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Metabolic Engineering of Synechocystis sp. Strain PCC 6803 for

Isobutanol Production
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Global warming and decreasing fossil fuel reserves have prompted great interest in the synthesis of advanced biofuels from re-
newable resources. In an effort to address these concerns, we performed metabolic engineering of the cyanobacterium Syn-
echocystis sp. strain PCC 6803 to develop a strain that can synthesize isobutanol under both autotrophic and mixotrophic condi-
tions. With the expression of two heterologous genes from the Ehrlich pathway, the engineered strain can accumulate 90 mg/
liter of isobutanol from 50 mM bicarbonate in a gas-tight shaking flask. The strain does not require any inducer (i.e., isopropyl
[3-p-1-thiogalactopyranoside [IPTG]) or antibiotics to maintain its isobutanol production. In the presence of glucose, isobutanol
synthesis is only moderately promoted (titer = 114 mg/liter). Based on isotopomer analysis, we found that, compared to the
wild-type strain, the mutant significantly reduced its glucose utilization and mainly employed autotrophic metabolism for bio-
mass growth and isobutanol production. Since isobutanol is toxic to the cells and may also be degraded photochemically by hy-
droxyl radicals during the cultivation process, we employed in situ removal of the isobutanol using oleyl alcohol as a solvent
trap. This resulted in a final net concentration of 298 mg/liter of isobutanol under mixotrophic culture conditions.

lobal energy needs continue to increase rapidly due to indus-
trial and development demands, raising environmental con-
cerns. Much of the worldwide energy consumption comes from
the burning of fossil fuels, which produces about 6 gigatons of
CO, annually (1). Increasing CO, levels may act as a feedback loop
to increase the soil emissions of other greenhouse gases, such as
methane and nitrous oxide, raising the global temperature (2). For
energy security and due to environmental concerns, there is an
urgent demand for the development of bioenergy. Bioethanol is
the most common biofuel, but it also has low energy density and
absorbs moisture. Isobutanol (IB) is a better fuel, because it is less
water soluble and has an energy density/octane value close to that
of gasoline (3, 4). Among the next-generation biofuels synthesized
from pyruvate, IB possesses fewer reaction steps (5 reaction steps
from pyruvate to IB) than the synthesis of 1-butanol or biodiesel.
IB is less toxic to microbes (5), so it may achieve a higher product
titer and yield (6, 7). For example, a maximum titer of 50.8 g/liter
of IB can be achieved in an engineered Escherichia coli strain (8).
On the other hand, cyanobacteria not only can convert CO,
into bioproducts, but also can play an important role in environ-
mental bioremediation. The photosynthetic efficiency of cyano-
bacteria (3 to 9%) is high compared to that of higher plants
(=0.25t0 3%) (9, 10). Furthermore, some species of cyanobacte-
ria are amenable to genetic engineering. Table 1 lists the various
biofuels that have been synthesized through the metabolic engi-
neering of cyanobacteria. Autotrophic IB production in cyano-
bacteria was first demonstrated in Synechococcus sp. strain 7942
(13). Moreover, a model cyanobacterium, Synechocystis sp. strain
PCC 6803, is capable of growing under both photoautotrophic
and mixotrophic conditions, while the presence of glucose can
significantly promote biomass and bioproduct synthesis (20).
Therefore, we have engineered a glucose-tolerant Synechocystis
6803 strain with two key genes, kivd and adhA, of the Ehrlich
pathway (21) so that the cyanobacterial strain can convert CO,
into IB. Through both metabolic engineering and bioprocess op-
timization, we have improved our strain’s IB production capabil-
ities.
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MATERIALS AND METHODS

Chemicals and reagents. Restriction enzymes, T4 DNA ligase, DNase,
and a Revertaid first-strand cDNA synthesis kit were purchased from
Fermentas or New England BioLabs. Oligonucleotides were purchased
from Integrated DNA Technologies. Toluene, IB, a-ketoisovaleric acid,
phenol, and chloroform were purchased from Sigma-Aldrich (St. Louis,
MO). KlenTaq-LA (22) was purchased from DNA Polymerase Technol-
ogy (St. Louis, MO). TRI Reagent was purchased from Ambion. *C-
labeled glucose was purchased from Cambridge Isotope Laboratories,
Cambridge, MA.

