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Abstract
Cyanobacteria are oxygen-evolving photosynthetic bacteria. Established genetic manipulation methods and recently developed
gene-regulation tools have enabled the photosynthetic conversion of carbon dioxide to biofuels and valuable chemicals in
cyanobacteria, especially in unicellular cyanobacteria. However, the oxygen sensitivity of enzyme(s) introduced into
cyanobacteria hampers productivity in some cases. Anabaena sp. PCC 7120 is a filamentous cyanobacterium consisting of a
few hundred of vegetative cells, which perform oxygenic photosynthesis. Upon nitrogen deprivation, heterocysts, which are
specialized cells for nitrogen fixation, are differentiated from vegetative cells at semiregular intervals. The micro-oxic environ-
ment within heterocysts protects oxygen-labile nitrogenase from oxygen. This study aimed to repurpose the heterocyst as a host
for the production of chemicals with oxygen-sensitive enzymes under photosynthetic conditions. Herein, Anabaena strains
expressing enzymes of 1-butanol synthetic pathway from the anaerobe Clostridium acetobutylicum within heterocysts were
created. A strain that expressed a highly oxygen-sensitive Bcd/EtfAB complex produced 1-butanol even under photosynthetic
conditions. Furthermore, the 1-butanol production per heterocyst cell of a butanol-producing Anabaena strain was fivefold higher
than that per cell of unicellular cyanobacterium with the same set of 1-butanol synthetic pathway genes. Thus, our study showed
the usefulness of Anabaena heterocysts as a chassis for anaerobic production driven by oxygen-evolving photosynthesis.
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Introduction

Cyanobacteria are prokaryotes that perform oxygen-evolving
photosynthesis. The metabolism of cyanobacteria can be
engineered via conventional genetic manipulations and re-
cently developed gene-regulation tools (Carroll et al. 2018).
Thus, cyanobacteria have been of great interest as platforms
for the photosynthetic production of useful substances in the
last decade (Humphreys and Minton 2018; Knoot et al.

2018). The heterologous expression of genes from various
organisms in cyanobacteria, especially fast-growing unicel-
lular cyanobacteria, leads to the successful conversion of
carbon dioxide into valuable fuels and chemicals, including
sucrose (Ducat et al. 2012), fatty acids (Kato et al. 2017),
and 2,3-butanediol (Oliver et al. 2013), using solar energy.
However, the productivity of some chemicals in
cyanobacteria is low, and improvement is required for indus-
trial production (Knoot et al. 2018). One of the reasons for
low productivity is the low flux of glycolysis and the TCA
cycle under photosynthetic conditions, which reduces sub-
strate availability (Hirokawa et al. 2015). For example, the
production of isopropanol in the unicellular cyanobacterium
Synechococcus sp. PCC 7942 (S. 7942) requires dark anaer-
obic conditions or the introduction of a heterologous pta
encoding phosphate acetyltransferase to increase the supply
of acetyl-CoA (Hirokawa et al. 2015; Hirokawa et al. 2017).
The oxygen sensitivity of some enzymes involved in the
synthesis of desired products also hampers productivity in
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oxygen-evolving cyanobacteria. Some enzymes of 1-butanol
synthet ic pathway in the anaerobe Clostr idium
acetobutylicum are oxygen-sensitive (Lan and Liao 2011;
Lan et al. 2013). Replacing oxygen-sensitive enzymes of
this pathway with oxygen-tolerant ones was required for
the production of 1-butanol in S. 7942 (Lan and Liao
2011; Lan et al. 2013).

