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Combinatorial use of environmental stresses 
and genetic engineering to increase ethanol 
titres in cyanobacteria
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Abstract 

Current industrial bioethanol production by yeast through fermentation generates carbon dioxide. Carbon neutral 
bioethanol production by cyanobacteria uses biological fixation (photosynthesis) of carbon dioxide or other waste 
inorganic carbon sources, whilst being sustainable and renewable. The first ethanologenic cyanobacterial process 
was developed over two decades ago using Synechococcus elongatus PCC 7942, by incorporating the recombinant 
pdc and adh genes from Zymomonas mobilis. Further engineering has increased bioethanol titres 24-fold, yet current 
levels are far below what is required for industrial application. At the heart of the problem is that the rate of carbon 
fixation cannot be drastically accelerated and carbon partitioning towards bioethanol production impacts on cell 
fitness. Key progress has been achieved by increasing the precursor pyruvate levels intracellularly, upregulating syn-
thetic genes and knocking out pathways competing for pyruvate. Studies have shown that cyanobacteria accumulate 
high proportions of carbon reserves that are mobilised under specific environmental stresses or through pathway 
engineering to increase ethanol production. When used in conjunction with specific genetic knockouts, they supply 
significantly more carbon for ethanol production. This review will discuss the progress in generating ethanologenic 
cyanobacteria through chassis engineering, and exploring the impact of environmental stresses on increasing carbon 
flux towards ethanol production.
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Background
The global reliance on the burning of fossil fuels for 
energy has led to increases in carbon dioxide and other 
greenhouse gas emissions, which is thought to be a pri-
mary driver of global climate change [1, 2]. Economi-
cally viable bio-based fuels and chemicals are essential 
for securing sustainable and renewable energy sources 
for future generations. In Europe, a major renewable 

transportation fuel is bioethanol, second only to biodiesel 
[3, 4]. The high-octane properties of bioethanol mean it is 
primarily used as a drop-in fuel for gasoline [5], with the 
bioethanol fraction varying from 10% (E10) to 51–83% 
(E85 fuels) [6]. The major bioethanol producers are the 
United States, Brazil and the European Union (29 billion 
gallons in 2021 [6]), which rely on the fermentation of 
first-generation biomass feedstocks of corn or sugar cane 
by engineered yeast [7].

In the circular economy model, there must be a balance 
between waste generation and recycling, to minimise any 
net impact on global challenges, such as climate change 
and other polluting practices. However, the production of 
bioethanol and its subsequent combustion both generate 
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carbon dioxide, and it is unclear whether this is fully off-
set by carbon dioxide capture during biomass cultivation 
to yield a net carbon neutral footprint [8]. An alternative 
solution is to make bioethanol directly from biological 
carbon dioxide fixation (photosynthesis), rather than via 
secondary CO2-evolving fermentation on plant biomass. 
This would eliminate the land burden for biomass culti-
vation and the costs of subsequent processing to release 
hydrolysable sugars for fermentation [9, 10].

Cyanobacteria (blue-green algae), such as Synechoc-
occus [11] and Synechocystis [12], are potentially suit-
able chassis for photosynthetic ethanol production. 
These model microorganisms have a fully characterised 
genome, have established molecular biology techniques 
and are amenable to genetic manipulation [13]. Some 
cyanobacteria contain a genomic encoded endogenous 
ethanologenic pathway [14] (Fig.  1); however, ethanol 
production has only been detected after the incorpora-
tion of recombinant ethanologenic genes [15, 16]. These 
microorganisms have a higher photosynthetic rate than 
plants and algae (10% solar energy uptake into biomass), 
leading to a greater yield potential per-acre compared to 
traditional food crops [17]. They have the added advan-
tage of being able to grow in brackish/industrial waste-
water [18, 19], seawater [18] or brine [20].

In general, autotrophic (carbon fixation) microbial 
chassis generate lower titres of secondary products com-
pared to heterotrophs. However, the superior carbon 

fixation credentials of cyanobacteria make exploratory 
investigations into their potential as bioethanol chassis 
worth pursuing. For example, a microbial factory could 
be established to generate bioethanol from the direct 
capture of carbon dioxide from the waste flues of heavy 
industry [21]. Secondary cyanobacterial products with 
significant economic value [17, 22] could be harvested 
(e.g. biofertiliser from biomass or biooil into biodiesel 
[23]), which could push the process into commercial 
viability. Given the large disparity between autotrophic 
and heterotrophic bioethanol titres, cyanobacterial chas-
sis optimisation must go beyond the simple addition of 
an ethanologenic cassette to approach S. cerevisiae pro-
ductivity. This review will discuss the current progress in 
engineering the cyanobacteria Synechocystis and Syne-
chococcus for bioethanol and to a lesser extent other bio-
fuels. It will include the optimisation of a heterologous 
ethanologenic cassette, and chassis redesign to maxim-
ise the supply of pyruvate, a major precursor for etha-
nol formation. In addition, the impact of environmental 
stresses on flux through pyruvate will be discussed, as 
will the importance of optimising the carbon partitioning 
between biomass and ethanol production.

Engineering an ethanologenic cassette
The classical ethanologenic cassette for microbial het-
erologous expression is composed of pyruvate decar-
boxylase (pdc) and alcohol dehydrogenase II (adh) from 

Fig. 1  Native and engineered routes from carbon dioxide to ethanol in Synechocystis. Additional pathways are shown that provide flux 
through pyruvate. The pathway in red is the engineered ethanologenic route from Zymomonas mobilis. Pathway intermediates: GAP, 
glyceraldehyde-3-phosphate; OAA, oxaloacetate; 2-OG, α-ketoglutarate; PEP, phosphoenolpyruvate; 2-PGA, 2-phosphoglycerate; 3-PGA, 
3-phosphoglycerate; PHB, polyhydroxybutyrate; RuBP, ribulose bisphosphate. Enzymes/genes: acc, acetyl-CoA carboxylase; acs, acetyl-CoA-synthase; 
ackA, acetate kinase; adh, alcohol dehydrogenase; aldDH, aldehyde dehydrogenase; eno, enolase; ldh, lactate dehydrogenase; me, malic enzyme; 
Pdc: pyruvate decarboxylase; pdh, pyruvate dehydrogenase complex; pepck, phosphoenolpyruvate carboxykinase; pgm, 2,3-bisphosphoglycerate
-independent phosphoglycerate mutase; phaA, acetyl-CoA acetyltransferase; phaB, acetoacetyl-CoA reductase; PhaC/E, poly(3-hydroxyalkanoate) 
polymerase; ppc, phosphoenolpyruvate carboxylase; pps, phosphoenolpyruvate synthase; pta, phosphate acetyltransferase; pyk, pyruvate kinase; 
RuBisCO, ribulose-1,5-biphosphate carboxylase/oxygenase. Lactate and ethanol are both readily secreted by Synechocystis.j 
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microorganisms, such as Zymomonas mobilis (Fig.  1, 
highlighted in red; [15]). This pathway requires the cell 
to supply adequate quantities of the central metabolite 
pyruvate, which is generated from the Calvin–Benson–
Bassham (CBB) cycle intermediate 3-phosphoglycerate 
via three enzymatic steps [15]. In this recombinant path-
way, pyruvate undergoes decarboxylation by pdc to form 
acetaldehyde, with is subsequently reduced to ethanol 
via an NADPH-dependent adh (Fig.  1). Cyanobacteria 
do not contain a native pdc; however, there is a puta-
tive route to ethanol via acetaldehyde formation, which 
requires decarboxylation to acetyl-CoA via pyruvate oxi-
doreductase (pyrOR), followed by acetyl-CoA-synthase 
(acs)-dependent acetate formation [24]. Acetate could 
potentially be oxidised to acetaldehyde by a reversible 
aldehyde dehydrogenase (aldDH), and the native adh 
could generate ethanol as the final product (Fig. 1) [24].