Culture medium and growth conditions. A glucose-tolerant wild-
type (WT) strain of Synechocystis 6803 and the recombinant strain AV03
were grown at 30°C in liquid blue-green medium (BG-11 medium) or
solid BG-11 medium at a light intensity of 50 wmol of photons m ™25~ ' in
ambient air. Kanamycin at a concentration of 20 ug/ml was added to the
BG 11 medium when required. Growth of the cells was monitored by
measuring the optical density at 730 nm (OD.5,) of the cultures on an
Agilent Cary 60 UV-vis spectrophotometer. Cultures for the synthesis of
IB were grown in 10 ml medium (initial OD. 5, 0.4) in 50-ml shake flasks
for 4 days. The mid-log-phase cultures were then closed with rubber caps
to prevent the loss of IB during incubation, and the cultures were supple-
mented with 50 mM NaHCOj; as an inorganic carbon source. Mix-
otrophic cultures of Synechocystis 6803 were started in BG-11 medium
containing a known amount of glucose (0.5%) as an organic carbon
source. E. coli strain DH10B was the host for all plasmids constructed in
this study. E. coli cells were grown in Falcon tubes containing Luria-Ber-
tani (LB) medium at 37°C with continuous shaking. Ampicillin (100 g/
ml) or kanamycin (50 pg/ml) was added to the LB medium when required
for the propagation of plasmids in E. coli.

Plasmid construction and transformation of Synechocystis 6803.
The vector pTAC-KA, containing an ampicillin resistance cassette (Amp*)
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TABLE 1 Metabolic engineering of cyanobacterial strains for biofuel production

Synechocystis 6803 for Isobutanol Production

No. of
Titer or culture
Product Species productivity Overexpressed gene(s) Promoter(s) Culture vessel/remarks days Reference
Ethanol Synechococcus 7942 230 mg/liter pdc, adh rbcLS Shake flask 28 11
Ethanol Synechocystis 6803 552 mg/liter pdc, adh psbA2 Photobioreactor 6 12
Isobutyraldehyde Synechococcus 7942 1,100 mg/liter alsS, ilvC, ilvD, kivd, rbcls LlacO,, trc, tac  Roux culture bottle with 8 13
NaHCO,4
Isobutanol Synechococcus 7942 18 mg/liter kivd, yghD trc Shake flask with 13
NaHCO,4
Isobutanol Synechococcus 7942 450 mg/liter alsS, ilvC, ilvD, kivd, yghD LlacO,, trc Shake flask with 6 13
NaHCO,
Fatty alcohol Synechocystis 6803 200 * 8 ug/liter  far rbc Photobioreactor with 5% 18 14
CO,
Alkanes Synechocystis 6803 162 £ 10 pg/OD  accBCDA rbel Shake flask 14
unit/liter
Fatty acids Synechocystis 6803 197 * 14 tesA, accBCDA, fatBI, fatB2, psbA2, cpc, trc 1% CO, bubbling 17 15
mg/liter tesA137
Hydrogen Synechococcus 7942 2.8 wmol/h/mg  hydEF, hydG, hydA psbAl lac Anaerobic conditions 16
Chl-a” with DCMU”
treatment
1-Butanol Synechococcus 7942 14.5 mg/liter hbd, crt, adhE2, ter, atoB tre, LlacO, Dark Roux culture bottle 7 17
under anoxic
conditions
Fatty alcohol Synechocystis 6803 20 * 2 far, aas rbc, psbA2 Shake flask 18
pg/liter/OD
1-Butanol Synechococcus 7942 30 mg/liter ter, nphT7, bldh, yghD, tre, LlacO, Shake flask 18 19

phal, phaB

@ Chl-a, chlorophyll a.
' DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea.