Heterocyst-forming cyanobacteria have evolved an
ability to simultaneously perform oxygen-evolving photo-
synthesis and oxygen-sensitive nitrogen fixation by spa-
t ia l ly separa t ing the two react ions. Among the
heterocyst-forming cyanobacteria, Anabaena sp. PCC
7120 (A. 7120) has been extensively studied as a model
organism for heterocyst differentiation (Flores et al. 2018;
Kumar et al. 2010). A. 7120 is a filamentous cyanobacte-
rium consisting of a few hundred of vegetative cells that
perform oxygen-evolving photosynthesis. Upon nitrogen
deprivation, 5–10% of the vegetative cells differentiate
into heterocysts, which are specialized cells for nitrogen
fixation. Inactivation of oxygen-evolving photosystem II
activity, formation of a thick envelope comprising poly-
saccharide and glycolipid layers outside of the cell wall,
and the enhancement of respiration enable the heterocysts
to maintain micro-oxic environments within cells. The in-
tracellular O2 concentration of A. 7120 heterocyst was es-
timated to be as low as 600 nM (Tomitani et al. 2006),
thereby enabling nitrogen fixation within heterocysts even
under photosynthetic conditions. Large flux of catabolic
pathways, such as glycolysis and the pentose phosphate
pathway, is another feature of heterocysts. Sucrose, pro-
duced from CO2 in vegetative cells, is transported into
heterocysts, where it is degraded by invertase and catabo-
lized through glycolysis and the pentose phosphate path-
way to supply ATP and the reductants required for nitro-
gen fixation (Nürnberg et al. 2015). Active catabolism of
sucrose in heterocysts results in high ethanol productivity
of heterocyst cells (Ehira et al. 2018). Thus, heterocysts
are promising cells for chemical production, particularly
for chemicals that require oxygen-sensitive enzymes.

The usefulness of A. 7120 heterocysts was examined as
a host of 1-butanol production with a pathway of
C. acetobutylicum. Under oxygen-evolving photosynthetic
conditions, 1-butanol was produced in an Anabaena strain
expressing the 1-butanol synthetic pathway in heterocysts,
including the Bcd/EtfAB complex, which is highly
oxygen-sensitive (Atsumi et al. 2008; Inui et al. 2008). In
addition, it was demonstrated that the 1-butanol production
per heterocyst cell of a butanol-producing strain was five-
fold higher than that per cell of S. 7942 with the same set of
1-butanol synthetic pathway genes (Lan and Liao 2012).
Thus, this study demonstrated the application of heterocyst
cells as a host of chemical production using oxygen-
sensitive enzymes.

Materials and methods

Bacterial strains and growth conditions

Anabaena strains were routinely grown at 30°C under contin-
uous illumination provided by a fluorescent lamp (FL20SW;
Toshiba Lighting & Technology Corporation, Kanagawa,
Japan) at 30–35 μmol photons m−2 s−1 (an optimal light con-
ditions for growth as well as heterocyst formation) in a BG11
medium (Rippka et al. 1979) supplemented with 20 mM
HEPES-NaOH (pH 7.5), which contains NaNO3 as a nitrogen
source. Two μg/ml of each spectinomycin and streptomycin
was added to the medium. Liquid culture was bubbled with air
containing 1.0% (v/v) CO2. For butanol production, the fila-
ments that were grown in the BG11 medium until they
reached an OD750 of approximately 1 were washed twice with
nitrogen-free BG11medium (BG110) and then resuspended to
OD750 of 0.2 in BG110 medium. The cultures were incubated
under conditions described above.

Plasmid construction

All plasmids were constructed via the hot fusion method (Fu
et al. 2014) by using Escherichia coli HST08 (Takara Bio,
Shiga, Japan). DNA fragments containing the promoters,
riboswitches, and genes for 1-butanol synthesis were ampli-
fied via by PCR and inserted between the BamHI and KpnI
sites of pSU102-cyaA (Higo et al. 2018a), a genome-
integrating vector for A. 7120. Accuracy of cloned PCR frag-
ments was confirmed by DNA sequencing. Nucleotide se-
quences of nphT7 and ter were codon optimized for A. 7120
(GenBank accession numbers: MH998375 and MH998376,
respectively) and synthesized by Integrated DNA
Technologies, Inc. (Skokie, IL). Detailed sequences are de-
scribed in the supplemental information. pBU11 was con-
structed to inactivate ddh (alr0058) encoding D-lactate dehy-
drogenase. The DNA fragments of a ddh upstream region, the
nptII gene, and a ddh downstream region, amplified by PCR
using primers Dddh1 and Dddh2, KmF and KmR, and Dddh3
and Dddh4, respectively, were inserted into the PstI site of
pRL271 (Cai and Wolk 1990). To over-express ald encoding
alanine dehydrogenase or invB encoding invertase in hetero-
cysts, Pald-ald or PnifB-invB (Ehira et al. 2018) was amplified
by PCR using primers, ET12_F and ET12_R or ET14_F and
ET14_R, respectively, and then inserted into the SmaI site of
pBU11, which is located between the nptII gene and the ddh
downstream region, generating pBU12 or pBU14, respective-
ly. Primers used in this study are listed in Table S1.