In the first reported example, recombinant pdc and 
adh genes from Z. mobilis were highly expressed in 
Synechococcus elongatus PCC 7942 (Syn-7942) under 
the control of the cyanobacterial ribulose-1,5-bisphos-
phate carboxylase/oxygenase (RuBisCO) promoter [15]. 
However, ethanol production rates of only 6  mmol/
OD730nm/L/day were achieved (~ 0.23  g/L in 28  days; 
Table 1) [15], far below the best performing engineered 
Escherichia coli (46 g/L in 48 h; [25]) and S. cerevisiae 
constructs (130  g/L ethanol in 65  h with Saccharomy-
ces cerevisiae [26]). This equated to over a 100-fold 
reduction in the theoretical maximum titre that could 
be achieved based on the known expression levels of 
the two recombinant enzymes. This suggests that a 
pyruvate supply limitation may be present, and shows 
the potential of optimisation studies to dramatically 
increase bioethanol titres.

Table 1  Ethanol production by engineered cyanobacteria

1 Synechococcus elongatus strain; 2Phylogeny of the novel cyanobacterial isolate ABICyano1 is closest to Cyanobacterium aponinum PCC 10,605 and Cyanobacterium 
aponinum ETS-03 [16]

Cyanobacterium Ethanologenic cassette Genotype Ethanol rate
(g/L/d)

Comments Refs.

Synechocystis strain

PCC 6803 pdcZm + adhSyn (slr1192) glgC + phaC + phaE 0.986 Dual copies; 2.96 g/L in 3 d; highest OD730 ~ 50; pnblA 
promoter

[27]

 ~ 0.2 Dual copies; 5.5 g/L in 26 d; highest OD730 ~ 4; pnblA 
promoter; Nitrogen starvation

[27]

phaA + phaB 0.285 Dual copies; 2.6 g/L in 9 d; ppsbAII promoter [28, 29]

0.255 Optimised pdc:adh expression ratio to 2:1; 2.3 g/L in 9 d; 
prbc promoter

[30]

0.212 Dual copies; 5.5 g/L in 26 d; highest OD730 ~ 12; prbc 
promoter

[24]

Plasmid 0.06 Overexpressed FBA and TK; 1.2 g/L in 20 d; pnrsB pro-
moter for pdc and adh

[31]

0.236 Patented; 7.1 g/L in 30 d; ziaA promoter; construction 
#1318

[32]

0.235 Patented; 4.7 g/L in 20 d; corT promoter [32]

0.261 4.7 g/L in 18 d; highest OD730 ~ 13; pVZ325 plasmid; petJ 
promoter

[33]

0.097 Patented; 3.6 g/L in 37 d; pVZ321b plasmid and others; 
petJ promoter

[34]

pdcZm + adhIIZm pdc/adhII 0.0766 0.46 g/L in 6 d; psbA2 promoter [35]

pdcSc + adhSyn (slr0942) glgC + phaA 0.157 Co-culture of knockout & ethanologenic strains; 4.7 g/L in 
30 d; psbA promoter

[36]

0.137 4.1 g/L in 30 d; psbA promoter [36]

Synechococcus strain

PCC 7002 pdcZm + adhSyn (slr1192) glgA1 + glgA2 0.220 Dual copies; 2.2 g/L in 10 d; highest OD730 ~ 4; prbc 
promoter

[37]

- - 0.410 Patented, JCC1581_B isolate; 5.62 g/L in 13.7 d; [38]

PCC 79421 pdcZm + adhZm Genomic 0.076 25% CO2 sparging; 0.23 g/L in 3 d; prbcL promoter [39]

Plasmid 0.008 0.23 g/L in 28 d; prbsLS promoter [15]

ABICyano12 - Plasmid 0.552 Patented, plasmid TK504; copper inducible promoter [40]
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After proof of principle demonstration of a functional 
ethanologenic cassette in Synechococcus, the next stage is 
to assess pdc and adh homologues to observe if signifi-
cant titre improvements can be achieved. An early win 
was the demonstration of a 50% improvement in ethanol 
titres by the substitution of the adhZm gene from Z. mobi-
lis for the endogenous gene (slr1192; adhSyn) of Synecho-
cystis sp. PCC 6803 (Syn-6803) [24]. This cassette was 
integrated within two sites on the chromosome, creating 
the Syn-HZ24 strain which produced ethanol titres of 
5.5 g/L, equating to a productivity of ~ 0.2 g/L/d (Table 1). 
Similarly, the engineered UL030 strain contained two 
copies of the pdcZm + adhSyn cassette integrated at a dif-
ferent neutral site within the genome. This displayed the 
highest published ethanol productivity of 0.29 g/L/d [29]. 
This approach of multiple ethanologenic cassette inser-
tions within the genome of Synechocystis has become a 
proven strategy to increase ethanol titres [24, 28, 29, 37, 
41]. However, plasmid-based ethanol-producing systems 
are also quite successful in cyanobacteria, and have often 
led to relatively high ethanol titres [33, 40, 42]. For exam-
ple, the patented cyanobacterial strain, ABICyanol1, has 
achieved an ethanol productivity of 0.55  g/L/d using a 
plasmid-based system [40].

One possible explanation for the increased efficiency 
of adhSyn over adhZm is that the former can utilise both 
NADH and NADPH as cofactors, whilst having a 74,000-
fold greater activity with NADPH [24]. Given that Syn-
6803 has ten-fold higher NADPH concentrations than 
NADH [43], this suggests adhSyn is better suited for eth-
anol production in this host. Flux control through the 
CBB pathway was most highly dependent on the energy 
supply (ATP), and to a lesser extent by cofactor supply 
(NADPH) [77]. An in silico study generated a Synecho-
cystis metabolic model designed for maximal ethanol 
production by increasing the coenzyme (NADPH) sup-
ply for adh, rather than redirecting pyruvate flux away 
from competing pathways [44]. The theoretical M2 strain 
was designed containing thirteen genetic modifications, 
most of which were deletions of enzymes that compete 
for NADPH. The theoretical ethanol yield for this chassis 
was 1.165 g ethanol/DCW/day, which is 57% of the theo-
retical maximal yield [44]. However, this extreme dele-
tion strain has not been tested in Synechocystis, so it is 
unknown what impact the deletion of so many NADPH-
dependent enzymes will have on its overall metabolism 
and biomass production, with likely knock-on effects for 
ethanol production.

Other adh enzymes trialled included the highly active 
NADPH-dependent aldehyde reductase (yqhD) from 
E. coli [45]. However, a comparison found adhSyn to be 
more effective than yqhD at reducing isobutyraldehyde 
to isobutanol in an isobutanol-producing Syn-6803 strain 

[46]. Since this reaction is analogous to the reduction of 
acetaldehyde to ethanol, adhSyn likely remains the most 
suitable enzyme for a Synechocystis ethanologenic cas-
sette, although the engineering of improved adh and pdc 
enzymes may also be required to reach titres suitable for 
efficient recovery [47].

