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Conversion of CO2 for the synthesis of chemicals by photosynthetic
organisms is an attractive target for establishing independence
from fossil reserves. However, synthetic pathway construction in
cyanobacteria is still in its infancy compared with model fermenta-
tive organisms. Here we systematically developed the 2,3-butane-
diol (23BD) biosynthetic pathway in Synechococcus elongatus
PCC7942 as amodel system to establish designmethods for efficient
exogenous chemical production in cyanobacteria. We identified
23BD as a target chemical with low host toxicity, and designed an
oxygen-insensitive, cofactor-matched biosynthetic pathway cou-
pled with irreversible enzymatic steps to create a driving force to-
ward the target. Production of 23BD from CO2 reached 2.38 g/L,
which is a significant increase for chemical production from exoge-
nous pathways in cyanobacteria. This work demonstrates that de-
veloping strong design methods can continue to increase chemical
production in cyanobacteria.
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Amid rising global energy demands and pressing environ-
mental issues, interest is growing in the production of fuels

and chemicals from renewable resources. Petroleum consumption
reached 37.1 quadrillion BTU in the United States in 2008, of
which a large majority (71%) was liquid fuel in the transportation
sector. Petroleum and natural gas account for 99% of the feed-
stocks for chemicals, such as plastics, fertilizers, and pharmaceut-
icals in the chemical industry (1). Considering rapidly increasing
world population and exhaustion of fossil fuels, the development of
sustainable processes for energy and carbon capture to produce
fuels and chemicals is crucial for human society.
Energy and carbon capture by cyanobacteria is also directed

toward mitigating increasing atmospheric CO2 concentrations.
According to the US Energy Information Administration (2),
world energy-related CO2 emissions in 2006 were 29 billion metric
tons, which is an increase of 35% from 1990. Accelerating accu-
mulation of atmospheric CO2 is not only a result of increased
emissions from world growth and intensifying carbon use, but also
from a possible attenuation in the efficiency of the world’s natural
carbon sinks (3). As a result, atmospheric levels of CO2 have in-
creased by∼25% over the past 150 y and it has become increasingly
important to develop new technologies to reduce CO2 emissions.
Many creative solutions have been proposed and argued for carbon
capture, each with varied environmental side-effects and costs (4).
Sequestration by photosynthetic microorganisms in which CO2 is
biologically converted to valuable chemicals is an important addi-
tion to the toolbox for overall capture of CO2 (5–7).
Photosynthetic microorganisms, including cyanobacteria, are

currently being engineered for platforms to convert solar energy
to biochemicals renewably (5–7). These microorganisms possess
many advantages over traditional terrestrial plants with regard to
biochemical production. For example, the photosynthetic effi-
ciency of photosynthetic microorganisms is higher than plants, and
photosynthetic microorganisms can be cultivated in locations that
do not compete with traditional agricultural crops (8). Cyano-
bacteria are collectively responsible for almost 50% of global
photosynthesis and are found in a wide range of environments (9).
Although cyanobacteria have many similar features with algae
in this context, many cyanobacterial species feature more simple

genetic structures and faster growth rates (5). As a result, genetic
engineering methods for cyanobacteria are more advanced than
those for algae (10–12).
Cyanobacteria have the biochemical machinery required to fix

CO2, but lack the critical components to generate fuels and
chemicals efficiently. An increased understanding of cellular sys-
tems enables us to construct novel systems using synthetic biology,
assembling the components and control systems into new combi-
nations (6, 7, 13). This approach can be applied to produce valuable
chemicals, that the cyanobacteria host strains do not produce nat-
urally, by constructing new biosynthetic pathways (6). Recently,
cyanobacteria have been engineered to produce various chemicals,
including isobutyraldehyde (14), isobutanol (14), 1-butanol (15),
ethylene (16), isoprene (17), acetone (18), fatty acids (19), and fatty
alcohols (20), through exogenous biosynthetic pathways. This ap-
proach in cyanobacteria is significantly less developed compared
with a model organism such as Escherichia coli. However, results in
E. coli cannot be directly translated into cyanobacteria. For example,
an engineered E. coli strain containing the 1-butanol pathway pro-
ducedmore than 30 g/L 1-butanol (21), but the cyanobacterial strain
with the same pathway produced only trace amounts of 1-butanol
(22). We thus seek to establish an efficient method for biosynthetic
pathway construction in cyanobacteria.
In this work, we aim to establish that matching the choice of