Strain construction

Strains used in this study are listed in Table 1. A. 7120 was trans-
formed via triparental mating, as described previously (Elhai and
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Wolk 1988). Double recombinants were achieved by selecting
cells resistant to sucrose (Cai andWolk 1990). Completely segre-
gated mutant strains were obtained by transferring sucrose-
resistant colonies to a new plate once, which was confirmed
through PCR analysis using primers ddh_seq3 and ddh_seq4.

Quantification of 1-butanol

Culture samples were centrifuged at 21,500×g for 5 min, and
the supernatants (99 μl) were mixed with 1 μl of 0.1% (v/v) 2-
butanol as the internal standard. 1-Butanol was measured
using gas chromatography (GC-2014; Shimadzu, Kyoto,
Japan) with a flame ion detector and a 2-m stainless steel
column (internal diameter, 3 mm) filled with Gaskuropack
54 60/80 (GL Sciences, Tokyo, Japan). The column tempera-
ture was maintained at 190°C, and the injector and detector
temperatures were maintained at 240°C.

Results

Design of a 1-butanol synthetic pathway
and production of 1-butanol in heterocysts

1-butanol synthetic pathway genes—crt, bcd, etfB, etfA, hbd,
and adhE2—from C. acetobutylicum were introduced as an
operon into A. 7120 (Fig. 1a). To conditionally induce the ex-
pression of the whole operon exclusively in heterocysts, a
heterocyst-specific gene induction system was utilized that
was recently developed by us (Higo et al. 2018b). The operon
was expressed using a heterocyst-specific nifB promoter (PnifB)
(Wang and Xu 2005) with the theophylline-responsive
riboswitch. Only one gene could be regulated by the
theophylline-responsive translational ON riboswitches that
have been frequently used in cyanobacteria (Ma et al. 2014;

Nakahira et al. 2013; Ohbayashi et al. 2016), hence, the
theophylline-responsive transcriptional ON riboswitch that
could induce a whole operon (Higo et al. 2018b) was used. In
a transcriptional ON riboswitch, transcription terminates at the
riboswitch region located upstream of the target genes in the
absence of an inducer. The transcription proceeds in the pres-
ence of the inducer, leading to the induction of target genes. In
contrast, in a translational ON riboswitch, the translation of only
one gene located downstream of the riboswitch is prevented by
hindering the binding of the ribosome to the ribosome-binding
site in the absence of an inducer. In addition, nphT7, which is
required for acetoacetyl-CoA production through the ATP-
driven malonyl-CoA pathway, was introduced (Lan and Liao
2012). Because excessive production of acetoacetyl-CoA from
acetyl-CoA could lead to imbalanced cellular intermediate dis-
tribution and poor productivity (Ku and Lan 2018), the expres-
sion of nphT7 was independently regulated by the heterocyst-
specific coxBII promoter (PcoxBII) (Wang and Xu 2005) and the
2-aminopurine (2-AP)-responsive transcriptional ON
riboswitch (Higo et al. 2018b) (Fig. 1b). These two transcrip-
tional units were integrated at the neutral site within cyaA (Higo
et al. 2018a) through single homologous recombination, gener-
ating a strain BU1. Note that we confirmed that use of the
heterocyst-specific promoters such as PnifB or PcoxBII does not
affect growth and heterocyst formation.

