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Reducing excessive light harvesting in photosynthetic organisms may increase biomass yields by limiting photoinhibition and
increasing light penetration in dense cultures. The cyanobacterium Synechocystis sp. PCC 6803 harvests light via the phycobilisome,
which consists of an allophycocyanin core and six radiating rods, each with three phycocyanin (PC) discs. Via targeted gene
disruption and alterations to the promoter region, three mutants with two (pcpcT→C) and one (DCpcC1C2:pcpcT→C) PC discs per
rod or lacking PC (olive) were generated. Photoinhibition and chlorophyll levels decreased upon phycobilisome reduction, although
greater penetration of white light was observed only in the PC-deﬁcient mutant. In all strains cultured at high cell densities, most light
was absorbed by the ﬁrst 2 cm of the culture. Photosynthesis and respiration rates were also reduced in the DCpcC1C2:pcpcT→C and
olive mutants. Cell size was smaller in the pcpcT→C and olive strains. Growth and biomass accumulation were similar between the
wild-type and pcpcT→C under a variety of conditions. Growth and biomass accumulation of the olive mutant were poorer in carbonsaturated cultures but improved in carbon-limited cultures at higher light intensities, as they did in the DCpcC1C2:pcpcT→C mutant.
This study shows that one PC disc per rod is sufﬁcient for maximal light harvesting and biomass accumulation, except under
conditions of high light and carbon limitation, and two or more are sufﬁcient for maximal oxygen evolution. To our knowledge,
this study is the ﬁrst to measure light penetration in bulk cultures of cyanobacteria and offers important insights into photobioreactor
design.

Cyanobacteria (oxygenic photosynthetic bacteria) are
increasingly being considered for chemical and biomass
production (Ducat et al., 2011) due to their highly efﬁcient conversion of water and carbon dioxide (CO2) to
biomass using solar energy (Dismukes et al., 2008),
growth on non-arable land with minimal nutrients, and
the ease with which many species can be genetically
manipulated. However, further improvements in efﬁciency are desirable for large-scale industrial production.
Such gains could, in principle, be derived from reducing
losses due to respiration or unproductive light harvesting, increasing carbon ﬁxation rates by enhancing
Rubisco catalysis and speciﬁcity for CO2, and broadening the spectrum of light absorption (Blankenship et al.,
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2011). We recently demonstrated that reducing respiration in the model species Synechocystis sp. PCC 6803
resulted in slower growth under diurnal conditions
(Lea-Smith et al., 2013). Improving Rubisco by genetic
manipulation has proved difﬁcult (Whitney et al., 2011),
and due to the carbon-concentrating properties of the
carboxysome, cyanobacterial Rubisco has the highest
carboxylation velocity among photosynthetic organisms
(Savir et al., 2010). Extending the spectral range of light
absorption is challenging, since it requires either the
incorporation of foreign pigments into photosystems or
the introduction of novel light-harvesting complexes
(Chen and Blankenship, 2011). Therefore, decreasing
unproductive light harvesting may be the most promising approach.
Several studies have focused on this by reducing the
antenna size in unicellular algae and cyanobacteria
(Melis, 2009). These organisms have evolved to maximize
light harvesting, a characteristic that may be advantageous for evolutionary success but is unfavorable for biomass production, especially in dense cell environments,
such as in photobioreactors or raceway ponds. Under
these conditions, cells in the upper layer will receive
saturating light, absorbing more energy than can be
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utilized by photosynthesis, with the excess being dissipated as heat or ﬂuorescence. Net photosynthesis and
biomass accumulation are reduced by photoinhibition,
the direct damage of photosynthetic proteins by sunlight,
and the production of reactive oxygen species, which
further damages the photosynthetic machinery (Mussgnug
et al., 2007; Beckmann et al., 2009; Ritchie and Larkum,
2012). Photosynthetic rates increase with the depth in the
pond due to decreased photoinhibition until a maximum
rate is achieved. Below this depth, the light intensity is
insufﬁcient for maximal photosynthesis and yields are
reduced by respiration (Ritchie and Larkum, 2012). In
theory, reducing the antenna should increase biomass
accumulation by decreasing energy losses and photoinhibition at the surface while allowing additional light
to penetrate to lower depths, thus maximizing the percentage of cells harvesting light.
Reduction of the light-harvesting complex in the green
alga Chlamydomonas reinhardtii has been demonstrated to
increase photosynthetic efﬁciency, reduce photoinhibition, and increase mid log phase growth under
saturating light (Mussgnug et al., 2007; Beckmann et al.,
2009). Similar studies have been performed in cyanobacteria (Nakajima and Ueda, 1997; Page et al., 2012;
Kwon et al., 2013), which typically harvest light via a
large cytosolic localized antenna complex, the phycobilisome (PBS). This associates with PSII and PSI, resulting in
energy transfer to the reaction centers (Mullineaux et al.,
1997). In Synechocystis sp. PCC 6803, the PBS comprises a
core allophycocyanin (APC) region (wavelength of maximum light absorption [lmax] = 652 nm) and six radiating
rods, each composed of three stacked disc-shaped phycocyanin (PC) hexamers (lmax = 625 nm; Glazer, 1989;
Arteni et al., 2009). The hexamers consist of alternating
aPC and bPC phycobiliproteins, encoded by cpcA (for
phycocyanin alpha) and cpcB (for phycocyanin beta), respectively (Plank and Anderson, 1995). Linker proteins
connect the discs; the disc proximal to the APC core is
connected via CpcG1 or CpcG2 (Kondo et al., 2007), the
middle disc via CpcC1, and the distal disc via CpcC2
(Ughy and Ajlani, 2004). Since the PBS is larger than both
photosystems and absorbs light at different wavelengths
from the chlorophylls and carotenoids in the reaction
centers, it increases both the area and the spectral range of
light harvested. A Synechocystis sp. PCC 6714 mutant
with a T→C substitution 5 bp downstream of the transcription initiation site of the cpcBAC1C2D operon (PD-1;
Imashimizu et al., 2003) and containing only one-third the
level of PC (Nakajima et al., 1998) demonstrated reduced
photoinhibition and 20% to 30% higher photosynthesis,
as determined by higher oxygen evolution rates, in dense
cultures under high light (Nakajima and Ueda, 1997).
However, biomass accumulation and growth were not
quantiﬁed in these studies. More recently, Page et al.
(2012) quantiﬁed biomass accumulation and photosynthetic rates in three mutants of Synechocystis sp. PCC
6803: CB, containing only one PC hexamer per rod, a PCdeﬁcient mutant (olive), and a mutant completely lacking
PBSs. In contrast to the studies in C. reinhardtii, decreasing
antenna size in Synechocystis sp. PCC 6803 resulted in

