxA, encoding thioredoxin and located
152 bp downstream of ctaEI, is not cotranscribed with
this gene. Likewise, Sll0814, encoding a hypothetical
protein and located 214 bp downstream of ctaCII, is
also not cotranscribed (Supplemental Fig. S2). Therefore,
polar effects on downstream genes are unlikely. MiSeq
genome sequencing of the wild-type and DCOX/Cyd
strains confirmed that apart from the targeted dele-
tions, no further differences existed between the strains
(Supplemental Table S3). Dark respiratory rates, as mea-
sured by oxygen uptake, were severely reduced in the
COX/Cyd mutant and the triple mutant, both of which
lack thylakoid-localized terminal oxidases, but were
similar to the wild type in the other strains (Supplemental
Table S2). This is consistent with results from previous
studies (Howitt and Vermaas, 1998).

Growth of the Terminal Oxidase-Deficient Strains

Synechocystis strains were cultured under two light
intensities: moderate (40 mmol photons m22 s21), whereby
wild-type cells do not suffer light stress, and high
(150 mmol photons m22 s21), which results in light stress
and photobleaching of wild-type cells. The growth of all
strains cultured under continuous moderate light was
similar, as reported previously (Howitt and Vermaas,
1998; Supplemental Fig. S4A). The amount of chlorophyll
per cell remained essentially constant for all strains, the
lack of photobleaching indicating the absence of light
stress. Exposure to continuous high light resulted in
similar growth and a gradual increase in photobleaching
in all strains (Supplemental Fig. S4B). To test whether
terminal oxidases are important for dark respiration,
strains were cultured under 12-h moderate-light/dark
square-wave cycles. No statistically significant differ-
ence in growth was observed between strains, and no
evidence of photobleaching was seen in any strain (Fig.
2A; Supplemental Fig. S4C). This suggests that the
respiratory electron chain is not essential for survival in
unstressed cells under 12-h moderate-light/dark cycles.
In contrast, when strains were exposed to 12-h high-
light/dark square-wave cycles, the two strains deficient
in thylakoid-localized terminal oxidases (COX/Cyd
and the triple mutant) demonstrated statistically sig-
nificant increases in photobleaching by the beginning
of the second 12-h light period (approximately 42 h;
Fig. 2B; Supplemental Fig. S4D). Visually, cells appeared
completely photobleached by the end of this period,
although some residual chlorophyll, measured following
methanol extraction, remained in the COX/Cyd mutant
(1.52 nmol mL21 at optical density [OD] of 750 nm)
versus the wild type (3.09 nmol mL21 at OD of 750 nm;
P , 0.005). However, cells demonstrated no recovery
from this state, indicating that they were dead (Fig. 2,
B and D; Supplemental Fig. S4D). Such rapid loss of
viability indicates a requirement for at least one active
terminal oxidase in the thylakoid membrane under
these conditions. These results also show that ARTO
cannot compensate for the loss of COX and Cyd.
Growth of the wild-type and double mutant strains
was then measured under 12-h sinusoidal light/dark
cycles (Supplemental Fig. S4F), in which light was
gradually increased to a maximum level of 180 mmol

Table I. Terminal oxidases present in 60 cyanobacteria species

A BLAST comparison was performed to identify terminal oxidases and the nifH and nhaP genes, an
indication of nitrogen fixation (except in the case of Microcoleus chthonoplastes PCC 7420 and Syn-
echococcus sp. JA-3-3Ab) and halotolerance, respectively.

No. of Strains COX ARTO Cyd PTOX Nitrogen Fixation Halotolerant

7 + 3 2
16 + + 3 8
9 + + 1 3
9 + + 0 0
11 + + + 9 10
3 + + + 0 0
2 + + + 0 1
3 + + + + 3 3
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photons m22 s21 to simulate natural diurnal conditions
(Fig. 2C; Supplemental Fig. S4E). Growth of the COX/
Cyd and triple mutant strains was reduced compared
with the wild type and the other double terminal oxi-
dase mutants. In some circumstances, photobleaching
was observed, although this was not consistent.