BU1 was cultivated in a nitrogen-free medium for 24 h to
induce heterocyst formation, followed by the addition of the
inducers 2-AP (0.1 mM) and theophylline (1 mM) to the
culture. After 10 days of induction, the strain produced
1.14 mg/l 1-butanol (Fig. 2a). Because the Bcd/EtfAB com-
plex (Atsumi et al. 2008; Inui et al. 2008; Lan and Liao
2012) and AdhE2 (Chen and Liao 2016; Fontaine et al.
2002; Lan and Liao 2011) have been deemed oxygen-sensi-
tive, producing 1-butanol using these enzymes in oxygen-
evolving cyanobacteria should be challenging (Lan and Liao

Table 1 Strains and plasmids
used in this study Strain or plasmid Derivation and/or relevant characteristics Reference

Anabaena sp. strain

PCC 7120 Wild type (Kaneko et al. 2001)

BU1 PCC 7120 derivative, in which pBU1 was integrated in the genome This study

BU2 PCC 7120 derivative, in which pBU2 was integrated in the genome This study

BU11 BU2 Δddh This study

BU12 BU2 Δddh::Pald-ald This study

BU14 BU2 Δddh::PnifB-invB This study

Plasmids

pSU102-cyaA Sp/SmR; a neutral site-integrating vector (Higo et al. 2018a)

pBU1 Sp/SmR; pSU102-cyaA-based vector. PcoxBII-pbuE-nphT7:
PnifB-theo-crt-bcd-etfB-etfA-hbd-adhE2

This study

pBU2 Sp/SmR; pSU102-cyaA-based vector. PcoxBII-pbuE-nphT7:
PnifB-theo-crt-ter-hbd-adhE2

This study

Sp/SmR , spectinomycin and streptomycin resistance
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2011). Even in oxygen-consuming heterotrophic bacteria,
such as E. coli and Bacillus subtilis, 1-butanol production
is low under aerobic conditions as compared with that in
anaerobic conditions (Atsumi et al. 2008; Nielsen et al.
2009). Here, oxygen-evolving photosynthesis and oxygen-
sensitive 1-butanol production were shown to be compatible
in heterocyst-forming multicellular cyanobacterium using
heterocysts as producing cells, which provide micro-oxic
conditions.

The Bcd/EtfAB complex requires oxidized ferredoxins as
the electron acceptor to convert crotonyl-CoA into butyryl-
CoA (Fig. 1). Selectivity of the Bcd/EtfAB complex for fer-
redoxins could prevent its function in heterologous hosts (Lan
and Liao 2011; Li et al. 2008). In heterocyst cells, heterocyst-
specific ferredoxin FdxH is expressed to transfer electrons to
nitrogenase (Magnuson and Cardona 2016). FdxH might
function with the Bcd/EtfAB complex, although, whether
FdxH is more optimal for Bcd/EtfAB as compared to ferre-
doxin(s) from C. acetobutylicum is yet to be determined.

Improvement of 1-butanol production by replacing
Bcd/EtfAB with Ter

To exclude a potential incompatibility of ferredoxin, a strain
BU2 was also created, wherein bcd-etfB-etfA was replaced
with ter that encodes trans-2-enoyl-CoA reductase (Ter). Ter
requires only NADH as a cofactor (Shen et al. 2011). 1-
Butanol production in BU2 was induced by the addition of
0.1 mM 2-AP and 1 mM theophylline. During the 10-day
production period, the 1-butanol concentration increased lin-
early (Fig. 2b). After 10 days, BU2 produced 2.17 mg/l 1-
butanol, which is approximately twice the amount produced
by BU1 (Fig. 2a). The cell density between BU1 and BU2
after 10 days induction was similar. A strain BU3, wherein an
nphT7 codon optimized for A. 7120 was replaced with the
original nphT7 from Streptomyces sp. strain CL190
(Okamura et al. 2010), was also produced. BU3 produced 1-
butanol similar to BU2 (data not shown).