lower biomass productivity. However, productivity was
tested only in conical ﬂasks and ﬂat-panel bioreactors
with a culture depth of approximately 2 cm. Under such
low depths, any productivity beneﬁts due to the effects of
greater light penetration would not be observed (Ritchie
and Larkum, 2012). The maximum light intensity utilized
was 150 mmol photons m22 s21, which is signiﬁcantly
lower than full sunlight. Moreover, the CB mutant contains a large amount of free phycobiliproteins not associated with the PBS (Ughy and Ajlani, 2004; Collins et al.,
2012). These absorb light and dissipate it as heat and
ﬂuorescence, which would further lower productivity.
Another recent study showed that the olive mutant achieved higher cell densities than the wild type under
400 mmol photons m22 s21 light in 5-L ﬂat-bed photobioreactors, although biomass accumulation was not
measured (Kwon et al., 2013).
In this study, we generated three antenna-truncated
mutants with decreasing amounts of PC in order to determine the optimal PBS size for maximal productivity in
dense cultures and to understand further the role of this
complex in cyanobacteria. We demonstrate that reducing
the PBS lowered photoinhibition, but when cells were
exposed to a white light-emitting diode (LED), light
penetration increased only in the strain lacking any PC.
Deletion of more than one PC disc per rod reduced
photosynthesis and biomass yields, except under conditions of high light exposure and carbon limitation. This
suggests that two to three PC discs per rod, commonly
found in most cyanobacteria, is optimal for light harvesting in industrial processes.
RESULTS
Generation of Recombinant Strains of Synechocystis sp.
PCC 6803

Unmarked mutants of Synechocystis sp. PCC 6803 with
two PC hexamers per rod (DCpcC2), one PC hexamer per
rod (DCpcC1C2), and no PC (olive) were constructed by
disruption of cpcC2, cpcC1C2, and cpcBAC1C2, respectively, via a two-step homologous recombination protocol. Deletion of the entire PBS results in extremely poor
growth (Ajlani and Vernotte, 1998; Page et al., 2012;
Kwon et al., 2013), so this mutant was not generated.
Plasmids in which the genes of interest were disrupted
with a cassette encoding neomycin phosphotransferase/
levansucrase (npt1/sacRB) were introduced into Synechocystis sp. PCC 6803, 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). Analysis of puriﬁed PBS preparations in Suc gradients conﬁrmed the presence of free phycobiliproteins in
the DCpcC2 and DCpcC1C2 strains (Fig. 1A), which is
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consistent with previous studies (Ughy and Ajlani,
2004), and PC absorbance was similar to the wild type
(Supplemental Fig. S2A). Loss of appropriate subunits in
the PBS complex was conﬁrmed via SDS-PAGE (Fig. 1B).
In order to remove free phycobiliproteins, we altered the
strength of the cpc promoter. The T nucleotide that was
altered to C in the Synechocystis sp. PCC 6714 PD mutant is
conserved in Synechocystis sp. PCC 6803, 258 bp upstream
of cpcB (position 727,723 in the Synechocystis sp. PCC 6803
genome; Supplemental Fig. S3). Therefore, the same nucleotide substitution and an additional T→G substitution,
which has also been shown to lower transcription
(Imashimizu et al., 2003), were introduced into the
wild type and the DCpcC2 and DCpcC1C2 mutants via

two-step homologous recombination. The promoter region
around the T nucleotide was ﬁrst replaced with an npt1/
sacRB cassette. Following complete segregation of strains,
markerless constructs containing the promoter region with
the appropriate nucleotide substitution were introduced
and Suc-resistant colonies were selected. Introduction of the
desired nucleotide substitution was conﬁrmed by sequencing. Only the T→C substitution resulted in the complete
removal of free phycobiliproteins (Fig. 1A). The
pcpcT→C and DCpcC2:pcpcT→C strains demonstrated similar PBS proﬁles (Fig. 1B) and absorbance
(Supplemental Fig. S2B), so only the ﬁrst strain was used
for further study. In addition to this strain, the DCpcC1C2:
pcpcT→C strain, which contains only one PC disc per rod
Figure 1. Analysis of attenuated PBS mutants.
A and B, Suc gradients of purified PBSs (A)
and separation of PBS polypeptides by TrisHCl polyacrylamide gradient gel electrophoresis (B) from the wild type (lane 1), pcpcT→C
(lane 2), pcpcT→G (lane 3), ΔCpcC2 (lane 4),
ΔCpcC2:pcpcT→C (lane 5), ΔCpcC2:pcpcT→G
(lane 6), ΔCpcC1C2 (lane 7), ΔCpcC1C2:
pcpcT→C (lane 8), ΔCpcC1C2:pcpcT→G (lane
9), and ΔCpcBAC1C2 (lane 10). In A, the
bottom band in all samples corresponds to
intact PBS. The top blue band in lanes 4, 6, 7,
and 9 consists of free phycobiliproteins (Ughy
and Ajlani, 2004). Migration of the PBS band
is dependent on size; larger complexes are
lower in the column. In B, the identity of
specific polypeptides is indicated in the
schematic representation of the PBS of Synechocystis sp. PCC 6803 (Glazer, 1988).
C, Spectrum showing the absorbance of the
four strains used in subsequent studies. Values
are averages from four biological replicates
and are standardized to 750 nm. WT, Wild
type.
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(Fig. 1B) and reduced PC absorbance (Fig. 1C), and the
olive mutant were selected for characterization.
Characterization of Attenuated PBS Mutants