target chemicals and pathways to the chosen photosynthetic pro-
duction host is beneficial for cyanobacterial chemical production.
First, low toxicity toward cells is important. Isobutyraldehyde pro-
duction in Synechococcus elongatus PCC7942 has achieved the
highest production rate in the literature; however, because of high
toxicity of isobutyraldehyde this system requires constant isolation
of the product to achieve high productivity (14). Second, because
photosynthesis produces oxygen, activities of oxygen-sensitive
enzymes are usually problematic in cyanobacteria, with the result
that pathways such as 1-butanol and acetone from anaerobic
organisms are inefficient in cyanobacteria (18, 22). Third, chem-
icals that are secreted from cells without overexpression of
transporters or additional genetic modifications to cells are ideal
to make the system simple and inexpensive. Finally, providing
irreversible reactions, which create a driving force to direct flux
toward the target chemicals, is important for construction of ef-
ficient pathways (15, 21, 23).
In this work we used exogenous 2,3-butanediol (23BD) pro-

duction (Fig. 1) in S. elongatus as a model system and followed
a systematic approach in which various enzymes were compared
both in E. coli and S. elongatus to optimize chemical production.
Microbial fermentation of 23BD has been under investigation for
many years as an alternate route for chemical production (24, 25).
23BD can be converted by dehydrogenation to methyl ethyl
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ketone, which is a liquid fuel additive and useful industrial solvent
(26). Furthermore, the catalytic conversion of 23BD to 1,3-butadiene,
which is a precursor for a diversity of polymer and copolymer
materials, has been well established (27). 23BD has also been used
in themanufacturing of plasticizers, inks, fumigants, and explosives
(28). Concurrently, methods for improving product recovery effi-
ciency, which is an important determinant of the total production
cost and a major limitation of biochemical production from pho-
tosynthetic organisms (29, 30), have been well-established (24, 31).
This current work will provide a stronger understanding of the
potential of cyanobacteria as a platform for production of valuable
biochemicals, such as 23BD, and also provide important funda-
mental insight to facilitate future progress along such lines.

Results
Exogenous 23BD Exhibits Low Toxicity in S. elongatus. To increase
the titer and duration of chemical production, low toxicity or
constant removal of the product is necessary. Because constant
removal and purification of small concentrations during pro-
duction is not cost-effective on an industrial scale, it was a pre-
requisite of this study that the chemical target be tolerated at an
acceptable volume of greater than 1% (10 g/L) by production
strains. To evaluate acetoin and 23BD toxicity, we tested the
growth of S. elongatus over 72 h in the presence of 23BDor acetoin
(Fig. 2). Growth rates between 0 and 24 h decreased by 18% and
42% in the presence of 0.1 and 0.2 g/L acetoin, respectively (Fig.
2A). Growth in the presence of 0.2 and 1.0 g/L acetoin stopped
after 24 h, but growth in the absence of acetoin reached a plateau
at 48 h (Fig. 2A). These results indicate acute toxicity for this
precursor. This finding is comparable to isobutyraldehyde and
isobutanol, which prevent growth of S. elongatus at 1 g/L (14).
Conversely, growth rates between 0 and 24 h in the presence of 10
and 30 g/L 23BD decreased by only 2.2% and 8.9%, respectively
(Fig. 2B), surpassing our benchmark goal for product tolerance.

Growth in the presence of 30 g/L 23BD stopped at 24 h, but that in
the presence of 10 g/L 23BD reached a plateau at 48 h, similar to
that seen in the absence of 23BD (Fig. 2B). These results indicate
that 23BD is a suitable target for high titer and long-term cya-
nobacterial production, as long as high flux through acetoin can be
maintained to prevent accumulation of the toxic intermediate.

