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Current advances in engineering cyanobacteria and

their applications for photosynthetic butanol production
Xufeng Liu, Hao Xie, Stamatina Roussou and Peter Lindblad

Cyanobacteria are natural photosynthetic microbes which can
be engineered for sustainable conversion of solar energy and
carbon dioxide into chemical products. Attempts to improve
target production often require an improved understanding of
the native cyanobacterial host system. Valuable insights into
cyanobacterial metabolism, biochemistry and physiology have
been steadily increasing in recent years, stimulating key
advancements of cyanobacteria as cell factories for
biochemical, including biofuel, production. In the present
review, we summarize the current progress in engineering
cyanobacteria and discuss the achieved and potential
utilization of these advances in cyanobacteria for the
production of the bulk chemical butanol, specifically isobutanol
and 1-butanol.
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Introduction

Cyanobacteria, prokaryotic microorganisms with oxy-
genic photosynthesis, are able to convert solar energy,
CO; and water into chemical energy [1,2]. They have
emerged as potential green cell factories for sustainable
generation of carbon neutral renewable chemicals and
fuels. Butanol is a four-carbon alcohol (C4HoOH), an
important bulk chemical and excellent blend-in fuel
produced from fossil resources [1,2]. Additionally, there
are biological routes for fermentative butanol production,
mainly to produce isobutanol or 1-butanol [2]. Natural
strains of cyanobacteria produce neither isobutanol nor 1-
butanol, indicating that the butanol biosynthetic path-
ways and necessary genes are absent. A native 1-butanol
forming pathway from the genus Clostridium, the clostrid-
ial pathway, was introduced into FEscherichia coli for
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heterotrophic 1-butanol production [3]. Besides, an artifi-
cial biosynthetic pathway, the 2-keto acid pathway, was
constructed in E. co/i for isobutanol production [4]. The
clostridial and 2-keto acid pathways resulted in 30 g L.™!
1-butanol titer and 22 g L.~ " isobutanol titer in fermenta-
tive system, respectively [3,4]. Following the success of
producing isobutanol and 1-butanol in FE. o/, the two
corresponding pathways (hereafter isobutanol and 1-buta-
nol pathway, respectively) have been constructed and
assessed in cyanobacteria [5-14,15%°] (Figure 1).

Including the two butanol pathways, most of biosynthetic
pathways introduced in cyanobacteria have previously
been constructed in heterotrophic microbial models (e.
g. E. coli and Saccharomyces cerevisiae). 'Therefore, most of
the metabolic engineering work in cyanobacteria is based
on straight-forward metabolic pathway information in K.
coli and §. cerevisiae. However, it is particularly important
to recognize that cyanobacterial metabolism differs from
other heterotrophic microbes in many aspects. Cyanobac-
teria have robust photoautotrophic systems and sophisti-
cated metabolism networks, making them more challeng-
ing production systems compared to other heterotrophic
microbes. Research efforts have been directed towards
engineering cyanobacteria in different fields, including
carbon metabolism, reducing equivalent, cell organiza-
tion, protein localization, chemicals transportation, pho-
tosynthesis, environmental stress, product tolerance, cul-
tivation system, cell division and growth. As the research
in engineering cyanobacteria has progressed, impressive
advances have emerged for designing the cell with
emphasis on products formation and increased carbon
partitioning to the biosynthetic products. Nevertheless,
the strategies of performing these advances for produc-
tion in cyanobacteria are complex, relying on the crucial
aspects of different biosynthetic pathways, such as sub-
strates, driving forces, carbon conservation, metabolites
toxicity and products secretion.

In this review, we summarize and discuss the current
advances in engineering cyanobacteria, focusing on their
achieved and prospective applications for photosynthetic
butanol production.

Optimizing biosynthetic pathway and editing
native carbon flux

A traditional metabolic engineering strategy developed in
heterotrophic microbial models, the ‘push—pull strategy’,
has been extended to chemical production in other
microbes, including cyanobacteria. This production
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Schematic diagram of engineered metabolic pathway for biosynthesis of isobutanol and 1-butanol from CO, in cyanobacteria. Based on [5—
14,15°7]. Metabolite abbreviations: G3P, glyceraldehyde-3-phosphate; F6P, fructose-6-phosphate; E4P, erythrose-4-phosphate; X5P, xylulose-5-
phosphate; G6P, glucose-6-phosphate; G1P, glucose-1-phosphate; Acetyl-P, acetyl-phosphate; PHB, poly-3-hydroxybutyrate.

strategy, pushing the carbon flux towards the substrate(s)
by editing native carbon metabolism and pulling the
substrate(s) towards the product by optimizing the prod-
uct forming pathway, is extremely relevant to the biosyn-
thetic pathway design and carbon partitioning. The major
focus of engineering the two introduced butanol biosyn-
thetic pathways in cyanobacteria is based on this strategy
(Figure 1).

