
Emerging platforms for co-utilization of one-carbon
substrates by photosynthetic organisms
Abhay K Singh1, Ganesh M Kishore2 and Himadri B Pakrasi3

Available online at www.sciencedirect.com

ScienceDirect
One-carbon substrates have generated increasing attention as

long-term sustainable feedstocks for biobased production of

fuels and chemicals. However, their physicochemical

properties present significant biological and operational

challenges for commercial bioprocesses including kinetically

slower substrate activation, high energetic cost of assimilation,

low mass transfer, substrate toxicity, and low productivity

titers. Several different routes including optimization of native

pathways, synthetic pathways, and hybrid methods are being

explored to overcome these challenges. Integration of

emerging biological solutions with process improvements is

enabling faster bioprocess development for cost-effective

conversion of one-carbon substrates into fuels and chemicals.
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Introduction
Current commercial processes for the bioproduction of

fuels and chemicals compete with food and feed for plant-

derived carbohydrates [1,2]. A combination of several

factors including increasing population (forecasted to

be 9.7 billion by 2050), loss of arable land due to urbani-

zation, and impact of climate change on crop productivity

have led to a persistent debate about long-term sustain-

ability of carbohydrates as feedstock [3,4]. Furthermore,

cost of substrate is a major contributor to the production

cost [2]. Therefore, higher feedstock prices could have a

significant impact on economic competitiveness of carbo-

hydrate-based bioprocesses. One-carbon (C1) substrates

including methane, methanol, formate, carbon monoxide
www.sciencedirect.com 
(CO) and carbon dioxide (CO2) have generated signifi-

cant interest as long-term sustainable feedstocks among

the scientific community and other stakeholders [5�,6–
12,13�,14,15]. Importantly, because CO2 and methane are

two major greenhouse gases (GHG), such bioprocesses

will help reduce the GHG emission while meeting the

societal needs for energy and chemicals.

Progress in understanding of the complex biology of C1

utilizing organisms, synthetic biology tools, and process

optimization is enabling expedited development of C1

feedstocks-based bioprocesses [7–9,14–16]. However,

fundamental challenges in biological utilization of these

feedstocks at scales and rates needed for commercial

production remain. This is due to the high energetic cost

of substrate assimilation (CO, CH2O2, and CO2), ther-

modynamic constraints (CO2 and CH4), toxicity to pro-

duction host (CO, CH2O, and CH2O2), and low mass

transfer rate (CH4 and CO) [5�,6,7,10,14]. Therefore,

kinetically and energetically efficient biological activa-

tion and assimilation of C1 substrates into the central

carbon metabolism remains a key focus of research and

development [17,18,19��,20]. Multiple native pathways

for activation and assimilation of these substrates have

been characterized [21–26]. In addition, the availability of

an increasing number of genomic sequences should allow

data mining for kinetically and energetically better

enzymes and pathways to improve efficiency of activation

and assimilation of C1 substrates [27]. We highlight

recent progress that could potentially help overcome

the economic challenges associated with C1 substrates

based bioprocesses. Syngas (CO, CO2, and H2) fermen-

tation-based bioprocesses have been widely reviewed

[7,8,12] and will not be discussed further. We discuss

recent advances in natural and synthetic pathways for

carbon assimilation by fixation and reduction, with a

special focus on oxygenic photosynthetic organisms

which have the inherent capability to harvest electrons

from sunlight. We also review recent efforts on the

development of the photomixotrophic platforms for co-

utilization of CO2, methane, methanol and formate.

CO2 fixation: natural pathways
Out of the six natural pathways for CO2 fixation, the

Calvin–Benson–Bassham (CBB) cycle, the 3-hydroxy-

propionate (HP) cycle, and the hydroxypropionate/

hydroxybutyrate (HP/HB) cycle are oxygen tolerant

[21–26]. Phototrophs such as plants, algae, and cyano-

bacteria utilize the CBB cycle, the most dominant path-

way, to fix >300 gigatons CO2 annually [19��].
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Photosynthetic microorganisms (microalgae and cyano-