Construction of the Acetoin Biosynthetic Pathway. Acetoin can be
produced by the decarboxylation of 2-acetolactate. In this pathway
(Fig. 1) two pyruvate molecules are converted into 2-acetolactate
by acetolactate synthase (ALS) encoded by alsS. 2-Acetolactate is
then decarboxylated to yield acetoin by 2-acetolactate decarbox-
ylase (ALDC) encoded by alsD. Pyruvate, the source of carbon for
the pathway, is produced naturally through the fixation of three
CO2 molecules in the Calvin-Benson-Bassham cycle (32). Con-
version of pyruvate to 2-acetolactate occurs naturally during valine/
leucine biosynthesis, albeit in low amounts (33). Previously alsS,
which encodes ALS from Bacillus subtilis was overexpressed
to increase carbon flux to 2-acetolactate for the production of
isobutyraldehyde and was reported to have relatively high activity
(14). To identify strong ALDC candidates, we used the bioinfor-
matics tool, Braunschweig Enzyme Database (34) and a compre-
hensive literature review. We limited our search to O2-insensitive
enzymes and looked for reports of strong acetoin production. We
were further restricted by the need to match presequencing lit-
erature reports to chronologically consistent strain names, which
now match currently available gene sequences. Based on these
criteria six alsD were selected (Tables S1–S3).
To test acetoin production each alsD was overexpressed

with alsS (B. subtilis) under the isopropyl-β-D-thiogalactoside
(IPTG) -inducible promoter PLlacO1 (35) in E. coli (Fig. 3A). The
cells were cultured in modifiedM9 medium (Methods), containing
50 g/L of glucose, at 30 °C for 16 and 40 h. A control strain ex-
pressing only alsS (B. subtilis) produced 0.2 g/L acetoin indicating
that 2-acetolactate decomposes to acetoin in small amounts, which
is consistent with previous observations (36, 37). When alsD was
coexpressed more than 20 g/L of acetoin was produced, indicating
that autodecarboxylation is not a major contributor to 2-aceto-
lactate conversion (Fig. 3B). All ALDC except that from Enter-
obacter cloacae were active in E. coli, and displayed a pattern of
activity that was consistent through 16 h and 40 h of production
(Fig. 3B). The strain expressing alsD from Aeromonas hydrophila
was the highest producer (21.0 g/L), followed by the strains
expressing alsD from Gluconacetobacter xylinus (17.8 g/L), alsD
from Bacillus licheniformis (16.7 g/L), and alsD from Enterobacter
aerogenes (16.0 g/L)(Fig. 3B). The strain expressing codon opti-
mized alsD (B. subtilis), which is the natural gene partner to the
alsS (B. subtilis) used in the production operon, produced the least
acetoin (6.6 g/L), which demonstrates that native pathways do not
necessarily maintain their integrity when transferred to new hosts;
screening of multiple candidates is necessary to find optimal genes
for pathway optimization in each new host (Fig. 3B).

Fig. 1. The pathway for acetoin and 23BD production in S. elongatus
PCC7942. The acetoin/23BD production pathway contains three enzymatic
steps from pyruvate.

Fig. 2. Effect of acetoin and 23BD on growth. (A) Time course for the growth
of S. elongatus in the absence of acetoin (●) or in the presence of 0.05 g/L (○),
0.1 g/L (◇), 0.2 g/L (□), and 1.0 g/L (△) acetoin. (B) Time course for the growth
of S. elongatus in the absence of 23BD (●) or in the presence of 10 g/L (○), 15
g/L (◇), 30 g/L (□), and 50 g/L (△) 23BD. Cells were incubated in BG-11 con-
taining 50 mM NaHCO3 at 30 °C. Error bars are SD (n = 3).
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We obtained an estimate of activity for ALDC by coexpression
with ALS in crude lysate from E. coli (Fig. S1). Our results show a
range of activity similar to that of productivity in vivo. A significant
lead in activity for ALDC (A. hydrophila) (369 nmol·min−1·mg−1)
was seen relative to the moderate activity of ALDC (E. aerogenes,
B. licheniformis, andG. xylinus, 152, 152, and 31 nmol·min−1·mg−1,
respectively), and negligible activity of ALDC (E. cloacae and
B. subtilis) (Fig. S1). Cell extracts of a strain expressing alsS in the
absence of alsD, showed a background rate of 19 nmol·min−1·mg−1
for spontaneous 2-acetolactate conversion under assay conditions.

Acetoin Production in S. elongatus from CO2.Following our screening
strategy for pathway optimization, ALDC activity was compared in
vivo in the photosynthetic cell environment of S. elongatus, based
on production of acetoin during heterologous alsS and alsD expres-
sion. Each strain was cultured in 125-mL shake flasks with 25 mL
BG-11 containing 50mMNaHCO3 in constant light (55 μE·s−1·m−2)
at 30 °C for 72 h (Fig. 3C). Strains expressing alsD fromE. aerogenes,
B. licheniformis, B. subtilis, A. hydrophila, andG. xylinus, produced
108 mg/L, 62 mg/L, 35 mg/L, 203 mg/L, and 14 mg/L, respectively
(Fig. 3C). Control strains, and the strain expressing alsD (E. clo-
acae), did not produce a measureable amount of acetoin in this
host. Based on these results, we had two alsD (from E. aerogenes
and A. hydrophila) capable of moderate and high production of
acetoin respectively in S. elongatus. To avoid excessive acetoin
toxicity we chose alsD (E. aerogenes) as a starting point for sec-
ondary alcohol dehydrogenase (sADH) analysis.