First, research towards engineering cyanobacteria for
butanol production has been mainly focused on two
unicellular model strains Syzechocystis PCC 6803 (hereaf-
ter Symechocystis) and Synechococcus elongatus PCC 7942
(hereafter Synechococcus) [5-14,15°°], which are more ame-
nable to genetic manipulation. T'o optimize the butanol
biosynthetic pathways, various butanol forming enzymes
were introduced, overexpressed and  evaluated
[8-12,15°°]. Because of the natural NADPH and ATP
abundance in oxygenic cyanobacteria, which are gener-
ated in photosynthesis, NADPH favored, ATP driven
and/or oxygen tolerant enzymes showed stable and higher
activity for butanol production [8,11,12,15°°]. On the
other hand, the native metabolic flux was modified for
improved isobutanol and 1-butanol production via
increasing the formation of their precursors, which is
pyruvate and acetyl-CoA, respectively (Figure 1). The
competing pathways of isobutanol and 1-butanol biosyn-
thesis were knocked-out by homologous recombination to
increase the pyruvate and acetyl-CoA content,

respectively [7,8,13,15°°]. In another study, CRISPR
interference (CRISPRi) was employed to repress specific
enzymes which were predicted to compete metabolic flux
with 1-butanol biosynthesis in Syzechocystis [14]. In addi-
tion, the phosphoketolase (PK) pathway, one of the native
acetyl-CoA supporting pathways in Syzechocystis [16], was
enhanced for 1-butanol production by overexpressing a
heterogenous PK [13,14,15°°]. However, for isobutanol
production in cyanobacteria, enhancement of direct pyru-
vate supporting pathways has not been reported to date.
Instead, overexpression of three enzymes of the three
native steps between the Calvin—-Benson-Bassham
(CBB) cycle and pyruvate increased total carbon yield
by 1.8-fold and 2,3-butanediol production by 2.4-fold in
Synechococcus [17]. This approach has potential to improve
pyruvate pool for isobutanol biosynthesis.

At present, the maximal reported isobutanol and 1-buta-
nol production achieved in Synechocystis during long-term
cultivation is 0.9 gL' in 46 days [10] and 4.8gL " in
28 days [15°°], respectively. Corresponding maximal rates
are 43.6mgL~"day ! [10] and 302mgL~"day ! [15°7]
for isobutanol and 1-butanol, respectively. Recently,
600 mg 1-butanol L™" day™' was reported [1]. These
numbers for photosynthetic butanol are still low com-
pared to titers and rates obtained for heterotrophic buta-
nol [3,4]. However, cyanobacteria represent more chal-
lenging production systems compared to heterotrophic
microbes with, as discussed below, numerous potential
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engineering strategies still to be explored. Additionally,
photosynthetic butanol is derived directly from CO, with
a reported carbon partitioning of 60% from CO, to 1-
butanol [1], while, in comparison, CO, is converted to
sugars/biomass at a very low efficiency before being used
to generate heterotrophic butanol.

Rewriting central carbon metabolism and
redistributing reductive forces

Chemical production from cyanobacteria requires not
only optimizing the metabolic pathway for production
titer, but also minimizing the loss of fixed carbon for
productivity. The carbon loss in forming acetyl-CoA from
decarboxylation of pyruvate limits the maximum carbon
vield of photosynthesis. Drawing carbon flux away from
this natural process requires insertion of a non-native or
artificial pathway to bypass this enzymatic step to form
acetyl-CoA. This can be achieved by utilizing the PK
pathway, which is the best-developed rewriting pathway
for expansion of sugar catabolism in FE. co/i and S§.
cerevisiae. PK catalyzes a direct and non-decarboxylating
conversion of sugar phosphate in the central carbon
metabolism to acetyl-P and further on to acetyl-CoA
[13,14,15°°,16,18] (Figure 1). However, as discussed
above, PK is an endogenous enzyme in Synechocystis, with
contribution only to heterotrophic metabolism [16].
Thus, critically speaking, overexpressing the PK pathway
in Synechocystis may rewrite the photoautotrophic central
carbon metabolism in the photosynthetic environment.
Although PK was exploited in cyanobacteria to improve
the production of acetyl-CoA-derived chemicals
[13,14,15°°,18], such as 1-butanol, acetone and fatty acid
ethyl esters, the glycolysis pathway is still natively
expressed. To address this issue, the glycolysis pathway
would be either knocked-out or knocked-down to lower
the carbon loss, coupling the PK pathway to overcome the
productivity limitation.

Recently, in a proof-of-principle study, the acetyl-CoA
concentration was successfully increased by designing
and implementing a synthetic malyl-CoA-glycerate
(MCG) pathway in Synechococcus [19]. This pathway con-
verts a three-carbon metabolite, phosphoenolpyruvate, to
two acetyl-CoA by an addition of CO,, or assimilates
glyoxylate, a photorespiration intermediate, to produce
acetyl-CoA without any carbon loss. In another recent
study, to reduce the effect(s) of native regulation and the
rate limitation of the pyruvate decarboxylation, a syn-
thetic acetate-acetyl-CoA/malonyl-CoA (AAM) bypass
was designed and examined in Symechococcus [20°]. This
pathway utilizes acetate assimilation and carbon rearran-
gements to enlarge the acetyl-CoA pool from pyruvate,
resulting in acetyl-CoA-derived acetone titer effectively
increased to 0.41 g ™', The MCG and AAM pathways
constructed in cyanobacteria can also be applied to high-
level production of chemicals derived from acetyl-CoA,
such as 1-butanol.

Photosynthetic butanol production Liuetal. 3

Apart from carbon conservation, chemical production in
cyanobacteria is also limited by reducing cofactor ratios.
As discussed above, it has become apparent that coupling
steps to the major reducing power carrier NADPH in
cyanobacteria significantly enhances the products biosyn-
thesis [8,11,15°%,21], whereas the NADH-specific reduc-
tase is still involved in some metabolic steps. The co-
expression of a soluble bidirectional NAD(P) transhydro-
genase, linking the pools of NADPH/NADP* and
NADH/NAD?, has been demonstrated to increase titers
of lactate and 3-hydroxypropionic acid in cyanobacteria
[21]. Thus, modifying cofactors balance and supply
should also be considered when further improving buta-
nol biosynthesis in cyanobacteria.