bacteria) have drawn significant interest for their ability

to directly convert CO2 into fuels and chemicals. These

organisms grow fast (some can grow as fast as yeast under

controlled conditions [28��]) and have higher photocon-

version efficiency (PCE) (typically <2%; theoretical

maximum �10% [29]) compared to higher plants (typi-

cally <1%; theoretical maximum �6%) [30]. These

attributes could in principle provide an economical path

for the direct conversion of CO2 into products as opposed

to a two-step bioconversion of CO2 into products by

heterotrophs using plant-derived carbohydrates. How-

ever, downstream processing also plays a significant role

in the economic competitiveness of bioprocesses. Het-

erotrophic organisms produce the targeted product at

>1 g/L/h rates and titers can reach to >100 g/L, thus

reducing the significant cost associated with operations

related to fermentation and extraction of product from

broth. A better physiological understanding along with

the development of synthetic biology tools should allow

engineering of photosynthetic organisms for improved

product tolerance, and therefore, high titers. However,

the rate of product formation remains a significant hin-

drance to the development of photosynthetic organism

based bioprocesses. Current reported product rates

under photoautotrophic conditions are still in the mg/

L/h range [13�,14].

The inherent catalytic inefficiency of ribulose-1,5-

bisphosphate (RuBP) carboxylase/oxygenase (RuBisCO)

and the energetic inefficiency of the CBB cycle are two

key factors in a low rate of product formation [17,18,19��].
Box 1 shows a hypothetical scenario of ethanol production

by a cyanobacterial-based bioprocess. A simple calcula-

tion assuming a biomass concentration of 2 g cell dry

weight (CDW)/L in a photobioreactor shows that the

amount of RuBisCO needed to achieve ethanol produc-

tion at a rate of 1 g/L/h must constitute 10.8% of the total

cellular protein. Furthermore, the energetic requirement
Box 1 Amount of RuBisCO and solar energy required for the

production of ethanol using a cyanobacterium

Amount of RuBisCO

Proposed rate of ethanol production 1 g/L/h

Required rate of CO2 fixation 2.9 g/L/h

%RuBisCO/total cellular protein 10.8%a

Amount of solar energy

Number of photons required for CO2 fixation 0.528 mol/L/hb

Photons captured by a cyanobacterium 0.15 mol/m2/hc

aRuBisCO turnover rate used is 11.6/s/monomer [60] and monomer mol wt is

70 000 g/mol. Assumed biomass concentration is 2 g DCW/L and total biomass

consists of 51% total protein [61].
bA minimum of 8 mol photons is required to fix one mol CO2 [62].
cBased on full-spectrum solar energy 7349 MJ/m2/yr [62], 2% PCE and photon

energy 225.3 kJ/mol. Assuming production system operates for 365 days and

receives 12 h of solar exposure on a daily basis.
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for the CBB cycle to sustain this rate of ethanol produc-

tion requires an input of at least 0.528 mol photon/L/h,

which is significantly higher than the capture of solar

energy by photosynthetic organisms (0.15 mol photon/

m2/h). It is clear, therefore, that improving the kinetic

and energetic efficiencies of CO2 fixation will increase the

rate of product formation, and expedite the development

of photosynthetic bioprocesses. Additionally, the

improved efficiency of the CBB cycle will reduce the

cellular resources associated with protein biosynthesis,

enzyme maintenance, and turnover costs.

Improving catalytic efficiency of RuBisCO
The ongoing efforts to generate a kinetically efficient

RuBisCO have met with little success due to the apparent

mutual inverse relationship between the carboxylation

efficiency and substrate specificity [31]. Indeed, naturally

evolved, kinetically efficient RuBisCOs have poor sub-

strate selectivity between CO2 and O2 resulting in a loss

of �25% fixed carbon [32]. However, photosynthetic

microorganisms sequester RuBisCO in a specialized

microcompartment to shield it from O2 [33]. Therefore,

it can be argued that the improvement in carboxylation

efficiency of RuBisCO even at the risk of loss of substrate

specificity should be a useful outcome for the photosyn-

thetic bioprocesses. Few E. coli based heterologous sys-

tems have been developed towards the goal of improving

RuBisCO carboxylation efficiency [34,35�,36��]. In one

such attempt, E. coli was engineered to produce RuBP by

expression of the phosphoribulokinase (PRK) [34].