Photosynthesis Measurements in the Wild Type and the
Thylakoid Terminal Oxidase Mutant

Oxygen evolution measurements were performed on
the wild type and the COX/Cyd mutant to investigate
whether rapid photobleaching observed in this strain
upon exposure to 12-h high-light/dark square-wave cycles

coincides with a loss of photosynthetic activity. Oxygen
evolution was measured at the beginning and end of
the light periods (150 mmol photons m22 s21) and in the
middle of the dark period for a total of 44 h, by which
time the COX/Cyd mutant showed no further growth
(Fig. 3). A significant drop in oxygen evolution activity
was observed in the COX/Cyd strain in the first dark
period (Fig. 3) from 31.3 6 6.2 to 8.0 6 10.8 nmol
oxygen mg21 dry cell weight (DCW) min21. In con-
trast, the rate was not significantly different in the
wild type between the beginning and end of the dark
period (from 51.2 6 10.4 to 48.0 6 6.7 nmol oxygen
mg21 DCW min21). Photosynthetic activity recovered
in the COX/Cyd mutant to a similar level as in the
wild type by the end of the second light period (wild

Figure 2. A to C, Growth of triplicate cultures was measured at OD of 750 and 680 nm under 12-h moderate-light (40 mmol
photons m22 s21)/dark square-wave cycles (A), 12-h high-light (150 mmol photons m22 s21)/dark square-wave cycles (B), and
12-h sinusoidal light (maximum light level of 180 mmol photons m22 s21)/dark cycles (diurnal; C). Dark periods are indicated by
black bars. The amount of chlorophyll was determined by 680:750-nm ratios and is an indication of photobleaching in cells. For
ease of visualization, only results from the wild-type (green), ΔCOX (blue), ΔCOX/Cyd (red), and triple mutant (brown) strains
are shown. Results from all strains are shown in Supplemental Figure S4, C to E. Asterisks indicate significant differences
between wild-type and ΔCOX/Cyd samples (P , 0.05). D, Strains exposed to 50 h of 12-h high-light (150 mmol photons
m22 s21)/dark square-wave cycles. The thylakoid-localized terminal oxidase-deficient strains appear completely photobleached
in marked comparison with the other six strains. Results for the other biological replicates are shown in Supplemental Figure S4.
WT, Wild type. [See online article for color version of this figure.]
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type, 46.2 6 12.8 nmol oxygen mg21 DCW min21;
ΔCOX/Cyd, 39.46 6.8 nmol oxygen mg21 DCWmin21).
During the second dark period, the rate of oxygen evo-
lution in ΔCOX/Cyd rapidly decreased to zero (Fig. 3).
Similar to the first dark period, oxygen production in the
wild type remained relatively constant between the be-
ginning and end of the dark period (from 46.2 6 12.8 to
45.0 6 15.1 nmol oxygen mg21 DCW min21).

Glycogen Measurements in the Wild Type and the
Thylakoid Terminal Oxidase Mutant

The main energy storage molecule in cyanobacteria
is glycogen (Lindberg et al., 2010; Suzuki et al., 2010),
which can be determined by assaying the amount of Glc
following acid hydrolysis. Glycogen levels in the wild
type and the COX/Cyd mutant cultured under 12-h
high-light/dark square-wave cycles (Fig. 4A) or 12-h
sinusoidal light/dark cycles (Fig. 4B) were measured at
the beginning and end of the 12-h dark periods. In the
12-h high-light/dark square-wave cycles, the COX/Cyd
strain accumulated similar levels of glycogen during the
first two light periods compared with the wild type but
demonstrated a significantly lower utilization of glyco-
gen in the first two dark periods. Following the second
dark period, glycogen levels were constant, presumably
due to death of the cells. By contrast, in 12-h sinusoidal
light/dark cycle samples, the COX/Cyd mutant accu-
mulated and utilized significantly less glycogen than the
wild type for the first 3 d, but levels were similar be-
tween the two strains after this period.