and two genes (kivd and adhA from Lactococcus lactis), was constructed as
described previously (40). The pTAC-KA vector was modified using the
following steps to convert it into a Synechocystis 6803 vector. To clone the
flanking regions of a potential neutral site into pTAC-KA, a Synechocystis
6803 vector, pSL2035, containing both the flanking regions and the kana-
mycin resistance cassette (Km"), was used as a template. pSL2035 is a
Synechocystis 6803 vector designed to integrate any foreign DNA into the
genome of Synechocystis 6803 by replacing the psbAl gene and its pro-
moter. psbAI is a member of the psbA gene family and has been found to
be silent under most conditions (23, 24). pSL2035 was constructed by
cloning the flanking regions for the psbA 1 gene and the Km" into pUC118.
The 5’ flanking region from pSL2035 was PCR amplified, along with the
Km", by the respective primers (AMV14F and AMV15R) (Table 2) and
cloned into the Pcil and Bsu36I site of pTAC-KA, resulting in the vector
pTKA2. The 3’ flanking region was PCR amplified from pSL2035 by the
respective primers (AMV16F and AMV17R) and inserted into the AhdI
site of pTKA2, disrupting the native Amp" and thus creating the vector
PTKA3.

Transformation was performed by using a double homologous-re-
combination system, and the genes were integrated into the target site of
the Synechocystis genomic DNA. Specifically, 2 ml of Synechocystis 6803
cells from a mid-log-phase (1 X 10°® to 3 X 10° cells ml~ ") culture was
centrifuged at 10,000 X g for 2 min. The pellet was suspended in fresh
BG-11 medium (200 wl) to a final cell density of 1 X 10° to 3 X 10° cells
ml ™', Plasmid DNA was added to this dense Synechocystis 6803 cell cul-
ture to a final DNA concentration of 5 to 10 pug/ml (25). The mixture was
then incubated under normal light conditions (50 microeinsteins m ™2
s~ ') overnight. The culture was then spread onto a BG-11 agar plate
containing 20 pg/ml of kanamycin. Recombinant colonies usually appear
between 7 and 10 days postinoculation. Colonies were propagated on a
fresh BG-11 plate containing kanamycin, and a colony PCR was per-
formed to verify successful integration of the insert into the genomic DNA
of the recombinant. The positive colonies were propagated continuously
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onto BG-11 plates containing kanamycin to get high segregation of the
insert in the recombinant (26). To verify the integrity of the promoter and
gene sequences, the heterologous DNA integrated into the genome of the
mutant AV03 was PCR amplified and sent for sequencing with the respec-
tive primers (AV03_6F, AV03_4R, AVO03_IR, AV03_2F, AV03_3F,
AV03_4F, AV03_2R, AV03_5F, AV03_7F, AV03_8F, and AV03_5R).
Reverse transcription-PCR (RT-PCR). Total RNA isolation of Syn-
echocystis 6803 was performed using a TRI Reagent (Ambion) by follow-
ing the manufacturer’s protocol with modifications. One milliliter of
RNAwiz (the TRI reagent for the isolation of total RNA) was prewarmed
to 70°C and pipetted directly into the frozen cells. The mixture was im-
mediately vortexed and incubated for 10 min at 70°C in a heater block.
Chloroform (0.2 ml) was added to the mixture and mixed vigorously,
followed by incubation at room temperature for 10 min. The aqueous and
organic phases were separated by centrifugation at 10,000 X gat 4°C. The
RNA containing the aqueous phase was transferred into an Eppendorf
tube, to which equal volumes of phenol and chloroform were added. The
mixture was mixed vigorously, followed by centrifugation to separate the
aqueous and organic phases. The aqueous phase was removed to a clean
tube, to which 0.5 ml of diethyl pyrocarbonate (DEPC)-treated water was
added. RNA in the solution was precipitated by the addition of room tem-
perature isopropanol and centrifuged at 10,000 X gat 4°C to pellet the RNA.
The RNA was washed with ethanol and resuspended in a fresh 50 .l of
DEPC-treated water. The quantity and quality of the isolated RNA were
determined using a Nanodrop ND-1000 (Thermo Scientific). The RNA
was incubated at room temperature with DNase to degrade any genomic
DNA present in the RNA sample. Synthesis of cDNA was performed by
utilizing a reverse transcriptase enzyme from Fermentas, along with de-
oxynucleoside triphosphates (ANTPs) and random primers in a reaction
buffer. The mixture was incubated at 42°C for 60 min. The synthesized
cDNA was used as a template for PCR to detect the expression of the
mRNA of interest. The oligonucleotides used for the RT-PCR were as
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TABLE 2 Sequences of primers used in this study

