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Abstract
A recent resurgence in basic and applied research on photosynthesis has been driven in part by
recognition that fulfilling future food and energy requirements will necessitate improvements in
crop carbon-fixation efficiencies. Photosynthesis in traditional terrestrial crops is being
reexamined in light of molecular strategies employed by photosynthetic microbes to enhance the
activity of the Calvin cycle. Synthetic biology is well-situated to provide original approaches for
compartmentalizing and enhancing photosynthetic reactions in a species independent manner.
Furthermore, the elucidation of alternative carbon-fixation routes distinct from the Calvin cycle
raises possibilities that alternative pathways and organisms can be utilized to fix atmospheric
carbon dioxide into useful materials.

Introduction
Autotrophic CO2 fixation underlies nearly all biological processes on Earth and has
generated reservoirs of prehistorically-fixed carbon, which are currently utilized to satisfy
>80% of global energy demand. Concerns of sustainability, indirect costs, and geopolitical
ramifications of such fossil fuel reserves are motivating research on alternative, renewable
energy resources. Solar-driven energy technologies are attractive solutions, particularly as
the average incident solar flux (>120,000 TW) exceeds the energy demand of all nations
(~15 TW) by nearly 4 orders of magnitude. While some physical processes for solar capture
(e.g. photovoltaic cells) will likely continue to possess higher efficiencies of energy capture,
biological pathways that use solar energy to fix CO2 are of particular importance for their
capacity for self-renewal and energy storage within chemical bonds compatible with existing
infrastructure (8). In this brief review, we provide an overview of recent developments
towards improving canonical photosynthetic processes as well as emerging ideas for
engineering novel autotrophic, CO2-fixation pathways into industrially-tractable organisms.

Improving Calvin Cycle Efficiencies
Carbon fixation through the reductive pentose phosphate pathway (Calvin cycle; Fig. 1) is
the most biologically abundant and economically-relevant pathway, and has therefore
received the vast majority of scientific attention (41). While many plant species have been
bred for centuries to improve their agricultural or economic value, these approaches have
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typically yielded varieties with a higher % of biomass diverted towards a given product (e.g.
edible seed or fruit), rather than higher photosynthetic efficiencies. Only within the last
couple of decades, following improvements in plant transformation techniques (50), has the
focus of crop enhancement begun to shift towards novel strategies for enhancing rates of
total biomass fixation and/or photosynthetic efficiencies (Table 1).

The Calvin cycle utilizes a notoriously inefficient carboxylating enzyme, RuBisCO,
featuring sluggish catalytic rates and an oxygenation reaction that forms toxic
phosphoglycolate, which must be routed through photorespiratory pathways, releasing
previously fixed carbon (Fig. 1). Consequently, reengineering RuBisCO has been a primary
objective for enhancing photosynthesis (45), although most of these efforts have met with
limited success. Part of the problem lies in an intrinsic trade-off between RuBisCO’s
selectivity and velocity that restricts the activity of these enzymes (43); engineering a faster
enzyme leads to photorespiratory efficiency losses. However, RuBisCO is widely conserved
across many species and some natural variants of RuBisCO are slightly more effective than
others (e.g. from red algae species), so metagenomic surveys of natural RuBisCO diversity
may identify superior enzymes more effectively than rational engineering approaches (2,
43). High-throughput characterization and utilization of RuBisCO homologs would be aided
by recent developments in the in vitro expression of RuBisCO (28), genome-level
chloroplast reengineering techniques (37), as well as the demonstration of successfully-
assembled heterologous RuBisCO in plant chloroplasts (46). Together, these strategies could
also be used to engineer cultivars expressing RuBisCOs with higher velocity and less
selectivity, which would be preferable in CO2-rich environments – such as are found inside
bioreactors or under the currently rising atmospheric CO2 levels (50).