Measurement of Reactive Oxygen Species in the Wild
Type and the Thylakoid Terminal Oxidase Mutant

We examined the production of reactive oxygen spe-
cies (ROS) in the wild type and the COX/Cyd mutant

cultured under 12-h high-light/dark square-wave cy-
cles for 44 h via 29,79-dichlorodihydrofluorescein di-
acetate (DCHF-DA) fluorescence (Fig. 5A). DCHF-DA
is a cell-permeable dye that is hydrolyzed to the non-
fluorescent 29,79-dichlorodihydrofluorescein in vivo and
in turn is oxidized to the highly fluorescent dichloro-
fluorescein (DCF) by hydrogen peroxide, other peroxides,
and peroxynitrite (Crow, 1997; Ding et al., 1998; He
and Häder, 2002; Rastogi et al., 2010). DCHF-DA was
confirmed to be a valid marker for measuring oxidative
damage in Synechocystis by measuring fluorescence in
wild-type cells exposed to methyl viologen (MV). MV
outcompetes endogenous electron acceptors of PSI and
is reoxidized by oxygen, giving superoxide, which is
rapidly converted to hydrogen peroxide (Thomas et al.,
1998). Upon exposure to light, wild-type cells demon-
strated a large increase in fluorescence in the presence
of MV (24,240 6 2,034 versus 6,771 6 195 relative fluo-
rescence units [RFU] at OD of 750 nm; Supplemental Fig.
S5). The effect of adding MV was noticeably smaller

Figure 3. Oxygen evolution rates of wild-type (solid line) and ΔCOX/
Cyd (dashed line) samples cultured under 12-h high-light (150 mmol
photons m22 s21)/dark square-wave cycles. Asterisks indicate signifi-
cant differences between samples (P , 0.05). Dark periods are indi-
cated by black bars. Results are from three biological replicates.

Figure 4. Glc measurements of wild-type (solid line) and ΔCOX/Cyd
(dashed line) samples cultured under 12-h high-light (150 mmol pho-
tons m22 s21)/dark square-wave cycles (A) and 12-h sinusoidal light
(maximum light level of 180 mmol photons m22 s21)/dark cycles (di-
urnal; B). Asterisks indicate significant differences between samples
(P , 0.05). Dark periods are indicated by black bars. Results are from
three biological replicates. Glc was measured from 1-mL samples and
is dependent on cell amounts.
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when cells were maintained in the dark (4,731 6 314
versus 3,714 6 135 RFU at OD of 750 nm).

For cells grown under square-wave illumination,
DCF fluorescence increased significantly in both the
wild-type (from 331 6 97 to 2,836 6 750 RFU mg21

DCW) and ΔCOX/Cyd (from 3,167 6 277 to 14,970 6
653 RFU mg21 DCW) strains throughout the first dark
period. However the level of fluorescence was 5-fold
less in wild-type compared with ΔCOX/Cyd strains.
By the end of the second light period, the level of fluo-
rescence was not significantly different between the two
strains. This demonstrates that the deletion of thylakoid-
localized terminal oxidases does not contribute to the
generation of ROS under periods of illumination. In the
second dark period, some increase in DCF fluorescence
was observed in the ΔCOX/Cyd strain, leading to a
final level of fluorescence that was significantly higher
in ΔCOX/Cyd compared with the wild type (27,960 6
2,794 versus 15,400 6 1,712 RFU mg21 DCW; Fig. 5A).
In contrast, growth of the wild-type and ΔCOX/Cyd
strains under 12-h sinusoidal light/dark cycles resulted

in no significant increase in ROS production over a 5-d
period (Fig. 5B).

Measurements of Photoinhibition in the Wild Type and
the Thylakoid Terminal Oxidase Mutant

To test for photoinhibition, the wild-type and COX/
Cyd mutant strains were grown under continuous
moderate light to mid log phase followed by incuba-
tion in the dark for 20 min. Cells were then incubated
under constant saturating light at 1,500 mmol photons
m22 s21 for 50 min in the absence and presence of lin-
comycin, during which time oxygen evolution was
measured. No difference in the rate of oxygen evolution
was observed between the wild-type and COX/Cyd
mutant strains under continuous light (Fig. 6, A and
B). When cells were incubated under pulsing light of
5 min on (1,500 mmol photons m22 s21)/5 min off, pho-
toinhibition of the wild type was reduced compared
with growth under continuous light conditions (Fig. 6,
C and D). However, compared with the wild type, the
COX/Cyd mutant strain showed a significant decrease
in photosynthesis, exacerbated by lincomycin, indicating
a greater level of photoinhibition (Fig. 6, C and D).