To test for photoinhibition, all strains were grown
under continuous moderate white light (40 mmol photons
m22 s21) to mid log phase followed by incubation in the
dark for 10 min. Cells were then incubated under constant saturating light at 2,000 mmol photons m22 s21 for
80 min in the absence and presence of lincomycin, during
which time oxygen evolution was measured. Photoinhibition, as determined by a decrease in oxygen evolution, was similar between the wild-type and pcpcT→C
strains, the rate of oxygen evolution decreasing to
55.9% 6 4.9% and 52.3% 6 6.9% of the initial values,
respectively (Fig. 2A). However, photoinhibition was
signiﬁcantly reduced in the DCpcC1C2:pcpcT→C strain
and further still in the olive mutant, with oxygen evolution decreasing to 78.45% 6 4.2% and 90.85% 6 14.5% of
the initial rate. Oxygen evolution increased in the olive
mutant for the ﬁrst 20 min of light exposure, suggesting
that 2,000 mmol photons m22 s21 is not saturating light
for this strain, due to its decreased light absorption
properties. A similar pattern was observed when strains
were incubated in the presence of lincomycin, which inhibits protein synthesis and thus repair of PSII, except the
pcpcT→C strain, which showed greater photoinhibition
than the wild type (Fig. 2B).

Photosynthetic rates were measured at different light
intensities in order to generate a light saturation curve. In
such curves, the rate of oxygen evolution levels off as
saturating light intensity is approached, with the maximum rate of oxygen evolution designated as Pmax. The
Pmax of the olive and DCpcC1C2:pcpcT→C mutants were
41% and 21%, respectively, lower than that of the wild
type (Fig. 2C). By contrast, the Pmax for the pcpcT→C mutant was marginally higher (7%), but not signiﬁcantly
different, from that of the wild type. The gradient of the
oxygen evolution curve when the rate of oxygen evolution
increases linearly in proportion to the light intensity (i.e.
under nonsaturating light conditions) provides a measure
of the photon yield (Fp; Melis, 2009). The wild type
and the pcpcT→C mutant showed similar Fp of 0.197 6
0.015 and 0.199 6 0.015, respectively. By contrast, the
DCpcC1C2:pcpcT→C and olive mutants demonstrated
signiﬁcantly lower Fp of 0.131 6 0.010 and 0.117 6 0.015,
respectively. The rate of oxygen depletion in the dark after
a period of illumination (i.e. cellular respiration) can also
be plotted as a function of the light intensity prior to the
dark period, giving the respiration curve (Fig. 2D). The
maximum rate of oxygen depletion was measured after
the highest light intensity. pcpcT→C, DCpcC1C2:pcpcT→C,
and olive mutants showed 11%, 43%, and 60% decreases
in maximum rate of oxygen depletion compared with the
wild type. Superimposing the light saturation and respiration curves and extrapolating the linear regions to
the point at which they intersect gives the light intensity

Figure 2. Characterization of wild-type (circles), pcpcT→C (squares), ΔCpcC1C2:pcpcT→C (up triangles), and olive (down triangles)
strains. A and B, Photosynthetic oxygen evolution was measured in the absence (A) and presence (B) of lincomycin as a measure
of photoinhibition. Light was at an intensity of 2,000 mmol photons m22 s21. C and D, Oxygen evolution was measured at different
light intensities (C), and oxygen consumption was measured following each light period (D). All results are from four separate
biological replicates. Errors bars indicate SD. Asterisks indicate significant differences between samples (P , 0.05).
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required to reach the compensation point, where the rate
of oxygen evolution and depletion compensate each other.
Similar compensation point values (18.3 6 1.4 and 18.7 6
1.6 mmol photons m22 s21) were obtained for the wild
type and the pcpcT→C mutant, respectively. By contrast,
signiﬁcantly higher values, 39.5 6 2.8 and 32.6 6 5.9 mmol
photons m22 s21, respectively, were obtained for the
DCpcC1C2:pcpcT→C and olive mutants.
Cell size was measured for each of the strains. The
pcpcT→C and olive mutants demonstrated successive
reductions in size and cell volume compared with the
wild type (Table I). All the PBS-truncated mutants demonstrated signiﬁcant but similar reductions in chlorophyll
per cell compared with the wild type (Table I).

the most dramatic difference at O.D. 2.5 (Fig. 3D;
Supplemental Fig. S4). Under these conditions, the m
for the olive mutant was 24% smaller than that for the
wild type (91.6 versus 120.3).
Growth of PBS-Attenuated Mutants