Constructing the 23BD Biosynthetic Pathway. Acetoin can be re-
duced by an sADH to produce 23BD (Fig. 1). Identification of
strong sADH candidates followed the same method used for
ALDC; however, in addition to low oxygen sensitivity, two more
criteria were added. First, we limited our search to NADPH-
dependent sADH, as this cofactor is expected to have higher
bioavailability during photosynthesis (22). Second, reduction of
acetoin by sADH is a diastereoselective reaction, allowing us to
choose enzymes to install either an R or S stereocenter. Two
NADPH using sADH with R-installing reaction sites had been
characterized previously in E. coli (38). The availability of sADH
with S-installing reaction sites andNADPHas a cofactor, however,
was limited. In the end we chose four sADH, two with R-installing
reaction sites, and two with S-installing reaction sites (Table S3).

Plasmids were constructed harboring alsS (B. subtilis), alsD (E.
aerogenes), and each of the four adh under PLlacO1 (Fig. 4A)
(Methods).
The resulting E. coli strains were cultured in modified M9 me-

dium, containing 50 g/L glucose, at 30 °C for 40 h (Fig. 4B). The
concentration of acetoin remained high for three of the four strains
indicating that sADH activity is limiting in this cell environment.
The fourth strain, expressing adh (Clostridium beijerinckii), main-
tained a relatively low acetoin concentration (less than 6% of total
production) and produced 13.8 g/L total 23BD as a mixture of (R,
R)-23BD andmeso-23BD stereoisomers forming 74% and 21% of
total production, respectively (Fig. 4B). The strains expressing adh
(Thermoanaerobacter brockii) and adh (Candida parapsilosis) pro-
duced 2.4 g/L and 14.2 g/L 23BD, respectively, with both isomers
formed in roughly equal amounts in each. High stereoselectivity
was achieved in the strain expressing adh (Leuconostoc pseudo-
mesenteroides), which produced 9.1 g/L meso-23BD exclusively.
Enzyme activities measured from crude cell lysate were high for
both sADH (C. parapsilosis) and sADH (C. beijerinckii), at 265 and
440 nmol·min−1·mg−1, respectively, when excess substrate was used
(Fig. 4B). However, for the strain expressing adh (C. parapsilosis),
accumulation of acetoin in the supernatant during production
indicates that the enzyme turnover rate at the substrate concen-
trations present within the cell is comparable or slower than the rate
of secretion. Relatively low activity of sADH (T. brockii) was con-
sistent with accumulation of acetoin in the strain, indicating that
sADH activity is a bottleneck for production in this E. coli strain
(Fig. 4B). The major 23BD product of each of the adh expressing
strains except the strain containing adh (C. parapsilosis) matched the
stereochemistry predicted by previous characterization (38–40).

Production of 23BD in S. elongatus from CO2. To screen the differ-
ences in 23BD productivity in S. elongatus, each of the plasmids
used for 23BD production inE. coliwas used for transformation of
S. elongatus (Methods and Fig. S2). The engineered strains were
cultured in 125-mL baffled shake flasks with 25 mL BG-11 con-
taining 50mMNaHCO3 in constant light (55 μE·s−1·m−2) at 30 °C.
23BDproduction was detected in three of fourS. elongatus strains