DISCUSSION

The results presented here show that at least one
thylakoid membrane-localized terminal oxidase is re-
quired for the survival of Synechocystis in periods of
alternating high light and dark, when the light/dark
transition is rapid. Under such conditions, the loss of
COX and Cyd is lethal and cannot be compensated for
by the presence of ARTO. This suggests that ARTO
either is not present in the thylakoid membrane or
is expressed at levels insufficient to cope with these
conditions and that the roles of the cytoplasmic and
thylakoid respiratory chains are different. A less severe
effect on cell survival was seen when light levels changed
sinusoidally (i.e. mimicking diurnal conditions), but there
was still a significant impairment of growth in the ab-
sence of both complexes. The sinusoidal changes in light
levels are more representative of diurnal conditions,
but it is likely that rapid changes would also be experi-
enced under natural environmental conditions, for ex-
ample, as a result of cloud movement.

The similar growth of all strains observed under con-
tinuous light suggests a limited role for terminal oxidases
when conditions remain unchanged, a state that never
occurs in natural environments. However, it was notable
that comparable growth was observed between all
strains exposed to square-wave cycles of moderate
light/dark, under which conditions photobleaching
was limited. This would suggest that respiration is not
essential for dark maintenance in unstressed cells, an
unexpected finding given the assumption that the met-
abolic energy required for dark periods is predominantly
provided by respiration, utilizing products broken down

Figure 5. DCF fluorescence of wild-type (solid line) and ΔCOX/Cyd
(dashed line) samples cultured under 12-h high-light (150 mmol pho-
tons m22 s21)/dark square-wave cycles (A) and 12-h sinusoidal light
(180 mmol photons m22 s21)/dark cycles (B). Asterisks indicate sig-
nificant differences between samples (P , 0.05). Dark periods are
indicated by black bars. Results are from three biological replicates.
AU, Absorbance units.
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from glycogen via glycolysis and the citric acid cycle
(Matthijs and Lubberding, 1988). It is possible that the
energy requirements of unstressed cells during dark
periods are low enough that other processes such as
fermentation can compensate for the loss of respiration
(Stal and Moezelaar, 1997). Metabolic pathways in-
volved in the fermentation of sugars to pyruvate, fol-
lowed by conversion to lactate, acetate, or ethanol,
have been identified in Synechocystis (Kaneko et al.,
1996), but their role in cellular physiology has not been
investigated.
The lethality of the COX/Cyd mutant under high-

light/dark square-wave illumination is probably due
to a range of factors. First, the observation that wild-type
and mutant strains showed similar levels of photo-
inhibition under constant illumination, while the mu-
tant strain showed more photoinhibition under alternating
light/dark cycles (Fig. 6, C and D), suggests that the
COX/Cyd proteins allow the cells to avoid overreduction
of photosynthetic components and consequent damage,
including photoinhibition, immediately after an increase
in light level that is too rapid for the cells to compensate
for through other mechanisms. For example, protein
diffusion is relatively slow in the thylakoid membrane,
as recently demonstrated by the 10- to 20-min half-time
redistribution of type 1 NAD(P)H dehydrogenase and
succinate dehydrogenase in cells transferred from low
to moderate light (Liu et al., 2012). Second, the COX/Cyd

mutant cells suffer increased generation of ROS in the
dark compared with wild-type cells (Fig. 5A). This may
result from the respiratory chain becoming overreduced
in cells lacking two of the terminal oxidase activities, and
this presumably also accounts for the drop in activity of
the photosynthetic machinery of the mutant seen in the
dark (Fig. 3). In addition, the absence of thylakoid-
localized terminal oxidases would limit the cell’s
ability to reduce oxygen, thereby potentially increasing
the generation of ROS. Third, the lack of respiration in
the dark (indicated by the lower rate of glycogen break-
down) may lead to insufficient ATP being available for
the replacement or repair of PSII and other complexes,
compounding the damage. In contrast, there is significant
mobilization of stored carbon reserves in wild-type cells
during the dark after subjection to high-light/dark square-
wave illumination (Fig. 4A).