In vitro titration assays of the pdcZm–adhSyn pathway 
showed that pdcZm displays a relatively higher Km and 
Vmax than adhSyn, suggesting that acetaldehyde forma-
tion by pdc is the main rate-limiting step [30]. The cat-
alytic efficiency of Synechocystis adhSyn is higher than 
that of  pdcZm because of a substantially lower Kd, yet 
similar Vmax values. Another study showed that although 
the abundance of both pdc and adh appear to influence 
ethanol titres, pdc abundance had a much stronger cor-
relation with ethanol production, with R2 values of 0.89 
and 0.44, respectively [48]. Whilst the pdcZm from Z. 
mobilis is currently the most efficient homologue known 
[49], other homologues have been trialled within the 
ethanologenic cassette. One study incorporated the pdc 
from S. cerevisiae into  Syn-6803, as this enzyme shows 
improved functionality under acidic conditions induced 
by CO2 enriched sparging [36]. Unfortunately, no func-
tional comparison between the two pdc enzymes was 
performed so the better homologue for cyanobacteria 
is unknown. The pdc from Zymobacter palmae boasts a 
lower Km value for pyruvate than pdcZm; however, a func-
tional comparison between the two showed that pdcZm 
displays higher ethanol titres in Syn-6803 [50]. Instead 
of changing pdc homologue, enhancing pdc overexpres-
sion by optimising the promoters or ribosome binding 
sites within the construct may be a better strategy [42, 48, 
50–52].

Fine tuning of ethanol production can be performed 
by optimising the balance of pdcZm:adhSyn expression 
levels. This is in line with the observation that the pyru-
vate to acetaldehyde step is rate limiting, so increasing 
the pdcZm:adhSyn concentration ratio could be a target for 
pathway optimisation [30]. Within the pdcZm–adhSyn sys-
tem, titration assay studies found that the most economi-
cal and balanced expression ratio of the two enzymes is 
likely to be around 1:1.5 to 1:2, compared to the exist-
ing ratios of 1:30 to 1:40 (Table 1) [30]. An attempt was 
made to improve the ethanol titres by comparing three 
Synechocystis strains containing genomic integrated cop-
ies of pdc and adh at ratios of 1:1 (Syn-ZG25 and Syn-
HZ24; 1 and 2 copies of both genes, respectively) and 2:1 
(Syn-YQ4 with 2 copies of pdcZm). Unfortunately, this 
study showed no significant difference in ethanol titres 
between dual site integrated strains with a ratio of 1:1 
and 2:1 (2.2–2.3 g/L). This is perhaps not surprising given 
the expression levels showed very high levels of adhSyn 
expression compared to pdcZm, even in the 2:1 strain. The 
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most significant finding was observed by comparing the 
pdcZm–adhSyn cassette copy number, with the single 1:1 
integrated strain (Syn-ZG25) showing only 1.2 g/L etha-
nol titres after 9  days compared to 2.2–2.3  g/L for the 
double integrated Syn-YQ4 and Syn-HZ24 strains [30].

Modulating flux through pyruvate
The carbon partitioning problem
A fundamental problem which limits microbial biofuels 
production is the partitioning of fixed carbon between 
cell growth and metabolic maintenance and second-
ary product accumulation. This has been described in a 
recent review by Liu et al. [53] in a section discussing the 
optimisation of butanol production by editing native car-
bon flux [53]. This is compounded by microbial carbon 
fixation being inherently slow and inefficient compared 
to heterotrophic fixed carbon uptake and catabolism 
[54]. As downstream carbon consuming reactions are 
even slower, this limits the ability to increase carbon fixa-
tion efficiency. One approach to increasing carbon flux is 
to introduce a ‘carbon sink’, which is a high flux pathway 
that converts fixed carbon into a secondary molecule (e.g. 
bioethanol) that is secreted from the cell (Fig.  1). This 
effectively decouples the CBB cycle rate from growth and 
cell maintenance, and could potentially lead to increased 
efficiency of carbon dioxide fixation and light capture 
steps [54, 55].

Heterotrophic conversion of glucose to ethanol 
requires eight enzymatic steps; at least twenty-seven 
reactions are needed for ethanol production from CO2 in 
photosynthetic microorganisms [54]. As a result, unbal-
anced carbon partitioning in favour of bioethanol or 
other biofuel overproduction can create a carbon drained 
state where CBB cycle metabolites are depleted, leading 
to a decreased productivity and growth rate [56, 57]. As 
expected, studies have shown that increasing the carbon 
partitioning towards bioethanol production results in 
a proportional decrease in cellular biomass production 
[12, 30]. Counterintuitively, introduction of a carbon sink 
can actually increase total carbon productivity, which is 
defined as the total amount of carbon in the cellular bio-
mass combined with the secreted carbon sink metabo-
lites [54, 55]. Addition of a carbon sink appears to change 
various facets of cyanobacterial physiology, which may 
include increasing photosynthetic efficiency, carbon fixa-
tion capacity and chlorophyll content, all of which may 
contribute towards increased total carbon productiv-
ity [36, 55, 57]. Unfortunately, this effect appears to be 
somewhat of a double-edged sword since carbon parti-
tioning values that are too high can reduce growth rates 
and lower total product evolution [33, 54, 57, 58].

A 2,3-butanediol (2,3-BD)-producing Syn-7942 
strain was investigated to ascertain the likely optimal 

carbon partitioning ratio for maximal biofuel produc-
tion [54]. A library of variant strains with different car-
bon partition ratios were screened for maximal 2,3-BD 
titres. The productivity maxima was found when 30% 
of carbon was partitioned towards 2,3-BD [54]. This 
limitation was also observed during the cyanobacte-
rial production of acetyl-CoA-derived solar fuels and 
chemicals [59]. Since 2,3-BD and ethanol are both 
derived from pyruvate via a synthetic pathway involv-
ing decarboxylation and reduction, it is likely that this 
30% value could be used as a yardstick for future devel-
opment of ethanologenic strains. This could be particu-
larly useful for the application of ethanol production 
in a continuous culture strategy. For example, during 
log growth phase of Syn-6803 the carbon fixation rate 
(2.1  g CO2/L/d) could lead to a theoretical maximal 
0.22  g/L/d ethanol production when imposing a 30% 
carbon partitioning rate [60]. Some published ethanol 
productivities have already exceeded this theoretical 
maximum (Table  1), likely due to increased cell cul-
ture density prior to ethanol production initiation. Sec-
ondary product formation is likely to be higher during 
stationary phase, when carbon partitioning towards 
cellular growth is minimal.