In order to evaluate whether PBS reduction results in
increases in growth and biomass accumulation, Synechocystis sp. PCC 6803 strains were cultured at different light
intensities: 40 and 150 mmol photons m22 s21 in conical
ﬂasks with a culture depth of 2 cm, and 500 and 1,000 mmol
photons m22 s21 in 250-mL containers with a culture depth
of 10 cm, which may better reﬂect the depth in open
ponds. Growth was measured by recording the O.D. and
dry cell weight. When cultures were air bubbled, the olive
mutant showed signiﬁcantly slower growth at 40, 150,
and 500 mmol photons m22 s21 (Fig. 4A; Supplemental
Fig. S5, A and B) but improved growth at 1,000 mmol
photons m22 s21 (Fig. 4B). The DCpcC1C2:pcpcT→C mutant showed slower growth at 150 mmol photons m22 s21
but improved growth at 1,000 mmol photons m22 s21,
although not as high as the olive mutant. Growth was
similar between the wild-type and pcpcT→C strains at all
light intensities. No evidence of photobleaching was observed at 150 mmol photons m22 s21 (Supplemental
Fig. S6B). Some photobleaching was observed at 500
mmol photons m22 s21 (Supplemental Fig. S6C), which
increased at 1,000 mmol photons m22 s21 (Supplemental
Fig. S6D). The PBS was not signiﬁcantly altered over
the time of the experiment, as determined by the ratio
of APC to PC, at any light intensity (Supplemental Fig.
S6, A–D). In order to determine whether biomass accumulation was different between the strains, the dry
cell weight was measured at the end of each growth
period in the cultures grown in the 250-mL containers.
All strains accumulated similar biomass at 500 mmol
photons m22 s21 (Fig. 4E), but the DCpcC1C2:pcpcT→C and
olive mutants accumulated signiﬁcantly higher amounts
at 1,000 mmol photons m22 s21, which correlated with
the growth measurements (Fig. 4F).
Strains were then cultured in 250-mL containers and
sparged with 5% CO2 at 500 and 1,000 mmol photons
m22 s21. Growth was similar between the PC-containing

Light Penetration

Light penetration for cultures of the different
strains at ﬁve different optical densities (O.D. 0.1, 0.5,
1, 2.5, and 5) and three light intensities (500, 1,000, and
2,000 mmol photons m22 s21) was measured at various
depths using a quantum sensor (Fig. 3; Supplemental Fig.
S4; Supplemental Table S1). Light penetration was also
tested at three different wavelengths, red (lmax = 625 nm),
green (lmax = 525 nm), and blue (lmax = 470 nm), at an
intensity of 1,000 mmol photons m22 s21 in O.D. 1
cultures (Fig. 3; Supplemental Fig. S4, P–R). The data for
light penetration can be characterized by calculating the
attenuation coefﬁcient (m), the rate at which light penetration decreases with depth. Under blue light, penetration was similar between all strains (Supplemental Table
S1). Under red light and to a lesser extent under green
light, penetration increased with the reduction of the antenna (Supplemental Table S1). The m for the wild type,
pcpcT→C, DCpcC1C2:pcpcT→C, and olive exposed to red
light was 135.3, 105.2, 95.3, and 80.4 m21, respectively,
and that for the same strains exposed to green light was
88.7, 87.1, 82.3, and 80.7 m21, respectively. However,
under white light, the m of wild-type cells was similar to
that of mutants containing PC. For all cultures, the m increased with O.D. (m at O.D. 0.1 , m at O.D. 0.5 , m at
O.D. 1 , m at O.D. 2.5 , m at O.D. 5), as expected. Under
white light, a consistent difference was observed only
between the wild type and the PC-less olive mutant, with

Table I. Cell size and chlorophyll content of strains
Numbers of cells per unit of volume in cellular suspension at O.D. (750 nm) = 0.5 were measured by counting the cells directly using a Beckman
Coulter 2Z particle counter. Cell diameter was directly measured using the same instrument. Cell volume was calculated from these measurements.
Chlorophyll content was derived from the 750- and 680-nm values as described in “Materials and Methods.” Results are from four biological
replicates. SD is indicated. Asterisks indicate significant differences between samples (P , 0.05).
Strain

Wild type
pcpcT→C
DCpcC1C2:pcpcT→C
Olive

Cells per 1 mL of Culture at O.D.
(750 nm) = 1 (106 Cells)

145.2
192.5
139.7
224.8

6
6
6
6

Cell Diameter

Cell Volume
mm3

mm

5.6
13.9*
7.2
4.5*

2.02
1.91
1.99
1.82

6
6
6
6

0.05
0.04*
0.02
0.01*

4.34
3.66
4.11
3.17

6
6
6
6

0.32
0.25*
0.13
0.06*

Chlorophyll Content
amol cell21

42.1
30.5
35.0
26.4

6
6
6
6

2.6
1.1*
1.3*
0.6*
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Chlorophyll Content per
Cellular Volume
amol mm23

9.69
8.35
8.52
8.33

6
6
6
6

0.20
0.51*
0.17*
0.19*
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Figure 3. Light penetration as a function of the depth of wild-type (circles), pcpcT→C (squares), ΔCpcC1C2:pcpcT→C (up triangles), and
olive (down triangles) strains. A to E, O.D. (750 nm) 0.1 (A), 0.5 (B), 1 (C), 2.5 (D), and 5 (E) cultures were exposed to 500, 1,000, or 2,000
mmol photons m22 s21, and light levels were measured at 11-mm intervals up to 110 mm. Results from these experiments are combined,
as light penetration is independent of incident light intensity to at least 2,000 mmol photons m22 s21. F to H, O.D. (750 nm) 1 cultures
were exposed to 1,000 mmol photons m22 s21 red (F), blue (G), and green (H) light, and light levels were measured at 11-mm intervals up
to 99 mm. Light is expressed as a percentage in log scale. Results for separate light experiments are shown in Supplemental Figure S4.

strains but slower in the olive mutant (Fig. 4, C and D).
Little if any photobleaching was observed, and the PBS
was not signiﬁcantly altered (Supplemental Fig. S6, E
and F). Biomass accumulation was similar between all
strains at 500 mmol photons m22 s21 but lower in the olive
mutant at 1,000 mmol photons m22 s21 (Fig. 4, G and H).
In all strains, biomass accumulation was higher in cultures
sparged with 5% CO2 than with air.