Despite the initially low remaining rate of photo-
synthesis observed in the COX/Cyd mutant after the
first dark period (Fig. 3B), this strain demonstrated
photosynthesis rates similar to the wild type after
12 h of illumination. This, together with the facts
that all strains exposed to continuous high light
(Supplemental Fig. S4B) showed similar growth and
that comparable levels of ROS were seen between the
wild type and the COX/Cyd mutant during light
periods (Fig. 5A), suggests that increased oxidative
damage does not occur in the mutants on continuous

Figure 6. Characterization of wild-
type (solid line) and ΔCOX/Cyd
(dashed line) strains. Photoinhibition
was measured under constant light
and in the absence (A) and presence
(B) of lincomycin or under pulsing
light of 5 min on/5 min off in the
absence (C) and presence (D) of lin-
comycin. Only measurements from
light periods are shown. Light was at
an intensity of 1,500 mmol photons
m22 s21. Asterisks indicate significant
differences between samples (P ,
0.05). Results are from three separate
biological replicates.
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illumination. This would be expected, both because PSI
could function as an alternative electron acceptor in the
light and because the respiratory chain would not be
required during light periods. However, during the
second dark period, there is a complete loss in photo-
synthetic activity in the COX/Cyd mutant. As a result
of these effects, the mutant cells die after two light/dark
cycles.

Under sinusoidal illumination, mutant cells show
some reduction in glycogen synthesis and breakdown,
but they are able to adapt to this in some way, possibly
by up-regulation of fermentation, so that the difference
from the wild-type cells becomes less marked with
time (Fig. 4B). This may be because the lower levels of
photodamage, due to stable levels of ROS production
(Fig. 5B), under these illumination conditions result in
less physiological stress, in part due to a period of low
light at the start of the day, allowing the photosystem
to adapt before damaging light levels are reached.
Furthermore, in the middle of the day, the period over
which light conditions are high enough to damage the
cells is reduced (approximately 4.5 h).

The demonstration here of the importance of COX
and Cyd contrasts with previous studies indicating little
effect if any on growth or viability as a result of the loss
of these complexes (Howitt and Vermaas, 1998; Pils and
Schmetterer, 2001; Nomura et al., 2006), and indicates
the importance of characterizing mutant phenotypes
under a range of environmental conditions.

CONCLUSION

The results in this study show that the thylakoid-
located terminal oxidases have an essential and dual
role in allowing Synechocystis to respond to rapid changes
in light levels. While the role of terminal oxidases in
preventing overreduction of either cyt b6 f (Berry et al.,
2002), in the case of the plastoquinol-accepting terminal
oxidases, and PSI, in the case of COX (Howitt and
Vermaas, 1998), has been indicated before, we dem-
onstrate the conditions under which this function is
critical for survival. The thylakoid-located terminal oxi-
dases help to reduce the extent of photoinhibition ini-
tially, limit oxidative damage to the cell during dark
periods, and promote the use of reserves to provide
energy for repair in the dark. The presence of COX and
at least one plastoquinol-accepting terminal oxidase in
53 of the 55 cyanobacterial strains that have both PSI
and PSII and may be exposed to high light (or 53 out of
53 if the Cyanothece spp. PCC 8801 and 8802 that were
isolated from a paddy field are not exposed to high
light) implies that this combination is of widespread
importance among cyanobacteria.

MATERIALS AND METHODS

Bacterial Strains, Media, and Growth Conditions

Synechocystis sp. strain PCC 6803 (Williams, 1988) and strains derived from it
were routinely cultured in BG-11 medium, supplemented with 10 mM sodium

bicarbonate (Castenholz, 1988) at 30°C under moderate light (40 mmol photons
m22 s21), and shaken at 160 rpm unless otherwise indicated. A total of 15 g L21 agar
was used for the preparation of solid medium, supplemented with 30 mg mL21 kana-
mycin and 5% (w/v) Suc when necessary.

Bioinformatics

FASTA BLAST comparisons (Altschul et al., 1990) were performed using
the Synechocystis ctaC1, ctaCII, cydA, and nhaP3 genes and Nostoc sp. PCC 7120
nifH and Arabidopsis (Arabidopsis thaliana) PTOX sequences against the 60
genomes listed in the National Center for Biotechnology Information database
(http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi). The presence of a C[AT]ELC
motif in CtaC1 and a D[AS]X[FY]S motif in CtaCII was used to differentiate between
these two sequences (Howitt and Vermaas, 1998).

