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Acetate is a biological anion with many applications in the chemical and food industries. In addition to being a
common microbial fermentative end-product, acetate can be produced by photosynthetic cyanobacteria from
CO;, using solar energy. Using wild-type cells of the unicellular model cyanobacterium Synechocystis PCC 6803
only low levels of acetate are observed outside the cells. By inserting a heterologous phosphoketolase (PKPa) in
the acs locus, encoding acetyl-CoA synthetase responsible for the irreversible conversion of acetate to acetyl-CoA,
an increased level of 40 times was observed. Metabolite analyses indicate an enhanced Calvin-Benson-Bassham
cycle, based on increased levels of glyceraldehyde 3-phosphate and fructose-1,6-biphosphate, while the
decreased levels of 3-phosphoglycerate and pyruvate suggest a quick consumption of the fixed carbon. Acetyl-P
and erythrose-4-phosphate showed significantly increased levels, as products of phosphoketolase, while acetyl-
CoA remained stable through the experiment. The results of intra- and extra-cellular acetate levels clearly
demonstrate an efficient excretion of produced acetate from the cells in the engineered strain. Knock-out of ach
and pta showed a reduction in acetate production however, it was not as low as in cells with a single knock-out of
ach. Overexpressing acetyl-CoA hydrolase (Ach) and acetate kinase (AckA) did not significantly increase pro-
duction. In contrast, overexpressing phosphotransacetylase (Pta) in cells containing an inserted PKPa resulted in

80 times more acetate reaching 2.3 g/L after 14 days of cultivation.

1. Introduction

Acetate, an important carbon metabolite in cyanobacteria, can be
considered a storage product and precursor for further metabolism and
growth in microorganisms (Liu et al., 2019; Phue et al., 2010). Acetic
acid, the conjugate acid of acetate, is an industrial bulk chemical for the
generation of products for the chemical industry and used in the food
industry. In particular, it serves as a presentative and is used as vinegar
or as solvent for the production of polyethylene terephthalate (PET) (Pal
and Nayak, 2017). More recently, acetate has been used as a source of
carbon (Kiefer et al., 2021) with microorganisms able to catabolize ac-
etate for the production of selected valuable chemicals. The main routes
to commercially produce acetate are through petrochemical and
biotechnological procedures. Additional technologies include lignocel-
lulose depolymerization, microbial gas fermentation, microbial elec-
trosynthesis, and anaerobic oxidation of methane (Kiefer et al., 2021).
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A wide variety of microorganisms produce acetate from sugars as a
side product of the metabolism, especially under anaerobic conditions
(Pan et al., 2021; Ahmad et al., 2024, Isik et al., 2024). Photosynthetic
microorganisms, including algae and cyanobacteria, convert carbon
dioxide (CO) and solar energy into hydrocarbons to grow and form
biomass. Acetate, a common metabolite, is often produced during
cultivation in darkness under anaerobic conditions in green algae
(Chlamydomonas reinhardii) (Yang et al., 2014) and cyanobacteria
(Akiyama and Osanai, 2024). Only few studies have addressed the
production of acetate during photosynthetic growth. For example, Zhou
et al. (2012) studied acetate production in Synechocystis PCC 6803
(thereafter Synechocystis), a model unicellular cyanobacterium, under
light conditions in combination with nitrogen and phosphate starvation,
while the phaEC locus (encoding the synthesis of PHB) was knocked out,
and reported 290 + 12 mg/L after 4 days of cultivation. However, Du
et al. (2018) were not able to quantify acetate under regular light growth
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conditions. The production of acetate can be a result of anabolic path-
ways under light limited conditions but none of them are directly con-
nected to the carbon metabolism (Du et al., 2018). Other pathways of
acetate production in Synechocystis are either through acetyl-phosphate
(acetyl-P) or through acetyl-CoA, see Fig. 1. The acetyl-P to acetate re-
action takes place through acetate kinase (AckA) which is a reversible
reaction generating ATP (Atteia et al., 2013). On the other hand,
acetyl-coenzyme A synthetase (Acs) performs the irreversible reaction of
acetate catalysis to acetyl-CoA with the parallel hydrolysis of ATP to
AMP, followed by acetyl-CoA hydrolase (Ach) which catalyse the for-
mation of acetyl-CoA to acetate (Carpine et al., 2017). Lastly, another
enzyme of the acetate pathway that is worth mentioning is phospho-
transacetylase (Pta), which catalyses the reversible transformation of
acetyl-P to acetyl-CoA. Acetate is secreted from the cells as the cell
membranes are permeable to weak organic acids, most likely a passive
process. Additionally, there is evidence for the presence of acetate ex-
porters in eukaryotes such as Candida glabrata (Romao et al., 2017) and
yeast (Piper et al., 2001). However, there is, to our knowledge, no evi-
dence for the presence of an acetate transporter in Synechocystis or any
other cyanobacteria strains.

Acetyl-CoA is a central metabolite from which a wide range of ap-
plications in diverse microorganisms are possible (Liu et al., 2019, Phue
et al., 2010. There are several options to increase the carbon flux to
acetyl-P and acetyl-CoA, with one of them being via a phosphoketolase
(PK) (Liu et al., 2019; Xiong et al., 2016). The PK pathway in cyano-
bacteria was until recently uncharacterized (Lu et al., 2023) while it has
been studied in bacteria like Bifidobacteria (Fandi et al., 2001) and
Lactobacillus (Posthuma et al., 2002). In Synechococcus elongatus PCC
7942 the PK regulates carbon fixation, especially during light and dark
transitions (Lu et al., 2023). The enzyme was discovered to be active in
Synechocystis under heterotrophic and nitrogen starvation conditions,
including darkness, while knocking out of the putative PK gene in Syn-
echocystis led to decreased level of acetate under the same conditions (Lu
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et al., 2023). The role of the enzyme is to convert xylulose 5-phosphate
(Xu5P, 5 carbons) or fructose 6-phosphate (F6P, 6 carbons) to acetyl-P
(2 carbons) and glyceraldehyde 3-phosphate (3PGA, 3 carbons) or
erythrose 4-phosphate (E4P, 4 carbons) (Xiong et al., 2016), see Fig. 1.

Heterologous PKs have been inserted in Synechocystis intending to
increase the acetyl-CoA pool for 1-butanol production during nitrogen
starvation (Anfelt et al., 2015) or under photosynthetic growth condi-
tions (Liu et al., 2019) and as well as for PHB production (Carpine et al.,
2017). The pathway acts as a carbon-conserving shunt compared to
glycolysis where there is a loss of one carbon for each acetyl-CoA being
derived from pyruvate (Bogorad et al., 2013).