Harnessing biosynthetic pathway in
subcellular compartments

Efforts to improve production in cyanobacteria have
mainly involved expression of enzymes in the cytoplasm
(Figure 2a). Instead, an avenue towards compartmental-
izing partial or complete biosynthetic pathway in mem-
brane-enclosed organelles has been explored to increase
chemical production in eukaryotes like yeast, fungi and
higher plants. For example, since yeast mitochondria has
an abundant source of 2-ketoisovalerate, which is the
precursor of last two steps of isobutanol pathway, re-
localizing the last two-step enzymes using a targeting
tag into mitochondria increased the isobutanol production
by 260% in 8. cerevisiae [22]. This strategy possesses
desirable properties for production (Figure 2a): 1) Con-
centrating intermediates and enzymes in smaller volume
to favor faster reaction rates; 2) Reducing the loss of
intermediates to competing pathways, thereby signifi-
cantly decreasing accumulation of by-products; 3) Avoid-
ing repressive regulation and toxic effects of intermedi-
ates to cytoplasmic metabolism; and 4) Removing the
need to transport substrate out of organelles.

As prokaryotes, cyanobacteria contain diverse protein-
bound organelles, termed bacterial microcompartments
(BMCs), such as carboxysome and phycobilisome [23].
However, unlike eukaryotes, much smaller additional
efforts have been carried out in targeting signal study
of cyanobacterial BMCs. Maybe due to this limit, the first
study of expanding cyanobacterial BMC as a nanoreactor
for production appeared in 2020 [24°°]. In this study, the
[FeFel-hydrogenase was incorporated within an empty
carboxysome built in E. co/i, leading to 5.5-fold higher
hydrogen production than that of cytosolic hydrogenase.
However, reprogramming BMCs for production in cya-
nobacteria is only suitable for the products with availabil-
ity of both substrates in particular BMCs and correspond-
ing targeting tag (Figure 2a).

In addition to the shell-based BMCs, cyanobacteria also
exhibit highly differentiated internal membrane system
like the thylakoid membrane [25,26]. For Synechocystis,
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Simplified schematics of (a) Harnessing biosynthetic pathway in subcellular compartments, (b) Photosynthetic light reaction, (c) Inorganic carbon
transportation, and (d) CO, fixation. Metabolite abbreviations: Ru5P, ribulose-5-phosphate; RuBP, ribulose-1,5-bisphosphate; 3PGA, 3-
phosphoglycerate; G3P, glyceraldehyde-3-phosphate; F6P, fructose-6-phosphate; E4P, erythrose-4-phosphate; X5P, xylulose-5-phosphate.

information regarding thylakoid-specific targeting is
available already [26]. This provides possibility for trans-
location of the biosynthetic enzymes from the cytosol to
the thylakoid membrane for improved butanol biosyn-
thesis (Figure 2a).

Improving photosynthetic light reaction

Unlike sugar fed heterotrophic production in E. co/i or §.
cerevisiae, cyanobacterial systems are often limited by
energy or carbon. Unique solutions aiming to enhance
photosynthesis are required for improving production
titers. During the light phase of photosynthesis in cya-
nobacteria, the thylakoid-located photosystems capture
and transfer light energy to split water, with oxygen being
released and both ATP and NADPH generated [27]
(Figure 2b). These two energetic intermediates are sub-
sequently utilized to power CO, fixation. The capability
of cyanobacterial photosynthetic light reaction is limited
by multiple factors, including selective capture of visible

range of solar radiation (400-700 nm), excessively absorb-
ing photons by cells in the surface layer of cultures under
high-intensity light, and inefficient electron transport
[27]. Consequently, three engineering strategies have
been carried out to increase the photosynthetic efficiency
of cyanobacteria: 1) Broadening the absorption spectra to
maximize light energy harvesting; 2) Downsizing the
light-gathering antenna to penetrate excess light deeper
into the cultures; and 3) Optimizing the electron transport
chain to enhance electron flux [27].

Most recently, three studies have been shown to posi-
tively impact photosynthetic activity in cyanobacteria.
In one study, the NADPH supply was engineered by
integration a NADPH-dependent reductase into down-
stream of the photosynthetic electron transport in
Synechocystis [28]. Channeling of electrons toward the
heterologous reduction sink provided highly efficient
electron chain flux and cofactor regeneration via

Current Opinion in Biotechnology 2022, 73:1-8

www.sciencedirect.com



photosynthesis. In another study, two heterologous
metabolic pathways were co-expressed and acted as a
photosynthetic  sink in  Sywechococcus, exhibiting
improved photosynthetic capacity and photosystem I
oxidation [29°]. In the third study, adaptive laboratory
evolution of Synechocystis strains under high illumination
led to dramatically enhancements of photosynthesis
and high light tolerance, allowing cyanobacteria to cope
with altered light conditions [30°].

All above approaches will strengthen the photosynthetic
light reaction in cyanobacteria and may improve product
yields from nearly all biosynthetic pathways, including
the butanol pathways.

Enhancing inorganic carbon transportation
T'he role of inorganic carbon transportation is crucial for
supplying intracellular inorganic carbon (Ci; that is, CO,
and HCOj3 ") for CO; fixation (Figure 2¢). Cyanobacteria
have evolved a carbon concentrating mechanism (CCM)
to accumulate internal Ci from low atmospheric CO; level
in their native environments [27,31-35]. The CCM pro-
cess can be divided into two stages (Figure 2¢). In the first
stage, the dissolved CO,, that is HCO; ™, is pumped
through plasma membrane into the cytoplasm by bicar-
bonate transporters, while the gaseous CO, freely diffuses
into the cytoplasm and then is hydrated to HCO;™ by
CO, uptake systems. All these steps create an increased
HCOj;™ pool in the cytoplasm. In the second stage of
CCM, the cytoplasmic HCO;3  is imported to the car-
boxysome, and then dehydrated back to CO, by carbox-
ysomal carbonic anhydrase (CA). The carboxysomal pro-
tein shell is permeable to HCO;  and relevant
metabolites, but prevents CO; to escape. All these opera-
tions allow a highly concentrated CO, for fixation in the
carboxysome.