To date, the most successful engineering approaches to increase rates of carbon fixation in
autotrophs have not involved modification of RuBisCO itself, but of neighboring pathways
and enzymes. For example, the Calvin cycle is sensitive to heat stress; at extreme
temperatures this is an intrinsic function of instabilities in metabolic intermediates (6), but
mild heat stress also reduces pathway throughput, partially due to the thermolability of
RuBisCO activase (40). Expression of thermostable forms of RuBisCO activase in
Arabidopsis partially bypassed this restraint, leading to increases in biomass accumulation
under moderate temperature stress (25). Rerouting phosphoglycolate produced from
RuBisCO’s oxygenase activity through expression of either of two bacterially-derived
bypasses (glycolate-to-glycerate (23) Fig. 1; or glycolate-to-malate (32)) in Arabidopsis
chloroplasts has also resulted in higher CO2 fixation rates and biomass accumulation,
perhaps as a result of the reduced energy requirement of this pathway (23).

Apart from RuBisCO, Metabolic Control Analysis and characterization of mutants with
down regulated Calvin cycle genes indicate that other enzymes share control of flux through
the Calvin cycle(38, 41, 49)(Fig. 1). Indeed, overexpression of sedoheptulase 1,7-
bisphosphatase has improved photosynthetic rates, biomass accumulation and/or stress
tolerance in tobacco and rice plants (reviewed in (38, 41, 49)). A more complicated picture
emerges upon increased expression of other enzymes thought to control the Calvin cycle
(transketolase, aldolase), which lead to decreased photosynthesis and less robust plant
growth (38), perhaps because of unbalanced exit of Calvin cycle intermediates. Finally,
there are some intriguing indications that the Calvin cycle itself may not always be the
limiting factor for carbon fixation; downstream ‘metabolic sinks’ utilizing triose phosphate
intermediates in plants (26, 41) and photosynthetic microbes (13) appear to restrict carbon-
fixation rates under certain conditions. Ultimately, deeper insight into the regulation of
Calvin cycle intermediates is critical to balance all enzymatic activities for more efficient
photosynthesis. Calvin cycle regulation can be inferred through computer-assisted analysis
of dynamic isotope labeling measurements (47), and while such measurements are currently
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rare for photobiological pathways, considerable gains in photosynthetic models could be
achieved through the use of this technique in algae and cyanobacteria (41).

Other improvements in carbon fixation can be realized by altering the way that
photosynthetic organisms process abiotic environmental factors upstream of the Calvin
cycle. For example, photosynthetic organisms have been evolutionarily selected to compete
for limited light; consequently the absorptive capacity of light-gathering antenna can exceed
metabolic capacity even under moderate illumination. This leads to shedding of excess
energy in the form of heat, fluorescence, and the generation of reactive oxygen species, as
well as an unnecessary shading of leaves and cells lower in the light column (50).
Minimizing excess light absorption is expected to provide the most benefit in dense cultures
of photosynthetic microbes where light penetration is shallow, although plants could also
benefit from a reduced need to engage photoinhibitory pathways under high-intensity light.
Chlorophyll antenna size has been reduced in the green algae Chlamydomonas using a
variety of methods to down regulate chlorophyll synthesis (5, 31, 35). The resulting strains
transmit more light and are less sensitive to photoinhibition, leading to increased overall
culture productivities at higher irradiances.

The concentration of inorganic carbon is another important abiotic factor influencing carbon
fixation, and photosynthetic organisms have developed a variety of carbon concentrating
strategies that raise the effective availability of CO2 for the Calvin cycle over ambient levels
(16, 24, 33, 39). Generally, these strategies compartmentalize RuBisCO near sites of CO2
generation, thereby increasing substrate availability and suppressing RuBisCO’s undesirable
oxygenation side-reaction. In algae, subcellular compartments are used to concentrate
carbon-fixing machinery (e.g. carboxysomes and pyrenoids (16, 39)), while C4 plants
specialize ‘carbon capture’ and ‘carbon fixation’ reactions across different tissue types (19).
So far, success importing C4-like carbon assimilation into C3 plants has been limited, in part
because of the reliance of C4 metabolism on underlying plant anatomical features (50).
While expressing a cyanobacterial carbonic anhydrase in tobacco does increase
photosynthetic rates under specific conditions (27), more ambitious approaches exporting
cyanobacterial or algal carbon concentrating mechanisms may yield further gains.