(Fig. 4C). Measurement of sADH performance in S. elongatus was
made by comparison of acetoin and 23BD concentrations after
72 h of growth, using the less active ALDC (E. aerogenes) to lower
toxicity in cases when acetoin conversion was low. The strain
expressing adh (T. brockii) produced 301 mg/L (R,R)-23BD with
trace amounts ofmeso-23BD but also allowed for accumulation of
acetoin (Fig. 4C). The strain expressing adh (C. beijerinckii) pro-
duced 270 mg/L (R,R)-23BD (major) and undetectable levels of
acetoin indicating high flux through the intermediate. The strain
expressing adh (C. parapsilosis) produced 65 mg·L−1 23BD with
meso-23BD as the predominant product and accumulated toxic
levels of acetoin. The remaining S-installing sADH (L. pseudo-
mensenteroides) was not active in S. elongatus, resulting only in
accumulation of acetoin. Enzyme activities measured in crude cell
lysate isolated during production showed a roughly ninefold higher
activity for sADH (C. beijerinckii) than for sADH (T. brockii), 85.0
and 9.5 nmol·min−1·mg−1, respectively, which could explain the
accumulation of acetoin in the less active strain (Fig. 4 C and D).
Activity for sADH (C. parapsilosis) was roughly fivefold higher
than sADH (C. beijerinckii); however, low production and acetoin
accumulation was observed, similar to the result in E. coli. Enzyme
activity could not be detected for the strain expressing adh
(L. pseudomesenteroides), indicating that the sADH is responsible
for lack of production (Fig. 4 C and D).
The two sADH with highest production and lowest acetoin ac-

cumulation were further tested with the more active ALDC enco-
ded by alsD (A. hydrophila). Both strains increased production,
yielding 568 mg·L−1 from adh (T. brockii) and 952 mg·L−1 from
adh (C. beijerinckii), the latter of which is threefold higher than
productionwith alsD (E. aerogenes) over 72 h (Fig. 4C). Both strains
also showed increased acetoin concentrations, although neither
reached toxic levels, accumulating 59 mg·L−1 and 61 mg·L−1,
respectively.

Fig. 3. Acetoin production in modified strains. (A) Schematic representa-
tion of recombination to integrate alsS and alsD into the S. elongatus
chromosome. (B) Acetoin production in modified E. coli. Cells were grown
for 16 h (hashed) and 40 h (blue). (C) Acetoin production in modified S.
elongatus. Cells were grown for 72 h. alsS indicates inclusion (+) of alsS
(B. subtilis) or absence (−) of the gene. alsD indicates the source organism for
alsD (Table S3). A. h., A. hydrophila; B. l., B. licheniformis; B. s., B. subtilis;
E. a., E. aerogenes; E. c., E. cloacae; G. x., G. xylinus.
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Tohave an inducible expression system, lacIq, which encodes the
E. coli lac repressor, was cloned upstream of PLlacO1 (Fig. 3A). The
efficiency of LacI repression in the S. elongatus strain containing
alsS (B. subtilis), alsD (A. hydrophila), and adh (C. beijerinckii) was
investigated by testing 23BD production with or without various
concentrations of IPTG (Fig. 4E). Interestingly, 23BD production
without IPTG was similar to that with IPTG (Fig. 4E), suggesting
that PLlacO1 was leaky in this construct. The promoter and coding
region of lacIq were verified by Sanger sequencing. This phe-
nomena has been reported with other IPTG-inducible promoters
in S. elongatus PCC7942 (41–42) and Synechocystis sp. PCC6803
(43). However, ALS and sADH activities increased with elevated
concentrations of IPTG (Fig. 4E). ALS and sADH activities both
increased 1.2- and 1.6- fold with 0.1 and 1.0 mM IPTG, re-
spectively, over that of cultures without IPTG induction (Fig. 4E).
These results indicate that LacI repressed PLlacO1 in S. elongatus
and IPTG induced expression from PLlacO1. From this finding we
infer that leaky expression of genes under PLlacO1 without IPTG is
significant, even though LacI repression is functioning.
To estimate the amount of installed enzyme translated in engi-

neered S. elongatus, cell extracts of the engineered strain containing
alsS (B. subtilis), alsD (A. hydrophila), and adh (C. beijerinckii) and
nonengineered wild-type were analyzed with SDS/PAGE (Fig. S3).

The bands of ALS were detected only in samples from the engi-
neered strain. The amounts of ALS are estimated at about 0.21%
without IPTG, and 0.28%, 0.37%, and 0.34% with 0.01, 0.1, and 1
mM IPTG, respectively, of total protein. The bands of ALDC and
sADHwere not visible on the gel, corresponding to less than 0.02%
of total protein.