So far, there is only one study successfully enhancing the
cyanobacterial Ci uptake capacity by identifying and
overexpressing the operational components in CCM.
Overexpressing an endogenous bicarbonate transporter
BicA in Synechocystis almost doubled growth rate and
biomass as the wild-type strain under atmospheric CO;
pressure [31]. Additionally, in a heterologous expression
study, homologs of another bicarbonate transporter SbtA
from different cyanobacterium species were expressed in
E. coli, resulting in an increased HCO3™ transportation
rate and internal Ci pool [32]. Recently, several studies
advance our knowledge of structural mechanism and
functions of BicA and SbtA from Synechocystis
[33,34,36], as well as regulation of CCM [35], which
may guide further engineering towards enhancement of
Ci uptake process. We propose that the Ci uptake
enhancement may be employed for a production incre-
ment of almost any biosynthetic pathway in cyanobac-
teria, which has so far not been explored for any product,
including butanol.

Photosynthetic butanol production Liuetal. 5

Improving CO, fixation

Efficient CO, fixation ensures maximized utilization
of photosystem-generated energy and is also a key
factor determining the production of cyanobacteria.
In light-independent phase of photosynthesis,
NADPH and ATP are used to fix CO, into central
carbon metabolites through the Calvin—Benson—Bas-
sham (CBB) cycle [27,37-39] (Figure 2d). In CBB
cycle, ribulose-1,5-bisphophate carboxylase/oxyge-
nase (RuBisCO) catalyzes the CO,-fixating reaction
inside the carboxysome, which is considered as a rate-
limiting step. Then, a series of cytoplasmic enzymes
catalyze the remaining reactions of the CBB cycle to
re-generate the substrate of RuBisCO. Therefore,
improving expression levels of the enzymes responsi-
ble for CBB cycle is a straightforward way to reinforce
CO, assimilation in cyanobacteria, which has already
been achieved by overexpressing individually selected
enzymes of CBB cycle, especially the low-activity
RuBisCO [37]. Following this strategy, studies
towards engineering biosynthetic pathways together
with  separately overexpressing cyanobacterial
RuBisCO or other CBB enzymes resulted in increased
production of isobutyraldehyde, ethanol and free fatty
acids in cyanobacteria [5,37,38]. Most recently, Rous-
sou ef al. effectively improved ethanol production in
Synechocystis by combined overexpression of selected
native CBB enzymes compared to overexpression of a
single CBB enzyme [39]. Therefore, co-overexpres-
sion of multiple CBB enzymes in cyanobacteria could
be a promising direction to improve the turnover rate
of the CBB cycle and thereby further increase the
production of a chemical like butanol.

Even more intriguingly, pioneer efforts have been
made to introduce an entire cyanobacterial carboxy-
some or even proteobacterial CCM and CBB system
into K. co/i that are not capable of assimilating CO,
in their native forms, achieving CO, assimilation
ability [40,41°]. These studies provide a hypothesis
that heterogeneous assembly and generation of CCM
and CBB system in cyanobacterial host strains might
pave the way for improving photosynthetic produc-
tion, as the strength of natural regulation is proved
very high on endogenous CO; fixation [35,42]. More-
over, to minimize the native regulation, constructing
synthetic pathways for efficient CO, fixation in cya-
nobacteria is another promising strategy which may
facilitate chemical production. The synthetic MCG
pathway discussed above improved internal acetyl-
CoA pool and CO, assimilation rate by roughly
twofold in Synechococcus [19]. It is worth noting that
the CBB cycle produces C3 metabolites, not C2
acetyl-CoA (Figure 2d). Thus, the MCG pathway
augments the CBB cycle, as might be expected for
higher carbon partitioning into production in
cyanobacteria.
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Stress responses

In addition to altering the metabolic pathways, it is also
possible to divert carbon flow under certain stress condi-
tions like nutrient deprivation and salt shock, and there-
fore stress conditions are routinely applied to stimulate
product biosynthesis in cyanobacteria. For instance, salt
stress was found to increase production of sucrose, hydro-
gen, ecthanol, acetate and formate in cyanobacteria
[43,44]. In a butanol production study in Syzechocystis,
nitrogen starvation improved the acetyl-CoA level by
twofold, thereby increasing the specific 1-butanol pro-
ductivity up to threefold, but cessation of cell growth
limited the total 1-butanol titers [13]. Additionally, a
preprint (DOIL: 10.21203/rs.3.1s-155437/v1) discovered
that high salinity stress significantly enhanced isobutanol
production in Synechococcus. Thus, further optimizing
stress conditions is a practical strategy to improve butanol
production in cyanobacteria.

Products toxicity is another concern that can greatly
restrict the metabolic output of cyanobacteria. Although
some products like isobutanol and 1-butanol can be
directly exported out of the cyanobacterial cells via secre-
tion or simple diffusion, accumulation of toxic products in
the cultavation medium may inhibit cell growth
[5,6,12,21,45]. Thus, iz situ removal of the products or
improvement of cellular tolerance to the target products
would benefit cyanobacterial cells to prolong the produc-
tion phase. In two previous studies, a gas stripping
method and a solvent trap by oleyl alcohol were employed
during the cultivation process to efficiently remove the
produced isobutyraldehyde from Syzechococcus and isobu-
tanol from Synechocystis, respectively [5,6]. Alternatively,
improving butanol tolerance of cells is another strategy
that has been achieved in Synechocystis by adaptive labo-
ratory evolution or overexpression of the native transcrip-
tional regulators involved in butanol tolerance [45].
Although the tolerance engineering has not been com-
bined with butanol biosynthesis in engineered cyanobac-
teria so far, it is a promising strategy for further increasing
the butanol production.