Because RuBP accumulation is toxic to E. coli, growth

of the engineered strain can be linked to RuBisCO

activity. This conditional screen was used to identify

mutations that led to the biogenesis of RuBisCO as well

as improved the carboxylation efficiency [34]. A drawback

of this selection system is the large number of false

positives arising from the loss of PRK activity. Wilson

et al. [37�] improved the fidelity of this system by fusing

PRK with neomycin phosphotransferase, which negated

the selection of false positives cells. In another condi-

tional screen, a RuBisCO-dependent E. coli selection

system was developed utilizing an E. coli strain missing

the glyceraldehyde-3-phosphate dehydrogenase [35�].
Introduction of PRK and RuBisCO provided a metabolic

shunt allowing growth of the engineered strain. This

system was used to identify a novel mutation RBCF140I

that showed �3-fold improved carboxylation with only

slight reduction in substrate specificity [38��]. Impor-

tantly, expression of the RuBisCO variant in Synechocystis
sp. PCC 6803 improved photosynthesis rate by �55%

using �25% less amount of RuBisCO [38��]. Finally, an

E. coli strain missing the phosphoglycerate mutase was

used to establish a fully functional CBB cycle that pro-

vided all sugar derived metabolites from CO2 [36
��]. This

platform could also be used in future studies to engineer

RuBisCO for improved carboxylation.
www.sciencedirect.com
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Improving carbon and energy conversion
efficiencies
An avenue to improve the carbon and energy efficiencies

of product formation in photosynthetic organisms is by

the replacement of native enzymes with kinetically and

energetically efficient heterologous enzymes. Nature pro-

vides many examples of efficient enzymes and metabolic

pathways [27,39]. For example, archaea of the phylum

Thaumarchaeota were found to utilize an energetically

more efficient HP/HB cycle [27]. The increased effi-

ciency is suggested due to multiple modifications includ-

ing an enzyme variant that produced ADP rather than

AMP during the activation of 3-HP and 4-HB, use of

promiscuous enzymes that catalyzed multiple reactions in

the HP/HB cycle, and O2 stability of 4-hydroxybutyryl-

CoA dehydratase reducing the biosynthesis and mainte-

nance cost [27]. Similarly, a methanotrophic bacterium

was found to utilize a highly efficient pyrophosphate

(PPi) mediated glycolytic pathway for methane assimila-

tion [39].

A potential target for metabolic engineering in photosyn-

thetic organisms could be the native ATP-dependent

phosphofructokinase (PFK), which catalyzes the irrevers-

ible conversion of fructose 6-phosphate (F6P) into fruc-

tose 1,5-bisphosphate (FBP). Some organisms such as

methanotrophs utilize a promiscuous PPi-dependent

PFK with a functional role in glycolysis, gluconeogenesis,

and pentose phosphate pathway [40�]. Thus, it is tempt-

ing to suggest that replacement of the native PFK with

the PPi-PFK will reduce the number of enzymes

involved in the CBB cycle (Figure 1a). More importantly,

it will lower the energy requirement of the CBB cycle

(ATP + 5Pi = 3PPi + ADP [9]) with possibility to further

lower the energetic cost, since PPi is a byproduct in many

biochemical reactions including protein and nucleic acid

biosynthesis, and sulfur metabolism [41].

Another strategy to lower the energetic cost for photo-

synthetic organisms is to modify the native pathways for

the production of C1 donors (formyl-tetrahydrofolate,

methylene-tetrahydrofolate, and methyl-tetrahydrofolate

[THF]). It is estimated that 1.2 mmol C1 donors are

required to produce 1 g of prokaryotic cells [42]. Photo-

synthetic organisms obtain C1 donors using an energeti-

cally costly and complex process. 3-Phosphoglycerate, the

first product of the CBB cycle, is first converted into

serine and then into CO2, NH3, and methylene-THF by

the serine hydroxymethyltransferase and the glycine

decarboxylase complex (GDC). Replacement of the

native pathway by the introduction of formate dehydro-

genase (FDH) and formate-THF ligase (FTL) could

provide a much simpler and energetically efficient path-

way to produce C1 donors. Similarly, a synthetic pathway

consisting of L-homoserine transaminase and 4-hydroxy-

2-oxobutanoic acid-hydroxymethyltransferase was shown

to produce C1 donors from CO2 [43�]. A simple
www.sciencedirect.com 
calculation (assuming 2% PCE, 225.3 kJ/mol average

photon energy, and 25 g/m2/day biomass production)

shows that the introduction of FDH and FTL would

enable the engineered strain to utilize �15% photons/m2/

day less than the native organism to produce the same

amount of biomass.