Primer name Sequence (5'—3")

AMV14F GCGCACATGTCGGAACAGGACCAAGCCTTGAT

AMVI5R GCGC CCTGAGGCCTTTACCATGACCTGCAGGG

AMVI16F GCGCGACGGGGAGTCAATTGTGCCATTGCCAT
AACTGCTTTCG

AMVI7R GCGCGACTCCCCGTCTTTGACTATCCTTTTTAG
GATGGGGCA

psl_up_fwda TACCGGAACAGGACCAAGCCTT

AMVO1 GCGCCATATGTATACAGTAGGAGATTACCTATT
AGAC

AMV12 GCAGCAGCAACATCAACTGGTAAG

AdhA-TMs TCAACTAGTGGTACCAGGAGATATAATATGAAA
GCAGCAGTAGTAAGAC

adhA_RTr GACAATTCCAATTCCTTCATGACCAAG

Rnpbr CGGTATTTTTCTGTGGCACTGTCC

Rnpbf CAGCGGCCTATGGCTCTAATC

AVO03_6F GAATCCGTAATCATGGTCATAGCTG

AV03_4R GCCAAAGCTAATTATTTCATGTCCTGT

AV03_1R TGTCGGGGCGCAGCCATGA

AVO03_2F AGAGGATCCTTCTGAAATGAGCTG

AV03_3F CAGAGCCTAATCTTAAAGAATTCGTGG

AVO03_4F GGGTAAACTATTTGCTGAACAAAATAAATC

AV03_2R CCGCTTCTGCGTTCTGATTTAATC

AVO03_5F GTTGATCGGCGCGAGATTTAATCG

AV03_7F CCGTTGAAATTGACCGAGTACTTTCT

AV03_8F CAGTCGAAAGAGAAATTCATGGACC

AV03_5R CGCTACGGCGTTTCACTTCTG

follows: for gene kivd, AMVO01 and AMV12; for gene adhA, AdhA-TMs
and adhA_RTr; and for gene rnpB (control), Rnpbr and Rnpbf.

Isobutanol quantification assay. IB synthesized in the culture was
quantified using a gas chromatograph (GC) (Hewlett Packard model
7890A [Agilent Technologies] equipped with a DB5-MS column [J&W
Scientific]) and a mass spectrometer (MS) (5975C; Agilent Technologies).
IB extraction was done using a modified procedure (27). Samples of the
cyanobacterial culture (400 pl) were collected and centrifuged at 10,000 X
g for 5 min. IB was extracted from the supernatant by vortexing for 1 min
with 400 pl of toluene, and methanol was used as the internal standard. A
1-pl sample of the organic layer was injected into the GC with helium as
the carrier gas. The GC oven was held at 70°C for 2 min and then raised to
200°C with a temperature ramp of 30°C min ', and the postrun was set at
300°C for 6 min. The range of the MS scan mode was set between 1/z of 20
and 200. The concentration of IB present in the culture was determined
based on a calibration curve prepared with known concentrations of IB
ranging from 25 mg/liter to 400 mg/liter.

