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PHOTOSYNTHETIC PRODUCTION OF

GLYCEROL BY A RECOMBINANT

CYANOBACTERIUM

Philipp SAVAKIS, Xiaoming TAN, Wei DU, Filipe BRANCO DOS
SANTOS, Xuefeng LU, Klaas J. HELLINGWERF

Cyanobacteria are prokaryotic organisms capable of oxygenic photosynthesis. Glycerol is an
important commodity chemical. Introduction of phosphoglycerol phosphatase 2 from Sac-
charomyces cerevisiae into the model cyanobacterium Synechocystis sp. PCC6803 resulted in
a mutant strain that produced a considerable amount of glycerol from light, water and CO2.
Mild salt stress (200 mM NaCl) on the cells led to an increase of the extracellular glycerol con-
centration of more than 20%. Under these conditions the mutant accumulated glycerol to an
extracellular concentration of 14.3 mM after 17 days of culturing.

This chapter has been published in Journal of Biotechnology 195:10, 46-51(2015) [229].
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INTRODUCTION

C YANOBACTERIA are prokaryotic organisms capable of carrying out oxygenic photosyn-
thesis. They are widely distributed in nature [230] and have very simple growth require-

ments [71].
Glycerol is a commodity chemical that is routinely used as a solvent, lubricant, humectant
or sweetener, amongst other applications. It is a versatile building block in chemical syn-
thesis [231] and can be used as a carbon source by many chemoheterotrophic organisms
[232]. Furthermore, numerous processes have recently been developed to convert glycerol
into higher value-added compounds [233]. Traditionally, fermentative processes would be
used for glycerol production from sugars, based on the metabolic capacities of yeasts such
as Saccharomyces cerevisiae [234]. In recent years, glycerol has been produced instead as
a by-product of biodiesel formation. However, the production of plant-derived biodiesel
competes with the use of arable land for food production, and therefore ultimately with
food supply.
The development of fully sustainable production processes is highly desirable, preferably
those that utilize readily available carbon and energy sources, such as CO2 and sunlight,
and that do not require arable land. Within this context, it would be highly pertinent to
engineer glycerol producing cyanobacteria that would convert CO2 and water into glycerol
fueled by (sun)light.
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Figure 5.1: (A) Simplified view of conversion of CO2 into glycerol and glucosylglycerol in Synechocys-
tis. (B) Schematic representation of the genetics of the construction of the glycerol-producing mutant.
(C) Colony PCR of the glycerol producing strain. 1: PSA002; 2: WT Synechocystis; 3: pPSgpp2 (positive
control); 4: no template (negative control).The primers used were H1 seg F and H2 seg R.
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Many yeasts (e.g. Saccharomyces cerevisiae) synthesise glycerol in response to adverse en-
vironmental conditions, most notably osmotic stress, exploiting its natural properties as
an osmoprotectant [235]. Additionally, it can also be accumulated extracellularly when di-
hydroxyacetone phosphate (DHAP) functions as a physiological electron acceptor under
anaerobic conditions [236].
In either case, glycerol production occurs from the conversion of DHAP in a two-step path-
way. Firstly, DHAP is reduced to glycerol-3-phosphate (G3P) in an NADH-dependent re-
action, catalysed by one of the two isozymes of glycerol-3-phosphate dehydrogenase (Gpd
1 and Gpd 2). The subsequent dephosphorylation of G3P, yielding glycerol, can be cat-
alyzed by two alternative phosphoglycerol phosphatase isoforms (gpp1 and gpp2, encod-
ing Gpp1p and Gpp2p, respectively) that are present in S. cerevisiae. Expression of gpp1
is increased under anaerobic conditions [237], while the levels of phosphoglycerol phos-
phatase 2 (Gpp2p) are increased in response to osmotic stress [238].
When facing hyperosmotic conditions, the cyanobacterium Synechocystis sp. PCC6803 (Syne-
chocystis) accumulates the compatible solute glucosylglycerol in the cytoplasm [88]. This
osmoprotectant is derived from glycerol-3-phosphate and ADP-glucose. Glucosylglycerol
phosphate synthase (GgpS) catalyzes the glycosylation of glycerol-3-phosphate to yield glu-
cosylglycerol phosphate. The subsequent dephosphorylation of the latter metabolite to glu-
cosylglycerol is catalyzed by glucosylglycerol phosphate phosphatase (GgpP) [239] (Fig. 5.1A).
Here, we apply a combination of different metabolic engineering approaches to the green
biotechnology workhorse Synechocystis, aiming at the direct conversion of CO2 into glyc-
erol. First, we use genetic engineering by expressing a heterologous enzyme catalyzing the
dephoshorylation of glycerol-3-phosphate, which leads to an extracellular accumulation of
glycerol up to 11.6 mM after 17 days.
We then resort to the manipulation of environmental conditions to further increase glyc-
erol production. We impose salt stress with the goal of increasing intracellular glycerol-
3-phosphate concentrations. Serendipitously, this was found to already lead to the extra-
cellular accumulation of glycerol in the wild type strain of Synechocystis. We subsequently
confirm that these two effects are additive and can be combined, increasing production of
glycerol during a similar period by more than 20%. As Synechocystis does not require a com-
plex medium for growth, the resulting glycerol is produced in a chemically simple matrix,
which will facilitate subsequent downstream processing (Fig.S 5.1) [240].

