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Light is harvested in cyanobacteria by chlorophyll-containing photosystems embedded
in the thylakoid membranes and phycobilisomes (PBSs), photosystem-associated lightharvesting antennae. Light absorbed by the PBSs and photosystems can be converted to
chemical energy through photosynthesis. Photosynthetically fixed carbon pools, which are
constrained by photosynthetic light capture versus the dissipation of excess light absorbed,
determine the available organismal energy budget.The molecular bases of the environmental regulation of photosynthesis, photoprotection, and photomorphogenesis are still being
elucidated in cyanobacteria. Thus, the potential impacts of these phenomena on the efficacy of developing cyanobacteria as robust biotechnological platforms require additional
attention. Current advances and persisting needs for developing cyanobacterial production platforms that are related to light sensing and harvesting include the development of
tools to balance the utilization of absorbed photons for conversion to chemical energy and
biomass versus light dissipation in photoprotective mechanisms. Such tools can be used
to direct energy to more effectively support the production of desired bioproducts from
sunlight.
Keywords: biotechnology, cyanobacteria, light signaling, photoinhibition, photosynthesis, phycobilisomes,
synthetic biology, systems biology

INTRODUCTION
The use of photosynthetic organisms as biotechnological platforms for the production of bioproducts has gained significant
interest in recent years. These organisms have the potential to
combine the functions of photocatalyst and production platform
in a single organism, thereby potentially truncating the process
from harvesting solar energy to the production and isolation of
important bioproducts, including biofuels (Lindberg et al., 2010;
Melis, 2012; Oliver and Atsumi, 2014). The general potential of
cyanobacteria as biofactories or for biotechnological applications
has been addressed in recent reviews (Lindblad et al., 2012; Oliver
and Atsumi, 2014).
Cyanobacteria and algae have been described as better photosynthetic platforms than land plants due to high photosynthetic
rates and a greater potential for the diversion of photosynthetically
fixed carbon to the production of target molecules (Melis, 2009).
This higher potential is primarily due to there being no need to
divert energy to support non-photosynthetic tissues, which can
comprise a significant proportion of the organism in the case
of plants (Melis, 2012). Although still somewhat early in their
development as biotechnology chassis, some developmental or
engineering modifications have been tested for improving the use
of cyanobacteria as effective production platforms. Increasing the
partitioning of photosynthetically produced carbon to pathways
of interest can increase overall yield of the production of target molecules in engineered cyanobacteria. Cyanobacteria can be
engineered to couple the expression of genes that increase flux
through pathways which provide key substrates or precursors to
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engineered pathways to further promote the production of target
molecules (Bentley et al., 2014; Halfmann et al., 2014; Kiyota et al.,
2014). Alternatively, knocking out natural carbon sinks or storage
products, such as glycogen synthesis, can result in a greater proportion of carbon partitioning to non-native products (Li et al.,
2014; van der Woude et al., 2014).
Oxygenic photosynthesis has been proposed to be theoretically limited to an 8–10% efficiency of solar-to-biomass energy
conversion (Melis, 2009). This theoretical limit can be attained
under low light conditions, but drops to 2–3% or even lower
for some species in full sunlight (Melis, 2012). Sub-optimal light,
light-harvesting complexes that are not in balance with the external environment, or photoinhibitory mechanisms associated with
excess light absorption are among the factors that can contribution to this limitation. One mechanism for dissipating excess light
is non-photochemical quenching (NPQ), which is the dissipation
of excess energy as heat (Niyogi and Truong, 2013). NPQ is the
primary mechanism that appears to limit solar-to-biomass conversion efficiency (Melis, 2012). This observation suggests NPQ
regulation as a potential target for improving the development of
cyanobacteria as bioproduction strains. Other targets for improving biotechnological or industrial applications using these organisms have included assessing the impact of source–sink relations
on productivity. Prior studies indicate that engineered cyanobacterial strains which have an additional sink for carbon, either
through incorporation in particular products or through export
of carbon-based compounds from the cell, respond by exhibiting
increased rates of carbon dioxide assimilation and increased rates

July 2014 | Volume 2 | Article 22 | 1

Montgomery

of photosynthesis (Ducat et al., 2012; Ungerer et al., 2012; Oliver
et al., 2013; Bentley et al., 2014; Halfmann et al., 2014).
The ability to photosynthesize and adapt to variable environments are the primary reasons that cyanobacteria exhibit great
potential for bioengineering and biotechnological applications.
However, some potential damaging impacts of light or lightdependent utilization of energy for acclimation responses must
be balanced to maximize the efficacy of cyanobacteria as production chassis. The content and number of phycobilisomes (PBSs),
i.e., accessory photosynthetic light-harvesting complexes, and core
photosystems have to be balanced to maximize light absorption
for the conversion of light energy to chemical energy in the form
of photosynthate, while also minimizing the absorption of excess
light. Excess photoexcitation can lead to photoinhibition and phototoxicity and thereby limit the production of target molecules.
The utilization of light in photomorphogenic or light-dependent
growth and developmental responses, for which the fitness implications are still not well defined, can be quite costly energetically and thus could impact organismal productivity. Thus, the
impact of light on additional phenotypes requires attention as
these light-dependent processes can contribute to or draw away
energy available for the improvement of solar-to-biomass conversion efficiencies or conversion of photons to chemical energy used
to support production of desired compounds.