In this study, we express a codon-optimized PK from Pseudomonas
aeruginosa (thereafter PKPa) (Liu et al., 2019), with the aim of increasing
the production of acetate under photosynthetic growth conditions. The
strain was also used for metabolomic studies to analyse the influence of
its expression on the CBB cycle and other major metabolites. Moreover,
knock outs and overexpressions were done in Synechocystis to examine
the native acetate pathways. We knocked out genes encoding Pta and
Ach or Pta and AckA as well as only AckA or Ach, to address competing
pathways, respectively.

The genes encoding the native AckA and Ach, and a codon optimized
Pta originally from Bacillus subtilis were overexpressed individually
using a self replicator vector. The latter resulted in maximal acetate
production under photosynthetic growth conditions.

2. Materials and methods

2.1. Cultivation conditions of Escherichia coli and Synechocystis sp. strain
PCC 6803

Escherichia coli (E. coli) strains were grown under 37 °C with LB
medium either in liquid or on plates made with the addition of 1.5 %
agar (w/v). Synechocystis sp. strain PCC 6803 (Synechocystis) strains
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Fig. 1. Outline of the Calvin-Benson-Basshmam (CBB) cycle, carboxysome and the native acetate production pathway. The carboxysome is representing by the green
hexagonal, the CBB cycle is represented by solid black lines while the inserted phosphoketolase is represented with solid blue lines.The intermediates are represented
using abbreviations; 3PGA, 3-phosphoglycerate; G3P, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; FBP, fructose-1,6-bisphosphate; SBP,
sedoheptulose-1,7-bisphosphate; F6P, fructose-6-phosphate; S7P, sedoheptulose-7-phosphate; E4P, erythrose-4-phosphate; Xu5P, xylulose-5-phosphate; R5P, ribose-
5-phosphate; Ru5P, ribulose-5-phosphate; RuBP, ribulose-1,5-bisphosphate. Enzymes; pta, phosphotransacetylase; acka, acetate kinase; acs, acetyl-CoA synthetase;
ach; acetyl-CoA hydrolase and PK; phosphoketolase. With blue colour are highlighted the main substrates for acetate biosynthesis and with red the acetate is
highlighted. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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were cultivated under 30 °C and 65 pmol photons m~2s~1. The medium
used was BG11 (Stanier et al., 1971), both in liquid cultures and 1.5 %
agar (w/v) plates. Three different antibiotics (Sigma-Aldrich) were used
in both organisms; kanamycin, spectinomycin, and erythromycin. For
the first two, a final concentration of 50 pg/ml was used for both mi-
croorganisms while for erythromycin 200 pg/ml was used for E. coli and
50 pg/ml for Synechocystis. In the case of more than one antibiotic, half
of the concentrations were used.

2.2. Plasmid construction and transformation to Synechocystis

The plasmids used in this study are presented in Tables S2 and S3.
Plasmids used to develop the knock outs strains were based on the
previously reported pEERM vectors (Englund et al., 2015). They can be
named suicide plasmids as they are not able to replicate in the cyano-
bacteria cell. Homologous recombination was performed using 1000 bp
homologous arms upstream and downstream of the gene of interest,
respectively. The sequences to be used were amplified from Synecho-
cystis genome and before joined with the desired gene of interest and the
antibiotic cassette through overlap extension PCR. The final product was
ligated with the backbone vector through linear ligation. The backbone
vector and the final product were phosphorylated in either the 5’ or the
3’ DNA end and ligated together. The ligation product was transformed
to competent E. coli T7 cells (NEB) followed by colony PCR and
sequencing in order to verify correct clone.

When verified, natural transformation was used to engineer the
cyanobacterium genome (Table S1). The Synechocystis strains were
cultivated to ODy59 = 0.5-1.2 in liquid BG11 with the appropriate an-
tibiotics. Then the cells were collected through centrifugation (5000xg
for 10 min), washed twice with fresh BG11 medium, and resuspended at
OD7509 = 2.5 in 400 pl of BG11. The next step was to mix the cells with
the suicide plasmid in a final concentration of 10 pg/pl before the
mixture was incubated at low light at 30 °C for 4-5 h. Thereafter the
cells were spread on membrane filters on BG11 plates without antibi-
otics and the following day the membrane was transferred to BG11
plates with the selection antibiotic(s). After 7-10 days isolated colonies
were regrown in fresh plates and colony PCR was performed. Positive
clones were incubated in 6 well TC plates (Sarstedt) with the appropriate
antibiotic(s) and propagated until complete integration of the desired
cassette in the genome. The segregation was checked with PCR using
specific primers.

The plasmids used for overexpression (Table S3) are self-replicated
plasmids based on the pSHDY vector (Behle and Axmann, 2022). Two
of the genes that were overexpressed (ach and ackA) were amplified
from the genome while to overexpress the pta gene a smaller codon
optimized version of the gene was used (Liu et al., 2019). The expression
cassette, including the promoter, the terminator, and the spectinomycin
cassette, was constructed with overlap expression PCR and ligated to the
backbone vector as above and the same verification process was
followed.

The self-replicated plasmids were inserted into the Synechocystis cells
through three parental conjugation, as described previously (Roussou
et al., 2021). Generated engineered strains were verified through colony
PCRs with corresponding primers.

All amplifications and overlap extension PCRs were performed with
corresponding primers (Supplementary material, Table S4) using poly-
merase Phusion DNA Polymerase (Thermo Fisher Scientific). The colony
PCRs were performed with DreamTaq DNA polymerase Polymerase
(Thermo Fisher Scientific). Heterogenous genes used were codon opti-
mized and synthesize by GenScript.

2.3. Protein analysis
Synechocystis cell cultures were grown up to ODy50 = 2 and pelleted

through centrifugation followed by resuspension with 2 ml of
phosphate-buffered saline pH 7.5 (PBS buffer). The step was repeated
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and the final volume was 200 pl of PBS with the addition of 3 pl of
protease inhibitors and the samples were kept on ice. Acid-washed glass
beads (425-600 mm diameter, Sigma-Aldrich) were added to each
sample, and the cells were disrupted through a bead homogenizer,
Precellys-24 Beadbeater (Bertin Instruments). The program includes 3
000x g for 4 times, 30 s each, with 2 min of rest on ice between each spin.
After a final short centrifugation at 13 000xg (4 °C), the supernatant was
transferred to a new tube. The protein concentration was estimated
through the DC protein assay (Bio-Rad). An SDS-PAGE, Mini-PROTEAN
TGXt gels (Bio-Rad), was used in order to analyse 10 pg of each crude
protein sample. Then the gel proteins were transferred to a “Trans-Blot
Turbo Transfer Pack’ membrane (Bio-Rad) and the corresponding tag-
ged proteins were detected by using anti-Strep-taq antibodies (abcam)
followed by anti-Rabbit tag (Biorad) secondary antibody through the
standard immunoblotting technique. The identified proteins were
visualized by incubation with HRP substrate before imaging with the
program Quality One.