13C experiment to detect the carbon contribution of glucose. The
'3C abundance in some important metabolites was measured for both the
wild type and the mutant strain AVO03 to estimate the carbon contribu-
tions of both glucose (fully labeled by '*C) and nonlabeled bicarbonate for
biomass and IB synthesis. Mixotrophic cultures of both the wild-type
Synechocystis 6803 and the mutant AV03 were grown in BG-11 medium
(with 50 mM nonlabeled NaHCO,), which contained 0.5% glucose (U-
13C; Cambridge Isotope Laboratories). Cultures were collected on days 3,
6,and 9, and proteinogenic amino acids were hydrolyzed and then deriva-
tized with TBDMS [N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacet-
amide; Sigma-Aldrich]. The derivatized amino acids were analyzed for
their mass isotopomer abundance by GC-MS, as described previously (28,
29). The m/z ion [M-57]", which corresponds to the entire amino acid,
was used to calculate the *C abundance in amino acids [m, m,. ... m,].
The fraction of carbon (F,) derived from fully labeled glucose for each
amino acid was estimated based on the following equation:
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By=t—— (1)

where i is the number of labeled carbons, m; is the mass fraction for
different isotopomers of the corresponding amino acid, and n represents
the total number of carbons in the corresponding amino acid. The m/z of
[M-15]" was used only for leucine and isoleucine, since their [M-57]*
overlaps with other mass peaks (30). IB extraction was performed for
samples obtained from the above-mentioned cultures and was analyzed
using the GC-MS. The fraction of carbon derived from glucose for isobu-
tanol (F;;) was estimated based on the isobutanol MS peak abundances:
4
D ix A
Fp= =

=
42 A
=

where A; is the abundance of the mass-to-charge ratio peaks for the vari-
ous isobutanol isotopomers (i.e., A, to A, for an m/z of 74 to 78).

()

RESULTS

Construction of an isobutanol-producing Synechocystis 6803
strain. IB synthesis in Synechocystis 6803 requires the expression
of two heterologous genes of the Ehrlich pathway. The enzymes
2-keto-acid decarboxylase and alcohol dehydrogenase can con-
vert 2-keto acids into alcohols. In this work, we constructed a
plasmid, pTKA3, containing the genes kivd and adhA from L. lactis
under the control of an isopropyl B-D-1-thiogalactopyranoside
(IPTG)-inducible promoter, Ptac. The plasmid was designed to
integrate the genes into a neutral site in the genome of Synechocys-
tis 6803, along with a kanamycin resistance cassette (Fig. 1a, left).
The wild-type strain of Synechocystis 6803 was transformed with
pTKA3, resulting in the recombinant strain AV03. The integra-
tion of the inserted genes into the genome was verified by a colony
PCR after several rounds of segregation (Fig. 1a, right).

To identify the optimal IPTG concentration required for 1B
synthesis, the AV03 strain was grown under different concentra-
tions of IPTG. IB analysis of the cultures indicated that IB was
highly synthesized even without the addition of IPTG (Fig. 1b). To
verify if this observation was an artifact of any mutations that
might have occurred in lacl or the promoter, the foreign DNA
integrated into the chromosome of AV03 was sequenced. Se-
quencing results for lacl and the promoter Ptac in the genome of
AV03 revealed that the nucleotide sequence was completely intact.
There have been reports of leaky expression with IPTG-inducible
promoters (31). Also, Fig. 1b indicates that as the concentration of
IPTG rose higher than 1 mM, IB synthesis was reduced. The OD5,
values of the different cultures indicated that the addition of IPTG
did not apparently interfere with the growth rate of the culture.
RT-PCR showed the expression levels of the genes kivd and adhA
under different IPTG concentrations. The result of the RT-PCR
experiment (Fig. 1b, inset) indicated that the levels of kivd and
adhA mRNA synthesized in the mutant were higher with IPTG
than without. Hence, lower expression of the two genes is suffi-
cient for IB synthesis, possibly because the Ehrlich pathway may
not be the rate-limiting step for IB production.