LIGHT IMPACTS ON CULTURE GROWTH AND PRODUCTIVITY
The importance of light both in providing energy to fuel the
growth of cyanobacterial and algal strains and the bioproduction
of target molecules, as well as the potential damaging effects of
excess light has been addressed, primarily from the perspective of
minimizing shading and maximizing productive exposure of all
cells in a culture to light (Scott et al., 2010). However, the impact
of light on cultures can be quite complex in that light can initiate acclimation responses in addition to primary photochemistry.
Acclimatory light responses can either increase or decrease overall
cellular productivity (Figure 1).
LIGHT-REGULATED TRANSCRIPTIONAL AND CELLULAR RESPONSES
IMPACT ENERGY PRODUCTION CAPACITY IN CYANOBACTERIA

Light impacts cyanobacterial photosynthetic complex composition
and cellular physiology

The acclimation response, historically known as complementary
chromatic adaptation (CCA), is one process by which cyanobacterial cells use a transcriptional response to produce PBSs that are
spectrally tuned to maximally absorb the prevalent wavelengths
of light in the ambient environment (Gutu and Kehoe, 2012).
CCA also drives light-dependent alterations of cellular or filament
morphology (Bennett and Bogorad, 1973; Bordowitz and Montgomery, 2008). CCA, thus, through tuning light absorption to the
external environment maximizes the potential for light energy to
chemical energy conversion. Notably, CCA itself is under the regulation of a light-sensitive photosensory protein, i.e., RcaE, which
controls the transcription of PBS-encoding genes (Kehoe and
Grossman, 1996; Terauchi et al., 2004) and light-dependent morphological changes (Bordowitz and Montgomery, 2008; Singh and
Montgomery, 2014). A mismatch between PBS protein composition with light available results in an initial loss of photosynthetic
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FIGURE 1 | Light-harvesting in cyanobacteria and potential costs
and/or contributions to solar energy conversion. Light harvested in
cyanobacteria can be used with carbon dioxide (CO2 ) and water (H2 O) for
photosynthesis. When excess energy is absorbed, it can result in damage
to the photosystems and photoinhibition, or energy can be dissipated as
heat by proteins such the orange carotenoid protein (OCP) or electrons can
be transferred to alternative acceptors such as flavodiiron proteins (Flv)
during photoprotection. In response to the environment, acclimation
responses which tune the size and pigment composition of photosystems
to maximize light absorption, or alter the size and composition of
light-harvesting complexes to reduce or increase light absorption, can
modify the organismal potential for light-harvesting. Light energy that is
used for the reactions of photosynthesis can be converted to chemical
energy (primary photosynthate) that supports growth and maintenance,
including biomass production, or can be diverted and used for the
production of target bioproducts and/or biofuels.

efficiency until the protein composition is recalibrated with the
predominant wavelengths of light available (Campbell, 1996).
A significant contribution of energy to altering other aspects
of growth and development occurs in response to changes in the
external light, including morphological phenotypes. Changes in
the prevalent wavelengths and intensity of light can lead to CCAassociated shifts between spherical and rod-shaped cells (Bennett
and Bogorad, 1973; Bordowitz and Montgomery, 2008; Pattanaik
et al., 2012; Walters et al., 2013). Distinct wavelengths have also
been shown to induce cellular differentiation in some cyanobacteria from vegetative cells to other cell types including motile hormogonia (Damerval et al., 1991) or spore-like akinetes (Thompson
et al., 2009). These morphological changes have largely unknown
impacts on efficiency and solar energy conversion. Whereas, the
ability of cells to modulate photosynthetic pigment composition
is beneficial to long term culture productivity, the energetic costs
or benefits of photo-dependent morphological control is less well
understood. It has been suggested, however, that the morphological effects may be related to controlling cell volume and the
related capacity for thylakoid membrane content, which drives PBS
quantity primarily for adaptation to low light conditions (Montgomery, 2008; Pattanaik et al., 2012; Walters et al., 2013). Thus, the
morphological alterations may regulate photosynthetic membrane
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capacity and thereby contribute to optimizing photosynthetic
efficiency in response to changes in the external environment.
Similar to the benefits of regulating PBS protein or pigment
composition, distinct photosystem (PS) proteins may also be
used under different environmental conditions. Such alterations
occur as a part of acclimation responses that are generally associated with fitness advantages under particular conditions, which
include differences in light quality and/or intensity (Vinyard et al.,
2013, 2014). In addition to protein substitutions or modifications, the overall antenna size may be modulated to alter cellular productivity and/or for cellular photoprotection. There are
noted correlations of photosynthetic light-harvesting complex size
and number with photoacclimation or photoprotection responses
(Jodłowska and Latała, 2013). Diel (Jacquet et al., 2001; Poulin
et al., 2014) and circadian cycles (Cervený and Nedbal, 2009)
can also impact chlorophyll levels, which can be directly related
to potential productivity and/or photoinhibition. Such acclimation responses suggest strong effects of growth conditions on the
potential productivity of strains. These acclimation responses can
either increase light-harvesting for photosynthesis or alternatively
can promote photoprotection, which limits damage while often
simultaneously reducing photons harvested for the photochemical
reactions of photosynthesis (Figure 1).
The production of different versions of light-absorbing photosynthetic proteins or modulations of antenna size, in addition
to other light-dependent changes in growth and development or
photomorphogenesis, require energy that is spent during the acclimation responses – energy that is no longer available for the production of target molecules or products. To address this potential
non-productive use of energy during acclimation, some analyses
have been conducted to assess the benefits of truncating antennae
size on supporting an overall increase in photosynthetic productivity for dense mass culturing. Truncated antennae promote light
penetration and absorption for photosynthesis, while simultaneously reducing the potential for photoinhibition (reviewed by
Melis, 2009).

PS genes (Imamura et al., 2003a; Summerfield and Sherman, 2007;
Yoshimura et al., 2007; Pollari et al., 2009). SigB and SigD have
also been shown to have a role in cellular adaptation of Synechocystis to high light conditions (Imamura et al., 2003b; Pollari
et al., 2008, 2009, 2011), as has a SigD homolog in Synechococcus
elongatus PCC 7942 (Seki et al., 2007). Recent studies with Synechocystis strains in which several sig genes were deleted highlighted
an additional role of Sig proteins in modulating light use efficiency
in response to moderate changes in light intensity (Tyystjärvi et al.,
2013). Several sigma factors are, thus, directly linked to regulation
of photosynthetic potential and the capacity for phototoxicity.
The correlation of several sigma factors with the regulation
of photosynthesis-related genes and light use efficiency suggests
that modulation of these genes could impact the development
of cyanobacterial strains as production platforms. In this regard,
sigB overexpression has been shown to improve the use of Synechocystis as a platform for producing the biofuel butanol, as well as
for improving tolerance to non-optimal temperature and reducing reactive oxygen species (ROS) generation (Kaczmarzyk et al.,
2014). By comparison, sigE overexpression negatively impacts the
expression of PS genes and results in reduced photosynthetic efficiency in nutrient-replete growth (Osanai et al., 2013). Thus, the
regulation of sigma factors in vivo has complex outcomes. Apart
from photosynthesis-related genes, there may well be other nonphotosynthetic genes whose expression is modulated by environmental regulation of sigma factors that could be vitally important
for maximizing solar energy conversion and the development of
cyanobacteria as biotechnological platforms. The utilization of
systems biological approaches, including transcriptomics and proteomic analyses, to explore such connections could prove vitally
important for further development of cyanobacterial production
systems that have defined means for tuning gene expression over
a wide range of conditions to promote robust and sustainable
production of value target molecules.