The effect of excessive carbon partitioning on intra-
cellular carbon limitation was observed during a study 
of a Synechococcus sp. PCC 7002 (Syn-7002) strain 
under diurnal light conditions [57]. Under batch cul-
tivation conditions, both ethanol production and 
growth rates declined compared to wild-type cells due 
to an imbalance in the partitioning between carbon 
fixation and carbon sink production [57]. This demon-
strates that when the carbon partitioning ratio towards 
ethanol was too high, key metabolite pools, such as 
3-phosphoglycerate, 2-phosphoglycerate and phospho-
enolpyruvate, likely became depleted to compensate for 
the lack of carbon supply. This carbon depletion even-
tually extended further into the core metabolism dur-
ing prolonged batch cultivation, reducing the pool sizes 
of the citric acid (TCA) and CBB cycle metabolites, 
amino acids, as well as causing large-scale reduction in 
enzyme abundance [57]. However, whilst the photosyn-
thetic capacity decreased, carbon partitioning towards 
ethanol increased from ~ 50% to ~ 80% after 10  days. 
This correlated with an increasing pdc activity through-
out the 30-day experiment [57]. Increased partitioning 
towards ethanol likely contributed to an acceleration 
towards a non-viable, fixed carbon depleted state [57], 
although culture carbon dioxide levels were maintained 
in excess. Therefore, maintenance of an optimal carbon 
partitioning ratio is likely a key factor to optimising 
ethanol titres during prolonged cultivations.
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Carbon fixation modulation towards pyruvate 
accumulation
Pyruvate supply has been identified as a limiting factor 
for ethanol production in Synechocystis, most likely due 
to insufficient carbon flux [30, 56, 57, 61]. Routes to simi-
lar products currently limited by acetyl-CoA availability 
have been reviewed by Choi et al. [62], where they discuss 
using shifting environmental conditions to improve titres 
through acetyl-CoA modulation. Pyruvate supply limita-
tion was demonstrated by feeding exogenously supplied 
pyruvate (25 mM; with 50 mM NaHCO3) to the double 
integrated Syn-YQ4 strain, which increased both culture 
density and ethanol titres [30]. Since pyruvate is sepa-
rated from carbon dioxide by only four reactions (Fig. 1), 
strengthening the CBB cycle could potentially increase 
the flux towards pyruvate. Central to this process is the 
carbon fixing enzyme RuBisCO, which is housed within 
carboxysomes that function to increase the localised 
carbon dioxide concentration around RuBisCO [63–65]. 
This enzyme is surprisingly inefficient and has long been 
earmarked for directed evolution to improve its perfor-
mance. Unfortunately, attempts so far have been largely 
unsuccessful, with RuBisCO’s performance thought to 
be constrained due to the complexity of its reactive site 
chemistry [66–68]. However, the recent discovery of a 
highly active and assembly competent Form II RuBisCO 
from an unknown endosymbiont of a deep-sea tube-
worm Riftia pachyptila shows promise as an alternative 
enzyme for recombinant expression in cyanobacteria 
[69]. Heterologous expression of this enzyme does not 

require the co-expression of chaperonins and it exhibits 
a 51% higher carboxylation efficiency than the RuBisCO 
from Syn-7002, when expressed in the heterotroph E. 
coli [69]. Alternatively, modified RuBisCO variants have 
been generated with enhanced carboxylation efficien-
cies and substrate specificities [70, 71]. For example, 
variant F140I in the large RuBisCO subunit had 2.9-fold 
improved carboxylation efficiency, which when expressed 
in Syn-6803 led to a 55% improvement in the photosyn-
thetic rate (Fig. 2) [70]. This mutation is localised at the 
N- and C-terminal domain interface within each subu-
nit. It is thought this mutation to isoleucine could result 
in an increased structural flexibility, which in turn may 
enhance catalytic turnover. Interestingly, this equiva-
lent residue in plants and red/green algae is normally a 
conserved isoleucine or leucine, so it is unknown why 
cyanobacteria have phenylalanine in this position [70]. 
Unfortunately, the improved RuBisCO variants have not 
been tested in ethanologenic strains of Synechocystis, 
but these encouraging results suggest this may be a via-
ble approach for improving carbon flux towards ethanol 
production.

Another approach to increasing the photosynthetic 
rate is to increase the expression of RuBisCO. This was 
performed by expressing two copies of RuBisCO within 
an isobutyraldehyde-producing Syn-7942 strain [72]. 
In  vivo RuBisCO activity was increased 1.4-fold, with a 
concomitant two-fold increase in total isobutyraldehyde 
production after 7 days [72]. An alternative approach was 
the overexpression of RuBisCO within Syn-6803 with 

Fig. 2  CBB pathway enzymatic steps predicted to positively influence flux control [31, 70, 72, 73, 77, 78]. Pathway intermediates: 
DHAP, dihydroxyacetone phosphate; FBP, fructose-1,6-bisphosphate; G3P, glyceraldehyde-3-phosphate; Pi, pyrophosphate; S7P, 
sedoheptulose-7-phosphate; SBP, sedoheptulose-1,7-bisphosphate; Xu5P, xylulose-5-phosphate. Enzymes/genes: fba, fructose-bisphosphate 
aldolase; SBPase, sedoheptulose-1,7-bisphosphatase; tkl, transketolase. The remaining pathway intermediates and enzymes are defined in Fig. 1 
legend. The crystal structures of RuBisCO, SBPase, tkl and fba were generated in Chimera [79] using pdb accession codes 6hbc, 3oi7, 1trk and 1rv8, 
respectively (https://​www.​rcsb.​org/)

https://www.rcsb.org/
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a FLAG tag on the large subunit. This strain showed a 
1.52-fold increase in RuBisCO activity and an improved 
growth rate [73]. However, heterogeneously expressed 
RuBisCO localises to the cytosol [74], unless the cor-
rect targeting sequence is included. Therefore, it does 
not benefit from carbon dioxide accumulation within 
the carboxysomes, but it still shows an overall increase 
in the photosynthetic rate of Synechocystis [73, 74]. 
The latter may be in part due to an increased NADPH 
cycling between the photosynthetic machinery and the 
CBB cycle. If this is true, RuBisCO overexpression could 
enhance both carbon fixation and light-dependent pho-
tosynthesis, allowing cyanobacterial chassis to fix more 
carbon.

Looking beyond RuBisCO, other enzymes involved in 
pyruvate biosynthesis could be targeted. This includes 
the three-step pathway from the CBB intermediate 
3-phosphoglycerate (3-PGA) to pyruvate catalysed by 
2,3-bisphosphoglycerate-independent phosphoglycerate 
mutase (pgm), enolase (eno) and pyruvate kinase (pyk; 
Fig. 1). Increasing pyk activity may improve flux through 
pyruvate as intracellular levels of its substrate phospho-
enolpyruvate (PEP) are ten-fold higher than pyruvate 
(Fig.  1; [75]). This was investigated using a lactic acid-
producing Syn-6803 [58] and 2,3-butanediol (23BD)-
producing Syn-7942 strains [54]. Overexpression of pyk 
generated ~ 135  mg/L 23BD, but the culture displayed a 
marked growth defect. Within these strains, overexpres-
sion of phosphoglycerate mutase (pgm) also increased 
flux towards pyruvate and carbon partitioning to 2,3-
BD, whilst overexpression of eno only increased 2,3-BD 
titres (Fig. 1; [54].) Recent work identified a novel mech-
anism of pgm regulation by the Sll0944 gene product 
(PirC) which is under the control of the nitrogen regula-
tor PII. Deletion of this pgm inhibitor increases the flux 
towards  poly-β-hydroxybutyrate (PHB) and could con-
ceivably direct this same additional flux to ethanol in a 
PHB deficient knockout strain [76].

A more extensive bioinformatics analysis was per-
formed by generating a kinetic model of the entire CBB 
cycle using a random sampling of steady-state metabo-
lite concentrations and enzyme kinetic parameters [77]. 
This analysis showed that  the CBB cycle had an overall 
high intrinsic stability, as long as the metabolite ribu-
lose 1,5-bisphosphate (RuBP) did not accumulate within 
the cell (Fig.  1). The CBB pathway enzymes that were 
predicted to exert a weak positive effect on overall net-
work flux were sedoheptulose 1,7-bisphosphatase/fruc-
tose 1,6-bisphosphatase (SBPase), fructose-bisphosphate 
aldolase (fba), and transketolase (tkl; Fig. 2) [77].

The recombinant expression of CBB pathway enzymes, 
other than RuBisCO, in Synechocystis strains has been 
performed to assess the impact on ethanol production. 