2.4. Acetate production experiments and quantifications

Pre-cultures of the production experiment were cultivated in 6-well
TC plates until the mid-log phase. The starting ODy5¢ was calculated
to be 0.2 and all experimental cultures were in triplicates and were
cultivated in 100 mL Erlenmeyer flasks (VWR) with a total volume of 20
ml BG11 containing 50 mM NaHCOj3 (Sigma-Aldrich) and the corre-
sponding antibiotics under 65 pmol photons m~2s~! and 30 °C. The
NaHCOs3 was used as a supplement to the inorganic carbon source that
leads to higher levels of acetate production. Every two days the cultures
were sampled and 2 ml were removed for analysis while 2 ml of fresh
BG11 medium supplemented with 500 mM NaHCOj3 to keep the volume
constant. The same day, the pH of the culture was measured and
adjusted with the use of 37% HCI (Sigma-Aldrich) to a pH between 7 and
8. The optical density was measured every 2 days using 200 pl of diluted
sample in 96-well plates and a micro-plate reader (HIDEX, Plate
Chameleon). Chlorophyll a was extracted from the 2 ml that were
sampled from the cell cultures. The samples were centrifuged for 7 min
at maximum speed, the supernatant was used for acetate quantification
and the pellet was re-suspended in 1 ml cold methanol (+4 °C) before it
was homogenized by vortex and incubated for 1 h in +4 °C. After a
second centrifugation, the absorbances were measured at A479 Aggs, and
A790. The final chlorophyll a concentration and carotenoids were
calculated by the equations by Ritchie (2006) and Wellburn (1994),
respectively.

To quantify the acetate concentration, the supernatant of the 2 ml
was filtered with a 0.22 pm filter. Then 0.5 ml of the filtrated superna-
tant was mixed with 10 pl 50 pM potassium hydrogen phthalate
(HOOCCgH4COOK), serving as an internal standard, and 90 pl of
deuterium oxide (both from Sigma-Aldrich). The total volume of 0.6 ml
was transferred to an NMR tube and analysed by NMR. A JEOL (400 YH
magnet) Resonance 400 MHz spectrometer was used and the obtained
'H NMR spectra were analysed by Mestrenova software.

2.5. Metabolites extraction and analysis

In order to analyse metabolite extraction, the experiment was based
on the setup described in paragraph 2.4. However, modifications were
performed to serve the exact purpose of this experiment. Three biolog-
ical replicates were sampled every day of the experiment that lasted 4
days. This indicates the existence of 4 sets of 3 biological replicates.
Every day, 20 ml of culture were used for analysis reasons, 2 ml for OD
and acetate production measurements, and 18 ml for metabolite
extraction.

These 18 ml of cultures were filtered (Whatman CN filters, 0.2 pm)
and then washed twice with isotonic NaCl solution at the experimental
temperature and directly after the membrane containing the filtered
cells was snap freeze at liquid nitrogen. The whole process was
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completed in less than 1 min.

For the metabolite extraction, a biphasic-ice cold solvent mixture of
methanol, chloroform, and water was used, 1 ml of methanol-
chloroform and 2.5 ml of H2O. The water contained the following in-
ternal standards; 20 pmol/1 azelaic acid, 15 pmol/l D-norvaline, and 25
pmol/1 ribitol (Sigma-Aldrich). The mixture of cells and solvents went
through ice-cold ultrasonication and bead vortex. Then ice-cold water
was added up to 12 ml, the samples were lyophilized before dissolved in
2 ml H20. Samples of 750 pl were lyophilized again in clear glass gas
chromatography (GC) vials (VWR). The GC samples were analysed
quantified with an Orbitrap system (OrbitrapExploris 240 Mass Spec-
trometer, ThermoFisher) coupled with either an ion-chromatograph
(ICS-6000, organic acid column, Dionex IonPac™cCS19-4 pm, RFIC, 2
x 250 mm) or an HPLC system (HC-C18(2) column, 4.6 x 150 mm, 5
pm, 400 bar, Agilent). All organic acids and sugar phosphates were
quantified with IC-MS, while acetyl-CoA was quantified with HPLC-MS.
Specifically, for the running of the IC-MS, the flow rate of the makeup
pump, the regenerant pump, and the main pump (ICS-6000) was 0.15
ml/min (methanol), 0.5 ml/min (Milli-Q water), and 0.38 ml/min,
respectively. The column and compartment temperature were set to 30
and 20 °C, respectively. EGC 500 KOH was employed to generate the
flow gradient as described in Table S6. The detection of acetyl-CoA was
done with HPLC-MS, 10 mM ammonium formate (pH 3) either in milliQ
water (eluent A) or in 90% acetonitrile (eluent B) were employed with
the flow gradient described in Table S7. The column temperature was
25 °C and a UV detector with 220 nm was applied. The MS scan range
was set as 40-900 with a detection resolution of 15000. For both IC/
HPLC-MS systems, the H-ESI ion source was applied with a static
spray voltage mode of 3500 V (positive ion) and 2500 V (negative ion).
Temperatures were set to 325 °C for the Ion transferable and 300 °C for
the vaporizer. A full scan method with dd MS? detection (secondary MS)
was applied. Softwares Chromeleon Console (version 7) and Compound
Discoverer 3.3 were used for the data analyses.

3. Results

3.1. The insertion of PKPa is responsible for increased extracellular
acetate levels

Several strains were constructed to examine the effect of heterolo-
gous expression of PKPa on the acetate production in Synechocystis. An
integration vector was constructed containing the PKPa gene under the
control of the strong constitutive promoter PtrcRiboJ, and a kanamycin
resistance cassette. The integration vector was targeting the acs locus
(sll0542) since this gene encodes acetyl-CoA synthetase, an enzyme
responsible for the irreversible conversion of acetate to acetyl-CoA
(Fig. 1). Furthermore, an integration vector was designed to knock out
the acs locus with the parallel insertion of the kanamycin resistance
cassette to identify any effect on the acetate production independent of
the PKPa insertion. These two integration vectors were transformed to
WT Synechocystis and generated strains WT_Aacs and WT_PKPa_Aacs,
respectively. Lastly, WT_ANSI a Synechocystis strain engineered with the
kanamycin cassette on NSI (slr0168) served as a control to investigate if
there is any effect of the antibiotic existence on the acetate production
levels (Rodrigues et al., 2023). As shown in Fig. 2a, the growth of the
cells did not show any significant differences, even though it is notice-
able that the WT and WT_ANSI grew slightly better than the other two.
In Fig. 2b and c the extracellular acetate production per volume and per
cell (normalized per OD) are shown, respectively. Acetate production is
low and very similar between the WT and WT_ANSI indicating that the
expression of the antibiotic does not influence the acetate production
levels. Higher levels are noticeable both in strains WT_Aacs and
WT_PKPa_Aacs. However, the first showed 4 times increase while the
strain expressing the PKPa showed 40 times increase, both per volume
and when normalized per OD, compared to WT Synechocystis cells. These
results clearly demonstrate that the insertion of PKPa has a much
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stronger effect on the acetate production that the knock-out of the acs
gene, and its insertion is necessary for the higher acetate levels observed.