Synthetic CO2 fixation pathways
An alternative strategy to overcome the inefficiency of the

CBB cycle involves the utilization of O2-tolerant syn-

thetic CO2 fixation pathways (Figure 1) [18,19��]. Bar-

Even et al. used a multiple constraints based modeling

approach to identify a so-called malonyl-CoA-oxaloace-

tate glyoxylate cycle that employs anaplerotic enzymes

(phosphoenolpyruvate [PEP] and pyruvate [pyr] carbox-

ylases) and is suggested to be 2–3 times faster than the

CBB cycle (Figure 1b) [18]. Similarly, Schwander

et al. developed a new carboxylation cycle named

Crotonyl–CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA

(CETCH) cycle involving 17 different enzymes from

nine different organisms including three redesigned

enzymes (Figure 1c) [19��]. In vitro reconstitution experi-

ments using these enzymes showed CO2 fixation compa-

rable to the CBB cycle. However, glyoxylate, a metabolite

more toxic than 3-phosphoglycerate, is the first product of

both pathways, and the overall energy requirement for

CO2 fixation is only slightly reduced compared to the

CBB cycle (Figure 1b,c). Additionally, implementation of

such complex pathways in a host would be a challenging

task and would require significant cellular resources

devoted towards biosynthesis and maintenance. It is

worth noting that the CBB cycle employs only two unique

enzymes to fix CO2 as demonstrated by the fully func-

tional CBB cycle in E. coli [36��].

CO2 assimilation by reduction
Reduction is another common mode of inorganic carbon

entry into the biosphere. The best characterized pathway

for CO2 reduction is the Wood–Ljungdahl pathway,

which operates at the thermodynamic edge and requires

strict anoxic conditions [7,8,12]. Some enzymes of this

pathway such as CO dehydrogenase/acetyl-CoA synthase

and FDH are highly O2-sensitive, which makes it difficult

to utilize in oxygenic photosynthetic organisms. A poten-

tial pathway for carbon reduction in photosynthetic organ-

isms is via the O2-tolerant serine cycle found in metha-

notrophic organisms (Figure 1d) [44]. In fact, the

energetic analyses show that it is more efficient than

the CBB cycle (Figure 1a,d). However, for this cycle to

be operational in photosynthetic organism, CO2must first

be reduced to formate, which presents a significant ther-

modynamic barrier [45]. The reduction potential of for-

mate (�430 � E00 � �380 mV [45]) suggests that

NADPH (�370 � E00 � �280 mV) will be a poor electron

donor under physiological conditions. However, cyano-

bacterial flavodoxins (�470 � E00 � �370 mV) could be

potential physiological electron donors [46].
Current Opinion in Biotechnology 2018, 53:201–208
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Figure 1

Ru5P RuBP 3PG OAAPEP

MaS

Ac-CoA

Ac-CoA

Gly

3x HCHO DHA DHAP

Ser Pyr

Ac-CoAAc-CoA

Acetyl-CoA

MC-CoA

MM-CoA

Pr-CoA

E
M

C

M
M

C

S
u

-C
o

A

Su-Ald

Hbut

Hb-CoA

Cr-CoAM
S

-C
o

A

Ar-CoA

My-CoA
GlyOx

GlyOx

M
a-

C
o

A

Mal

Mal

OAA

PEP

Pyr

Pyr

Pyr

α-Ala

β-Ala

R5P Xu5P

GBP

G3P

FBPF6PE4P
S7P

SBP DHAP

CO2 CO 2 CO 2

CO2

CO2

CO2

Gly

Gly
M-THF

F-THF

Formate
HPyr

Ser

Ser

Ser

Gly

2P
G

G
ly

c
G

ly
O

x

M
a-

C
o

A

4NAD(P)H & 7ATP

4NAD(P)H & 4ATP
4NAD(P)H & 3ATP

4NAD(P)H & 6ATP

5NAD(P)H & 2ATP

5NAD(P)H & 2ATP

(a) (b) (c)

(d) (e)

(f)