Synthetic biology offers novel engineering strategies for improving abiotic response
pathways in photosynthetic organisms. For example, exporting effective carbon-
concentrating mechanisms from cyanobacteria into plant chloroplasts is a more attractive
possibility following the demonstration that functional carboxysomes are assembled and
packaged when heterologously-expressed in E. coli (9). Alternatively, synthetic protein- and
RNA-based scaffolds could be developed to allow for de-novo construction of subcellular
carbon-concentrating compartments (12, 14, 17). Approaches to modify light-responsiveness
are suggested by synthetic light-responsive transcriptional circuits constructed in E. coli that
utilize cyanobacterial proteins to differentiate between different light qualities and activate
distinct response pathways (42). Design of similar circuits in photosynthetic organisms
could allow researchers to coordinately express orthogonal pathways alongside endogenous,
‘photoacclimation’ regulatory networks (34) to exert influence over the production of light-
harvesting pigments, without sacrificing the natural dynamic range important for
photosynthetic growth under variable environmental conditions (1).

Alternative Natural Carbon Fixation Pathways
Five alternative autotrophic strategies have been elucidated that could be applied to
effectively fix carbon instead of the Calvin cycle (Fig. 2). Existing reviews on these
alternative carbon fixation cycles provide an excellent discussion of the timeline of their
discovery, evolutionary history (6, 7, 18, 30), and ecological distribution (20). Four of the
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five alternative pathways are similar in that they incorporate inorganic carbon into existing
carbon backbones and utilize acetyl-CoA/succinyl-CoA cycles to fix carbon; the enzymes
used in these cycles also partially overlap one another (Fig. 2). A sixth carbon-fixation route,
the reductive acetyl-CoA pathway, is evolutionarily ancient and phylogenetically wide-
spread, but is not discussed herein due to its strict anaerobic requirements and complex
metallo-chemistry that would complicate its use outside of the acetogenic microbes in which
it is found (but see (4, 6) for comprehensive reviews). Although many of the carboxylating
reactions in these cycles are expected to be partially rate-limiting (3, 4, 10)(Fig. 2),
additional features of each pathway imply unique advantages and drawbacks relative to the
Calvin cycle for future attempts to harness them for biotechnological applications (3, 6, 48).

One way to assess the potential of different carbon-fixation pathways is through analysis of
the theoretical requirements for energy (ATP) and reducing equivalents needed to fix a
molecule of carbon. Thermodynamic modeling of alternative carbon-fixation cycles has
been used to predict energy demand for biomass synthesis (10) and maximal pathway
specific activities (defined as metabolic flux per mg of total enzymes) across a range of
physiological conditions (3). These calculations can only predict optimal ‘upper-limits’ of
pathway efficiency, nonetheless some interesting features of alternative carbon-fixation
pathways become apparent using these approaches. For example, analyses indicate that
alternative carbon-fixation pathways have comparable or superior theoretical efficiencies
and lower ATP requirements per carbon fixed relative to the Calvin cycle (4, 10).

Another feature to consider in alternative carbon-fixation pathways is the capacity of some
carboxylating enzymes to utilize bicarbonate rather than dissolved carbon dioxide. The
concentration of dissolved carbon dioxide is independent of pH whereas bicarbonate
becomes preferentially more soluble at pH >7. This means that pathways that make use of
bicarbonate and operate in organisms that grow in alkaline environments (common in many
cyanobacteria and eukaryotic algae), would not need to rely as heavily upon carbon
concentrating mechanisms to increase substrate concentrations, even at ambient CO2 levels.
In this context, the 3-hydroxypropionate bicycle (3-HOP) is a particularly interesting
pathway because its carboxylating enzymes, acetyl-CoA carboxylase and propionyl-CoA
carboxylase, both use bicarbonate as a substrate. Furthermore, 3-HOP enzymes are
insensitive to oxygen and do not catalyze oxygenation reactions like those of RuBisCO (48),
which could ultimately allow higher productivities even though the 3-HOP energy
requirement and pathway specific activity is similar to the Calvin cycle (3, 4, 10). Since the
alternative carbon-fixation pathways are naturally found in unusual environments/
organisms, they may need to be reconstructed within more canonical laboratory organisms
before their full potential can be assessed.