Light impacts cyanobacterial transcription through the regulation of
sigma factors

Unless regulated, excess or variable light can lead to photoinhibition and the potential generation of damaging compounds.
Phototoxicity is induced by high light, fluctuating light, and
nutrient deficiencies that can impact the abundance and composition of light-harvesting complexes. An imbalance between
light-harvesting complexes and the quality and/or quantity of
available light can result in the generation of ROS, which can
lead to nucleic acid and protein damage and lipid peroxidation
(reviewed by Blokhina et al., 2003). There are several known
physiological mechanisms for dealing with potential phototoxicity, including photoinhibition and regulating the amount of
light transferred to the photosystems through dissipating excess
absorbed light energy. Photoinhibition results from a reduction
in photosynthetic efficiency due to light-induced damage of photosystems (PSs), primarily PSII (Tyystjärvi, 2008). Excess light is
predominantly dissipated through defined mechanisms such as
NPQ or loss of excess energy as heat or fluorescence (Niyogi
and Truong, 2013) (Figure 1). Dissipatory regulation of light
primarily occurs through state transitions and protein-mediated
photoprotective mechanisms.

Sigma (sig) factors that impact cyanobacterial gene transcription
are themselves regulated by environmental factors (Imamura and
Asayama, 2009). For example, Sig B levels increase in response to
stress, including under heat shock, in response to nitrogen starvation and in darkness (for review see Imamura and Asayama,
2009). Analysis of a ∆sigB mutant in Synechocystis sp. PCC 6803
(hereafter Synechocystis) indicated that SigB serves as a negative
regulator of the expression of a number of photosynthesis-related
genes, among others (Foster et al., 2007). Thus, SigB accumulation
under stress conditions likely contributes to downregulation of
photosynthetic capacity, and thus could have a negative impact on
photosynthetic capacity when overexpressed. Some cyanobacterial
sigma factors also have been reported to be involved in the circadian regulation of rhythmic gene expression (Tsinoremas et al.,
1996; Nair et al., 2002). The accumulation of others is regulated
by light, including SigB, SigD, and SigE (Imamura et al., 2003a;
Tuominen et al., 2003). These light-induced sigma factors have
been shown to impact the transcription of light-induced PBS and
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PHOTONS THAT ARE NOT CONVERTED TO CHEMICAL ENERGY LIMIT
PRODUCTION AND CAN CAUSE CELLULAR DAMAGE
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Dissipation of excess light through state transitions

State transitions regulate the amount of energy transferred from
PBSs to the photosystems through physical movement and/or disruption of the association of the PBS with PSI or PSII at the
thylakoid membrane surface (Joshua and Mullineaux, 2004). State
transitions, which are defined as State 1 or 2, allow a rapid mechanism for regulating light absorption by the photosystems. In State
1, energy from PBSs is preferentially transferred to PSII; however,
when light absorption exceeds the capacity of PSII excitation, a
transition to State 2 occurs during which energy from PBSs is funneled to PSI (Mullineaux and Emlyn-Jones, 2005). Traditionally,
lateral mobility or diffusion on the thylakoid membrane surface
of PBSs between PSI and PSII reaction centers has been described
as a mechanism for state transitions in cyanobacteria. Recently,
a cyanobacterial megacomplex, which contains a PBS complex
together with both PSI and PSII has been described (Liu et al.,
2013). The megacomplex is still proposed to function to transfer
energy to either PSI or PSII likely through distinct mechanisms
(Liu et al., 2013). If the occurrence of this megacomplex is widespread in cyanobacteria, a revision of exactly how state transitions
occur may be necessary as the need for lateral diffusion of PBS for
state transitions may not be required. The coordination or control of PBS energy transfer to PSII vs. PSI is one significant point
of regulation of excitation energy transfer and its conversion to
chemical energy. Thus, the regulation of state transitions has the
potential to drive the balance of photosynthetic energy transfer
or energy dissipation for fine-tuning the conversion of chemical
energy to biomass.
Photoprotective mechanisms used to protect against excess light
absorption

One mechanism for the dissipation of excess absorbed light energy
depends on the function of the orange carotenoid protein (OCP)
and its accessory protein fluorescence recovery protein (FRP).
OCP and FRP work together to regulate energy flow from the PBS
to PS in a NPQ of energy (Kirilovsky and Kerfeld, 2012, 2013).
OCP is a carotenoid-bound photoactive protein that is activated
by blue light (Figure 1). Photoactivated OCP binds to the PBS
core and converts absorbed light energy to heat, thereby diverting
energy transfer to the photosystems (Kirilovsky and Kerfeld, 2012,
2013). FRP releases activated OCP from the PBS and converts it
back to its ground state, thereby resetting the system (Kirilovsky
and Kerfeld, 2013). OCP has also been recently shown to have an
independent role in protecting cells from strong light-induced single oxygen production, which is distinct from its role in binding
to PBSs (Sedoud et al., 2014).
Another cyanobacterial photoprotective mechanism to divert
potential overexcitation of the PSs involves the flavodiiron (Flv)
proteins. These proteins function in removing electrons from
the electron transport chain and transferring them to alternative
electron acceptors (for review see Mullineaux, 2014) (Figure 1).
The expression of flv genes is regulated by environmental factors
including increased light intensity (Zhang et al., 2009; Bersanini
et al., 2014) and fluctuating light (Allahverdiyeva et al., 2013).
A greater understanding of the regulation of OCP and Flv systems may allow targeted induction of these systems to support the
efficacy of cyanobacteria as biotechnological chassis.
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IMPLICATIONS OF LIGHT-ASSOCIATED GROWTH
RESPONSES ON THE USE OF CYANOBACTERIA AS
PRODUCTION STRAINS
CURRENT LIMITATIONS ASSOCIATED WITH LIGHT RESPONSES IN
CYANOBACTERIAL PRODUCTION STRAINS