An alternative approach to investigate acetate production has also
been studied through the insertion of pyruvate oxidase (PoxB). Two
versions of the enzymes were selected, one from E. coli and one from
K. pneumoniae, and codon optimized for Synechocystis (Table S5). The
promoter chosen for these studies was the Ptr¢cBCD which was integrated
in the ddh site of the chromosome (slr1556) encoding D-lactate dehy-
drogenase which is producing lactate from the precursor pyruvate. As
seen in Fig. S1 the production of acetate did not increase while the PoxB
was expressed in the cells (Fig. 52).

3.2. Insertion of PKPa significantly increases the 3PGA and the acetyl-P
pool sizes

The significant increase in extracellular acetate level, depending on
the expression of phosphoketolase led to the next experimental design
where we studied the differences in the levels of main metabolites. For
this scope the strains WT_PKPa_Aacs and WT_ANSI were selected, the
second one served as control. The strains were cultivated for 4 days, the
growth and acetate production levels are shown in Figure S3. The
growth experiment was performed as already discussed in section 2.5.
Some of the metabolites show clear changes either up or down regulated
when the fold change was studied. 3PGA and fructose-1,6-biphosphate
(FBP) showed increased levels throughout the experiment while the
next metabolite of the CBB cycle, 3-phosphoglycerate (G3P), is below
the control levels. For the last one, the actual amount of it did not exceed
229 pmol/OD/L on the last day of the experiment, with a maximum
amount quantified being 442.8 pmol/OD/L on Day 2 while the control
strain showed greater fluctuation with values between 358 and 1195.6
pmol/OD/L. 3PGA has also been quantified, WT_PKPa_Aacs values
ranged between 201.6 and 487.5 pmol/OD/L, a significant increase
compared to the control which was quantified between 77.4 and 107.3
pumol/OD/L (Figure S4). Moving on in the study of metabolites in the
CBB cycle, an important increase of E4P is noticeable, the highest in-
crease compared to the rest metabolites (Fig. 3). Increased levels of
sedoheptulose-7-phosphate (S7P), Xu5P, and ribulose-5-phosphate
(Ru5P) are noticeable in the first 2 days of the experiment while both
of them are less than in the control the following days. More specifically,
for the Ru5P the range of the control strain was identified between 285.4
and 435.1 pmol/OD/L while for the strain overexpressing the phos-
phoketolase it was between 276.4 and 378.4 pmol/OD/L, both with a
maximum of 636 pmol/OD on days 3 and 2, respectively (Figure S4).
Lower than the control is also observed for fructose-6-phosphate
throughout the experimental period.

Down-stream the CBB cycle, acetyl-P, pyruvate, acetyl-CoA. and
intracellular acetate were quantified. The acetyl-P showed a significant
increase throughout the experiment with values reaching 2.6 mmol/
OD/L compared to 1.6 mmol/OD/L in the control strain, while pyruvate
showed decreased levels, the control strain fluctuated between 107.1
and 182 mmol/OD/L, much higher than the 60-73 mmol/OD/L
observed on the WT_PKPa_Aacs strain (Fig. 3 and S.4). Decreased levels
were also observed for the intracellular acetate levels while acetyl-CoA
was at similar levels as the control strain, with an exception on Day 2.
Specifically, the intracellular acetate of the WT_ANSI was measured
between 18.3 and 13.4 pmol/OD/L compared to 1.2-7.2 pmol/OD/L in
the WT_PKPa_Aacs strain. The acetyl-CoA levels in both strains was
measured between 9.4 and 11.1 pmol/OD/L.

3.3. Knocking out genes of the acetate pathway affects differently on the
acetate production levels

In the next step of this study, the effect of knocking out different
genes of the acetate pathway was investigated using the strain
WT _PKPa_Aacs as the background/control strain. Four different strains
were generated for this scope, and at least two rounds of transformations
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Fig. 2. Growth and acetate production in WT Synechocystis PCC 6803 as well as
engineered strains with the kanamycin resistance cassette in the NSI or acs
locus, and in the strain engineered to contain the gene encoding PKPa in the acs
locus. Shown are the growth of the cells (a), the acetate production per volume
(b) and per cell (c). The strains were cultivated under 65 pmol photons m %L
Every second day 2 ml were sampled from the cell cultures and replaced with
fresh BG11 containing NaHCO3 (final concentration 50 mM). At the same pH
was adjusted with HCl (7-8). Acetate production and OD were measured on
days 2, 4, 6 and 8. The results are represented as mean + SD of the three
t‘)iological replicates.

and full segregations were performed. In order to study the efficiency of
Ach, under the insertion of the PKPa, a strain with double knock out of
ackA and pta genes was developed (WT_PKPa_Aacs_Aacka_Apta), and a
strain with antibiotic resistance to three different antibiotics; Km, Em,
and Sm. Knocking out both pta and ach make it possible to address the
AckA efficiency. Since these two genes are located close to each other in
the genome, both of them were knocked out using a single integration
vector (IVE Aach_pta, EmR). In order to be able to be comparable with
the strain WT_PKPa_Aacs_Aacka_Apta, a second transformation was
made in the NSI loci to insert antibiotic resistance to spectinomycin
generating the strain WT_PKPa_Aacs_Aach _Apta_ANSI. Two additional
strains were constructed to investigate the efficiency of pta combined
either with the acka (WT_PKPa_Aacs_Aach_ANSI) or with ach
(WT_PKPa_Aacs_Aacka_ANSI) both containing the SmR cassette in the
NSI. Fig. 4a shows the growth, measured as OD, of the strains during 14
days when the OD of the control strain (WT_PKPa_Aacs) started to
decrease. No major differences among the strains in growth were
observed. The chlorophyll a and carotenoids levels followed the same
trend (Figure S5). The highest chlorophyll a concentration was observed
on Day 6 while the lowest was on Day 14. In Fig. 4b and c the extra-
cellular acetate production per volume and normalized per OD are
shown, respectively. In all 4 strains, it is noticeable that the acetate
production is lower than the control strain. In more detail, the strains
WT _PKPa_Aacs_Aach _Apta ANSI and WT PKPa_Aacs_Aacka_ANSI
showed similar levels, all of them reached only half of the production of
the control strain. This indicates that the acka and the pta + ach pathway
reached independently similar acetate production levels when PKPa is
present in the cells. The other two strains showed a major drop in acetate
production as the strain WT_PKPa_Aacs_Aach_ANSI produced 0.15 times
less than the control while WT PKPa_Aacs_Aacka_Apta reached 0.2
times the production of the strain WT PKPa_Aacs. These results indi-
cated that the ach gene is responsible for a similar production level as the
pta + acka pathway. The same trends are observed when the acetate
production is normalized to the chlorophyll a concentration (Figure S6).