RESULTS

Mutant construction. Wild type Synechocystis was transformed with plasmids pPSgpp1
and pPSgpp2, harboring the respective phosphoglycerol phosphatase under control of the
strong, constitutive, Ptrc promoter and a kanamycin resistance cassette. This vector allows
for chromosomal integration at the neutral slr0168 locus [241](Fig. 5.1B). Genetic analysis
with PCR revealed that transformants harbouring gpp1 grew slowly, and were difficult to
segregate (data not shown). In contrast, transformants harboring gpp2 segregated more
readily (Fig. 5.1C).
Photosynthetic glycerol production. The resulting mutant, termed Synechocystis PSA002
(see Tab. 5.1), excreted glycerol to high concentrations into the culture medium, leading to
as much as 11.6 mM in a period of 17 days after inoculation (Fig. 5.2), when the biomass
in the culture increases gradually to about 2 gram dry weight per liter. In addition, after
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Figure 5.2: (A) Introduction of a phosphoglycerol phosphatase from Saccharomyces cerevisiae into
Synechocystis leads to high level production of glycerol from CO2. Extracellular glycerol is shown for
both wild type Synechocystis and Synechocystis PSA002 in plain BG11 medium (squares, circles), and
in BG11 medium supplemented with 200 mM NaCl (diamonds, triangles). Closed symbols: growth.
Open symbols: extracellular glycerol concentration. (B) Percentage of the total amount of fixed car-
bon that is diverted into the glycerol synthesis pathway. Error bars represent standard deviations of
three biological replicates. Error bars not visible are smaller than the respective data point symbol.
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Figure 5.3: Serial transfers of Synechocystis PSA002 (blue) and wild type Synechocystis sp. PCC6803
(red). (A) Growth (measured as OD730) as a function of time. Eight days after each inoculation, the
cultures were diluted 10,000-fold with fresh medium. Bars show extracellular glycerol concentration
divided by cell density. Error bars represent standard deviations of three biological replicates. Error
bars that are not visible are smaller than the respective data point symbol.
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Figure 5.4: Glycerol tolerance of wild type Synechocystis sp. PCC6803. The bars show cell densities 2
days after inoculation to an OD730 of 0.028. The cells were grown in a 96 well plate in BG11 medium
containing 50 mM NaHCO3 with the amounts of glycerol indicated. Error bars represent standard
deviations of seven biological replicates.
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prolonged serial cultivation for nearly 20 generations, the glycerol-production phenotype
of Synechocystis PSA002 remained unaltered, as indicated by the constant ratio of glycerol
producedover biomass formed (Fig. 5.3). Glycerol was reported to be toxic to Synechocystis
already at very low concentrations [242]. Our initial result (see above) could not confirm
this. Therefore, we investigated glycerol tolerance of our wild type strain (Fig. 5.4). It can
clearly be seen that we could only observe an inhibitory effect at glycerol concentrations
higher than 125 mM. In the study by Ortega-Ramos et al., a glucose-sensitive wild-type
strain was used. Toxicity of both glucose and glycerol was alleviated through overexpres-
sion of the endogenous hydrogenase of Synechocystis. Glucose- and glycerol toxicity were
therefore proposed to be related. The strain used in our study is glucose-tolerant. If glucose
and glycerol indeed present related stresses, then it is possible that a glucose-tolerant strain
also shows increased tolerance to glycerol.
Effect of salt stress. When facing osmotic stress, Synechocystis produces glucosylglycerol
(Fig. 1A). We speculated that salt stress would lead to an increased intracellular glycerol-3-
phosphate concentration and therefore to more substrate for the heterologously introduced
phosphatase. Therefore, we cultivated the wild type organism in BG11 medium containing
increasing concentrations of NaCl (0-1 M,Fig. S 5.2). We observed that 200 mM NaCl had a
minor, if any effect on growth and that 600 mM NaCl led to a pronounced increase in the
length of the lag phase, prior to exponential growth (Fig. S 5.2). At even higher NaCl con-
centrations, no growth could be observed within the time window tested (11 d).
We then cultivated the wild-type strain in plain BG11 medium and in medium containing
200 and 400 mM NaCl and analyzed the composition of the extracellular medium. To our
surprise, the wild type Synechocystis strain excreted glycerol in low concentrations into the
growth medium (Fig. 5.5). At 200 mM NaCl, we found a positive impact on glycerol pro-
duction, while the difference in growth (rate) was negligible, as compared to the unstressed
condition. At 400 mM NaCl, growth rate and final yield were affected to a significant extent.
We therefore tested if this observation could be used to further increase glycerol production
in Synechocystis PSA002, by comparing glycerol production in cells growing in the presence
and absence of 200 mM NaCl (Fig. 5.2A) We observed that glycerol production due to salt
stress and glycerol production due to expression of a heterologous phosphoglycerol phos-
phatase was cumulative.
Ultimately, this results in the conclusion that the fraction of fixed carbon that was diverted
into the glycerol-production pathway exceeded 50% in the Synechocystis PSA002 mutant