Increasing carbon sink strength and/or adding additional carbon
sinks to alter source–sink relationships and potentially relieve
sink-related feedback inhibition of photosynthesis have been
attempted to improve productivity in cyanobacterial strains. Current tools for increasing the production of soluble sugars in
cyanobacteria include subjecting cells to stresses such as high
salt concentrations in growth media (Ducat et al., 2012; Du
et al., 2013; Hays and Ducat, 2014). However, such conditions
often lead to reduced accumulation of photosynthetic pigments
and associated reductions in growth (e.g., Kanesaki et al., 2002;
Marin et al., 2004; Bhadauriya et al., 2007; Singh and Montgomery, 2013). For cells subjected to stress, exposure to excess
light can lead to the production and accumulation of damaging ROS. Therefore, subjecting cells to stress as a means to
induce the accumulation of soluble carbohydrates has significant drawbacks. Nitrogen-limitation of Synechococcus sp. PCC
7002 has been used to increase the carbon-to-nitrogen ratio
and glycogen content to improve its utility as a biomass feedstock (Möllers et al., 2014). Nitrogen starvation of cyanobacteria
leads to degradation of PBS complexes (Paone and Stevens, 1981;
Stevens et al., 1981; Salomon et al., 2013). Under these conditions, cyanobacteria exhibit a reduction in growth and increased
potential for the induction of photodamage similar to salt stress.
Ultimately, the molecular bases of stress-related carbon allocation responses such as salt-induced soluble sugar production are
often not well understood (Melis, 2013). Thus, knowledge-based
attempts to genetically manipulate cyanobacterial strains to support increased production of target products are not possible to a
significant degree.
BENEFICIAL LIGHT-ASSOCIATED PROPERTIES OF PRODUCTION
STRAINS

Production strains ideally will limit energy contributed to acclimation responses, particularly due to transient changes in the external
environment, to maximize photosynthetic efficiencies – unless
such an acclimation response is absolutely critical for survival.
One method for avoiding the absorption of excess light that must
be dissipated by NPQ and/or reducing the shading of cells in
dense cultures or in benthic environments has been to isolate
strains with smaller light-harvesting systems or truncated lightharvesting antenna (TLA) mutants (Kirst and Melis, 2014). These
strains have been proposed to allow deeper penetration of light
into cultures that should be associated with increased culture productivity (Melis et al., 1999; Melis, 2009; Kirst and Melis, 2014;
Lea-Smith et al., 2014). Several methods have been used to identify or generate TLA mutants (Kirst and Melis, 2014); however,
there has not been a straightforward association of such mutants
with improvements in productivity (Blankenship and Chen, 2013).
Recent studies indicate that interactions between light intensity
and carbon availability may impact the degree of productivity for
TLA mutants compared to wild-type cultures (Lea-Smith et al.,
2014).
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One suggested alternative to the creation of TLA mutants is to
use cells that can absorb light in an expanded region of the visible
spectrum to increase the total light that is used to drive photosynthesis and thereby overcome “shading effects” (Blankenship and
Chen, 2013). One such possibility is to grow cells with distinct
chlorophyll pigments that absorb distinct wavelengths of light in
mixed culture to increase photon use efficiency (Scott et al., 2010).
Beside the common chlorophyll a that is found in cyanobacteria, there are less common red-shifted chlorophylls. At least two
red-shifted chlorophyll molecules, i.e., chlorophyll d and f, have
been described (Swingley et al., 2008; Chen et al., 2010). Once the
biosynthetic pathways of these red-shifted molecules are better
understood, their synthesis may be introduced into a chlorophyll
a containing strain using synthetic biology approaches to expand
the range of visible light absorption supporting photosynthesis in
a single organism. Another potential alternative is to grow organisms with distinct pigment compositions of the auxiliary PBSs
or those that can adapt their PBSs to the external light conditions in mixed cultures. Alternate approaches require additional
knowledge about the mechanisms used by cells to regulate antenna
composition, size, and modulation in vivo.

CONCLUSION
The increasing number of sequenced cyanobacterial strains should
facilitate an increased understanding of regulatory and physiological mechanisms used by these organisms to adapt to variable
environments. This knowledge may serve as bases for improved
engineering and biotechnological adaptation in cyanobacteria (Jin
et al., 2014). Although light sensing and light-harvesting have been
the focus of the discussion here, carbon dioxide capture, fixation,
and recycling are also targets or points of interest for maximizing
the biotechnology applications for cyanobacteria (e.g., Ducat and
Silver, 2012; Rosgaard et al., 2012). These areas and others will
be equally benefited, and perhaps synergistically deployed, based
on continued insights into the basic mechanisms and impacts of
environmental variation on a range of cyanobacteria and the development of appropriate tools to improve adaptation of these strains
as broadly applicable production platforms.
ACKNOWLEDGMENTS
Work in the author’s laboratory on the impacts of light on growth
and development of cyanobacteria is supported by the National
Science Foundation (grant no. MCB-1243983 to Beronda L. Montgomery), whereas work on adapting cyanobacterial cultures for
biotechnological applications is supported by the U.S. Department of Energy, Chemical Sciences, Geosciences and Biosciences
Division, Office of Basic Energy Sciences, Office of Science (grant
no. DE-FG02-91ER20021 to Beronda L. Montgomery). Thanks are
extended to Marco Agostoni for critically reading and commenting
on the manuscript.