Long-Term Production of 23BD in S. elongatus.Weverified stability of
the highest producing strains by maintaining continuous production
in 25-mL cultures at 30 °C in the presence of constant light (Fig. 5)
(Methods). The strain containing adh (C. beijerinckii) reached a
total yield of 2.38 g/L (R,R)-23BD and amaximum production rate
of 9,847 μg·L−1·h−1 (3 d average) (Fig. 5B). Production was sus-
tained for 21 d. The strain containing adh (T. brockii) showed similar
results reaching a total yield of 1.97 g·L−1, achieving a maximum
production rate of 7,757 μg·L−1·h−1 (3 d average), and sustaining
production for 21 d (Fig. 5B). After 21 d, production in both cul-
tures dropped off sharply and was not restored when cells were
resuspended in fresh medium, indicating that changes in the cul-
ture population, such as spontaneousmutations that restore flux to
metabolism, fundamentally impair production over time. Strains
containing the 23BDbiosynthetic pathway showed reduced growth
compared with control strains, as expected, mirroring the rate of
carbon redirection from central metabolism (Fig. 5A,B, andD). A
second control strain containing only alsS (B. subtilis) and alsD
(E. aerogenes) produced acetoin up to toxic levels after the sta-
tionary phase was reached (Fig. S4) and showed impaired growth
beyond what is attributable to carbon redirection.

Evaluating the Photosynthetic Efficiency of Production Strains. Evo-
lution of O2 from illuminated cells during continuous production
wasmeasured to verify whether the 23BDoverproduction pathway
could affect the photosynthetic system (Fig. 5C). Both strains
expressing the 23BD biosynthetic pathway displayed a slightly
higher rate ofO2 evolution permicrogramof chlorophyll compared
with control strains (Fig. 5C). This rate increased during late stages
of production. Both control strains, each with no production
pathway, or only the acetoin production pathway expressed, dis-
played similar rates ofO2 evolution (Fig. 5C). This trend follows the
amount of fixed carbon diverted away from central metabolism,
indicating that the burden placed on the cell by overproduction
could stimulate a positive effect on the cells photosynthetic effi-
ciency (Fig. 5 C and D).

Discussion
In this study, we are unique in describing production of 23BD and
acetoin directly from CO2 and light, through engineering of the
cyanobacterium S. elongatus. We systematically approached path-
way design to match the production pathway to a photosyn-
thetic host. Engineered strains achieved a production rate of
9,847 μg·L−1·h−1 and final titer of 2.38 g·L−1, with sustained
production for 21 d. These values, achieved during continuous
production from CO2 and light, compare favorably with other
studies. The rate is 1.6-fold higher than that for isobutyraldehyde
(6,230 μg·L−1·h−1), and significantly higher than other products
overproduced from exogenous pathways (Fig. S5). The percent-
age of biomass produced as 23BD ranges from 30% to 60% (Fig.
5D), which compares favorably to the maximum of 80% achieved
during endogenous sucrose overproduction (41).
To construct the 23BD pathway, we theorized that low toxicity

would improve culture sustainability and production in S. elongatus.
The negative effect of toxicity on pathway flux is reinforced by low
production of acetoin, which is toxic above 0.1 g/L in S. elongatus
(Fig. 2A), from the 23BD pathway without coexpression of adh
(Fig. S4C). Addition of a strong sADH to the pathway to convert
acetoin to 23BD increases total production 10-fold (Fig. 5B and
Fig. S4C), even though reduction by sADH is not an irreversible
step, but production of acetoin is. We also proposed that matching
genes to their host could improve pathway function. All genes were
screened for production in E. coli concurrently with cyanobacteria
using identical operons. The patterns of production exhibited by

Fig. 4. 23BD production in modified strains. (A) Schematic representation of
recombination to integrate alsS, alsD, and adh into the S. elongatus chromo-
some. (B) Production in modified E. coli. Cells were grown for 40 h. Bars rep-
resent acetoin (light blue), (R,R)-23BD (red), and meso-23BD (dark blue). alsS
indicates inclusion (+) of alsS (B. subtilis). alsD and adh rows indicate the source
organism for the gene (Table S3). Activity is that of sADH expressed in E. coli
and measured in cell extract (nmol NADPH min−1·mg−1). (C) 23BD production
inmodified S. elongatus. Cellswere grown for 72 h. (D) Specific activities ofALS
and sADH in cell extracts from modified S. elongatus strains. (E) Effect of IPTG
in modified S. elongatus. Cells were grown for 72 h after induction with the
specified concentration of IPTG. Values are normalized to those from unin-
duced cultures. Bars represent 23BD production (dark blue), activity of sADH
protein measured with NADPH as cofactor (red), and activity of ALS protein
(light blue). Error indicates SD (n= 3).A. h.,A. hydrophila; B. l., B. licheniformis;
B. s., B. subtilis; C. p., C. parapsilosis; C. b., C. beijerinckii; E. a., E. aerogenes; E. c.,
E. cloacae; G. x., G. xylinus; L. p., L. pseudomesenteroides; T. b., T. brockii.
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the genes were different between hosts (Fig. 3 and 4). The pro-
ductivities of strains expressing alsD (B. licheniformis) and alsD
(G. xylinus) in S. elongatus were much lower (30% and 7% of top
production, respectively) (Fig. 3C) than strains overexpressing the
same genes inE. coli (80%and85%of top production, respectively)
(Fig. 3B). Conversely pathways expressing adh (T. brockii), which
displayed severely attenuated production in E. coli achieved sig-
nificant production in S. elongatus. Additionally the enzyme enco-
ded by adh (L. pseudomesenteroides) was entirely inactive in S.
elongatus despite production of 9.1 g/L meso-23BD in E. coli.
Production of 23BD was increased in strains expressing alsD