Plasmid Construction

Primers used in this study are listed in Supplemental Table S4. PCR was
performed by standard procedures using Phusion high-fidelity DNA polymer-
ase (New England Biolabs). The genome sequence of Synechocystis (Kaneko et al.,
1996) was consulted via Cyanobase (http://genome.kazusa.or.jp/cyanobase)
for primer design. Gene deletion of ctaC1D1E1 was performed by amplifying a
932-bp fragment upstream of ctaC1 using primers COXleftfor and COXleftrev
and a 928-bp fragment downstream of ctaE1 using primers COXrightfor and
COXrightrev, followed by insertion of the respective fragments into the XbaI/
BamHI and SacI/EcoRI sites of pUC19 to generate pCOX1. Gene deletion of ctaII
was performed by amplifying a 1,007-bp fragment upstream of ctaCII using
primers Ctaleftfor and Ctaleftrev and a 1,050-bp fragment downstream of ctaCII
using primers Ctarightfor and Ctarightrev, followed by insertion of the respec-
tive fragments into the XbaI/BamHI and SacI/EcoRI sites of pUC19 to generate
pCta1. Gene deletion of cydAB was performed by amplifying a 1,029-bp frag-
ment upstream of cydA using primers Cydleftfor and Cydleftrev and a 1,036-bp
fragment downstream of cydB using primers Cydrightfor and Cydrightrev,
followed by insertion of the respective fragments into the XbaI/BamHI and SacI/
EcoRI sites of pUC19 to generate pCyd1. The BamHI-digested npt1/sacRB cas-
sette from pUM24Cm (Ried and Collmer, 1987) was inserted into the BamHI site
between the upstream and downstream fragments in pCOX1, pCta1, and pCyd1
to generate pCOX2, pCta2, and pCyd2, respectively.

Construction of Terminal Oxidase Mutant Strains

To generate marked mutants, approximately 1 mg of plasmids pCOX2,
pCta2, and pCyd2 were mixed with Synechocystis cells for 6 h in liquid me-
dium, followed by incubation on BG11 agar plates for approximately 24 h. An
additional 3 mL of agar containing kanamycin was added to the surface of the
plate followed by further incubation for approximately 1 to 2 weeks. Trans-
formants were subcultured to allow the segregation of mutant alleles. Segre-
gation was confirmed by PCR using primers COXf/COXr, Ctar/Ctar, or
Cydf/Cydr, which flank the deleted region. Generation of unmarked mu-
tants was carried out according to Xu et al. (2004). To remove the npt1/sacRB
cassette, mutant lines were transformed with 1 mg of the markerless pCOX1,
pCta1, and pCyd1 constructs. Following incubation in BG-11 liquid medium
for 4 d and on agar plates containing Suc for a further 1 to 2 weeks, trans-
formants were patched on kanamycin and Suc plates. Suc-resistant,
kanamycin-sensitive strains containing the unmarked deletion were confirmed
by PCR using primers flanking the deleted region (Supplemental Fig. S1). Single
mutant lines were then used to generate double mutant lines, followed by the
triple mutant via the same method. MiSeq genome sequencing of wild-type and
DCOX/Cyd strains was performed using the Illumina MiSeq personal sequencer
and analyzed using Artemis.

RT-PCR

RNA was isolated from wild-type Synechocystis cells and stored in Trizol
reagent (Invitrogen) prior to homogenization for 1 min using a Biospec minibead
beater. RNA was purified according to the Trizol reagent protocol, followed by
digestion with DNase and further purification using the RNeasy kit (Qiagen)
according to the manufacturer’s instructions. SuperScript II reverse transcriptase
(Invitrogen) was used to generate complementary DNA with random hexamers
according to the manufacturer’s instructions. The complementary DNA was
diluted 5-fold prior to RT-PCR. One microliter was used in PCR with GoTaq
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polymerase and amplifications (95°C for 2 min, 30 cycles of 95°C for 1 min, 60°C
for 1 min, and 72°C for 0.5 min, followed by 72°C for 5 min) according to the
manufacturer’s instructions. Fragments spanning the region between ctaE1 and
trxA were generated using primers ctaE1trxAfor and ctaE1trxArev, within trxA
using primers trxAfor and trxArev, within cruF using primers cruFfor and
cruFrev, and between cruF and trxA using primers cruFctaC2for and cruFctaC2rev.
Primers were verified via amplification of genomic DNA. RT samples were used as
negative controls.