REFERENCES
Allahverdiyeva, Y., Mustila, H., Ermakova, M., Bersanini, L., Richaud, P., Ajlani, G.,
et al. (2013). Flavodiiron proteins Flv1 and Flv3 enable cyanobacterial growth
and photosynthesis under fluctuating light. Proc. Natl. Acad. Sci. U.S.A. 110,
4111–4116. doi:10.1073/pnas.1221194110
Bennett, A., and Bogorad, L. (1973). Complementary chromatic adaptation in a
filamentous blue-green alga. J. Cell Biol. 58, 419–435. doi:10.1083/jcb.58.2.419

www.frontiersin.org

Light impacts cyanobacteria biotechnological applications

Bentley, F. K., Zurbriggen, A., and Melis, A. (2014). Heterologous expression of the
mevalonic acid pathway in cyanobacteria enhances endogenous carbon partitioning to isoprene. Mol. Plant. 7, 71–86. doi:10.1093/mp/sst134
Bersanini, L., Battchikova, N., Jokel, M., Rehman, A., Vass, I., Allahverdiyeva, Y.,
et al. (2014). Flavodiiron protein Flv2/Flv4-related photoprotective mechanism
dissipates excitation pressure of PSII in cooperation with phycobilisomes in
cyanobacteria. Plant Physiol. 164, 805–818. doi:10.1104/pp.113.231969
Bhadauriya, P., Gupta, R., Singh, S., and Bisen, P. S. (2007). Physiological and
biochemical alterations in a diazotrophic cyanobacterium Anabaena cylindrica
under NaCl stress. Curr. Microbiol. 55, 334–338. doi:10.1007/s00284-007-0191-1
Blankenship, R. E., and Chen, M. (2013). Spectral expansion and antenna reduction
can enhance photosynthesis for energy production. Curr. Opin. Chem. Biol. 17,
457–461. doi:10.1016/j.cbpa.2013.03.031
Blokhina, O., Virolainen, E., and Fagerstedt, K. V. (2003). Antioxidants, oxidative damage and oxygen deprivation stress: a review. Ann. Bot. 91, 179–194.
doi:10.1093/aob/mcf118
Bordowitz, J. R., and Montgomery, B. L. (2008). Photoregulation of cellular morphology during complementary chromatic adaptation requires sensor-kinaseclass protein RcaE in Fremyella diplosiphon. J. Bacteriol. 190, 4069–4074.
doi:10.1128/jb.00018-08
Campbell, D. (1996). Complementary chromatic adaptation alters photosynthetic strategies in the cyanobacterium Calothrix. Microbiology 142, 1255–1263.
doi:10.1099/13500872-142-5-1255
Cervený, J., and Nedbal, L. (2009). Metabolic rhythms of the cyanobacterium Cyanothece sp. ATCC 51142 correlate with modeled dynamics of circadian clock. J.
Biol. Rhythms 24, 295–303. doi:10.1177/0748730409338367
Chen, M., Schliep, M., Willows, R. D., Cai, Z. L., Neilan, B. A., and Scheer, H. (2010).
A red-shifted chlorophyll. Science 329, 1318–1319. doi:10.1126/science.1191127
Damerval, T., Guglielmi, G., Houmard, J., and De Marsac, N. T. (1991). Hormogonium differentiation in the cyanobacterium Calothrix: a photoregulated developmental process. Plant Cell 3, 191–201. doi:10.2307/3869288
Du, W., Liang, F., Duan, Y., Tan, X., and Lu, X. (2013). Exploring the photosynthetic production capacity of sucrose by cyanobacteria. Metab. Eng. 19, 17–25.
doi:10.1016/j.ymben.2013.05.001
Ducat, D. C., Avelar-Rivas, J. A., Way, J. C., and Silver, P. A. (2012). Rerouting carbon flux to enhance photosynthetic productivity. Appl. Environ. Microbiol. 78,
2660–2668. doi:10.1128/aem.07901-11
Ducat, D. C., and Silver, P. A. (2012). Improving carbon fixation pathways. Curr.
Opin. Chem. Biol. 16, 337–344. doi:10.1016/j.cbpa.2012.05.002
Foster, J., Singh,A., Rothschild, L., and Sherman, L. (2007). Growth-phase dependent
differential gene expression in Synechocystis sp. strain PCC 6803 and regulation
by a group 2 sigma factor. Arch. Microbiol. 187, 265–279. doi:10.1007/s00203006-0193-6
Gutu, A., and Kehoe, D. M. (2012). Emerging perspectives on the mechanisms, regulation, and distribution of light color acclimation in cyanobacteria. Mol. Plant.
5, 1–13. doi:10.1093/mp/ssr054
Halfmann, C., Gu, L., and Zhou, R. (2014). Engineering cyanobacteria for the production of a cyclic hydrocarbon fuel from CO2 and H2 O. Green Chem. 16,
3175–3185. doi:10.1039/c3gc42591f
Hays, S. G., and Ducat, D. C. (2014). Engineering cyanobacteria as photosynthetic
feedstock factories. Photosyn. Res. doi:10.1007/s11120-014-9980-0
Imamura, S., and Asayama, M. (2009). Sigma factors for cyanobacterial transcription. Gene Regul. Syst Biol. 3, 65–87.
Imamura, S., Asayama, M., Takahashi, H., Tanaka, K., and Shirai, M. (2003a).
Antagonistic dark/light-induced SigB/SigD, group 2 sigma factors, expression
through redox potential and their roles in cyanobacteria. FEBS Lett. 554, 357–362.
doi:10.1016/S0014-5793(03)01188-8
Imamura, S., Yoshihara, S., Nakano, S., Shiozaki, N., Yamada, A., Tanaka, K., et al.
(2003b). Purification, characterization, and gene expression of all sigma factors of RNA polymerase in a cyanobacterium. J. Mol. Biol. 325, 857–872.
doi:10.1016/S0022-2836(02)01242-1
Jacquet, S., Partensky, F., Marie, D., Casotti, R., and Vaulot, D. (2001). Cell cycle regulation by light in Prochlorococcus strains. Appl. Environ. Microbiol. 67, 782–790.
doi:10.1128/aem.67.2.782-790.2001
Jin, H., Chen, L., Wang, J., and Zhang, W. (2014). Engineering biofuel tolerance in non-native producing microorganisms. Biotechnol. Adv. 32, 541–548.
doi:10.1016/j.biotechadv.2014.02.001
Jodłowska, S., and Latała, A. (2013). Combined effects of light and temperature on growth, photosynthesis, and pigment content in the mat-forming