a b

Fig. 2 1-Butanol production in genetically engineered A. 7120. a 1-
Butanol production in BU1 and BU2 strains. Cells grown in the nitrate-
containing medium were transferred to the nitrogen-free medium to in-
duce heterocyst differentiation. 1-Butanol was measured 10 days after the
addition of inducers theophylline and/or 2-aminopurine (2-AP). b Time
course analysis of 1-butanol production in the BU2 strain in the presence
of theophylline and 2-AP. The data represents the mean ± SD (n = 3 from
independent cultures)

a b

Fig. 1 Construction of butanol synthetic pathways in heterocysts. a Butanol
synthetic pathway expressed in heterocysts. As an enzyme that convers
crotonyl-CoA to butyryl-CoA, Bcd/EtfAB complex or Ter was used. b The
schematic representation of plasmids for butanol synthetic pathways intro-
duced into A. 7120. nphT7 was expressed under the control of heterocyst-
specific promotor PcoxBII with 2-aminopurine responsive transcriptional

riboswitch (pbuE). In pBU1, a synthetic operon crt-bcd-etfB-etfA-hbd-
adhE2 was expressed under the control of heterocyst-specific promoter
PnifB with a theophylline-responsive transcriptional riboswitch (theo). In
pBU2, genes bcd-etfB-etfAwere replaced with ter. These butanol synthetic
pathways were integrated into the cyaA locus. Note that sizes of genes in the
map are not proportional to the sequence length
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1-butanol was not produced at all in the absence of inducers
(Fig. 2a). However, the addition of either inducer led to 1-butanol
production; when only theophylline was added, BU2 produced
0.95 mg/l 1-butanol, which was 56% lower than when both in-
ducerswere added, and addition of only 2-AP produced 1.33mg/l
1-butanol, which was 39% lower (Fig. 2a). A. 7120 has no intrin-
sic enzymes that convert acetyl-CoA to acetoacetyl-CoA. Thus,
NphT7would be expressed at low levels evenwithout the inducer
2-AP, and the limited NphT7 activity could produce acetoacetyl-
CoA. Similarly, 1-butanol could be produced even when the ex-
pression levels of crt-ter-hbd-adhE2were low. These results sug-
gest that the cellular environment of heterocsysts, particularly the
micro-oxic environment, is adequate for 1-butanol production.
However, 1-butanol production was only doubled by the full
induction of the 1-butanol synthetic pathway.

Improvement of 1-butanol production by removing
a competitive pathway for pyruvate and NADH
by disruption of the ddh gene

To improve 1-butanol production of BU2, the ddh gene
encoding d-lactate dehydrogenase, which competes with the
1-butanol synthetic pathway for the utilization of pyruvate
and NADH (Fig. 1a), was disrupted in BU2, generating a strain
BU11. In addition to ddh disruption, ald encoding alanine de-
hydrogenase or invB encoding invertase was integrated at the
ddh locus under the control of heterocyst-specific promoter Pald
or PnifB, respectively, to enhance pyruvate supply in heterocysts
(Fig. 3a, BU12, and BU14). These two enzymes function as
catabolic enzymes in heterocysts (Nürnberg et al. 2015; Pernil
et al. 2010), and an over-expression of them in heterocysts
enhanced the ethanol production (Ehira et al. 2018). Complete
disruption of ddh in strains BU11, BU12, and BU14 was con-
firmed via PCR analysis (Fig. 3b).

After 5 or 10 days of induction by 0.1 mM 2-AP and 1 mM
theophylline, 1-butanol was measured in strains BU2, BU11,
BU12, and BU14 (Fig. 4). 1-Butanol production in BU11

increased by 30% more than that in BU2 after 10 days. 1-
Butanol production in BU12 or BU14, in which ald or invB
was integrated, did not increase as compared to that in BU11.
The cell density among the 4 strains after 5 or 10 days induction
was similar. These results suggest that the disruption of ddh
improved the influx of acetyl-CoA and that reaction(s) in the
1-butanol synthetic pathway were a limiting step for 1-butanol
production in BU12 and BU14.