Conservation of PBSs in Cyanobacteria

In order to determine the distribution of core and
linker polypeptides in PBSs in cyanobacteria, a comparison of 86 sequenced strains was performed
(Supplemental Table S2). Fourteen strains, including
the PSII-deﬁcient cyanobacterium strain UCYN-A
(Zehr et al., 2008) and all the Prochlorococcus species,
do not encode any of these PBS subunits, although

Figure 4. Growth (top) and biomass accumulation (bottom) of wild-type (circles), pcpcT→C (squares), ΔCpcC1C2:pcpcT→C (up
triangles), and olive (down triangles) strains under different light and bubbling conditions. Strains were cultured at 500 (A and E)
and 1,000 (B and F) mmol photons m22 s21 with air bubbling and at 500 (C and G) and 1,000 (D and H) mmol photons m22 s21 with
5% CO2 bubbling. Results are from three to six biological replicates. Errors bars indicate SD. Asterisks indicate significant differences
between samples (P , 0.05).
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some species contain genes demonstrating high sequence
similarity to those encoding phycoerthyrin subunits
(Ting et al., 2001). Of the remaining strains, all encode
homologs to cpcG1. Of these, 25 encode homologs only
to cpcC1, 36 encode homologs to cpcC1 and cpcC2, while
the remaining 11 encode homologs to cpcC1 and more
than one cpcC2 homolog.

DISCUSSION

We have characterized a range of PBS-attenuated
mutants under different growth conditions. As hypothesized, reducing the PBS generally resulted in lower photoinhibition, although this was not the case in the
pcpcT→C strain. In carbon-limited cultures, reduction of
the PBS was clearly advantageous when strains were
grown at 1,000 mmol photons m22 s21 (Fig. 4, B and F).
The improved growth (Fig. 4B) and reduced photobleaching (Supplemental Fig. S6D) observed in the
DCpcC1C2:pcpcT→C and olive mutant strains under these
conditions may also be due to lower photosynthetic rates,
as demonstrated by the reduced rate of oxygen evolution
(Fig. 2C). This would limit electron production overtaking consumption by the Calvin cycle, resulting in the
photosynthetic electron transfer chain becoming less reduced. Under conditions where carbon is not limited,
little photobleaching was observed, even at 1,000 mmol
photons m22 s21 (Supplemental Fig. S6, E and F). In addition, cyanobacterial cultures sparged with CO2 showed
signiﬁcantly higher growth rates and biomass accumulation than those sparged with air (Fig. 4, C and D and G
and H compared with A and B and E and F, respectively). Although light penetration in cell suspensions
increased as the PBS was gradually attenuated when red
light and, to a lesser extent, green light, which is directly
absorbed by PBSs, was used (Supplemental Fig. S4, P and
R), reducing the PBS did not signiﬁcantly improve overall
light penetration when culture suspensions were exposed
to white LED light, except in the PC-deﬁcient strain
(Fig. 3; Supplemental Fig. S4). This may reﬂect the fact
that the red and green wavelengths are only a component
of the spectrum (Supplemental Fig. S7) and/or that light
scattering and absorption by other cellular components
limit penetration to lower depths, suggesting that even
one PC disc is sufﬁcient to absorb enough light to give the
same biomass production as the wild type. To the best of
our knowledge, this study is the ﬁrst to examine light
penetration in any cyanobacterial cell suspension at different cell densities and light intensities. These experiments demonstrate that, in dense cultures (O.D. $ 2.5),
the majority of light (80%–90%) is absorbed by cells in the
top 1 to 2 cm of the culture.
Our results were similar to those observed by Page et al.
(2012) when cultures were grown at low light intensity
(40 mmol photons m22 s21 in our study [Supplemental Fig.
S5A] and 50 mmol photons m22 s21 in Page et al., 2012) in
conical ﬂasks with air bubbling. Under these conditions,
the olive mutant demonstrated lower biomass productivity than the wild type. Other results derived from our