Characterization of Mutant Growth

All strains were inoculated using cultures grown under moderate light to late
logarithmic phase and then cultured under continuous moderate light (40 mmol
photons m22 s21), continuous high light (150 mmol photons m22 s21), 12-h
moderate-light/dark square-wave cycling, or 12-h high-light/dark cycling. In
these experiments, cells cultured in the dark were maintained at 30°C but were
not shaken. A modified light-emitting diode (LED) photobioreactor with
X-Controller (Infors) and an Algem Labscale photobioreactor were used to
provide a sinusoidal light input simulating a 12-h day with sunrise at 8 AM and a
noon peak intensity of 180 mmol photons m22 s21 (Supplemental Fig. S2F).
Cultures were agitated by sparging air into the flasks. Absorbance was mea-
sured at 680 and 750 nm to quantify chlorophyll and cell density. The amount of
chlorophyll was measured to determine photobleaching by subtracting the 750-
nm OD value from the 680-nm OD value and multiplying the total by 10.854.
There was a strong correlation (r2 = 0.9854) in determining chlorophyll con-
centration between this method and the well-established chlorophyll quantifi-
cation protocol as described previously (Porra et al., 1989; Bombelli et al., 2011;
Supplemental Fig. S3). This amount was divided by the 750-nm OD value to
give a level of chlorophyll per cell in arbitrary units. A Student’s paired t test was
used for all comparisons, with P, 0.05 being considered statistically significant.

Oxygen Measurements

All oxygen measurements were carried out in BG-11 medium at 30°C using
DW1 liquid-phase oxygen electrode chambers with Oxygraph meters (Hansa-
tech Instruments). Oxygen consumption was measured in the dark. For oxygen
evolution experiments, cool-white light with an intensity of 1,500 or 150 mmol
photons m22 s21 (as indicated) was provided using MR16 LED lamps (Deltech).
For photosynthesis measurements, samples were withdrawn at each time point
from the incubation mixture for dry cell weight and oxygen evolution mea-
surements. For photoinhibition experiments, lincomycin was added to a final
concentration of 200 mg mL21 and subjected to either constant light or a pulsing
cycle of 5 min on/5 min off. All measurements were standardized to dry cell
weight. To measure dry cell weight, 20 mL of culture was removed, washed
once with distilled water, filtered, and dried prior to measurement.

Glycogen Measurements

Assays of intracellular glycogen were performed as described by Osanai
et al. (2005). One milliliter of culture was suspended in 3.5% (v/v) sulfuric acid
and boiled for 40 min. To this was added 1 mL of o-toluidine (Sigma), and the
reaction mixture was boiled for 10 min. Glc produced by acid hydrolysis was
quantified by measuring A630 and comparing with Glc standards.

Oxidative Damage Measurements

Cells were washed twice with phosphate-buffered saline, resuspended in
phosphate-buffered saline, and DCHF-DA was added to a final concentration
of 5 mM (Rastogi et al., 2010). Samples were incubated at 30°C in the dark for
30 min, and fluorescence was quantified using a DMG FLUOstar optima+ fluo-
rometer using an excitation wavelength of 485 nm and an emission wavelength of
520 nm. Fluorescence from cell samples without DCHF-DA was subtracted from
cell + DCHF-DA measurements and standardized to dry cell weight. As a
positive control, MV was added to a final concentration of 100 mM, and cells
were either exposed to 30 min of illumination (40 mmol photons m22 s21) or
incubated in the dark prior to quantification.
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The following materials are available in the online version of this article.
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Synechocystis.
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ctaE1 and ctaCII.

Supplemental Figure S3. Correlation between the A680 2 A750 value and
amounts of chlorophyll measured following methanol extraction.

Supplemental Figure S4. Growth of terminal oxidase mutants under dif-
ferent light conditions.

Supplemental Figure S5. Validation of DCHF-DA as a measure of oxida-
tive damage in Synechocystis.

Supplemental Table S1. Number of COX (ctacC1), ARTO (ctacII), Cyd
(cydA), and PTOX terminal oxidases present in the 60 cyanobacteria
with sequenced genomes.

Supplemental Table S2. Nucleotide changes between the published Syn-
echocystis genome and the strain used in this study.

Supplemental Table S3. Respiratory rates are greatly reduced in strains
deficient in thylakoid-localized terminal oxidases.

Supplemental Table S4. Sequences of primers used in this study.
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