3.4. Overexpression of pta leads to a significant increase in acetate
production

In order to study the effect of overexpressing different genes of the
acetate pathway, self-replication vectors were constructed and trans-
formed through conjugation to strain WT_PKPa_Aacs. The native genes
ach and acka were chosen as well as a codon-optimized version of BsPta
(Lui et al., 2019). Two different promoter sequences were tested, PpsbA2
and PtrcRiboJ. The first one is a strong native light regulated promoter
(Englund et al.,, 2016) while the second is a strong heterologous
constitutive promoter (Huang et al., 2010) combined with a
self-cleaving ribozyme (Lou et al., 2012) to enhance both transcription
and translation. The growth of the cells, as shown in Fig. 5a, was similar
between the strains, and similar results were observed for the carotenoid
concentrations while the chlorophyll a level diverted slightly (Fig. S7).
More specifically, strains WT_PKPa_Aacs + Ptrc_BsPta and WT_PKPa_-
Aacs + PsbA2_ach showed 10% less chlorophyll a concentration while
strains WT_PKPa_Aacs + Ptrc_ach and WT PKPa_Aacs + PsbA2_acka
approximately 20% less chlorophyll a. The two strains WT_PKPa_Aacs +
PsbA2_BsPta and WT_PKPa_Aacs + Ptrc_acka showed almost the same
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Fig. 3. Fold Changes of the main metabolites analysed between the strains
WT _PKPa_Aacs and WT_ANSI. The second strain served as the control and it is
representing as the dotted line horizontally with the number 1 and based on
these values the fold change of the experimental strain was calculated. The
metabolites analysed included the carbon fixation part of the CBB cycle fol-
lowed by the reduction part of 3PGA to G3P and production of FBP (a). An
analysis was also performed in the regeneration part of the cycle (b) and finally
on the products leaving the CBB in connection with the acetate production (c).
Remarkable results are the increase of 3PGA followed by a decrease on G3P, the
overall increased levels of the regeneration part of the cycle as well as the in-
crease of acetyl-P combined with the relatively stable levels of acetyl-CoA.
Finally, a significant result is the decreased level of intracellular acetate
Sompared to the increase of the extracellular.

<

levels as the control strain (WT_PKPa_Aacs). Fig. 5b and c shows the
extracellular acetate production per volume and when normalized per
OD while Figure S8 shows the acetate production normalized per chlo-
rophyll a. The strains overexpressing pta showed the highest production
levels of acetate, approximately twice of the control for the strain
overexpressing pta under the PpsbA2 promoter (WT_PKPa_Aacs +
PsbA2 BsPta) and almost 3 times more for the strain where the pta was
under the control of PtrcRiboJ (WT_PKPa_Aacs + Ptrc_BsPta). Even
though this is the average increase, the strain WT_PKPa_Aacs +
PsbA2 BsPta showed higher production than the WT_PKPa_Aacs +
Ptrc_BsPta in the last 2 sampling points (days 12 and 14) while it showed
the highest acetate titter in the last day of the experiment, 2.3 g/L.
However, the strains overexpressing the ach gene did not show signifi-
cantly increased acetate titers. Under the control of PpsbA2, the titter
was 20% higher than the control (WT_PKPa_Aacs + PsbA2_ach) while
under the strong constitutive promoter (WT_PKPa_Aacs + Ptrc_ach) it
was even lower than in the control strain reaching only 0.9 times its
production. Similar results were observed for the strains overexpressing
the ackA gene, specifically the strain WT_PKPa_Aacs + PsbA2_ acka
produced almost the same as the control strain while the strain
WT _PKPa_Aacs + Ptrc_acka produced around 10% less acetate than
WT _PKPa_Aacs. These results indicated that Pta is a key enzyme in ac-
etate production.

4. Discussion

This present study focused on exploring acetate production in Syn-
echocystis and achieved significantly higher production yield, 2.3 g/L.
Acetate is mainly produced via acetyl-P and acetyl-CoA, metabolites
which we aimed to enhance through insertion of a phosphoketolase and
overexpression of the key pathway enzymes.

PKs are enzymes related to glycolysis that use X5P or F6P for the
production of acetyl-P and G3P or E4P, respectively (Moriyama et al.,
2015). Except acetyl-P the other compounds are primarily part of the
Calvin-Benson Bassham (CBB) cycle, the main carbon fixation pathway
in cyanobacteria (Liang et al., 2018b). Originally, the enzyme is active
during heterotrophic conditions in cyanobacteria (Xiong et al., 2016)
and it is important in ATP production combined with the acetate kinase
(Lu et al., 2023). Heterologous PKs have been introduced in Synecho-
cystis PCC 6803 to increase the pool of acetyl-CoA for the production of
chemicals and fuels (Liu et al., 2019). We investigated the effect of the
expression of a codon-optimized version of a phosphoketolase from
Pseudomonas aeruginosa (PKPa). PKPa was previously selected as the
optimal PK, out of the nine examined, for 1-butanol production in
Synechocystis (Liu et al., 2019).

The expression of PKPa was under a strong constitutive promoter,
PtrcRiboJ, the latter part encoding a self-cleaving ribozyme to poten-
tially improve the protein translation (Liu et al., 2019; Lou et al., 2012).
The cultivation conditions were optimized for acetate production and
the pH adjusted every second day (Miao et al., 2018). At the same time
points, NaHCO3 was added to the cultures. These two steps were found
to be crucial for the growth of the cells as at this pH range, the carbon
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Fig. 4. Growth, representing by OD and chlorophyll concentration, and acetate
production in strains engineered to express PKPa (WT_PKPa_Aacs) with
knockout to one (WT_PKPa_Aacs_Aach_ANSI and WT_PKPa_Aacs_Aacka_ANSI)
or two (WT_PKPa_Aacs_Aach _Apta_ ANSI and WT_PKPa_Aacs_Aacka_Apta) en-
zymes of the acetate pathway. Shown are the growth of the cells and chloro-
phyll a concentration (a), the acetate production per volume (b) and per cell/
OD (c). The strains were cultivated under 65 pmol photons m-2s-1. Every sec-
ond day 2 ml were sampled from the cell cultures and were replaced with fresh
BG11 containing NaHCO3, final concentration 50 mM. At the same day the pH
was adjusted with HCI to 7-8. Acetate production and OD were measured on
days 2, 4, 6, 8, 10, 12 and 14 while characteristic days of the chlorophyll a are
presented for days 2, 6, 10 and 14. The results are represented as mean + SD of
the three biological replicates.
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remains in the HCO3 form which can be diffused into the carboxysome.
Then, the carbonic anhydrases release the COy which is then fixed by
RubisCO (Durall et al., 2020).