study are not comparable with those of Page et al. (2012),
since the maximum light intensity used in their study was
150 mmol photons m22 s21. In another study (Kwon
et al., 2013), the authors demonstrated 26% higher photosynthetic activity per cell in the olive mutant compared
with the wild type, as measured by maximum oxygen
evolution, at 400 mmol photons m22 s21 in continuous
culture maintained at O.D. (680 nm) = 0.7. Whether this
translates to greater productivity was not determined
either by measuring biomass accumulation or cell density
at O.D. (750 nm). In addition, measuring absorbance at
O.D. (680 nm) quantiﬁes both chlorophyll and cell density, which, given that chlorophyll content differs between strains (Table I), makes drawing any conclusion
about productivity difﬁcult. Therefore, drawing any reliable comparison between our results and those of Kwon
et al. (2013) is not possible. However, the olive mutant
may be useful for applications that require higher photosynthetic capacity, such as the generation of hydrogen
(McCormick et al., 2013) or electricity in a biophotovoltaic
device (Bombelli et al., 2011; Bradley et al., 2013).
The poorer performance of the olive mutant under
most conditions is likely to be due to its signiﬁcantly
reduced photosynthetic capacity. This may be explained
in part by a recent study by Collins et al. (2012) that
examined membrane morphology and PSI and PSII distribution and amounts in PBS-truncated mutants. Signiﬁcant morphological differences were observed in the
olive mutant. In contrast to the wild type and the
DCpcC1C2 mutant, where thylakoid membranes localized to the periphery of the cell in alignment with the
cytoplasmic membrane, in the olive mutant, the membranes spanned the interior of the cell and appeared less
curved. In both the olive and DCpcC1C2 mutants, the
distance between thylakoid membranes was reduced
from 40 to 32 nm. The PSI-PSII ratio was not signiﬁcantly
different in the DCpcC1C2 strain, but a reduction in the
ratio of PSI to PSII was observed in the olive mutant, as
was greater segregation and distance between the two
photosystems. Despite the difference in the PSI-PSII ratio,
the olive mutant has been shown to undergo state transitions (Bernát et al., 2009). Our study extended this work
by examining cell size, chlorophyll levels, and photosynthetic and respiratory rates in these strains. The olive
mutant cells are signiﬁcantly smaller than wild-type cells
(3.17 6 0.06 versus 4.34 6 0.32 mm3; Table I), suggesting
that this large complex, 5 to 10 MD, has a major effect on
increasing cell size. The reduction in chlorophyll per cell
in all PBS-attenuated mutants suggests that the total
amount of PSII and/or PSI is lower (Table I). The decline
in photosynthetic and respiratory capacity we observed
may be due to the differences in membrane morphology.
The important role of the PBS in membrane organization, as illustrated by Collins et al. (2012), demonstrates
the different roles this complex plays in the cell. However, under environmental conditions when strains are
exposed to long periods of high light, having a smaller
PBS, or no PBS at all, may be advantageous. Prochlorococcus
spp., typically found in equatorial open ocean regions
and potentially exposed to long periods of high light,
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lack PBSs completely (Supplemental Table S2), although
these species do contain homologs of isiA, encoding an
iron stress-induced antenna complex (Bibby et al., 2001;
Boekema et al., 2001). Lacking a PBS may also be critical
in maintaining the small size of Prochlorococcus species,
typically 0.5 to 0.7 mm in diameter, which is advantageous for nutrient uptake (Partensky et al., 1999). In
strains containing PBSs, having one PC disc per rod is
sufﬁcient for maximal light harvesting and biomass accumulation, at least when CO2 is not limiting. However,
having at least two PC discs per rod is sufﬁcient for
maximal photosynthetic and respiratory activity, as indicated by the lower oxygen evolution and depletion rates
in the DCpcC1C2:pcpcT→C and olive mutant strains. This
may explain why all PBS-containing cyanobacteria
encode CpcC1 and, therefore, have at least two PC discs
per rod (Supplemental Table S2).

CONCLUSION

This study demonstrates that reducing the PBS is not
useful for improving the industrial production of either
cyanobacterial biomass or metabolites, except when carbon is limited, in contrast to the studies performed in
C. reinhardtii. Lower photosynthetic activity has a detrimental effect on growth and is not compensated for by
either reduced photoinhibition or greater light penetration.
Photoinhibition may be further limited by mixing, which,
in a culture where the majority of light penetrates only a
few centimeters (Fig. 3; Supplemental Fig. S4), most likely
limits the exposure of cells to light for brief periods. Given
that light penetrates very poorly in dense cultures, our
results suggest that metabolite production over an extended period of time may be optimal in ﬂat-panel bioreactors or tubular bioreactors with thin diameters. While
reduction of the PBS does not improve growth, a possible
alternative might involve the development of PBSs containing at least two discs with pigments other than PC,
such as phycoerythrin, which absorbs light at lmax = 545
nm, the part of the spectrum where light absorption by
Synechocystis sp. PCC 6803 is lowest. Incorporation of
phycoerythrobilins into PBSs was demonstrated in Synechococcus sp. PCC 7002 via the overexpression of pebAB
(for 15,16-dihydrobiliverdin:ferredoxin oxidoreductase and
phycoerythrobilin:ferredoxin oxidoreductase, respectively),
encoding the two enzymes synthesizing this chromophore
(Alvey et al., 2011). However, the overexpressing lines
quickly reverted back to the wild-type PBS state. Stable
incorporation of these pigments into PBSs may result in
broader but lower absorption across the whole spectrum,
increased light penetration, no difference in membrane
morphology, and overall improved growth.

MATERIALS AND METHODS
Bacterial Strains, Media, and Growth Conditions
Synechocystis sp. PCC 6803 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 indicated otherwise. A total of 15 g L21 agar was
used for the preparation of solid media, supplemented with 30 mg mL21
kanamycin and 5% (w/v) Suc when necessary. Strains used in this study are
listed in Supplemental Table S3.