July 2014 | Volume 2 | Article 22 | 5

Montgomery

cyanobacterium Geitlerinema amphibium. Photosynthetica 51, 202–214. doi:10.
1007/s11099-013-0019-0
Joshua, S., and Mullineaux, C. W. (2004). Phycobilisome diffusion is required
for light-state transitions in cyanobacteria. Plant Physiol. 135, 2112–2119.
doi:10.1104/pp.104.046110
Kaczmarzyk, D., Anfelt, J., Särnegrim, A., and Hudson, E. P. (2014). Overexpression
of sigma factor SigB improves temperature and butanol tolerance of Synechocystis
sp. PCC6803. J. Biotechnol. 182–183, 50–60. doi:10.1016/j.jbiotec.2014.04.017
Kanesaki, Y., Suzuki, I., Allakhverdiev, S. I., Mikami, K., and Murata, N. (2002). Salt
stress and hyperosmotic stress regulate the expression of different sets of genes
in Synechocystis sp. PCC 6803. Biochem. Biophys. Res. Commun. 290, 339–348.
doi:10.1006/bbrc.2001.6201
Kehoe, D. M., and Grossman, A. R. (1996). Similarity of a chromatic adaptation sensor to phytochrome and ethylene receptors. Science 273, 1409–1412.
doi:10.1126/science.273.5280.1409
Kirilovsky, D., and Kerfeld, C. A. (2012). The orange carotenoid protein in photoprotection of photosystem II in cyanobacteria. Biochim. Biophys. Acta 1817,
158–166. doi:10.1016/j.bbabio.2011.04.013
Kirilovsky, D., and Kerfeld, C. A. (2013). The Orange Carotenoid Protein: a
blue-green light photoactive protein. Photochem. Photobiol. Sci. 12, 1135–1143.
doi:10.1039/c3pp25406b
Kirst, H., and Melis, A. (2014). The chloroplast signal recognition particle (CpSRP)
pathway as a tool to minimize chlorophyll antenna size and maximize photosynthetic productivity. Biotechnol. Adv. 32, 66–72. doi:10.1016/j.biotechadv.2013.08.
018
Kiyota, H., Okuda, Y., Ito, M., Hirai, M. Y., and Ikeuchi, M. (2014). Engineering
of cyanobacteria for the photosynthetic production of limonene from CO2. J.
Biotechnol. 185, 1–7. doi:10.1016/j.jbiotec.2014.1005.1025
Lea-Smith, D. J., Bombelli, P., Dennis, J. S., Scott, S. A., Smith, A. G., and Howe,
C. J. (2014). Phycobilisome deficient strains of Synechocystis sp. PCC6803 have
reduced size and require carbon limiting conditions to exhibit enhanced productivity. Plant Physiol. 165, 705–714. doi:10.1104/pp.1114.237206
Li, X., Shen, C., and Liao, J. (2014). Isobutanol production as an alternative metabolic sink to rescue the growth deficiency of the glycogen mutant of Synechococcus elongatus PCC 7942. Photosyn. Res. 120, 301–310. doi:10.1007/s11120-0149987-6
Lindberg, P., Park, S., and Melis, A. (2010). Engineering a platform for photosynthetic isoprene production in cyanobacteria, using Synechocystis as the model
organism. Metab. Eng. 12, 70–79. doi:10.1016/j.ymben.2009.10.001
Lindblad, P., Lindberg, P., Oliveira, P., Stensjo, K., and Heidorn, T. (2012). Design,
engineering, and construction of photosynthetic microbial cell factories for
renewable solar fuel production. Ambio 41, 163–168. doi:10.1007/s13280-0120274-5
Liu, H., Zhang, H., Niedzwiedzki, D. M., Prado, M., He, G., Gross, M. L., et al. (2013).
Phycobilisomes supply excitations to both photosystems in a megacomplex in
cyanobacteria. Science 342, 1104–1107. doi:10.1126/science.1242321
Marin, K., Kanesaki, Y., Los, D. A., Murata, N., Suzuki, I., and Hagemann, M.
(2004). Gene expression profiling reflects physiological processes in salt acclimation of Synechocystis sp. strain PCC 6803. Plant Physiol. 136, 3290–3300.
doi:10.1104/pp.104.045047
Melis, A. (2009). Solar energy conversion efficiencies in photosynthesis: minimizing the chlorophyll antennae to maximize efficiency. Plant Sci. 177, 272–280.
doi:10.1016/j.plantsci.2009.06.005
Melis, A. (2012). Photosynthesis-to-fuels: from sunlight to hydrogen, isoprene,
and botryococcene production. Energy Environ. Sci. 5, 5531–5539. doi:10.1039/
c1ee02514g
Melis, A. (2013). Carbon partitioning in photosynthesis. Curr. Opin. Chem. Biol. 17,
453–456. doi:10.1016/j.cbpa.2013.03.010
Melis, A., Neidhardt, J., and Benemann, J. (1999). Dunaliella salina (Chlorophyta)
with small chlorophyll antenna sizes exhibit higher photosynthetic productivities and photon use efficiencies than normally pigmented cells. J. Appl. Phycol.
10, 515–525. doi:10.1023/a:1008076231267
Möllers, K. B., Cannella, D., Jørgensen, H., and Frigaard, N.-U. (2014).
Cyanobacterial biomass as carbohydrate and nutrient feedstock for bioethanol
production by yeast fermentation. Biotechnol. Biofuels 7, 64. doi:10.1186/17546834-7-64
Montgomery, B. L. (2008). Shedding new light on the regulation of complementary
chromatic adaptation. Cent. Eur. J. Biol. 3, 351–358. doi:10.2478/s11535-0080039-0