Modulating growth rate

An additional issue in engineering cyanobacteria is that
common cyanobacterial model strains grow much slower
than industrially utilized microbes. To promote industrial
applications of cyanobacteria, an urgent need arises to
search for and engineer faster-growing cyanobacterial
strains. So far, four single-celled strains with substantially
faster doubling time have been identified, including
Synechococcus elongarus UTEX 2973 [46], Symechococcus
elongarus PCC 11801 [47], Symechococcus elongatus PCC
11802 [48], and Synechococcus PCC 11901 [49]. Basic
molecular-genetic techniques and genetic background
have been developed for these strains. Thus, these strains
can replace slower-growing strains by transferring the
biosynthetic pathways into these new metabolic

engineering hosts, which would take considerably less
time and effort to culture and likely contribute to more
efficient production.

The limited growth rates of commonly studied cyano-
bacterial strains can also be resolved by genetic editing of
their cell metabolism. Since low photosynthesis and
carbon assimilation rate is one of the main reasons and
bottlenecks for slow growth, the above-discussed studies
for improving photosynthetic light reaction, inorganic
carbon transportation and CO, fixation successively
improved the growth rates of cyanobacteria. In a different
study, genes associated with the rapid growth of §.
elongarus UTEX 2973 were identified and introduced into
Synechococcus, remarkably reducing the doubling time
from 6.8 to 2.3 hours [50]. These studies help to bridge
the gap between current engineered strains and fast-
growing strains and, in turn, might boost metabolic
production.

When cyanobacterial cultures grow to exceed an optimal
cell density, the light and carbon will become insufficient
to supply to all cells. Therefore, engineering cyanobac-
teria to approach maximal production requires two phases
to function in tandem — one for growth to accumulate
biomass and metabolites, and a second for growth arrest to
increase carbon partitioning into products. In a related
study, through inducible CRISPRIi repression of essential
genes for cell growth, a two-phase cultivation was per-
formed which increased the 1-butanol titer by 70% in
Synechocystis [14]. Thus, there is excellent scope for
improving production performance by modulating the
coupled growth and production of cyanobacteria. Besides
the genetic strategies, photo-bioreactor is a standard
device for controlling cell growth and chemical produc-
tion, as well as a large-scale cultivation system for
expanded biomass and chemical production [1,23]. Nev-
ertheless, the cyanobacterial butanol-producing studies
reported to date were all performed under small-scale
laboratory conditions, such as closed flasks. By contrast,
there might be large improvement for butanol titers by
cultivating engineered cyanobacterial strains in photo-
bioreactors which provide high intensity light and con-
centrated CO,.

Conclusion and outlook

Using the above outlined strategies to design, engineer
and analyze cyanobacteria for improved production, the
well-characterized system or synthetic biology techni-
ques are required, including the metabolic model,
genome-scale model, omics studies, genetic tools and
genetic manipulation. Indeed, sets of metabolic and
genome-scale models have been developed for cyanobac-
teria [51]. These models have followed behind high-
throughput omics analysis in the cyanobacteria, including
application of nearly all omics technologies in the repre-
sentative strain Syzechocystis [51]. Applying extensive
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strategies needs multiple genes to be expressed, which
has enabled the development of more efficient genetic
tools and genetic manipulation in recent years, such as
CRISPR-based systems [51]. Especially with a CRISPRi
gene repression library completed [52°°] and an improved
natural transformation approach developed [53] recently
in cyanobacteria, the potential applications of the
research advances for biosynthesis can be accelerated.
Ultimately, we anticipate that the most successful strate-
gies will be those that combine a variety of the advances
described throughout this review. Achievements from
applying more comprehensive approaches and technolo-
gies are promising to establish efficient cyanobacterial
systems for production.

Conflict of interest statement
Nothing declared.

Acknowledgements

This work was supported by the Swedish Energy Agency (CyanoFuels,
project number P46607-1), the Kamprad Family Foundation for
Entrepreneurship, Research & Charity (project Photosynthetic butanol
from solar energy and carbon dioxide), the European Union Horizon

2020 Framework Programme under the grant agreement number 101999733
(project PROMICON), and the NordForsk NCoE program ‘NordAqua’
(project number 82845).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Wichmann J, Lauersen KJ, Biondi N, Christensen M, Guerra T,
Hellgardt K, Kiihner S, Kuronen M, Lindberg P, Rosch C et al.:
Engineering biocatalytic solar fuel production: the
PHOTOFUEL consortium. Trends Biotechnol 2021, 39:323-327.

2. Liu X, Xie H, Roussou S, Miao R, Lindblad P: Engineering
cyanobacteria for photosynthetic butanol production. In
Photosynthesis: Biotechnological Applications with Micro-Algae.
Edited by Régner M. Walter de Gruyter GmbH; 2021:978-3-11-
071691-733-56.

3. Shen CR, Lan El, Dekishima Y, Baez A, Cho KM, Liao JC: Driving
forces enable high-titer anaerobic 1-butanol synthesis in
Escherichia coli. Appl Environ Microbiol 2011, 77:2905-2915.

4. Atsumi S, Hanai T, Liao JC: Non-fermentative pathways for
synthesis of branched-chain higher alcohols as biofuels.
Nature 2008, 451:86-89.

5. Atsumi S, Higashide W, Liao JC: Direct photosynthetic recycling
of carbon dioxide to isobutyraldehyde. Nat Biotechnol 2009,
27:1177-1180.