Carbon Fixation through Synthetic Pathways
Digital curation of known enzymatic functions provides an expanding list (>5700 currently
in the KEGG database) of biological reactions that can be mined to create novel biochemical
pathways in silico. Coupled with more effective DNA cloning and synthesis methods (see
Tian’s review in this issue), possibilities arise for construction of metabolic pathways that
are not naturally found in one organism. Known carboxylating enzymes were recently
analyzed in context with all other annotated biological reactions to identify novel pathways
for fixing carbon that would also be feasible when considering thermodynamic constraints
(3). Many new pathways were suggested, the most intriguing of which revolve around the
use of phosphoenol-pyruvate (PEP) carboxylase or pyruvate carboxylase in a manner
analogous to the first steps of carbon concentrating metabolism performed in the mesophyll
cells of C4-plants. However, instead of the eventual re-release of carbon dioxide (as is
carried out in the bundle-sheath cells of C4 plants; (19)), metabolic bypasses composed of 8
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or more enzymes would be used to convert malate to pyruvate without the loss of fixed
carbon (3). These synthetic pathways are particularly attractive because of the favorable
properties of the carboxylating enzymes that would theoretically allow much higher rates
and/or efficiencies of carbon capture.

In several cases, the feasibility of using alternative carbon fixation pathways (natural or
synthetic) might be heavily influenced by the source of reducing equivalents used to reduce
inorganic carbon. In oxygenic photosynthesis, low-potential electrons come from a
photosystem-catalyzed water-splitting reaction that generates oxygen, whereas a number of
the most efficient natural and theoretical carbon-fixing pathways contain oxygen-sensitive
enzymes incompatible with the use of water as an electron donor (Fig. 2). While other
reducing agents (e.g. gaseous hydrogen) are typically linked to the activity of these
anaerobic pathways in nature, providing these reducing agents in scaled microbial reactors
could present significant technical/cost barriers. One possibility is the use of electrodes to
produce compounds (e.g. H2, formate) or reduce soluble mediators that can donate electrons
to bacteria grown near the cathode (21, 44). More recent strategies have involved the
identification and/or engineering of microbes capable of directly accepting electrons from a
cathode to generate useful compounds by ‘electrosynthesis’ (Box 1). Identification of
economically-feasible processes that could provide reducing equivalents would greatly
increase the potential for using alternative carbon fixation pathways that depend on oxygen-
sensitive enzymes (10).

Box 1

Electrosynthesis

While most research on interfacing microbes with electrodes has been carried out to
analyze the capacity of microbes to provide electrical current, there is emerging evidence
that a subset of microbes can also directly accept electrons from a charged surface (29).
This property would allow electrical current to be transformed into more stable and
transportable forms and could be particularly attractive in the context of renewable
energy sources that generate intermittent power. Presently, very few microbes are known
to be capable of accepting electrons in this manner. Surprisingly, those acetogens which
have demonstrated natural ability to directly accept electrons from a cathode appear to
utilize these reducing equivalents very efficiently (~80%) to fix carbon dioxide, although
the rates of electron transfer in these pilot studies were extremely slow (36). The partial
reconstruction of Shewanella’s electron-donating machinery in E. coli (22) suggests that
other transmembrane electron pathways might be expressed to allow industrially-relevant
organisms to accept electrons. If this could be achieved, efficient carbon fixation
pathways (e.g. rTCA) could be continuously driven using reducing equivalents from the
electrode while maintaining anoxic conditions. While a promising concept, the feasibility
of scaled electrosynthesis will ultimately depend on the ability to construct cathodes with
large surface areas as well as a much more detailed understanding of extracellular
electron transfer pathways.

Conclusions and future directions
Biological carbon fixation pathways represent a means to capitalize on renewable solar
energy to generate transportable fuels and other valuable commodities. Increased capacity to
modify photosynthetic organisms coupled with synthetic biological approaches allow for
new opportunities to radically re-engineer more efficient photosynthesis and novel carbon-
fixation pathways (Table 1). It is important to note that a number of the engineering
strategies outlined are compatible with one another, such that the most effective solutions
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may utilize a combination of cross-species and synthetic constructs in order to approach the
theoretical limits for biological capture of solar power.
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Highlights

Biological carbon-fixation is an important part of energy sustainability efforts.