Furthermore, the ratio between the acetic acid and the acetate
(CH3COOH/CH3COO") is pH dependent (Proietti Tocca et al., 2024). In
microalgae, concentrations between 0.68 and 3.45 mM (41-207 mg/L)
of acetic acid have shown to inhibit growth, the reason is acidification of
the cytosol (Proietti Tocca et al., 2024). The exact concentration is strain
dependent. The threshold for Synechocystis is not known but addition of
external acetate up to 30 mM (corresponding to 1.6 g/L) does not in-
fluence growth or the pH of the culture (Thiel et al., 2017). However,
acetic acid is a weak acid with a pKa of 4.75 meaning that at higher pH
than the pKa, the ratio of acetic acid is rapidly dropping. We observed a
maximal acetate production of 2.3 g/L, higher than 1.6 g/L, without any
reduced growth. Additionally, the acetate was rapidly exported from the
cells. The toxicity of acetate to the organism has not been further studied
(Proietti Tocca et al., 2024).

In order to analyse the effects of PKPa on the acetate production
compared to the unmodified strain, we constructed several control
strains. First, the presence of an antibiotic did not affect the production
of acetate, wild type and modified cells with antibiotic resistance
showed similar acetate production with a maximum of 8 pg acetate/ml.
Unfortunately, there are no reports on acetate production in wild-type
Synechocystis under phototrophic conditions as the acetate pathway is
mostly studied during darkness and heterotrophic growth conditions
(Xiong et al., 2016). The PKPa expression cassette was inserted in the
acetyl-coenzyme A synthetase (acs) site. Acs is responsible for catalysis
of acetate to acetyl-CoA and it is known as the main pathway for acetate
assimilation (Du et al., 2018). A knock-out strain showed 4 times more
acetate production. So, from this experiment, it is clear that the insertion
and expression of the PKPa in the acs site is responsible for the signifi-
cantly increased, 40 times, acetate production.

The specific phosphoketolase expressed has a higher affinity to X5P
than to F6P (Petrareanu et al., 2014) which would lead to higher yield of
G3P compared to E4P and an increased yield of acetyl-P. In order to
analyse the effect of the insertion of PKPa on the acs site we performed
metabolite analyses on the strain WT_PKPa_Aacs with WT_ANSI serving
as the control strain. It is noticeable that the intracellular acetate levels
do not follow at all the trend of extracellular acetate levels experimen-
tally determined outside the cells. The acetate production in this 4 days
experiment kept the same trend as the previous experiment, meaning the
acetate produced from WT_PKPa_Aacs was much higher than from the
control strain. However, the intracellular acetate, especially in days 1
and 2 in the WT_PKPa_Aacs is significantly lower than in the control
strain. This result leads to the conclusion that the cells overproducing
acetate also export it faster. Accumulation of acetate in the cytoplasm
has been shown to affect the growth rate in the green algae C. reinhardtii
(Proietti Tocca et al., 2024), similar mechanism(s) may be present in
Synechocystis leading to an increased export of acetate. The mechanism
of acetate export from the cells is not known, the main theory is a passive
diffusion out of the cells. To the best of our knowledge, no acetate
exporter has been identified in Synechocystis but this result indicates a
possible trans-membrane transporter to avoid the creation of stress in
the cytoplasmic environment.

Phosphoketolase is an enzyme that channels more carbon from the
CBB cycle so the analysis of metabolites was focused on the changes of
its components. One clear result is the increased level of 3-phosphoglyc-
erate (3PGA), the outcome of RubisCO’s activity. 3PGA is constantly
higher in the strain expressing the phosphoketolase compared to the
control strain. This may lead to the conclusion that there is a higher
carbon fixation in the engineered overproducing acetate strain. An
earlier study (Liang et al., 2018a) stated that the introduction of a car-
bon sink can lead to increased biomass accumulation, indicating a
higher carbon fixation, and subsequent, further turnover, in the cells.
The stably increased values of 3PGA clearly support this statement as it
seems that the CBB cycle works at higher rates in the strain that has a



S. Roussou et al.

a.

Acetate(ug/ml)

o

Acetate per cell (ug/ml/OD)

OD750

2500

2000

1500

1000

500

400

350

300

250

200

150

100

50

—#— WT_PKPa_Aacs
- —®— WT_PKPa_Aacs+PsbA2_BsPta
—A— WT_PKPa_Aacs+Ptrc_BsPta
r WT_PKPa_Aacs+PsbA2_ach
WT_PKPa_Aacs+Ptrc_ach
—4— WT_PKPa_Aacs+PsbA2_acka
WT_PKPa_Aacs+Ptrc_acka

Chlorophyl ug/mi)

Time (days)

- WT_PKPa_Aacs+Ptrc_ach

—®— WT_PKPa_Aacs

—@— WT_PKPa_Aacs+PsbA2_BsPta

—&A— WT_PKPa_Aacs+Ptrc_BsPta
WT_PKPa_Aacs+PsbA2_ach

—<4— WT_PKPa_»Aacs+PsbA2_acka
WT_PKPa_Aacs+Ptrc_acka

-
4

6 8 10 12 14
Time (days)

- WT_PKPa_Aacs+PsbA2_ach

—&— WT_PKPa_Aacs
—®— WT_PKPa_Aacs+PsbA2_BsPta %
—A— WT_PKPa_Aacs+Ptrc_BsPta /

WT_PKPa_Aacs+Ptrc_ach /
—<4— WT_PKPa_Aacs+PsbA2_acka

WT_PKPa_Aacs+Ptrc_acka

Time(days)

(caption on next column)

257

Metabolic Engineering 88 (2025) 250-260

Fig. 5. Growth, representing by OD and chlorophyll concentration, and acetate
productionin strains engineered to express PKPa (and WT_PKPa_Aacs) and one
of the enzymes of the acetate production pathway (BsPta, ach and acka) under
either PpsbA2 or PtrcRiboJ promoter. Shown are the growth of the cells and
chlorophyll a concentration (a), the acetate production per volume (b) and per
cell (¢). The strains were cultivated under 65 pmol photons m~2s~! while every
two days 2 ml were sampled from the cell cultures and were replaced with fresh
BG11 with NaHCO3 with final concentration 50 mM. At the same day the pH
was adjusted with HCl (7-8). Acetate production and OD were measured on
days 2,4,6,8, 10,12 and 14 while characteristic days of the chlorophyll are
presented (days 2,6,10 and 14). The results are represented as mean =+ SD of the
t‘hree biological replicates.

carbon sink while the growth rate of the cells did not significantly
change. The next step of the CBB cycle is the reduction stage where the
3PGA converts to glyceraldehyde-3-phosphate (G3P) with a parallel
consumption of ATP and NADPH. Despite the noticeable increase in
3PGA, this pattern is not followed in the levels of G3P. One possible
explanation for this result is a quick consumption of G3P to other
metabolic pathways, beyond the CBB cycle. This may be the reason why
the levels of fructose-1,6-bisphosphate (FBP), a metabolite that is part of
the next stage of the CBB cycle, the RuBP regeneration stage, follows
mainly the pattern of 3PGA than its precursor.