Table 5.1: Strains and primers used in this study

Strain Genotype Comment

Synechocystis sp. PCC6803 Obtained from D. Bhaya,
Stanford University

Synechocystis Syn PSA001 ∆slr0168::Ptrc::gpp1::KmR
Synechocystis Syn PSA002 ∆slr0168::Ptrc::gpp2::KmR

Oligonucleotide name Sequence 5′-3′

H1 seg F TGTCGCCGCTAAGTTAGA
H2 seg R TGTCGCCGCTAAGTTAGA
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under mild salt stress (Fig. 2B).
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Figure 5.5: Wild type Synechocystis sp. PCC6803 produces glycerol under salt stress. Cells were culti-
vated in BG11 medium, supplemented with an amount of NaCl as indicated. Closed symbols: growth;
open symbols: extracellular glycerol concentration. Error bars represent standard deviations of three
biological replicates. If the error bars are not visible, then they are smaller than the respective data
point symbol.

DISCUSSION

The proof-of-principle of CO2-, water-, and sunlight-based production of glycerol presented
in this study is the first step toward truly sustainable glycerol production directly from CO2.
This glycerol production was achieved through heterologous expression in Synechocystis of
a single enzyme, namely Gpp2p from S. cerevisiae. Glycerol produced via this route is largely
free of impurities, which facilitates downstream processing.
It is yet unclear how the glycerol produced leaves the cyanobacterial cell. In S. cerevisiae,
FpsI, a member of the MIP (major intrinsic protein) family is required to facilitate glycerol
transport out of the cytosol [243]. Synechocystis harbours aquaporins and MIP family pro-
teins but as of now, none have been characterised with respect to their ability to transport
glycerol. In S. cerevisiae, overexpression of fpsI was shown to increase glycerol production.
In Synechocystis, potential yield limitations due to possible feed-back inhibition could be
alleviated through overproduction of FpsI or a related transport protein.
Gpp1p and Gpp2p from S. cerevisiae exhibit more than 90% sequence identity at the pro-
tein level. In vitro, they display a very similar maximal activity ((Vmax), although Gpp1p has
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a slightly higher substrate affinity under the conditions assayed (KM of 3.1 and 3.9 mM, re-
spectively) [238]. Expression of the heterologous Gpp1p did not result in a fully segregated
mutant, while expression of Gpp2p did.
Investigating the details of why gpp1 expression was unsuccessful is beyond the scope of
this proof of concept study. More importantly, the phenotypic stability of the latter genetic
construct developed in this study has been confirmed. Although often disregarded [158],
this aspect is crucial to ensure the success of any eventual application at an industrial scale
and ought to be considered already at this proof of concept stage [168].
To this end, separation of the growth and production phase through the use of regulatory
genetic elements would be a potential step toward more stable strains. Further increases in
productivity could be achieved through the use of different phosphatases in combination
with manipulations of host metabolism, i.e. deletions of glpK and/or ggpS.
In this study, going beyond classical genetic engineering has proven crucial to make Syne-
chocystis PSA002 behave as a cell factory, i.e. having 50% or more of the fixed carbon re-
routed to product [115]. In this case, a simple manipulation of growth conditions helped to
further divert carbon flux toward product formation. Supplementing the culture medium
with salt, in addition to increasing glycerol production by more than 20%, has the advantage
of inhibiting the growth of many contaminants of cyanobacterial cultures that otherwise
could consume the product of interest [105]. Again, this knowledge may prove beneficial in
the light of a scale-up process.
The source of glycerol produced under salt stress is at present unknown. Further studies
will be necessary to elucidate the biochemical route to glycerol under salt stress in the wild
type organism.
The measured carbon partitioning coefficient, which is comparable with those achieved
for several other compounds that are produced at high levels such as sucrose or ethanol
[105, 107] and appreciably higher than the partitioning coefficient achieved for many other
compounds, shows promise for the next phase of optimization of glycerol synthesis from
light, water and carbon dioxide.