Isobutanol synthesis under autotrophic and mixotrophic
growth. Under autotrophic conditions, Synechocystis 6803 utilizes
light as an energy source (ATP and NADPH) for the conversion of
CO, into biomass and IB. Figure 2A compares the autotrophic
growth of the mutant and the wild strain. Under autotrophic con-
ditions, we found that the growth rate of the mutant AV03 re-

Applied and Environmental Microbiology


http://aem.asm.org

a

Synechocystis 6803 for Isobutanol Production

J
£
8
g
o

P!ﬂt
o
-NS1 Km’ lact kivd adhA 3'-NS1 e
-H = D >‘D“:l ‘
\\ \ ,’ 8.3kb
"
‘s S-Ns1 ) 3-NSL % e
\ ~o Neutral site ,’,f 2.2 kb
Synechocystis - I
genome
b 100
80 A _|_ —
o | “
s 60 4
E l
E l
= 40 4
N
= -
=
) ‘ \
"_‘I}
20 41
0 T T

0 0.2 0.5

IPTG concentration, mM

FIG 1 (a) Schematic representation showing the integration of the genes kivd and adhA into the genome of Synechocystis 6803. Colony PCR was performed to
verify the integration of the insert into the genomic DNA of the mutant (AV03). The vector pTKA3 was used as a template for the positive control, and wild-type
cells were used as a negative control. Colony PCR of AV03 showed the presence of a band (8.3 kb) the same size as that of the positive (+ve) control and the
absence of the negative-control (WT) band. (b) IB synthesized by engineered Synechocystis 6803 under different IPTG concentrations (n = 3). (Inset) Results of
an RT-PCR performed to detect the expression of the heterologous genes kivd (top; 500 bp from kivd) and adhA (bottom; 200 bp from adhA). Lane 1, wild-type
6803; lane 2, AV03 with 0 mM IPTG; lane 3, AV03 with 0.5 mM IPTG; lane 4, AV03 with 1 mM IPTG. The error bars indicate standard deviations.

mained unaltered compared to the wild-type strain. IB accumu-
lation in the mutant was tested under autotrophic conditions
(Fig. 2B), and the strain was found to synthesize a maximum of 90
mg/liter of IB (the only extracellular product detected by GC-MS)
in a 6-day culture. In a sealed shaking flask, NaHCO; in the me-
dium (50 mM) was consumed by AV03 within 6 days, and then
both the biomass and IB started declining.

The wild-type strain of Synechocystis 6803 grows about 5 times
faster under mixotrophic conditions than under autotrophic con-
ditions (Fig. 2A). However, our mutant, AV03, did not exhibit an
increased growth rate under mixotrophic conditions. To measure
the glucose utilization by the wild type and the mutant AV03, we
fed cells with 0.5% fully labeled glucose and nonlabeled bicarbon-
ate. Isotopomer analysis of '>C abundance in cell metabolites
(Fig. 2c) showed that the wild type synthesized 70 to 90% of its
amino acids using carbon from glucose, whereas the mutant pro-
duced biomass using only 5 to 10% carbon from glucose, and 12%
of the carbon of IB was labeled (i.e., derived from glucose). These
results indicated that the mutant tended to limit glucose metabo-
lism for IB production. The AV03 strain was found to synthesize a
maximum of 114 mg/liter of IB mixotrophically after 9 days
(Fig. 2b), whereas cells with only glucose (heterotrophic, without
bicarbonate or CO,) synthesized a maximum of 27 mg/liter of IB.
This result suggests that the Synechocystis 6803 mutant is unable to
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take significant advantage of its glucose metabolism to have a high
rate of IB production.