6. Varman AM, Xiao Y, Pakrasi HB, Tang YJ: Metabolic engineering
of Synechocystis sp. strain PCC 6803 for isobutanol
production. Appl/ Environ Microbiol 2013, 79:908-914.

7. LiX, Shen CR, Liao JC: Isobutanol production as an alternative
metabolic sink to rescue the growth deficiency of the
glycogen mutant of Synechococcus elongatus PCC 7942.
Photosynth Res 2014, 120:301-310.

8. Miao R, Liu X, Englund E, Lindberg P, Lindblad P: Isobutanol
production in Synechocystis PCC 6803 using heterologous
and endogenous alcohol dehydrogenases. Metab Eng
Commun 2017, 5:45-53.

9. Miao R, Xie H, Ho FM, Lindblad P: Protein engineering of alpha-
ketoisovalerate decarboxylase for improved isobutanol

Photosynthetic butanol production Liuetal. 7

production in Synechocystis PCC 6803. Metab Eng 2018, 47:42-

10. Miao R, Xie H, Lindblad P: Enhancement of photosynthetic
isobutanol production in engineered cells of Synechocystis
PCC 6803. Biotechnol Biofuels 2018, 11:267.

11. Lan El, Liao JC: ATP drives direct photosynthetic production of
1-butanol in cyanobacteria. Proc Nat/ Acad Sci U S A 2012,
109:6018-6023.

12. Lan El, Ro SY, Liao JC: Oxygen-tolerant coenzyme A-acylating
aldehyde dehydrogenase facilitates efficient photosynthetic
n-butanol biosynthesis in cyanobacteria. Energy Environ Sci
2013, 6:2672-2681.

13. Anfelt J, Kaczmarzyk D, Shabestary K, Renberg B, Rockberg J,
Nielsen J, Uhlen M, Hudson EP: Genetic and nutrient modulation
of acetyl-CoA levels in Synechocystis for n-butanol
production. Microb Cell Fact 2015, 14:167.

14. Shabestary K, Anfelt J, Ljungqvist E, Jahn M, Yao L, Hudson EP:
Targeted repression of essential genes to arrest growth and
increase carbon partitioning and biofuel titers in
cyanobacteria. ACS Synth Biol 2018, 7:1669-1675.

15. Liu X, Miao R, Lindberg P, Lindblad P: Modular engineering for
ee efficient photosynthetic biosynthesis of 1-butanol from CO, in
cyanobacteria. Energy Environ Sci 2019, 12:2765-2777
In this study, a modular engineering strategy was implemented for the first
time in cyanobacteria to tune the cellular metabolism in multiple levels,
enabling  high-level production of 1-butanol in 4.8gL~". This work
demonstrated the potential of applying systematic metabolic engineering
in cyanobactera for efficent photosynthetic biosynthesis of products.

16. Xiong W, Lee TC, Rommelfanger S, Gjersing E, Cano M,
Maness PC, Ghirardi M, Yu J: Phosphoketolase pathway
contributes to carbon metabolism in cyanobacteria. Nat Plants
2015, 2:15187.

17. Oliver JWK, Atsumi S: A carbon sink pathway increases carbon
productivity in cyanobacteria. Metab Eng 2015, 29:106-112.

18. Woo HM: Metabolic pathway rewiring in engineered
cyanobacteria for solar-to-chemical and solar-to-fuel
production from CO,. Bioengineered 2018, 9:2-5.

19. Yu H, Li X, Duchoud F, Chuang DS, Liao JC: Augmenting the
Calvin-Benson-Bassham cycle by a synthetic malyl-CoA-
glycerate carbon fixation pathway. Nat Commun 2018, 9:2008.

20. LeeHJ, SonJ, Sim SJ, Woo HM: Metabolic rewiring of synthetic
. pyruvate dehydrogenase bypasses for acetone production in
cyanobacteria. Plant Biotechnol J 2020, 18:1860-1868

In this study, a synthetic acetate-acetyl-CoA/malonyl-CoA (AAM) bypass
was designed and examined in Synechococcus to reduce native regula-
tion effect and rate limitation of the pyruvate decarboxylation. This
pathway utilizes acetate assimilation and carbon rearrangements to
enlarge the acetyl-CoA pool from pyruvate, resulting in effectively
increased titers of acetyl-CoA-derived acetone.

21. Gao X, Sun T, Pei G, Chen L, Zhang W: Cyanobacterial chassis
engineering for enhancing production of biofuels and
chemicals. Appl Microbiol Biotechnol 2016, 100:3401-3413.

22. Avalos JL, Fink GR, Stephanopoulos G: Compartmentalization
of metabolic pathways in yeast mitochondria improves the
production of branched-chain alcohols. Nat Biotechnol 2013,
31:335-341.

23. Norena-Caro D, Benton MG: Cyanobacteria as
photoautotrophic biofactories of high-value chemicals. J CO2
Util 2018, 28:335-366.

24, LiT,Jiang Q, Huang J, Aitchison CM, Huang F, Yang M, Dykes GF,

ee He HL, Wang Q, Sprick RS et al.: Reprogramming bacterial
protein organelles as a nanoreactor for hydrogen production.
Nat Commun 2020, 11:5448

As far as we know, this the first study of expanding cyanobacterial BMC

as a nanoreactor for production. In this study, the [FeFe]-hydrogenase

was incorporated within the empty carboxysome built in E. coli, leading to

a higher hydrogen production than that of cytosolic hydrogenase.