Discussion

In this study, it was demonstrated that the oxygen-sensitive 1-
butanol synthetic pathway from C. acetobutylicum functioned
in heterocysts, in which a micro-oxic environment is main-
tained even under oxygenic photosynthetic conditions. In addi-
tion, it was shown that the productivity of heterocysts is higher

a b

Fig. 3 Genetic modifications to improve the 1-butanol production of
BU2. a Gene disruption of ddh and integration of ald and invB. Strain
BU11 was constructed from strain BU2 by replacing ddhwith neomycin-
resistant cassette. Strains BU12 and BU14 were constructed from strain

BU2 by replacing ddh with the neomycin-resistant cassette and Pald-ald
or PnifB-invB, respectively. b Segregation check of BU11, BU12, and
BU14. PCR was performed with primer pairs ddh_seq3 and ddh_seq4
using a genomic DNA from each strain as a template

Fig. 4 1-Butanol production by genetically modified A. 7120. Cells
grown in the nitrate-containing medium were transferred to the
nitrogen-free medium to induce heterocysts. 1-Butanol was measured 5
or 10 days after the addition of inducers 1 mM theophylline and 0.1 mM
and 2-AP. The asterisk indicates a significant difference (p < 0.05 with
Student’s t tests). The data represents the mean ± SD (n = 3 from inde-
pendent cultures)
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than that of the unicellular cyanobacterium S. 7942, which per-
forms both oxygen-evolving photosynthesis and 1-butanol pro-
duction within a single cell. Strain EL20, which is a genetically
modified strain of the unicellular cyanobacterium S. 7942 with
the same 1-butanol synthetic genes as BU2, produced approx-
imately 4 mg/l 1-butanol in 10 days (Lan and Liao 2012).
Assuming that 1-butanol is produced in heterocysts that consti-
tute only 10% of the total cells in BU2, the 1-butanol produc-
tion per heterocyst cell of BU2was fivefold higher than that per
cell of EL20, demonstrating the high productivity of 1-butanol
production in heterocysts. Heterocysts would be suitable for the
production of acetyl-CoA-based chemicals because the glyco-
lipids of the heterocyst-specific envelope are synthesized via
fatty acid synthases and polyketide synthases using acetyl-
CoA and malonyl-CoA as substrates (Fan et al. 2005). Hence,
the influx of acetyl-CoA and malonyl-CoA in heterocysts
would be much higher than that in unicellular cyanobacteria,
in which acetyl-CoA often limits production using acetyl-CoA-
based synthetic pathways (Kusakabe et al. 2013).

While disruption of ddh increased 1-butanol production, the
presence of the rate-limiting step downstream of pyruvate was
indicated (Fig. 4). Heterocysts mainly produce NADPH as a
reductant for nitrogen fixation (Summers et al. 1995). Thus, the
supply of NADH might be a limiting factor of 1-butanol pro-
duction. Substituting NADPH-utilizing enzymes for NADH-
utilizing ones would improve the productivity of 1-butanol, as
previously indicated in unicellular cyanobacteria (Lan and Liao
2012). Quantification of metabolites in the 1-butanol synthetic
pathway should clarify the step(s) to be improved (Fathima
et al. 2018; Noguchi et al. 2016). In addition, optimization of
cultivation condition is required. Increase of light intensity and/
or CO2 concentration would promote carbon flux toward
acetyl-CoA in heterocysts. The evaporation of 1-butanol was
not prevented in this study, and sealing with parafilm (Anfelt
et al. 2015) or culturing in screw cap flasks (Lan and Liao 2012)
should improve the 1-butanol production of our strains.
Metabolic engineering specific to heterocysts would also lead
to increased production of 1-butanol. ddh was disrupted by the
conventional gene inactivation method to reroute the carbon
flux toward acetype-CoA. This conventional method could
not be applied to genes that are essential for growth. Recently,
a heterocyst-specific gene repression system was developed
(unpublished data); heterocyst-specific repression of essential
genes, such as ppc encoding phosphoenolpyruvate carboxylase
(Luinenburg and Coleman 1990), should improve the produc-
tivity by increasing pyruvate supply without impairing growth.

1-Butanol production was demonstrated in heterocysts using
oxygen-sensitive enzymes as proof of concept. Although the
replacement of oxygen-sensitive enzymes with oxygen-tolerant
ones improved 1-butanol production in S. 7942 (Lan et al. 2013),
oxygen-tolerant enzymes could not always be found. The con-
cept should be applied to the production of other chemicals using
oxygen-sensitive enzyme(s), as has been demonstrated to

formate (Ihara et al. 2013) and H2 (Avilan et al. 2018). Hence,
heterocysts are potent cells for photosynthetic fermentation.
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