In situ alcohol-concentrating system using a solvent trap. IB
is toxic to cells, and our study revealed that IB inhibited Syn-
echocystis 6803 growth at external concentrations of only 2 g/liter
(Fig. 3). Moreover, our control experiments indicated the loss of
IB after 9 days of continuous incubation. IB can be slowly de-
graded by photochemically produced hydroxyl radicals in aerobic
cyanobacterial cultures (32—34). Therefore, a system with contin-
uous removal of the synthesized alcohol products would be ben-
eficial (35, 36). The use of an in situ alcohol removal system uti-
lizing oleyl alcohol (37, 38) as a solvent trap for increasing the IB
titer has been demonstrated. In previous studies, gas stripping was
one efficient method for IB recovery, but it requires an expensive
cooling system due to very low concentrations of IB from photo-
bioreactors. Here, inside each cultivation flask, we placed a small
glass vial containing 0.5 or 1 ml oleyl alcohol solvent, so that oleyl
alcohol was not mixed with the culture solution (Fig. 4). Volatile
IB in the headspace can be trapped in the solvent vial because of
the high solubility of IB in oleyl alcohol. This method will effec-
tively trap the IB, while the solvent will not directly interfere with
light and cell culture conditions.

To test the effect of oleyl alcohol on IB productivity, we did a
3-week time course study (Fig. 4) by adding 50 mM NaHCO,
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FIG 2 (A) Growth curves of Synechocystis 6803 WT and AV03 (n = 3; shake
flask cultures). ¢, WT under autotrophic conditions; ¢, WT under mix-
otrophic conditions; O, AV03 under autotrophic conditions; and @, AV03
under mixotrophic conditions (note that the growth curve of AV03 under
mixotrophic conditions overlaps the autotrophic growth curves of AV03 and
the WT). (B) IB synthesized in AV03 under autotrophic conditions (only
HCO,), heterotrophic conditions (only glucose), and mixotrophic conditions
(both HCOj; and glucose) (n = 3; shake flask cultures with closed caps). (C)
Percent carbon contribution of glucose for synthesizing amino acids and
isobutanol in the WT and the mutant strain (AV03) as measured on day 9
(shake flask cultures with closed caps). Isotopomer analysis (TBDMS-based
method) of proteinogenic amino acids confirmed the low ['*C]glucose utili-
zation by the mutant. The error bars in panels A and B indicate standard
deviations, while those in panel C represent the 2% technical error of the
instrument.

intermittently (every 4 days). During the cultivation, the pH of the
cultures was also adjusted to between 8 and 9 before the addition
of excess bicarbonate. Every 3 days, the oleyl alcohol in the vials
was taken out for IB measurement and then replaced with fresh
oleyl alcohol. The mixotrophic cultures with an alcohol trap (0.5
ml) reached the highest net IB concentration of 298 mg/liter. The
autotrophic cultures with 0.5 ml and 1 ml oleyl alcohol had max-
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FIG 3 Toxic effects of IB on the growth of Synechocystis 6803. IB was added to
final concentrations (g/liter; n = 2) of 0 (), 0.2 (), 0.5 (A), 1 (O), 2 (M),
and 5 (@) to a Synechocystis 6803 culture with an initial OD,, of ~0.8. The
error bars indicate standard deviations.

imum net IB titers of 180 mg/liter and 240 mg/liter, respectively,
whereas the autotrophic cultures without the oleyl alcohol trap
were able to achieve a maximum of only 108 mg/liter of IB. IB
levels in the organic phase reached concentrations of up to 500
mg/liter with only 3 days of trapping.