Frontiers in Bioengineering and Biotechnology | Synthetic Biology

Light impacts cyanobacteria biotechnological applications

Mullineaux, C. W. (2014). Electron transport and light-harvesting switches in
cyanobacteria. Front. Plant Sci. 5:7. doi:10.3389/fpls.2014.00007
Mullineaux, C. W., and Emlyn-Jones, D. (2005). State transitions: an example of
acclimation to low-light stress. J. Exp. Bot. 56, 389–393. doi:10.1093/jxb/eri064
Nair, U., Ditty, J. L., Min, H., and Golden, S. S. (2002). Roles for sigma factors
in global circadian regulation of the cyanobacterial genome. J. Bacteriol. 184,
3530–3538. doi:10.1128/JB.184.13.3530-3538.2002
Niyogi, K. K., and Truong, T. B. (2013). Evolution of flexible non-photochemical
quenching mechanisms that regulate light harvesting in oxygenic photosynthesis.
Curr. Opin. Plant Biol. 16, 307–314. doi:10.1016/j.pbi.2013.1003.1011
Oliver, J. W. K., and Atsumi, S. (2014). Metabolic design for cyanobacterial chemical
synthesis. Photosynth. Res. 120, 249–261. doi:10.1007/s11120-014-9997-4
Oliver, J. W. K., Machado, I. M. P., Yoneda, H., and Atsumi, S. (2013). Cyanobacterial
conversion of carbon dioxide to 2,3-butanediol. Proc. Natl. Acad. Sci. U.S.A. 110,
1249–1254. doi:10.1073/pnas.1213024110
Osanai, T., Kuwahara, A., Iijima, H., Toyooka, K., Sato, M., Tanaka, K., et al. (2013).
Pleiotropic effect of sigE over-expression on cell morphology, photosynthesis
and hydrogen production in Synechocystis sp. PCC 6803. Plant J. 76, 456–465.
doi:10.1111/tpj.12310
Paone, D. A. M., and Stevens, S. E. (1981). Nitrogen starvation and the regulation of glutamine synthetase in Agmenellum quadruplicatum. Plant Physiol. 67,
1097–1100. doi:10.1104/pp.67.6.1097
Pattanaik, B., Whitaker, M. J., and Montgomery, B. L. (2012). Light quantity affects
the regulation of cell shape in Fremyella diplosiphon. Front. Microbiol. 3:170.
doi:10.3389/fmicb.2012.00170
Pollari, M., Gunnelius, L., Tuominen, I., Ruotsalainen, V., Tyystjärvi, E., Salminen, T.,
et al. (2008). Characterization of single and double inactivation strains reveals
new physiological roles for group 2 σ factors in the cyanobacterium Synechocystis
sp. PCC 6803. Plant Physiol. 147, 1994–2005. doi:10.1104/pp.108.122713
Pollari, M., Rantamäki, S., Huokko, T., Kårlund-Marttila, A., Virjamo, V., Tyystjärvi,
E., et al. (2011). Effects of deficiency and overdose of group 2 sigma factors in
triple inactivation strains of Synechocystis sp. strain PCC 6803. J. Bacteriol. 193,
265–273. doi:10.1128/JB.01045-10
Pollari, M., Ruotsalainen, V., Rantamäki, S., Tyystjärvi, E., and Tyystjärvi, T. (2009).
Simultaneous inactivation of sigma factors B and D interferes with light acclimation of the cyanobacterium Synechocystis sp. strain PCC 6803. J. Bacteriol.
191, 3992–4001. doi:10.1128/JB.00132-09
Poulin, C., Bruyant, F., Laprise, M.-H., Cockshutt, A. M., Marie-Rose Vandenhecke, J., and Huot, Y. (2014). The impact of light pollution on diel changes
in the photophysiology of Microcystis aeruginosa. J. Plankton Res. 36, 286–291.
doi:10.1093/plankt/fbt088
Rosgaard, L., De Porcellinis, A. J., Jacobsen, J. H., Frigaard, N. U., and Sakuragi,
Y. (2012). Bioengineering of carbon fixation, biofuels, and biochemicals in
cyanobacteria and plants. J. Biotechnol. 162, 134–147. doi:10.1016/j.jbiotec.2012.
05.006
Salomon, E., Bar-Eyal, L., Sharon, S., and Keren, N. (2013). Balancing photosynthetic
electron flow is critical for cyanobacterial acclimation to nitrogen limitation.
Biochim. Biophys. Acta 1827, 340–347. doi:10.1016/j.bbabio.2012.11.010
Scott, S. A., Davey, M. P., Dennis, J. S., Horst, I., Howe, C. J., Lea-Smith, D. J., et al.
(2010). Biodiesel from algae: challenges and prospects. Curr. Opin. Biotechnol.
21, 277–286. doi:10.1016/j.copbio.2010.03.005
Sedoud, A., López-Igual, R., Ur Rehman, A., Wilson, A., Perreau, F., Boulay, C., et al.
(2014). The cyanobacterial photoactive orange carotenoid protein is an excellent
singlet oxygen quencher. Plant Cell 26, 1781–1791. doi:10.1105/tpc.114.123802
Seki, A., Hanaoka, M., Akimoto, Y., Masuda, S., Iwasaki, H., and Tanaka, K. (2007).
Induction of a group 2 sigma factor, RPOD3, by high light and the underlying mechanism in Synechococcus elongatus PCC 7942. J. Biol. Chem. 282,
36887–36894. doi:10.1074/jbc.M707582200
Singh, S. P., and Montgomery, B. L. (2013). Salinity impacts photosynthetic pigmentation and cellular morphology changes by distinct mechanisms in Fremyella
diplosiphon. Biochem. Biophys. Res. Commun. 33, 84–89. doi:10.1016/j.bbrc.2013.
02.060
Singh, S. P., and Montgomery, B. L. (2014). Morphogenes bolA and mreB
mediate the photoregulation of cellular morphology during complementary
chromatic acclimation in Fremyella diplosiphon. Mol. Microbiol. doi:10.1111/
mmi.12649
Stevens, S. E. Jr., Balkwill, D. L., and Paone, D. A. M. (1981). The effects of nitrogen
limitation on the ultrastructure of the cyanobacterium Agmenellum quadruplicatum. Arch. Microbiol. 130, 204–212. doi:10.1007/bf00459520