For example, the overexpression of recombinant SBPase, 
tkl and fba all showed increased ethanol titres by 67%, 
37% and 69%, respectively, when compared to a control 
strain (Fig.  2; [78]). In addition, carbon fixation rates 
increased, with total biomass production (dry cell weight 
and ethanol) increasing by 7.7%, 15.1%, 8.8% and 10.1%, 
respectively [78]. The tandem overexpression of fba and 
tkl yielded nine-fold and four-fold higher ethanol pro-
duction than solely overexpressing fba or tkl, respectively 
[31]. However, the best performing fba/tkl strain only 
produced 1.2  g/L ethanol after 20  days [31], far below 
best performing Synechocystis strain after 26  days (5.50 
gL−1 ethanol; [24]). These studies suggest overexpress-
ing key enzymes involved in pyruvate production could 
improve overall flux towards ethanol production [31].

Modification of competing or synergistic pathways
Another approach to increasing pyruvate supply is to 
either knock out or knock down pathways that compete 
for pyruvate supply. Upregulating beneficial pathways, 
such as increasing acetate production, could improve 
titres of ethanol [80]. However, this is only practical if 
acetate can be efficiently converted into acetaldehyde 
by the action of an aldehyde dehydrogenase. One study 
looked at the effect of knocking-out phosphoenolpyru-
vate synthase (pps), which catalyses the production of 
PEP from pyruvate, the reverse direction of the reac-
tion catalysed by pyk (Fig. 3). Knockout of pps was per-
formed by the integration of an ethanologenic cassette 
at slr0301 in Syn-6803 [45]. This led to a 41% increase 
in ethanol production to titres of 2.79  g/dry cell weight 
(DCW). Encouragingly, no growth defects were observed 
when the pps knockout was grown under constant light 
[45]. Interestingly, both pdc and adh transcripts in the 
pps knockout were 1.6-fold and 2.26-fold higher, respec-
tively, compared to Syn-6803 strains with the ethanolo-
genic cassette integrated into a neutral site [45]. This 
suggests that the higher pdc abundance, rather than an 
increased flux to pyruvate, may have been responsible for 
the observed ethanol titre improvements.

Another target gene responsible for flux away from 
pyruvate is phosphoenolpyruvate carboxylase [81] (ppc), 
which converts phosphoenolpyruvate into the TCA cycle 
intermediate oxaloacetate and malate (Fig.  1; [58]). A 
knockout of this gene in a recombinant Syn-6803 strain 
showed increased lactic acid production [58]. However, 
no quantification of the intracellular pyruvate pools was 
conducted, so there is only indirect evidence of the effi-
cacy of this approach. Ppc is known to be part of a path-
way that efficiently converts phosphoenolpyruvate into 
pyruvate via oxaloacetate and malate (Fig. 1). This high-
lights the complexity of pyruvate core metabolism and 
its global metabolic implications [82]. Circumventing 
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this complexity by knockouts in non-core pathways and 
modulating flux via environmental conditions may be a 
better alternative. Potential targets not involved in core 
pathways include knockouts/knockdowns of lactate 
dehydrogenase (ldh) and acetyl-CoA carboxylases (acc), 
to downregulate the production of lactate and fatty acid 
pathways, respectively (Fig. 1).

Major carbon storage mechanisms of Synechocystis, 
such as glycogen and (PHB) production, could be tar-
geted to reduce the pyruvate flux towards these com-
peting carbon sinks. Glycogen is a major carbon storage 
molecule that accumulates during daylight hours and is 
metabolised under dark conditions to provide energy for 
cellular survival [83–85]. Synechocystis glycogen content 
reaches around 22.7% of the DCW [86] and is thought 
to buffer against the presence of excess carbon [84]. The 
role of PHB in Synechocystis is less clear, but is thought to 
act as either a carbon reserve and/or serve as a redox sink 
when the reducing equivalents NAD(P)H are in excess 
[87, 88]. Under continuous culture conditions glycogen 
and PHB may play only minor roles, so knocking down 
key gene(s) in their biosynthesis may assist in increasing 
intracellular pyruvate levels or flux towards ethanol.

The deletion of both glycogen synthase genes (glgA; 
Fig.  3) in Syn-7002 was shown to reduce cellular glyco-
gen abundance by 95.8%, leading to a significant increase 
in soluble sugar content [89]. A second study knocked 
out the two glgA genes by integrating two copies of the 
pdcZm + adhSyn cassette [37]. As expected, this knockout 
severely impeded growth under diurnal conditions. How-
ever, no growth perturbations were observed under con-
stant illumination, when carbon storage mechanisms are 
less critical [37, 84, 90, 91]. Ethanol titres reached 2.2 g/L 
after 10  days (0.22  g/L/day) under constant illumina-
tion; however, no control strain data were available with 
the ethanologenic cassette integrated into a neutral site. 
Therefore, it is not known how much the glgA knockouts 
contributed towards increasing ethanol titres [37].

The enzyme glucose-1-phosphate adenylyltransferase 
(glgC) is essential in the biosynthesis of glycogen by syn-
thesising the intermediate ADP glucose. Knockouts of 
this gene in Syn-7942 show a 28% loss in carbon fixation 
compared to wild-type strains [92]. However, incorpora-
tion of an isobutanol production pathway into this ΔglgC 
variant rescued the total carbon fixation rates to wild-
type levels, with 52% of the total carbon redirected into 

Fig. 3  Metabolic pathways from the CBB cycle towards pyruvate and glycogen production. The enzymes are shown in blue. Pathway 
intermediates: ADP-glc, ADP-glucose; 1,3bisPGA, 1,3-bisphosphoglycerate; aldB, α-acetolactate decarboxylase; als, acetolactate synthase; butA, 
butanediol dehydrogenase; F6P, fructose-6-phosphate; Gln-6P, 6-phosphogluconate; GL-6P, 6-phosphogluconolactone; G1P, glucose-1-phosphate; 
G6P, glucose-6-phosphate; Ru5P, ribulose-5-phosphate. Enzymes/genes: ccr, crotonyl-CoA carboxylase/reductase; glgA, glycogen synthase; glgB, 
glycogen branching enzyme; glgC, ADP-glucose pyrophosphorylase; PduP/MhpF, acetaldehyde dehydrogenase; phaJ/fadB, enoyl-CoA hydratase; 
Ter, trans-2-enoyl-CoA reductase
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isobutanol biosynthesis. These isobutanol titres were 2.5-
fold higher than for the glgC-containing  control strain 
expressing the same isobutanol production cassette [92].

Under conditions of nitrogen starvation, the equivalent 
ΔglgC variant of Syn-6803 showed an accumulation of 
PHB, an alternative carbon sink [27]. Conversely, a gly-
cogen (glgC/glgA)-overexpressing Syn-6803 strain with 
a disruption of PHB biosynthesis (acetyl-CoA acetyl-
transferase; phaA) showed a 13.7% increase in cellular 
glycogen, acetate, and succinate pools [93]. Therefore, 
knockouts of one or more of the PHB pathway genes 
could be another route to increase flux towards bioetha-
nol production. This was tested by generating Syn-6803 
strains where one of the two pdcZm/adhSyn ethanologenic 
cassettes was integrated into a neutral site (slr0168 or 
psbA2) and the other at the phaA loci, (Syn-HZ24 and 
UL030, respectively) [24, 29]. The Syn-HZ24 strain gener-
ated ethanol titres around 5.5 g/L, but showed no differ-
ence between the PHB intact and knockout variants [24]. 
PHB does not represent a large carbon sink in Syn-6803, 
as no PHB was detectable when grown in normal cultiva-
tion media, and only 4.1% PHB per DCW was observed 
under nitrogen starved conditions [27, 94]. Therefore, 
targeting PHB knockouts alone is not likely to have as 
great an influence on increasing flux towards ethanol 
compared to impairing glycogen biosynthesis.