(A. hydrophila), indicating that the second step of the pathway,
catalyzed by ALDC (E. aerogenes) was limiting in the strain con-
taining alsS, alsD (E. aerogenes), and adh (T. brockii or C. beijer-
inckii) (Fig. 4C). Gradient analysis of the IPTG expression system
using a strain expressing alsS (B. subtilis), alsD (A. hydrophila), and
adh (C. beijerinckii) (Fig. 4E), showed that even though enzyme
concentrations in total protein increased, as measured by activity,
the amount of 23BD produced did not increase. This finding
implies that the amount of enzyme translated through leaking of
PLlacO1 was sufficient to achieve the maximum production of
23BD (Fig. 4E). From these results, we assume that the supply of
pyruvate from the Calvin-Benson-Bassham cycle (44) is limiting in
this strain. Thus, further enzyme or pathway optimization would
likely not be effective until the substrate pool of pyruvate from
carbon fixation can be increased.
Using 23BD production as a model system allowed for the in-

clusion of stereoselectivity as part of our pathway design (Fig. 1).
Chirality can be costly to install in chemical synthesis; however,
biological control offers a much simpler route to chiral products.
In all known cases in nature, acetoin is generated from 2-aceto-
lactate containing an R-stereocenter (45), resulting in (S,S)-23BD
not being observed. However, autodecarboxylation of 2-aceto-
lactate, or enolate racemization of acetoin, could possibly form
(S)-acetoin in the cell and result in (S,S)-23BD production in the
presence of S-installing sADH.We designed two pathways, one for
each possible stereocenter formed during reduction (Fig. 4 and
Table S3). In S. elongatus both R-installing strains tested in long-
term production consistently produced (R,R)-23BD as the major
product (Fig. 5), although a trace amount of meso-23BD was ob-
served in production by the strain expressing adh (T. brockii). The

strain containing adh (C. parapsilosis) produced mixed isomers
in E. coli and in S. elongatus (Fig. 4). These results indicate that
sADH (C. parapsilosis) does not show stereoselectivity toward (R)-
acetoin, although this enzyme catalyzes an S-installing reaction
toward 2-hydroxyacetophenone (39). We assume that (R)-acetoin
is too small to bind to the catalytic site stereospecifically. In this
study no production of (S,S)-23BD was detected, indicating that
degradation products do not contribute significantly to the path-
way. With further engineering to remove endogenous S. elongatus
sADH activity, observable in enzyme assays with NADH as a co-
factor (Fig. 4D), it is likely that the purity of these chiral products
can be increased.
During in vivo production acetoin is continuously secreted as

evidenced by equilibration into culture supernatant (Fig. 4 and Fig.
S4B). We can infer from this that enzymes with low velocity at
intracellular acetoin concentrations or high Km may not be effec-
tive. Reported Km for sADH from C. beijerinckii and T. brockii are
8.3 mM and 0.23 mM, respectively (38); reported kcat are 8.2 and
0.91, respectively. The higher Km of sADH (C. beijerinckii) may
explain why production from this strain surpassed that of the strain
expressing adh (T. brockii) only after acetoin was increased by
inclusion of alsD (A. hydrophila). This finding may also explain
similar production from both strains in S. elongatus, but differing
production in E. coli where acetoin is more abundant within the
cell because of higher supernatant concentration.
Enzyme activities measured in crude S. elongatus cell lysate were