Current Opinion in Biotechnology

Natural and synthetic O2-tolerant CO2 assimilation pathways. (a) CBB cycle [21], (b) MOG cycle [18], (c) CETCH cycle [19��], (d) serine cycle [44],

(e) reductive Gly pathway [45], and (f) formolase pathway [52��]. The naturally-occurring pathways are shaded green whereas the synthetic

pathways are shaded brown. The blue arrow indicates the key enzymes in the respective synthetic pathways. Acetyl-CoA (Ac-CoA) was selected

as the end product to compare the energetic costs of each cycle/pathway. Glyoxalate (GlyOx), the first product, of MOG and CETCH cycles can

be assimilated by many different pathways. We used the pathway shown in figure to calculate the energetic cost. For simplicity, only the

metabolic intermediates and entry of CO2 are shown. Ala: alanine, Ar-CoA: acrylyl CoA, Cr-CoA: crotonyl CoA, DHA: dihydroglycerate, DHAP:

dihydroxyacetone phosphate, E4P: erythrose 4-phosphate, F-THF: 10-formyl-THF, G3P: glyceraldehyde 3-phosphate, GBP: glycerate-1,3-

biphosphate, Glyc: glycerate, Hb-CoA: 4-hydroxybutyryl CoA, Hbut: 4-hydroxybutyrate, HPyr: hydroxypyruvate, Ma-CoA: malonyl CoA, Mal:

malate, MaS: malonate semialdehyde, MC-CoA: mesaconyl CoA, MM-CoA: methylmalyl CoA, MMC: methylmalonyl CoA, MS-CoA: methylsuccinyl

CoA, M-THF: 5,10-methylene-THF, My-CoA: malyl CoA, OAA: oxaloacetate, Pr-CoA: propionyl CoA, PG: phosphoglycerate, R5P: ribose-5-

phosphate, SBP: sedoheptulose 1,7-biphosphate, Su-Ald: succinic aldehyde, Su-CoA: succinyl CoA, Xu5P: xylulose-5-phosphate.
Establishing a catalytically efficient FDH in an oxygenic

photosynthetic microorganism is another challenge. The

metal-dependent FDHs are efficient enzymes in CO2

reduction (kcat > 46 s�1 [47]) and have been functionally

expressed in E. coli [48]. However, they are O2-sensitive

and therefore, difficult to stably maintain its function

under aerobic conditions. Furthermore, they require mul-

tiple genes for biogenesis and function due to the use of

special cofactors [49]. Similarly, the biochemically char-

acterized NAD(P)-dependent FDHs to date, although

simple and O2-tolerant, are kinetically inefficient
Current Opinion in Biotechnology 2018, 53:201–208 
enzymes (kcat < 1 s�1 [50,51�]). A recent effort by Choe

et al. led to the identification of a FDH from Thiobacillus
sp. KNK65MA that showed 5-fold higher CO2 reduction

capacity than the commonly used FDH from Candida
boidinii [51�]. It is possible therefore that screening of

additional genomic sequences or enzyme engineering

could lead to the identification of O2-tolerant FDH with

higher CO2 reducing activity.

The resulting formate can be assimilated using the serine

cycle (Figure 1d). An alternative strategy for formate
www.sciencedirect.com
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assimilation is the utilization of kinetically and energeti-

cally efficient synthetic pathways (Figure 1e,f). Siegel

et al. engineered a new enzyme called formolase that

catalyzes carboligation of formaldehyde into dihydroxy-

acetone [52��]. A requirement, however, is that formate

must first be converted into formaldehyde. Multiple

enzymes catalyze the conversion of formaldehyde into

formate, but the reverse reaction is not known to occur in
vivo. Additionally, the current turnover rate of formolase

is too low to support growth, and further enzyme engi-

neering efforts are needed to improve its activity. Finally,

an energetically efficient reductive glycine (Gly) pathway

for assimilation of formate has been proposed (Figure 1e)

[45]. It utilizes many enzymatic steps of the serine cycle.

The key step in this proposed pathway is the conversion

of methylene-THF into Gly by GDC. This enzyme is

usually known to catalyze the reverse reaction; although,

its role in Gly synthesis in vivo has been reported [53].