July 2014 | Volume 2 | Article 22 | 6

Montgomery

Summerfield, T. C., and Sherman, L. A. (2007). Role of sigma factors in
controlling global gene expression in light/dark transitions in the cyanobacterium Synechocystis sp. strain PCC 6803. J. Bacteriol. 189, 7829–7840. doi:10.
1128/JB.01036-07
Swingley, W. D., Chen, M., Cheung, P. C., Conrad, A. L., Dejesa, L. C., Hao, J.,
et al. (2008). Niche adaptation and genome expansion in the chlorophyll dproducing cyanobacterium Acaryochloris marina. Proc. Natl. Acad. Sci. U.S.A.
105, 2005–2010. doi:10.1073/pnas.0709772105
Terauchi, K., Montgomery, B. L., Grossman, A. R., Lagarias, J. C., and Kehoe,
D. M. (2004). RcaE is a complementary chromatic adaptation photoreceptor
required for green and red light responsiveness. Mol. Microbiol. 51, 567–577.
doi:10.1046/j.1365-2958.2003.03853.x
Thompson, P. A., Jameson, I., and Blackburn, S. I. (2009). The influence of
light quality on akinete formation and germination in the toxic cyanobacterium Anabaena circinalis. Harmful Algae 8, 504–512. doi:10.1016/j.hal.2008.
10.004
Tsinoremas, N. F., Ishiura, M., Kondo, T., Andersson, C. R., Tanaka, K., Takahashi,
H., et al. (1996). A sigma factor that modifies the circadian expression of a subset
of genes in cyanobacteria. EMBO J. 15, 2488–2495.
Tuominen, I., Tyystjärvi, E., and Tyystjärvi, T. (2003). Expression of primary sigma
factor (PSF) and PSF-like sigma factors in the cyanobacterium Synechocystis sp.
strain PCC 6803. J. Bacteriol. 185, 1116–1119. doi:10.1128/JB.185.3.1116-1119.
2003
Tyystjärvi, E. (2008). Photoinhibition of photosystem II and photodamage of
the oxygen evolving manganese cluster. Coord. Chem. Rev. 252, 361–376.
doi:10.1016/j.ccr.2007.08.021
Tyystjärvi, T., Huokko, T., Rantamäki, S., and Tyystjärvi, E. (2013). Impact of
different group 2 sigma factors on light use efficiency and high salt stress
in the cyanobacterium Synechocystis sp. PCC 6803. PLoS ONE 8:e63020.
doi:10.1371/journal.pone.0063020
Ungerer, J., Tao, L., Davis, M., Ghirardi, M., Maness, P.-C., and Yu, J. (2012).
Sustained photosynthetic conversion of CO2 to ethylene in recombinant
cyanobacterium Synechocystis 6803. Energy Environ. Sci. 5, 8998–9006. doi:10.
1039/c2ee22555g
van der Woude, A. D., Angermayr, S. A., Veetil, V. P., Osnato, A., and Hellingwerf, K.
J. (2014). Carbon sink removal: increased photosynthetic production of lactic
acid by Synechocystis sp. PCC6803 in a glycogen storage mutant. J. Biotechnol.
184, 100–102. doi:10.1016/j.jbiotec.2014.04.029

www.frontiersin.org

Light impacts cyanobacteria biotechnological applications

Vinyard, D. J., Gimpel, J., Ananyev, G. M., Cornejo, M. A., Golden, S. S., Mayfield, S. P., et al. (2013). Natural variants of photosystem II subunit D1
tune photochemical fitness to solar intensity. J. Biol. Chem. 288, 5451–5462.
doi:10.1074/jbc.M112.394668
Vinyard, D. J., Gimpel, J., Ananyev, G. M., Mayfield, S. P., and Dismukes, G. C. (2014).
Engineered photosystem II reaction centers optimize photochemistry versus
photoprotection at different solar intensities. J. Am. Chem. Soc. 136, 4048–4055.
doi:10.1021/ja5002967
Walters, K. J., Whitaker, M. J., Singh, S. P., and Montgomery, B. L. (2013). Light
intensity and reactive oxygen species are centrally involved in photoregulatory
responses during complementary chromatic adaptation in Fremyella diplosiphon.
Commun. Integr. Biol. 6, e25005. doi:10.4161/cib.25005
Yoshimura, T., Imamura, S., Tanaka, K., Shirai, M., and Asayama, M. (2007). Cooperation of group 2 sigma factors, SigD and SigE for light-induced transcription
in the cyanobacterium Synechocystis sp. PCC 6803. FEBS Lett. 581, 1495–1500.
doi:10.1016/j.febslet.2007.03.010
Zhang, P., Allahverdiyeva, Y., Eisenhut, M., and Aro, E.-M. (2009). Flavodiiron
proteins in oxygenic photosynthetic organisms: photoprotection of photosystem II by Flv2 and Flv4 in Synechocystis sp. PCC 6803. PLoS ONE 4:e5331.
doi:10.1371/journal.pone.0005331
Conflict of Interest Statement: The author declares that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 23 April 2014; paper pending published: 05 June 2014; accepted: 13 June
2014; published online: 01 July 2014.
Citation: Montgomery BL (2014) The regulation of light sensing and light-harvesting
impacts the use of cyanobacteria as biotechnology platforms. Front. Bioeng. Biotechnol.
2:22. doi: 10.3389/fbioe.2014.00022
This article was submitted to Synthetic Biology, a section of the journal Frontiers in
Bioengineering and Biotechnology.
Copyright © 2014 Montgomery. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

July 2014 | Volume 2 | Article 22 | 7