Plasmid Construction
Primers used in this study are listed in Supplemental Table S4. PCR was
performed by standard procedures using Phusion high-ﬁdelity DNA polymerase
(New England Biolabs). The genome sequence of Synechocystis sp. PCC 6803
(Kaneko et al., 1996) was consulted via Cyanobase (http://genome.kazusa.or.jp/
cyanobase) for primer design. Gene deletion of cpcC2 was performed by amplifying a 1,047-bp fragment upstream of cpcC2 using primers CpcC2leftfor and
CpcC2leftrev and a 1,089-bp fragment downstream of cpcC2 using primers
CpcC2rightfor and CpcC2rightrev, followed by insertion of the respective fragments into the XbaI/BamHI and SacI/EcoRI sites of pUC19 to generate pCpcC2-1.
Gene deletion of cpcC1C2 was performed by amplifying a 1,012-bp fragment
upstream of cpcC1 using primers CpcC1leftfor and CpcC1leftrev, followed by
insertion of this fragment and the cpcC2 downstream fragment into the XbaI/
BamHI and SacI/EcoRI sites of pUC19 to generate pCpcC1C2-1. Gene deletion of
cpcBAC1C2 was performed by amplifying a 1,016-bp fragment downstream of
cpcB using primers CpcBrightfor and CpcBrightrev, followed by insertion of this
fragment and the cpcC1 upstream fragment into the SacI/EcoRI and XbaI/BamHI
sites of pUC19 to generate pCpcBAC1C2-1. The BamHI-digested npt1/sacRB
cassette from pUM24Cm (Ried and Collmer, 1987) was inserted into the BamHI
site between the upstream and downstream fragments in pCpcC2-1, pCpcC1C2-1,
and pCpcBAC1C2-1 to generate pCpcC2-2, pCpcC1C2-2, and pCpcBAC1C2-2,
respectively. Nucleotide substitution in the cpc operon promoter ﬁrst required the
generation of a marked mutant. This was performed by amplifying a 944-bp
fragment upstream of the promoter region using primers Cpcproleftfor and
Cpcproleftrev and a 1,018-bp fragment downstream of the promoter region using
primers Cpcprorightfor and Cpcprorightrev, followed by insertion of the respective fragments into the EcoRI/BamHI and BamHI/HindIII sites of pUC19 to
generate pCpcpro-1. The BamHI-digested npt1/sacRB cassette was inserted into
the BamHI site between the upstream and downstream fragments in pCpcpro-1
to generate pCpcpro-2. A 635-bp fragment spanning the deleted region was then
ampliﬁed using primers Cpcprointfor and Cpcprointrev, followed by insertion
into the SmaI/HindIII sites of pUC19 to generate pCpcproint. Two fragments
were then ampliﬁed with primers CpcprointforT-C and CpcprointforT-G, containing T→C and T→G substitutions, respectively, and the Cpcprointrev primer
to generate 505-bp products. These fragments were cloned into the HincII/
HindIII sites of pCpcproint. A SmaI/NocI fragment was excised and inserted into the same sites in pCpcpro-1 to generate pCpcproT→C and
pCpcproT→G. These plasmids contained the entire wild-type cpc promoter region,
except for the T→C or T→G substitution 258 bp upstream of the cpcB start codon.

Construction of PBS Mutant Strains
To generate marked mutants, approximately 1 mg of plasmids pCpcC2-2,
pCpcC1C2-2, and pCpcBAC1C2-2 was mixed with Synechocystis sp. PCC 6803
cells for 6 h in liquid medium, 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. Transformants were subcultured to allow the segregation of mutant alleles.
Segregation was conﬁrmed by PCR using primers CpcC2for/CpcC2rev, CpcC1for/
CpcC2rev, or CpcC1for/CpcBrev, which ﬂank the deleted region. Generation of
unmarked mutants 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
pCpcC2-1, pCpcC1C2-1, and pCpcBAC1C2-1 constructs. Following incubation in
BG-11 liquid medium for 4 d and agar plates containing Suc for a further 1 to
2 weeks, transformants 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).
Wild-type, cpcC2, and cpcC1C2 knockout lines with promoters containing the
T→C or T→G substitution were generated by transformation with 1 mg of
pCpcpro-2, followed by segregation of the mutant strains and conﬁrmation by
PCR. Plasmids pCpcproT-C and pCpcproT-G were then transformed into these
strains and unmarked mutants generated by selecting for kanamycin-sensitive,
Suc-resistant colonies. The T→C or T→G substitution was conﬁrmed by sequencing of PCR products generated using primers Cpcprointfor and Cpcprointrev.
All strains are listed in Supplemental Table S3.
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PBS Puriﬁcation and Analysis
PBSs were puriﬁed according to Glazer (1988). Approximately 100 mL of
culture grown to late logarithmic phase was centrifuged at 5,000 rpm, washed
twice with 0.8 M potassium phosphate buffer, pH 7 (KP), and resuspended in
1 mL of KP. A total of 500 mL of 400-mm beads was added to the cell suspension,
and cells were shaken for 10 min using an IKA-VIBRAX-VXR bead beater at
2,400 rpm. The suspension was centrifuged at 13,000 rpm for 20 min, and the
supernatant was removed. This was added to a Suc gradient consisting of, from
the bottom upward: 1 mL of 2 M, 3 mL of 1 M, 2.5 mL of 0.75 M, 2.5 mL of 0. 5 M,
and 2 ml of 0.25 M Suc solutions in KP. The suspension was centrifuged for 20 h at
28,000 rpm. Blue bands containing intact PBSs or free phycobiliproteins were
extracted from the Suc gradient. Suc was removed, and samples were concentrated
by repeated washing with KP in Amicon Ultra 10K membrane centrifugal ﬁlter units.
Samples equivalent to O.D. (620 nm) = 0.2 were analyzed by SDS-PAGE on
a Bio-Rad Ready Tris-HCl, 10% to 20% linear polyacrylamide gradient gel in
modiﬁed Tris/Gly buffer. Gels were run for 20 h at 20 V and then stained with
1% (v/v) Coomassie Blue in acetic acid/methanol. All steps were carried out
at room temperature. Identiﬁcation of PBS proteins was performed by comparison with past studies (Ughy and Ajlani, 2004).