25. Huokko T, Ni T, Dykes GF, Simpson DM, Brownridge P,
Conradi FD, Beynon RJ, Nixon PJ, Mullineaux CW, Zhang P et al.:

www.sciencedirect.com

Current Opinion in Biotechnology 2022, 73:1-8


http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0005
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0005
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0005
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0005
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0010
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0010
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0010
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0010
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0010
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0015
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0015
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0015
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0020
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0020
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0020
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0025
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0025
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0025
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0030
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0030
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0030
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0035
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0035
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0035
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0035
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0040
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0040
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0040
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0040
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0045
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0045
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0045
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0045
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0050
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0050
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0050
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0055
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0055
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0055
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0060
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0060
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0060
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0060
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0065
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0065
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0065
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0065
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0070
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0070
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0070
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0070
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0075
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0075
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0075
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0080
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0080
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0080
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0080
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0085
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0085
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0090
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0090
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0090
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0095
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0095
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0095
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0100
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0100
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0100
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0105
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0105
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0105
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0110
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0110
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0110
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0110
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0115
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0115
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0115
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0120
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0120
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0120
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0120
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0125
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0125

8 Energy biotechnology

Probing the biogenesis pathway and dynamics of thylakoid
membranes. Nat Commun 2021, 12:3475.

26. Mahbub M, Hemm L, Yang Y, Kaur R, Carmen H, Engl C,
Huokko T, Riediger M, Watanabe S, Liu LN et al.: mRNA
localization, reaction centre biogenesis and thylakoid
membrane targeting in cyanobacteria. Nat Plants 2020,
6:1179-1191.

27. Luan G, Zhang S, Lu X: Engineering cyanobacteria chassis cells
toward more efficient photosynthesis. Curr Opin Biotechnol
2020, 62:1-6.

28. Assil-Companioni L, Buchsenschutz HC, Solymosi D, Dyczmons-
Nowaczyk NG, Bauer KKF, Wallner S, Macheroux P,
Allahverdiyeva Y, Nowaczyk MM, Kourist R: Engineering of
NADPH supply boosts photosynthesis-driven
biotransformations. ACS Catal 2020, 10:11864-11877.

29. Santos-Merino M, Torrado A, Davis GA, Rottig A, Bibby TS,

e Kramer DM, Ducat DC: Improved photosynthetic capacity
and photosystem | oxidation via heterologous metabolism
engineering in cyanobacteria. Proc Nat/ Acad Sci U S A
2021, 118

In this study, two heterologous metabolic pathways were co-expressed

and acted as a photosynthetic sink in Synechococcus, exhibiting

improved photosynthetic capacity and photosystem | oxidation.

30. Dann M, Ortiz EM, Thomas M, Guljamow A, Lehmann M,

e Schaefer H, Leister D: Enhancing photosynthesis at high light
levels by adaptive laboratory evolution. Nat Plants 2021,
7:681-695

In this study, adaptive laboratory evolution of Synechocystis strains under

high illumination led to dramatically enhancements of photosynthesis and

high light tolerance, allowing cyanobacteria to cope with altered light
conditions.

31. Kamennaya NA, Ahn S, Park H, Bartal R, Sasaki KA, Holman HY,
Jansson C: Installing extra bicarbonate transporters in the
cyanobacterium Synechocystis sp. PCC6803 enhances
biomass production. Metab Eng 2015, 29:76-85.

32. DuJ, Forster B, Rourke L, Howitt SM, Price GD: Characterisation
of cyanobacterial bicarbonate transporters in E. coli shows
that SbtA homologs are functional in this heterologous
expression system. PLoS One 2014, 9:e115905.

33. Wang C, Sun B, Zhang X, Huang X, Zhang M, Guo H, Chen X,
Huang F, Chen T, Mi H et al.: Structural mechanism of the active
bicarbonate transporter from cyanobacteria. Nat Plants 2019,
5:1184-1193.

34. Fang S, Huang X, Zhang X, Zhang M, Hao Y, Guo H, Liu LN, Yu F,
Zhang P: Molecular mechanism underlying transport and
allosteric inhibition of bicarbonate transporter SbtA. Proc Nat/
Acad Sci U S A 2021, 118.

35. Douchi D, Liang F, Cano M, Xiong W, Wang B, Maness PC,
Lindblad P, Yu J: Membrane-inlet mass spectrometry enables a
quantitative understanding of inorganic carbon uptake flux
and carbon concentrating mechanisms in metabolically
engineered cyanobacteria. Front Microbiol 2019, 10:1356.

36. Xie Y, Chen L, Sun T, Jiang J, Tian L, Cui J, Zhang W: A
transporter Slr1512 involved in bicarbonate and pH-
dependent acclimation mechanism to high light stress in
Synechocystis sp. PCC 6803. Biochim Biophys Acta Bioenerg
2021, 1862:148336.

37. Liang F, Lindberg P, Lindblad P: Engineering photoautotrophic
carbon fixation for enhanced growth and productivity. Sustain
Energ Fuels 2018, 2:2583-2600.

38. Eungrasamee K, Incharoensakdi A, Lindblad P, Jantaro S:
Synechocystis sp. PCC 6803 overexpressing genes involved in
CBB cycle and free fatty acid cycling enhances the significant
levels of intracellular lipids and secreted free fatty acids. Sci
Rep 2020, 10:4515.

39. Roussou S, Albergati A, Liang F, Lindblad P: Engineered
cyanobacteria with additional overexpression of selected
Calvin-Benson-Bassham enzymes show further increased
ethanol production. Metab Eng Commun 2021, 12:e00161.

40. Flamholz Al, Dugan E, Blikstad C, Gleizer S, Ben-Nissan R,
Amram S, Antonovsky N, Ravishankar S, Noor E, Bar-Even Aet al.:
Functional reconstitution of a bacterial CO, concentrating
mechanism in Escherichia coli. eLife 2020, 9.