Photomixotrophic production system
An intriguing strategy for photosynthetic organism based

bioprocesses is to utilize a photomixotrophic platform for
Figure 2
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co-utilization of multiple C1 substrates. Many photosyn-

thetic organisms either naturally or modified by metabolic

engineering are known to consume both CO2 and

reduced carbon sources such as glucose and glycerol for

photomixotrophic growth [54,55,56�]. Such photomixo-

trophic systems could provide an unparalleled carbon and

energy yield for the conversion of CO2 and reduced

carbon source into products. For example, the yield of

2,3-butanediol was improved to 195% of the theoretical

maximum yield using Synechococcus elongatus 7942 engi-

neered to consume both glucose and CO2 [56
�]. Impor-

tantly, the production is not dependent on light and can

be operated during day and night. Although this is a

significant accomplishment, such process is still depen-

dent on the plant-derived carbohydrates.

Promising long-term sustainable feedstocks for a

photomixotrophic system could be methane and CO2

(Figure 2). Methane is widely available from various

sources such as wastewater treatment, crude oil extrac-

tion, and decomposition of biomass. It is also a highly

reduced substrate (55.5 MJ/kg) and there is a significant
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CO2
CO2

Photoreduction
Electrochemical reduction
Hydrogenation

atty acids
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he resulting formaldehyde and formate can be fixed by the ribulose

w CO2 assimilation by the serine cycle. Alternatively, chemically-

ilated carbon can be channeled towards any product of choice. Shown
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cost advantage of using methane compared to sugar as a

feedstock. For example, cost of one mol carbon from

methane and glucose is $0.0026 [assuming natural gas at

$3/MMBTU and 100% methane (typically <95%)] and

$0.0091 [assuming glucose at $300/ton], respectively.

Furthermore, the biogas opportunities roadmap progress

report released by the US government agencies esti-

mates that cost-competitive technologies could lead to a

significant increase in biogas sites in the US. As biogas

contains both methane (50–75%) and CO2 (20–40%), co-

capture of both gases will significantly reduce GHG

emission and provide a long-term sustainable feedstock

for photosynthetic organism based bioprocesses. Fur-

thermore, due to the gaseous nature and low aqueous

solubility, significant energetic costs are associated with

delivering both methane and O2 especially in commer-

cial fermentors containing dense cultures. Thus, in situ
production of O2 will reduce the energy and economic

costs of methane biotransformation into products com-

pared to heterotrophic bioprocesses (Figure 2). How-

ever, a key requirement for such bioprocess is the high

capacity of methane assimilation by the engineered

photosynthetic organism. Such efforts have been aided

in the past by the ARPA-E, a division of the Department

of Energy, where successes in heterologous expression

of various methane oxidation components are enabling

capture of methane by the engineered organisms [11,57]

[US Patent App. 14/513,656.].

Alternative strategies involving co-cultivation of metha-

notrophic and oxygenic photosynthetic bacteria are also

being explored [58,59]. This strategy exploits the co-

dependence of each organism on essential substrates,

thus enabling cooperative growth (i.e., O2 generated by

cyanobacterium is utilized by methanotroph whereas

CO2 produced by methanotroph is utilized by cyanobac-

terium). Both organisms are genetically tractable and can

be engineered to produce the same product. Finally,

chemically produced methanol and formate can also be

used as substrates by the photosynthetic organisms engi-

neered to utilize methane as a source of carbon (Figure 2).

These are intermediates of the methane assimilation

pathway and can help overcome economic hurdles of

such bioprocesses in the short term.

Conclusion
This review focused on the utilization of C1 substrates by

photosynthetic microorganisms. Progress in improving

the kinetic and energetic efficiencies of the native path-

ways as well as the identification of synthetic pathways is

providing new opportunities to improve the activation

and assimilation efficiencies of C1 substrates. An attrac-

tive platform involving photomixotrophic mode is

providing unparalleled improvements in the carbon

yield. Of particular interest is the ability to combine

CO2 with either methane or chemically produced meth-

anol and formate. Such an emerging platform can be
Current Opinion in Biotechnology 2018, 53:201–208 
feedstock-agnostic due to the ability of the biocatalyst to

utilize multiple C1 substrates. As development of bio-

processes is both resource-intensive and time-intensive,

the use of chemically produced reduced C1 substrates

such as methanol and formate in the short-term may

provide an opportunity to establish economical photo-

synthetic microorganism-based bioprocesses.
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