At the regeneration stage, we observe differences in the levels of
central metabolites, as the phosphoketolase channels carbon from spe-
cifically Xu5P or/and F6P. Both of these molecules showed increased
levels in the WT_PKPa_Aacs strain, at least for the first days of the
experiment. A drop is noticeable after the third day, a pattern similar to
sedoheptulose-7 phosphate (S7P) and also to the ribulose-5-phosphate
(RuBP). The increased fold change of these metabolites combined with
the increased levels of 3PGA and the decreased fold change of G3P,
shows that overall the CBB cycle works faster and the reduction stage is
critical for the rate of carbon fixation and subsequent carbon accumu-
lation. There is also a significant increase in the E4P, significantly higher
than the other 3 metabolites of the regeneration part, X5P, F6P, and S7P.
A theory that may justify this result, is that the E4P is also a product of
PK the increase observed is a combined result of the overall improve-
ment of the carbon fixation. The positive effect on the CBB cycle can be
concluded from the overall increase of the main metabolites of the cycle,
except the G3P, which is the main compound exiting the cycle and
quickly consumed from the cell metabolism.

The metabolites chosen to be analysed down-stream of the CBB cycle
are pyruvate, acetyl-CoA, and acetyl-P, all in their relationship to the
observed increased level of acetate outside the cells. The pyruvate fol-
lows the pattern of G3P, a reasonable result as this central metabolite
derives from this molecule. The acetyl-CoA levels seem to remain at
similar levels while the acetyl-P is clearly higher in WT_PKPa_Aacs.
Despite the drop of pyruvate, the levels of acetyl-CoA remain stable. This
may indicate that the increased level of acetyl-P influenced the acetyl-
CoA through the phosphotransacetylase (Pta). Another conclusion that
may be formulated is that the stability of the acetyl-CoA is of high
importance for the cell metabolism, and in order to remain unchanged
the increased level of acetyl-P is metabolised to acetate, a side product
for the cell.

Acetyl-P is a central metabolite in many organisms with an active
role in post translational modifications, e.g. in E. coli (Kuhn et al., 2014)
also as a regulator (McCleary and Stock, 1994), and proven to have a
significant role in lysine acetylation in E. coli (Weinert et al., 2013) and
Streptomyces (Takahashi-Ifiiguez and Flores, 2023). In Synechocystis a
role in signalling has been identified (Morrison et al., 2005). More
precisely it is involved in the DspA-dependent signalling important for
the degradation of chlorophyll-protein complexes.

Acetate kinase (AckA) and phosphotransacetylase (Pta) are two key
enzymes controlling the intracellular pool of acetyl-P, and the reactions
they catalyse are acetyl-P + ADP « acetate + ATP and acetyl-CoA + Pi
« acetyl-P + CoA, respectively. When it comes to acetate production,
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acetyl-P is a key compound. It can either be used as a substrate for AckA,
or through acetyl-CoA by the Pta-Ach route. It is clear that the acetate
levels are controlled by several pathways and the expression of PKPa
results in a significant increase in the synthesis of acetate. Strains with
disruptions in the different pathways for acetate synthesis were devel-
oped. WT_PKPa_Aacs_ Aach_ ANSI was designed to study the effect of
knocking-out Ach which is catalysing the reaction from acetyl-CoA to
acetate. In this strain, the production was based on ackA while Pta was
still active. In the following strain, WT_PKPa_Aacs_ Aach_pta_ ANSI, the
production of acetate is mainly based on the expression of AckA while
the pta is also knocked out. The aim of the construction of the strain
WT_PKPa_Aacs_ Aacka_ Apta is to investigate acetate production when
only Ach is active, it is the mirror strain of the WT_PKPa_Aacs_ Aach_
ANSI while finally, the strain WT_PKPa_Aacs_ Aacka_ ANSI investigated
the route Pta and Ach while AckA is knocked out.

Both when normalized per OD and per chlorophyll a, acetate pro-
duction followed the growth of the cells, a result that has been indicated
in the literature (Du et al., 2018). Since acetate is a side product of the
metabolism it makes sense that when the production is lower the cells
grow better. We could also argue that the AckA influences less the ac-
etate production compared to the other strains. Since there are no
extended studies on the role of acetyl-P as a global regulator and signal
molecule in Synechocystis, we cannot know exactly how the disruption of
AckA may influence the metabolism and regulation of the cell while the
gene is known as the main acetate production route under dark and
anaerobic conditions (Akiyama and Osanai, 2024). One possibility is
that the presence of Pta may drag surplus of acetyl-P to the production of
acetyl-CoA and following metabolic routes of the cell, in the competition
for substrate between Pta and AckA, the preference is Pta. The following
strain tested, WT_PKPa_Aacs_Aach_pta_ANSI supported this hypothesis
since the cells produced significantly more acetate compared to the
previous knocked out strain. One possible explanation is that since the
Pta is not active, surplus acetyl-P was channelled to acetate via AckA.
The next two strains focused on the effect of Ach on acetate production,
with and without the expression of pta. The route Pta-Ach showed the
highest production, through the knock-out strains, indicating that the
increased pool of acetyl-P is being converted into acetyl-CoA which
leads to production of acetate through Ach. Worth mentioning is the fact
that, unlike other organisms like E. coli (Dittrich et al., 2005), the pta
gene is not in an operon with the ackA gene but with the ach. It has also
been reported that deleting ach can increase the synthesis of products
derived from acetyl-CoA such as 1-butanol (Liu et al., 2019). Further-
more, the Pta-AckA route controls the acetate fluxes in E. coli (Enjalbert
et al., 2017), a pattern that is not followed in Synechocystis according to
our experimental results. When the pta gene is knocked out, meaning the
strain WT_PKPa_Aacs_ Aacka_ Apta, there is only very low production of
acetate. It has been shown that disruption of the pta resulted in lower
acetate production in Synechocystis under dark anaerobic conditions as
well as with limitations on nitrogen and phosphorus (Zhou et al., 2012),
we encountered similar results but under phototrophic conditions.