41. Zhang, ZhouJ, Zhang Y, Liu T, Lu X, Men D, Zhang XE: Auxiliary

e module promotes the synthesis of carboxysomes in E. coli to
achieve high-efficiency CO, assimilation. ACS Synth Biol 2021,
10:707-715

A pioneer study was performed to introduce an entire cyanobacterial

carboxysome into E. coli that are not capable of assimilating CO, in their

native forms, achieving CO. assimilation ability. These studies provide a

hypothesis that carboxysome from other cyanobacterial strain can also

be heterogeneously assembled in a cyanobacterial host strain to reduce

the natural regulation on endogenous CO, fixation, likely resulting in

improved photosynthesis.

42. Yu King Hing N, Liang F, Lindblad P, Morgan JA: Combining
isotopically non-stationary metabolic flux analysis with
proteomics to unravel the regulation of the Calvin-Benson-
Bassham cycle in Synechocystis sp. PCC 6803. Metab Eng
2019, 56:77-84.

43. Ducat DC, Avelar-Rivas JA, Way JC, Silver PA: Rerouting carbon
flux to enhance photosynthetic productivity. App/ Environ
Microbiol 2012, 78:2660-2668.

44. Carrieri D, Momot D, Brasg IA, Ananyev G, Lenz O, Bryant DA,
Dismukes GC: Boosting autofermentation rates and product
yields with sodium stress cycling: application to production of
renewable fuels by cyanobacteria. App/ Environ Microbiol 2010,
76:6455-6462.

45. Liu S, Qureshi N, Hughes SR: Progress and perspectives on
improving butanol tolerance. World J Microbiol Biotechnol 2017,
33:51.

46. Yu J, Liberton M, Cliften PF, Head RD, Jacobs JM, Smith RD,
Koppenaal DW, Brand JJ, Pakrasi HB: Synechococcus
elongatus UTEX 2973, a fast growing cyanobacterial chassis
for biosynthesis using light and CO,. Sci Rep 2015, 5:8132.

47. Jaiswal D, Sengupta A, Sohoni S, Sengupta S, Phadnavis AG,
Pakrasi HB, Wangikar PP: Genome features and biochemical
characteristics of a robust, fast growing and naturally
transformable cyanobacterium Synechococcus elongatus
PCC 11801 isolated from India. Sci Rep 2018, 8:16632.

48. Jaiswal D, Sengupta A, Sengupta S, Madhu S, Pakrasi HB,
Wangikar PP: A novel cyanobacterium Synechococcus
elongatus PCC 11802 has distinct genomic and metabolomic
characteristics compared to its neighbor PCC 11801. Sci Rep
2020, 10:191.

49. Wilodarczyk A, Selao TT, Norling B, Nixon PJ: Newly discovered
Synechococcus sp. PCC 11901 is a robust cyanobacterial
strain for high biomass production. Commun Biol 2020, 3:215.

50. Ungerer J, Wendt KE, Hendry JI, Maranas CD, Pakrasi HB:
Comparative genomics reveals the molecular determinants of
rapid growth of the cyanobacterium Synechococcus
elongatus UTEX 2973. Proc Natl Acad Sci U S A 2018, 115:
E11761-E11770.

51. Santos-Merino M, Singh AK, Ducat DC: New applications of
synthetic biology tools for cyanobacterial metabolic
engineering. Front Bioeng Biotechnol 2019, 7:383.

52. Yao L, Shabestary K, Bjork SM, Asplund-Samuelsson J,

ee Joensson HN, Jahn M, Hudson EP: Pooled CRISPRi screening of
the cyanobacterium Synechocystis sp PCC 6803 for enhanced
industrial phenotypes. Nat Commun 2020, 11:1666

In this study, a CRISPRi gene repression library was completed, which

can be used for knock-down of the competing pathways of target

biosynthetic pathways, or inducible repression of essential genes for cell

growth to create a two-phase cultivation system, both towards improved

production.

53. Pope MA, Hodge JA, Nixon PJ: An improved natural
transformation protocol for the cyanobacterium
Synechocystis sp. PCC 6803. Front Plant Sci 2020, 11:372.

Current Opinion in Biotechnology 2022, 73:1-8

www.sciencedirect.com


http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0125
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0125
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0130
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0130
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0130
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0130
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0130
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0135
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0135
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0135
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0140
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0140
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0140
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0140
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0140
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0145
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0145
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0145
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0145
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0145
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0150
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0150
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0150
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0150
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0155
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0155
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0155
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0155
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0160
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0160
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0160
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0160
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0165
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0165
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0165
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0165
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0170
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0170
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0170
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0170
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0175
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0180
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0185
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0185
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0185
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0190
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0190
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0190
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0190
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0190
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0195
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0195
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0195
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0195
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0200
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0200
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0200
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0200
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0205
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0205
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0205
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0205
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0210
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0210
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0210
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0210
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0210
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0215
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0215
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0215
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0220
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0220
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0220
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0220
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0220
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0225
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0225
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0225
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0230
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0230
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0230
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0230
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0235
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0240
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0240
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0240
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0240
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0240
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0245
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0245
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0245
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0250
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0250
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0250
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0250
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0250
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0255
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0255
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0255
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0260
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0260
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0260
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0260
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0265
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0265
http://refhub.elsevier.com/S0958-1669(21)00127-0/sbref0265

	Current advances in engineering cyanobacteria and their applications for photosynthetic butanol production
	Introduction
	Optimizing biosynthetic pathway and editing native carbon flux
	Rewriting central carbon metabolism and redistributing reductive forces
	Harnessing biosynthetic pathway in subcellular compartments
	Improving photosynthetic light reaction
	Enhancing inorganic carbon transportation
	Improving CO2 fixation
	Stress responses
	Modulating growth rate
	Conclusion and outlook
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