An ethanol-producing strain of Syn-6803 was gener-
ated containing knockouts of both the glycogen and PHB 
biosynthesis pathways (ΔglgCΔphaCE/EtOH) to observe 
if there was a synergistic effect by impairing two car-
bon sinks [27]. This strain generated ethanol at a rate of 
240 mg/g DCW/day under the nitrogen starvation con-
ditions. This is an increase of ethanol titres by 11.8% 
from 0.297  g/L (ΔglgC) to 0.332  g/L (ΔglgCΔphaCE) 
after 72 h [27]. Interestingly, in a high cell density culture 
(OD730nm = 50), ethanol production rates were 1.08 and 
2.01  g/L/day under light conditions of 40 and 80  µmol/
m2/s, respectively [27]. Alternative approaches could be 
employed using conditions designed to increase glycogen 
stores, then rapidly converting them to ethanol. A genetic 
knockout of the acetate kinase ackA and overexpression 
of the RNA polymerase sigma factor sigE were recently 
shown to increase succinate production from glycogen 
under dark fermentative conditions by the modulation of 
flux towards PEP [95].

These studies suggest that substituting native cyano-
bacterial carbon sinks for alternative pathways can alter 
the carbon partitioning ratio in favour of biofuel produc-
tion, leading to higher titres without the usual deficit in 
growth and carbon fixation rates. By effectively replacing 
the natural carbon sinks with the production of secreta-
ble ‘carbon stores’, the cells will naturally shift carbon par-
titioning towards these alternative pathways during times 

of high nutrient and light availability. These approaches 
may yield the greatest titre if applied to faster growing 
cyanobacterial strains, such as Synechococcus elongatus 
UTEX 2973 [96] or Synechococcus sp. PCC 11901 [97].

Ethanol tolerance
Increasing the ethanol tolerance of cyanobacteria is an 
essential component of any strategy designed for enhanc-
ing ethanol production. Without increased tolerances, 
ethanol titres will be limited by what the host can with-
stand before metabolic output is decreased. This could 
lead to a productivity decrease or cellular death at eth-
anol titres below what is needed for an economically 
feasible process. The ethanol tolerances of cyanobacte-
ria recorded to date are ~ 1.5% (w/v) [98], far below the 
required titre for effective recovery. Efforts have already 
been made to improve tolerance by engineering and 
overexpressing transporters [99] and performing adap-
tive evolution [98, 100].

Environmental stress
Cyanobacterial growth and secondary metabolite pro-
duction are inextricably linked to external factors, such 
as nutrient availability (minerals and carbon dioxide) and 
light access. The introduction of environmental stress, 
where one or more of the optimal growth conditions 
are perturbed, can lead to changes in metabolic flux and 
growth rate. Salt stress, nitrogen deficiency, high carbon 
availability, high and chromatic light stresses have all 
been shown to induce wholesale changes in cyanobac-
terial metabolism (Fig.  4). If these changes lead to the 
rerouting of key carbon metabolites towards pyruvate 
accumulation, higher titres of bioethanol could poten-
tially be achieved. Therefore, the addition of carefully 
timed environmental stresses may be a complementary 
approach in addition to the genetic manipulation of 
cyanobacterial metabolic pathways.

High carbon availability
Whilst cyanobacteria are evolved to atmospheric car-
bon dioxide levels (~ 0.04% v/v), enriched sparging at 
1–5% CO2 (v/v) increases cyanobacterial growth [101]. 
Given the global concerns about carbon dioxide levels, 
the ‘recycling’ of heavy industry waste exhaust gases into 
bioethanol production could decrease its overall carbon 
footprint. Carbon supplementation can also be sourced 
from inorganic sodium (hydrogen) carbonate in conjunc-
tion with carbon capture technology from flue gases [102, 
103]. Unfortunately, high levels of carbon dioxide as well 
as sulphur oxides from flue gases can acidify cyanobac-
terial culture media and perturb growth [104]. However, 
carbon supplementation in the form of bicarbonate can 
also act as a buffer against pH changes.
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Cyanobacteria excrete exopolymeric carbohydrate sub-
stances, such as mannose, as part of a high carbon stress 
response [105–108]. This has been reported in Syn-6803 
and Syn-7002 strains overexpressing bicarbonate import-
ers [105, 106], and when cyanobacteria are grown in high 
carbon environments [105, 107, 108]. Cultivation of Syn-
7002 with 1% CO2 at 600 μmol photons/m2/s light expo-
sure led to a 31% cellular glycogen content, compared to 
just 9.4% with atmospheric carbon dioxide [18]. The ten-
dency to release  excess assimilated carbon as an overflow 
product could be exploited by introducing an ethanolo-
genic sink, funnelling this excess carbon into secondary 
product formation.

Adaptation of cyanobacteria to thrive under high 
(5–25%) carbon dioxide conditions can be achieved by 
co-overexpressing a putative inorganic carbon trans-
porter (ictB) and an extracellular α-type carbonic 
anhydrase (ecaA) [39]. The latter gene catalyses the inter-
conversion of carbon dioxide and water with carbonic 
acid/bicarbonate. This was examined with a Syn-7942 
strain, which also contained the pdcZm/adhZm cassette 
and a recombinant alcohol tolerance gene groESL [39]. 
Ethanol titres reached ~ 0.23 g/L in this strain after 3 days 
sparging at 25% CO2 (Fig. 4) [39].

An alternative strategy to improve cyanobacterial toler-
ance to high carbon loading is to screen variants gener-
ated by random mutagenesis for desirable traits, similar 
to the study with Chlorella vulgaris ESP-31 [109]. In this 

case, two carbon dioxide- and thermo-tolerant C. vulgaris 
variants were obtained from methyl‑N’‑nitro‑N‑nitroso-
guanidine random mutagenesis. Higher photosynthetic 
activity and biomass productivity were obtained at higher 
temperatures (40 °C; 25% CO2) with increased tolerance 
to flue gas contaminants (80–90 ppm SO2; 90–100 ppm 
NO). In addition, higher levels of carbohydrate and lipid 
contents were detected compared to wild-type ESP-31 
strain [109].

In the case of high carbon dioxide sparging, optimisa-
tion is needed as perpetually high (25%) carbon dioxide 
levels reduce cyanobacterial growth compared to lower 
concentrations (5%) [39], which could reduce overall 
ethanol productivity of the system. Higher carbon diox-
ide concentrations could be used when cells have grown 
to stationary phase to induce a carbon shocked state at 
a higher cell density. Coupling this environmental stress 
with a knockout of glycogen synthesis and/or cycling 
between high and low CO2 levels would be particularly 
interesting as glycogen acts as a carbon buffer and could 
therefore direct more carbon towards ethanol synthesis.