In the next step, the effects of over expressing different genes of the
acetate pathway in combination with strong expression of PKPa were
studied. The ach and acka genes were amplified from Synechocystis’s
genome while for the pta we used a smaller and codon-optimized version
derived from Bacillus subtilis (Liu et al., 2019), BsPta. The aim was to
investigate if an extra copy of the respective gene(s), will affect the
production of acetate.

Both strains overexpressing pta showed high level of production, at
least 2 times more acetate than the control strain (WT_PKPa_Aacs),
especially the strain with PtrcRiboJ as promoter (3 times increased
production when normalized to chlorophyll a concentration). The
maximal level of acetate was observed on day 14 by strain
WT _PKPa_PsbA2 Bspta reaching 2.352 mg acetate/ml (2.3 g/L). Acetate
production in heterotrophs such as E. coli can be higher (Zhu et al.,
2024) but, to our knowledge, this is the highest production observed in
photosynthetic microorganisms under any photoautotrophic growth
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condition. It is worth mentioning that this strain showed slower growth
compared to the rest, supporting the conclusion made earlier, that since
the acetate is a side product, higher production of it may indicate less
channelling of carbon to biomass, resulting in slower growth rate. The
overexpression of ach and ackA did not show any improvement in the
production. However, in both cases, it was observed that when the genes
were under the control of PshA2 promoter the production was slightly
higher than in the control while under the strong constitutive promoter
PtrcRiboJ the production was even less than in the strain WT_PKPa_Aacs.
This is a clear indicator that a strong expression does not always reach
the desirable results as it is highly possible that the accumulation of
these enzymes can create stress for the cells. A clear comparison between
Ach and AckA is not possible with this data set, even though the acetate
level in strain WT_PKPa_PsbA2_ach was slightly higher than the strain
overexpressing acka under the same promoter. Most of the strains con-
tained on average a lower level of chlorophyll a and carotenoids during
the experimental period. It has been demonstrated that external addition
of acetate in the media, as in mixotrophic growth conditions, in Chla-
mydomonas reinhardtii can cause reduction in photosynthetic activity
including lower chlorophyll pigment contents (Liu et al., 2009) and
down-regulation of RubisCO (Proietti Tocca et al., 2024). Similar effects
have also been reported for Synechocystis and there are theories that
acetate competes with bicarbonate/carbonate on PSII which may lead to
a reduction of Oy evolution (Thiel et al., 2017). In the same study, it also
discussed that the addition of acetate in the media resulted in an
increased production of carotenoids, as a protective mechanism against
a stressful condition. It cannot be taken for granted that the cells fol-
lowed the same strategy as the organism can respond differently when a
compound is added externally in the culture or when it is produced in
the cells so further investigations are needed.

Since the production increased in strains overexpression of pta
combined with the results from the knockout experimental strains, we
can conclude that the phosphoketolase and phosphotransacetylase en-
zymes are crucial for the improvement of acetate production. The
combined expression of these enzymes increased the acetyl-CoA pool,
demonstrated in yeast (Hellgren et al., 2020) and it was also proven by
Song et al. (2021), especially with the disruption of ackA in Synecho-
cystis. However, it was not shown that acetyl-CoA is favoured compared
to acetyl-P for acetate production, especially under photosynthetic
growth conditions in Synechocystis. It is known that insertion of pta from
E. coli in Synechococcus PCC 7942 increased the acetate production via
acetyl-CoA. In this case the acetyl-CoA pool was increased through the
overexpression of the Pyruvate Dehydrogenase Complex (PDH)
(Hirokawa et al., 2020).

Even though the overexpression of either ach or ackA did not reveal a
clear preference of pathway for the acetate production, the increased
levels observed under pta overexpression with an increased pool of
acetyl-P can drive to the conclusion that the PKPa-BsPta leads to
significantly increased acetate synthesis compared to PKPa-AckA. These
results are interesting since it has been reported that phosphoketolase
leads to acetyl-P accumulation and in a non-yeast fungus it is channelled
to acetate through AckA (Wolfe et al., 2005). In addition, this reaction
produces ATP so AckA may also act as a regulator for ATP production in
the cells.

Finally, an alternative idea to increase the flow of carbon would be to
use pyruvate as a building molecule. In E. coli and other organisms such
as Klebsiella pneumoniae, pyruvate oxidase, a peripheral membrane
protein, (PoxB) is a key enzyme for the production of acetate from py-
ruvate, especially in the stationary growth phase (Dittrich et al., 2005;
Lin et al., 2016). This enzyme leads to increased acetate, CO3, and
ubiquinol production using pyruvate, ubiquinone, and HyO. PoxB was
introduced in Synechocystis under the control of the PtrcBCD promoter.
However, there was no enhanced acetate production. One reason may be
that the poxB was detected in the cytoplasm (Fig. S2). Another issue may
be that poxB uses ubiquinone but Synechocystis produces plastoquinone
with related structure and function (Dahnhardt et al., 2002).
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5. Conclusions

Insertion of a heterologous phosphoketolase (PKPa) in the cyano-
bacterium Synechocystis PCC 6803 leads to increased levels of extracel-
lular acetate, 40 times more than in wild-type (WT) cells. A metabolomic
analysis revealed a complicated map of up and down regulations of key
metabolites in the cell. The levels of 3PGA and FBP increased compared
to in the WT strain while G3P decreased. These data indicate a faster
CBB cycle and a higher carbon turnover. We also noticed a reduced level
of pyruvate. In contrast, acetyl-P, a main product of the enzyme,
increased, a pattern also noticed for the E4P, another product of the
phosphoketolase. Despite the increase of the acetyl-P, we observed
stable levels of acetyl-CoA, indicating an unaffected metabolite. An
unexpected result of the metabolomic analysis, is the high difference
observed between the intra-versus extra-cellular acetate levels between
the strains examined, implying that the excretion of the acetate is maybe
not only a passive diffusion mechanism.

To analyze the role of the two acetate production pathways, a series
of knock out and overexpression experiments took place. The results
show that Pta is a key enzyme of the process, while a clear comparison
between Ach and AckA is not possible, even though there are strong
indications that Ach affects the acetate production more compared to
AckA. Interestingly, the genes encoding Pta and Ach are located in the
same operon in Synechocystis, while it is generally more common that pta
is in the same operon as the gene encoding Acka.

Overexpression of pta in combination with the insertion of PKPa led
to a doubled acetate production reaching 2.3 g/L after 14 days of
cultivation.
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