MATERIALS AND METHODS

Reagents. All chemicals were purchased from Sigma-Aldrich at the highest purity available.
Growth conditions. Synechocystis sp. PCC6803 (obtained from D. Bhaya, Stanford Univer-
sity) was grown using a shaking incubator at 30◦C and at 120 rpm (Innova 43, New Brunswick
Scientific) under continuous irradiation (15 W cool fluorescent white light, F15T8-PL/AQ,
General electric) at 30-40 µE/m2/s. Precultures were inoculated from plate and grown to
stationary phase. These cultures were then diluted to a starting (OD730 of 0.1. All production
experiments were carried out using BG11 medium supplemented with 10 mM TES buffered
at a pH of 8.0. Kanamycin-resistant mutant Synechocystis strains were grown in BG11 me-
dium supplemented with 10 mM TES, pH 8.0 and 50–100 µg/mL kanamycin. In liquid cul-
tures, cell growth was monitored by following the optical density at 730 nm. For glycerol
tolerance measurements, cells were grown in transparent 96-well plates at 700 rpm in un-
buffered BG11 medium containing 50 mM NaHCO3 and the indicated amounts of glycerol.
Plates contained BG11, 0.3% Na2S2O3 (w/v), 1.5% agar (w/v), and were buffered with 10 mM
TES at pH 8.0. Kanamycin was used at 50 µg/mL where appropriate.
Plasmids. Plasmids pPSgpp1 and pPSgpp2 were ordered at Genscript. The respective glycerol-
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1-phosphatase gene was codon optimized for use in Synechocystis and placed under the
control of the Ptrc promoter. Downstream of the phosphatase gene there was a aphII cas-
sette, allowing for selection on kanamycin. The entire construct was flanked by regions
homologous to the slr0168 locus of theSynechocystis chromosome.
Mutant construction. Synechocystis cultures were grown to an (OD730 of 0.2–0.4 and con-
centrated 20–50 fold. Then, 3 µg plasmid DNA were added, and the cells were incubated in
Eppendorf tubes for 5 h under white light. Cells were then transferred onto a membrane,
which was placed on BG11 plates without selective pressure. Following a 20 h incubation
in a lit incubator, the membrane was transferred onto BG11 plates containing 50 µg/mL
kanamycin. Single colonies appeared after 6–12 d. Segregation status of the mutants was
monitored using primers H1 seg F and H2 seg R (Tab. 5.1).
Glycerol detection and quantification by high performance liquid chromatography (HPLC).
1 mL aliquots culture were harvested by centrifugation (14,500 rpm, 5 min, 21◦C). The su-
pernatant was filtered (Sartorius Stedin Biotech, minisart SRP 4, 0.45 µm) and analyzed
by HPLC (Rezex ROA-Organic Acid H+ (8%) column (Phenomenex), column temperature:
85◦C) equipped with a refractive index detector (Jasco, RI-1530); operating with 7.2 mM
H2SO4 as eluent with a flow of 0.5 mL/min. Peaks were identified and quantified using ex-
ternal standards.
Carbon partitioning calculations. Calculations were essentially carried out as in [115, 135],
assuming a cellular composition of of C4H7O2N. Carbon partitioning was calculated for ev-
ery biological replicate individually and then averages and standard deviations were calcu-
lated.
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Figure S 5.2: Glycerol excreted by Synechocystis PSA002.