Calvin cycle improvement to arise by engineering neglected rate-limiting pathways.

Synthetic biology offers new approaches to improve photosynthetic efficiencies.

Alternative/synthetic carbon fixation routes are emerging as industrially-relevant.
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Figure 1. The reductive pentose phosphate pathway (Calvin cycle) and regulatory control points
Schematic of the enzymes and intermediates of the Calvin cycle. The carboxylating step
involving Ribulose 1, 5-bisphosphate carboxylase oxygenase (RuBisCO) is highlighted in
red, with the inorganic carbon source (carbon dioxide) highlighted in yellow. Enzymes with
known or suspected rate-limiting control over Calvin cycle activity under some natural
conditions are shown in bold with purple text. The oxygenase reaction of RuBisCO is
displayed (dashed arrow) and the canonical plant phosphoglycolate-processing
photorespiratory pathway is shown in brown. An alternative, chloroplast-specific pathway
engineered into plants (23) is shown in dashed red arrows. Reactions requiring or generating
ATP (orange circles) or NADPH (blue circles) are designated (although in some organisms,
NADH may be substituted for NADPH in some reactions). Entry or exit of carbon dioxide
(yellow circles) or oxygen (red) is denoted. Major exit points for intermediates of the Calvin
cycle are designated by green arrows.
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Figure 2. Alternative natural carbon fixation pathways
Schematic of the enzymes and intermediates of 4 of the 5 alternative (non-Calvin cycle),
natural carbon fixation pathways utilized by autotrophic and chemolithotrophic
microorganisms. All pathways use a common strategy of cycling between succinyl-CoA
(center) and acetyl-CoA (circumference) in generate C2 or C3 carbon products which exit
the cycle (shown in blue; acetyl-CoA, pyruvate). These pathways partially overlap one
another with regard to metabolic intermediates and enzyme usage, allowing them to be
diagramed as ‘spokes’ on a circle, centered on succinyl-CoA. The carboxylating steps are
indicated by the incorporation of carbon dioxide (yellow circles) or bicarbonate (green
circles). Reactions requiring enzymes or co-factors with partial or complete oxygen
sensitivity are indicated in red (O2), although some alternative oxygen-resistant enzymes
exist for some of these reactions (4).
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Table 1

Strategies towards enhanced carbon fixation

Target Relevant pathway(s) Modification Approach Refs

Light-gathering efficiency All light-dependent carbon fixation
pathways

Reduced antenna size Chlorophyll/
pigment
synthesis
knockout or
downregulation

(35, 42)

Expand wavelength usage Heterologous
expression of
alternative
chlorophylls
and
phycobilins

(11, 50)

Carbon concentrating mechanisms CO2-utilizing pathways Carboxysome Expression of
carboxysomes
in chloroplasts

(9)

Novel scaffold design Construction of
novel
subcellular
compartments
using synthetic
RNA or protein
scaffolds

(12, 14)

Alternative and synthetic carbon
fixation pathways

Alternative carboxylating enzymes Use of
carboxylating
enzymes
dependent on
bicarbonate in
alkaline
environments

(4, 15)

Carboxylating reactions Calvin Cycle Faster RuBisCO activity Heterologous
expression of
high-activity,
low specficity
RuBisCOs in
CO2-rich
environments

(45, 50)

3-HOP, HB/HP Decreased oxygen sensitivity Reconstruction
of naturally
oxygen-
tolerant
carbon-fixation
pathways in
industrially-
relevant
species

(4, 10, 48)

Synthetic carbon fixation pathway Improved specificity & activity Use of non-
canonical
carboxylating
enzymes (e.g.
PEP
carboxylase,
pyruvate
carboxylase)

(3)

Electro-synthesis Anaerobic carbon-fixation pathways Acceptance of electrons from
cathode

Expression of
outer
membrane
electron donor/
acceptor
complexes

(22, 29, 36)
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