Absorbance Measurements
Absorbance of all strains was measured according to Merzlyak and Naqvi
(2000). Cultures were harvested during the exponential growth phase with an
O.D. of 0.6 measured using a spectrophotometer at 750 nm. Cultures were
placed in a 4-mL ﬂuorescence cuvette (1 cm path length) and positioned in
front of the entrance port of an integrating sphere. A light source sent light via
an input ﬁber into the cuvette containing the sample, and the light leaving the
sample in the forward direction was collected by the integrating sphere. The
extinction spectra were recorded using a USB4000-UV-VIS Ocean Optics
Spectrometer connected to the integrating sphere with an output ﬁber optic
and interfaced to a computer. The cuvettes containing the samples were positioned at different distances (0 and 5 mm) from the entrance port of the
sphere, and the absorbance spectrum was obtained via the SpectraSuite
Spectroscopy operating software. The nominal absorption spectrum was then
calculated using the equation according to Merzlyak and Naqvi (2000).

Photosynthesis, Photoinhibition, and
Respiration Measurements
Photosynthetic oxygen evolution rates and oxygen depletion rates (respiration)
were determined on cell cultures (approximately 4 nmol chlorophyll mL21) using
an oxygen electrode system (Rank Brothers Instruments) maintained at 30°C.
Following dark equilibration (10 min), oxygen-exchange rates were recorded for
10 min at increasing light intensities (10, 25, 60, 150, 350, 900, and 2,000 mmol
photons m22 s21) using MR16 white LED lamps (Deltech). Each light period was
followed immediately by 10 min in darkness to calculate the respiration rates. The
respiration rate following illumination at each light intensity was subtracted to
estimate the real rate of photosynthetic oxygen evolution. To measure photoinhibition, cell cultures (approximately 1 nmol chlorophyll mL21) were ﬁrst dark
equilibrated (10 min), and the rate of oxygen evolution was recorded for 80 min
at a light intensity of 2,000 mE m22 s21. All measurements were standardized to
the initial rate. Photoinhibition experiments were conducted either in the absence
or presence of lincomycin (250 mg mL21). A Student’s paired t test was used for
all comparisons, P , 0.05 being considered statistically signiﬁcant.

the apparatus through the transparent Perspex into the internal chamber. The
LED light spectra were measured using an Ocean Optics Spectrometer
USB2000+UV-VIS detector (Supplemental Fig. S7). A quantum sensor (Skye
Instruments), which measures photosynthetically active radiation uniformly
between 400 and 700 nm, was placed on the top of the internal chamber and
shone on the top of the cell suspension, to measure light levels. The internal
chamber was ﬁlled with cells and adjusted to measure light penetration
at different depths. Light penetration with red, blue, and green light
(Supplemental Fig. S8) at an intensity of 1,000 mmol photons m22 s21 was performed by using a custom-made light emission device ﬁtted with a LZC-00MC40
RGB LED light (LedEngin).

Characterization of Mutant Growth
All strains were inoculated using cultures grown under moderate light to late
logarithmic phase and then cultured either in conical ﬂasks under continuous light
(40 or 150 mmol photons m22 s21) and shaking or in 250-mL cylindrical plastic
containers under continuous light (500 or 1,000 mmol photons m22 s21) with either
air or 5% CO2 bubbling and no shaking. All experiments were conducted in an
Infors LED photobioreactor. Absorbance was measured at 625, 652, 680, and
750 nm, to quantify chlorophyll, cell density, and the ratio of APC to PC. Chlorophyll
amounts were divided by the 750-nm O.D. value to give a level of chlorophyll per
cell in arbitrary units. The ratio of APC to PC was determined by dividing the
652-nm O.D. value by the 625-nm O.D. value. To measure dry cell weights, a volume
of culture was removed at the start and end of each growth phase, washed once with
distilled water, ﬁltered, and dried prior to measurement. A Student’s paired t test
was used for all comparisons, P , 0.05 being considered statistically signiﬁcant.

Bioinformatics
FASTA BLAST comparisons (Altschul et al., 1990) were performed using
the Synechocystis sp. PCC 6803 apcE, cpcG1, cpcC1, and cpcC2 sequences against
the 86 genomes listed in the National Center for Biotechnology Information
database (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi).

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Generation of mutant strains in Synechocystis sp.
PCC 6803.
Supplemental Figure S2. Absorbance spectrum of strains.
Supplemental Figure S3. Sequence of the upstream region near the altered
T→C substitution.
Supplemental Figure S4. Light penetration of strains at different O.D. (750
nm) cultures and light levels.
Supplemental Figure S5. Growth of strains at 40 and 150 mmol photons
m22 s21 in conical ﬂasks with air bubbling.
Supplemental Figure S6. Chlorophyll per cell and ratio of APC to PC of
strains under different light, bubbling, and culture conditions.
Supplemental Figure S7. Spectra of white, blue, green, and red LED lights.
Supplemental Figure S8. Custom-made apparatus used for measuring
light penetration.

Cell Size

Supplemental Table S1. m values of PBS-attenuated strains.

Numbers of cells per unit of volume were measured by counting the cells directly
using a Beckman Coulter 2Z particle counter. Measurements were performed using
20 mL of O.D. (750 nm) = 0.5 cells diluted in 10 mL of measuring buffer. Cell diameter was directly measured using the same instrument. Cell volume was calculated from these measurements. The amount of chlorophyll was measured by
subtracting the 750-nm O.D. value from the 680-nm O.D. value and multiplying by
10.854, as described previously (Bombelli et al., 2011; Lea-Smith et al., 2013).

Supplemental Table S2. Conservation of PBS subunits in cyanobacteria.

Light Penetration Measurements
Light penetration was measured using a custom-made apparatus
(Supplemental Fig. S8). Light (white LED) was shone from the bottom of

Supplemental Table S3. Strains used in this study.
Supplemental Table S4. Sequences of primers used in this study.
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