Salt stress
Exposure of cyanobacteria to high salt solutions induces 
the synthesis of osmolytes, which protects the cell from 
dehydration [110, 111]. Typical osmolytes include 
sucrose, trehalose, glucosyl-glycerol and glycine betaine. 
This adaption changes the carbohydrate profile of cells 

Fig. 4  Effect of cyanobacterial chassis engineering and environmental stress responses on bioethanol production [27, 36, 39]. The enzymes/genes 
are colour coded to reflect which of the three engineered chassis they belong to. Enzymes/genes: ecaA, α-type carbonic anhydrase; groESL, alcohol 
tolerant chaperonin; iciB, inorganic carbon transporter. The remaining intermediates and enzymes are defined in Figs. 1, 2, 3 legends
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by redistributing carbon from insoluble to soluble forms, 
which could potentially increase carbon flux towards 
pyruvate and ethanol production [112]. For example, a 
sodium stress cycling method was developed in the salt 
tolerant cyanobacteria, Arthrospira (Spirulina) maxima. 
This relied on an initial high salt growth phase to accu-
mulate sugars, followed by hypoionic stress (low salt 
shock) to force the catabolism of stored carbon dur-
ing autofermentation [112]. This latter step leads to the 
production of large amounts of NAD(P)H. To mitigate 
against this, the endogenous ethanol-producing path-
way from acetyl-CoA to ethanol was activated which re-
oxidises four NAD(P)H molecules [112]. This resulted in 
ethanol titres of 0.0346 g/gDCW/day, a 121-fold increase 
over cells grown exclusively under low salt conditions 
[112].

To the best of our knowledge, sodium stress cycling 
has not been performed in Syn-6803, Syn-7002 or Syn-
7942. In the case of Syn-7942, the accumulation of the 
osmoprotectant sucrose has been greatly enhanced 
by the overexpression of sucrose exporter cscB in cells 
grown at 200 mM NaCl, which yielded sucrose at levels 
up to 80% of the cell biomass [55]. This represents a large 
pool of carbon that could potentially be catabolised and 
redirected towards pyruvate in a manner similar to the 
autofermentation method [112]. Excess NAD(P)H gener-
ated under autofermentation could be utilised by adh to 
improve ethanol titres. Since PHB synthesis has recently 
been touted as an NAD(P)H sink [87, 88, 113], the use 
of a sodium stress cycling along with knockouts of PHB 
synthesis and NADH-dependent lactate dehydrogenase 
[114] would make a compelling case to study how excess 
NAD(P)H and osmolytes are used in Syn-6803 and Syn-
7942 strains.

The combinatorial effect of culturing a pdcCv/adhSyn 
engineered Syn-6803 strain in high salt media has been 
investigated; however, they did not employ sodium salt 
stressing [36]. Cultivation with 50–150  mM NaCl led 
to ethanol productivities and cell counts similar to a no 
salt control, with higher salt concentrations leading to 
decreases in ethanol titres and biomass accumulation. 
This suggests that high salt stress alone does not increase 
ethanol production, as the osmoprotectants accumulated 
would likely be maintained by the cell during constant 
salt stress conditions [36]. In contrast, prolonged salt 
stress has been successful at increasing isobutanol pro-
duction in Syn-7942. Growth in 2% sea salt media inhib-
its CBB cycle activity, whilst enhancing lipid degradation, 
which increased the cellular NADH pool 5.1-fold [115]. 
This enlarged NADH pool was utilised by the heterolo-
gously expressed adh from Lactococcus lactis, which pro-
duced 0.637 g/L within 20 days, a five-fold increase over 
cultivation under low salt conditions [115].

Nutrient starvation
It has been well characterised that nitrogen, phosphorus 
and sulphur deprivation can induce wholesale changes in 
cyanobacterial metabolism [116]. For example, nitrogen 
starvation can induce the accumulation of both glyco-
gen and PHB [27, 113, 117], as glycogen turnover prod-
ucts accumulate as PHB [113]. Nitrogen starvation is one 
stress known to increase pyruvate concentration [81]. 
Studies have documented that in Syn-6803, a combina-
tion of nitrogen starvation and deletion of glycogen and 
PHB synthesis genes leads to a redistribution of carbon 
flux towards pyruvate and α-ketoglutarate (αKG) [27, 84, 
118]. This leads to the export of pyruvate and αKG from 
the cell in large quantities (up to 0.0404 gL−1 and 0.0705 
gL−1 respectively) after 48 h [27, 84, 118]. This has been 
described as an overflow of metabolism or a ‘spill over’ 
of partially oxidised carbonic acids. It is a means of dis-
sipating excess ATP non-productively when the catabo-
lism of an energy source (carbohydrate) is in excess of the 
anabolic utilisation rates for growth and cell maintenance 
[119].

This overflow metabolism has been exploited in Syn-
6803 by the introduction of an ethanologenic pathway 
into variants deficient in both glycogen and PHA syn-
thesis (ΔglgCΔphaCE/EtOH; Fig. 4), as described earlier 
[27]. Ethanol production was incorporated to act as a 
new carbon sink to replace glycogen and PHB synthesis 
and avoid the wasteful excretion of pyruvate and αKG. 
Cultivation under nitrogen-limited conditions led to a 
2.8-fold increase in ethanol productivity. In contrast, cul-
tivation of Syn-6803 under nitrogen starvation conditions 
with intact glycogen and PHB pathways showed a 0.65-
fold decrease in ethanol production (0.0309  g/DCW/d) 
[27]. This suggests that the absence of major carbon sink 
pathways is required before the beneficial effects of nitro-
gen starvation on ethanol production are observed.

The addition of an ethanologenic pathway to Syn-6803 
ΔglgCΔphaCE strains is not sufficient to completely 
eliminate metabolic overflow, as around 20% of fixed car-
bon is still being secreted as αKG under nitrogen star-
vation conditions [27]. Therefore, further engineering is 
required to shift carbon flux from αKG to pyruvate, ena-
bling ethanol production to be a more efficient carbon 
sink. This could potentially be done via the TCA cycle, 
with the intermediate malate being converted into pyru-
vate via the overexpression of an NAD(P)H-dependent 
malic enzyme (me; Fig.  1). Overall, whilst total carbon 
fixation and photosynthetic efficiency were reduced with 
Syn-6803 ΔglgCΔphaCE/EtOH variants under nitrogen 
starvation, improved ethanol yields were obtained. This 
demonstrates higher carbon fixation rates may not be 
necessary to increase the overall flux towards pyruvate 
(and ultimately ethanol).
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Pyruvate is the immediate precursor to the engineered 
pdcZm/adhSyn ethanol pathway, so it was not surpris-
ing that the presence of exogenously supplied pyruvate 
enhanced ethanol titres in Syn-YQ4 [30]. As nitrogen 
limitation-dependent metabolic spill over causes pyru-
vate secretion into the culture medium [27, 84, 118, 119], 
this presents an interesting opportunity to partition the 
pyruvate secretion and ethanol production functionali-
ties into two separate microorganisms, creating a co-cul-
ture strategy [30, 36, 54].

Impact of excess light
Light intensity is positively correlated with both the 
number of β-carboxysomes per cell and the carbon fixa-
tion capacity [120], and is essential for maximising bio-
mass accumulation [121–123]. However, cyanobacteria 
are known to experience light-induced stress depend-
ent on the light intensity [121] and wavelength [124]. A 
common mechanism of adaptation to changes in light 
intensity is the alteration of flux between the synthesis 
and use of glycogen and other carbon sinks [125]. The 
glycogen-deficient Syn-6803 variant ΔglgC under nitro-
gen starvation is known to excrete organic acids, mainly 
pyruvate and 2-oxoglutarate [118]. However, studies have 
shown that under high light conditions this ΔglgC vari-
ant shows an increased ATP/ADP ratio leading to a met-
abolic overflow of organic acids [125]. These conditions 
were not tested with an ethanologenic strain; however, a 
substitution of nitrogen starvation for high illumination 
conditions could be a potential route towards increasing 
ethanol titres in Syn-6803 ΔglgCΔphaCE/EtOH strains.