DISCUSSION

IB is a promising biofuel for the replacement of gasoline. So far, E.
coli has remained the most successful microbial host for IB pro-
duction. In this study, we focused our efforts on a cyanobacterial
species, Synechocystis 6803, which can grow on both CO, and glu-
cose. The mixotrophic cultivation may offer industrial flexibility
and economic benefits because the gas-liquid mass transfer of CO,
is often a rate-limiting step in efficient photobioreactor opera-
tions. Attempts to create a stable strain of Synechococcus 7942 that
can transport and utilize glucose have been barely successful (39).
The glucose-tolerant strain Synechocystis 6803, unlike other cya-
nobacterial strains, can perform both autotrophic and mix-
otrophic metabolism. In our work, we found that the wild-type
strain Synechocystis 6803 under mixotrophic conditions grew at a
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FIG 4 Net concentration of IB synthesized (bars) and biomass growth
(curves) by the AV03 culture under different conditions (n = 3). a, IB with 0.5
ml oleyl alcohol (autotrophic); b, IB with 1 ml oleyl alcohol (autotrophic); ¢, IB
with 0.5 ml oleyl alcohol and glucose (mixotrophic); d, IB with no oleyl alcohol
(autotrophic, negative control); al, OD,;, with 0.5 ml oleyl alcohol
(autotrophic); a2, OD,5, with 1 ml oleyl alcohol (autotrophic); a3, OD, 5, with
0.5 ml oleyl alcohol and glucose (mixotrophic); a4, OD, 5, with no oleyl alcohol
(autotrophic, negative control). (Inset) Schematic representation of the in situ
IB removal system used to increase the production of IB. The error bars indi-
cate standard deviations.
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rate 5 times higher than under autotrophic conditions. Moreover,
the engineered Synechocystis 6803 strain accumulated 90 mg/liter
of IB, whereas the Synechococcus 7942 strain expressing the same
two enzymes (keto-acid decarboxylase and alcohol dehydroge-
nase) accumulated a maximum of only 18 mg/liter (13). Switching
the conditions from autotrophic to mixotrophic for the mutant
AVO03 increased the maximum IB titer to 114 mg/liter. Interest-
ingly, the mutant tended to grow autotrophically and had mini-
mal glucose utilization compared to the wild-type strain (Fig. 2C).

IB can be inhibitory to cell physiologies. Moreover, our exper-
iments also observed IB degradation (by hydroxyl radicals) during
the incubation process. Therefore, efforts to come up with effi-
cient product recovery are important to improve IB productivity
in cyanobacterial culture. This work employed an in situ IB re-
moval system by growing cultures in shake flasks with vials con-
taining oleyl alcohol. Mixotrophic growth of AV03, along with in
situ IB removal, synthesized a maximum of 298 mg/liter IB, which
is lower than the highest IB titer (450 mg/liter) reported in a Syn-
echococcus 7942 mutant expressing 3 more genes of the keto acid
pathway. On the other hand, our strain design has two apparent
advantages for industrial applications. First, our strain does not
require any antibiotics to maintain its IB production because the
two heterologous genes in the mutant show good stability under
normal cultivation conditions. Second, the strain does not need
any inducer (IPTG) for IB production, which can significantly
reduce industrial costs.

Overexpressing the keto acid pathway can increase the IB titer
in Synechococcus 7942 (13). Furthermore, optimizing the CO, and
light conditions of the cyanobacterial strain can also increase the
final titer and productivity. Liu et al. (15) have reported a doubling
time of 7.4 h for Synechocystis 6803 by growing the cells under light
at 140 pwmol of photons m ™2 s~' and by bubbling 1% CO,-en-
riched air. Therefore, our strain can serve as a springboard for
future development of higher-performance Synechocystis 6803
strains with increased IB titers and productivity.

In summary, IB synthesis under autotrophic conditions in a
cyanobacterium, Synechocystis 6803, was demonstrated by the ex-
pression of two heterologous genes. It was further demonstrated
that mixotrophic cultures of the mutant can significantly increase
IB synthesis with minimal glucose consumption. The mechanism
behind the reduced glucose-utilizing metabolism of AV03 com-
pared to the wild-type strain remains unclear. A possible explana-
tion is that the cells tend to avoid the intracellular metabolic im-
balance or IB intermediate inhibition by downregulating glucose
uptake. Using oleyl alcohol as a simple solvent trap, IB production
can be improved by 2 to 3 times. Therefore, in situ IB recovery may
reduce the product loss and separation cost. We have also dem-
onstrated that a simple expression of the Ehrlich pathway with
bioprocess modification can synthesize IB without other major
waste products while still achieving levels of IB comparable to
those of an extensively genetically modified Synechococcus 7942
strain (Table 1) (13).
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