roughly fourfold higher for sADH (C. parapsilosis) than for sADH
(C. beijerinckii) at 318.3 and 85.0 nmol·min-1·mg-1, respectively
(Fig. 4D), although the strain containing adh (C. parapsilosis)
produced fourfold less 23BD than that of the strain containing
adh (C. beijerinckii) (Fig. 4C). Accumulation of acetoin in the
strain containing adh (C. parapsilosis) results in up to 120 mg/L
during production. Assuming uniform diffusion this corresponds
to 1.4 mM concentrations in the cell. The Km of sADH (C.
parapsilosis) may be large, given that the native substrate of the
enzyme has a phenyl ring adjacent to the reaction site and binding
for acetoin without the phenyl ring may be inefficient (39). In this
case the enzyme would have difficulty competing with diffusion of
acetoin, yet would display high activity under assay conditions
where acetoin concentration is high (25 mM).
During long-term production, evolution of O2 per microgram

of chlorophyll increased in production strains relative to a con-
trol containing the recombination cassette but no alsS, alsD, or
adh (Fig. 5C). This finding indicates that the stress imposed on
metabolism by production elicits an increase in photosynthetic
efficiency. Chlorophyll and O2 production have been seen to
increase in roughly equal amounts during similar overproduction
of sucrose in engineered S. elongatus (41).
For further improvements of the productivities, it is important to

gain understanding of the engineered strains at the systems level
using systematic and quantitative analysis methods. It is also im-
portant to increase the number of available parts, such as pro-
moters and ribosome binding sites. These parts for pathway
construction in S. elongatus are limited compared with model
organisms such asE. coli. In this study we used a promoter, PLlacO1,
because this promoter has been shown to be functional in S. elon-
gatus (14). However, we showed that in the construct used in this
study PLlacO1 was leaky and had a narrow expression range in
S. elongatus (Fig. 4E). Additionally, it has been known that the
composition of the cyanobacterial holopolymerase is quite different
from those in most bacteria, thus E. coli promoters might perform
differently when introduced into S. elongatus (11). To achieve ef-
ficient production, more controllable systems for expression of
synthetic pathways would be desirable.
Defining the engineering principles for photosynthetic organ-

isms is an important landmark in the search for sustainable tech-
nologies. Biological production of 23BD by heterotrophicmicrobes
has attracted attention for many years because of the existence of
natural fermentative producers, and the chemical’s potential as
a versatile carbon feedstock for plastics, solvents, and fuel (24, 25).
The biosynthetic production rate and titer presented here mark the

Fig. 5. Long-term 23BD production. (A–C) Summary of results for 23BD
production in continuous cultures. Red: S. elongatus containing alsS
(B. subtilis), alsD (A. hydrophila), and adh (C. beijerinckii). Blue: S. elongatus
containing alsS (B. subtilis), alsD (A. hydrophila) and adh (T. brockii). Green:
S. elongatus containing alsS (B. subtilis) and alsD (E. aerogenes). Purple:
S. elongatus without alsS, alsD or adh. (A) Time courses for growth. (B) Total
23BD production. (C) Photosynthetic efficiency. (D) Total biomass production
per day. Error bars indicate SD (n = 3).
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second large increase in cyanobacterial yields in the last 3 y, because
of increased understanding in pathway design.

Methods
See SI Methods for a more complete discussion.

Culture Conditions. For acetoin and 23BD production in S. elongatus, cells in
exponential phase were diluted to an OD730 of 0.1 in 25 mL BG-11 medium,
including 50 mM NaHCO3, 10 mg/L thiamine, and 10 mg/L gentamicin in 125-
mL baffled shake flasks. Cultures were grown to an OD730 of 0.3–0.5 before
induction with 1 mM IPTG. Every 24 h 10% of the culture volume was re-
moved, the pH was adjusted to 7.5 ± 0.4 with 10 N HCl, and volume was

replaced with BG-11 containing 0.5 M NaHCO3, achieving a final concen-
tration of 50 mM NaHCO3 in the culture.

Quantification of 23BD. Supernatant samples fromcultureswereanalyzedwith
gas chromatography (Shimadzu) equipped with a flame ionization detector
and an HP-chiral 20b column (30 m, 0.32-mm internal diameter, 0.25-mm film
thickness;Agilent Technologies). The stereoisomerswere identifiedbymatching
retention time to standards for (R,R)-23BD, meso-23BD, and (S,S)-23BD.
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