These high light stress-induced changes could poten-
tially be paired with other gene deletions to direct a 
metabolic overflow towards ethanol production. Recent 
computational models have been generated to identify 
genetic knockouts for improving ethanol production [44, 
126]. However, these models are based on values for light 
exposure, carbon uptake, ATP flux and NAD(P)/NAD(P)
H turnover that would occur under standard growth 
conditions [44, 126]. As these parameters would be dif-
ferent under high light stress, the predicted combina-
tion of gene deletions for higher ethanol titres may not 
be a suitable solution under high light stress conditions 
[126]. For example, a genome‐scale metabolic network 
model for Syn-6803 was generated that predicted five 
target genes for deletion to increase ethanol titres [44]. 
This included a simulation of knocking out acetyl-CoA 
synthetase and the putative acetate transporter, which 
could redirect carbon leaking as ‘acetate overflow’, lead-
ing to increased ethanol production [44]. This mimics an 
observed metabolic overflow of organic acids induced by 
high light stress [125]. Whilst an understanding of the 
impact of light stress on ethanologenic cyanobacteria is 

limited, there is potential for this environmental stress to 
be employed as an additional tool in optimising ethanol 
production in cyanobacteria, when coupled to genetic 
deletions for accumulating fixed carbon.

Co‑cultivation
Co-cultivation strategies centred around metabolic over-
flow and environmental stress could be united to enhance 
ethanol production. For example, a non-ethanologenic 
strain is used to secrete metabolic precursors, which are 
used by a second strain for ethanol production. Environ-
mental stresses and genetic deletions are used to enable 
metabolic overflow and precursor secretion in support of 
ethanol production.

Co-cultivation of two variant strains of Syn-6803 illus-
trates this approach. One variant strain was deficient in 
glycogen and PHA biosynthesis (ΔglgCΔphaA), whilst 
the other expressed the ethanologenic cassette (pdc/adh; 
Fig.  4) [36]. Glucose, acetate and succinate secretion by 
the ΔglgCΔphaA strain was enabled during growth under 
high salt conditions. These metabolites were then subse-
quently utilised by the pdc/adh-containing variant strain, 
which generated 4.7  g/L ethanol under high salt stress 
conditions [36]. Co-cultivation under these conditions 
showed an overall improvement in the titres of ethanol 
by the pdc/adh strain, in spite of a decrease in the overall 
biomass production compared to a mono-culture.

Other environmental stress and/or knockout combi-
nations that cause metabolic overflow could in principle 
increase ethanol titres, but remain unexplored. These 
include glycogen knockout mutants under high light 
stress [124, 125] and nitrogen limitation [118], and gly-
cogen/PHB knockout strains under nitrogen limitation 
conditions [27, 84, 118]. High carbon stress environ-
ments [105–108] could be paired with glycogen knockout 
mutants to enhance the secretion of exopolymeric carbo-
hydrate substances.

For co-cultivation strategies to become economically 
feasible, it may be necessary to use faster growing cyano-
bacterial species, such as Synechococcus elongatus UTEX 
2973 [96] or Synechococcus sp. PCC 11901 [97] to supply 
extracellular pyruvate and/or αKG to the ethanologenic 
strain. High ethanol yielding organisms, such as S. cerevi-
siae, could also be used, provided suitable co-cultivation 
conditions are devised. Synechococcus sp. PCC 11901 
(Syn-11901) is highly salt tolerant (up to 10% (w/v) NaCl): 
co-cultivation of potential Syn-11901 strains with glyco-
gen and/or PHB knockouts might be possible in com-
bination with halophilic heterotrophs (e.g. Halomonas 
species). The use of high salt concentrations during 
growth would reduce microbial contamination, reducing 
the costs associated with sterilisation and maintenance 
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of aseptic conditions in conventional industrial-scale fer-
mentations [127].

Feedstock engineering
The use of microalgae for producing high value prod-
ucts has been reviewed (e.g. [23]), but there has been less 
information and comment on how cyanobacteria could 
be used as a microbial feedstock for secondary product 
generation. Hydrolysis of cyanobacterial biomass would 
yield a rich carbon feedstock for heterotrophic produc-
tion organisms. As an example, Syn-6803 cells can act 
as a carbon source for biopropane production using an 
engineered strain of Halomonas [127]. Similarly, hydro-
lysed Syn-7942 cells engineered for high carbohydrate 
content (bacterial cellulose) have been used as a carbon 
and energy source with Z. mobilis, generating 7.2 g/L eth-
anol with 91% theoretical yield [128]. Ethanol-producing 
strains could also be recycled after ethanol generation 
as a feedstock material in a modular bioprocessing plant 
[127, 129].

Salt stress conditions increase sucrose content in Syn-
echocystis [55], whilst high carbon environments lead 
to exopolymeric carbohydrate secretion [105] as well as 
enhanced glycogen content [18]. Also, nitrogen starva-
tion increases glycogen content [27]. Increased carbohy-
drate content of spent cyanobacterial cells after growth/
ethanol production under environmental stresses could 
enhance the quality of the residual biomass as a feed-
stock. Ultimately, integrating feedstock engineering and 
synthetic biology for product formation will help close 
the loop in a circular bioeconomy.

Conclusions
The journey towards the commercialisation of auto-
trophic bioethanol production is far from over, yet pro-
gress in ethanologenic cassette and chassis redesign 
has already increased ethanol titres by 24-fold [15, 24, 
27]. Ethanol titres are currently 14-fold lower than the 
minimum required for the energy efficiency of ethanol 
recovery by distillation to become commercially viable, 
so step changes are needed, for this and other recovery 
methods [9, 130, 131]. Recent techno-economic analysis 
(TEA) of the viability of scaled cyanobacterial ethanol 
production suggested that the operational costs would 
be greater than the value of ethanol produced [9]. To 
achieve economic feasibility ethanol titres and/or value 
(price per kilogramme) must be significantly increased, 
or co-produced with a higher value second product [9]. A 
similar TEA analysis was performed for biopropane pro-
duction in Halomonas, where the current titres are too 
low to enable the process to compete with low cost fossil 
fuel sources [127]. In the latter case, the co-production of 

higher value PHB and ectoine was proposed to increase 
the overall cost efficiency of the process and may tip the 
balance towards commercial viability. The enrichment of 
the carbohydrate content of Synechocystis biomass may 
improve the economic feasibility for downstream use as 
a microbial feedstock, verses current secondary uses as a 
general fertiliser [132].

Since the existing ethanologenic cassette is considered 
to be largely optimised, it may be preferable to focus on 
increasing the in vivo pyruvate supply by either upregu-
lating pathway precursor enzymes or decreasing flux 
through competing routes [30]. The substitution of exist-
ing carbon sinks (glycogen and PHB) for an ethanolo-
genic cassette could enable the decoupling the CBB cycle 
from growth and maintenance, and lead to increased car-
bon dioxide fixation and light capture steps. Optimisation 
of the carbon partitioning towards ethanol production in 
combination with nitrogen-limited metabolic overflow 
may help shift the balance in favour of increasing titres of 
ethanol as a secretable alternative carbon sink. As many 
competing pathways provide alternative carbon sinks or 
deplete the pyruvate pool, genetic knockouts can assist 
in reducing carbon flux away from ethanol production 
whilst maintaining relatively high viability and growth 
rate. In addition, the use of environmental stresses could 
be used to modify the carbohydrate profile and energy or 
redox homeostasis of cells, inducing wholesale changes 
in metabolism that gear up the cell for ethanol produc-
tion. Such a combinatorial approach could result in the 
titre improvements needed to make ethanol recovery 
viable, the productivity improvements needed to make 
photosynthetic bioethanol economically viable, and bring 
about the advent of a new renewable source of bioethanol 
from sunlight and CO2.
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